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Abstract 

Targeting the PD-1/PD-L1 axis has transformed the field of immune-oncology. While 

conventional wisdom initially postulated that PD-L1 serves as the inert ligand for PD-1, 

an emerging body of literature suggests that PD-L1 has cell intrinsic functions in immune 

and cancer cells. In line with these studies, here we show that engagement of PD-L1 via 

cellular ligands or agonistic antibodies potently inhibits the type I interferon pathway in 

cancer cells. Hampered type I interferon responses in PD-L1-expressing cells resulted in 

enhanced infection with oncolytic viruses in cancer cells in vitro and in vivo. Consistently, 

PD-L1 expression marked tumour explants from cancer patients that were best infected 

by oncolytic viruses, indicating PD-L1 could be a biomarker for tumours that will best 

respond to oncolytic viruses. Mechanistically, PD-L1 suppressed type I interferon by 

promoting Warburg metabolism, characterized by enhanced glucose uptake and 

glycolysis rate. Lactate generated from glycolysis was the key metabolite responsible for 

inhibiting type I interferon responses and enhancing oncolytic virus infection in PD-L1 

expressing cells. In addition to adding mechanistic insight into PD-L1 intrinsic function, 

this work suggests that PD-L1 has a broader impact on immunity and cancer biology 

besides acting as a ligand for PD-1. 
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Chapter 1 

General Introduction 
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1.1 The PD-1/PD-L1 axis. 

PD-1 and its ligands PD-L1/PD-L2 belong to a family of immune proteins termed co-

inhibitory receptors. These receptors deliver signals to immune cells to modulate their 

function and activity and as such are dynamically regulated during an immune response 

(1). Co-inhibitory receptors are best studied in conventional T cells, where they are 

well-known to counteract the activity of co-stimulatory receptors that promote T cell 

activation (2–4). Multiple lines of evidence, including genetic mouse models and clinical 

therapies targeting these proteins, highlight their role in maintaining peripheral tolerance, 

preventing autoimmunity, and resolving inflammatory and immune responses (5, 6).  

 

PD-1 is a member of the CD28 family, sharing ~15% amino acid sequence similarity with 

other family members CD28, CTLA-4, and ICOS (5). It is a 288-residue transmembrane 

protein expressed on a variety of immune cells, including T cells, B cells (7, 8), innate 

lymphoid cells including NK cells (9–11), and macrophages (12–14). 

 

The ligands of PD-1, PD-L1 and PD-L2, are distinct in terms of expression. PD-L1 is 

widely expressed, often constitutively, on immune cells like antigen-presenting cells 

(APCs) and on non-immune cells such as vascular endothelial cells and pancreatic islet 

cells, among others (15). Importantly, PD-L1 expression is inducible on almost every cell 

type by a wide variety of stimuli, particularly pro-inflammatory cytokines such as type I 

and II interferons, TNF-α, and IL-6 (16). Therefore, PD-L1 is a readily available ligand for 

PD-1 engagement in vivo. On the other hand, PD-L2 expression is restricted to a handful 
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of cell types, with expression on dendritic cells, macrophages, and particular B cell 

subsets (16). Like PD-L1, it can be up-regulated by pro-inflammatory cytokines.   

 

The PD-1 pathway suppresses the activity of effector T cells to maintain self-tolerance 

and promote resolution of inflammation. This role of PD-1 in maintaining peripheral 

tolerance was first noted in aged PD-1-deficient mice on the C57BL/6 background, which 

developed lupus-like glomerulonephritis and arthritis (17). Similarly, aged PD-1-deficient 

mice on the BALB/C background develop dilated cardiomyopathy (18). In other genetic 

backgrounds, PD-1-deficiency leads to the development of organ-specific autoimmunity, 

the characteristics of which depend on the type(s) of autoimmunity to which each 

particular mouse strain is predisposed (19, 20).  

 

Given the role of PD-1 in blocking effector T cell activity, therapies were later developed 

inhibiting the PD-1/PD-L1 pathway to boost the immune response against cancer (5). 

Antibodies binding to either PD-1 (pembrolizumab, nivolumab, cemiplimab, dostarlimab) 

or PD-L1 (atezolizumab, avelumab, durvalumab) and preventing interactions between 

PD-1 and PD-L1 are now clinically approved. These therapies have had success in 

different cancer indications, while also representing a paradigm shift in oncology and 

cancer immunology that re-invigorated the field of cancer immunotherapy. 

 

Additionally, PD-1/PD-L1 blockade therapy confirmed the critical role of this pathway in 

maintaining immune tolerance in humans. Individuals undergoing PD-1/PD-L1 blockade 
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therapy develop characteristic side effects, termed immune-related adverse events 

(irAEs), involving autoimmune responses and autoinflammation (21). Recently, the 

consequences of PD-1 deficiency in an individual has been described, and includes 

dramatic immune dysfunction and autoimmunity (22). 

 

1.2. PD-L1 structure, interactions, and localization 

PD-L1 is a 290-residue type I transmembrane protein belonging to the B7 family, along 

with CD80, CD86, PD-L2 and others. It is made up of 5 major regions: the N-terminal 

signal peptide, the extracellular IgV and IgC domains, the transmembrane domain, and 

the C-terminal intracellular tail (15, 23, 24). However, smaller PD-L1 variants exist in 

humans due to deletion of specific regions or sequences (16).  

 

PD-L1 is known to bind and interact with the co-inhibitory receptor PD-1 and CD80 (which 

also serves as a ligand for the co-stimulatory receptor CD28). The interaction between 

PD-1 and PD-L1 is very well-described, and the functional consequences are well-

characterized, whereas less is known about CD80-PD-L1 interactions. PD-L1 binds PD-

1 and CD80 via partially overlapping interfaces in their extracellular domains (25, 26). The 

dissociation constant (KD) for the PD-L1:CD80 interaction is in the range of 1-2 M, 

whereas the KD for the PD-L1:PD-1 interaction is lower (~0.5 M) (25, 27), suggesting 

that the affinity of PD-L1 for PD-1 is stronger than for CD80. Furthermore, recent evidence 

suggests that the interaction between PD-L1 and CD80 can only occur in cis on the same 

cell surface, and requires flexibility in a 11-residue stalk on the structure of PD-L1 (26, 28, 
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29). Conversely, the interaction between PD-L1 and PD-1 occurs in trans between two 

cell membranes (30). Therefore, PD-1 and CD80 can competitively block each other from 

binding to PD-L1; further, PD-1:PD-L1 and CD80:PD-L1 interactions impact other binding 

interactions with related proteins, including CTLA-4 and CD28, in a complex system (29). 

The immunological consequences of these competing binding interactions are just 

starting to be described.  

 

The complexity of PD-L1 biology is not limited to its extracellular domain. PD-L1 contains 

a 30-residue cytoplasmic tail, which lacks any conventional domains or motifs associated 

with protein-protein interactions or enzymatic activity. The 30-residue cytoplasmic tail of 

PD-L1 also lacks any evident secondary or tertiary structure and is predicted to be 

intrinsically disordered. In line with literature on intrinsically-disordered domains, the 

intracellular tail of PD-L1 has been described to bind multiple proteins, including STAT3 

(31, 32), as well as nucleic acids like DNA promoter regions, to alter gene expression 

patterns (33), and mRNA molecules, promoting their stability (34). The short cytoplasmic 

tail of PD-L1 contains sites for acetylation (impacting subcellular localization) (33), 

palmitoylation (35) and phosphorylation (36–38) (impacting ubiquitination and stability).  

 

Canonically, PD-L1 is considered to be an integral cell surface protein. However, several 

lines of evidence have shown that PD-L1 can also localize to the nucleus (39–41), 

although its specific location in the nucleus, and any potential alterations in its 

three-dimensional structure in that compartment, are as-of-yet unknown. The nuclear 
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localization of PD-L1 is dependent on its acetylation status at Lys263 (in the cytoplasmic 

tail), which is controlled by the opposing actions of the histone acetyltransferase p300 

and HDAC2 (33). PD-L1 relies on clathrin-dependent endocytosis and vimentin/importin-

1 to transport it from the plasma membrane into the nucleus (33). In the nucleus, PD-L1 

has been shown to bind to the transcription factor SP1 (42), the cohesion complex 

subunits SA1 (43) and PDS5B (44), and DNA-dependent protein kinase (DNA-PK) (45). 

It has also been characterized to impact gene expression, in particular those genes 

related to immune responses (33).  

 

In other intracellular compartments, PD-L1 has been described to bind glycogen synthase 

kinase 3 (GSK3) and -transducin repeats-containing protein (-TRCP) (46), ubiquitin 

specific peptidase 22 (USP22) (47), protein tyrosine phosphatase 1B (PTP1B) (48), 

CKLF-like MARVEL transmembrane domain-containing protein 6 (CMTM6) and CMTM4 

(49, 50), all of which impact protein stability. For many of these intracellular protein-protein 

interactions, the binding residues on PD-L1 are unknown. Interestingly, PD-L1 has been 

suggested to bind to AKT in the intracellular environment via its IgC extracellular domain 

(51), hinting that not all intracellular binding partners of PD-L1 dock onto its 30-residue 

cytoplasmic domain.  

 

1.3. PD-L1 intrinsic function in cancer 
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Recent literature has revealed a new angle on PD-L1, beyond its unidimensional role as 

the ligand for the PD-1 receptor. PD-L1 is now linked to the regulation of many 

important pathways and processes in cancer cells. 

 

In several different contexts, PD-L1 expression on cancer cells promotes proliferation and 

survival, and the mechanism by which it does so has been variously attributed to 

regulation of mTOR and autophagy (52, 53), PI3K/Akt (54), c-Myc (55), or by 

undetermined mechanisms (56–59). PD-L1 has also been suggested to promote tumour 

initiation in vitro (60), invasion of cancer cells and fibroblasts (51, 61), and the epithelial-

to-mesenchymal transition process (48, 62). Additionally, one report suggests that PD-L1 

can recruit phospholipase C-γ1 to its cytoplasmic tail, and in this manner promote EGFR 

function to drive tumour formation and metastasis (63), consistent with another paper that 

used an unbiased proteomic approach to show PD-L1 promotes EGFR signaling (64).  

 

PD-L1 prevents cell death in response to a variety of chemotherapeutics, including 

cisplatin, paclitaxel, and the PARP inhibitors olaparib and talazoparib. Consistently, this 

function of PD-L1 has been linked to its ability to protect cancer cells from DNA damage, 

as PD-L1 promotes expression of proteins involved in homologous recombination (34, 

65, 66) and promotes the activity of DNA-PKc (45), a kinase involved in regulating the 

DNA damage response. PD-L1 also protects cancer cells from the damaging effects of 

ionizing radiation (34, 67).  
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PD-L1 also regulates cellular metabolism in cancer. Via the regulation of mTOR, PD-L1 

promotes glucose uptake and glycolysis in B16-F10, MC38, and the d42m1 murine 

tumour models (68). Further, in renal cell carcinoma cells, PD-L1 is a key player in the 

pro-glycolytic metabolic shift following treatment with IFN-γ (69). In the clinical space, PD-

L1 expression in tumours is associated with [18F]-fluorodeoxyglucose (FDG) uptake of 

those tumours during FDG-PET scans (summarized in (70)), suggestive of increased 

glucose metabolism. Lastly, a recent report revealed a positive correlation between 

PD-L1 and glycolysis-related gene signatures, as well as a negative correlation between 

PD-L1 and OXPHOS-related gene signatures, in hundreds of patient tumours (71). PD-L1 

has also been suggested to regulate choline metabolism (72), hinting that the metabolic 

roles of PD-L1 extend beyond glycolysis and glucose metabolism. 

 

1.4. Oncolytic viruses (OVs)  

Oncolytic viruses (OVs) are a group of viruses with natural or engineered tropism for 

cancer cells over healthy cells. The use of OVs as a therapeutic modality in cancer, 

termed oncolytic virotherapy, represents a more selective therapy than traditional 

treatments like radiation and chemotherapy. There are now multiple OV “platforms”, 

including (but not limited to) adenoviruses, herpesviruses, poxviruses, reoviruses, and 

rhabdoviruses, each with unique properties and coding capacities. 

The origins of the OV field can be traced back 100 years, with case reports observing 

remission of leukemia in association with influenza and other types of infection (73–76). 

Later, it was shown that vaccinia virus can slow the growth of mouse and rat tumours 
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(77), leading to clinical trials using viruses to treat cancer in the 1950s (78). These early 

clinical trials consisted of transferring serum or tissues from infected individuals to cancer 

patients, which showed unacceptable toxicity and highly variable efficacy (79, 80). Today, 

there are 2 clinically approved OVs: in 2005, an adenovirus OV (Oncorine) was approved 

in China for the treatment of head and neck cancer (81), and in 2015, a herpes simplex 

OV (talimogene laherparepvec or T-Vec) was approved by the FDA for the treatment of 

melanoma (82). There are many OVs in preclinical and clinical testing, using different 

viruses and combination treatments. Since the 1950s, there has been tremendous 

progress in the selection, engineering, and understanding of OVs, driven by advances in 

basic research which will be summarized here. 

 

The efficacy of OVs stems from two major mechanisms: direct infection/lysis of tumour 

cells and other cells in the tumour microenvironment, and induction/stimulation of an 

anti-tumour immune response. Tumour cell lysis occurs after replication of the OV in 

tumour cells, which can be driven by natural mechanisms encoded by the virus or 

engineered genetic modifications that force the virus to preferentially replicate in tumour 

cells (83). A classic example of such engineering is the removal of the viral thymidine 

kinase gene, which attenuates viral replication in healthy tissues with a relatively low 

abundance of nucleotides to support viral replication (84–90). In contrast, tumours with 

relatively high abundance of nucleotides (allowing for uncontrolled growth) can support 

viral replication, producing a degree of selectivity. Other examples of engineered 

specificity include replacing viral promoters with tissue-specific promoters (91–97) or 

modification of viral surface proteins to alter entry receptor utilization (98–104). 
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Regardless of the mechanism of specificity, viral replication allows for amplification and 

spread of the therapeutic virus in tumours.  

 

OVs have also been shown to replicate within non-cancer cells in the tumour 

microenvironment. OVs can invade vascular endothelial cells that make up the 

vasculature, and OV vessel infection can reduce tumour vasculature (105, 106). 

Additionally, OVs can infect cancer-associated fibroblasts (CAFs), which make up the 

stromal component and predominate in some tumour types like pancreatic cancer (107). 

OV infection of stromal cells in the tumour microenvironment offers a unique opportunity 

to destroy the structure of the tumour, in addition to the tumour debulking caused by 

OV-mediated cancer cell lysis and the immune-stimulating properties of OVs. Lastly, 

recent evidence suggests that OVs also replicate in immune cells (108). In patients with 

B cell lymphoma treated with the FDA-approved OV T-VEC, viral transcripts were 

detected in many cells in the tumour microenvironment, including nearly every immune 

cell subset. Entry and replication of T-VEC in these diverse cell types was independent 

of malignancy status, HSV-1 entry receptor expression, and status of pathways previously 

characterized to target OVs to cancer cells (type I interferon anti-viral signaling, PKR, and 

RAS mutations). A similar observation was made in vitro with the OV Newcastle disease 

virus, which infected monocytes, macrophages, and dendritic cells (DCs) (109). 

Interestingly, this infection was non-productive in the sense that there was no boost in 

Newcastle disease virus titers post-infection, despite evidence of viral replication and 

gene expression.  

 



11 
 

The second major mechanism of OV efficacy is the induction and/or stimulation of an 

anti-tumour immune response. Generally, tumours are inherently immunosuppressive for 

several reasons, including low expression of MHC, active anti-inflammatory programs, 

co-inhibitory ligand expression, and poor immune cell infiltration (110–112). Infection of 

tumour cells by OVs leads to a localized inflammatory response, characterized by 

cytokine secretion and infiltration of innate immune cells, including DCs and neutrophils 

(113–115). Additionally, OV infection leads to generation of virus-derived 

pathogen-associated molecular patterns (PAMPs), which act as an adjuvant to boost the 

immune response (116). OV-stimulated lysis of tumour cells leads to release of both viral 

and cancer cell antigens, allowing for boosting and induction of adaptive immune 

responses following antigen uptake by APCs infiltrating the tumour and activated by the 

now inflammatory cytokine-rich and PAMP-dense tumour microenvironment (117–120). 

Lastly, OV infection up-regulates MHC I expression on infected and bystander cells due 

to autocrine and paracrine effects of the cytokines produced as a result of infection (121). 

MHC I expression subsequently allows for recognition and tumour cell lysis by CD8+ T 

cells, which require MHC I on target cells. Oncolytic virotherapy is unique in that with one 

biological therapy, there is multi-pronged stimulation of the immune system and the 

chance to turn a “cold” tumour into a “hot” tumour. Indeed, this innate and adaptive 

immune response to tumours induced by OV infection are now considered essential for 

efficacy and long-term protection against tumour recurrence, owing to the memory 

response induced by the immune system (122, 123).  
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1.5. The type I interferon pathway 

Interferons are cytokines able to inhibit viral infection, alter cancer cell proliferation, and 

modulate immune responses. There are three main families of interferons: type I 

interferons (IFN- and IFN-β, among others), type II interferons (IFN-γ), and type III 

interferons (IFN-λ1, IFN-λ2, and IFN-λ3) (124). The three families are distinguished by 

the cell types that produce them, the cellular receptors they bind to (and the pattern of 

receptor expression), and their signaling pathways and resulting gene expression 

programs.  

 

The type I interferon family is made up of 13 partially homologous IFN- subtypes (14 in 

mice), IFN-, IFN-, IFN-, IFN-, IFN-, IFN-, and IFN- (124). All type I interferon 

cytokines bind to a common heterodimeric cell-surface receptor composed of IFN- 

receptor I and 2 (IFNAR1 and IFNAR2). IFNAR1 and IFNAR2 constitutively interact with 

the intracellular tyrosine kinases TYK2 and JAK1, respectively. When type I interferon 

cytokines bind to IFNAR2, they induce a conformational change that causes dimerization 

of the two receptor subunits, which allows for autophosphorylation and activation of JAK1. 

The transcription factors STAT1 and STAT2, inactive in the cytoplasm, can then dock 

onto the phosphorylated IFNAR and become phosphorylated by JAK1, which allows them 

to dimerize and form a complex along with IRF-9, termed the interferon-stimulated gene 

factor 3 (ISGF3).  

 



13 
 

The ISGF3 complex translocates to the nucleus, where it can bind to interferon-stimulated 

response elements (ISREs) in the promoters of genes and induce expression of hundreds 

of interferon-stimulated genes (ISGs), which exert both anti-viral and immune-stimulating 

functions (125, 126). The oligoadenylate synthase (OAS) enzymes are ISGs that allow 

for detection of viral RNAs, which can then be degraded by the latent endoribonuclease 

RNAseL, itself an ISG (127). Protein kinase R (PKR) is an ISG that binds to dsRNA and 

halts cellular translation of mRNAs, including viral RNAs, by phosphorylating and 

inactivating the key eukaryotic translational initiation factor eIF2 (128). PKR is a critical 

component of the interferon-induced resistance to many viruses. Mx proteins are 

dynamin-like GTPases effective against a broad range of RNA viruses, including VSV 

(129). The chemokines CXCL9 and CXCL10 are ISGs that regulate immune cell 

migration, and lead to the recruitment of macrophages, T cells, and NK cells (130).   

 

Type I interferon cytokines are generated during a viral infection in response to activation 

of pattern recognition receptors (PRRs), which are grouped into 5 families: Toll-like 

receptors (TLRs), NOD-like receptor (NLRs), RIG-I-like receptors (RLRs), C-type lectin 

receptor (CLRs), and cGAS/STING (131–133). PRRs are distributed in different 

subcellular compartments and are activated by PAMPs and damage-associated 

molecular patterns (DAMPs) generated by infection or damage, respectively. PRRs all 

recognize distinct molecules that are either not found in the host, or are in the incorrect 

subcellular compartment, either of which is indicative of infection and/or damage. These 

receptors are an early system to alert the host that a foreign agent is present, and work 

to stimulate the immune system. 
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The molecular methods used by each PRR to trigger immune responses are distinct; 

given its importance in the rest of this thesis, the response to the RNA virus vesicular 

stomatitis virus (VSV) will be discussed. VSV primarily triggers the PRR retinoic 

acid-inducible-gene-I (RIG-I), which recognizes short double-stranded RNA generated in 

the cytosol during infection (134–137). Upon dsRNA binding, a conformational change in 

RIG-I exposes its caspase activation and recruitment domain (CARD), which allows for 

interaction with the CARD of mitochondrial antiviral signaling protein (MAVS). This leads 

to the recruitment, autophosphorylation, and activation of the serine/threonine kinase 

TANK-binding-kinase-1 (TBK1). Activated TBK1 and another kinase, inhibitor of NF-B 

kinase  (IKK), phosphorylate the transcription factor interferon regulatory factor-3 

(IRF-3), which homodimerizes and translocates to the nucleus to transcribe type I 

interferon cytokines and a subset of ISGs (131). IRF-3 is aided in this by two co-factors, 

CBP and p300, in the nucleus (138). Type I interferon cytokine expression is also 

promoted by the transcription factor IRF-7, which is itself an ISG that allows for a second 

wave of interferon-stimulated interferon expression in a feed-forward loop (124). Other 

PRRs, like TLR-4 (139) and TLR-13 (140), have also been implicated in the control of 

VSV infection.  

 

The molecular players involved in the type I interferon pathway are broadly expressed, 

and therefore most cell types can generate a type I interferon response and/or produce 

type I interferon cytokines. Indeed, many cells exhibit a constitutive type I interferon 
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response in the absence of infection (tonic signaling), maintained by small amounts of 

IFN- production in an autocrine loop (141–145). In immune cells, this constitutive low-

level IFN- production drives high basal expression of ISGs (such as STAT1 and IRF-9), 

allowing those cells to respond rapidly with anti-microbial gene expression patterns upon 

infection (146–148). In cancer cells, tonic type I interferon production is thought to be a 

consequence of the DNA damage common in rapidly proliferating cells (149–153). 

Additionally, tonic signals from other immunoreceptors can amplify type I interferon 

signaling; for example, tonic signaling from ITAM-containing receptors activates protein 

tyrosine kinase 2 (PYK2), which amplifies type I interferon-induced JAK1 phosphorylation 

and activation (154). At the same time, tonic type I interferon signaling is restrained by 

inhibitory mechanisms that limit expression and activation of IFNAR, JAK, and STAT 

molecules (155–157). 

 

There are numerous proteins and pathways that inhibit the type I interferon pathway. 

Surface IFNAR expression is often down-regulated, for example by a pathway involving 

p38 MAPK phosphorylation of IFNAR, allowing for casein kinase II-mediated 

phosphorylation of a degron sequence in IFNAR and subsequent internalization, 

ubiquitination, and proteasomal degradation of the receptor (158–160). Viruses have 

other distinct mechanisms to induce IFNAR degradation to evade the anti-viral effects of 

type I interferons (161). The phosphatase SHP-2 can also dephosphorylate signaling 

intermediates downstream of the type I interferon receptor (162); in these contexts, 

SHP-2 activation is mediated by PKC and PKC activated downstream of other 

receptors, such as TLRs (163, 164). Importantly, some negative regulators are 
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themselves ISGs and are therefore induced as part of the type I interferon response, 

including SOCS1, SOCS3, and USP18. SOCS proteins compete with STAT molecules 

for binding to IFNAR, thus suppressing their phosphorylation and activation by JAK1 

(165). Expression of SOCS proteins involves the TAM (Tyro3, Axl, Mer) family of receptor 

tyrosine kinases. USP18, on the other hand, displaces JAK1 from IFNAR2 (166, 167). 

Therefore, some of these regulators of the type I interferon pathway are involved in a 

negative feedback loop.  

 

Regulation of the type I interferon pathway can also occur farther downstream, at the 

gene/ISG expression level. For example, type I interferon-activated STAT3 can diminish 

ISG expression and the anti-viral response (168, 169), and this inhibition can be relieved 

by STAT3 binding to the co-repressor complex SIN3A (170). Additionally, PIAS1 can 

suppress STAT1 function and ISG expression by blocking the binding of STAT1 to DNA 

and enabling histone marks that repress transcription (171). Lastly, several studies have 

revealed that miRNAs can regulate the type I interferon pathway by targeting transcripts 

encoding STAT1, STAT2, and IFN-, such as miR-146a and miR-155 (155, 157). 

 

Beyond individual regulators, the type I interferon pathway can cross-talk with many other 

pathways that either promote or inhibit type I interferon responses. For example, the 

cellular response to hypoxia has been well-characterized to impact type I interferon 

responses and viral infection (172–175). Generally, hypoxia has been found to inhibit the 

type I interferon response, and promote virus (including VSV) infection. Signaling 



17 
 

downstream of the VEGF receptor can repress the type I interferon pathway and promote 

OV infection (106, 176). The transcription factor p53 has been shown to suppress innate 

immune signaling and the subsequent generation of type I interferon responses (177); 

alternatively, in other contexts p53 has been shown to promote type I interferon signaling 

and therefore block viral infection (178–180). In a similar fashion, TGF- signaling has 

variously been shown to promote or inhibit type I interferon signaling and responses in 

different contexts (181–184). Lastly, EGFR signaling has consistently been shown to 

inhibit type I interferon responses and anti-viral signaling, in several different contexts 

(185–187).  

 

Besides their anti-viral functions, type I interferons are critical for the generation of an 

effective immune response, both in infection and in cancer. Type I interferons have effects 

on both innate and adaptive immune cell responses, and therefore their ability to impact 

the host response to infection is not limited to the cell-intrinsic anti-viral response. Type I 

interferons promote the maturation of immature DCs and enhance their ability to stimulate 

T cells and trigger IL-12 production (124). In NK cells, type I interferons are important for 

the activation and expression of IFN-γ and cytotoxic molecules; during influenza and 

vaccinia virus infection, these cytokines are required for cytolytic functions of NK cells 

(124). Type I interferons enhance the ability of CD4+ T cells to help B cells and have been 

shown to promote differentiation into the TH1 lineage (124). In CD8+ T cells, type I 

interferons promote survival and clonal expansion during immune responses and promote 

their cytotoxic functions (124). Lastly, type I interferons promote B cell activation and 

antibody class switching (124).  
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The important role of type I interferons during anti-microbial immunity extends to the 

anti-tumour immune response. In murine models of graft-versus-leukemia, the 

anti-tumour efficacy of allotransplanted T cells requires them to express IFNAR1 (188). 

In murine models of melanoma, the synthetic TLR7/8 agonist imiquimod promotes 

IFNAR1-dependent recruitment of plasmacytoid DCs in the tumour bed, which abundantly 

secrete type I interferons that further triggers production of cytotoxic molecules and 

tumour cell killing (189). Absence of IFNAR1 abolishes the therapeutic efficacy of 

imiquimod in these models. Mice deficient for the PRR and type I interferon trigger STING 

have reduced efficacy of combined checkpoint blockade therapy (anti-CTLA-4 and 

anti-PD-L1) in murine models of melanoma, suggesting a potential role for these 

cytokines in checkpoint blockade therapy (190).  

 

Given the importance of type I interferons in anti-microbial immunity and in the generation 

of adaptive immune responses, it is no surprise that type I interferons play an important 

role in oncolytic virotherapy. The OV Newcastle disease virus, in combination with anti-

CTLA-4, eliminates murine B16-F10 melanoma tumours via an immune response that 

requires cytotoxic T cells, NK cells, and IFNAR (191). Additionally, the OV Semliki Forest 

virus elicits tumour-specific cytotoxic T cells only in IFNAR-expressing mice (192). These 

data suggest that rather than posing an obstacle to oncolytic virotherapy, type I 

interferons are key molecules in the resulting anti-tumour immune response that plays a 

prominent role in the efficacy of OVs. 
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Beyond their impact on anti-tumour immune responses, several lines of evidence suggest 

that type I interferons inhibit the process of transformation and oncogenesis. At high 

doses, they are well-known to have anti-proliferative and pro-apoptotic effects on cancer 

cells, and have also been shown to inhibit metastatic dissemination of tumour cells (193). 

In many instances, the role of type I interferons in preventing oncogenesis and metastasis 

lies in the immune cells, as shown in mouse models with hematopoietic-specific 

expression of IFNAR (194, 195). In other cases, type I interferons directly impact the 

cancer cell itself. Deletion of IFNAR or IFN- from mouse embryonic fibroblasts 

predisposes these cells to transformation in vitro (196). In vivo, specific IFNAR deletion 

in intestinal epithelial cells increases intestinal tumour burden in mice treated with dextran 

sodium sulfate (197). In agreement with the direct impact of these cytokines on cancer 

cells, many tumours exhibit reduced type I interferon signaling via a variety of 

mechanisms, including downregulation of IFNAR (198), loss-of-function mutations in 

JAK1 (199–201), and/or reduced expression of other type I interferon signaling 

components, such as STAT1 (202). Therefore, type I interferon responses are 

unfavourable to tumours via cell-intrinsic and cell-extrinsic mechanisms. This likely 

imposes a selective pressure on cancer cells to dampen type I interferon responsiveness. 

However, this defective type I interferon response in cancer cells leads to a proverbial 

Achilles heel: cancer cells have defective anti-viral responses, and thus are more readily 

infected with OVs than healthy cells (83). It should be noted that this is by no means a 

universal phenomenon; a subset of tumours/cancer cells retain the capacity to generate 

effective anti-viral responses, rendering them relatively resistant to OV therapy (203–

205).  
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1.6. Vesicular stomatitis virus (VSV and VSVΔ51) 

VSV is a negative sense ssRNA rhabdovirus that primarily infects rodents, cattle, swine, 

and horses, where it results in a mild and non-fatal illness. Human infection is rare and 

usually asymptomatic (206).  

 

The ~11 kb VSV genome, like other rhabdoviruses, is made up of 5 genes: nucleoprotein 

(N), phosphoprotein (P), matrix (M), glycoprotein (G), and the viral RNA-dependent RNA 

polymerase (L), listed in order from 3’ to 5’. In the virion, viral RNA forms a helical complex 

with the nucleocapsid, composed of the nucleoprotein N and the phosphoprotein P (206). 

The virion also packages the RNA-dependent RNA polymerase (L). This nucleocapsid is 

enveloped in a lipid bilayer acquired from host cell membranes during budding (206). The 

matrix protein (M) and glycoprotein (G) are membrane-associated proteins. M associates 

with both the nucleocapsid and the lipid bilayer, which maintain the virion structure (206). 

G is an integral membrane protein that controls viral tropism and entry, mediated by cell 

attachment via the LDL receptor (LDL-R) and related family members, followed by 

membrane fusion (206).  

  

Briefly, the VSV lifecycle begins when the VSV G protein binds to the target cell 

membrane via LDL-R (207), following which the virion enters the cells by clathrin-

dependent endocytosis (208, 209). Upon acidification of the endosome and fusion of the 

viral and endosomal membranes, the ribonucleocapsid is released into the cytoplasm. 

The RNA-dependent RNA polymerase (L) then proceeds to synthesize genomic RNAs 



21 
 

and mRNAs in the cytoplasm (206). Host cell ribosomes translate viral mRNAs to 

synthesize viral proteins, which assemble into a virion structure that buds off the host cell 

plasma membrane (206).   

 

VSV is highly sensitive to the anti-viral effects of type I interferons (210–213), and has 

developed a key mechanism to shut off the virus-induced type I interferon response. 

Through an incompletely understood mechanism that may involve inhibition of host 

mRNA export from the nucleus, the VSV M protein blocks production of type I interferon 

cytokines (214–223), among other host genes, preventing type I interferon-mediated 

anti-viral response. A variant generated with deletion of the methionine 51 residue 

prevents VSV M from blocking type I interferon production and is permissive to the 

development of an effective anti-viral response. This VSV variant, termed VSVΔ51, 

replicates more effectively in transformed over healthy cells due to the blunted type I 

interferon response that characterizes many cancer cells (224, 225), whereas in healthy 

cells an intact type I interferon response is likely to oppose to VSVΔ51 replication and 

infection. 

  

Due to the relatively low rate of pre-existing immunity to VSV in humans and its 

cytoplasmic life cycle, VSVΔ51 is a viable candidate as a therapeutic OV platform. 

Further, the genome of VSV, although small, does allow for genetic manipulation to 

encode transgenes that boost efficacy. VSV engineered to encode IFN- was tested in a 

phase I clinical trial and deemed safe in patients with solid tumours (NCT02923466), and 
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is now being tested as a monotherapy in a clinical trial for patients with liquid and solid 

tumours (NCT03017820, NCT01628640), as well as in combination with anti-PD-1 

(pembrolizumab) in lung and neuroendocrine cancer (NCT03647163).  

 

1.7. OV Therapy and Anti-PD-L1 

OV infection of tumours results in a remodeling of the tumour microenvironment, and 

greater understanding of those changes will facilitate the rational combination of therapies 

to enhance anti-tumour efficacy. A frequent change in the tumour microenvironment is 

the up-regulation of PD-L1 that occurs upon OV infection, often triggered by type I 

interferons (226).   

  

Given the importance of the anti-tumour immune response in the efficacy of OV therapy, 

and the immunosuppressive function of the PD-1/PD-L1 axis, several studies have shown 

synergistic effects of combining OV therapy with anti-PD-L1 or other methods that would 

prevent signaling downstream of PD-1. In mouse models of colon and ovarian cancer, 

vaccinia virus injection induced PD-L1 expression in cancer cells and tumour-infiltrating 

immune cells, including macrophages and DCs. Combination of vaccinia virus with 

anti-PD-L1 therapy led to reduced tumour burden and improved survival in these models, 

which was associated with a reduction in checkpoint receptor expression on immune cells 

and increased expression of immune activation markers like IFN-γ, granzyme B, perforin, 

and ICOS. Anti-PD-L1 therapy also reduced PD-L1 surface expression on tumour and 

immune cells (227).  
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In murine B16-F10 melanoma tumours, infection with Newcastle disease virus led to 

up-regulation of PD-L1 in immune and non-immune cells. Blockade of IFNAR1 abolished 

OV-induced PD-L1 up-regulation in the tumour microenvironment. Combination treatment 

of Newcastle disease virus with anti-PD-L1 or anti-PD-1 reduced tumour burden and 

improved survival in this model, which was similarly associated with a re-invigoration of 

the immune response in these tumours (228). In a similar vein, another group has shown 

that the combination of VSVΔ51 infection with anti-IFNAR1 (to prevent virus-induced PD-

L1 up-regulation in the tumour) or anti-PD-L1 showed synergistic effects on tumour 

burden in the B16-F10 and MC38 murine models of cancer (229). 

  

Alternatively, in murine B16-F10 melanoma tumours, infection with oncolytic myxoma 

virus engineered to express and secrete a soluble PD-1 molecule resulted in improved 

tumour control compared to a control virus. This was associated with changes in the 

tumour immune infiltrate, presumably due to the soluble PD-1 molecule preventing PD-

L1 from engaging PD-1 on T cells that would suppress their activity (230).  

  

Lastly, in a mouse model of acute myeloid leukemia using intravenously delivered C1498 

cancer cells (engineered to encode GFP), the combination of VSV with anti-PD-L1 

significantly decreased tumour burden and improved survival compared to either 

treatment alone. Improved outcomes in this murine model was associated with increases 

in VSV- and tumour-specific T cells (231).  
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1.8. Rationale and Aim 

Over the past 5 years, different research groups have observed that PD-L1 regulates the 

type I interferon response in cancer and immune cells (33, 232–234), which has been 

shown using transcriptome-based studies or direct biochemical methods. Interestingly, 

the connection between PD-L1 and type I interferon responses has been studied only in 

the context of interferon-induced cell death (232) and interferon responses triggered by 

DNA damage (234). PD-L1 inhibition of type I interferon responses has not been studied 

in the context of viral infection.   

 

While PD-L1 has been shown to modulate type I interferon responses in different 

contexts, there is a gap in the literature regarding its role in controlling viral infections. 

The interplay between PD-L1, type I interferons, and OVs is especially interesting 

considering the enthusiasm for combining oncolytic virotherapy with PD-L1 blockade in 

preclinical studies and clinical trials, as mentioned previously. Given that PD-L1 alters the 

type I interferon pathway, which is critical to the cellular anti-viral response, we 

investigated the ability of PD-L1 to modulate OV infection in cancer. Further, we sought 

to identify the mechanism by which PD-L1 alters type I interferon responses and OV 

infection in cancer cells. 
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2.1. Cell Culture 

2.1.1. Cell lines 

All cell lines were cultured at 37C in a humidified atmosphere containing 5% CO2. 

TRAMP-C2 were maintained in DMEM supplemented with 5% FBS, 5% NuSerum, 0.005 

mg/mL bovine insulin, 10 nM dehydroisoandrosterone, 100 U/mL penicillin, 100 µg/mL 

streptomycin, 10 µg/mL gentamicin sulfate, and 20 mM HEPES. B16-BL6, MB49, 

YUMM1.1., MC38, 786-0, Hs746, HEK293T, L929-ISRE, and Vero cells were maintained 

in DMEM supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, 10 

µg/mL gentamicin sulfate, and 20 mM HEPES. C1498 cells were maintained in RPMI 

supplemented with 5% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, 10 µg/mL 

gentamicin sulfate, and 20 mM HEPES. Cells were regularly tested for mycoplasma using 

PCR protocol adapted from (235). MB49 cells were a gift from Dr. Bob Korneluk (CHEO), 

YUMM1.1. cells were a gift from Dr. Luc Sabourin (OHRI), 786-0 and Vero cells were a 

gift from Dr. John Bell (OHRI), Hs746 were purchased from ATCC, L929-ISRE generated 

by Dr. Bruce Beutler (UT Southwestern) were a gift from Dr. Subash Sad (uOttawa), and 

HEK293T were a gift from Dr. Ian Lorimer (OHRI).  

2.1.2. Generation of PD-L1-deficient TRAMP-C2, B16-BL6, MB49, MC38, C1498, 

and YUMM1.1. 

Single-guide RNA (sgRNA) targeting exon 3 of the Cd274 gene (sequence: 

GTATGGCAGCAACGTCACGA) was cloned into the Cas9-expressing lentiCRISPR v2 

vector according to lentiCRISPR cloning protocol from the Zhang lab (236); lentiCRISPR 

v2 was a gift from Feng Zhang (Addgene plasmid 52961). Murine cancer cell lines were 
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transiently transfected with this plasmid using Lipofectamine 3000 as per manufacturer’s 

instructions, and subsequently treated with murine IFN-γ (Peprotech) which induced up-

regulation of PD-L1 in all cells, except those with deletion of PD-L1. PD-L1- cells were 

isolated by FACS. 

2.1.3. Retroviral production and transduction 

To produce retroviral particles, HEK293T cells were seeded in 10 cm plates to 70-80% 

confluency. HEK293T cells were transfected using Lipofectamine 3000 as per the 

manufacturer’s protocol with 10 µg of retroviral construct, 8 µg of pCL-Eco (a gift from 

Inder Verma; Addgene plasmid 12371), and 2 µg of pCMV-VSV-G (a gift from Bob 

Weinberg; Addgene plasmid 8454) to generate retrovirus. The next day, media was 

removed and replaced with 5 mL of TRAMP-C2 media. 48-72 hours later, the culture 

supernatant (containing retrovirus) was removed from cells and filtered using a 0.45 µm 

filter.  

2.1.4. Stable expression of PD-L1 or empty vector in TRAMP-C2 Cd274-/- 

To stably express PD-L1 or control vector in TRAMP-C2-Cd274-/-, the cDNA encoding 

full-length murine PD-L1 was cloned into the retroviral vector pQCXIN-IRES-Thy1.1, and 

the resulting pQCXIN-PD-L1-IRES-Thy1.1 plasmid was used to make retrovirus. 

TRAMP-C2-Cd274-/- were infected with this retrovirus (or retrovirus encoding pQCXIN-

IRES-Thy1.1 as empty vector control) supplemented with 8 µg/mL polybrene. Cells 

staining positively for PD-L1 and Thy1.1 (or Thy1.1 only for empty vector control) were 

isolated by FACS.  

2.1.5. Generation of 786-0 CD274-/- and Hs746 CD274-/- 
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To generate 786-0 and Hs746 CD274-/-, cells were electroporated with a 

ribonucleoprotein complex of ATTO550-labeled gRNA (IDT; sequences: UGG CUG CAC 

UAA UUG UCU AUG UUU UAG AGC UAU GCU; AUU UAC UGU CAC GGU UCC CAG 

UUU UAG AGC UAU GCU; AGC UAC UAU GCU GAA CCU UCG UUU UAG AGC UAU 

GCU; UUG AAG GAC CAG CUC UCC CUG UUU UAG AGC UAU GCU) and recombinant 

Cas9 (IDT) using protocols modified from the Alt-R CRISPR-Cas9 system (IDT), and 

subsequently treated with human IFN-γ (Peprotech) to up-regulate PD-L1 in all cells 

except those with deletion of PD-L1. PD-L1- cells were isolated by FACS.  

2.1.6. In vitro treatments 

Cells were treated with the following reagents, at concentrations and times indicated in 

figure legends: recombinant murine IFN-β (PBL Assay Sciences), poly(I:C) (Invivogen), 

actinomycin D (Sigma), recombinant mouse PD-1-Fc chimeric protein (R&D Systems) or 

human IgG1 control (R&D Systems), afatinib (Selleck Chemicals), SB431542 (Selleck 

Chemicals), estradiol/E2 (Sigma), dihydrotestosterone/DHT (Sigma), ML385 (Selleck 

Chemicals), N-acetyl-L-cysteine (Sigma), 10058-F4 (Selleck Chemicals), DMOG (Selleck 

Chemicals), deferoxamine mesylate (DFX, Selleck Chemicals), sodium oxamate (Selleck 

Chemicals), (R)-GNE-140 (Selleck Chemicals), sodium lactate (Sigma), oligomycin A 

(Selleck Chemicals), or Torin1 (Selleck Chemicals). 

2.1.7. In vitro antibody treatment 

Anti-IFNAR1 (clone MAR1-5A3) was purchased from Leinco. PD-L1 monoclonal antibody 

clones 6E11, 17H9, and 27C11 were gifts from Dr. Ira Mellman (Genentech). Tecentriq® 

(atezolizumab) was obtained from The Ottawa Hospital Pharmacy department. TRAMP-
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C2, 786-0, or Hs746 cells were pre-treated with these antibodies or appropriate isotype 

controls (Leinco) for 24 hours prior to further manipulation/analysis at concentrations 

indicated in figure legends.  

2.1.8. Hypoxia 

TRAMP-C2 cells were seeded in normoxic conditions and transferred to a humidified 

hypoxic glove box (Coy Labs) maintained at 37C and 1% O2. All subsequent 

manipulations were performed in the hypoxia chamber, with solutions equilibrated to the 

low oxygen environment prior to use.  

2.2. Oncolytic viruses 

2.2.1. Oncolytic virus production 

VSV51-YFP, VSV WT, VSV51-firefly luciferase, and vaccinia virus were gifts from Dr. 

John Bell (OHRI). Original VSV virus stocks were propagated on Vero cells (at MOI 0.01) 

and cell supernatant isolated 20-24 hours later for concentration of virus by high-speed 

centrifugation at 10,000 rpm for 2 hours at 4C. All subsequent VSV virus stocks were 

generated from the original stock to avoid genetic drift.  

2.2.2. Oncolytic virus infection 

TRAMP-C2, 786-0, and Hs746 were infected with VSV51-YFP, VSV WT, or GFP-

expressing vaccinia virus (Copenhagen strain) by first removing and washing out culture 

media with PBS, followed by the addition of a low volume of virus diluted in cold DMEM 

at MOIs ranging from 0.001 to 100. After incubation at 37C + 5% CO2 for 1 hour, 
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supplemented growth media were added to each well, and cells incubated at 37C + 5% 

CO2 prior to analysis. 

2.2.3. Plaque assay 

VSV51 and vaccinia virus titers were quantified by plaque assay. Confluent monolayers 

of Vero cells were plated 24 hours prior to plaque assay. Virus samples were serially 

diluted in cold DMEM, and 100 µL of dilutions added onto Vero cells for 1 hour at 37C + 

5% CO2. After 1 hour, a 0.5% agarose in DMEM + 10% FBS overlay was applied to each 

well and incubated at 37C + 5% CO2 for 24 hours to allow infection and plaque formation. 

After 24 hours, plaques were counted for each dilution. 

2.2.4. Coomassie staining for cell viability 

Culture media was removed and washed out with PBS, and cells were fixed with 3:1 

methanol:acetic acid solution for 1-3 hours. Cells were then rinsed in tap water and 

stained with Coomassie Blue solution for 30 minutes. Cells were rinsed with tap water to 

remove excess dye, dried overnight, and imaged using an iPhone 5S. 

2.2.5. Ex vivo virion quantification of infected mouse tumours 

Tumours were resected, weighed, and flash frozen in dry ice. Later, tumours were 

mechanically lysed using a TissueLyser II (Qiagen), in PBS supplemented with cOmplete 

protease inhibitor cocktail (Roche), using glass beads. Cell debris was removed via 

centrifugation, and supernatant serially diluted for plaque assay as described above. 

Titers are reported in PFU/mg of tumour to correct for tumour mass.  

2.2.6. Ex vivo infection of patient tumours 
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Fresh patient tumour biopsies were cut into 2 x 2 x 2 cm cores using a biopsy punch and 

scalpel. Each tumour core placed into individual wells of 24-well plate with DMEM 

supplemented with 10% FBS, 100 U/mL penicillin, 100 µg/mL streptomycin, 10 µg/mL 

gentamicin sulfate, and 20 mM HEPES. Cores were infected in quadruplicate with MOI 

100, 30, 3, 1, or 0.1 of VSV51-YFP (assuming ~1*106 cells per core) or uninfected 

control. Concurrently, 3-4 tumour cores were analyzed by alamarBlue Assay 

(ThermoFisher) as per manufacturer’s protocol to assess biopsy viability. Tumours were 

infected for 48 hours prior to imaging YFP reporter from the virus using EVOS Imaging 

System (ThermoFisher). Virus infection was quantified by quantifying percentage of 

tumour area that is YFP+, using ImageJ (in a blinded fashion). The only exclusion criterion 

for a tumour biopsy sample was lack of viability based on alamarBlue results; otherwise, 

all collected biopsies were included in the analysis. 

2.3. Protein analysis 

2.3.1. Flow cytometry and FACS 

Cells were briefly trypsinized, washed and resuspended in PBS for staining. The cell 

suspension was stained with Zombie NIR Fixable Viability Dye or Zombie Aqua Fixable 

Viability Dye (BioLegend) for 10 minutes on ice to label dead cells, followed by incubation 

with rat anti-mouse CD16/CD32 (clone 2.4G2, BD Biosciences) for 10 minutes on ice. 

Cells were then washed and incubated with fluorescently-labeled antibodies for 20 

minutes on ice. Cells were washed and resuspended in PBS and analyzed using an 

LSRFortessa (BD Biosciences) or Celesta (BD Biosciences), or isolated using MoFlo 

XDP (Beckman Coulter) or MA900 (SONY). Data were analyzed using FlowJo (Tree Star 

Inc.). 
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For experiments with murine cells, the following antibodies were used: BV421-anti-PD-

L1 (BD, clone MIH5 or clone 10F.9G2), PE-Cy5-anti-CD80 (BioLegend, clone 16-10A1), 

PE-Cy7-anti-PD-1 (BioLegend, clone 29F.1A12), PE-anti-LDLR (R&D Systems, clone 

263123). For experiments with human cells, the following antibodies were used: BV421-

anti-PD-L1 (BD, clone MIH1), PE-Cy5-anti-CD80 (BioLegend, clone 2D10), PE-Cy7-anti-

PD-1 (BD, clone EH12.1).  

2.3.2. ELISA 

IFN- was analyzed in culture supernatant following VSV51-YFP/VSV WT infection or 

transfection with poly(I:C) (Invivogen), using Mouse IFN- Quantikine ELISA Kit (R&D 

Systems), as per manufacturer’s instructions. 

2.3.3. Western blotting 

Following infection or treatment with recombinant murine IFN- (PBL Assay Sciences), 

cells were lysed in RIPA (0.05% SDS, 1% Triton X-100, 1% NP-40, 50 mM Tris-HCl pH 

7.5, 150 mM NaCl, 2 mM EDTA pH 8.0, 12 mM sodium deoxycholate) supplemented with 

cOmplete protease inhibitor cocktail (Roche) and PhosSTOP phosphatase inhibitor 

cocktail (Roche). Protein concentration was quantified by BCA Assay using MicroBCA 

Protein Assay Kit (ThermoFisher), and samples were denatured in Laemmli buffer (Bio-

Rad) supplemented with 5% -mercaptoethanol. Proteins were separated on 8-12% 

polyacrylamide (acrylamide/bis-acrylamide 37.5:1, Bio-Rad) gels at 60 mA, and then 

transferred to a PVDF membrane for 90 minutes at 100V. Membranes were probed with 

the following primary antibodies diluted in 5% w/v BSA in 1X TBS + 0.1% Tween20: anti-

pIRF3 S396, anti-IRF3, anti-pTBK1 S172, anti-TBK1, anti-pSTAT1 Y701, anti-STAT1, 
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anti-pSTAT3 Y705, anti-STAT3, anti-PD-L1, anti-HIF-1α, anti-HIF-1β, anti-FIH, anti-

PHD2, anti-p-p70 S6K T389, anti-S6K, anti-p4E-BP1 T37/46, anti-4E-BP1, anti-pAkt 

S473, anti-Akt, and anti-β-actin. All antibodies were purchased from Cell Signaling 

Technologies, with the exception of anti-PD-L1 which was purchased from Abcam. 

Membranes were further probed with appropriate species-specific HRP-conjugated 

secondary antibodies (purchased from Cell Signaling Technologies), developed using 

ECL reagent (Bio-Rad) and X-ray film.  

2.3.4. Type I interferon reporter assay 

Cell culture supernatant (100-200 µL) was isolated from cultured cells and placed on 

adherent L929-ISRE cells (mouse fibroblast cell line expressing luciferase under the 

control of a type I interferon-sensitive ISRE promoter) in a 96-well plate for 4-6 hours. 

Luciferase expression was assessed using Luciferase Assay System (Promega) and 

luminescence measured on a plate reader (BioTek). 

2.3.5. Immunohistochemistry 

Fresh patient tumour biopsies were fixed in 10% neutral-buffered formalin for 24 hours 

prior to paraffin-embedding and sectioning. Sections were rehydrated using xylene and 

ethanol and subjected to heat-induced antigen retrieval using 10 mM citrate buffer (pH 

6.0) in a pressure cooker for 10 minutes. Sections were blocked in 10% normal goat 

serum (BioLynx) and incubated with anti-PD-L1 (clone 28-8, Abcam) overnight at 4˚C. 

Endogenous peroxidase activity was quenched using 3% hydrogen peroxide and sections 

were incubated with HRP-conjugated goat anti-rabbit (Cell Signaling Technologies) for 1 

hour at room temperature. Detection was performed using DAB Substrate (Vector 
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Laboratories), followed by hematoxylin counterstaining. Sections were dehydrated and 

stabilized with mounting medium (ThermoFisher). PD-L1 expression was scored by a 

blinded trained pathologist (Dr. Saleh Fadel). The percentage of tumour cells that stained 

with the PD-L1 antibody was estimated on each slide. The average intensity of staining 

was scored as 0 (no staining), 1+ (weak intensity), 2+ (moderate intensity), and 3+ (strong 

intensity). The cellular compartment with positive staining was noted; this included 

nuclear, cytoplasmic, or membranous. Inflammatory cells were examined for positive 

staining as well, and the percentage of necrotic cells was quantified. 

2.3.6. Signosis Plate Array 

Nuclear extracts were isolated from mock-infected TRAMP-C2 and TRAMP-C2-Cd274-/- 

cells and those same cells infected with VSV51-YFP at MOI 0.1 for 12 hours, with the 

nuclear extraction performed as per manufacturer’s protocol (Signosis, SK-0001). 

Nuclear protein extracts (10 µg measured by Bradford assay) were used for Transcription 

Factor Activation Profiling Plate Array I (Signosis, FA-1001) as per manufacturer’s 

protocol.  

2.3.7. HIF reporter assay 

TRAMP-C2 cells were transiently transfected with 10 µg of HRE-luciferase (a gift from 

Navdeep Chandel, Addgene plasmid 26731) or pGL2 (Addgene) using Lipofectamine 

3000 as per manufacturer’s instructions. Cells were cultured for 24 hours in normoxic 

conditions, and subsequently transferred to the hypoxia chamber for 24 hours. Cells were 

lysed with Passive Lysis Buffer (Promega), and luminescence measured using the 

Luciferase Assay System (Promega) on a plate reader (BioTek). 
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2.3.8. Immunocytochemistry 

Cells were plated and cultured on coverslips prior to staining. Cells were fixed with 4% 

paraformaldehyde for 10 minutes at room temperature. The fixative was washed out 5X 

with PBS, and cells were permeabilized with 0.3% Triton X-100 diluted in PBS for 10 

minutes at room temperature. Detergent was washed out 3-5X with PBS, and coverslips 

were blocked with 5% v/v of donkey or goat serum in PBS for 1 hour at room temperature. 

The blocking agent was washed out with PBS, and coverslips were incubated with diluted 

rabbit anti-TOM20 (PTGLabs) primary antibody (in PBS with blocking agent) for 1-2 hours 

at room temperature. Antibody was washed 5X with PBS, and coverslips were incubated 

with AF488-conjugated goat anti-rabbit antibody (ThermoFisher, diluted in PBS with 

blocking agent) for 1 hour at room temperature, protected from light. Antibody was 

washed 5X with PBS, and coverslips were mounted using Prolong Gold Antifade Reagent 

with DAPI (ThermoFisher) and sealed with nail polish. Slides were imaged using ZEISS 

AxioScan (ZEISS).  

2.4. RNA expression analysis 

2.4.1. RNA isolation, cDNA synthesis, and qPCR 

RNA was isolated using GenElute RNA Miniprep Kit (Sigma) as per manufacturer’s 

protocol. cDNA was synthesized using iScript Reverse Transcription Supermix (Bio-Rad), 

containing a mix of oligo(dT) primers and random primers, as per manufacturer’s protocol. 

qPCR was run using iTaq Universal SYBR Green Supermix (Bio-Rad), using primers 

listed in Table 2.1. qPCR data was normalized to murine Gapdh gene or human 18S gene 

using the 2-∆∆Ct method.  
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2.4.2. RNA-seq sample preparation 

RNA (3 biological replicates per condition) was collected as described above from mock-

infected TRAMP-C2 cells and TRAMP-C2-Cd274-/- or those same cells infected with 

VSV51-YFP at MOI 0.1 for 8 hours.  

2.4.3. RNA-seq library preparation and sequencing 

Total RNA was quantified using a NanoDrop Spectrophotometer ND-1000 (NanoDrop 

Technologies, Inc.) and its integrity was assessed on a 2100 Bioanalyzer (Agilent 

Technologies). Libraries were generated from 250 ng of total RNA as follows: mRNA 

enrichment was performed using the NEBNext Poly(A) Magnetic Isolation Module (New 

England BioLabs). cDNA synthesis was performed using the NEBNext RNA First Strand 

Synthesis and NEBNext Ultra Directional RNA Second Strand Synthesis Modules (New 

England BioLabs). The remaining steps of library preparation were done using the 

NEBNext Ultra II DNA Library Prep Kit for Illumina (New England BioLabs). Adapters and 

PCR primers were purchased from New England BioLabs. Libraries were quantified using 

the Quant-iT™ PicoGreen® dsDNA Assay Kit (Life Technologies) and the Kapa Illumina 

GA with Revised Primers-SYBR Fast Universal kit (Kapa Biosystems). Average size 

fragment was determined using a LabChip GX (PerkinElmer) instrument. Libraries were 

then sequenced on a NovaSeq6000 S4 200 cycle (2 x 100bp) flow cell to an approximate 

depth of 30M reads per sample. 

2.4.4. RNA-seq processing and differential expression 

Transcript quantification for each sample was performed using Kallisto (v0.45.0) (237) 

with the GRCm38 transcriptome reference and the -b 50 bootstrap option. The R package 
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Sleuth (v0.30.0) (238) was then used to construct general linear models for the log-

transformed expression of each gene across experimental conditions. Wald’s test was 

used to test for differential expression between groups and the resultant p-values were 

adjusted to q-values using the Benjamini-Hochberg false discovery rate method.  

2.4.5. Signalling inference and gene set scoring 

Relative activities of 14 signalling pathways were inferred using the R package PROGENy 

(v.1.9.6) (239), which provides a prebuilt regression model for signalling activity based on 

consistently responsive genes. Single-sample gene set scoring was performed using the 

R package singscore (v1.17.) (240), which computes independent scores for each sample 

from rank-based statics for each gene in the set. 

2.5. Metabolic analyses 

2.5.1. MitoTracker/MitoSOX 

TRAMP-C2 cells were briefly trypsinized and re-suspended in PBS. Cells were counted 

and 500,000 cells were stained with 500 nM MitoTracker Deep Red FM (ThermoFisher) 

and 10 µM MitoSOX Red Mitochondrial Superoxide Indicator (ThermoFisher) for 10 

minutes at 37˚C. Dye was washed out with PBS and cells were analyzed by flow 

cytometry within 1 hour.  

2.5.2. Mitochondrial DNA and nuclear DNA quantification 

Mitochondrial DNA and nuclear DNA were isolated using organic solvent extraction-

based protocol adapted from Guo et al (241). qPCR performed as described above using 

primers amplifying MT-ND1 (for mitochondrial DNA) and 18S rRNA (for nuclear DNA).  
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2.5.3. Seahorse extracellular flux analysis 

TRAMP-C2 cells (20,000/well) were seeded into 96-well Seahorse plate one day prior to 

the Seahorse assay. On the day of the assay, cells were equilibrated for one hour in 

DMEM supplemented with 4 mM glutamine, 1 mM sodium pyruvate, 25 mM glucose, at 

pH 7.4. Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) were 

measured by monitoring dissolved oxygen and pH using the XF96 extracellular flux 

analyzer (Seahorse Bioscience) above the cell monolayer under basal conditions and 

following treatment with oligomycin (1 M), FCCP (0.5 M), and rotenone + antimycin A 

(1 M each). Protein content of each well was measured by BCA Assay using MicroBCA 

Protein Assay Kit (ThermoFisher), to normalize OCR/ECAR data and correct for potential 

differences in cell numbers. 

2.5.4. Glucose uptake 

In vitro glucose uptake was measured following 10 minutes of uptake by 10,000 TRAMP-

C2 cells using the Glucose Uptake-Glo Assay kit (Promega), as per manufacturer’s 

instructions. 

2.5.5. Metabolomic analysis 

Levels of metabolites from TRAMP-C2 cell lysates and cell culture supernatant (corrected 

using culture media in the absence of cells) following 48 hours of culture were quantified 

by liquid chromatography mass spectrometry (LC-MS). Sample temperature was 

maintained on ice or dry ice where possible, and all solvents were MS grade and pre-

equilibrated to -20°C.  
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Cell pellets and media/supernatant were collected to a pre-chilled 2 mL tube containing 

6 washed ceramic beads (1.4 mm) and 230 µl of methanol:water (1:1). Samples were 

vortexed 10s and cell lysis was done by beating for 60 s at 2000 rpm (bead beating was 

done twice) after adding 220 µL of acetonitrile. Samples were then incubated with a 2:1 

dichloromethane:water solution on ice for 10 minutes. The polar and non-polar phases 

were separated by centrifugation at 4000g for 10 minutes at 1°C. The upper polar phase 

was dried using a refrigerated CentriVap Vacuum Concentrator at -4°C (LabConco 

Corporation, Kansas City, MO). Samples were resuspended in water and run on an 

Agilent 6470A tandem quadruple mass spectrometer equipped with a 1290 Infinity II ultra-

high-performance LC (Agilent Technologies) using the Metabolomics Dynamic MRM 

Database and Method (Agilent), which uses an ion-pairing reverse phase 

chromatography. This method was further optimized for phosphate-containing 

metabolites with the addition of 5 µM InfinityLab deactivator (Agilent) to mobile phases A 

and B, which requires decreasing the backflush acetonitrile to 90%. Multiple reaction 

monitoring (MRM) transitions were optimized using authentic standards and quality 

control samples. Metabolites were quantified by integrating the area under the curve of 

each compound using external standard calibration curves with Mass Hunter Quant 

(Agilent). No corrections for ion suppression or enhancement were performed, as such, 

uncorrected metabolite concentrations are presented. 

2.5.6. Enzymatic measurement of L-lactate 

L-lactate was quantified in culture supernatant using colorimetric assay (Abcam), as per 

manufacturer’s protocol.  

2.6. Bioinformatic analysis 
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2.6.1. Bioinformatic analyses of human cell line RNA-seq 

Analysis of expression levels of CD274 transcript and HALLMARK_GLYCOLYSIS gene 

module (242, 243) in cell lines was performed using information from the RNA-Seq 

dataset E-MTAB-2706, which contains genome-wide transcriptome profiles of 675 cancer 

cell lines. Briefly, we downloaded the Reads Per Kilobase of transcript, per Million 

(RPKM) file containing all sequencing reads for each cell line, along with a file containing 

the gene names in various formats and a metadata file describing the samples. We then 

converted gene IDs in the expression matrix to gene symbols and removed duplicates 

and missing values. We next added sample names to the columns of the expression 

matrix, before leveraging the R-based package singscore (240) that allows for rank-based 

statistics to score a sample’s gene expression profile according to the activities of genes 

provided by curated gene modules. We set a cut-off on each axis at the mean of each 

value plus two standard deviations. 

2.6.2. Malignant cell PD-L1 expression and gene set activity 

We analyzed a pre-existing collection of scRNA-seq data from 266 epithelial tumours 

(244). Automated annotation of cell types had been performed in conjunction with a copy 

number alteration inference to identify the malignant population of each data set. Only 

tumours with >200 malignant cells were retained in the cohort. Average PD-L1 expression 

(log-transformed counts per 10k transcripts) was calculated from this fraction. Gene set 

scores for the MSigDB Hallmark Hypoxia and Glycolysis gene sets were calculated for 

individual cells using the R package Ucell, which implements a rank-based signature 

scoring method based on the Mann-Whitney U statistic. 
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2.7. In vivo experiments 

2.7.1. Mice and tumour injection 

NCG mice (NOD-Prkdcem26Cd52Il2rgem26Cd22/NjuCrl, lacking functional T, B, and NK cells) 

were purchased from Charles River Laboratory and maintained at the University of 

Ottawa. For all experiments, male mice were used to match the male origin of injected 

prostate cancer cell lines (TRAMP-C2). To generate subcutaneous tumours, 1-2*106 

cancer cells were resuspended in Matrigel (BD Biosciences) and injected in the left 

flank. Mice were monitored once weekly until palpable tumours were observed, following 

which tumour growth was assessed every 3 days. 

2.7.2. In vivo VSV51 infection and bioluminescence imaging 

For in vivo treatments of NCG mice with VSV51-firefly luciferase, subcutaneous 

TRAMP-C2 tumours were injected with 108 PFU of virus by intra-tumoural injection of 100 

µL of a 109 PFU/mL solution in sterile PBS. Mice were injected when tumours reached 

750 mm3. 

Twenty-four hours post-infection with VSV51-firefly luciferase, tumour-bearing mice 

were subjected to IVIS imaging. Mice were injected intraperitoneally with D-luciferin 

(Perkin Elmer) at a dose of 150 mg/kg for 15 minutes prior to isoflurane anesthesia. Mice 

were imaged using an IVIS Spectrum (Perkin Elmer). Investigators were not blinded 

during imaging, but all mice were subjected to identical imaging conditions. 

2.7.3. [18F]-FDG PET 
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Tumour-bearing mice (tumour volume 750 mm3, n = 5-6 per group) fasted 5-8 hours 

before the imaging session were anesthetized with 2% isoflurane and intravenously 

injected with [18F]-FDG (5.98 ± 1.92 MBq) as a bolus over 30 sec via the lateral tail vein. 

Mice remained under isoflurane anesthesia in an induction chamber and body 

temperature was maintained with a heat lamp. Blood glucose measurements (mM) were 

taken via tail vein blood sampling before and after the PET scan using a MediSure Blood 

Glucose Monitoring System. Forty minutes after radiotracer delivery, mice were 

positioned in the PET scanner and a 10 min transmission scan was performed. A 

whole-body static scan was immediately acquired between 50-60 min using a Siemens 

DPET scanner. Emission data were corrected for attenuation and scatter, then 

reconstructed using the 3D-OSEM/MAP algorithm. Volumetric regions of interest (ROIs) 

were drawn conforming to tumour margins and quantified using a threshold of 25% of 

SUVmax (SUV25) (245). Uptake values obtained in Bq·cc-1 were converted to SUV using 

the injected dose (Bq) and animal body weight (kg).  

2.7.4. Study approvals 

Mouse studies were reviewed and approved by Animal Care and Veterinary Services at 

the University of Ottawa in accordance with the guidelines of the Canadian Council on 

Animal Care. For human studies, informed and written consent in accordance with the 

Declaration of Helsinki was obtained from all patients, and approval was obtained from 

The Ottawa Hospital (REB 20180221-02H). 

2.8. Reproducibility and Statistical Analyses 
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All in vitro experiments were repeated at least 3 times, unless otherwise stated. Mouse 

studies were performed twice, unless otherwise stated.  

Statistical analyses were performed using GraphPad Prism (GraphPad). Experiments 

with two independent conditions were analysed by two-tailed unpaired Student’s t test, 

one-way ANOVA to compare three or more conditions, and two-way ANOVA (with Sidak’s 

correction for multiple comparisons) to compare groups influenced by two variables. 

Differences between experimental groups were considered significant when p < 0.05. In 

all figures, ns represents not significant (p > 0.05); * represents p ≤ 0.05; ** represents p 

≤ 0.01; *** represents p ≤ 0.001; **** represents p ≤ 0.0001. 
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Table 2.1. Primers used in qPCR analyses. 

Target Primer Sequence 

VSV N 

Forward GAT AGT ACC GGA GGA TTG ACG ACT A 

Reverse TCA AAC CAT CCG AGC CAT TC 

Ifnb1 

Forward CGC TGC GTT CCT GCT GTG 

Reverse GAT CTT GAA GTC CGC CCT GTA G 

Mx1 Forward GAC CAT AGG GGT CTT GAC CAA 

Reverse AGA CTT GCT CTT TCT GAA AAG CC 

Oas1b Forward TTC TAC GCC AAT CTC ATC AGT G 

Reverse GGT CCC CCA GCT TCT CCT TAC 

Eif2ak Forward ATG CAC GGA GTA GCC ATT ACG 

Reverse TGA CAA TCC ACC TTG TTT TCG T 

Isg15 Forward TGA CGC AGA CTG TAG ACA CG 

Reverse TGG GGC TTT AGG CCA TAC TC 

Gapdh Forward CAT CAC CAT CTT CCA GGA GCG 

Reverse GAG GGG CCA TCC ACA GTC TTC 

MT-ND1 Forward AACATACCCATGGCCAACCT 

Reverse AGCGAAGGGTTGTAGTAGCCC 

IFNB1 Forward TCCAAATTGCTCTCCTGTTG 

Reverse GCAGTATTCAAGCCTCCCAT 

MX1 Forward CTGCGAGGAGATCGGTTCTG 

Reverse CTGCACCTCCTTGGAATGGT 

18S Forward GTAACCCGTTGAACCCCATT 

Reverse CCATCCAATCGGTAGTAGCG 
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Chapter 3 

PD-L1 promotes oncolytic virus infection via inhibition of the type I interferon 

pathway. 
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3.1 Introduction and Rationale 

Type I interferon cytokines are critical to the induction of effective anti-viral responses, as 

evidenced by the frequency of viral infections in individuals with loss-of-function mutations 

in molecules of the type I interferon pathway (246–248). Importantly, most OVs are 

sensitive to the anti-viral effects of type I interferons, and these cytokines are thought to 

control, in part, the specificity of OVs for cancer cells over healthy cells.  

 

PD-L1 has been shown to modulate type I interferon responses in different contexts but, 

surprisingly, not in viral infections. The interplay between PD-L1, type I interferons, and 

OVs becomes particularly important considering the enthusiasm for combining oncolytic 

virotherapy with PD-L1 blockade in preclinical studies and clinical trials. The potential for 

synergy, or antagonism, between targeting PD-L1 and oncolytic viral infection should be 

investigated prior to clinical translation to favour rational combination of the two strategies. 

   

Given that PD-L1 alters type I interferon responses, which are well-known to induce 

cellular anti-viral responses, we investigated the ability of PD-L1 to modulate OV infection 

in cancer cells. Additionally, we examined the ability of PD-L1 to alter type I interferon 

responses in cancer cells. 
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3.2 PD-L1 (Cd274) promotes oncolytic virus infection 

The murine prostate cancer cell line TRAMP-C2 was used as a model for initial 

experiments. These cells express PD-L1 (Figure 3.1) and are widely used in preclinical 

studies of oncolytic viruses (121, 249, 250). To investigate PD-L1 function, 

CRISPR/Cas9-mediated recombination was used to delete PD-L1 expression from 

TRAMP-C2 cells (Figure 3.1). From here on, these PD-L1-deficient cells are referred to 

as TRAMP-C2 Cd274-/-. 
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Figure 3.1. TRAMP-C2 cells express PD-L1, which is absent following CRISPR-
Cas9-mediated recombination. TRAMP-C2 cells (blue) were transfected with Cas9 

and gRNA targeting PD-L1 to generate TRAMP-C2 Cd274-/- (red). A representative plot 
of flow cytometry analysis for PD-L1 is shown. 
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To assess whether PD-L1 expression impacts OV infection, parental and Cd274-/- 

TRAMP-C2 cells were infected with the oncolytic virus VSVΔ51, which is highly sensitive 

to the anti-viral effects of type I interferons. PD-L1 deletion resulted in a dramatic 

reduction of infection, which was tracked using the viral YFP reporter (Figure 3.2A) and 

by plaque assay (Figure 3.2B). Consistent with the differences in OV infection, PD-L1 

deletion reduced virus-induced cell death (Figure 3.2C), as measured by staining infected 

cells with Coomassie dye.  
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Figure 3.2. PD-L1 promotes VSVΔ51 infection and virus-induced cell death. 
TRAMP-C2 and TRAMP-C2 Cd274-/- cells were infected with VSVΔ51-YFP at indicated 
MOIs and subjected to flow cytometry to quantify the viral YFP reporter 24 hours post-

infection (A), plaque assay to quantify viral titers 24 hours post-infection (B), or 
Coomassie staining to visualize cell death 48 hours post-infection (C). The data 

depicted are representative of 4 biological replicates performed with similar results, and 
N=3 biological replicates for the viral titer data. Statistical analysis by two-way ANOVA 

with Šídák's correction for multiple comparisons. 
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One potential mechanism by which PD-L1 could increase VSVΔ51 infection is by 

promoting entry of VSVΔ51 into cells. The viral N transcript was measured by qPCR to 

track viral replication in the cells during the first few hours of infection. This analysis 

revealed that there was no difference in viral transcript levels between parental and 

Cd274-/- TRAMP-C2 cells at 1 and 3 hours post-infection (Figure 3.3A), suggesting that 

VSVΔ51 can readily enter these cells regardless of PD-L1 expression. Furthermore, 

parental and Cd274-/- TRAMP-C2 cells express equal amounts of the VSV entry receptor 

LDL-R (Figure 3.3B), indicating that differences in viral receptor expression are not driving 

the differences in infection. At 8 hours post-infection and onwards, there was significantly 

less viral replication in TRAMP-C2 Cd274-/- cells compared to parental TRAMP-C2 

(Figure 3.3A), consistent with the infection data in Figure 3.2. 
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Figure 3.3. PD-L1 does not regulate VSVΔ51 entry into TRAMP-C2 cells. (A) 
TRAMP-C2 and TRAMP-C2-Cd274-/- were infected with VSVΔ51-YFP at MOI 0.1, and 

RNA collected at indicated times post-infection for qPCR analysis of the viral 
nucleoprotein (N) transcript. N=3 biological replicates plotted. Statistical analysis by two-

way ANOVA with Šídák's correction for multiple comparisons. (B) Expression of the 
VSV entry receptor LDL-R in TRAMP-C2 (blue) or TRAMP-C2-Cd274-/- (red) cells. 

Representative flow cytometry histograms are shown. 
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To confirm that PD-L1 deletion, and not an experimental artifact, resulted in differences 

in OV infection, PD-L1 expression (or an empty vector as a control) was restored in 

TRAMP-C2 Cd274-/- cells using retroviral methods (Figure 3.4A). Re-expression of PD-L1 

in TRAMP-C2 Cd274-/- cells dramatically enhanced VSVΔ51 infection compared to the 

empty vector control (Figure 3.4B-C), confirming that PD-L1 is the cause of the observed 

viral phenotype, and not any off-target effects induced by the CRISPR-Cas9-mediated 

deletion.  

 

 

 

 

 

 

 

 

 

 

 

 

 



57 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MOI

%
 i
n
fe

c
ti
o
n
 (

b
y
 Y

F
P

+
 c

e
lls

)

0.001 0.01 0.1 1 10
0

20

40

60

80

100

ns ✱✱✱ ✱✱✱✱ ✱✱✱✱ ns

+ PD-L1

+ EV

TRAMP-C2-Cd274-/-

0

1

2

3

4

5

6

7

8
V

S
V

Δ
5
1
 T

it
e
r

(l
o
g

1
0
 P

F
U

/m
L
)

+PD-L1+EV

✱✱✱✱

TRAMP-C2-Cd274
-/-

A 

B C 

PD-L1 

T
h

y
1

.1
 

+ EV + PD-L1 



58 
 

Figure 3.4. Restoration of PD-L1 expression in TRAMP-C2-Cd274-/- cells rescues 
phenotype. (A) Representative flow cytometry staining for PD-L1 and Thy1.1 following 

transduction of TRAMP-C2-Cd274-/- cells with empty vector (EV) or PD-L1-encoding 
vector. (B-C) TRAMP-C2-Cd274-/- transduced with PD-L1 or empty vector were infected 
with VSVΔ51-YFP at indicated MOIs for 24 hours and analyzed by flow cytometry (B), 
or by plaque assay (C). The data depicted are representative of 3 biological replicates 

performed with similar results. Statistical analysis by two-way ANOVA with Šídák's 
correction for multiple comparisons in B and two-tailed unpaired Student’s t test in C.   
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There are multiple OV platforms today, many with distinct life cycles and host-virus 

interactions compared with VSVΔ51. To investigate if PD-L1 can promote infection of 

OVs besides VSVΔ51, we infected TRAMP-C2 cells with vaccinia virus, a more complex 

oncolytic DNA virus currently in clinical testing (251), TRAMP-C2 cells were better 

infected with vaccinia virus compared to TRAMP-C2 Cd274-/- (Figure 3.5), suggesting 

that the ability of PD-L1 to enhance OV infection is generalizable to other viral platforms. 
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Figure 3.5. PD-L1 promotes vaccinia virus infection. (A) TRAMP-C2 cells were 
infected with GFP-expressing vaccinia virus (Copenhagen strain) at MOI 0.1 for 48 

hours, prior to fluorescence imaging. Representative of 2 experiments performed with 
similar results. (B) TRAMP-C2 cells were infected with GFP-expressing vaccinia virus 

(Copenhagen strain) at MOI 0.1 for 48 hours. Viral titer was assessed by plaque assay. 
The data depicted are representative of 3 biological replicates performed with similar 

results. Statistical analysis by two-tailed unpaired Student’s t-test. 
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3.3 PD-L1 inhibits the type I interferon response 

Given the link between PD-L1 and modulation of the type I interferon responses, and the 

importance of type I interferons for cellular anti-viral immunity and OV infection, we 

hypothesized that the PD-L1-mediated differences in OV infection stemmed from 

regulation of type I interferon responses by PD-L1.  

  

To test this hypothesis, the production of type I interferon cytokines after OV infection was 

assessed. TRAMP-C2 Cd274-/- cells had 2-fold greater production of IFN-β compared to 

parental TRAMP-C2 cells (Figure 3.6A), suggesting that PD-L1 inhibits the production of 

type I interferon cytokines. Further, the difference in IFN-β production was closely 

mirrored at the transcriptional level (Figure 3.6B), suggesting that PD-L1 regulates type I 

interferon production at the transcriptional level. As expected, restoration of PD-L1 

expression in TRAMP-C2 Cd274-/- cells dramatically inhibited IFN-β transcript levels 

compared to the empty vector control (Figure 3.6C). Importantly, these experiments were 

conducted at time points post-infection when there are approximately equal amounts of 

virus replication between the cells with and without PD-L1 (Figures 3.3A and 3.6D), to 

ensure that there is equal stimulus of the type I interferon pathway. 
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 Figure 3.6. PD-L1 inhibits virus-induced production of type I interferon. (A-
B) IFN-β protein in culture supernatant (by ELISA, A) or transcript levels (by qPCR, B) 

were quantified following infection with VSVΔ51-YFP for 8 hours. The data depicted are 
representative of 3 biological replicates performed with similar results. Statistical 

analysis with two-tailed unpaired Student’s t-test. (C-D) TRAMP-C2 Cd274-/- transduced 
with PD-L1 or empty vector (EV) were infected with VSVΔ51-YFP at MOI 0.1 and 

analyzed by qPCR at indicated times post-infection to quantify Ifnb1 (C) and VSV N (D) 
transcripts. The data depicted are representative of 3 biological replicates performed 
with similar results. Statistical analysis by two-way ANOVA with Šídák's correction for 

multiple comparisons. 
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Type I interferons execute anti-viral responses via expression of hundreds of 

interferon-stimulated genes (ISGs), which act by diverse mechanisms to restrict viral 

infection. Consistent with the difference in type I interferons, TRAMP-C2 Cd274-/- cells 

had greater expression of ISGs post-infection compared to parental TRAMP-C2 cells 

(Figure 3.7A). We next asked if the effects of PD-L1 on the type I interferon pathway are 

limited to VSVΔ51 as the trigger for activation of the anti-viral response, or if it can act on 

the type I interferon pathway downstream of different stimuli. Parental TRAMP-C2 and 

TRAMP-C2 Cd274-/- cells were transfected with the double-stranded RNA molecule 

poly(I:C), which is widely used as a viral mimic and is an agonist of the PRR RIG-I. In line 

with the virus data, TRAMP-C2 Cd274-/- cells had greater expression of IFN-β and ISGs 

compared to parental TRAMP-C2 after poly(I:C) transfection (Figure 3.7B-C). 
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Figure 3.7. PD-L1 inhibits the type I interferon response induced by VSVΔ51 and 
poly(I:C). (A) Expression of ISGs was quantified following infection with VSVΔ51-YFP 

for 8 hours. Statistical analysis with two-tailed unpaired Student’s t-test. (B and C) Cells 
were transfected with 1 µg of poly(I:C) for 8 hours prior to quantification of IFN-β (by 

ELISA, B) and IFN-β and MX1 transcripts (by qPCR, C). The experiments depicted are 
representative of 3 biological replicates performed with similar results. Statistical 

analysis by two-tailed unpaired Student’s t-test. 
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Lastly, we asked if PD-L1 modulates signaling downstream of the type I interferon 

receptor, in addition to its ability to alter type I interferon cytokine production. To test this, 

TRAMP-C2 and TRAMP-C2 Cd274-/- cells were acutely treated with recombinant IFN-β 

and the phosphorylation and expression of key molecules involved in type I interferon 

signaling was analyzed. Interestingly, PD-L1 decreases the overall levels of the 

transcription factor STAT1, which is a key molecule (and ISG) involved in the 

transcriptional response induced by type I interferons (Figure 3.8A); additionally, PD-L1 

promoted the phosphorylation of the transcription factor STAT3 at Tyr705 (Figure 3.8A). 

When PD-L1 was re-expressed in TRAMP-C2 Cd274-/- cells, PD-L1 similarly decreased 

STAT1 levels and promoted STAT3 phosphorylation at Tyr705, along with a dramatic 

decrease in TBK1 and IRF-3 phosphorylation at residues associated with their activation 

(Figure 3.8B). In all, this suggests that PD-L1 inhibits the type I interferon pathway in a 

two-pronged fashion: first, by inhibiting transcription and production of type I interferon 

cytokines, and secondly by modulating signaling downstream of the type I interferon 

receptor.  
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Figure 3.8. PD-L1 inhibits type I interferon signaling. (A) TRAMP-C2 and TRAMP-
C2 Cd274-/- cells were cultured in non-supplemented DMEM for 24 hours and treated 

with 200 units of recombinant murine IFN-β for 10 minutes prior to analysis by western 
blotting. The images depicted are representative of 3 performed with similar results. (B) 

TRAMP-C2 Cd274-/- cells transduced with PD-L1 or empty vector were infected with 
VSVΔ51-YFP at MOI 0.1 and analyzed by western blotting at indicated times post-

infection. The experiments depicted are representative of 3 biological replicates 
performed with similar results. 
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To show that PD-L1 regulation of the type I interferon pathway results in its ability to 

promote viral infection, TRAMP-C2 and TRAMP-C2 Cd274-/- cells were pre-treated with 

a blocking antibody against a subunit of the type I interferon receptor (IFNAR1). Blockade 

of the type I interferon response with anti-IFNAR1 ablated all differences in VSVΔ51 

infection between TRAMP-C2 and TRAMP-C2 Cd274-/- cells (Figure 3.9). Therefore, PD-

L1 promotes viral infection by inhibiting the type I interferon response.  
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Figure 3.9. PD-L1 promotes oncolytic virus infection via inhibition of the type I 
interferon pathway. (A) TRAMP-C2 and TRAMP-C2 Cd274-/- were pre-treated with 25 
µg of anti-IFNAR1 for 24 hours, followed by infection with VSVΔ51-YFP at MOI 0.1 for 

24 hours prior to analysis by flow cytometry (A) or Coomassie staining (B). The 
experiments depicted are representative of 3 biological replicates performed with similar 

results. Statistical analysis by two-way ANOVA with Šídák's correction for multiple 
comparisons. 
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3.4 PD-L1 inhibits the constitutive type I interferon response 

Next, alternative methods were used to confirm the importance of the type I interferon 

response in the function of PD-L1. VSV WT has the intrinsic ability to block type I 

interferon production (in contrast with VSVΔ51, which no longer has this function due to 

its mutation). We hypothesized that PD-L1 should not enhance VSV WT infection due to 

the lack of type I interferons to act upon, in a similar fashion to the experiments blocking 

the type I interferon receptor in Figure 3.9. Surprisingly, PD-L1 still enhanced VSV WT 

infection in TRAMP-C2 cells (Figure 3.10A), contrary to our hypothesis. As expected, in 

VSV WT-infected TRAMP-C2 cells there was no production of type I interferon cytokine 

in the supernatant (Figure 3.10B).  
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Figure 3.10. PD-L1 promotes WT VSV infection. (A) TRAMP-C2 and TRAMP-C2 
Cd274-/- cells were infected with VSV WT at indicated MOIs for 24 hours prior to 

analysis by plaque assay. The experiment depicted is representative of 3 performed 
with similar results. Statistical analysis by two-way ANOVA with Šídák's correction for 
multiple comparisons. (B). TRAMP-C2 cells were infected with VSVΔ51-YFP or VSV 

WT at MOI 0.1 for 12 hours prior to analysis by ELISA to quantify IFN-β in supernatant. 
The experiment depicted is representative of 2 biological replicates performed with 

similar results. N.D. = not detected. 
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To explain this puzzling result, we drew upon literature showing that cancer cells exhibit 

a constitutive/tonic type I interferon response (in the absence of any exogenous trigger), 

characterized by production of type I interferons and ISGs. Indeed, in the TRAMP-C2 cell 

line, there is expression of type I interferons and ISGs prior to infection (Figure 3.11). 

More importantly, PD-L1 inhibited constitutive type I interferon response, as we found 

lower expression (at the transcript level) in TRAMP-C2 versus TRAMP-C2 Cd274-/- cells 

(Figure 3.11). While IFN-β concentration was below the detection limit of ELISAs, 

biological activity of type I interferons was detected in uninfected TRAMP-C2 cells using 

a sensitive type I interferon luciferase reporter (Figure 3.12). Again, there was less 

biological activity of type I interferons in TRAMP-C2 versus TRAMP-C2 Cd274-/- cells 

(Figure 3.12), supporting the transcript analysis of type I interferons and ISGs. Therefore, 

during routine culture of TRAMP-C2 cells, there is an ongoing type I interferon response, 

which is inhibited by PD-L1.  
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Figure 3.11. TRAMP-C2 cells exhibit constitutive type I interferon response, which 
is inhibited by PD-L1. qPCR analysis of type I interferon and ISG transcripts 
expressed by TRAMP-C2 and TRAMP-C2 Cd274-/- cells prior to infection. N=3 

biological replicates plotted. Statistical analysis by two-way ANOVA with Šídák's 
correction for multiple comparisons. 
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Figure 3.12. TRAMP-C2 cells secrete type I interferon cytokine constitutively, 
which is inhibited by PD-L1. Measurement of type I IFN in uninfected TRAMP-C2 and 

TRAMP-C2 Cd274-/- supernatant using the L929-ISRE reporter line. The experiment 
depicted is representative of 3 biological replicates performed with similar results. 

Statistical analysis by two-tailed unpaired Student’s t-test. 
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The constitutive type I interferon response (regulated by PD-L1) in TRAMP-C2 cells 

raised the possibility that the critical role of PD-L1 in promoting oncolytic viral infection 

comes prior to infection, rather than during infection. In other words, the ability of PD-L1 

to inhibit the constitutive type I interferon response is more important to promote OV 

infection, rather than its ability to inhibit the virus-induced type I interferon response. This 

would explain why PD-L1-deficient TRAMP-C2 cells were still more resistant to VSV WT, 

as this virus would completely inhibit the virus-induced type I interferon response but have 

no impact on the constitutive type I interferon response that will confer an antiviral state 

to the tumour cells, which is inhibited by PD-L1. 

 

To formally test this hypothesis, TRAMP-C2 and TRAMP-C2 Cd274-/- cells were treated 

with the transcription inhibitor actinomycin D at the time of infection with VSVΔ51, in order 

to block all cellular transcription, including virus-induced production of type I interferon. In 

this setting, the only source of type I interferons comes prior to infection, as part of the 

constitutive IFN response observed in cancer cells. Despite the absence of virus-induced 

interferon, there was still more VSV∆51 infection in TRAMP-C2 compared to TRAMP-C2-

Cd274-/- cells (Figure 3.13), suggesting that the constitutive type I interferon response 

(regulated by PD-L1) drives the differences in OV infection. Further, it suggests that PD-

L1 poises cancer cells to be more amenable to OV infection. 
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Figure 3.13. PD-L1 promotes oncolytic virus infection via inhibition of constitutive 
type I interferon response in TRAMP-C2 cells. TRAMP-C2 and TRAMP-C2 Cd274-/- 

cells were infected with VSVΔ51-YFP at MOI 0.1 and treated with indicated 
concentrations of actinomycin D (or DMSO as vehicle control) at the time of infection. 

24 hours later, cells were analyzed by flow cytometry. The experiment depicted is 
representative of 3 biological replicates performed with similar results. Statistical 
analysis by two-way ANOVA with Šídák's correction for multiple comparisons. 
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3.5. PD-L1 requires engagement to inhibit type I interferons and promote OV 

infection 

We next investigated whether PD-L1 required a binding partner to trigger its function, 

similar to many other cell-surface proteins. To date, there are two well-characterized 

binding partners of PD-L1: PD-1 and CD80.  

 

First, the expression of PD-1 and CD80 in TRAMP-C2 cells was examined. PD-1 

expression is generally limited to immune cells, and as expected TRAMP-C2 do not 

exhibit expression of PD-1 on the cell surface (Figure 3.14); however, TRAMP-C2 cells 

do express CD80 on the cell surface in approximately 40% of cells in culture (Figure 3.14).  
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Figure 3.14. TRAMP-C2 cells do not express PD-1 but do express CD80 on the cell 
surface. Expression of PD-1 and CD80 in TRAMP-C2 cells. Flow cytometry plots 

representative of 3 biological replicates are shown. 
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To determine if CD80 is required for PD-L1 function, the CD80+ and CD80- cells from both 

parental TRAMP-C2 and TRAMP-C2 Cd274-/- cells were isolated, and all four of these 

cell populations were subjected to VSVΔ51 infection. If CD80 expression was required 

for PD-L1 function, we should only observe PD-L1 enhancement of OV infection in the 

CD80+ TRAMP-C2 and Cd274-/- cells. In the cells expressing CD80, PD-L1 promoted OV 

infection (Figure 3.15A). In contrast, in CD80- cells, PD-L1 had no impact on OV infection 

(Figure 3.15A). Furthermore, CD80 expression is required for PD-L1 to inhibit the type I 

interferon pathway, since differences in type I interferon pathway activity are only 

observed in the CD80+ TRAMP-C2 cells, and not the CD80- cells (Figure 3.15B). These 

data suggest that PD-L1 engagement is required to trigger its activity and promote 

permissiveness to OV infection.  
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Figure 3.15. CD80 is required for PD-L1 function in TRAMP-C2 cells. (A) CD80+ 
and CD80- cells were isolated by FACS and subjected to VSVΔ51-YFP at indicated 

MOIs for 24 hours prior to flow cytometry to quantify viral YFP reporter. The experiment 
depicted is representative of 3 biological replicates performed with similar results. 

Statistical analysis by two-way ANOVA with Šídák's correction for multiple comparisons. 
(B) Type I interferon in culture supernatant was quantified using the L929-ISRE reporter 
cell line, in CD80+ and CD80- cells isolated by FACS and infected with VSVΔ51-YFP for 
8 hours. The experiment depicted is representative of 3 biological replicates performed 
with similar results. Statistical analysis by one-way ANOVA with Šídák's correction for 

multiple comparisons. 
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While PD-1 is not endogenously expressed by TRAMP-C2 cells, it could still serve to 

promote PD-L1 function (when present). To determine whether CD80 is uniquely required 

to engage PD-L1, or if PD-1 can also play this role, TRAMP-C2 cells were pre-treated 

with a recombinant PD-1-Fc chimera protein prior to VSVΔ51 infection. PD-1 treatment 

significantly enhanced VSVΔ51 infection in parental TRAMP-C2 cells compared to the 

isotype antibody treatment condition (Figure 3.16). PD-1 treatment had no impact on 

TRAMP-C2 Cd274-/- cells (Figure 3.16), which was expected given the lack of PD-L1 

ligand expression.  
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Figure 3.16. Exogenous PD-1 can trigger PD-L1 function in TRAMP-C2 cells. 
TRAMP-C2 and TRAMP-C2 Cd274-/- were pre-treated for 24 hours with 500 ng of 

recombinant PD-1-Fc chimeric protein, and infected with VSVΔ51-YFP at MOI 0.1 for 
24 hours prior to analysis by flow cytometry. The experiment depicted is representative 
of 3 biological replicates performed with similar results. Statistical analysis by two-way 

ANOVA with Šídák's correction for multiple comparisons. 
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Lastly, we explored if PD-L1 antibodies, typically used to block the interaction between 

PD-L1 and PD-1/CD80, could alter PD-L1 function. We used three PD-L1 blocking 

antibodies previously characterized to either block the PD-L1/PD-1 interaction (clone 

27C11), the PD-L1/CD80 interaction (clone 17H9), or both (clone 6E11), prior to VSVΔ51 

infection. Interestingly, pre-treatment with clones 27C11 and 6E11, but not 17H9, 

significantly enhanced VSVΔ51 infection in parental TRAMP-C2 cells compared to the 

isotype control condition (Figure 3.17A). Furthermore, treatment with these two antibody 

clones resulted in more significant inhibition of IFN-β and ISG expression in parental 

TRAMP-C2 cells compared to the isotype control condition (Figure 3.17B-C). None of the 

three PD-L1 antibodies had any significant impact on VSVΔ51 in TRAMP-C2 Cd274-/- 

cells (Figure 3.17), as expected given their lack of PD-L1 expression. Therefore, certain 

anti-PD-L1 clones have the ability to enhance/trigger PD-L1 function.  
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Figure 3.17. PD-L1 antibodies can trigger PD-L1 function. TRAMP-C2 and TRAMP-
C2 Cd274-/- were pre-treated for 24 hours with 10 µg of PD-L1 antibodies (or isotype 

control), and infected with VSVΔ51-YFP at MOI 0.1 for (A) 24 hours prior to analysis by 
flow cytometry or (B) 8 hours prior to analysis by qPCR. The experiments depicted are 

representative of 3 biological replicates performed with similar results. Statistical 
analysis by two-way ANOVA with Šídák's correction for multiple comparisons. 
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3.6 PD-L1 promotes OV infection in vivo 

To extend our findings beyond in vitro culture models, we tested if PD-L1 could enhance 

VSVΔ51 infection in the more complex in vivo tumour microenvironment. TRAMP-C2 and 

TRAMP-C2 Cd274-/- cells were implanted subcutaneously into immunodeficient NCG 

mice, and when tumours were established, they were injected intra-tumourally with 

VSVΔ51 expressing a luciferase reporter. In line with previous in vitro data, parental 

TRAMP-C2 tumours were better infected compared to TRAMP-C2 Cd274-/- tumours 

(Figure 3.18). Therefore, PD-L1 promotes OV infection in a physiologically relevant 

environment and is not limited to in vitro culture. 
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Figure 3.18. PD-L1 promotes oncolytic virus infection in vivo. Male NCG mice were 
implanted with subcutaneous TRAMP-C2 or TRAMP-C2 Cd274-/- cells, and injected 
intra-tumourally with 108 PFU of VSVΔ51 expressing a luciferase reporter. 24 hours 

post-infection, mice were injected subjected to bioluminescence imaging (bottom), and 
tumours were homogenized to quantify viral titers by plaque assay (top). The 

bioluminescence images are representative of 2 experiments with similar results, and 
plaque assay data is a combination of N=2 biological replicates. Statistical analysis by 

unpaired two-tailed Student’s t-test.  
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Chapter 4 

PD-L1 inhibit the type I interferon pathway via a pro-glycolytic metabolic shift. 
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4.1 Introduction and Rationale 

In the literature, PD-L1 expression is associated with alterations in the type I interferon 

pathway, but the mechanism by which PD-L1 regulates type I interferon signaling is 

unknown. Here, we describe how PD-L1 controls cellular metabolism resulting in 

inhibition of the type I interferon pathway, and identify glycolysis and lactate as a key 

pathway and metabolite involved in PD-L1 function. 

 

Cellular and host metabolism are now well-appreciated to control inflammation and 

inflammatory pathways, including the type I interferon pathway. In particular, glycolysis 

and its associated metabolites have emerged as important regulators of interferon 

signaling and anti-viral defenses (252–256).  

 

4.2. PD-L1 alters the cancer cell transcriptome 

To begin understanding the mechanism by which PD-L1 inhibits the type I interferon 

pathway and promotes OV infection, a bulk RNA-seq experiment was conducted as an 

unbiased analysis of cellular status in the presence and absence of PD-L1. Four 

conditions were tested: TRAMP-C2 uninfected, TRAMP-C2 Cd274-/- uninfected, TRAMP-

C2 VSVΔ51-infected, and TRAMP-C2 Cd274-/- VSVΔ51-infected. VSVΔ51-infected cells 

were collected after infection at MOI 0.1 for 8 hours, given that all previous experiments 

were conducted at MOI 0.1, and 8 hours post-infection is when differential regulation of 

the type I interferon pathway is observed post-infection. We also analyzed uninfected 
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cells, since our data shows that PD-L1 poises the cells to be more amenable to OV 

infection, prior to infection.   

 

Comparing TRAMP-C2 and TRAMP-C2 Cd274-/- cells, we observed 2,690 and 5,486 

differentially expressed genes in uninfected and infected samples respectively. This 

transcriptomic dataset was summarized using the Pathway RespOnsive GENes for 

activity inference (PROGENy) resource, which predicts pathways and transcription 

factors that might be dysregulated based on the differentially-expressed genes (Figure 

4.1). Additionally, the transcriptomic dataset was analyzed using the DoRothEA resource, 

which predicts transcription factors that might be differentially active based on the gene 

expression patterns (Appendix I). Given our data showing the importance of the 

uninfected state for OV infection outcomes, we focused on the pathways dysregulated in 

the uninfected state and/or those previously described to regulate the type I interferon 

pathway. PROGENy analysis of the RNA-seq dataset predicted PD-L1-mediated 

regulation of several pathways and factors previously characterized to interact with and/or 

regulate the type I interferon pathway, including hypoxia, TGF- signaling, hormone 

signaling, p53, and EGFR signaling.  
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Figure 4.1. PD-L1 alters the cancer cell transcriptome. PROGENy pathway analysis 
of bulk RNA-seq performed on TRAMP-C2 and TRAMP-C2 Cd274-/- either mock-

infected or infected with VSVΔ51-YFP at MOI 0.1 for 8 hours (3 biological replicates per 
condition). 
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To begin validating these transcriptomic signatures, a plate-based transcription factor 

activity assay was performed to test the DNA-binding activity of 48 transcription factors, 

including many identified from our RNA-seq dataset. TRAMP-C2 and TRAMP-C2 Cd274-

/- cells were compared in the uninfected or infected (MOI 0.1, 12 hours post-infection) 

state. This study revealed a number of transcription factors with differential DNA-binding 

activity in the presence of PD-L1 (Figure 4.2), including Smad, c-Myc, and STAT3.  

 

Based on the transcriptomic dataset and the transcription factor activity experiment, we 

began to pharmacologically perturb these proteins/pathways, and examine the impact of 

this perturbation on the ability of PD-L1 to promote OV infection.  
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Figure 4.2. PD-L1 expression alters transcription factory activity. Summary of 
results from a luminescence-based plate array testing activity of 48 transcription factors. 

In (A), TRAMP-C2 cell were uninfected; in (B) TRAMP-C2 cells were infected with 
VSVΔ51 at MOI 0.1 for 12 hours. Raw luminescence units (RLU) of parental TRAMP-
C2 were divided by RLU of TRAMP-C2 Cd274-/- for each transcription factor to assess 

relative activity. Red line and blue line indicate 2x and 0.5x difference, respectively. 
Purple arrows indicate those transcription factors with greater than 2-fold difference 

between TRAMP-C2 and TRAMP-C2 Cd274-/- cells. N=1 biological replicate. 
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We started with the TGF- pathway, which has previously been described to alter type I 

interferon signaling and anti-viral responses, and was suggested to be regulated by 

PD-L1 in our transcriptomic dataset. The small-molecule inhibitor SB431542, which 

blocks the kinase activity of the TGF receptor (ALK5) (257), was used at relevant doses 

to inhibit the pathway. TRAMP-C2 and TRAMP-C2 Cd274-/- cells were pre-treated with 

the TGF- inhibitor (or DMSO as vehicle control) for 24 hours prior to VSVΔ51 infection 

at MOI 0.1 for 24 hours. Treatment with SB431542 and inhibition of the TGF- pathway 

resulted in no significant difference in infection in TRAMP-C2 and TRAMP-C2 Cd274-/- 

cells, and no change of the PD-L1-mediated enhancement of OV infection (Figure 4.3), 

suggesting this pathway is not involved in PD-L1 function. 
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Figure 4.3. TGF-β signaling is not involved in PD-L1 function. TRAMP-C2 and 
TRAMP-C2 Cd274-/- cells were pre-treated with the TGF-βRI inhibitor SB431452 for 24 
hours at indicated concentrations (or DMSO as vehicle control), followed by infection 
with VSVΔ51-YFP at MOI 0.1 for 24 hours. Infection was assessed by flow cytometry 
for viral YFP reporter expression. Experiment depicted is representative of 2 biological 

replicates with similar results. Statistical analysis by two-way ANOVA with Šídák's 
correction for multiple comparisons. 
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In a similar fashion, we inhibited the activity of EGFR using the irreversible inhibitor 

afatinib, which blocks the tyrosine kinase activity of the receptor and prevents 

downstream signaling (258). Parental TRAMP-C2 and TRAMP-C2 Cd274-/- cells were 

pre-treated with the EGFR inhibitor (or DMSO as vehicle control) for 6 hours prior to 

VSVΔ51 infection at MOI 0.1 for 24 hours. Treatment with afatinib and inhibition of EGFR 

signaling resulted in no significant difference in infection in TRAMP-C2 and TRAMP-C2 

Cd274-/- cells, and no change of the PD-L1-mediated enhancement of OV infection 

(Figure 4.4), suggesting this pathway is not involved in PD-L1 function. 
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Figure 4.4. EGFR signaling is not involved in PD-L1 function. TRAMP-C2 and 
TRAMP-C2 Cd274-/- cells were pre-treated with the irreversible EGFR inhibitor afatinib 

for 6 hours at indicated concentrations (or DMSO as vehicle control), followed by 
infection with VSVΔ51-YFP at MOI 0.1 for 24 hours. Infection was assessed by flow 

cytometry for viral YFP reporter expression. Experiment depicted is representative of 2 
biological replicates with similar results. Statistical analysis by two-way ANOVA with 

Šídák's correction for multiple comparisons. 
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Next, we blocked the activity of the transcription factor c-Myc using the small-molecule 

inhibitor 10058-F4. This molecule blocks the dimerization between c-Myc and Max, which 

is required for transcriptional activity of c-Myc target genes (259). Parental TRAMP-C2 

and TRAMP-C2 Cd274-/- cells were pre-treated with the c-Myc inhibitor (or DMSO as 

vehicle control) for 4 hours prior to VSVΔ51 infection at MOI 0.1 for 24 hours. Treatment 

with 10058-F4 and inhibition of c-Myc activity did not alter PD-L1-mediated enhancement 

of OV infection (Figure 4.5), suggesting this pathway is not involved in PD-L1 function. 

 

 

 

 

 

 

 

 

 

 

 

 

 



115 
 

 

 

DMSO 25 50 100
0

20

40

60

80

100

Myc inhibition

%
 i
n
fe

c
ti
o
n
 (

b
y
 Y

F
P

+
 c

e
lls

)

✱✱✱ ✱ ✱✱✱✱ ✱✱

[10058-F4] (μM)

TRAMP-C2

TRAMP-C2-Cd274-/-

 

 

 

 

 

 

 

 

 



116 
 

Figure 4.5. Myc activity is not involved in PD-L1 function. TRAMP-C2 and TRAMP-
C2 Cd274-/- cells were pre-treated with the c-Myc inhibitor 10058-F4 for 6 hours at 
indicated concentrations (or DMSO as vehicle control), followed by infection with 

VSVΔ51-YFP at MOI 0.1 for 24 hours. Infection was assessed by flow cytometry for 
viral YFP reporter expression. Experiment depicted is representative of 2 biological 
replicates with similar results. Statistical analysis by two-way ANOVA with Šídák's 

correction for multiple comparisons. 
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Next, we modulated androgen and estrogen signaling in TRAMP-C2 cells. Genes 

associated with estrogen activity were better expressed in TRAMP-C2 cells compared to 

TRAMP-C2 Cd274-/- cells in our RNA-seq dataset. Additionally, TRAMP-C2 cells are 

androgen-dependent prostate cancer cells that require a testosterone precursor 

(dehydroisoandrosterone) in the growth media for long-term culture, and 

androgen-associated genes were better expressed in parental TRAMP-C2 cells 

compared to TRAMP-C2 Cd274-/- cells in our RNA-seq dataset. Importantly, hormone 

signaling has been shown to modulate type I interferon responses and ISG expression 

(260, 261). First, to eliminate androgen/estrogen signaling, TRAMP-C2 cells were 

cultured for 5 days in phenol red-free growth medium supplemented with charcoal-

stripped FBS, without any testosterone precursor added, prior to VSVΔ51 infection. To 

stimulate hormone responses, estradiol and/or dihydrotestosterone were added to the 

cells for 48 hours prior to VSVΔ51 infection. While OV infection overall was reduced in 

cells cultured in phenol red-free media with charcoal-stripped serum, parental TRAMP-

C2 cells still maintained higher OV infection compared to TRAMP-C2 Cd274-/- cells in all 

conditions (Figure 4.6), suggesting that androgen/estrogen responses do not play a role 

in PD-L1-mediated enhancement of OV infection. 
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Figure 4.6. Hormone responses are not involved in PD-L1 function. TRAMP-C2 
and TRAMP-C2 Cd274-/- cells were cultured in phenol red-free DMEM supplemented 
with 10% charcoal-stripped serum (CSS) for 48 hours prior to treatment with estradiol 
(E2, 100 nM) and/or dihydrotestosterone (DHT, 10 nM) for 24 hours. Following that, 

cells were infected with VSVΔ51-YFP at MOI 0.1 for 24 hours prior to analysis by flow 
cytometry for viral YFP reporter expression. Experiment depicted is representative of 2 

biological replicates with similar results. Statistical analysis by two-way ANOVA with 
Šídák's correction for multiple comparisons. 
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Next, we blocked the activity of the transcription factor NRF2, which is a key regulator of 

cellular oxidants, with the small-molecule inhibitor ML385 (262). NRF2 has previously 

been implicated in regulation of the type I interferon response and OV infection (263, 

264). TRAMP-C2 and TRAMP-C2 Cd274-/- cells were pre-treated with the NRF2 (or 

DMSO as vehicle control) for 6 hours prior to VSVΔ51 infection at MOI 0.1 for 24 hours. 

Treatment with ML385 and inhibition of NRF2 activity resulted in no significant difference 

in infection in TRAMP-C2 and TRAMP-C2 Cd274-/- cells, and no change of the 

PD-L1-mediated enhancement of OV infection (Figure 4.7A). Additionally, pre-treatment 

of TRAMP-C2 and TRAMP-C2 Cd274-/- cells with the antioxidant N-acetylcysteine (NAC), 

which decreases reactive oxygen species concentration in cells (265), had no impact on 

PD-L1 function (Figure 4.7B). In all, this suggest that NRF2 and the cellular redox state 

is not involved in PD-L1 function. 
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Figure 4.7. Cellular ROS dynamics are not involved in PD-L1 function. TRAMP-C2 
and TRAMP-C2 Cd274-/- cells were pre-treated with the NRF2 inhibitor ML385 (A) for 6 
hours or N-acetylcysteine (NAC, B), or DMSO as control, for 24 hours prior to infection 
with VSVΔ51-YFP at MOI 0.1 for 24 hours. Infection was assessed by flow cytometry 
for viral YFP reporter expression. Experiment depicted is representative of 2 biological 

replicates with similar results. Statistical analysis by two-way ANOVA with Šídák's 
correction for multiple comparisons. 
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4.3. Hypoxia mimics the impact of PD-L1 on OV infection 

Lastly, we explored the role of the hypoxia response in PD-L1 function, as hypoxia-related 

genes were suggested to be enhanced by PD-L1 in our RNA-seq dataset. Furthermore, 

the cellular changes associated with hypoxia are known to regulate type I interferon 

signaling and viral infection (174). To examine the possible role of hypoxic responses, 

TRAMP-C2 and TRAMP-C2 Cd274-/- cells were placed in hypoxic conditions (1% O2) for 

48 hours prior to VSVΔ51 infection for 24 hours (maintained in 1% O2). Interestingly, 

culture of TRAMP-C2 cells in hypoxic conditions ablated differences in OV infection 

between TRAMP-C2 and TRAMP-C2 Cd274-/- cells (Figure 4.8), suggesting some role of 

the hypoxic response in PD-L1 function. Further, given that all our experiments were 

conducted in normoxic conditions (atmospheric 21% O2) so far, some aspects of the 

hypoxia response must be activated in normoxic TRAMP-C2 cells, and play a role in 

PD-L1-mediated enhancement of OV infection.  
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Figure 4.8. Hypoxia mimics PD-L1 function. TRAMP-C2 and TRAMP-C2 Cd274-/- 
cells were cultured in normoxic or hypoxic (1% O2) for 48 hours prior to infection with 

VSVΔ51-YFP at MOI 0.1 for 24 hours (in normoxic or hypoxic conditions). Infection was 
assessed by flow cytometry for viral YFP reporter expression. Experiment depicted is 

representative of 3 biological replicates performed with similar results. Statistical 
analysis by two-way ANOVA with Šídák's correction for multiple comparisons. 
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Given the essentiality of oxygen, mammalian cells respond dramatically to hypoxic 

conditions, including expression of hypoxia-inducible factors (266), changes in cellular 

ROS (267), and changes in cellular metabolism (268). Given that we already eliminated 

cellular ROS and redox state as a variable in PD-L1 function (Figure 4.7), we explored 

the role of hypoxia-inducible factors and cellular metabolism in PD-L1 function.  

 

Hypoxia leads to the stabilization of hypoxia-inducible factors (HIFs) that act as 

transcription factors to alter gene expression patterns and adapt to the hypoxic conditions 

(266). The best-studied HIF is HIF-1, made up of the constitutively expressed and stable 

HIF-1 and the HIF-1 subunit that accumulates during hypoxia (but is otherwise 

degraded under normoxic conditions). We began investigating the potential regulation of 

HIF proteins by PD-L1 by analyzing expression of HIF-1, HIF-1, and the related 

hypoxia proteins PHD-2 and FIH. In particular, the expression of these proteins was 

examined in TRAMP-C2 cells infected with VSVΔ51, or treated with either of the two 

small-molecules known to stabilize HIF-1, DMOG and DFX (269). In normoxic 

conditions, we did not observe any expression of HIF-1 in TRAMP-C2 cells infected with 

VSVΔ51 or untreated. While we did detect expression of HIF-1 in DFX-treated cells, 

surprisingly DMOG was unable to stabilize HIF-1 in TRAMP-C2 cells (Figure 4.9A). 

HIF-1 and FIH were equally expressed by TRAMP-C2 and TRAMP-C2 Cd274-/- cells, 

and only PHD-2 showed a reduction in expression in TRAMP-C2 Cd274-/- cells compared 

to parental TRAMP-C2 (Figure 4.9A). Therefore, under normoxic conditions, these cells 
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do not display robust stabilization of HIF-1, despite the apparent pathway activity 

suggested in the RNA-seq analysis (Figure 4.1 and 4.2). 

 

Consistent with this, pre-treatment of TRAMP-C2 cells with the HIF-1-stabilizing agents 

DMOG and DFX did not alter PD-L1-mediated enhancement of OV infection, as parental 

TRAMP-C2 cells were still better infected compared to TRAMP-C2 Cd274-/- cells (Figure 

4.9B). 
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Figure 4.9. TRAMP-C2 do not express HIF-1α under normoxic conditions, and HIF-
1α-stabilizing agents do not phenocopy PD-L1 function. (A) TRAMP-C2 and 

TRAMP-C2 Cd274-/- cells were either infected with VSVΔ51-YFP at MOI 0.1 for 24 
hours, treated with DMOG or DFX at 100 µM for 24 hours, or DMSO and mock-treated 

as control. Expression of hypoxia pathway proteins assessed by western blotting. 
Images depicted are representative of 2 biological replicates with similar results. (B) 

TRAMP-C2 and TRAMP-C2 Cd274-/- cells were pre-treated with DMOG or DFX at 100 
µM for 24 hours (or DMSO as vehicle control) prior to infection with VSVΔ51-YFP at 

MOI 0.1 for 24 hours. Infection was assessed by flow cytometry for viral YFP reporter 
expression. Experiment depicted is representative of 2 biological replicates with similar 

results. Statistical analysis by two-way ANOVA with Šídák's correction for multiple 
comparisons. 
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To confirm the lack of HIF expression in normoxic TRAMP-C2 cells, the transcriptional 

activity of HIF proteins was assessed using a luciferase reporter plasmid expressing 

luciferase under the control of hypoxia response elements (HRE). TRAMP-C2 and 

TRAMP-C2 Cd274-/- cells were transfected with the HRE-luciferase plasmid (or empty 

vector) for 48 hours; for the last 24 hours, cells were cultured in either normoxic or hypoxic 

conditions. As expected, the luciferase reporter was expressed in cells under hypoxia at 

equal amounts in parental TRAMP-C2 and TRAMP-C2 Cd274-/- cells (Figure 4.10). 

Consistent with immunoblotting data, there was no luciferase reporter expression in 

normoxic TRAMP-C2 cells (compared to empty vector controls), suggesting that HIF 

proteins are not active in normoxic TRAMP-C2 cells, despite the apparent pathway 

activity at the transcriptional level (Figure 4.1).  

 

In all, these data suggest that HIF proteins and the associated transcriptional response 

driven by HIF stabilization does not drive PD-L1 function in TRAMP-C2 cells. We 

subsequently turned our attention to the metabolic changes associated with the hypoxia 

response. It is well-known that hypoxia triggers a metabolic shift towards glycolysis to 

generate ATP and metabolites, with less reliance on oxidative phosphorylation (and the 

use of oxygen) for energy transduction and metabolism (268).  
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Figure 4.10. TRAMP-C2 do not exhibit HIF-1α transcriptional activity in normoxic 
conditions. TRAMP-C2 and TRAMP-C2 Cd274-/- cells were transiently transfected with 

plasmid expressing HRE-luciferase reporter (or pGL2 empty vector as control) for 24 
hours in normoxic conditions. Cells were either transferred to hypoxic conditions (1% 

O2) or maintained in normoxic conditions (21% O2) for another 24 hours prior to 
luciferase assay. Experiment depicted is representative of 2 biological replicates with 

similar results. Statistical analysis by two-way ANOVA with Šídák's correction for 
multiple comparisons. 
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4.4. PD-L1 promotes glycolytic metabolism 

We began by re-examining the hypoxia gene signature detected by the PROGENy 

analysis in the bulk RNA-seq dataset (Figure 4.1). Interestingly, this gene signature in 

TRAMP-C2 cells was predominated by differentially-expressed metabolic enzymes 

(Figure 4.11A). Strikingly, almost every enzyme in the glycolysis pathway was 

down-regulated by deletion of PD-L1, giving rise to greater glycolysis gene set scores in 

TRAMP-C2 cells compared to TRAMP-C2 Cd274-/- cells (Figure 4.11B).  
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Figure 4.11. PD-L1 promotes expression of glycolysis-related genes. (A) 
Transcripts per million (TPM) for various glycolysis and glucose metabolism 

enzymes/transporters, from bulk RNA-seq experiment in uninfected TRAMP-C2 cells. 3 
biological replicates per condition. Wald’s test was used to test for differential 

expression between samples and the resultant p-values were adjusted to q-values 
using the Benjamini-Hochberg false discovery rate method. (B) Scoring for expression 
of genes included in the glycolysis gene set. RNA-seq dataset performed on TRAMP-

C2 and TRAMP-C2 Cd274-/- either mock-infected or infected with VSVΔ51-YFP at MOI 
0.1 for 8 hours (3 biological replicates per condition). 
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Furthermore, we observed a decrease in mitochondrial content in PD-L1-expressing 

TRAMP-C2 cells using MitoTracker dye and mtDNA quantification (Figure 4.12A-B). We 

investigated if PD-L1 impacted other aspects of mitochondrial biology, including the 

relative levels of mitochondrial ROS and alterations in mitochondrial dynamics. PD-L1 did 

not change mitochondrial ROS levels (Figure 4.12A), and had limited impact on 

mitochondrial morphology, as assessed by TOMM20 immunocytochemistry to label 

mitochondria (Figure 4.13). These data suggest that PD-L1 triggers a metabolic shift that 

promotes glycolysis-related gene expression while reducing mitochondrial mass. 
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Figure 4.12. PD-L1 reduces mitochondrial mass, without affecting mitochondrial 
ROS. (A) Mean fluorescence intensity (MFI) of MitoTracker and MitoSOX dyes by flow 
cytometry for uninfected TRAMP-C2, TRAMP-C2 Cd274-/-, TRAMP-C2 Cd274-/- + EV, 

and TRAMP-C2 Cd274-/- + PD-L1 cells. MitoSOX MFI was corrected for total 
mitochondrial content by normalizing to MitoTracker MFI. Statistical analysis by one-

way ANOVA with Šídák's correction for multiple comparisons. (B) Relative quantification 
of mitochondrial DNA/mtDNA by qPCR (normalized to nuclear DNA/nDNA in each 

sample), by qPCR analysis. N=3 biological replicates. Statistical analysis by two-tailed 
unpaired Student’s t test. 
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Figure 4.13. PD-L1 does not impact mitochondrial morphology. Mitochondria of 
cultured parental TRAMP-C2 and Cd274-/- cells were analyzed by immunofluorescent 

staining for TOMM20 and Hoechst dye. Representative images of N=2 biological 
replicates depicted.  
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Given the PD-L1-mediated differences in glycolysis enzyme expression and 

mitochondrial content, we tested for differences in glycolysis and mitochondrial 

metabolism using a mitochondrial stress test on the Seahorse metabolic flux platform. In 

agreement with our transcriptomic and mitochondrial quantification data, PD-L1 promoted 

the rate of glycolysis while inhibiting oxidative phosphorylation (Figure 4.14A-D). 

Additionally, bioenergetic calculations (270, 271) suggest that in TRAMP-C2 cells, PD-L1 

reduced ATP production from oxidative phosphorylation while increasing ATP production 

from glycolysis (Figure 4.14E-F).  

 

Consistent with the increase in glycolysis rates, parental TRAMP-C2 had an enhanced 

rate of glucose uptake compared to TRAMP-C2 Cd274-/- cells (Figure 4.14G). This 

increase is restricted to the CD80+ cells, as CD80- TRAMP-C2 and TRAMP-C2 Cd274-/- 

cells had similar glucose uptake rates (Figure 4.14H).  
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Figure 4.14. PD-L1 promotes glycolysis and glucose uptake, while inhibiting 
mitochondrial respiration. (A-D) Seahorse metabolic flux analysis on TRAMP-C2, 
TRAMP-C2 Cd274-/-, TRAMP-C2 Cd274-/- + EV, and TRAMP-C2 Cd274-/- + PD-L1 

(tested in n=6 technical replicates). Extracellular acidification rate (ECAR) and oxygen 
consumption rate (OCR) are measures of glycolysis and mitochondrial respiration, 

respectively. Images depicted are representative of 3 biological replicates with similar 
results. (E-F) Bioenergetic calculations based on Seahorse metabolic flux assay. N=3 
biological replicates. (G-H) Glucose uptake was measured in TRAMP-C2 and TRAMP-
C2 Cd274-/- cells (G), as well as CD80+ vs CD80- cells FACS-isolated from TRAMP-C2 

or TRAMP-C2 Cd274-/- cells (H). The experiments depicted are representative of 3 
biological replicates performed with similar results. Statistical analysis by two-way 

ANOVA with Šídák's correction for multiple comparisons. 
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We confirmed the metabolic flux analysis with an unbiased metabolomics study, in order 

to assess the impact of PD-L1 on cell metabolism in a more comprehensive fashion. 

Approximately 100 water-soluble metabolites were quantified from both parental and 

PD-L1-deficient TRAMP-C2 cells. PD-L1 significantly altered the abundance of 52 of 

these metabolites (Figure 4.15A and Appendix II). As expected, several glycolysis 

metabolites had increased abundance in parental TRAMP-C2 compared to TRAMP-C2 

Cd274-/- cells, including hexose sugars, fructose-1,6-bisphosphate, dihydroxyacetone 

phosphate, pyruvate, and lactate (Figure 4.15B). Interestingly, the concentrations of these 

same metabolites have previously been shown to be reliable indicators of glycolysis rates 

(272), in line with our previous data.  
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Figure 4.15. PD-L1 modulates the cancer cell metabolome. (A) Hierarchical 
clustered heat map depicting relative abundance of 50 metabolites quantified in 
untargeted metabolomics of TRAMP-C2 and TRAMP-C2 Cd274-/- cell lysates. 6 
biological replicates per cell line are shown. (B) Relative abundance of glycolysis 

metabolites in TRAMP-C2 and TRAMP-C2 Cd274-/- cells, measured in the untargeted 
metabolomics study. 6 biological replicates per cell line. Statistical analysis by unpaired 

two-tailed Student’s t-test.  
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Metabolic analysis of cells in culture is highly prone to artifacts due to the 

non-physiological conditions of typical in vitro culture, including (but not limited to) media 

composition and oxygen levels. Therefore, we verified that PD-L1 promotes glycolysis in 

vivo as well as in vitro, using [18F]-fluorodeoxyglucose PET scanning, or [18F]-FDG PET, 

on immunodeficient mice bearing TRAMP-C2 subcutaneous tumours. [18F]-FDG PET is 

a clinical imaging method that employs a radiolabeled glucose analog that accumulates 

in highly glycolytic tissues, including tumours. When tumour-bearing mice were subjected 

to [18F]-FDG PET, TRAMP-C2 tumours displayed significantly more [18F]-FDG uptake 

compared to TRAMP-C2 Cd274-/- tumours (Figure 4.16A-B), consistent with our in vitro 

data. Tumour mass were equivalent between the two groups (Figure 4.16C).  

 

Therefore, PD-L1 promotes glycolysis and glucose uptake and inhibits mitochondrial 

respiration. We next investigated if this PD-L1-driven metabolic shift plays a role in OV 

infection and inhibition of the type I interferon pathway.  
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Figure 4.16. PD-L1 promotes [18F]-fluorodeoxyglucose uptake in vivo. Male 
NCG mice were implanted with subcutaneous TRAMP-C2 or TRAMP-C2-Cd274-/- 

tumours. Standardized uptake value (SUV) of [18F]-fluorodeoxyglucose was assessed 
by PET imaging. Representative images displayed (A), with quantification of SUV in (B) 
and tumour masses in (C). Statistical analyses by two-tailed unpaired Student’s t test. 
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4.5. PD-L1 relies on glycolytic metabolism to promote OV infection and inhibit type 

I interferons 

It is well-recognized that metabolism is an important and potent regulator of inflammation 

and inflammatory pathways, and the type I interferon pathway is no exception. Glycolysis 

and particular metabolites generated by glycolysis reactions have been shown to 

modulate type I interferon signaling and cellular anti-viral responses. Therefore, we 

hypothesized that PD-L1 inhibits type I interferons and promotes OV infection via 

glycolysis. 

 

To test our hypothesis that glycolysis is critical to PD-L1 function, we initially conducted 

studies using the glucose analog 2-deoxyglucose (2-DG) to inhibit glycolysis prior to 

VSVΔ51 infection (273). Treatment with 2-DG and inhibition of glycolysis ablated 

differences in viral infection between parental TRAMP-C2 and TRAMP-C2 Cd274-/- cells 

(Figure 4.17), suggesting that glycolysis is linked with PD-L1 function.  
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Figure 4.17. Glycolysis is necessary for PD-L1 function. TRAMP-C2 and TRAMP-
C2 Cd274-/- cells were pre-treated with 2-deoxy-D-glucose (2-DG) at 1.25 mM for 24 

hours (or DMSO as vehicle control) prior to infection with VSVΔ51-YFP at MOI 0.1 for 
24 hours. Infection was assessed by flow cytometry for viral YFP reporter expression. 

Experiment depicted is representative of 3 biological replicates with similar results. 
Statistical analysis by two-way ANOVA with Šídák's correction for multiple comparisons. 
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Previous studies have shown that PD-L1 regulates glycolysis via promotion of mTOR 

activity (68). We tested whether there is a role for mTOR in PD-L1 function (in this context) 

by inhibiting the function of mTORC1 and mTORC2 complexes with the inhibitor Torin1 

(274). Pre-treatment with Torin1 followed by VSVΔ51 infection did not alter the ability of 

PD-L1 to promote OV infection (Figure 4.18A). Furthermore, there was no difference in 

the phosphorylation of S6K and 4E-BP1, two markers of mTORC1 function, nor 

phosphorylation of Akt, a marker of mTORC2 function, between parental TRAMP-C2 and 

TRAMP-C2 Cd274-/- cells (Figure 4.18B). These data suggest that PD-L1 does not 

influence mTOR activity in TRAMP-C2 cells, and that this metabolic sensor does not play 

a role in PD-L1 function in this particular context. 
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Figure 4.18. mTOR is not involved in PD-L1-mediated promotion of OV infection. 
(A) TRAMP-C2 and TRAMP-C2 Cd274-/- cells were pre-treated with Torin1 at 100 nM 
for 24 hours (or DMSO as vehicle control) prior to infection with VSVΔ51-YFP at MOI 

0.1 for 24 hours. Infection was assessed by flow cytometry for viral YFP reporter 
expression. Experiment depicted is representative of 2 biological replicates with similar 

results. Statistical analysis by two-way ANOVA with Šídák's correction for multiple 
comparisons. (B) TRAMP-C2 and TRAMP-C2 Cd274-/- cells were pre-treated with 

Torin1 at indicated concentrations for 24 hours (or DMSO as vehicle control) prior to 
analysis by western blotting. Images presented are representative of 2 biological 

replicates. 
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Recent literature has suggested that lactate produced from glycolysis blocks activation of 

the type I interferon in response to RNA virus infection, including VSV (275). Therefore, 

we hypothesized that lactate from glycolysis is a key molecule used by PD-L1 to inhibit 

the type I interferon pathway and promote OV infection. First, we confirmed that 

TRAMP-C2 cells generated more lactate in the culture media in comparison to 

TRAMP-C2 Cd274-/- cells (Figure 4.19A, Basal). To address the hypothesis that lactate 

was critical for PD-L1 function, TRAMP-C2 cells were treated with two structurally distinct 

inhibitors of lactate dehydrogenase (LDH), the enzyme that generates lactate. Treatment 

with either of these two inhibitors (sodium oxamate or GNE-140) decreased lactate 

concentrations to undetectable levels (Figure 4.19A). Consistent with our hypothesis, 

LDH inhibition and removal of lactate from the culture eliminated PD-L1 function, as there 

was no longer any difference in VSVΔ51 infection between TRAMP-C2 and TRAMP-C2 

Cd274-/- cells and PD-L1 could no longer promote infection (Figure 4.19B-C). Conversely, 

treatment with lactate itself was able to mimic the effects of PD-L1 on OV infection (Figure 

4.19D). Along a similar vein, treatment with the respiratory inhibitor oligomycin, which 

causes a compensatory increase in glycolysis and lactate production (Figure 4.19A), 

phenocopied PD-L1 function on OV infection (Figure 4.19E).  
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Figure 4.19. PD-L1 requires lactate to promote OV infection. (A) Lactate 
quantification in TRAMP-C2 culture supernatant in basal/untreated state, or after 24 

hours of sodium oxamate (10 mM), GNE-140 (10 μM), or oligomycin (0.2 μM) treatment. 
N=3 biological replicates. Statistical analysis by two-way ANOVA with Šídák's correction 

for multiple comparisons. (B-E) TRAMP-C2 and TRAMP-C2 Cd274-/- cells were pre-
treated with sodium oxamate at 10 mM (B); GNE-140 at 10 μM (C); lactate at 5 mM (D); 

oligomycin at 0.2 μM (E) for 24 hours, followed by infection with VSVΔ51-YFP at MOI 
0.1 for 24 hours prior to analysis by flow cytometry. Experiments depicted are 

representative of 3 biological replicates performed with similar results. Statistical 
analysis by two-way ANOVA with Šídák's correction for multiple comparisons. 
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Importantly, treatment with these molecules (2-DG, lactate, oligomycin, GNE-140) did not 

lead to loss of PD-L1 expression (Figure 4.20), indicating that their effect on OV infection 

was not caused by down-regulation of PD-L1.  
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Figure 4.20. Metabolic inhibitors do not reduce PD-L1 expression in TRAMP-C2 
cells. TRAMP-C2 cells were treated 2-DG (1.25 mM), sodium lactate (5 mM), GNE-140 
(10 μM), oligomycin (0.2 μM), or DMSO for 24 hours prior to flow cytometry assessment 

of surface PD-L1 expression. Representative flow plots of N=2 biological replicates.  
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Lastly, we tested if lactate is responsible for the inhibition of type I interferon responses 

by PD-L1. TRAMP-C2 cells were pre-treated with equivalent concentrations of lactate, 

which resulted in a normalization of the type I interferon response (at the transcript level) 

between TRAMP-C2 and TRAMP-C2 Cd274-/- cells after VSVΔ51 infection (Figure 

4.21A). Additionally, lactate normalized levels of STAT1 between TRAMP-C2 and 

TRAMP-C2 Cd274-/- cells, which is otherwise regulated by PD-L1 in these cells (Figure 

4.21B). 

 

Therefore, PD-L1 inhibits type I interferons and promotes OV infection via a metabolic 

shift that involves promotion of glycolysis and lactate production.  
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Figure 4.21. PD-L1 inhibits the type I interferon pathway via lactate dynamics. (A) 
TRAMP-C2 and TRAMP-C2 Cd274-/- cells were pre-treated with lactate at 5 mM for 24 

hours, followed by infection with VSVΔ51-YFP at MOI 0.1 for 8 hours prior to qPCR 
analysis for Ifnb1 and Mx1. N=3 biological replicates. Statistical analysis by two-way 

ANOVA with Šídák's correction for multiple comparisons. (B) TRAMP-C2 and TRAMP 
C2-Cd274-/- cells were pre-treated with lactate at 5 mM for 24 hours, followed by 

transfection with poly(I:C) for 6 hours prior to western blotting analysis. Images depicted 
are representative of 3 biological replicates with similar results. 
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Chapter 5 

PD-L1 has context-specific function. 

 

 

 

 

 

 

 

 

 



166 
 

5.1 Introduction and Rationale 

So far, we have examined PD-L1 function in one murine prostate cancer cell line 

(TRAMP-C2). We next asked if PD-L1 function is specific to this cell line, or if PD-L1 

enhancing OV infection is broadly applicable to other cell types. To answer this question, 

we sought to extend our investigation into other cancer cell types and expand into human 

cells, including primary patient samples.  

 

Certainly, in the literature, it has been shown that PD-L1 impacts cell biology in diverse 

cancer cell types, as well as different immune cells. However, the proposed roles of PD-L1 

in these different contexts rarely overlaps with other cell types, suggesting that PD-L1 

biology has a degree of specificity, with as-of-yet undetermined mechanism(s). The 

specificity of PD-L1 function could be driven by differences in cellular context (such as 

cellular metabolism and/or mutational status) or tissue context.  

 

5.2. PD-L1 does not impact OV infection in several murine cancer cell lines 

We began by testing a panel of murine cancer cell lines (B16-BL6, MB49, YUMM1.1, 

C1498, MC38) commonly used in OV and immunotherapy research, all of which are 

known to express PD-L1. For all these lines, PD-L1 was deleted using CRISPR/Cas9.  

Parental and Cd274-/- cells for each of these cell lines were subsequently infected with 

VSVΔ51 at a range of MOIs. Surprisingly, deletion of PD-L1 had no impact on VSVΔ51 

infection in these cell lines (Figure 5.1).  
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Figure 5.1. PD-L1 does not impact OV infection in a panel of murine cancer cell 
lines. (A-E) B16BL6 (A), MB49 (B), YUMM1.1 (C), C1498 (D), and MC38 (E) parental 
and Cd274-/- cells were infected with VSVΔ51-YFP at indicated MOIs for 24 hours prior 
to analysis by flow cytometry. N=3 biological replicates depicted. Statistical analysis by 

two-way ANOVA with Šídák's correction for multiple comparisons. 
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The expression of CD80 was examined in these cell lines since we previously showed in 

TRAMP-C2 cells that CD80 acts as an endogenous trigger for PD-L1 to enhance OV 

infection and induce metabolic changes. Both YUMM1.1 and MB49 cell lines express 

CD80 in a sub-clonal fashion (similar to TRAMP-C2), while B16BL6, C1498, and MC38 

do not express surface CD80 (Figure 5.2). Therefore, in two of the five cell lines tested, 

PD-L1 does express the necessary binding partner (CD80), but in these cells PD-L1 does 

not modulate OV infection. 
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Figure 5.2. CD80 and PD-L1 expression in panel of murine cancer cell lines. (A-E) 
B16BL6 (A), MB49 (B), YUMM1.1 (C), C1498 (D), and MC38 (E) cells were stained for 

surface CD80 and PD-L1. Representative flow plots of N=2 biological replicates.  
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5.3. PD-L1 expression correlates with glycolysis gene set scores 

Since B16BL6, YUMM1.1, MB49, MC38, and C1498 were chosen based on their 

prevalence in the cancer immunology literature rather than any underlying biological 

reasoning, we developed a strategy to more rationally select cell types to assess PD-L1 

function. Given that we have shown PD-L1 inhibits the type I interferon pathway and 

promotes OV infection via glycolysis, we attempted to choose cell lines based on their 

metabolic properties. 

 

We made use of a publicly available dataset consisting of bulk RNA-seq of 675 human 

cell lines. In these cell lines, we scored PD-L1 (CD274) expression and expression of 

genes included in the Glycolysis Gene Set, which includes glycolysis and other metabolic 

enzymes (Figure 5.3). Interestingly, this analysis shows that cells with higher scoring for 

the Glycolysis Gene Set tend to have higher expression of PD-L1 (Figure 5.3), although 

it was not possible to determine cause and effect from such a dataset. 

 

We chose two cell lines that score highly for the Glycolysis Gene Set, but with differing 

expression of PD-L1 – the gastric carcinoma line Hs746 and the renal cell carcinoma line 

786-0. We anticipated that in these cells, PD-L1 may promote glycolysis, and therefore 

might also inhibit type I interferons and promote OV infection.  
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Figure 5.3. PD-L1 expression and glycolysis gene set scoring of human cell lines. 
Bioinformatic analysis of publicly available RNA-seq from 675 human cancer cell lines, 

scored for their expression of PD-L1 (CD274) and glycolysis gene signatures. Blue lines 
on plot indicate mean + 2 SD; Pearson correlation coefficient is indicated. 
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PD-L1 expression was deleted in both cell lines using CRISPR/Cas9 (Figure 5.4A-B), and 

both parental and CD274-/- cells were subjected to VSVΔ51 at a range of MOIs. Similar 

to TRAMP-C2, PD-L1 deletion reduced OV infection (Figure 5.4C-D), suggesting that 

PD-L1 does promote OV infection in these two human cancer cell lines.  
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Figure 5.4. PD-L1 promotes OV infection in 786-0 and Hs746 cell lines. (A-B) 786-0 
(A) and Hs746 (B) cells were electroporated with Cas9 and gRNA targeting PD-L1 to 
generate CD274-/- cells. Representative plots depicting PD-L1 expression are shown. 

(C-D) 786-0 (C) and Hs746 (D) parental and CD274-/- cells were infected with VSVΔ51-
YFP at indicated MOIs for 24 hours prior to analysis by flow cytometry. Experiments 
depicted are representative of 3 biological replicates performed with similar results. 

Statistical analysis by two-way ANOVA with Šídák's correction for multiple comparisons. 
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5.4. PD-L1 inhibits the type I interferon pathway and promotes OV infection via 

lactate in Hs746 and 786-0 

We next investigated if the mechanism of PD-L1-mediated OV enhancement was similar 

between TRAMP-C2 and Hs746 and 786-0. We examined the type I interferon pathway 

in Hs746 and Hs746 CD274-/- cells and 786-0 and 786-0 CD274-/- cells, in both 

mock-infected and VSVΔ51-infected conditions. Consistent with our previous findings, 

PD-L1 inhibited production of IFN-β and downstream ISGs (Figure 5.5A, C) in both the 

mock-infected and VSVΔ51-infected state. Additionally, PD-L1 modulated signaling 

downstream of the type I interferon receptor in both cell lines, to varying extents (Figure 

5.5). In Hs746, PD-L1 inhibited phosphorylation of IRF-3, decreased levels of STAT1, 

and inhibited STAT3 phosphorylation at Tyr705 (Figure 5.5B). In 786-0 the impact of 

PD-L1 on signaling was far more modest, with PD-L1 inhibiting STAT1 phosphorylation 

at Tyr701 (Figure 5.5D).  
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Figure 5.5. PD-L1 inhibits the type I interferon response in 786-0 and Hs746 cell 
lines. (A) 786-0 and 786-0 CD274-/- cells were infected with VSVΔ51-YFP at MOI 1 (or 
mock-infected) prior to qPCR analysis for IFNB1 and MX1 transcripts. N=3 biological 
replicates. Statistical analysis by two-way ANOVA with Šídák's correction for multiple 
comparisons. (B) 786-0 and 786-0 CD274-/- cells infected with VSVΔ51-YFP at MOI 1 
(or mock-infected) and analyzed by western blotting at indicated times post-infection. 

Images depicted are representative of 3 with similar results. (C) Hs746 and Hs746 
CD274-/- cells were infected with VSVΔ51-YFP at MOI 0.1 (or mock-infected) prior to 
qPCR analysis for IFNB1 and MX1 transcripts. N=3 biological replicates. Statistical 
analysis by two-way ANOVA with Šídák's correction for multiple comparisons. (D) 
Hs746 and Hs746 CD274-/- cells infected with VSVΔ51-YFP at MOI 0.1 (or mock-

infected) and analyzed by western blotting at indicated times post-infection. Images 
depicted are representative of 3 biological replicates with similar results. 

 

 

 

 

 

 

 

 

 

 

 

 



181 
 

We also investigated if there are PD-L1-driven differences in lactate dynamics in Hs746 

and 786-0 cells. In line with TRAMP-C2 cells, PD-L1 increased lactate production in both 

Hs746 and 786-0 (Figure 5.6A), suggesting an increased rate of glycolysis in parental 

Hs746 and 786-0 compared to their PD-L1-deficient counterparts. To link this difference 

in glycolysis and lactate to regulation of the type I interferon pathway, we blocked lactate 

production with the LDH inhibitor GNE-140 or spiked lactate into the media prior to 

VSVΔ51 infection. In both Hs746 and 786-0, reduction of lactate with the LDH inhibitor 

GNE-140 eliminated the ability of PD-L1 to promote OV infection with minimal impact on 

the CD274-/- cells (Figure 5.6B, D). Conversely, treatment with lactate mimicked the effect 

of PD-L1 on OV infection in both cell lines (Figure 5.6C, E). Therefore, PD-L1-driven 

differences in lactate levels is responsible for promoting OV infection in the Hs746 and 

786-0 cell lines. 
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Figure 5.6. PD-L1 promotes OV infection via lactate in 786-0 and Hs746 cell lines. 
(A) Lactate quantification in 786-0 and Hs746 culture supernatant. N=3 biological 

replicates. Statistical analysis by two-tailed unpaired Student’s t-test. (B-C) 786-0 and 
786-0 CD274-/- cells were pre-treated with GNE-140 at 10 μM (B) or lactate at 5 mM (C) 

for 24 hours, followed by infection with VSVΔ51-YFP at MOI 1 for 24 hours prior to 
analysis by flow cytometry. Experiments depicted are representative of 3 biological 

replicates performed with similar results. Statistical analysis by two-way ANOVA with 
Šídák's correction for multiple comparisons. (D-E) Hs746 and Hs746 CD274-/- cells 
were pre-treated with GNE-140 at 10 μM (D) or lactate at 5 mM (E) for 24 hours, 

followed by infection with VSVΔ51-YFP at MOI 0.1 for 24 hours prior to analysis by flow 
cytometry. Experiments depicted are representative of 3 biological replicates performed 
with similar results. Statistical analysis by two-way ANOVA with Šídák's correction for 

multiple comparisons. 
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5.5. Atezolizumab promotes PD-L1 function in Hs746 and 786-0 cells 

Lastly, we examined the expression of PD-1 and CD80 in Hs746 and 786-0 cells, given 

that we have previously shown the necessity of a binding partner for PD-L1 in the 

TRAMP-C2 model. Surprisingly, Hs746 and 786-0 do not express surface PD-1 or CD80 

(Figure 5.7).  
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Figure 5.7. 786-0 and Hs746 cells do not express CD80 or PD-1. 786-0 and Hs746 
cells were stained for surface CD80 and PD-1. Representative flow plots of N=2 

biological replicates.  
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Despite the lack of PD-1/CD80 expression, in these cells PD-L1 may still be amenable to 

engagement by antibodies to enhance its functionality. To this end, we tested the ability 

of antibodies against human PD-L1 to trigger PD-L1 function and further promote OV 

infection, similar to our observations in the TRAMP-C2 model. We pre-treated Hs746 and 

786-0 cells with atezolizumab, the clinically approved PD-L1 blockade antibody widely 

used in cancer therapy. Pre-treatment with atezolizumab significantly enhanced VSVΔ51 

infection in parental Hs746 and 786-0 cells compared to the isotype control condition 

(Figure 5.8). Atezolizumab had no impact on CD274-/- cells (Figure 5.8), as expected 

based on their lack of PD-L1 expression. Therefore, the clinical PD-L1 antibody 

atezolizumab has the ability to enhance/trigger PD-L1 function, in addition to blocking the 

PD-L1:PD-1 interaction. 
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Figure 5.8. Atezolizumab promotes PD-L1 function in 786-0 and Hs746 cell lines. 
(A-B) 786-0 (A) and Hs746 (B) cells were treated with 5 μg of atezolizumab (Atezo) for 
24 hours prior to VSVΔ51-YFP infection at MOI 1 or 0.1, respectively. 24 hours post-

infection, cells were analyzed by flow cytometry to quantify the viral YFP reporter. 
Experiments depicted are representative of 3 biological replicates performed with similar 

results. Statistical analysis by two-way ANOVA with Šídák's correction for multiple 
comparisons. 
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5.6. PD-L1 promotes OV infection in primary human samples 

To extend our findings beyond mice and cell lines, we tested if PD-L1 could enhance OV 

infection in primary human tumour samples. We obtained 21 tumour biopsies of diverse 

tissue origins (Appendix III) and assessed them for PD-L1 expression and infectability by 

VSVΔ51. To do so, we subjected the biopsy samples to PD-L1 IHC, Alamar Blue assay 

to assess biopsy viability, and ex vivo VSVΔ51 infection. We hypothesized that PD-L1+ 

tumours, defined in the clinical setting as tumours with ≥1% of tumour or immune cells 

expressing PD-L1 by IHC, would have greater VSVΔ51 infection compared to PD-L1- 

tumours. In line with our hypothesis, we observed significantly more infection in PD-L1+ 

tumours compared to PD-L1- tumours, although PD-L1 expression was not a perfect 

discriminator between well-infected tumour biopsies and poorly infected biopsies (Figure 

5.9). We checked for potential confounding variables, including tumour biopsy viability, 

biopsy donor sex, and tissue origin of the tumour biopsy. There was no correlation 

between tumour viability (measured by Alamar Blue) or biopsy necrosis (measured by 

histology) and VSVΔ51 infection (Figure 5.10A-B), ruling out biopsy viability as a factor 

that might influence the results. Additionally, there was no difference in PD-L1 status or 

VSVΔ51 infection between male and female donors (Figure 5.10C-D), suggesting that 

sex does not play a role in the observed results. Lastly, PD-L1+ and PD-L1- tumours were 

distributed across the 10 tumour types collected in this experiment, and no one tumour 

type was consistently better infected compared to others (Figure 5.10E). Therefore, 

PD-L1 marks patient tumour explants that are more likely to be infected with VSVΔ51.  
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Figure 5.9. PD-L1 marks patient tumours best infected by VSVΔ51. (A) PD-L1 
tumour status (where PD-L1+ tumours are defined as ≥1% PD-L1+ tumour/immune 

cells) plotted against average tumour infection (percentage of tumour explant area that 
is YFP+). Statistical analysis by two-tailed unpaired Student’s t-test. (B) Fluorescent 

imaging of tumour explant cores from patient biopsies infected with VSVΔ51-YFP for 48 
hours prior to imaging for viral YFP reporter. Images of poorly infected (left) and well 
infected (right) tumours are depicted. (C) Patient tumour biopsies subjected to PD-L1 
IHC to determine PD-L1 status of tumours. Images of PD-L1- (left) and PD-L1+ (right) 

tumours are depicted. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



193 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 2 3 4
0

10

20

30

40

Viability (fold over control)

A
v
e
ra

g
e
 t
u
m

o
r 

in
fe

c
ti
o
n
 (

%
)

R2 = 0.04697

0 20 40 60 80 100
0

10

20

30

40

Necrosis (%)

A
v
e
ra

g
e
 t
u
m

o
r 

in
fe

c
ti
o
n
 (

%
)

R2 = 0.0004016

Male Female

0

2

4

6

8

10

N
u

m
b

e
r 

o
f 

s
a
m

p
le

s

PD-L1
-

PD-L1
+

Male Female
0

10

20

30

40

A
v
e
ra

g
e
 t
u
m

o
r 

in
fe

c
ti
o
n
 (

%
) ns

A B 

C D 

Lu
ng

O
va

ria
n

C
ol
on

R
en

al

H
ep

at
ic

E
nd

om
et

ria
l

B
re

as
t

U
te

rin
e

S
ar

co
m

a

N
eu

ro
en

do
cr

in
e

0

10

20

30

40

A
v
e
ra

g
e
 t
u
m

o
r 

in
fe

c
ti
o
n
 (

%
)

PD-L1-

PD-L1+

E 



194 
 

Figure 5.10. PD-L1 biomarker status is independent of tumour biopsy viability, 
donor sex, or tumour type. (A-B) Average tumour infection plotted against viability 
(assessed by Alamar Blue) and necrosis (% of tumour section necrotic, assessed by 

histology). (C-D) Distribution of PD-L1+ and PD-L1- tumours, and average tumour 
infection, between male and female donors. Statistical analysis by two-tailed unpaired 

Student’s t-test. (E)  Distribution of PD-L1+ and PD-L1- tumours, and their average 
infection level, across the 10 different tumour types collected. 
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Lastly, we investigated if PD-L1 can promote glycolysis in primary patient tumours. To do 

so, we assessed PD-L1 expression and Glycolysis Gene Set scores in a scRNA-seq 

dataset of 266 primary human tumours, spanning 8 types of cancer. The malignant cells 

in each tumour were scored for expression of PD-L1 transcripts and expression of genes 

included in the Glycolysis gene set. When we correlated the glycolysis score to PD-L1 

expression in these cancers, we observed that tumours with high expression of PD-L1 

had significantly higher glycolysis gene scores, in line with our hypothesis that PD-L1 

drives glycolytic metabolism in cancer cells (Figure 5.11). Therefore, the effect of PD-L1 

on OV infection, type I interferon responses, and cellular metabolism is not unique to the 

TRAMP-C2 model and is conserved in other contexts.  
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Figure 5.11. PD-L1 expression is associated with glycolysis gene scores in 
primary patient tumours. Association between the expression of PD-L1 and 
glycolysis-associated genes in the malignant cells of 266 tumours. Each point 

represents the average profile of malignant cells from scRNA-seq data sets, and dotted 
line represents mean PD-L1 expression of samples. Expression values reflect log-

transformed gene counts per 10k transcripts and glycolysis activity represents gene set 
scores from the associated MSigDB Hallmark gene set. Statistical significance 
assessed by Wilcoxon rank-sum test to compare glycolysis scores of tumours 

expressing PD-L1 above or below mean expression. NPC: nasopharyngeal cancer, 
PDAC: pancreatic ductal adenocarcinoma, SCC: squamous cell carcinoma. 
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6.1. Summary 

PD-L1 is quickly emerging as a regulator of many key pathways in cancer and immunity, 

and the idea that these functions are mediated by a poorly characterized, PD-1-

independent signaling pathway is gaining more traction. Building on this PD-L1 “reverse 

signaling” literature, we have shown that PD-L1 inhibits the type I interferon response and 

enhances viral infection. Mechanistically, PD-L1 inhibits the type I interferon pathway via 

a pro-glycolytic metabolic shift in cancer cells. This function of PD-L1 requires 

engagement by an extracellular binding partner, which strongly suggests that this function 

is mediated by some signaling capacity of PD-L1. In the TRAMP-C2 model, engagement 

of PD-L1 is provided by CD80 expression, but treatment with recombinant PD-1 and even 

PD-L1 antibodies are able to engage and trigger PD-L1 activity in the TRAMP-C2 model 

and other cancer cell lines. Finally, we observed this phenotype in different in vitro and in 

vivo cellular contexts, suggesting our data is broadly relevant to cancer, rather than one 

particular cell line/type.  

 

6.2. The elusive nature of PD-L1 signaling 

PD-L1 has previously been demonstrated to modulate type I interferons, which was first 

characterized biochemically, and further observed using transcriptomic and bioinformatic 

approaches. In contrast with our findings, the earliest report from Gato-Cañas and 

colleagues did not observe PD-L1-mediated regulation of STAT1 dynamics, and 

conversely found that PD-L1 inhibited STAT3 phosphorylation and activation (232).  In a 

similar vein, other groups have variously observed PD-L1 promoting or inhibiting type I 
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interferon responses in different cell types (33, 233, 234). Consistent with this idea, we 

have observed cell line-specific function of PD-L1 in the context of OV infection, where in 

some cell lines (TRAMP-C2, 786-0, Hs746) PD-L1 enhances OV infection, but in other 

cancer models like B16BL6 and MC38 (among others) PD-L1 has no impact on OV 

infection. The mechanism(s) underlying this context-specificity of PD-L1 function are 

unknown. It is possible that PD-L1 signals differently depending on the cell type, giving 

rise to different functionality. From a viral perspective it is possible that in some cellular 

contexts, type I interferon is not the major driver of OV infection. Indeed, other 

proteins/pathways, including Ras (276, 277), have been implicated as driving OV infection 

in cancer cells and the cancer tropism of OVs. Different cell lines may have different 

activities of these OV regulators, potentially confounding our experiments. 

  

On the other hand, what may be responsible for these signaling differences is the 

extensive glycosylation of PD-L1, which is responsible for approximately 50% of its 

observed molecular weight; importantly, different cell types/lines express different PD-L1 

glycoforms (278, 279). Differential glycosylation of PD-L1 influences its protein-protein 

interactions, which has thus far been exclusively studied in the context of PD-L1 

ubiquitination by E3 ligases and subsequent proteasomal degradation (278). However, 

given the newfound realization that PD-L1 likely binds to intracellular signaling proteins 

to mediate its intrinsic effects, differential glycosylation of PD-L1 from one cell type to 

another could potentially alter its downstream signaling. Another contributor to the 

context-specific function of PD-L1 may be differential expression of those proteins 

involved in PD-L1 reverse signaling among different cancer cell types. Further 
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investigation into PD-L1 structure, and how that relates to its protein interactome and 

signaling, are required.  

 

In terms of the biochemical underpinnings of PD-L1 signaling, there is a lack of data 

towards understanding if PD-L1 function requires cross-linking or conformational changes 

triggered by other proteins. Presumably, this engagement is provided by other cell surface 

receptors, provided in the TRAMP-C2 cells by CD80, but can be further triggered by 

addition of PD-1 or PD-L1 antibodies. In these experiments, only PD-L1 antibodies would 

be able to induce PD-L1 cross-linking, whereas CD80 and PD-1 likely do not (unless 

membrane CD80 and soluble PD-1 can oligomerize prior to/after engaging PD-L1).  

 

In the data presented in Chapter 5, the human cell lines Hs746 and 786-0, where PD-L1 

does promote glycolysis, inhibit the type I interferon pathway, and promote OV infection, 

there is no expression of CD80 or PD-1 to engage PD-L1. It is possible there are other, 

unidentified molecules in these cell lines triggering PD-L1 activity. However, it is also 

possible that PD-L1 does not always require an extracellular binding partner for its 

activity. Physiologically, there is a severe mismatch in the expression patterns of PD-L1 

and CD80/PD-1, where PD-L1 is broadly expressed, while PD-1 and CD80 expression is 

generally limited to the immune system. This prompts one to question how PD-L1 is 

engaged in the diverse cellular contexts where it has been studied so far, and whether 

PD-L1 engagement is a strict requirement for its different biological functions. It should 

be noted that another surface protein, ephrin A3, has recently been described to bind to 



202 
 

PD-L1 (280), and there are likely other surface proteins (whose expression is not limited 

to immune cells) with PD-L1 binding activity. Additionally, in murine cancer cell lines 

where CD80 is expressed (for example, YUMM1.1 and MB49), PD-L1 does not promote 

OV infection, indicating that the presence of PD-L1 extracellular binding partners is not 

sufficient for functionality in this context.  

 

6.3. PD-L1 as a novel metabolic regulator and its implications 

Mechanistically, we found that PD-L1 regulates type I interferons by promoting increased 

rates of glucose uptake and glycolysis, with decreased reliance on respiration and 

mitochondria for energy and metabolites. To our knowledge, this is the first report showing 

that PD-L1 modulates type I interferons by altering cancer metabolism. However, 

previous work has suggested a link between PD-L1 expression and metabolism. Several 

studies in different cancer types and patient populations have shown a reproducible 

correlation between tumour PD-L1 expression and the radiolabeled glucose analog [18F]-

FDG PET avidity (70), similar to our in vivo data in the TRAMP-C2 model. Additionally, 

previous work has shown that PD-L1 may influence aerobic glycolysis in cancer cells, in 

addition to other metabolic pathways (68, 69, 72). Nevertheless, the biological 

consequences of PD-L1-mediated metabolic shifts are understudied, particularly given 

the fact that PD-L1 is expressed not only on cancer cells, but also on cells with metabolic 

function such as pancreatic islet cells (19). Future work investigating the impact of 

metabolic regulation by PD-L1 on processes including tumourigenesis, metastasis, and 

general host metabolism are warranted.   
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Interestingly, the effect of PD-L1 on cancer metabolism is reminiscent of the Warburg 

effect, wherein cells under aerobic conditions rely more on glycolysis than OXPHOS to 

meet energetic demands (281). The Warburg effect is frequently observed in cancer 

(282), and is thought to be an important driver of cancer cell proliferation and tumour 

biomass (283, 284). This adds yet another important cancer process/pathway regulated 

by PD-L1, and further pinpoints PD-L1 as a key molecule in tumourigenesis.  

 

One of the more interesting implications of PD-L1 as a metabolic regulator is in the field 

of immunometabolism. PD-L1 is expressed by almost every immune cell, and it is now 

well-appreciated that immune cell activity and fate is regulated by its metabolic properties 

(285). This raises the possibility that PD-L1 could be an important regulator of immune 

cell activity. Certainly, treatment with anti-PD-L1 is well-known to alter immune cells (286), 

but this is attributed to relief of PD-1-driven immunosuppression of T cells (and 

downstream consequences of that on other aspects of the immune response). As 

discussed below, one could now reasonably hypothesize that some of these changes are 

caused by direct changes in PD-L1 signaling in immune cells, rather than acting through 

the PD-1 receptor.  

 

We have linked PD-L1 regulation of type I interferons to lactate, a metabolite highly 

associated with aerobic glycolysis and the Warburg effect. Beyond that, lactate is the 

subject of recent literature suggesting that it is not simply a waste product of aerobic 
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glycolysis. Reports have described active metabolism of lactate in healthy and cancer 

cells (287, 288), the regulation of key oncogenes and tumour suppressor genes by lactate 

in cancer cells (289), regulation of inflammation (290) and other immune gene expression 

(291), and lactylation, a novel protein post-translational modification involving addition of 

lactate to various residues (292, 293).  

 

Additionally, lactate acts as a ligand for two GPCRs, GPR81 and GPR132, the latter of 

which is not well studied. GPR81 is known to be expressed on cancer cells (294), and 

interestingly the cellular roles of GPR81 overlap with known cell-intrinsic functions of PD-

L1. For example, GPR81 has been described to induce resistance to chemotherapy by 

promoting expression of DNA repair proteins, including those involved in homologous 

recombination (295), which has been described for PD-L1 as well. Additionally, GPR81 

and lactate can reduce type I interferon production by plasmacytoid DCs, albeit via a 

mechanism involving calcium signaling (296).  

 

6.4. PD-L1 as a contributor to, and biomarker for, OV efficacy 

We have shown that PD-L1 antibodies can trigger PD-L1 activity in vitro, leading to 

enhanced OV infection in PD-L1-expressing cells. This finding may shed new light on 

previous papers showing additive/synergistic effects on anti-tumour responses when OV 

therapy is combined with PD-L1 blockade in murine tumour models. Certainly, blocking 

the binding of PD-L1 to the inhibitory checkpoint receptor PD-1 is contributing to the 

boosted anti-tumour response in these models. However, it is now reasonable to 
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hypothesize that treatment with anti-PD-L1 is also triggering the OV-promoting properties 

of PD-L1 in these murine tumours, allowing for better OV infection (and the subsequent 

downstream effects such as tumour debulking and anti-tumour immunity). This 

hypothesis could be tested by analyzing OV infection in the tumour microenvironment in 

the presence and absence of anti-PD-L1; if a boost in OV infection is observed with anti-

PD-L1 treatment, this could be a contributor to the therapeutic response.  

 

Consistent with our in vitro and murine model data, PD-L1 marked patient tumour biopsies 

that were best infected with VSVΔ51 ex vivo. Therefore, PD-L1 may be a useful pre-

treatment biomarker for those tumours that will best respond to OV therapy. Many 

ongoing OV clinical trials involve combination therapy with anti-PD-1 or anti-PD-L1, and 

therefore may collect data on tumour PD-L1 status, allowing for stratification of tumours 

into PD-L1+ and PD-L1-. Based on our data, albeit limited, one would expect PD-L1- 

tumours to not respond well to OV therapy, whereas PD-L1+ tumours would exhibit a 

variety of responses, ranging from poorly responsive to highly responsive.  

 

6.5. Is it time to re-think PD-L1 blockade? 

Lastly, from a clinical perspective, the fact that PD-L1 antibodies can trigger PD-L1 activity 

is highly relevant. It is tempting to speculate that these novel, cell-intrinsic functions of 

PD-L1 are modulated in tumours of patients undergoing anti-PD-L1 therapy, and this may 

contribute to anti-tumour efficacy (or lack thereof) of these therapeutic agents in different 

types of cancer. Investigation in appropriate murine models of cancer is needed to 
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elucidate the role of cell-intrinsic PD-L1 function on checkpoint blockade efficacy. To 

rigorously test the contribution of PD-L1 signaling to anti-PD-L1 treatment, PD-1-deficient 

murine models should be used to eliminate PD-1 as a potential variable in any 

observations. From there, the murine models could either be PD-L1-sufficient or PD-L1-

deficient, along with PD-L1-sufficient/deficient tumour cells, to tease apart the relative 

contributions of host PD-L1 and tumour PD-L1.    

 

If there is a role for PD-L1 intrinsic function in anti-PD-L1 therapy, it could shed much-

needed insight into efforts to predict tumours that may respond best to this therapeutic 

agent. Currently, selecting patients with tumours that express PD-L1 and have high 

tumour mutational burden (TMB) enriches for those that will best respond to anti-PD-L1 

checkpoint blockade therapy (297, 298). Based on the known mechanism of action of 

anti-PD-L1, which is largely focused on preventing PD-1-driven T cell dysfunction, these 

biomarkers are biologically sound. However, despite the solid rationale behind these 

biomarkers, most patients with PD-L1+ and/or TMBhigh tumours do not respond to anti-

PD-L1 therapy, while responders can harbor PD-L1- and TMBlow tumours (299). In the 

last few years, efforts to move beyond these 2 biomarkers and use tumour transcriptomic 

signatures have also not been greatly successful (299). Certainly, some of the difficulty 

may lie in the large degree of heterogeneity between tumour indications and between 

individual tumours. On the other hand, if one considers the possibility that PD-L1 

checkpoint blockade succeeds in part by altering cancer cells via PD-L1 cell-intrinsic 

effects, this may prompt investigators to test for biomarkers (for example, certain 

metabolites or metabolic profiles) appropriate to this novel mechanism of action.    
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Appendix I: DoRothEA analysis of bulk RNA-seq dataset. 

 

Appendix Figure 1: DoRothEA analysis of TRAMP-C2 bulk RNA-seq experiment. 
DoRothEA transcription factor analysis of bulk RNA-seq performed on TRAMP-C2 and 

TRAMP-C2 Cd274-/- either mock-infected or infected with VSVΔ51-YFP at MOI 0.1 for 8 
hours (3 biological replicates per condition). 
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Appendix II: Summary of metabolomics results. 

Appendix Table 1: metabolomics results of cell culture supernatant. 

 Average SD WT vs KO 

Name WT KO WT KO 
p-value (t 

test) 
Fold change, 

WT/KO 

2/3-Phosphoglyceric 
acid  12.29 24.26 2.58 5.52 0.0007155 -1.973 

2-Aminoadipic acid  -8.55 -9.03 0.59 0.62 0.1995900 0.947 

2-Deoxyuridine  -12.86 -6.85 0.50 0.66 0.0000000 -0.532 

Alanine/Sarcosine  80.58 117.30 6.19 3.75 0.0000002 -1.456 

alpha-Ketoglutaric 
acid  20.26 31.11 2.66 1.38 0.0000048 -1.536 

Asparagine  22.40 56.63 4.08 9.06 0.0000073 -2.528 

Aspartic Acid  38.09 75.56 6.14 3.76 0.0000002 -1.984 

cis-Aconitic acid  13.90 19.99 3.08 2.29 0.0030363 -1.438 

Citramalic acid  -5.72 -5.81 0.71 0.44 0.7986033 0.985 

Citric acid / Isocitric 
acid  13.66 19.91 8.74 24.52 0.5693939 -1.457 

Citrulline  1045.12 1971.99 219.00 115.06 0.0000035 -1.887 

Cystine  -14.50 -17.62 1.29 0.68 0.0003806 0.823 

Dihydroxyacetone 
phosphate  162.14 303.07 16.34 7.35 0.0000000 -1.869 

Disaccharide  -2.26 -6.09 4.05 2.56 0.0790873 0.372 

Gluconic acid  -4.64 -4.40 0.70 0.45 0.5009291 -0.949 

Glutamic acid  16.88 33.56 2.83 1.61 0.0000002 -1.988 

Glutamine  -10.98 -13.05 1.79 0.98 0.0328533 0.842 

Glyceric acid  -2.11 -0.14 1.55 1.25 0.0364177 -0.066 

Hexoses  -6.64 -8.21 1.99 1.00 0.1145680 0.808 

Histidine  -3.17 -2.24 1.99 1.17 0.3452549 -0.705 

Hydroxyglutaric acid  -3.34 -2.03 0.59 0.28 0.0006388 -0.608 

Isoleucine  -7.85 -8.88 0.72 0.82 0.0447085 0.885 

Kynurenine  -3.80 -3.68 0.82 0.50 0.7667542 -0.968 

Lactic acid  85.56 126.32 13.22 11.84 0.0002193 -1.476 

Leucine  -8.68 -9.77 0.55 0.48 0.0045699 0.889 

Malic acid  11.28 30.25 2.79 1.18 0.0000000 -2.681 

Methionine  -6.27 -6.50 0.81 0.62 0.5995274 0.965 

N-Acetylaspartic acid  -6.87 -7.31 0.89 0.56 0.3323878 0.940 

N-Acetylglutamic acid  5.56 9.27 1.80 4.00 0.0651678 -1.667 

N-Acetylneuraminic 
acid  -4.18 -4.33 1.11 0.91 0.8011052 0.965 

Orotic acid  27.04 39.52 2.78 4.66 0.0002182 -1.462 

Pantothenic acid  -6.28 -7.12 0.44 0.34 0.0043207 0.882 

Phenylalanine  -7.32 -8.51 0.72 0.44 0.0064752 0.861 

Phenylpyruvic acid  116.60 243.72 41.77 4.56 0.0000229 -2.090 
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Phosphoenolpyruvic 
acid  -7.35 -3.75 2.31 3.03 0.0427803 -0.509 

Pyridoxal  21.17 35.77 3.21 1.89 0.0000023 -1.689 

Pyridoxine  -7.02 -8.27 0.79 0.63 0.0130610 0.849 

Pyroglutamic acid  -5.41 -3.69 3.69 3.23 0.4094152 -0.681 

Pyruvic acid  -12.99 -18.19 0.29 0.16 0.0000000 0.714 

Riboflavin  -6.95 -7.63 0.90 0.58 0.1532879 0.911 

Salicylic Acid  2.23 4.30 2.66 3.85 0.3051208 -1.925 

Serine  -13.10 -14.06 1.06 0.84 0.1135042 0.932 

Succinic acid  -4.89 -5.48 0.88 0.44 0.1761132 0.893 

Taurine  -7.14 -1.42 2.77 5.42 0.0441185 -0.199 

Thiamine  4.71 7.21 2.86 1.66 0.0930260 -1.533 

Threonine  2.81 5.18 1.04 2.34 0.0473259 -1.843 

Thymidine  -17.55 -12.71 0.54 0.64 0.0000001 -0.724 

Thymine  24.55 50.34 6.47 7.52 0.0000817 -2.051 

Tryptophan  -6.73 -7.55 0.45 0.59 0.0212810 0.891 

Tyrosine  -6.53 -7.31 0.82 0.61 0.0898680 0.893 

Uracil  2.23 8.74 4.07 3.34 0.0126879 -3.917 

Uric acid  3.30 6.26 1.60 1.20 0.0045192 -1.900 

Uridine  -9.87 -4.07 1.39 1.75 0.0000807 -0.412 

Valine  -6.14 -7.28 0.55 0.60 0.0064479 0.843 

Xanthine  -16.95 -21.31 0.44 0.09 0.0000000 0.795 

Xanthosine  -1.79 -3.00 1.20 0.89 0.0752383 0.596 

 

Appendix Table 2: metabolomics results of cell lysates. 

 
Average Standard Deviation WT vs KO 

Name WT KO WT KO p-value (t 
test) 

Fold 
change, 
WT/KO 

2/3-Phosphoglyceric acid 0.4346 0.3569 0.0838 0.0591 
0.0931850 1.218 

2-Aminoadipic acid 0.3025 0.2632 0.0277 0.0312 
0.0437940 1.149 

2-Deoxycytidine 5-
monophosphate 

0.0161 0.0121 0.0027 0.0020 
0.0160202 1.330 

2-Deoxyribose 5-phosphate 0.0164 0.0147 0.0032 0.0011 
0.2557608 1.113 

Acetyl-CoA 0.1869 0.1681 0.0263 0.0231 
0.2163911 1.112 

Adenosine 3-5-cyclic 
monophosphate 

0.0184 0.0122 0.0025 0.0032 
0.0040407 1.503 

Adenosine 5-diphosphate 30.3317 39.0144 3.7496 2.5526 
0.0008561 -1.286 

Adenosine 5-
monophosphate 

80.5812 106.3058 9.6735 12.1462 
0.0022937 -1.319 

Adenosine 5-triphosphate 38.5665 43.5172 5.1298 7.6610 
0.2177761 -1.128 

Alanine/Sarcosine 241.4903 281.3969 42.3592 46.6056 
0.1516831 -1.165 
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alpha-D-Glucose-1-
phosphate 

0.0311 0.0972 0.0130 0.0373 
0.0021705 -3.121 

alpha-Ketoglutaric acid 0.7771 0.5253 0.1518 0.0378 
0.0027569 1.479 

Asparagine 0.0880 0.1575 0.0267 0.0217 
0.0005812 -1.790 

Aspartic Acid 11.4569 6.6351 0.6063 0.2671 
0.0000000 1.727 

beta-Nicotinamide adenine 
dinucleotide 

7.2449 9.4539 1.0102 0.6518 
0.0011419 -1.305 

cis-Aconitic acid 0.1236 0.0948 0.0137 0.0168 
0.0084481 1.304 

Citramalic acid 0.1664 0.1632 0.0416 0.0338 
0.8855367 1.020 

Citric acid / Isocitric acid 10.6491 11.3728 1.8088 6.0594 
0.7849350 -1.068 

Citrulline 0.8303 1.7028 0.1461 0.0960 
0.0000002 -2.051 

Coenzyme A 0.2933 0.2997 0.0264 0.0197 
0.6445873 -1.022 

Creatine 356.0217 330.9007 67.2106 72.5008 
0.5475937 1.076 

Creatinine 0.2874 0.2531 0.0567 0.0406 
0.2558087 1.136 

Cystine 0.0034 0.0078 0.0019 0.0023 
0.0048215 -2.288 

Cytidine 0.1000 0.0743 0.0139 0.0102 
0.0044384 1.345 

Cytidine 5-diphosphate 8.9790 11.2808 1.3210 0.8569 
0.0050052 -1.256 

Cytidine 5-monophosphate 1.7751 1.8109 0.2221 0.2048 
0.7776850 -1.020 

Cytidine 5-triphosphate 5.6172 7.0726 0.5874 0.8963 
0.0076602 -1.259 

Deoxycytidine 5-
triphosphate 

0.0821 0.1355 0.0054 0.0115 
0.0000012 -1.651 

Deoxythymidine 5-
triphosphate 

0.4373 0.5820 0.0453 0.0902 
0.0056119 -1.331 

Dihydroorotic acid 0.1904 0.1075 0.0376 0.0096 
0.0003846 1.772 

Dihydroxyacetone 
phosphate 

24.9115 14.4485 4.4456 4.3677 
0.0021025 1.724 

Flavin adenine dinucleotide 0.2109 0.2736 0.0289 0.0289 
0.0037282 -1.297 

Fructose 1,6-biphosphate 12.0123 5.1786 3.5542 0.4852 
0.0008858 2.320 

Fructose 6-phosphate 1.0313 0.7486 0.4618 0.1461 
0.1833202 1.378 

gamma-Glu-Cys 0.4150 0.4228 0.0372 0.0681 
0.8106087 -1.019 

Gluconic acid 0.3142 0.1477 0.0148 0.0112 
0.0000000 2.127 

Glucose 6-phosphate 4.3793 3.9803 1.6149 0.4757 
0.5744478 1.100 

Glutamic acid 103.5862 93.9370 14.7983 13.2852 
0.2620961 1.103 

Glutamine 320.4917 277.4456 55.4964 42.0322 
0.1608271 1.155 

Glutathione (oxidized) 0.9969 0.7316 0.1931 0.0547 
0.0089148 1.363 

Glutathione (reduced) 32.0422 32.3146 1.2314 1.1558 
0.7009988 -1.009 

Glyceric acid 0.2294 0.2017 0.0547 0.0558 
0.4060357 1.137 

Guanine 0.3827 0.3545 0.0544 0.0747 
0.4713718 1.080 

Guanosine 0.5496 0.2960 0.1295 0.0522 
0.0012353 1.857 
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Guanosine 5-diphosphate 4.0029 5.7996 1.4089 0.8943 
0.0248519 -1.449 

Guanosine 5-triphosphate 15.2618 16.0167 1.9584 4.8704 
0.7319403 -1.049 

Hexoses 336.6635 196.1445 128.6744 46.6527 
0.0306604 1.716 

Histidine 5.8866 9.5934 0.7957 0.5076 
0.0000023 -1.630 

Hydroxyglutaric acid 0.2080 0.1991 0.0181 0.0120 
0.3409206 1.044 

Hypotaurine 0.4336 0.3669 0.0944 0.0838 
0.2249736 1.182 

Inosine 4.1588 4.3587 0.4840 0.5334 
0.5121592 -1.048 

Inosine 5-monophosphate 0.2345 0.1819 0.0348 0.0405 
0.0367227 1.289 

Isoleucine 53.0592 61.3778 7.5593 10.4812 
0.1459222 -1.157 

Kynurenine 0.2386 0.3548 0.0353 0.0320 
0.0001371 -1.487 

Lactic acid 334.6749 320.4600 89.5998 61.9012 
0.7557546 1.044 

Leucine 50.5030 63.9697 7.8798 4.2761 
0.0042507 -1.267 

Malic acid 5.7409 2.5814 0.7758 0.3307 
0.0000035 2.224 

Methionine 21.2308 23.1960 3.3881 1.3564 
0.2165747 -1.093 

N-Acetylaspartic acid 0.0075 0.0082 0.0009 0.0007 
0.1524145 -1.095 

N-Acetylglutamic acid 0.0273 0.0281 0.0025 0.0016 
0.4992381 -1.031 

N-Acetylneuraminic acid 3.4473 6.1589 0.4441 0.3428 
0.0000003 -1.787 

O-Phosphorylethanolamine 1.4355 1.2858 0.2420 0.1015 
0.1925887 1.116 

Orotic acid 0.1666 0.1188 0.0276 0.0182 
0.0053489 1.402 

Pantothenic acid 2.9505 3.7708 0.2959 0.2398 
0.0003599 -1.278 

Phenylalanine 29.1591 37.9478 4.6187 1.9273 
0.0015576 -1.301 

Phenylpyruvic acid 2.7581 2.8436 0.9232 0.4171 
0.8403362 -1.031 

Proline 23.2369 38.1857 5.3885 3.1144 
0.0001545 -1.643 

Pyridoxal 0.0222 0.0227 0.0064 0.0026 
0.8655432 -1.022 

Pyridoxine 0.4326 0.3846 0.1493 0.0576 
0.4788275 1.125 

Pyroglutamic acid 37.7283 29.9736 11.0528 4.5365 
0.1429509 1.259 

Pyruvic acid 10.4876 4.9266 2.4491 0.7074 
0.0003267 2.129 

Riboflavin 0.1569 0.1476 0.0387 0.0144 
0.5933422 1.063 

Ribose 5-phosphate 0.4471 0.2807 0.0805 0.0613 
0.0024057 1.593 

S-5-Adenosyl-L-
homocysteine 

0.8451 0.7042 0.1382 0.1484 
0.1195058 1.200 

Sedoheptulose-7-phosphate 0.1362 0.0768 0.0427 0.0175 
0.0103672 1.772 

Serine 14.7701 17.6787 1.8614 0.7565 
0.0053049 -1.197 

Succinic acid 1.8341 1.2016 0.3039 0.2107 
0.0018608 1.526 

Taurine 151.5445 116.3657 20.2695 17.0454 
0.0086665 1.302 

Thiamine 0.4164 0.3837 0.1002 0.0753 
0.5382272 1.085 
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Threonine 187.8586 219.3041 31.9800 32.1650 
0.1203193 -1.167 

Thymidine 5-diphosphate 0.3825 0.5281 0.0436 0.0295 
0.0000483 -1.381 

Thymidine 5-
monophosphate 

0.0921 0.0551 0.0125 0.0032 
0.0000375 1.670 

Tryptophan 30.9187 45.2060 4.6518 2.6956 
0.0000681 -1.462 

Tyrosine 36.7731 49.0738 6.0291 9.0061 
0.0194473 -1.335 

UDP-Glucose / UDP-
Galactose 

13.8707 13.6677 2.4325 0.6979 
0.8481077 1.015 

UDP-Glucuronic Acid 3.9667 3.5598 0.3579 0.3131 
0.0625030 1.114 

Uracil 0.0385 0.0290 0.0107 0.0066 
0.0922647 1.328 

Uric acid 5.2643 4.5929 1.3516 0.4349 
0.2736816 1.146 

Uridine 0.8404 0.5953 0.1319 0.0649 
0.0022033 1.412 

Uridine 5-diphosphate 5.7722 6.8697 1.0295 0.5583 
0.0445907 -1.190 

Uridine 5-monophosphate 5.0701 4.0607 0.4481 0.4251 
0.0025055 1.249 

Uridine 5-triphosphate 45.5040 53.9743 6.4448 9.9933 
0.1116110 -1.186 

Valine 51.6877 71.1841 10.1750 11.8952 
0.0122332 -1.377 

Xanthine 1.0497 1.1771 0.3081 0.2512 
0.4506658 -1.121 

Xanthosine 0.0369 0.0237 0.0069 0.0062 
0.0060500 1.558 

Adenylate Energy Charge 
0.35984 0.33399 0.03082 0.03455 

0.2014357 1.07739 

GSH/GSSG 
33.11328 44.45266 6.18321 4.71946 

0.0050888 -1.34244 
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Appendix III: Summary of patient tumour biopsy cohort. 

Sample ID Sex Age Diagnosis PD-L1 status 
Average % 
infection 

Biopsy Viability 
(fold over 
control) 

% 
Necrosis 

203 62 Female lung squamous cell carcinoma + 0.5 3.8 5% 

204 83 Female endometrial cancer - 4.0 3 <1% 

205 63 Male papillary renal cell carcinoma + 33.5 2.3 10% 

215 57 Female ovarian cancer - 0.9 2.9 4-5% 

221 67 Female endometrial cancer + 22.6 3.9 <1% 

223 68 Female lung cancer + 27.9 2.8 0% 

224 70 Female hepatocellular carcinoma - 1.3 3.5 0% 

225 73 Male lung squamous cell carcinoma + 6.3 2.5 95% 

226 48 Male colon adenocarcinoma - 0.5 2.5 0% 

227 74 Female lung non-small cell carcinoma - 2.3 1.2 50% 

241 57 Female ovarian cancer + 0.2 1.7 <1% 

242 73 Female 
chromophobe renal cell 

carcinoma 
- 0.1 

2.1 
0% 

247 62 Female colon adenocarcinoma + 9.3 2 15% 

248 63 Female ovarian cancer - 2.9 1.9 0% 

249 56 Male 
dermatofibrosarcoma 

protuberans 
- 0.2 

1.9 
<1% 

253 62 Male neuroendocrine tumor - 3.8 1.7 <1% 

257 67 Female uterine fibroid + 3.5 2 <1% 

260 61 Female fibrous tumor of the abdomen + 11.4 2.1 <1% 

283 52 Female breast carcinoma + 1.5 1.9 1% 

289 79 Female hepatic adenocarcinoma - 8.2 2 15% 

291 59 Male leiomyosarcoma + 0.1 2.4 15% 
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