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1.2 Abstract 

Reovirus type 3 Dearing (Rt3D) is an oncolytic dsRNA virus with limited single-

agent activity in clinical studies but has potential for use in combination 

regimens. Herein, I sought to discover synergistic drug-virotherapy combinations 

using an unbiased screening approach that highlighted the CDK4/6 inhibitor, 

palbociclib, as a leading hit. Cytoplasmic nucleic acid sensors for double-

stranded (ds) RNA (RIG-I/MDA5) and DNA (cGAS-STING) are pattern 

recognition receptors (PRRs) key to intracellular anti-viral responses. Recent 

research has highlighted roles for PRR agonists, including oncolytic virotherapy 

agents, in anti-tumour immunotherapy. Combined Rt3D-palbociclib treatment 

potently increased expression of PRRs and interferon signalling. Additionally, 

this combination also induced an endoplasmic reticulum (ER) stress signature. 

Knockdown (siRNA) studies indicated key proteins involved in the unfolded 

response (UPR) and the RNA sensor, RIG-I, were essential to the phenotype 

observed. Mechanistically independent experiments, using synthetic RNA 

agonists and the ER stress inducer (thapsigargin), confirmed cross-talk between 

RNA sensing and ER stress pathways that augment cancer cell death and 

interferon production. Combined Rt3D-palbociclib increased innate immune 

activation and effector function. These findings demonstrate that UPR signalling 

and innate immune RNA sensor crosstalk can be exploited to enhance anti-

cancer efficacy with pro-immunogenic consequences. This has implications for 

future clinical development of PRR agonists and oncolytic viruses, as well as 

broadening the therapeutic remit of CDK4/6 inhibitors to include their role as 

both an ER stress and dsRNA PRR sensitiser. 
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GADD34 DNA damage-inducible protein 34 

GM-CSF  granulocyte macrophage-colony stimulating factor 

GRP78 glucose-regulated protein 78 

HIV human immunodeficiency virus 
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HLA human leukocyte antigen  

HMGB1 high mobility group box protein-1 

HPV  human papillomavirus 

HSV herpes simplex virus 

ICD immunogenic cell death  

ICP34.5  infected cell protein 34.5 

ICP47  Infected cell protein 47 

IFIH1 interferon induced with helicase C domain 1 

IFN interferon 

IFNAR interferon alpha and beta receptor 

IgG immunoglobulin G 

IkB inhibitor nuclear factor NFkB  

IRE1α inositol-requiring enzyme 1α 

IRF interferon regulatory factor 1 

ISG interferon-stimulated gene 

ISR integrated stress response  

ISVP intermediate sub viral particle  

IT intratumoural 

IV intravenous 

JAK/STAT  janus kinases  

JAM-1 junctional adhesion molecule-1 

JNK JUN N-terminal kinase 

KIR  killer-cell immunoglobulin-like receptor 

LPS lipopolysaccharide  

MART1 melanoma-associated antigen recognized by T cells 
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MAVS  mitochondrial anti-viral signalling protein  

MDA5 melanoma differentiation-associated gene 5 

MHC major histocompatibility complexes 

MOI multiplicity of infection 

MOMP mitochondrial outer membrane permeabilization 

mRNA messenger RNA 

MTD maximum tolerated dose 

MTT microculture tetrazolium test 

NDV Newcastle disease virus  

NFkB  nuclear factor NFkB  

NK natural killer 

NKp46 activating NK-receptor p46 

NLR NOD-like receptor 

NS4A  nonstructural protein 4A 

NSP16 non-structural protein 16 

OAS oligoadenylate synthase 

ORF open reading frame 

PAMP pathogen associated molecular pattern 

PBMC peripheral blood mononuclear cells 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PDI protein disulphide isomerase 

PDIA5 protein disulfide isomerase family A member 5 

PERK protein kinase R (PKR)-like endoplasmic reticulum kinase 

PFA paraformaldehyde 
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PFU plaque forming unit 

PKR double-stranded RNA dependent protein kinase 

PP1a  protein phosphatase 1 catalytic subunit alpha 

PRR pattern recognition receptors 

RdRp RNA dependent RNA polymerase  

RIDD IRE1-dependent decay 

RIG-I retinoic acid inducible gene I 

RLR RIG-I like receptors  

RNA ribonucleic acid 

RNaseL  ribonuclease L 

RPMI Roswell Park Memorial Institute 

RT room temperature 

RT-qPCR reverse transcriptase quantitative polymerase chain reaction 

Rt3D reovirus type 3 Dearing 

S1P site 1 proteases  

S2P site 2 proteases  

SEM standard error of the mean 

siRNA small interfering RNA 

SMAC second mitochondria-derived activator of caspase  

SPARCS  stimulated 3-prime antisense retroviral coding sequences 

SRP signal recognition particle 

ss single stranded 

STAT  signal transducer and activator of transcription 

STING stimulator of interferon genes 

sXBP1 spliced X-box binding protein 1  
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TAA tumour associated antigens 

TAP transporter associated with antigen processing  

TCR T cell receptor 

TG thapsigargin 

TIL tumour infiltrating lymphocyte 

TLR toll-like receptor 

TNF  tumour necrosis factor 

TRADD TNFRSF1A associated via death domain 

TRAF TNFa receptor-associated factor 

TRAIL tumour necrosis factor-related apoptosis-inducing ligand 

Tregs regulatory T cells 

TRIM25  tripartite motif containing 25 

TUDCA tauroursodeoxycholic acid 

TVEC talimogene laherparepvec  

UPR unfolded protein response  

UV ultraviolet 

VEEV venezuelan equine encephalitis virus  

VSV vesicular stomatitis virus 

WNV west nile virus  

XBP1 X-box binding protein 1  
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Introduction 
 
2.1 Background 

Despite discovery and characterization of novel targeted cancer therapies and 

advances in diagnosis, cancer remains one of the leading causes of death. Even 

after initial response to therapy, heterogeneity of the tumour and its 

microenvironment frequently allows a resurgence of resistant tumours (Holohan 

et al., 2013). Oncolytic virotherapy is a promising field of cancer therapy, since 

these agents orchestrate a multitude of cellular reactions and trigger potent 

immune responses. These characteristics hold the potential to evoke anti-tumour 

activity.  

 

The virus, (meaning poison in Latin), was named by Martinus Beijerinik in the 

late 19th century. His father’s business as a tobacco dealer was damaged 

because the growth of his crops was stunted by tobacco mosaic disease. 

Beijerinik sampled fluids of the diseased plants and demonstrated that despite 

removing bacteria from the fluids (by filtration), the fluid was still infectious, and 

that our world is teeming with a diversity of unseen microbes (Nathan Wolfe, The 

Viral Storm). Although viruses are generally perceived as a threat to humanity, 

they also provide a novel approach to treating cancers. Oncolytic viruses have 

the extraordinary tropism for cancer cells, whilst sparing normal cells (figure 

2.1.1).  
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Figure 2.1.1 Viral tropism for cancer cells.  
Taken from Roulstone et al, Molecular Therapy, 2014. Pictomicrographs of the 

cytopathic effect caused by the oncolytic virus, reovirus, at a low dose (MOI 3, or 

3 particles of virus dosed per cell) and an extremely high dose (MOI 350). 

Malme-3 is a normal skin fibroblast cell line, and Malme-3M is a malignant 

melanoma cell line. These two cell lines were isolated from the same patient and 

therefore provide tumour and normal counterparts for comparative in vitro 

studies and illustrate the tropism of reovirus for cancer cells. 
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The use of viruses as an anticancer agent arose from observations that cancer 

patients who contracted infections went into a period of tumour remission (E. 

Kelly & Russell, 2007; Nelson, 1999). In addition to viral infections, vaccines 

have also demonstrated anti-cancer responses. In 1950, a cancer patient 

suffering with metastatic melanoma was vaccinated against rabies after a dog 

bite and went into long remission. This spurred testing of the rabies vaccine in an 

additional 12 other patients with metastatic melanoma. Unfortunately, only 2 

responded (E. Kelly & Russell, 2007; Pack, 1950). Whilst there is potential for 

viruses or vaccines to induce anti-tumour immune activity, at present it is not 

understood exactly why some patients respond and others don’t. 

 

2.2 Viruses under clinical study 

Clinical studies investigating oncolytic viruses are continuing to accumulate 

evidence of their safety and tolerability. There are a wide range of different 

oncolytic viruses under study for the treatment of cancer. These include naturally 

occurring or genetically modified viruses. Examples of such viruses under 

evaluation include: the unmodified ssRNA coxsackievirus A21 (CVA21, 

cavatakR, Viralytics), the ssRNA Newcastle disease virus (NDV) (Dmitriy 

Zamarin and Peter Pelease, 2005), the ssRNA Measles virus (Aref et al., 2016), 

the ssRNA Vesicular Stomatitis Virus (VSV) (Hastie & Grdzelishvili, 2012), the 

DNA adenovirus (Tripodi et al., 2021), and the DNA Herpes Simplex Virus (HSV-

1). 

 

There has been renewed optimism in the field of oncolytic virotherapy since, for 

the first time, the FDA has approved an oncolytic virus, HSV-1, for the treatment 

of melanoma. This oncolytic virus is known as talimogene laherparepvec 
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(ImlygicTM/TVEC, Amgen plc, Thousand Oaks, USA) (Kaufman & Bines, 2010). 

TVEC has been genetically modified to encode granulocyte-macrophage colony-

stimulating factor (GM-CSF). Following the clinical success of immune 

checkpoint inhibitors, the prospect of combining these agents with oncolytic 

viruses is an attractive strategy because viruses can kill cells through 

immunogenic cell death (ICD). T-VEC has already shown promise in 

combination with ipilimumab in a phase I trial (Puzanov et al., 2016). Other novel 

oncolytic HSV-1 viruses are currently being developed and modified by 

Replimune®. These viruses are engineered with novel, proprietary oncolytic 

immunotherapies that are secreted with viral replication. 

 

Reovirus is an oncolytic virus that has been extensively studied both clinically 

and pre-clinically. There are three serotypes of reovirus, type 1 (Lang), type 2 

(Jones) and type 3 (Dearing). Reovirus type 3 Dearing, referred to as Rt3D 

hereon, has been manufactured for clinical use, known as 

pelareorep/ReolysinTM, and is patented by Oncolytics Biotech., Calgary, Canada. 

 

2.3 Reovirus 

Respiratory Enteric Orphan virus, REOvirus, is a naturally-occurring, ubiquitous 

virus found in stagnant waters and is relatively non-pathogenic in humans (in 

rare cases infection results in diarrheal illness or ‘common cold’ symptoms). 

Most adults have been exposed to reovirus in their lifetime (Minuk et al., 1987). 

Reovirus belongs to the Reoviradae family, of which contains the stomach bug, 

rotavirus. Reovirus was discovered in the 1950s when there was great interest 

into enteric viruses, influenced by mass vaccination efforts against poliomyelitis 
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(well known as polio virus) (Joklik, 1981). However, it was not until 1977, that 

reovirus showed potential as an anti-cancer therapy, when Hashiro et al. 

published that reovirus (type 2) could kill some tumour cells and spontaneously 

transformed cells, but not non-cancerous cell lines (Hashiro et al., 1977).  

 

2.4 Reovirus (Rt3D) selectivity for cancer cells. 

Further work showed that mouse cell lines could be made sensitive to Rt3D by 

transfection with kinase-active EGFR (made with the v-erbB oncogene, a 

truncated version of EGFR that lacks the receptor binding site) (J E Strong & 

Lee, 1996). This work paved the way for further studies assessing Rt3D 

cytotoxicity on cells with activations downstream of EGFR, such as RAS. NIH-

3T3 cells transformed with H-RAS were more susceptible to Rt3D infection 

because these activating mutations were associated with hypo-phosphorylation 

(inactivation) of Protein Kinase R (PKR) (James E. Strong et al., 1998). PKR is 

upstream of eIF2α, which has a critical role in switching off viral protein 

translation. Thus, it was perceived those cells mutated in RAS cannot drive this 

anti-viral response. This mechanism of selectivity for cancer cells with a 

mutated/active signalling pathway is depicted in figure 2.4.1. These findings 

promoted Rt3D as suitable target for therapy for cancer types with a high 

proportion of RAS pathway activation. For example, melanoma, whereby ~ 50% 

tumours harbour BRAF mutations (Davies et al., 2002), and head and neck 

cancer, where up to 90% overexpress EGFR, upstream of RAS (Rogers et al., 

2005). 
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Figure 2.4.1. An overview of reovirus selectivity for cells harbouring 
mutated/activating RAS mutations. 
Taken from Expert Opinion on Biological Therapy, J Kyula et al., 2012. 

1.Reovirus binds cell surface receptors. 2. Reovirus enters the cell by 

endocytosis and initiates cleavage of some of the sigma and mu proteins from 

the outer shell of the virus to form an intermediate sub viral particle (ISVP). This 

ISVP is released into the cytoplasm. 3. Viral dsRNA is copied within the viral 

core and released. 4. In normal cells that contain wild-type RAS gene status, 

dsRNA activates PKR by phosphorylation. 5. Phosphorylated PKR subsequently 

activates eIF2a by phosphorylation, which halts viral protein synthesis, resulting 

in failed infection. 6. In contrast, PKR is held in an inactive state in cells with an 

activated/mutated RAS pathway. 7. In these cells viral infection ensues. Viral 

proteins are produced using the cell’s machinery, viral factories form in the 

cytoplasm and reoviral particles assemble, leading to cell lysis and death. 
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2.5 The role of RAS in Rt3D selectivity for cancer cells. 

Despite these initial reports, there has been considerable controversy over the 

role of RAS signalling for the susceptibility of cells for Rt3D. Song and 

colleagues put forward their opinion on the putative involvement of RAS very 

clearly in 2008, in a letter to the editor entitled ‘Reovirus infection of cancer cells 

is not due to activated RAS pathway’ (Song et al., 2009). In this letter, they 

reported that neither PKR nor eIF2α correlate with RAS or Rt3D cell kill in 

tumour cell lines. Furthermore, in 2012, Twigger et al. from our lab reported that 

Rt3D cytotoxicity in head and neck cell lines was independent of EGFR 

signalling (Twigger et al., 2012). Later in 2014, our lab also reported that 

inhibition of downstream targets of RAS, in the form of BRAF and MEK 

inhibitors, sensitised melanoma to Rt3D cell killing, rather than rendering cells 

resistant to Rt3D cell kill (Roulstone, et al., 2015). This contradicts the classical 

paradigm in which Rt3D infectivity and cytotoxicity is believed to be dependent 

on signalling though RAS and suggests that the mechanisms at play are more 

complex than originally thought. 

 

2.6 Rt3D pre-clinical and clinical efficacy. 

Regardless of the mechanism behind Rt3D oncolysis, it continues to deliver 

potent anti-cancer activity in a variety of tumour types in vitro and in vivo, often 

causing dramatic or complete tumour regression (Alain et al., 2006; Samson et 

al., 2018; Wilcox et al., 2001). As such, it has been investigated in numerous 

clinical trials. First trials began in 2001, and investigated Rt3D administered as a 

single agent, injected into the tumours of patients with advanced cancer. Due to 

the inaccessibility of tumours for direct intratumoural injection, delivery of Rt3D 
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by systemic intravenous injection has also been clinically evaluated. Whilst well 

tolerated, single agent Rt3D resulted in modest therapeutic efficacy, and 

subsequent efforts focused on combination strategies with gold standard anti-

cancer therapies. 

 

Rt3D was firstly combined with radiation therapy in a phase I trial, following pre-

clinical studies that demonstrated Rt3D-induced cytotoxicity in vitro and in vivo 

was enhanced with radiation therapy (Twigger et al., 2008). A dose escalation of 

intra-tumourally delivered Rt3D (administered as 2-6 doses of 1x108 – 1x1010 

TCID50), was given to two groups of patients, each with a different dosing 

schedule of radiation therapy. In this study, 14 of the 23 patients treated 

displayed stable disease or partial response (Harrington et al., 2010). 

 

Subsequent pre-clinical work showed that Rt3D cytotoxicity could be enhanced 

in combination with chemotherapies, such as cisplatin and paclitaxel in head and 

neck cancer models (Roulstone et al., 2013). This supported the phase I/II trials 

of intravenously administered Rt3D in combination with carboplatin and 

paclitaxel (Karapanagiotou et al., 2012). Other clinical trials investigated the 

combination of intravenously administered Rt3D with: gemcitabine (Lolkema et 

al., 2011), docetaxel (Comins et al., 2010), and cyclophosphamide (Roulstone, 

et al., 2015). The latter trial was designed to counteract host anti-viral antibody 

responses, via the immune-suppressive effects of cyclophosphamide. This study 

was based around the perception of neutralising antibodies as a barrier to the 

anti-tumour effects of Rt3D. Although, blunting of anti-reovirus antibody levels 

was not achieved in the study. 
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2.7 Demonstration of cell carriage and delivery of Rt3D 

Delivery of oncolytic viruses (such as Rt3D) to the tumour can be assisted by cell 

carriers, such as immune cells. This was demonstrated in a window of 

opportunity study. Patients due to undergo surgical removal of liver metastasis 

received 5 doses (over 5 days) of intravenous Rt3D prior to their surgery. After 

resection, Rt3D was detected in tumour samples, but not from normal tissue 

biopsies. Interestingly, despite the presence of neutralizing anti-reovirus 

antibodies, functional Rt3D was detected on patient peripheral blood 

mononuclear cells and granulocytes. Hence, these immune cells can serve as 

protection from neutralising antibodies and potentially hand-over Rt3D to tumour 

cells (Adair et al., 2012). Indeed, additional studies demonstrated that loading 

reovirus-antibody complexes (whereby reovirus is fully neutralised), onto human 

monocytes delivered functional and replicative Rt3D to tumour cells. This 

process is (at least partially) mediated by antibody receptors that enable the 

uptake of the antibody-virus complexes (Berkeley et al., 2018). 

 

2.8 Rt3D structure and lifecycle 

Rt3D has a dsRNA genome of 24 kilo base pairs. In contrast, humans have ~3 

billion base pairs within our genome, and yet, Rt3D is capable of hijacking host 

machinery and drastically altering the behaviour of the infected cell. The dsRNA 

genome is comprised of 10 segments (meaning these segments can each be 

transcribed and translated at different rates). The priorities of a virus can be 

categorised into 3 goals: 1: get into the cell. 2: make viral proteins. 3: make 

copies of the genome (that come together to make virions). Rt3D gains access 

to cells through binding of viral protein sigma 1 (s1) to the junction adhesion 
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molecule-1 (JAM-1) and sialic acid receptor. After entry into the endosome, the 

outer capsid coat is proteolytically removed to release a transcriptionally active 

infectious subviral particle (ISVP) into the cytoplasm, the site of replication. 

These particles initiate a primary round of transcription using RNA dependent 

RNA polymerase (using the negative RNA strand) to produce a positive strand 

ssRNA corresponding to each segment. These positive ssRNA strands can be 

used to translate viral proteins. To create copies of the viral genome, (again 

using RdRp) positive RNA strands are used as a template to create the negative 

strand RNA, completing the viral genome (McDonald et al., 2009). Copies of the 

viral genome and synthesised viral proteins assemble in the cytoplasm to create 

nascent virions (with RdRp, l3), which are released with cell lysis ready for 

another round of infection (McDonald et al., 2009). 

 

Viruses need to use host machinery to generate progeny virions. Many viruses 

(including Rt3D) hijack the Endoplasmic reticulum (ER) as a go-to membranous 

compartment for the synthesis of viral proteins (Tenorio et al., 2018). 

Subsequent sections will discuss the intimate relationship between viruses and 

the ER. First, the ER and the mechanisms in place for responding to ER stress 

(the UPR), will be introduced. 

 

2.9 The Endoplasmic reticulum (ER) 

The largest organelle, the endo (within) plasmic (cytoplasm) reticulum (net-

like), which adjoins the nucleus and spans up to the cell surface membrane was 

discovered by Emilio Veratti in 1902. Although, around this time, there was a lot 

of excitement around sub-cellular structures, he found it very hard to convince 
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peers that it existed. It was only after the development of electron microscopy 

that it was rediscovered around 50 years later (Romero-Brey & Bartenschlager, 

2016; Schuldiner & Schwappach, 2013). The ER takes up formation as sheets 

(cisternae) known as the rough ER which is decorated with ribosomes, and 

smooth tubules (smooth ER), which lack ribosomes, that are connected by 3-

way junctions (Corazzari et al., 2017). The inner space between the membranes 

of the stacked ER sheets is bridged by proteins (such as CLIMP63) and wedged-

shaped proteins called reticulons that curve tubules at membrane edges 

(Romero-Brey & Bartenschlager, 2016). ER sheets are stacked by twisted 

membranes that join levels by springy helicoidal ramps, best for stacking ER 

sheets most effectively within the restricted space of a cell (Terasaki et al., 

2013). 

 

Proteins contain signal sequences (“barcodes”) to target proteins to their 

destination. Newly formed polypeptides destined for the ER emerge from 

ribosomes and the signal sequence is recognised and bound by an abundant 

cytosolic ribonucleoprotein called the signal recognition particle (SRP), that 

directs them to the ER through a translocon (the SRP does this by binding to the 

SRP receptor, nearby the translocon). The translocon machinery (called sec61 in 

eukaryotes) will either integrate the polypeptide into the lipid bilayer or 

translocate it across the membrane into the secretory pathway (Akopian et al., 

2013). The signal sequence is cleaved once inside, as an almost universal post-

translational modification, and proteins are folded with the assistance of 

chaperones such as BiP/GRP78, calreticulin and calnexin. Approximately one-

third of proteins are targeted into the ER for correct folding before transport to 

their ultimate destination (Zhang & Kaufman, 2008). 
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2.10 The unfolded protein response (UPR) 

ER stress can occur by unfolded protein accumulation. To prevent cell death 

from accumulation of misfolded proteins that would clog the secretory pathway, 

cells respond to ER stress by activating the unfolded protein response (UPR). 

This includes halting protein translation to help rectify the problem. However, if 

the stress is sustained, the cell will succumb to death. There are 3 ER stress 

sensors that reside in the ER membrane, that are fundamental to the activation 

of the UPR, and they can all be activated by the accumulation of misfolded 

proteins. They are protein kinase R (PKR)-like endoplasmic reticulum kinase 

(PERK), inositol-requiring enzyme 1a (IRE1a) and activating transcription factor 

6 (ATF6). In unstressed conditions, the ER-resident BiP/GRP78 associates with 

these 3 sensors, rendering them inactive. BiP/GRP78 will preferentially bind 

newly synthesised unfolded proteins and maintain them in a condition ready for 

folding. Where normal protein folding is jeopardised, the balance is tipped in 

favour of mis-folded proteins. As BiP/GRP78 bind the accumulating unfolded 

proteins, dissociation from the 3 ER sensors lead to their activation. The 3 

branches of the UPR (PERK, IRE1a and ATF6) that form the UPR will each be 

described in the following sections. 

 

2.11 PERK signalling 

PERK is a serine/threonine kinase that phosphorylates eukaryotic initiation 

translation factor 2a (eIF2a). This leads to the shutdown of protein synthesis by 

translation inhibition of select mRNA. This does not include certain mRNA such 

as ATF4, expression of which is favoured due to its involvement in the response 
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to ER stress. ATF4 expression occurs during ER stress because of 2 open 

reading frames (ORFs), an upstream inhibitory ORF and a downstream ORF 

that translates functional ATF4. In stressed conditions, the slow reloading of a 

ternary complex that scans for the start codon results in ‘missing’ the first start 

site (that would result in termination of ATF4) and capturing the second start 

codon that results in ATF4 translation. Thus, eIF2a forms the integrated stress 

response by inhibiting the bulk of translation while select mRNA gain 

translational advantage (figure 2.11.1) (Moon et al., 2018). 

 

ATF4 drives the expression of genes that regulate the recovery from stress but, 

in the case of prolonged and unresolvable ER stress, ATF4 stimulates CCAAT-

enhancer-binding protein homologous protein (CHOP), which initiates the 

apoptotic cascade (Rozpędek et al., 2016). Disordered phosphorylation of PERK 

and eIF2a are associated with neurodegenerative disorders, and small molecule 

inhibitors of PERK have been generated to combat these diseases. 



 40 

 

Figure 2.11.1. The integrated stress response (ISR). 
Adapted from information by Moon et al. 2018. 1. BiP (or GRP78) binds unfolded 

proteins, dissociating from PERK leading to its activation, dimerization and 

phosphorylation. 2. eIF2α is phosphorylated by PERK and in response to other 

stimulus (PKR, protein kinase R, GCN2, general control non-derepressible 2, HRI, 

heme-regulated inhibitor) and forms the ISR. 3. Hydrolysis of GTP by eIF2 commits 

the 40S ribosome to translation initiation. After release of eIF2-GDP from the 

ribosome, GDP is exchanged for GTP by eIF2B, to which ε is the catalytic subunit, 

for another round of translation initiation. 4. Phosphorylated eIF2α, through 

association with eIF2B reduces the rate of GDP – GTP exchange, leading to 

decreased translation. 5. Translation of select proteins with upstream inhibitory ORF 

such as ATF4 are increased. The upstream ORF is bypassed due to slow reloading 

of a ternary complex in stressed conditions, and therefore translation initiation 

begins at a downstream ORF yielding translation of functional ATF4. ATF4 drives 

expression of CHOP in situations of unresolved ER stress. 
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2.12 IRE1a signalling 

IRE1a exhibits both a kinase and endoribonuclease activity. IRE1a (like PERK) 

exists as a monomer until BiP dissociates, and upon activation, dimerises and 

trans-autophosphorylates. Once active, access is provided to nucleotides for 

IRE1a endoribonuclease function. The endoribonuclease activity splices X-box 

binding protein 1 (XBP1) mRNA, cleaving a site in each of 2 RNA hairpins. This 

removes an intron to create a spliced form of XBP1 (sXBP1), with a frame shift 

that yields a transcriptionally active XBP1 that can enter the nucleus and 

effectively activate the UPR target genes (Calfon et al., 2002). A simplistic 

summary diagram is shown (figure 2.12.1). 

 

IRE1a can also degrade RNA (with the exception of XBP1). This IRE1a RNase 

domain is homologous to the RNaseL of the oligoadenylate synthase 

OAS/RNaseL antiviral defence mechanism (Bhattacharyya et al., 2014; K. P. K. 

Lee et al., 2008). In the OAS/RNaseL system, OAS genes are IFN stimulated, 

and their protein products act as RNA sensors. Once activated by foreign 

dsRNA, OAS enzymatically converts ATP to 2’-5’ linked oligoadenylates, that 

can activate RNaseL molecules (Hartmann et al., 2003). RNaseL 

indiscriminately cleaves RNA and can destroy all RNA within the cell including 

ribosomal RNA, mRNA and viral RNA and has been implicated as a significant 

factor in the host’s defence to infection by triggering apoptosis (Castelli et al., 

1998). In the case of IRE1a, apart from XBP1, all known RNA targeted by IRE1a 

leads to degradation, much like the RNaseL system, and is termed the regulated 

IRE1-dependent decay (RIDD) pathway (Bhattacharyya et al., 2014). 
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Figure 2.12.1. IRE1a activation.  

BiP (or GRP78) binds unfolded proteins, dissociating from IRE1a leading to its 

activation, dimerization, and phosphorylation. The endoribonuclease activity 

splices XBP1 mRNA, yielding an active transcription factor, able to enter the 

nucleus and target UPR response genes. 
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The functional role of the RIDD pathway is to reduce local mRNA at the ER, and 

therefore protein translation to elevate ER stress by reducing protein input. The 

RIDD pathway targets protein coding mRNA, but not those essential to the ER, 

until later when the cell has committed to apoptosis. However, it is unclear 

whether the RIDD activity of IRE1a can degrade viral RNA, because inhibition of 

IRE1a activity has been shown to reduce viral titre, indicating that IRE1a activity 

may be useful in infection. Although, the precise mechanism remains to be 

identified and probably involves the downstream targets of sXBP1 

(Bhattacharyya et al., 2014; Hassan et al., 2012).  

The effects of the kinase function of IRE1a are less understood, but is implicated 

in mediating UPR-induced cell death involving the phosphorylation of JNK, p38 

MAP kinases and NFkB through degradation of its inhibitor IkB. It is reported 

that these events are mediated by TNFa receptor-associated factor 2 (TRAF2) 

binding the active cytosolic domain of IRE1a (Hetz & Glimcher, 2009).  

 

2.13 ATF6 signalling 

ATF6 can exist as a monomer, dimer, or oligomer through disulphide bridges in 

the luminal domain. In response to ER stress, ATF6 is reduced (into a monomer) 

and dissociates from BiP, unmasking Golgi localisation signals. ATF6 must be 

allowed to be packaged into COPII vesicles for transport from the ER to the 

Golgi (coat protein complex, COPI: travels from the Golgi to ER, COPII: travels 

from the ER to Golgi). Once in the Golgi, ATF6 is cleaved by site 1 proteases 

(S1P) and site 2 proteases (S2P) to release an active transcription factor, which 

drives target genes of the UPR, including XBP1 (Y. Wang et al., 2000). A 

simplistic diagram is shown (figure 2.13.1). 
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Figure 2.13.1. ATF6 activation.  
BiP (or GRP78) binds unfolded proteins, dissociating from ATF6, and unmasking 

the Golgi localisation signal. In the Golgi, proteases cleave ATF6 into an active 

transcription factor that can enter the nucleus and drive transcription of UPR 

response genes. 
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It has been reported that PDIA5, a protein disulphide isomerase (PDI), plays a 

role in the de-oligomerisation of ATF6. PDIs are a group of ~20 enzymes in the 

ER that aid protein folding through redox reactions composed of the REDuction 

and OXidation of chemical species, facilitated by ER oxidoreductin 1 (ERO1). 

PDI can oxidise cysteines in polypeptides to create disulphide bonds and reduce 

disulphide bonds to break them. Using an siRNA screening approach of select 

ER proteins, Higa et al. discovered that the enzyme PDIA5 is involved in the 

export of ATF6 to the Golgi complex (Higa et al., 2014). PDIA5 silencing 

impacted ATF6 packaging into COPII vesicles and, led to the retention of ATF6 

in the ER. The authors suggested that the mechanism is by PDIA5-dependent 

reduction (breakage) of di-sulphide bonds within ATF6 (Higa et al. 2014). ATF6 

in monomer form, can be cleaved within the Golgi into an active transcription 

factor, whereas ATF6 dimers and oligomers are resistant to cleavage due to the 

presence of disulphide bridges. Therefore, ATF6 will only be processed in the 

Golgi if the cell has experienced ER stress and has been de-oligomerised. This 

contrasts with PERK and IRE1a, that are dimerised in response to ER stress. 

Having different mechanisms to respond to ER stress is likely beneficial, the cell 

can be selective about which pathways to activate without automatically setting 

off all branches (Nadanaka et al., 2007). 

 

2.14 Virus infection and ER stress. 

Viruses use host resources, and this includes the hijacking of ER machinery, 

leading to massive changes in ER morphology (Romero-Brey & Bartenschlager, 

2016). Some viruses, such as polyomaviruses, even stop at the ER to assist with 

viral uncoating before returning to the cytosol and entering the nucleus, like a 
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visitor stopping off at a cloakroom. Evidence of the interaction between virus 

infection and ER stress is accumulating. Whilst it is reported that some viruses 

only activate certain branches of the UPR (Ambrose & Mackenzie, 2011; Hassan 

et al., 2012), others have been shown to activate all arms of the UPR (Carletti et 

al., 2019; Medigeshi et al., 2007). However, the limitations of such studies 

include difficulties in measuring ER stress directly, and experiments are often 

only done in a single cell line.  

Interestingly, the expression of individual viral proteins can modulate parts of the 

UPR. Expression of the hepatitis C RNA virus non-structural protein (NS4B) led 

to XBP1 splicing and promoter binding, and increased ATF6 and BiP transcripts 

(although there was no comparison with the replicative virus in that study) 

(Zheng et al., 2005). A similar finding was observed with expression of certain 

proteins from the ssRNA West Nile Virus (WNVKUN). In that study, expression of 

the viral NS4A protein also led to increased XBP1 splicing (Ambrose & 

Mackenzie, 2011). Therefore, it seems possible to trigger UPR signalling by 

expression of individual viral proteins without the need to harbour an authentic 

infection. Therefore, ER stress may not be solely attributed to the replicative 

stress of the virus. 

 

Whilst ER machinery can help viruses replicate, for example, through hijack of 

ER chaperones to aid virus protein folding (Choukhi et al., 1998), the UPR may 

jeopardise viral replication and viruses have evolved mechanisms to combat 

these responses. Phosphorylation of eIF2a and subsequent inhibition of 

translation is an antiviral response and may restrict viral protein synthesis and 

replication. GADD34 (a target of ATF4) binds PP1a and directs it to 

dephosphorylate eIF2a in a negative feedback loop. Herpes simplex virus (HSV) 
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protein ICP34.5 binds protein phosphatase 1 (PP1) and associates with eIF2a to 

interrupt the antiviral protein shut off event and facilitate replication (Li et al., 

2011). Similarly, the E6 protein of HPV human papillomavirus associates with 

GADD34/PP1 to facilitate translational recovery via eIF2a dephosphorylation, 

and prevents apoptosis (Kazemi et al., 2004). The hepatitis C virus envelope 

protein E2 on the other hand, overcomes the ER stress response by targeting 

PKR and PERK, upstream of eIF2a (Pavio et al., 2003).  

 

2.15 Virus infection and ER-associated degradation (ERAD). 

ER-associated protein degradation (ERAD) is a process in which either 

misfolded proteins or those subject to regulation by degradation are transferred 

out of the ER to the cytosol (are dislocated) and disposed of through the 

proteasome via ubiquitination. This process can promote the recovery from ER 

stress by clearing mis-folded proteins. Although there have been no studies on 

Rt3D effects on ERAD, other viruses do take the opportunity to benefit from this 

machinery during infection. For instance, the ERAD pathway can be hijacked to 

degrade proteins that may hinder infection, and translocation machinery can 

provide a route from ER to the cytosol to promote invasion (Morito & Nagata, 

2015). HIV-1 is an example of a virus that uses the ERAD pathway to its 

advantage. HIV-1 uses the CD4 receptor to enter a host cell, which is generated 

in the ER, and transported to the cell surface via the Golgi. HIV-1 uses 2 proteins 

(Nef and Vpu) to remove CD4 from the cell surface. Nef sends CD4 already 

expressed on the cell surface to be broken down by the degradative enzymes in 

lysosomes, whilst Vpu traps CD4 in the ER and surrenders it for degradation in 

the proteasome. This mechanism provides benefit to the virus in two ways, first it 
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evades the host immune system by silencing the central signalling in the helper 

T cell response. Second, by removing the entry receptor to the host cell, this 

prevents re-infection of a cell that has already been infected, helping re-direct 

the virus to other uninfected healthy cells (Magadán et al., 2010; Willey et al., 

1992). 

 

Another example of how viruses manipulate ERAD to avoid being seen by host 

immune systems is by targeting the major histocompatibility complexes (MHC). 

Antigens, including viral antigens, generated by the cytosolic proteasome are 

displayed to the host adaptive immune system by MHC, and are transported to 

the ER by transporter associated with antigen processing (TAP). Members of the 

herpesvirus family commandeer host cell ERAD to dispose of MHC I in order to 

evade detection by immune responses (Morito & Nagata, 2015). In the case of 

Herpes simplex virus (HSV), the immediate early protein, ICP47, binds to TAP, 

preventing peptide transport to the ER (Hill et al., 1995). Due to these effects, 

the development of oncolytic HSV viruses usually involve deletion of ICP47 in 

order to increase therapeutic immunogenicity (Thomas et al., 2019). 

 

West Nile Virus (WNV) is a mosquito-borne flavivirus which, in severe cases, 

can cause loss of motor neurons, leading to encephalitis and paralysis in 

humans. Medigeshi et al. report that WNV infection results in disposal of ATF6 

by the proteasome (although the data were not extensive) (Medigeshi et al., 

2007). In summary, the proteasome is often targeted by viruses, and can be 

utilised as a ‘waste disposal’ service for any unwanted proteins that may 

interfere with virus replication. 
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In response to the viral mechanisms that manipulate host machinery, hosts will 

adapt defence mechanisms in a continuous evolutionary tug of war. When a 

pathogen invades a target cell, a series of alarms await the trigger from the 

intruder. One such consequence arising from the detection of an intruder is 

cellular suicide, or apoptosis. Rt3D triggers apoptosis, which can be induced by 

ER stress. 

 

2.16 Rt3D mediated cell death: Apoptosis 

Apoptosis is executed by the intrinsic or extrinsic pathway. This is accomplished 

by initiator caspases, which initiate the apoptosis signal (such caspases include 

2, 8, 9 and 10) and activate effector caspases that carry out the widespread 

proteolysis that leads to death (including caspases 3, 6 and 7). 

 

The intrinsic pathway is triggered by mechanisms within the cell. When cells 

receive an intrinsic death signal, there is a transcriptional up-regulation of pro-

apoptotic proteins including Bim, Bid, Bad, Bmf, PUMA and NOXA. These 

proteins inactivate inhibitors of apoptosis (IAPs), such as the Bcl proteins. Once 

inactivated, Bcl proteins release Bak and Bax, which puncture holes in the 

mitochondrial membrane, a process termed mitochondrial outer membrane 

permeabilization (MOMP). MOMP is the crucial event of the intrinsic pathway, 

which allows the release cytochrome c into the cytosol to trigger apoptosis 

(Legrand et al., 2019). Cytochrome c, once released into the cytosol, binds 

apoptotic protease activating factor-1 (Apaf-1), and this complex assembles to 

form a heptameric wheel-like structure called the apoptosome. Once the 

apoptosome is formed, procaspase 9 is recruited and then activated to become 
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caspase 9. Caspase 9 activates caspase 3, initiating a caspase cascade and 

triggering apoptosis. When effector caspases (including caspase 3) are 

activated, proteins involved in diverse cellular functions are cleaved in a ‘death 

by a thousand cuts’ strategy to ensure the cell’s demise (Taylor et al., 2008). 

Procaspases also undergo autolytic or ‘self’ cleavage into activated caspases, 

triggering a positive feedback loop.  

 

Extrinsic activation arises from stimulus outside of the cell, through binding of 

death receptors. Examples of these death receptors and their ligands include the 

Fas ligand to the Fas receptor (which recruits the adaptor protein FADD), and 

TNF to the TNF receptor (which recruits the adaptor protein TRADD). These 

events ultimately lead to a death-inducing signalling complex (DISC), resulting in 

the activation of caspase 8, and the trigger of executioner caspases (caspase 3 

and 7) (Legrand et al., 2019).  

 

Studies frequently demonstrate that Rt3D induces death by apoptosis (Clarke et 

al., 2005). In particular, many studies have shown that Rt3D induces ER stress-

induced apoptosis (Carew et al., 2013; K. R. Kelly et al., 2012; Roulstone, et al., 

2015). 

 

2.17 ER Stress-induced apoptosis. 

If the UPR fails to resolve ER stress, intrinsic and extrinsic apoptosis pathways 

can become activated (Sano & Reed, 2013). The transcription factor, CHOP, has 

been associated with ER stress-induced apoptosis. This has been demonstrated 

by protection of cells from ER stress-induced apoptosis by deletion of CHOP 
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(Zhang & Kaufman, 2008). Also, overexpression of BiP, which renders cells 

defective in the ability to initiate an ER stress response, led to reduced CHOP 

induction (X. Z. Wang et al., 1996). UPR signals converge on CHOP, yet CHOP 

is dependent on upstream PERK-eIF2a-ATF4 members, since PERK-/-, ATF4-/-  

and eIF2aS51A/S51A knockin cells (unable to be phosphorylated by eIF2a kinases) 

are unable to induce CHOP during ER stress (H. Hu et al., 2019). 

Although the exact mechanism by which CHOP induces apoptosis remains 

unclear, DNA damage-inducible protein 34 (GADD34) is a target of CHOP and 

recruits PP1a to de-phosphorylate eIF2a, in a negative feedback loop to reverse 

the translational shut off. Thus, ATF4 and CHOP do not directly induce apoptosis 

but prepare the cell for recovery from ER stress. The translational restart in cells 

which have not recovered leads to apoptosis. The release on the translational 

block also allows translation of mRNA encoding pro-apoptotic proteins, such as 

Bak and Bax. Meanwhile, CHOP expression is also accompanied with a 

decrease in Bcl-2 protein. As mentioned in the previous section, Bcl-2 is an 

inhibitor of apoptosis through association with Bak and Bax. CHOP-induced 

decreases in Bcl-2 tips the balance of pro- and anti-apoptotic effectors in favour 

of cell death. In support of this finding, over expression of Bcl-2 can block CHOP 

mediated apoptosis (McCullough et al., 2001).  

 

Furthermore, Bak-/- and Bax-/- mice are resistant to ER-stress-induced 

cytochrome c release and apoptosis, implicating these proteins in death induced 

by ER stress (Wei et al., 2001). CHOP can also induce apoptosis through other 

pathways. CHOP can mediate death through exogenous death receptor-

mediated apoptosis. This is induced by upregulation of the death receptors DR4 

and/or DR5. Additionally, CHOP can also mediate apoptosis through increased 
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expression of the ER reductase ERO1a which oxidises PDI. This produces 

H2O2, that leaks into the cytoplasm, resulting in the production of ROS and 

apoptotic and inflammatory responses (H. Hu et al., 2019). Caspase 4 has been 

implicated in ER stress-induced apoptosis. Caspase 4 is localised to the outer 

ER membrane and has been demonstrated to physically associate with 

BiP/GRP78 (Chen et al., 2007). 

 

2.18 Messages from the grave 

Depending on the type (or combination) of death pathways, cells have 

developed various means to communicate information to neighbouring cells and 

beyond, reporting on the type of attack, location, and just how bad it is (Legrand 

et al., 2019). Such alarm signals take the form of interferons (IFNs), triggered by 

the detection of foreign molecules that have invaded the cell. These will be 

described in the next sections. 

 

2.19 PAMPs, DAMPs, and the Interferon response. 

Isaacs and Lindenmann first coined the term ‘interferon’ (IFN) in 1957, to 

describe the substance produced by cells that interferes with influenza virus 

infection (Isaacs & Lindenmann, 1957a, 1957b; Schneider et al., 2014). 

Subsequently, interferons have been included in a broader grouping of 

substances with diverse functions and usually these are collectively called 

cytokines. Cytokines are molecules that protect cells against viral infection, 

stimulating an immune response. Most commonly, upon viral infection, IFNa and 

IFNb are secreted, and bind to neighbouring cells to alert them to the incoming 

infection. Interferons are grouped into 3 families: type I, II and III (table 2.19.1). 
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IFNs are released in response to conserved molecular structures called 

pathogen-associated molecular patterns (PAMPs) or ‘self’ damage-associated 

molecular patterns (DAMPs). An example of a PAMP is the well-known 

lipopolysaccharide (LPS), found on the outer membrane of gram-negative 

bacteria. DAMPs, however, are released due to cellular damage or death (for 

example, skin irritants, UV, asbestos). PAMPs or DAMPs, initiate IFN signalling 

through activation of pattern recognition receptors (PRRs).  

 

Rt3D, like other pathogens, contains PAMP structural elements that, within the 

cell, activate PRRs. PRRs are divided into several groups, including those that 

recognise RNA such as toll-like receptors (TLRs) and RIG-I-like receptors, those 

that recognise cytosolic DNA such as cGAS/STING, and those that sense 

bacterial PAMPs such as NOD-like receptors (NLRs) (Aleynick et al., 2019). A 

summary of PRRs with their relative PAMP/DAMP is shown in table 2.19.2. 
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Family type: Type I Type II TypeIII* 

IFN: IFNa, IFNb IFNg IFNl 

Receptor: IFNAR1/2 IFNGR1/2 IL-28AR, IL-

10R2 

Expression: Released by 

all nucleated 

cells in the 

body, receptor 

is expressed 

across all cell 

types. 

Released by 

immune cells 

(T-cells and 

NK cells), 

receptor 

expressed 

across all cell 

types. 

Preferentially 

produced by 

epithelial cells, 

receptor is 

also highly 

expressed on 

epithelial cells. 

 

Table 2.19.1. Interferons are responsible for activating and recruiting the 
immune response  
Adapted from information by Musella et al., Oncoimmunology, 2017. 

*Type III IFNs are structurally similar to IFNg but functionally identical to IFNa/b 

(the IFNl receptor signals through the JAK/STAT pathway and induces similar 

interferon-stimulated genes as type I IFNs). 
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PRR PAMP 

RIG-I/MDA5 Cytosolic dsRNA 

AIM2 Cytosolic DNA 

NLR Bacterial PAMPs (e.g. LPS) 

TLR 1,2,4,5,6,10 (cell surface) Bacterial PAMPs 

TLR 3,7,8,9 (endosomal) Viral/bacterial nucleic acids 

OAS/RNaseL Foreign RNA 

PKR Cytosolic dsRNA 

cGAS/STING Cytosolic DNA 

C-type lectin Carbohydrate structures (bacterial) 

 

Table 2.19.2. Pattern recognition receptors.  
Adapted from information by Musella et al., Oncoimmunology, 2017.  

RIG-I – retinoic acid-inducible gene I, MDA5 – melanoma differentiation-

associated protein 5, AIM2 – absent in melanoma 2, TLR – toll-like receptor, 

OAS – oligoadenylate synthetase, PKR – protein kinase R, cGAS – cyclic GMP-

AMP synthase, STING – stimulator of interferon genes. 
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2.20 PRRs that recognise RNA 

The first identified PRRs were the family of toll-like receptors (TLR) (Medzhitov 

et al., 1997). Many TLR recognise bacterial components (for example, lipids) or 

self-molecules (DAMPs), and are located on the cell surface, whilst others are 

located within endosomes and recognise nucleic acids from viruses. Endosomal 

TLRs include TLR3 that recognises double-stranded RNA, and TLR7/8 that 

recognises single-stranded RNA. TLR9 is localised on the ER prior to stimulation 

from un-methylated (CpG) DNA in endocytic vesicles (Leifer et al., 2004). TLRs 

dimerise upon activation, which leads to a cascade of signalling events that 

ultimately results in transcription of inflammatory mediators. 

The cytosolic dsRNA sensors retinoic-acid inducible gene (RIG-I, or DDX58), 

melanoma differentiation associated 5 (MDA5, or IFIH1), LGP2 (DHX58) and 

protein kinase R (PKR) are expressed in most cells, including cancer cells. The 

RIG-I like receptors (RLRs), RIG-I and MDA5, contain an RNA binding domain, 

an activation domain, and a CARD domain that is required for transmitting 

downstream signalling through the mitochondrial anti-viral signalling protein 

MAVS (Aleynick et al., 2019). RIG-I and MDA5 recognise different features of 

viral RNA. RIG-I preferentially detects 5’-di or tri-phosphorylated, low molecular 

weight RNA rich in poly-U/UC tracts, and MDA5 binds high molecular weight 

viral RNA (Kato et al., 2006). LGP2 lacks a caspase recruitment domain 

(CARD), therefore signalling is proposed through its interaction with RIG-I and 

MDA5 and has been suggested to act as a concentration switch (Aleynick et al., 

2019; Takeuchi & Akira, 2010). When RIG-I and MDA5 detect viral RNA, their 

CARD domains are revealed which allows them to associate with and activate 

MAVS. Full RIG-I activation is promoted by ubiquitination by Riplet (relieving 

autorepression) and complexes with TRIM25 and a molecular chaperone (14-3-
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3e). This complex translocates from the cytosol to MAVS (Vazquez & Horner, 

2015).  

 

MAVS is found in the outer mitochondrial membrane, on peroxisomes (an 

oxidative, membrane-bound organelle found in the cytoplasm) and the 

mitochondria-associated membrane (MAM). The MAM is a subdomain of the ER 

(~ 12%) connected to the mitochondria that compartmentalises both ER stress 

and metabolic signalling (Horner et al., 2011). Since MAVS protein is found in 

these different locations, this suggests the potential for its involvement in multiple 

processes. 

Activated MAVS recruits downstream effectors, including tumour necrosis factor 

receptor-associated factor (TRAF) proteins (TRAF3, TRAF5 and TRAF6) to form 

the multi-component “MAVS signalosome” (Refolo et al., 2020). The MAVS 

signalosome drives activation of IRF3, IRF7 and NFkB, resulting in the 

expression of IFNb and a variety of genes that regulate immunity to infection 

(Loo & Gale, 2011). 

 

2.21 IFN signalling 

Type I IFNs (IFNa and IFNb) are the largest class of IFNs. When IFNa/b bind to 

their receptor (IFNAR), the JAK/STAT pathway is activated. Basally, inactive 

Janus Kinases (JAKs) are bound to the inner membrane domain of the IFNAR 

receptor. In the presence of IFN stimulus, these receptor domains are brought 

into close proximity and 2 JAK kinase domains are activated by phosphorylation. 

As a result of JAK activation, STAT proteins (STAT1 and STAT2 which, of the 7 

STAT proteins, are the most important signallers through the IFN receptor) are 
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phosphorylated and released from the receptor (as a heterodimer), and a 

nuclear localisation signal is exposed. Once STAT1/2 is in the nucleus, it binds 

IRF9 to form the interferon-stimulated gene factor 3 (ISGF3) as a heterotrimer. 

This complex binds DNA response elements and drives expression of IFN-

stimulated genes (Musella et al., 2017; Schneider et al., 2014). Figure 2.21.1 

provides a simplified summary of IFN signalling through the activation of the 

PRRs, RIG-I, MDA5 and TLR3. 

 

Interferon-regulatory factors (IRFs) can induce interferon-stimulated genes 

(ISGs) independently of JAK/STAT signalling. IRFs and PRRs are present in 

unstimulated cells, but their expression is increased with IFN, hence they are 

termed ISGs. ISGs (including RIG-I and MDA5 amongst many others) have an 

IFN-stimulated response element in their promoter and enhancer regions and, 

therefore, transcription is increased in response to IFN. 

 

IFN therapies have been used to treat viral infections, and recombinant IFNa, 

IFNb and IFNl are currently being investigated in the COVID-19 pandemic (J. S. 

Lee & Shin, 2020). The consequences of anti-viral responses include shut-down 

of host protein translation machinery to prevent viral replication (such as the 

PKR-eIF2a pathway discussed previously), inhibition of virus-host membrane 

fusion entry, the trapping of viral components to prevent them from reaching their 

destination, premature disassembly of virus capsid proteins and inhibition of viral 

assembly or budding to exit the cell (Schneider et al., 2014). 
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Figure 2.21.1. RNA sensing by RIG-I, MDA5 and TLR3 triggers IFN 
signalling.  
Adapted from Schneider et al. The annual Review of Immunology, 2014. 

Cytosolic PRRs, RIG-I and MDA5 recognise viral dsRNA, and upon activation 

reveal CARD domains which associate with and activate MAVS. This leads to 

phosphorylation of IRF3 and IRF7, resulting in their nuclear translocation, and 

degradation of IkB, revealing a nuclear localisation signal on NFkB. TLR3 

senses dsRNA in endosomes and converges on downstream MAVS signalling. 

IRF3, IRF7 and NFkB in the nucleus bind IFNb promoters to express ISGs. IFN 

stimulation leads to a positive feedback loop through JAK/STAT signalling, and 

paracrine signalling.  
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2.22 Viruses and PRR activation 

Viruses have evolved innate immune evasion strategies against host 

PAMP/DAMP sensors, and many of these involve manipulation of PRRs. For 

example, hepatitis C virus cleaves MAVS from membranes to avert RIG-I 

signalling (Loo et al., 2006). The non-structural protein 4A (NS4A) in Zika and 

dengue viruses can interrupt the RLR-MAVS signal by binding the CARD domain 

of MAVS, therefore blocking its accessibility by RLRs and consequentially 

repressing IFN production (He et al., 2016; Ma et al., 2018). 

 

Host mRNAs possess a 5’ terminal cap essential for efficient transcription and 

viruses have co-evolved mechanisms around this, disguising their viral RNA in 

order to hijack host machinery. This includes cap-snatching from host RNA or 

camouflaging their uncapped RNA with a viral protein. IFIT1 is a PRR and ISG 

that sequesters RNA, blocking translation (Pichlmair et al., 2011). Along with 

MDA5, IFIT1 specifically recognises mRNAs that lack a 2’-O-methylation of their 

caps, distinguishing host from viral RNA (Fensterl & Sen, 2015). Coronaviruses 

encode a separate non-structural protein (NSP16) dedicated to 2’-O-methylating 

its own viral mRNA. Replication of a coronavirus (SARS-CoV) lacking NSP16 is 

suppressed up to 1000-fold, which is restored in the absence of either MDA5 or 

IFIT1 (Menachery et al., 2014). The mosquito-borne Venezuelan equine 

encephalitis virus (VEEV) is another example of a virus that can evade IFIT1, 

because its RNA is protected with a virally-capped stem-looped structure that 

prevents access. VEEV is a neuropathic alphavirus, 100% lethal in vivo. Lethality 

is reversed using a strain with 2 single point mutations that mean IFIT1 can now 

access the viral RNA (Hyde et al., 2014). 
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These studies highlight the importance of PRRs in the recognition of viral 

PAMPs and the execution of effective IFN responses. In terms of cancer, there 

are conflicting reports of type I IFNs both protecting cancer cells from apoptosis, 

or inducing tumour cell death (Musella et al., 2017). Nevertheless, high RIG-I 

transcriptional activity has been significantly associated with durable clinical 

responses (Heidegger et al., 2019). Activation of these sensors and downstream 

immune signalling events in tumour cells is a strategy to relay therapeutic 

immunogenic messages to the tumour microenvironment (Duan et al., 2020). 

 

2.23 Endogenous retroviral elements (ERVs) 

So far, the activation of PRRs by exogenous pathogens have been discussed. 

However, PRRs can also be activated by expression of endogenous retroviruses 

(ERVs). ERVs are viral sequences that have integrated into the genome of 

vertebrates millions of years ago from exogenous retroviral infections of germ 

cells (Chiappinelli et al., 2015). ERVs constitute over 8% of the human genome 

and are normally silenced by promoter DNA methylation (Chuong et al., 2016). 

Some cancers lose ERV methylation and aberrantly express ERVs, while others 

maintain silencing. In the latter case expression can be induced with epigenetic 

therapies such as DNA methyltransferase (DNMT) inhibitors (Chiappinelli et al., 

2015; Roulois et al., 2015). ERV products are generally non-functional due to 

DNA mutations and modifications, however some produce functional proteins 

such as syncytin-1 which is epigenetically regulated and has a role in cell-to-cell 

fusion during the formation of the placenta (Matoušková et al., 2006). 
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2.24 ERV-induced IFN responses 

In cancer, ERV expression induced by DNMT inhibitors has been linked with IFN 

and immune pathway responses. However, the type of IFN response induced is 

dependent on the model used. Chiappinelli et al. reported that the DNMT 

inhibitor, 5-azacytidine (Aza), activated type I IFN responses in epithelial ovarian 

cancer. Blocking the IFNb receptor, IFNAR2, decreased Aza-induced ISG 

expression (and these decreases were also seen by blocking IFNb itself). 

However, blocking the type III receptor, IL10RB, only modestly blocked the 

increase in ISGs (Chiappinelli et al., 2015). In a colorectal cancer study, the 

DNMT inhibitor, 5-aza-2-deoxycytidine (5-Aza-CdR), induced type III IFNs 

(IL28/29), followed by the activation of ISGs in a JAK-dependent manner (due to 

reversibility with the JAK/STAT inhibitor, ruxilitnib). However, in that study neither 

IFNa or IFNb transcripts, nor protein were detected (Roulois et al., 2015). 

 

2.25 ERVs and the generation of dsRNA 

A major mechanism underlying the ERV-induced immune responses triggered 

by DNMT inhibitors, is the induction of the cytosolic dsRNA sensing pathway. 

ERV transcripts are resistant to RNase A digestion, implying these species as 

dsRNA rather than ssRNA. dsRNA ERV elements are generated through bi-

directional transcription, producing both sense and antisense transcripts that 

form dsRNA (Chiappinelli et al., 2015; Roulois et al., 2015). In Chiapinelli’s study 

in ovarian cancer using the DNMT inhibitor Aza, dsRNA signalling showed 

dependency on TLR3 and MAVS, since knockdown of these receptors 

decreased the Aza-induced IFN gene signature. ERV proteins were not 

detected, suggesting the viral defence signalling was induced by RNA 
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transcripts. These events were epigenetic consequences and not DNA 

damaging effects caused by the drug, since no differences in the Aza-induced 

IFN response was observed between wild-type and mutant P53 cell lines. 

Roulois et al. also report similar findings in colorectal cancer. In vitro, gene 

expression patterns upon 5-Aza-CdR treatment revealed a viral mimicry 

phenotype associated with dsRNA and activation of the MDA5/MAVS pathways. 

Supporting this, the downstream type III IFN signalling induced by 5-Aza-CdR 

was repressed with MAVS knockdown (Roulois et al., 2015).  

 

2.26 ERVs in response to IFN treatment 

In a study by Canadas et al. the authors described the expression of a subclass 

of ERVs in response to IFNg treatment (rather than in response to DNA 

demethylation by use of DNMT inhibitors described in the previous section). 

They term these ERVs, SPARCS (stimulated 3-prime antisense retroviral coding 

sequences). These sequences are oriented inversely in untranslated regions of 

genes regulated by STAT1 and EZH2, poised to generate dsRNA due to bi-

directional transcription following IFNg treatment (Cañadas et al., 2018). This 

results in innate immune signalling and a positive feedback loop, providing cells 

have chromatin accessibility around SPARCS loci. Untreated cells exposed to 

conditioned medium from cells primed with IFNg treatment also induced 

expression of STAT1, IFNb and ERVs. This was rescued with MAVS deletion, or 

ruxolitinib which also disrupted the circuit. In addition to IFNg treatment, IFNa/b 

exposure, or poly I:C, also induced SPARCS (Cañadas et al., 2018). 
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2.27 ERV location in the genome 

Whilst ERVs can be found within gene bodies, Choung et al. reported the 

enrichment of ERVs near ISGs. The authors show that ERVs, in fact, represent 

binding sites for IFNg-induced transcription factors. This was demonstrated by 

chromatin immunoprecipitation sequencing (ChIP-seq) analysis of elements 

bound by IRF1 and STAT1, in cells treated with IFNg (Chuong et al., 2016). The 

involvement of ERVs in gene regulation was demonstrated using the ERV, 

MER41, located upstream of the ISG, AIM2, which recognises dsDNA and 

activates the inflammasome complex. MER41 originated from a 

gammaretrovirus, which invaded the genome ~45 - 60 million years ago and 

provides the only STAT1 binding site near the AIM2 gene. Upon IFNg treatment, 

HeLa cells failed to express AIM2 when MER41 was deleted, demonstrating that 

this ERV is essential for AIM2 regulation, and highlighting the importance of ERV 

sites in immune responses. The authors speculate that the location of ERVs 

nearby ISGs is not coincidental, but might reflect prior viral evolution to exploit 

immune signalling responses, which adaptations have then been recycled and 

repurposed to benefit the host response against viruses (Chuong et al., 2016). 

 

2.28 PRR agonists in the clinic 

PRRs are important immunological co-stimulatory molecules, and their activation 

is being investigated in the clinic for the treatment of cancer. The RNA analogue, 

Poly I:C, is the subject of many clinical trials, however high toxicities and 

moderate responses have sparked the exploration of other derivatives (Aleynick 

et al., 2019). An example of this is the stabilised (RNase resistant) poly-IC, poly-

ICLC, shown to enhance IFN levels to those seen with the yellow fever vaccine 
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(an attenuated yellow fever virus) (Caskey et al., 2011). However, naked poly I:C 

cannot penetrate cell membranes. Therefore, the use of nanoparticles to deliver 

poly I:C has been implemented for protection against degradation, and increased 

entrapment within endosomes (Han et al., 2016). BO-112 consists of poly I:C 

formulated with a carrier polyethylenimine to improve its intracellular delivery, 

activating not only TLR-3 but also cytosolic RIG-I and MDA5. In vitro, BO-112 

induced immunogenic cell death, demonstrated by increases in apoptosis, cell 

surface calreticulin, HMGB1 release and cell surface expression of MHC I, which 

was not achievable with poly I:C (untransfected on to cells). In vivo, 

intratumoural injection of BO-112 led to IFN-related transcriptomic changes and 

increased infiltration of CD8+ T cells into the tumour and draining lymph nodes, 

although therapeutic effects were not observed with systemic administration 

(Aznar et al., 2019). These data have supported an ongoing phase I clinical trial 

of BO-112 given as an intratumoural injection in solid tumours (NCT02828098, 

ClinicalTrials.gov).  

PRR agonists have also shown some promise in combination with immune 

checkpoint blockade. In a phase I study, BO-112 has been combined with the 

anti-PD-1 antibodies nivolumab and pembrolizumab (Márquez-Rodas et al., 

2020). Furthermore, in a pre-clinical study, the TLR3 adjuvant (in the form of a 

vaccine, ARNAX) can overcome anti-PD-1 unresponsiveness (Takeda et al., 

2017). 

 

Rt3D in combination with anti-PD-1 have displayed improved in vivo responses, 

however this therapeutic combination has not yet reached early-phase clinical 

trials (Mostafa et al., 2018; Rajani et al., 2016). Aznar argue that viral-like 

nanoparticles (BO-112) not only skip the safety cautions raised by oncolytic viral 
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therapy, but also avoid viral immunosuppressive proteins and host immune 

responses that may interfere with therapy, allowing for repetitive dosing without 

antibody build up (Aznar et al., 2019). On the other hand, oncolytic viruses like 

Rt3D represent a stable RNA sensor agonist that can trigger multiple PRRs. 

Furthermore, oncolytic viruses have been well-tolerated clinically and live viruses 

are able to replicate, amplifying their therapeutic effects after administration. 

Although Rt3D therapy does indeed generate neutralising anti-reovirus 

antibodies, this may not necessarily hinder therapy. In fact, pre-immunisation 

with reovirus in vivo led to the disappearance detectable tumour in 80-100% of 

animals treated with Rt3D plus GM-CSF therapy, compared with no significant 

therapy observed in naïve animals (Ilett et al., 2014). This suggests that simply 

branding neutralising antibodies as an obstruction may be an over-simplification. 

 

2.29 PRR and ER stress cross-talk 

Multiple studies have explored the cross-talk between ER stress and pathogen 

sensing. Whilst these studies have been executed in immune cells and 

fibroblasts, the combination of these two cellular responses has not been 

addressed in cancer cells. Due to a lack of compounds that specifically target 

each branch of the UPR, investigations have revolved around gene knockout 

cells and siRNA. A further hurdle is the difficulties in measuring the UPR or ER 

stress response. Nevertheless, strong links have been made between UPR 

signalling and pathogen sensing, the combination of which leads to a marked 

effect on IFN responses. Thus, targeting these pathways with oncolytic viruses 

hold the potential to boost IFN responses and, in turn, cancer therapy. 
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2.30 The UPR in response to PRR stimulation 

The effects that PRR stimulation exerts on the UPR have been described in a 

study using macrophages. Martinon et al. evaluated the effect of LPS (a TLR4 

agonist) on UPR signalling. The authors examined all 3 arms of the UPR, 

however, only the IRE1a-sXBP1 branch was activated in response to LPS 

(although this was not associated with a bone fide ER stress response 

classically measured by CHOP, BiP, ERdj4 and PDI expression) (Martinon et al., 

2010). In another study, transcriptome analyses in macrophages also revealed 

that XBP1 mRNA expression was elevated in response to LPS treatment (Roach 

et al., 2007).  

 

2.31 PRR agonists with ER stress boosts IFN responses 

Tunicamycin and thapsigargin are compounds frequently used to study the 

effects of ER stress. Tunicamycin effects N-linked glycosylation, whereas 

thapsigargin blocks SERCA pumps that actively transport Ca2+ into the ER. 

When PRR agonists are combined with these agents, IFN responses are 

amplified. This was demonstrated in a study using mouse macrophages. Here, 

LPS, in combination with tunicamycin, synergistically enhanced ISGs. This effect 

was generated by IRE1a-mediated recruitment of spliced XBP1 to promoters 

(Martinon et al., 2010). In another study using thapsigargin plus poly I:C on 

dendritic cells, this combination potentiated dsRNA-induced inflammatory 

cytokines and IFNb (Hu et al., 2011). There, the authors showed that by 

substituting thapsigargin with enforced expression of spliced XBP1 also 

upregulated IFNb in combination with poly I:C, phenocopying the effects driven 

by thapsigargin-poly I:C. Conversely, siRNA knockdown of XBP1 significantly 
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reduced the enhanced IFNb expression levels achieved with the thapsigargin-

poly I:C combination. Of note, siRNA XBP1 also blunted the IFNb expression 

induced by poly I:C treatment alone, highlighting the role of XBP1 in the antiviral 

response (Hu et al., 2011). A limitation of that study was that the authors did not 

investigate the other two branches of UPR signalling. Even so, another study 

corroborates these findings. There, XBP1-deficient, but not PERK-deficient, 

MEFs rescued the synergistic IFNb expression induced by thapsigargin and LPS 

(Judith A. Smith et al., 2008). 

 

The ATF6 branch of the UPR has also demonstrated links with the IFN 

response. In a study using MEFs, ATF6 was reported to dissociate from 

BiP/GRP78 (in IP experiments) in response to IFNg stimulation. This resulted in 

ATF6 cleavage in the Golgi and transport to the nucleus. In vivo, ATF6-/- mice 

were more likely to succumb to bacterial infection (and earlier) compared with 

wild-type mice (Gade et al., 2012). These examples illustrate the cross-talk 

between host defences and the UPR. In general, of the 3 branches of the UPR, 

the role of IRE1a-XBP1 in UPR-PRR cross-talk has been more frequently 

reported than the other pathways.  

 

2.32 The role of IRE1a-XBP1 in IFNb expression 

IRE1a is the most evolutionarily conserved branch of the UPR (Hetz & Glimcher, 

2009). The underlying molecular mechanism behind the increased IFNb synergy 

mediated between IRE1a-XBP1 and PRR stimulation has been described in a 

study using mouse macrophages (Zeng et al., 2010). In uninfected cells, a 

nucleosome blocks the Ifnb1 start site, preventing transcription. After PRR 
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stimulation, a group of transcription factors termed the ‘enhanceosome’ come 

together over a stretch of DNA upstream of the Ifnb1 transcriptional start site 

(including the transcription factors NFkB, AP-1, IRF7 and IRF3). The 

enhanceosome recruits histone acetylases such as CREB binding protein 

(CBP/p300). Chromatin remodelling slides the nucleosome off the start site 

enabling transcription of IFNb (Balachandran & Beg, 2011; Merika et al., 1998). 

Zeng et al. demonstrate this with LPS treatment, IRF-3 and CBP components of 

the IFNb ‘enhanceosome’ are recruited to the Ifnb1 promoter. However, in 

conditions of ER stress (using thapsigargin), CBP/p300 and IRF3 bind to an 

additional region of DNA, downstream of the Ifnb1 gene, through association 

with XBP1. Through chromatin looping, XBP1 delivers IRF3 and CBP to the 

Ifnb1 promoter resulting in greater recruitment of transcriptional machinery and 

enhanced Ifnb1 promoter activity. This mechanism is shown in figure 2.32.1. 

(Zeng et al., 2010). 

 

The functional importance of XBP1 in the immune response has also been 

demonstrated in mice lacking XBP1 in their macrophages. In comparison to wild-

type mice, XBP1-deficient mice suffered larger bacterial loads from inoculation 

with the bacteria pathogen F. tularensis (Martinon et al., 2010). 
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Figure 2.32.1 Model for XBP-1-enhanced factor recruitment to the Ifnb1 
promoter.  
Taken from Zeng et al., J Immunol, 2010. A. LPS: IRF3 and CBP bind to the 

Ifnb1 promoter. B. Thapsigargin (Tpg) + LPS: IRF3 and CBP bind to an 

additional region of DNA downstream of the Ifnb1 gene through association with 

XBP1. C. XBP1 delivers IRF3 and CBP to the Ifnb1 promoter resulting in greater 

recruitment of transcriptional machinery, achieved through chromatin looping. 
 

A.

B.

C.
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2.33 Complexities between PRR and ER stress cross-talk 

Whilst there are many reports describing boosted IFN expression in response to 

PRR-UPR activation, the signals at play between the cross-talk are complex. In 

a study by Woo et al, the authors showed that pre-exposure of cells to low 

amounts of LPS or poly I:C suppressed ATF4-CHOP signalling (via subsequent 

treatments with tunicamycin) through the TLR-TRIF pathway (Woo et al., 2009). 

These PRR-UPR pathways clearly interact, however the interaction is probably 

dependent on many factors including stimulation dose, the type of PAMP or 

PRRs activated, pre-conditioning and cell type. Another important factor is PRR 

distribution. Hu et al. demonstrated this important point. The authors of that 

study showed enhanced IFNb expression due to thapsigargin in combination 

with poly I:C, or LPS, but not with a TLR7 agonist (that recognises ssRNA) or 

with a TLR9 agonist (ODN1826, that recognises unmethylated DNA). However, 

they did notice that the cell lines they were using did not highly express TLR7 or 

TLR9. Subsequent experiments showed that TLR7 or TLR9 stimulation with 

thapsigargin, could indeed upregulate IFNb expression in cell types that did 

express TLR7 and TLR9. This suggests that the upregulation of IFNb may occur 

broadly across PRRs in combination with ER stress but depend on the 

distribution of PRR receptors within the cell line. Furthermore, these data 

demonstrate that the synergistic interaction between ER stress and PAMPs is 

not exclusively restricted to TLR3 and MDA5 (F. Hu et al., 2011). 

 

In addition to the classical activation of ER stress using thapsigargin or 

tunicamycin, other forms of cellular stresses that lead to activation of the UPR, in 

combination with PPR agonists, also demonstrate enhanced IFNb expression. 

An example of this is oxygen and nutrient deprivation. The glucose deprivation 
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simulator, 2-deoxyglucose (2DG), alone does not cause IFNb expression, but its 

combination with LPS led to enhanced LPS-induced IFNb (to similar levels as 

that seen with UPR-targeting ER stressors) (Y.-P. Liu et al., 2012). 

 

The detection of PAMPs and the release of IFNs are required to induce potent 

immune reactions. In the final sections introducing the work presented in this 

thesis, antigen processing and presentation, immune subsets and exactly what 

constitutes ‘immunogenic cell death’ will all be discussed. 

 

2.34 The 3 E’s of immunoediting 

All tumours that are diagnosed in the clinic have gone through a process called 

immunoediting. In this process, tumours can evade immune surveillance through 

loss or downregulation of molecules that are recognised by the immune system 

and/or through the creation of an immunosuppressive environment. There are 3 

phases, or E’s, to immunoediting (G. P. Dunn et al., 2003). 

 

1. Elimination: Tumour cells are detected and eliminated by the immune cells. 

2. Equilibrium: If elimination is unsuccessful, tumour cells are kept in balance, 

neither expanding nor shrinking in number, by an increasingly less effective 

immune system as the cancer acquires genetic changes that can lead to 

immune resistance. 

3. Escape: Antigenic properties are lost, or immune suppressive tendencies are 

gained over many rounds of selection. 
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Unless a tumour is surgically removed, or irradiated to extinction, the successful 

immune-mediated elimination of a tumour requires the access and stimulation of 

the immune system, and the recognition of tumour-associated antigens 

displayed on tumour cells.  

 

2.35 Display of antigens 

Antigen peptides are displayed on the tumour cell by the major histocompatibility 

complex (MHC), also known as human leukocyte antigen (HLA) molecules, in 

humans. These molecules are expressed on the cell surface and externally 

present a sample of the peptides processed within the cell. MHC proteins are 

divided into 2 classes, class I and II. The antigen binding site (or MHC groove) in 

class I molecules is tightly bound with peptides 8-12 residues long. Different 

types of HLA will bind different types of peptide sequence, depending on the 

amino acids in key positions that anchor the peptide in place within the groove 

(anchor residues). MHC class II have peptide binding sites that are open ended 

and can therefore accommodate longer peptides (18-20 residues) (O’Brien et al., 

2008). A summary of HLA genes grouped according to class is shown in table 

2.35.  
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MHC class HLA genes 

class I classical: HLA-A, HLA-B, HLA-C (highly polymorphic) 

non-classical: HLA-E, HLA-F, HLA-G (limited polymorphism) 

class II HLA-DPA1, HLA-DPB1, HLA-DQA1, HLA-DQA2, HLA-

DQB1, HLA-DQB2, HLA-DRA, HLA-DRB1, HLA-DRB2, 

HLA-DRB3, HLA-DRB4, HLA-DRB5 

 

Table 2.35. HLA genes within MHC classes. 
Information taken from Dendrou et al, Immunology, 2018.  

There are many alleles of HLA genes in the population. Especially HLA-A, B and 

C are highly polymorphic. Diversity allows for the ability to present a greater 

variety of peptides and these differences are mainly located in the peptide 

binding site. MHC class III proteins are components of the complement cascade 

and are not shown here. 

 



 75 

Genes of the HLA are the most diverse known in humans (>15,000 HLA class I 

and II allelles have been found) (Dendrou et al., 2018; Robinson et al., 2016). 

Individuals that harbour different (heterozygous) alleles are hypothesised to 

present a larger range of antigenic peptides due to a greater variety of HLAs 

available for antigen presentation. A study found a significant association 

between homozygosity of HLA-A, -B and -C at each locus, and rapid progression 

to AIDS (compared with heterozygosity at each locus) in HIV-exposed 

individuals (Carrington et al., 1999). The authors concluded that since the 

average time to AIDS from infection is ~10 years, effective T cell responses keep 

the infection in check. However, HIV is error prone (the mutation rate of HIV is 

~65 times as high as influenza virus) and HIV mutants that can evade immune 

recognition are selected for, resulting in AIDS. In cancer, a study found that the 

mutation of HLA genes resulted in the loss of HLA allele heterozygosity in 40% 

of lung cancers. This loss of HLA heterozygosity is an immune evasion strategy 

that takes place later in tumour evolution (McGranahan et al., 2017).  

 

2.36 The proteasome 

MHC I display samples of proteins that have been processed from the cytosol of 

the cell. The processing of proteins (which can include self or pathogen proteins) 

is carried out by proteasomes. The proteasome is a cylindrical-like protein 

complex of 4 stacked rings, where each ring is formed of 7 proteins. The 2 outer 

edge rings each consist of a subunits and regulate entrance into the barrel, 

whilst the 2 inner rings are formed of b subunits that contain protease active 

sites (Boes et al., 1994). Evidence of the role of the proteasome in antigen 

presentation originates from studies that show that proteasome inhibitors block 
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the presentation of ovalbumin on MHC I complexes (Rock et al., 1994). The 

proteasome can be modified to adapt the environment within the cell. IFNg 

stimulation induces an exchange of proteasome subunits, specifically the 

incorporation of catalytically active subunits PSMB8 (LMP7/b5i), PSMB9 

(LMP2/b1i) and PSMB10 (LMP10/MECL1/b2i) (Sijts & Kloetzel, 2011). This 

conversion transforms the standard proteasome into an immunoproteasome (so 

called, because the genes encoding the incorporated alternative subunits are 

encoded within the MHC class II coding region). This alternate composition of 

the catalytic beta subunits influences the proteolytic activity through preferred 

cleavage sites. This results in the preference for a different set of peptides for 

MHC I anchoring, and the generation of these with accelerated turnover. The 

result is an increased peptide pool diversity for presentation to the TCR (Boes et 

al., 1994; Sijts & Kloetzel, 2011). In retaliation to this, viruses (such as HCV 

virus) have evolved mutations that flank the proteasome cleavage sites resulting 

in impaired processing, diminishing the generation of epitopes (Seifert et al., 

2004). Most likely, cancer evolves similar mechanisms to evade the production 

of antigens visible to immune surveillance. 

 

2.37 Peptide loading onto HLA 

Once peptides are fragmented by the proteasome, they are moved from the 

cytosol through to the ER membrane by the transporter associated with antigen 

presentation (TAP) complex. Because of its important role in antigen processing, 

TAP is a vulnerable target for downregulation or inhibition by viruses. For 

example, the herpes simplex virus protein ICP47 plugs the TAP channel from the 

cytoplasmic side, contributing to chronic infection (Oldham et al., 2016). It is 
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worth noting that TAP-independent processed antigens (by the proteasome) do 

exist. One such example is PMEL (gp100). It is not currently understood exactly 

how PMEL is presented, other than that it is formed in the cytosol and may 

involve endocytic compartments (Vigneron et al., 2018). 

 

MHC I molecules are readied for peptide loading in the ER by the peptide 

loading complex (PLC). The PLC consists of MHC I recruited by calreticulin, 

ERp57 and tapasin to stabilise the empty MHC I ready for peptide loading. Once 

the peptide has been shuttled across the ER membrane via TAP, here it is 

complexed with MHC I (Marijt & van Hall, 2020; Sijts & Kloetzel, 2011). 

Endoplasmic reticulum amino peptidase 1 (ERAP1, sometimes referred to as 

ERAAP for the murine variant) and its orthologue ERAP2, trims antigenic 

peptides in the ER. Like other proteins involved in antigen processing and 

presentation, ERAP is induced by IFNg. In response to IFNg stimulation, ERAP1 

trims peptides to precisely the correct size to stabilize the MHC I molecule. MHC 

I bound peptide complexes are trafficked to the cell surface for presentation by 

vesicles that bud from the ER.  

 

In contrast, MHC II-displayed antigens are created from digested proteins 

internalised by phagocytosis by antigen presenting cells (APCs). APCs (such as 

dendritic cells), present pieces of digested protein complexed to MHC II on the 

cell surface. Therefore, the processes of presenting peptides on class I and II 

are separated. This is important since the messages are separate: MHC I says ‘I 

have been infected by a pathogen’, while MHC II says ‘I have caught a 

pathogen’. 
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2.38 Recognition of antigens by the TCR 

Once APCs reach the lymph nodes, the peptide-loaded MHC II is open to 

scrutiny by T helper (CD4+) cells for a matching complementary receptor. APCs, 

like other cells, display their own peptides on MHC I, but are also able to present 

externally-sourced peptides complexed with MHC I antigen, through a process 

known as cross-presentation. Here, peptides presented on MHC I can induce 

cytotoxic (CD8+) T cell responses, since MHC I are open to scrutiny by CD8+ T 

cells for a matching complementary receptor.  

 

T-cells are constantly scanning for evidence of intruders via their T-cell receptor 

(TCR). APCs expressing MHC-bound peptide are recognised by a unique T cell 

that express the specific TCR that recognise the peptide that the APC is holding. 

This triggers the activation and proliferation of that T cell to amplify T cell clones. 

TCRs are diverse, and therefore able to recognise a huge range of peptides 

because of gene rearrangement. The TCR is composed of separate segments of 

DNA; variable (V), diversity (D) and joining (J) genes which are stitched together, 

where there are multiple copies of the V, J and D genes to choose from. They 

are chosen at random for each T cell through somatic recombination to create a 

functional gene that generates the TCR. (Immunobiology: The Immune System 

in Health and Disease. 5th Edition).  

 

T cells each expressing a specific TCR through this gene rearrangement 

process are initially produced in the bone marrow and then migrate to the 

thymus. There, they are selected according to their TCR’s ability to bind MHC 

class I and II presenting self-peptides. The expression of many proteins of 

different cellular origins is induced in the thymus, so that T cells are exposed to a 
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vast array of proteins representative of the host (rather than being purely 

thymus-specific). Under positive selection, T cells that cannot bind MHC are 

eliminated. However, if they bind too strongly, they are eliminated or suppressed 

to promote self-tolerance. If the T-cell binds firmly to MHC class II, the cell will be 

differentiated into a T helper cell (CD4+), whilst others will be pushed to 

differentiate into a cytotoxic T cell (CD8+). CD8 and CD4 expressed on T cells 

are essential for the TCR recognition of the peptide complex, and act as a co-

receptor to the TCR. CD3 is also associated with the TCR and is required for its 

activation.  

 

2.39 T cells 

Where CD8+ cytotoxic T cells recognise MHC I-bound antigen expressed on 

virtually all cells, CD4+ T helper cells recognise MHC class II-bound antigens, 

usually expressed on antigen presenting cells (such as macrophages, dendritic 

cells, and B cells) through its interaction with CD4.  

 

Once the army of cytotoxic (CD8+) T cells specific to the antigen have been 

expanded, they forage for cells marked with this complementary antigen 

presented within MHC I. Once located, this will trigger T cell cytotoxicity against 

it through perforin and granzymes released from the CD8+ T cell (this 

cytotoxicity does not result from recognition of MHC I displayed on cross-

presenting APCs, because of the presence of co-stimulatory receptors). Perforin 

creates pores in the cell membrane of its target cell, which then allows granzyme 

to diffuse into the cell. Granzymes, once in the cell, activate the suicide of its 
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target cell, whilst the T cell with a matching TCR to the pathogen is further 

stimulated to proliferate, therefore expanding the troops against the invader.  

 

T helper (CD4+) cells, on the other hand, assist the immune response by 

stimulating cytotoxic T cell proliferation and B cell differentiation to plasma cells 

(to generate complementary antibodies modelled on the receptor of the B cell). 

 

T regulatory cells (Treg), are generally regarded as the primary mediators of 

peripheral tolerance. This is important in preventing autoimmunity; however, they 

have been implicated in restricting anti-tumour immunity. The transcription factor, 

FOXP3, is required for Treg cells to mediate their function and is frequently used 

to identify Treg cells. However, other factors may also be important (Vignali et al., 

2008). 

 

2.40 Natural Killer (NK) cells 

Natural killer (NK) cells form part of the innate immune response that can rapidly 

kill virally infected cells and cancer cells. They are identified as lymphoid cells 

that lack a T cell receptor and CD3 molecules, but express the natural 

cytotoxicity-triggering receptor 1 (NKp46) (Shimasaki et al., 2020). NK cells are 

large lymphoid cells with a cytoplasm filled with granules contained within 

specialised organelles called lytic granules. These are acidic secretory 

lysosomes containing perforin and granzymes, along with membrane proteins 

such as LAMP-1 (cd107a). As with cytotoxic T-cells, perforin punctures pores in 

the membrane of its target cell, into which granzymes are delivered. Active 

granzymes recognise and cleave many and various essential proteins that 
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results in the target cell’s demise (Belizário et al., 2018). Because NK cells are 

not matured in the thymus and their receptors do not undergo selection through 

gene rearrangement, it is generally believed that these cells are unable to 

develop immune memory (where responses are amplified by subsequent 

exposures to the same target). That is to say, they respond quickly to their 

subject in an antigen-independent manner, and then die. However, there is some 

evidence that supports traits of adaptive immunity in NK cells (demonstrated by 

the ability of NK cells to recall responses to viruses) (O’Sullivana et al., 2015).  

 

Given the lethality of NK cells, they are tightly controlled through inhibitory 

receptors to prevent hell breaking loose. Killer cell immunoglobulin-like receptors 

(KIRs) suppress NK cell activity through binding MHC I molecules. Prior to 

maturation, NK cells are checked for functional competency through their ability 

to recognise self MHC I molecules through their KIRs. This provides NK cells 

with the signals they need to mature in a process called ‘licencing’ (Elliott & 

Yokoyama, 2011). Therefore, low, or absent MHC I expression are immune 

evasion mechanisms that can be targeted and eliminated by NK cells. Such 

examples include the downregulation of MHC I by cancer cells that acquire 

malfunctions in MHC I expression, or through virus infections that downregulate 

MHC I as an immune evasion tactic. 

 

Target cells can also be recognised by NK cells for elimination by antibody-

dependent cell cytotoxicity (ADCC). This is mediated through recognition of the 

constant Fc region on antibodies that coat cells (through recognition of a surface 

antigen) by CD16a or CD32c on NK cells (Lo Nigro et al., 2019). Cancer cells 

can also express ligands that bind NK cell receptors for activation, for example 
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MICA/MICB on stressed, infected, or cancerous cells bind the NK cell receptor 

NKG2D to activate them (Belizário et al., 2018). With the exception of NK cell 

activation through ADCC, exposure to cytokines in addition to receptor 

stimulation are required for NK cell activation (Shimasaki et al., 2020). Type I 

IFNs can strongly prime NK cell activation, as demonstrated in a study by 

Marcus et al. In that study, using models that are poorly recognised by T cells, 

the authors showed that cGAMP released by tumour cells is picked up by non-

tumour cells (through a currently unknown mechanism) and triggers IFNb 

production (through STING) which in turn activates NK cells (Marcus et al., 

2018).  

 

NK cells have been the focus of many clinical trials, with some encouraging 

results. Infusion of NK cells, enriched via T-cell depletion from haploidentical 

PBMCs and activated with IL-2, induced complete remission in 5/19 AML 

patients with poor prognosis (Miller et al., 2005). 

 

2.41 Immunogenic cell death (ICD) 

Immunogenic cell death (ICD) is demonstrated by the ability to use dying cells as 

a vaccine, preventing subsequent challenge with the same type of living cells. 

Compounds that elicit ICD are therapeutic in immune-competent mice but not in 

immune-deficient mice, implicating the importance of the immune response 

(Casares et al., 2005). Apoptotic cell death has been generally conceived as a 

caspase-induced ‘clean’ and non-immunogenic cell death. However, caspases 

do appear important in ICD. In vaccination experiments in vivo, the immunogenic 

effects of doxorubicin were abolished with caspase inhibition. Freeze/thawing 



 83 

also abolished the effects – as this was a way of promoting necrotic cell death 

(Casares et al., 2005). Three DAMPs have been associated with ICD: HMGB1, 

ATP and the endoplasmic reticulum chaperone, calreticulin (Kepp et al., 2014). 

 

2.42 HMBG1  

HMGB1 is a nuclear, non-histone chromatin-binding protein that plays a role in 

transcriptional regulation. HMGB1 is also a DAMP and is released from dying 

cells by permeabilization of the cell membrane (or secretion from immune cells). 

HMGB1 release is known to mediate inflammatory effects by binding receptors 

on immune cells such as TLR4 (but also TLR2, TLR9 and RAGE) (Schiraldi et 

al., 2012). Immunisation of mice with HMGB1-depleted cells treated with ICD-

inducing doxorubicin failed to protect from rechallenge, but protection could be 

restored with the addition of a TLR4 agonist (using the liposaccharide solution, 

Dendrophilin) (Yamazaki et al., 2014). This study also highlights the importance 

of PRRs such as TLR agonists in immunogenic cell death. Breast cancer 

patients that carry a TLR4 loss-of-function allele relapse faster than those 

carrying the normal TLR4 allele after radiotherapy or chemotherapy. This 

provides evidence of the importance in detecting danger signals in the response 

to standard anti-cancer therapies (Apetoh et al., 2007). In addition to its activity 

on TLR4, HMGB1 forms a complex with CXCL12, which triggers CXCR4 (the 

CXCL12 receptor). These signals co-operate in cell migration of inflammatory 

cells to damaged tissues (Schiraldi et al., 2012). 

 



 84 

2.43 ATP 

To elucidate the compounds important in ATP release, Martins et al. conducted 

a chemical screen to identify compounds that inhibited mitoxantrone-induced 

ATP release. This identified compounds involved in apoptotic blebbing and 

inhibition of pannexin 1 (PANX1) channels (Martins et al., 2014). Effector 

caspases (caspase 3 and 7) cleave the auto-inhibitory domain from PANX1 

channels, resulting in a constitutively open channel in the plasma membrane due 

to its truncated form (tPANX1). PANX1 knockdown demonstrated reduced dye 

uptake (as a measure of channel patency), reduced ATP release, and reduced 

monocyte recruitment (Chekeni et al., 2010). In vivo, PANX1-knockout mice 

failed to activate monocytes and were less able to cope with bacterial loads 

(following an E. Coli injection) compared with WT mice, thus demonstrating the 

importance of PANX1 channels in ATP release and initiating the inflammatory 

response (A. H. Lee et al., 2018).  

 

ATP released from dying cells act as a ‘find me’ signal and has been associated 

with autophagy. Localisation of ATP co-stains with lysosome markers such as 

LAMP1 located within lysosomes. In response to ICD-inducers, ATP 

redistributes as lysosomes fuse with autophagosomes (carrying material 

destined for digestion), during autophagy. This process is hypothesised to aid 

the transport of ATP-filled vesicles to the cell surface (Martins et al., 2014). 

Depletion of LAMP1, and receptors involved in exocytosis inhibited ATP release, 

supporting the notion that ATP is released through lysosomal exocytosis. 

Indeed, LAMP1 is found on the cell surface, as lysosomes fuse with the plasma 

membrane during the apoptotic process.  
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TLR agonists have also been reported to trigger ATP production and release in a 

study using macrophages (Lee et al., 2018). Additionally, ATP release has been 

implicated in inflammasome activation. Inflammasomes function to activate 

caspase-1, which converts the precursors of IL-1b and IL-18 into active 

cytokines. The NLR family, pyrin domain-containing 3 (NLRP3) inflammasome is 

activated by ATP (involving PANX1 and the ATP receptor P2X7) to mediate host 

immune responses, although the complete signalling events are not fully 

understood (Lee et al., 2018). 

 

2.44 Calreticulin (CRT)  

Calreticulin (CRT) is located in the ER lumen where it acts as a chaperone, but 

also has a role in Ca2+ signalling. It also forms part of the peptide loading 

complex that helps assemble MHC I-peptide molecules (Basu & Srivastava, 

1999). Mass spectroscopic analyses identified CRT and ERp57 (PDIA3) found 

on the plasma membrane of cells that had died immunogenically compared to 

cells that died in a non-immunogenic manner (ranked in vaccination and 

rechallenge experiments). Of the ICD-inducers identified from the screen, 

immunogenicity strongly correlated with CRT cell surface expression (Obeid, 

Tesniere, et al., 2007). In another study, also using a mass spectroscopic 

approach, the two interacting proteins CRT and ERp57 were identified to co-

translocate from the ER to the cell surface after treatment with the ICD-inducing 

anthracycline chemotherapy, mitoantrone (MTX). Knockdown of either ERp57 or 

CRT fully inhibited the translocation of the other (T. Panaretakis et al., 2008). 

CRT binds the protein disulphide isomerase ERp57 in the ER, where ERp57 is 
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also involved in peptide loading of the MHC I pathway. Other ER proteins such 

as calnexin, PDI, BiP/GRP78 were not found on the cell surface in these studies. 

 

Cell surface CRT expression displays an ‘eat me’ signal that strongly correlates 

with DC-mediated phagocytosis. Phagocytosis can be inhibited by CRT antibody 

blockade or siRNA and rescued by the addition of recombinant CRT protein 

(rCRT), absorbed on to the surface of the tumour cells (Obeid, Tesniere, et al., 

2007). ERp57 on the other hand, cannot bind the plasma membrane without 

CRT. Interestingly, coating cells that have been treated with less effective ICD-

inducing compounds, with rCRT, boosts anti-tumour immune responses in vivo 

(T. Panaretakis et al., 2008). These anti-tumour effects were completely lost by 

freeze/thawing the cells (inducing necrosis). Also, simply coating live cells with 

rCRT also did not vaccinate mice against rechallenge (and, in fact, grew 

tumours), therefore CRT needs to be present with other death-associated factors 

to induce anti-tumour immunity (Obeid, Tesniere, et al., 2007).  

 

Interestingly, cancer cells that do not contain a nucleus do still expose 

CRT/ERp57 in response to DNA-damaging ICD-inducers, suggesting a more 

complex mechanism at play than direct drug effects (Obeid et al., 2007; 

Panaretakis et al., 2009). In a study using DNA intercalating chemotherapies 

(anthracyclines), it was not the genotoxic stress that was responsible for CRT 

exposure, but the integrated stress response (ISR). The central event in the ISR 

is phosphorylation of eIF2a. In a negative feedback loop, GADD34 and PP1 

form a complex involved in the dephosphorylation of eIF2a. PP1 siRNA (and 

inhibition of PP1/GADD34) was able to induce CRT surface expression. 

However, this alone did not kill the cells, and was not enough to induce ICD 
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(Obeid, Tesniere, et al., 2007). Another study corroborates this finding. Cells 

harbouring a knockin mutation of eIF2a (S51A mutant, rendering it unable to be 

phosphorylated by eIF2a kinases) or PERK depletion, abolished CRT exposure 

in response to ICD inducers. Knockdown of ATF6 or IRE1a, on the other hand, 

did not affect CRT exposure. The ability of ICD-treated cells to vaccinate against 

rechallenge was reduced (to about half) in PERK-knockout cells, and this could 

be rescued with the addition of recombinant CRT to the cell surface (Panaretakis 

et al., 2009).  

 

In the ER, CRT receives peptides brought in through TAP. Purified CRT 

preparations from tumour cells can induce immunogenicity. CRT preparations 

from Meth A cells immunized BALB/cJ mice and protected against rechallenge 

with Meth A cells (in a dose-dependent manner). This effect was tumour-specific, 

because the CRT-Meth A preparation was not sufficient to resist rechallenge 

with an antigenically distinct tumour cell line, nor was CRT administered alone 

(not prepared with Meth A cells) (Basu & Srivastava, 1999). It is not understood 

precisely how CRT loaded with peptides elicits immunogenicity, but the main 

speculation is through presentation of the CRT-loaded peptides after engulfment 

by APCs (Basu & Srivastava, 1999). CRT binds LDL receptor-related protein 1 

(LRP1/CD91), thrombospondn 1 (THBS1) (involved in cell-cell adhesion), 

complement C1q A chain (C1QA) (involved in cell surface binding) and members 

of the mannose-binding lectin (MBL) family on APCs (Fucikova et al., 2021; Garg 

et al., 2012). 

 

CRT is one of the most abundant proteins in the ER and is exposed on the cell 

surface before death. CRT exposure can be reduced with caspase inhibition, but 
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CRT is not cleaved by caspases (the molecular mass of CRT is unchanged). 

Therefore, caspases have an indirect role in CRT exposure (Obeid, Tesniere, et 

al., 2007). The mechanism of CRT translocation is not fully understood, although 

knockdown of SNAREs diminished CRT exposure. SNAREs such as SNAP23 

interact with VAMP1 on vesicles transported from the Golgi, to fuse with the 

plasma membrane. Knockdown of either of these SNAREs diminished CRT 

exposure induced by MTX (whilst MTX-induced cell kill and eIF2a 

phosphorylation was completely unaffected). Vaccination efficacy also 

disappeared with SNAP23 blockade and could be rescued with recombinant 

CRT (Panaretakis et al., 2009).  

 

Taken together, cells unable to expose CRT become resistant to chemotherapy 

not because they fail to die but because they do not die with immunogenic 

signals. Treatment of established tumours with ICD-inducers is only made 

possible with an intact immune system and is not possible without CD8+, CD4+ 

T cells or DCs (Obeid, et al., 2007). Thus, CRT is not sufficient by itself, and 

requires additional cell death signals (in vitro) and a systemic immune response 

(in vivo) to activate DCs (Obeid, et al., 2007). 

 

2.45 Driving peptide evolution by APOBEC proteins 

Apolipoprotein B mRNA-editing enzyme catalytic proteins (APOBECs) are 

cytidine deaminases. APOBECs are involved in RNA editing, making changes to 

RNA after it has been generated by RNA polymerase. Members of the APOBEC 

family edit the cytidine to uridine (C – U) through removal of an amine group 

(deamination) from the cytidine. Therefore C – U alterations would result in the 
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base being read as a T rather than a C. Of the APOBEC family, APOBEC3G has 

been the most widely studied. APOBEC is anti-viral in the sense that it can 

mutate intruding viral genomes through cytidine deamination. Although there is a 

catch – APOBECs also exert mutability on our own genomes (Vile et al., 2021). 

Dysregulation of APOBEC proteins is a source of DNA damage participating in 

the evolution of cancer (a ‘mutagenic fuel’). Acquired mutations are selected for 

to put the most successful cancer cells at an advantage. APOBEC mutations 

occur in around half of all human cancers (with most mutation burden in breast, 

head/neck, lung, bladder, and cervical cancers) (Swanton et al., 2015). However, 

the high mutational burden may come at a cost to the tumour – the generation of 

novel neoantigens. Indeed, high tumour mutational loads correlate with 

responses to cancer immunotherapies, and in turn, mutational burden is closely 

associated with high levels of APOBEC activity (Vile et al., 2021). Significant 

correlation was observed between response rates for anti-PD-1 therapy against 

tumour mutational burden in multiple cancers (Yarchoan et al., 2017). 

Furthermore, anti-PD-1 therapies are approved for tumours with a predisposition 

to mutation resulting from a deficiency in DNA mismatch repair (microsatellite 

instability/MSI-high), irrespective of tumour histology. This is the first time that 

regulators have approved a therapy for a class of diseases based on a genetic 

trait (Le et al., 2015).  

 

In an in vivo study using tumours engineered to express APOBEC3B (and, 

therefore, carrying extensive mutational burden), these tumours readily escaped 

different types of treatments presented to them (via selection of aggressive 

resistant clones). However, this rendered them sensitive to immune checkpoint 
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blockade (ICB). Effectively, APOBEC3B-driven mutational load helped evolve 

the tumour into an ICB-sensitive phenotype in this model (Driscoll et al., 2020). 
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2.46 Aims 

Reovirus has shown considerable promise in pre-clinical studies, however, when 

administered as a single agent in clinical trials, therapeutic efficacy is modest. 

The intention of my PhD is to increase the efficacy and immunogenicity of 

oncolytic virus therapy, using the oncolytic reovirus, Rt3D. The aim being to 

discover synergistic drug-virotherapy combinations by screening Rt3D against 

80 established and novel anti-cancer compounds. Specifically, this study will 

focus on: 

 

1. Identification of potential viral sensitizers by using a high-throughput non- biased 

drug screen using the A375 melanoma model. 

2. Validation of the chosen top virus cell death sensitiser from the screen, in a 

panel of melanoma and other cancer cell line models. 

3. To explore mechanistically the effect of the combination therapy. To characterize 

and determine if the enhanced cell kill through combination therapy is due to 

effects on virus replication, signalling pathways or other mechanisms that may 

contribute. 

4. To investigate the effect of drug-virotherapy combinations on immunogenic cell 

death. 
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Chapter 3: Materials and Methods 
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Materials and Methods 
 
3.1 Cell lines  

Cell lines are displayed in table 3.1. DO4 were obtained by generous donation 

from R. Marais, CRUK Manchester Institute. T47D, T47D-pR, MCF7, MCF-7-pR 

were obtained by generous donation from N. Turner, ICR, London. All other cell 

lines were obtained from stocks within Kevin Harrington’s team at the ICR, 

London. Cell lines were cultured in DMEM or RPMI, supplemented with 5% or 

10% (v/v) foetal calf serum (FCS) as indicated, 1% (v/v) glutamine, and 0.5% 

(v/v) penicillin/streptomycin (ICR, CSSD, UK). RPMI (no phenol red) was 

purchased from ThermoFisher / Gibco (catalog number 11835-105) and 

supplemented with oestradiol (Sigma, E2758). Oestradiol stocks were prepared 

at 10 µM. Palbociclib-resistant cell lines (pR) were also supplemented with 0.5 

µM palbociclib since resistance is reversible for these cell lines (in contrast to 

cell lines that have developed resistance through RB1 loss). 
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Cell line Culture medium 

A375 5% DMEM 

Mel624 5% DMEM 

DO4 10% RPMI 

MeWo 5% DMEM 

A2058 5% DMEM 

Cal27 5% DMEM 

Fadu 5% DMEM 

HN5 5% DMEM 

T47D 10% RPMI* + oestradiol (1 nM) 

T47D-pR 10% RPMI* + oestradiol (1 nM) + 0.5 µM palbociclib 

MCF7 10% RPMI* (no phenol red) + oestradiol (1 nM) 

MCF7-pR 10% RPMI* + oestradiol (1 nM) + 0.5 µM palbociclib 

4434 10% DMEM 

21015 10% DMEM 

5555 5% DMEM 

B16 5% DMEM 

 

Table 3.1. Cell lines and culture medium used.  
Medium was supplemented with 5% or 10% (v/v) foetal calf serum (FCS) as 

indicated, with 1% (v/v) glutamine, and 0.5% (v/v) penicillin/streptomycin (ICR, 

CSSD, UK). * RPMI, no phenol red. 
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3.2 FUCCI and reporter cell lines  

Cells were infected with Fluorescent Ubiquitination-based Cell-Cycle Indicator 

(FUCCI) cell-cycle vectors. G1 red expresses mCherry hCdt1(30-120aa); S–G2–

M cyan expresses AmCyan hGeminin(1-110aa). Sequences derived from 

pRetroX- G1-Red and pRetroX-SG2M (Clontech) were cloned into pHR lentiviral 

vectors under puromycin or blasticidin selection. Lentiviral packaging was 

performed in 293T cells using MD2.g and psPAX2. A375 cells containing an 

IRE1a e endoribonuclease reporter, ATF6 reporter or ATF4 reporter were 

generated as previously described (McLaughlin et al., 2020). 

 

3.3 Rt3D stocks  

Reovirus type 3 Dearing (Rt3D), also known as pelareorep, was obtained from 

Oncolytics Biotech. Neat stocks of 5x109 pfu/mL were diluted 1:10 and 150 µL 

single-use aliquots were made in DMEM supplemented with 5% (v/v) FCS, 1% 

(v/v) glutamine, and 0.5% (v/v) penicillin/streptomycin. All stocks were stored at -

80ºC. 

 

3.4 Palbociclib stocks 

Palbociclib (Sigma, PZ0199 - PD0332991) was used for in vitro work. For in vivo 

work, palbociclib (PD03332991) was kindly provided by Pfizer. The vehicle used 

for in vivo work was 0.05 N sodium lactate buffer, pH 4.0 and prepared as 

follows. In a beaker, 5.15 mL of 86% lactic acid (Sigma, L6661) was dissolved in 

400 mL of distilled water. The pH was carefully adjusted to 4.0 with 5 N NaOH. 

The solution was transferred to a 1-litre volumetric flask and the solution was 

brought up to a 1L volume. The formulation was filter-sterilized in a laminar flow 
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hood with a 0.2 μm filtering device. The resultant vehicle is stable for 3 months at 

room temperature. Palbociclib was fully dissolved in the 0.05 N sodium lactate 

buffer, pH 4.0 to produce a clear, dark yellow solution, free of particulates. If the 

compound did not dissolve fully, a few drops of lactic acid were added, and the 

formulation was sonicated in a water bath (gentle heating as required < 40oC 

until compound is fully dissolved). Dissolved palbociclib is stable for 14 days at 

4oC, protected from light. 

 

3.5 Cell titre glo assays 

For viral dose-finding experiments for the screen, cells were plated manually at 

500 cells per well in 20 µL, in 384-well clear bottom white plates and incubated 

overnight in a 37ºC, 5% CO2 incubator. 20 µL of fresh medium was added to the 

cells to simulate the addition of the drugs during the screen. Cells were infected 

with Rt3D starting at a multiplicity of infection (MOI) 50 and titrated 2-fold until a 

MOI of 0.05, in 5 µL per well. 72 hours later, cell viability was measured by 

CellTiter-Glo® Luminescent Cell Viability Assay (CTG, Promega, G7571). 25 µL 

of CTG was added per well and incubated at 37ºC for 10 minutes. 

Luminescence was measured on a Wallac Victor 2V plate reader. For 

subsequent validation experiments, cells were plated at 5 x 103 cells per well in 

96-well white clear bottom plates overnight prior to treatment. 50 µL of CTG was 

added per well and luminescence was read after incubation at 37ºC for 10 

minutes. 
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3.6 Library screen 

Cells were plated at 500 cells per well in 20 µL, in 384-well plates using a 

Thermo Scientific multidrop combi and incubated overnight in a 37ºC, 5% CO2 

incubator. Readily available drug screen plates 11 and 12 were used comprising 

a range of different concentrations of 80 drugs (Prof. Chris Lord, ICR). Medium 

containing 20 µL of drug at various doses ranging from 1-1000 nM was added to 

the cells using a Hamilton microlab star. The plate layouts are shown in chapter 

4, (figure 4.3.3). After the addition of the drugs (2 hours later), wells were 

infected with Rt3D at MOIs of 0.01, 0.1, 0.5, 1, 5 in 5 µL per well. 72 hours later, 

cell viability was measured by CTG Assay. 25 µL of CTG was added per well 

and incubated at 37ºC for 10 minutes. Luminescence was measured on a Wallac 

Victor 2V plate reader. In each plate, 8 dose points were used per compound. 

Combined with 4 doses of Rt3D, this was a comprehensive 8 x 5 matrix screen. 

Rt3D cytotoxicity levels between plates were compared for consistency. The 

effect of the drug-virotherapy combination was ranked as ‘therapy effect’ Z-

scores. Z scores are a normalized value between untreated (library alone) 

versus treated (virus plus library) for each dose used. A threshold value <-2 was 

used to define highly significant sensitization (values of >2 would indicate 

combination therapy resistance). The data have been normalized to untreated or 

virus alone in each case. Please refer to chapter 4A for full details. 

 

3.7 Western blotting 

Cells were scraped, washed and the pellets resuspended into 50-100 µL of RIPA 

buffer (ThermoFisher, 10230544). RIPA buffer was supplemented with complete 

mini-protease inhibitor cocktail tablets (Roche, 11836153001), 1 tablet per 10 
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mL, with Na3VO4 for probing with phospho-proteins. Lysates were snap frozen, 

thawed on ice followed by centrifugation at 14000 rpm for 15 minutes at 4°C to 

remove cell debris. Lysates were transferred to a fresh tube and protein was 

quantified by BCA (Pierce, 23225). Lysates containing equal volumes (15-30 µg) 

of protein were heated for 5 minutes at 95°C in Laemmli buffer prior to loading 

into pre-cast sodium dodecyl sulfate-polyacrylamide (SDS-PAGE) gels, 10% 

NuPage Bis-Tris gels (Invitrogen, NP0302BOX). Following electrophoresis, 

proteins were transferred to polyvinylidene fluoride (PVDF) membranes and 

probed with specific primary antibodies (please refer to chapter 11 for details of 

all antibodies used). After blocking membranes in 5% milk in TBS-Tween (0.1%) 

for 1 hour with rocking, membranes were incubated with primary antibodies 

diluted in 5% milk in TBS-Tween (0.1%) overnight with rocking. Primary 

antibodies were washed (4 x 5 minutes) in TBS-Tween (0.1%) and followed by 

secondary labelling using mouse IgG HRP secondary (GE Healthcare, NA931) 

or rabbit IgG HRP secondary (GE healthcare, NA934). Membranes were washed 

again prior to detection using SuperSignal West Pico Chemiluminescent 

Substrate (Pierce, 34580) or Immobilon (Millipore, WBKLS0500) according to the 

manufacturer’s instructions. Membranes were stripped between antibody 

staining procedures in Restore Plus Western Stripping Buffer (Pierce, PN46430) 

for 15mins at 37°C prior to re-blocking and re-staining with antibodies. For 

detection of HMGB1 or calreticulin in cell supernatants, cells were seeded at 1.5-

2 x 106 cells per T25 in 3 mL. Supernatants were centrifuged at 2000 rpm for 4 

minutes and cell debris was discarded. Sample was mixed with Laemmli buffer 

at a ratio of 1:3 prior to gel loading. Membranes were incubated with primary 

HMGB1 or calreticulin antibody for 48 hours. 
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3.8 Cell cycle assays 

Cells were seeded in 6-well plates at 3 x 105 cells per well overnight prior to 

treatments. After treatment, cells were harvested (trypsinised), washed and then 

fixed in ethanol overnight (4 mL of ice cold 100% ethanol was added one drop at 

a time, whilst vortexing the cells to fix). The following day, cells were pelleted out 

of ethanol and re-suspended in 4-5 mL PBS for 30 minutes. Cells were pelleted 

out of PBS and stained with 0.3 – 1 mL propidium iodide solution (P1304MP, 

ThermoFisher, 40µg/mL) in the presence of 10 µg/mL RNase A (R4875, Sigma), 

to ensure only DNA is stained. Samples were analysed on the BD LSR II 

analyser. 

 

3.9 Crystal violet assays 

Cells were seeded in 6-well plates at 3-6 x 105 cells per well overnight and 

treated as described. At the desired time point, medium was removed, and cells 

were washed in PBS. 2 mL of crystal violet was added per well and incubated for 

20 minutes, after which time it was removed, and the plates washed.  

 

3.10 Sulforhodamine B (SRB) assays 

Cells were seeded in 24-well plates at 1 x 105 cells per well overnight and 

treated as described. Cells were fixed by adding an equal volume of 10% 

trichloroacetic acid (10% TCA, Sigma, 91228 in UF water) for 1 hour. Plates 

were then washed in tap water and left to dry prior to staining with 0.057% SRB 

(Sigma, 341738) (wt/vol) in 1% acetic acid overnight (Sigma, S1402, 

ThermoFisher, S25118). Plates were then washed in 1% acetic acid and left to 

dry. SRB was solubilized for quantification with 10 mM TRIS base solution (pH 
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10.5, provided in house, ICR), 500 µL per well. Optical density was read at 490-

510 nM. 

 

3.11 MTT assays 

Cells were seeded between 5 x 103 – 1 x 104 cells per well in 96-well plates 

overnight prior to treatments. At the desired time point, 20 µL of 5 mg/mL 3-(4,5-

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 5 mg/mL solution in 

UF water, Sigma, M2128) was added per well and incubated for 2-4 hours. The 

supernatant was removed, and the formazan was solubilised in DMSO. 

Absorbance was read in a plate reader at 550 nm. 

 

3.12 Clonogenic assays 

Cells were seeded in 6-well plates at 7.5 x 103 cells per well overnight. After 

treatment with palbociclib or Rt3D, cells were incubated for 2 weeks with renewal 

of cell medium every 4 days (replacing drug but not virus). Colonies were 

measured by crystal violet assay. 

 

3.13 In vivo experiments 

CD1 nude mice or C57BL/6 mice (Charles Rivers, Kent, UK) were 

subcutaneously injected with 3 x 106 A375 cells, 4 x 106 4434 cells or 3 x 106 

MOC1 cells, suspended in PBS in the right flank. Once tumours were 

established to ~6 mm in diameter, mice were allocated treatment groups 

stratified by tumour size. Mice bearing tumours were treated daily with 

palbociclib (kindly provided by Pfizer) or vehicle (0.05 N sodium lactate buffer, 

pH 4.0, refer to palbociclib stocks) by oral gavage. Rt3D injections were 
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dissolved in PBS (or a PBS sham) and administered as an intra-tumoural 

injection 3 days after drug administration commenced. Drug administration 

continued for 2 weeks. Established tumour volumes were measured at least 

twice weekly using Vernier calipers and the tumour volume was estimated from 

the formula: V = 0.5 × (length × width2). All experiments were carried out in 

compliance with the NCRI guidelines, with animals judged to have failed 

treatment if tumour diameter exceeded 10 mm (CD1 nude) or 18 mm (C57BL/6). 

 

3.14 Immunohistochemical staining 

Tumours were harvested and fixed overnight in 10% neutral buffered formalin 

then transferred to PBS prior to processing, embedding, and staining. Tumours 

were stained with phospho Rb (cell signalling, #8516). 

 

3.15 RT-qPCR 

RNA was extracted from cell samples using RNeasy kit (Qiagen, 74104) or 

RNeasy Plus kit (Qiagen, 74134). cDNA was synthesised using SensiFAST 

cDNA synthesis kit (Bioline, BIO-65053) before amplification against transcripts 

by qRT-PCR kit with SYBR green (Bioline, BIO-98002). Alternatively, transcripts 

were amplified directly on RNA samples using a one-step qRT-PCR kit with 

SYBR green (Bioline, BIO-73001). Details of primers purchased from 

commercially available QuantiTect primer assays (Qiagen), or sequences can be 

found in chapter 11. Relative gene expression was measured by quantitative 

PCR with normalisation to 18S rRNA or beta actin as house-keeping genes, 

calculated by the 2-ddCT method. 
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3.16 ZVAD experiments 

Cells were seeded in 96-well plates at 5 x 103 cells per well overnight. An 

inhibitor sampler pack which contains caspase inhibitors of 1, 2, 3, 4, 6, 8, 9, 10, 

13 and a pan-caspase inhibitor (R&D systems, FMKSP01) were individually 

incubated with combination treated cells to observe rescue from cell kill. The 

caspase 4 inhibitor (Z-YVAD-FMK, FMK005, R&D systems) was used in further 

experiments (50 µM). Cell survival was measured by MTT assay 72 hours after 

treatment. 

 

3.17 siRNA experiments 

Cells were seeded in 12 or 6-well plates at 2 x 105 or 3 x 105 cells per well, 

respectively, overnight. Cells were transfected with siRNA (Qiagen Flexitube, 

1027416) or poly I:C (P1530, Sigma), or 3p-hpRNA (tlrl-hprna, Invivogen) using 

Lipofectamine RNAiMAX transfection reagent (Thermo Fisher, 13778030) as per 

manufacturer’s instructions. Briefly, siRNA or RNA was diluted to the desired 

concentration in optimem (Gibco, 31985062) and RNAiMAX (also diluted in 

optimem), were incubated for 5 minutes. siRNA/RNA was then mixed with 

RNAiMAX at a ratio of 1:1. After 20 minutes’ incubation, the mix was added 

dropwise to wells whilst swirling. Cell medium was renewed 4-24 hours later 

containing fresh drugs. Confirmation of on target knockdown was performed 

using PCR. 

 

3.18 Proteomics 

Cells were seeded in 6 cm dishes at 9 x 105 cells per well overnight prior to 

treatments and collected at indicated time-points by trypsinising cells and 
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washing 3 times in PBS. Pellets were stored at −80°C prior to processing in 

house (at the ICR, London) by Lu Yu and data analysis by James Wright, 

members of Jyoti Choudhary’s team.  

 

3.19 LC-MS/MS Analysis 

The following method has been provided by Lu Yu, a member of Jyoti 

Choudhary’s team at the ICR who processed cell pellets for analysis of the 

proteome. Cell pellets were lysed in 5% SDS / 100 mM TEAB 

(tetraethylammonium bromide, Sigma) by probe sonication and heating at 90⁰C 

for 10 min. Proteins were reduced by TCEP (Tris(2-carboxyethyl) phosphine, 

Sigma), alkylated by iodoacetamide (Sigma), and purified by trichloroacetic acid 

(Sigma) precipitation. The protein pellet was resuspended in 100 mM TEAB 

buffer and digested by trypsin (Thermo). 40 µg of protein digest was labelled by 

TMT11plex (Thermo Fisher), and 11 samples were pooled, dried in SpeedVac.  

The mixture was fractionated on an XBridge BEH C18 column (2.1 mm i.d. x 150 

mm, Waters). Fractions were collected at every 30 sec and then concatenated to 

28 fractions and dried in SpeedVac. 1/3 of peptides were injected for on-line LC-

MS/MS analysis on the Orbitraip Fusion Lumos hybrid mass spectrometer 

coupled with an Ultimate 3000 RSLCnano UPLC system.  Peptides were first 

loaded on a PepMap C18 nano trap (100 µm i.d. x 20 mm, 100 Å, 5µ), and then 

separated on a PepMap C18 column (75 µm i.d. x 500 mm, 2 µm) over a linear 

gradient of 6.4 - 30.5% CH3CN/0.1% formic acid in 90 min / cycle time at 120 

min at a flow rate at 300 nL/min. All instrument and columns were from Thermo 

Fisher. The MS acquisition used MS3 level quantification with Synchronous 

Precursor Selection (SPS5) with the Top Speed 3s cycle time.  Briefly, the full 
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MS survey scan in Orbitrap was m/z 375 – 1500.  Multiply charged ions (2 – 5) 

with intensity threshold above 7 x 103 were fragmented in ion trap at 35% 

collision energy with isolation width at 0.7 Da in quadruple.  The dynamic range 

was 40 s at ±10 ppm. The top 5 MS2 fragment ions were SPS selected with the 

isolation width at 0.7 Da and fragmented in HCD at 65% NCE and detected in 

Orbitrap. 

 

3.20 FACS analysis of reporter cell lines 

Cells were seeded in 12 or 6-well plates at 5 x 105 or 3 x 105 cells per well, 

respectively, overnight prior to treatments. Cells were harvested, pelleted, and 

stained in 100 µL viability dye (Thermo Fisher, 65-0865-14) diluted in FACS 

buffer (PBS + 5% FCS) at 4°C for 30 minutes. The sample was then washed 

twice in FACS buffer and resuspended in 50 µL of fluorofix fixation buffer 

(Biolegend, 422101) and incubated at 4°C for 30 minutes. Samples were 

washed in FACS buffer and resuspended in 1 mL of PBS prior to analysis on the 

BD LSR II analyser. 

 

3.21 RNA sequencing 

Cells were seeded in 6-well plates at 3 x 105 overnight prior to treatments. 48 

hours after treatment cells were harvested using the RNeasy kit (74104, Qiagen) 

with on-column DNase digestion (79254, Qiagen). Samples were sequenced in-

house (at the ICR, London) with assistance from Nik Matthews in the Tumour 

Profiling Unit (TPU). Briefly, RNA and DNA were quantified using the Qubit 

assay (Q32852). DNA decontamination for samples that had >2% DNA content 

was carried out using the RNeasy plus Micro kit (74034, Qiagen). Next, the RNA 
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integrity number (RIN) of the RNA samples was measured using the bioanalyser 

using the RNA Nano chip. Two peaks were observed for 18S and 28S ribosomal 

RNA. All RIN numbers were >7, indicative of good RNA (figure 3.21.1).  

 

Next, ribosomal RNA was depleted from samples using the Ribo-Zero kit 

(Cambio, #MRZH11124) and purified using the RNeasy MinElute Cleanup Kit 

(Qiagen, #74204). The quantity of the purified ribosomal RNA-depleted RNA was 

measured using a BioAnalyser RNA Pico Chip (Agilent, #5067-1511) and 

deemed successful if less than 5% ribosomal RNA was detected. Library 

preparation was carried out using NEBNext Ultra Directional RNA Library Prep 

Kit for Illumina (NEB, #E7420). Briefly, the RNA was fragmented and primed 

followed by 1st strand cDNA synthesis and 2nd strand cDNA synthesis. The 

cDNA was purified prior to end-repair and adaptor ligation. Index primers were 

added using NEBNext Multiplex Oligos for Illumina Index Primers Set II (NEB, 

#E7500), ensuring the same indexing primers were not used on two different 

samples where sequencing be run together on the same lane. Libraries were 

enriched (via PCR of 8-11 cycles), purified and evaluated using the BioAnalyser 

DNA High Sensitivity Chip (Agilent, #5067-4626). The final library is successful if 

the peak is ~270 bp and the molarity is >200 pM and ready for Illumina 

sequencing. An overview of the RNA sequencing process is shown in figure 

3.21.2)  
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Figure 3.21.1. An example of sample analysis using the bioanalyser.  
Two ribosomal peaks (18S and 28S) should be observed in intact RNA samples. 

A RIN number is assigned (between 1-10). 
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Figure 3.21.2. RNA sequencing method overview.  
Processes are displayed from RNA collection to RNA sequencing. After 

extraction of RNA from samples, RNA yield was quantified, and integrity 

determined. Ribosome RNA was removed prior to the library preparation. Once 

libraries had been prepared and pooled, RNA was ready for illumina sequencing. 

 

Rt3D +
palbociclib:

A375 48hr
* * * * * *

* * * * * *

palbociclib:

Rt3D:

extract RNA
(using RNeasy Plus kit, Qiagen)

Quantify DNA 
concentration/contamination

(and RNA concentration)
using Qubit

RNA integrity measured
RIN (RNA integrity number) should be >7

using bioanalyzer

Removal of ribosomal RNA to <5%
(ribosomal RNA is the most abundant component of 
total RNA and removal enriches the sample for more 

efficient gene detection) 

LIBRARY PREP:
1. Fragment RNA + prime
2. Make 1st strand cDNA

3. Generate 2nd strand cDNA
4. End repair and adaptor ligation

5. Add index primers
6. Purify and assess quality (bioanalyzer)

RNA SEQUENCING

example of RNA library size distribution on a bioanalyser:
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Data were analysed by Ritika Chauhan and Pradeep Ramagiri, both members of 

the TPU. The STAR alignment software (v.2.5.1b) was used to align reads to the 

soft masked human reference genome containing all the repeat and low 

complexity sequences (GRCH38_sm). Custom generated GTF files for TE 

annotations were downloaded from the TEToolkit website 

(http://labshare.cshl.edu/shares/mhammelllab/www-

data/TEtranscripts/TE_GTF/). Downstream ERV expression analysis was carried 

out using TETranscript from TEToolkit suite (v2.03), or the SalmonTE (v0.2) 

pipeline. 

 

3.22 Viral replication 

Cells were plated at 1 x 105 in 24-well plates and treated the following day with 

Rt3D at a dose of MOI 5 (to ensure infection of all cells), with or without inhibitors 

or IFNb (Peprotech, 300-02BC). After another 2 hours, cells were washed twice 

with media and the drugs replaced (if any). At 4, 24, and 48 hours after infection, 

cells were harvested into the media and the sample stored at −80°C prior to 

processing. The lysate was subjected to 3× freeze/thawing between −80 and 

37°C, centrifuged at 13,000 rpm for 5 minutes and the supernatant was titred on 

L929 target cells by TCID50 assay. Viral titre was calculated by T = 101+d(S-

0.5) where T = titre, d = LOG(dilution) of sample across L929 cells, S = score. 

The score was determined by visualisation of wells displaying cytopathic effect 

(CPE). Cells positive for CPE were scored 1 for that dilution. If no CPE was 

observed, the dilution received a score of 0. Each dilution consisted of triplicate 

repeats, therefore if only 1 of 3 wells were positive for CPE within that sample, 

that dilution would receive a score of 1/3. 
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3.23 ELISA 

A375 cells were seeded at 2 x 105/mL in 12-well plates prior to treatment. The 

production of IFNb in cell-free supernatant was measured using the DuoSet 

ELISA (DY814-05, with ancillary reagent DY008, R & D Systems) as per 

manufacturer’s instructions. Optical density absorbance readings were 

determined at 450 nm absorbance.  

 

3.24 ATP release 

Cells were plated at 3 x 105 cells per well in 6-well plates and incubated 

overnight prior to treatment the following day. Cell supernatants were collected 

at the desired timepoints and centrifuged at 2000 rpm for 4 mins. 200 µL of cell-

free supernatants were mixed with 50µL CellTiter-Glo Luminescent Cell Viability 

Assay (Promega, G7571) in white 96-well plates (Greiner, 655075). After 10 

minutes incubation at room temperature, luminescence was measured on a 

Victor 2V plate reader. 

 

3.25 Confocal experiments 

Cells were seeded in glass-bottom dishes at 3 x 105 cells per well overnight prior 

to treatments. After treatment, cell medium was removed, and cells were fixed in 

10% formalin for 5-10 minutes. Samples were then washed and then blocked 

(with PBS + 1 % BSA, 2 % FBS and 0.05% Sodium Azide). Samples were 

stained with calreticulin primary antibody (PA3-900, Thermofisher, UK), washed, 

and then stained with secondary antibody conjugated to FITC (A-11070 anti-

rabbit Alexafluor 488, Invitrogen, UK), Hoechst 33342 and imaged by confocal 

microscopy. Areas of high surface staining were taken from 3 fields of view 
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(each for 3 independent repeats) of Z-stacked images and normalized to pixels 

per nuclei staining. Surface CRT staining was quantified using cell profiler 

software. 

 

3.26 Phagocytosis assays 

The methodology for this assay has been previously described (Chao et al., 2010; 

Miksa et al., 2009). PBMCs were harvested from K3EDTA anti-coagulated whole 

blood by density-gradient centrifugation with Lymphoprep, and plated in 12-well 

plates at 2-4 x 106 cells per well in 10% RPMI + 10 ng/mL human CSF (300-25, 

Peprotech, UK). Medium was replaced every 2-3 days until adherent populations 

of macrophages had established, and these were used in experiments (~ 8-10 

days later). Tumour cells were stained with 20 ng/mL of pHrodo-SE (P36600, 

ThermoFisher) for 30 minutes then washed and co-cultured with the 

macrophages. 1-2 hours after co-culture, samples were washed and stained for 

CD11b conjugated to FITC (#11-0118-42, Thermofisher), then fixed and analysed 

on the BD LSR II. Separately stained macrophages or treated cells labelled with 

pHrodo-SE served to determine cut-offs for populations. In 1 x 104 collected 

events, phagocytosis percentage was determined by the double-stained CD11b+ 

pHrodo-SE+ cells from the CD11b+ population above the threshold set in the 

controls. 

 

3.27 NK cell activation marker 

This assay was carried out by Vicki Jennings in Alan Melcher’s team, at the 

Leeds Institute of Molecular Medicine, Leeds, UK. A375 cells were seeded at 2 x 

105/mL prior to treatment the following day with Rt3D and palbociclib. After 48 
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hours Rt3D was removed from cell-free supernatants using Viresolve filter units 

(Millipore) following manufacturer’s instructions and confirmed by viral plaque 

assay. The production of human IFNa (Mabtech), IFNb (PBL Interferon Source), 

IL-28 and IL-29, (R & D Systems) in cell free supernatant was determined using 

matched-paired antibodies according to the manufacturers’ instructions. Optical 

density absorbance readings were determined using a Thermo Multiskan EX 

plate reader (Thermo Fisher Scientific), at 405 nm absorbance.  

Healthy donor PBMC were isolated from whole blood by density-gradient 

centrifugation on Lymphoprep (Aldere) and cultured at 5 x 106cells/mL in 

glutamine-containing RPMI (Sigma-Aldrich Ltd), supplemented with 10% FCS 

(v/v). Viral-free supernatants were added to PBMC at 1:1 ratio and cultured for 

24 hrs. Cell surface expression of indicated markers were quantified by flow 

cytometry. Briefly, cells were harvested and washed in FACS buffer (PBS; 1% 

(v/v) FCS; 0.1% (w/v) sodium azide) and incubated for 30 mins at 4˚C with the 

markers CD3-PE (clone REA613), CD56-APC (clone REA196) and CD69-

VioBlue (clone REA824), all Miltenyi Biotec. Cells were washed with FACS 

buffer and then fixed with 1% PFA (1% (w/v) paraformaldhyde in PBS) and 

stored at 4˚C prior to acquisition. Flow cytometry analysis was performed using 

CytoFLEX S (Beckman Coulter) and analysis was carried out using CytExpert 

software.  

 

3.28 FACS analysis of tumours 

C57BL/6 mice (Charles Rivers, Kent, UK) were subcutaneously implanted with 3 

x 106 MOC1 murine cells suspended in 0.1 mL PBS per flank. Tumours were 

allowed to grow to 6-8 mm before mice were allocated treatment groups 
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stratified by tumour size. Mice bearing tumours were treated daily with 100 

mg/kg palbociclib (kindly provided by Pfizer) or vehicle (0.05 N sodium lactate 

buffer, pH 4.0, refer to palbociclib stocks) by oral gavage. A Rt3D injection of 5 × 

106 pfu dissolved in PBS (or a PBS sham) was administered as an intra-

tumoural injection 3 days after drug administration commenced. Tumours were 

harvested (5 mice per group) and analysed for tumour-infiltrating lymphocytes by 

FACS. The timepoints of collection were day 3, 7 and 10 after Rt3D injection. 

Tumours were harvested and minced with scissors in digestion mix (0.01% 

trypsin, 2.5 mg/mL collagenase, 2 mg/mL dispase and 1 mg/mL DNAse in RPMI) 

and incubated at 37°C for 30 minutes. Thereafter, samples were kept on ice. 

Suspensions were passed through a 70 μm strainer using a 2.5 mL syringe 

plunger and washed through with RPMI + 5 mM EDTA until only connective 

tissue remained. Samples were centrifuged at 1500 rpm, for 5 mins at 4°C, and 

transferred into a V-well 96-well plate. Samples were stained in FACS buffer 

(PBS + 5% FCS) for 30 mins on ice and protected from light, with the following 

extracellular antibodies; CD3 (100218), CD4 (100406), CD8 (562315), CD45 

(103125), Ly6G (127633), CD11b (101205), Ly6C (128015), CD11c (117327), 

MHC II (107621), F4/80 (123113) from BioLegend and viability dye (65-0865-14) 

from Thermo Fisher Scientific. Cells were then washed in FACS buffer and 

permeabilized and stained with intracellular antibody to FOXP3 (48-5773-80) or 

Ki-67 (69-5698-80) both from Thermo Fisher Scientific. Samples were then 

washed and fixed (1-2% PFA) prior to analysis of tumour-infiltrating lymphocytes 

by flow cytometry. Tumours were weighed on collection and counting beads 

were added when running the analysis to calculate cells per mg of tumour. 
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3.29 Statistical analysis 

All statistical analyses were performed using GraphPad Prism software version 

7.0a. Data were compared using an unpaired student's t test (two-tailed), one-way 

ANOVA or two-way ANOVA when multiple comparisons were done. Survival 

curves were compared using the Kaplan–Meier method and significance was 

assessed using the log-rank (Mantel-Cox) test. P values were derived where p > 

0.05 ns, *p ≤ 0.05, **p ≤ 0.01, ***p ≤0.001, ****p ≤0.0001. 
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Chapter 4A: synthetically lethal drug-

virotherapy combinations using a library 

screen of 80 anti-cancer compounds 
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Chapter 4A 

4.1 Introduction 

Rt3D first entered the clinic as a monotherapy, given as an intra-tumoural (I.T.) 

or intravenous (I.V.) injection (Forsyth et al., 2008; Gollamudi et al., 2010; Vidal 

et al., 2008). A maximum tolerated dose was not reached, and side effects were 

tolerable (fever, fatigue, nausea and vomiting, muscle pain). However, the 

therapeutic results from these trials were modest and it is widely accepted that 

Rt3D is more likely to be successful as part of a combination therapy, with the 

hypothesis that multiple agents will synergise with one another to deliver potent 

anti-cancer effects at acceptable doses. As such, clinical trials following the 

single-agent studies have revolved around combinations of Rt3D given with 

gold-standard therapies, with some supporting laboratory data. Whilst it is logical 

to combine Rt3D with standard therapies for smooth clinical transition, there is a 

lack of pre-clinical studies that have used a screening approach to search for the 

most efficacious therapeutic combinations, and this gap in the literature provides 

the foundation for my PhD.  

 

The aim of this study is to establish synergistic drug-virotherapy combinations by 

screening Rt3D against 80 anti-cancer agents, including a wide range of both 

established cytotoxic drugs and novel therapeutic agents, in an attempt to 

discover the best combination therapy options, with the ultimate goal to improve 

survival outcomes and quality of life for cancer patients. 
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Results 

4.2 Viral titration experiments 

To study the effects of 80 anti-cancer agents in a screen in combination with 

Rt3D, the optimum dose of virus was first determined by a titration experiment 

on A375 cells in 384-well plates (the format used for the screen). A melanoma 

model was selected because of the susceptibility of melanoma to Rt3D infection. 

The A375 cell line was chosen because the BRAF mutation is the most 

commonly found mutant genotype in melanoma (50% BRAF mutant melanoma, 

(Davies et al., 2002). In order to select doses for the screen, Rt3D was titrated 2-

fold from a starting dose of 50 MOI, and after 72 hours incubation cell viability 

was measured by CTG assay. From these data, 5 doses were chosen for the 

library screen, MOI 0.01, 0.1, 0.5, 1 and 5. These doses gave a wide range of 

cell kill to allow for the effects of combining with drugs to be observed (Figure 

4.2). 

4.3 Analysis 

This screen comprised of 5 doses of Rt3D (0.01-5) and a mock uninfected 

control. Each dose was treated in triplicate, with 2 plates (plate 11 and 12) of 

drugs per virus dose. Therefore, the entire screen totalled 36 plates. Cells were 

plated using a multidrop combo (figure 4.3.1) and drugs were added using the 

Hamilton microlab star (figure 4.3.2). A map of the drugs used in the screen 

(over the 2 plate – plate 11 and 12) are shown in figure 4.3.3. 
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Figure 4.2. Surviving fractions of A375 BRAFV600E cells treated with Rt3D. 
Cells in 384-well plates were treated with various doses of Rt3D, and cell 

survival was measured after 72 hours by CTG. 
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Figure 4.3.1. A Thermo Scientific multidrop combi.  
Used for plating cells for the compound library screen, adding virus or CTG to 

read the assay. 
 

 

Figure 4.3.2. A Hamilton microlab star.  
Used for adding the compounds for the library screen. 
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Plate 11: 

 

Plate 12: 

 

Figure 4.3.3. 384-well plate layouts for library screens.  
Controls include media alone (-), staurosporine (+) or virus alone. Columns 1 

and 24 were left blank. 

 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
A - +
B - +
C - +
D - +
E - +
F - +
G - +
H - +
I - +
J - +
K - +
L - +
M - +
N - +
O + +
P + +

5-FU sotrastaurin nilotinib AG-14699 RO-3306

carboplatin 4-OH-tamoxifen gemcitabine foretinib lapatinib

BMN-673 imatinibmesylate crizotonib GSK2194069A MK2206

flavopiridol erlotinib ABT-737 methotrexate resveratrol

decitabine gefitinib celecoxib MLN-4924 temozolomide

DMX 1783 everolimus MSC2358705A SAR-20106 YM155

MDV-3100 DMX2320 2-methoxyestradiol cabozantinib KU0057788

sapacitabine canertinib dasatinib OSI-906 camptothecin

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
A - +
B - +
C - +
D - +
E - +
F - +
G - +
H - +
I - +
J - +
K - +
L - +
M - +
N - +
O + +
P + +

GSK-2334470A olaparib KU60019 PF-00477736 GDC-0449

BI-2536 abiraterone MK0752 PF-04929113 paclitaxel

PD-0332991 lestaurtinib lenvatinib PF-332991 AZ4547

vinorelbine BIBW2992 BEZ-235 PF-00299804 XAV-939

sorafenib MK-1175 etoposide PF-03758309 GSK1904529A

voronostat nutlin3 doxorubicin PF-04691502 PD173074

salinomycin BMS-911543 6-thioguanine PF-03814735 PD-184352

sunitinib 17-AAG bleomycin sulfate PF-02341066 PLX-4720
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First, the Rt3D doses used in the screen were first checked for consistency 

between plates. The median cell kill induced by each Rt3D dose (from wells 

A23-N23, over 3 replicates) was normalized to the untreated and compared 

between the 2 drug plates. Rt3D cell kill was consistent between plates, 

therefore the screen was deemed successful for further analysis (Figure 4.3.4).  
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Figure 4.3.4. Surviving fractions of Rt3D only treated cells for the 5 doses 
used in the screen.  
Data are shown for both plates 11 and 12 as a comparison for consistency 

between the plates. Staurosporine was included as a positive control (+). 
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4.4 Calculation of VE (virus effect) Z scores 

Transform data: 

To analyse the screen data, firstly, the LOG2 values of all samples were 

calculated for uninfected wells and for each viral dose, for both plates 11 & 12: 

LOG2(-virus, +drug, n=3) these samples were on the un-infected plates only. 

LOG2(+virus, + drug, n=3) for each viral dose (these sample combinations were 

on virus-treated plates only). 

Calculate medians: 

The median of every well treated with a drug sample was then calculated for 

each dose as such: 

MEDIAN [LOG2(-virus, +drug, n=3)] 

MEDIAN [LOG2(+virus, + drug, n=3)] for each viral dose. 

Normalise data: 

All data were normalized to the median, for un-infected plates: 

NORMALISED(-virus, +drug) = LOG2(-virus, +drug, n=3) - MEDIAN [LOG2(-

virus, +drug, n=3)] 

All data were normalized to the median, for infected plates per each viral dose: 

NORMALISED(+virus, + drug) = LOG2(+virus, + drug, n=3) - MEDIAN 

[LOG2(+virus, + drug, n=3)] for each viral dose. 

Median calculated for replicates: 

The median was then calculated for the 3 replicates for the normalized data 

above. 

Virus effect (VE): 

VE = NORMALISED[+virus, +drug] - NORMALISED[-virus, +drug] 
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Median calculated for all VE samples: 

The medians were then calculated for every calculated VE well (for each virus 

dose) as follows: 

MEDIAN (VE) 

Calculate median absolute deviation (MAD): 

The MAD was calculated for each well as follows: 

MAD (VE) =  

ABSOLUTE VALUE [VE – MEDIAN (VE)]  

Median calculated for all MAD samples: 

The median of all MAD samples was then calculated (for each virus dose) as 

such: 

MEDIAN [MAD (VE)] 

Standard deviation: 

This value was multiplied by the co-efficient (1.4826) to estimate the standard 

deviation: 

SD(VE) = MEDIAN [MAD (VE)] x 1.4826 

Z score calculation: 

To deduce the Z score, results were standardized: 

Formula: 

   Z = X - µ 

∂ 

X = virus effect (VE) 

µ = Median of the distribution (MEDIAN (VE)) 

∂ = Standard deviation of the distribution (SD(VE)) 
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4.5 Screen validation 

To quality control the results from the screen, two previously published kinase 

inhibitors included in the screen that are known to sensitise A375 cells to Rt3D-

induced cell death (Roulstone, et al., 2015), were checked in the results. These 

are the BRAF inhibitor, PLX-4720, and the MEK inhibitor PD-184352. In the 

screen, both inhibitors were revealed as drug-virotherapy cell death sensitisers, 

becoming apparent at doses of MOI 0.5 and above (figure 4.5). This result 

further confirmed the integrity of the screen. 

 

4.6 Compound library screen Z scores reveal sensitisers to Rt3D 

Compounds with low Z or DE scores indicated enhanced cell kill in combination 

with Rt3D. Data from the screen show a range of hits (~20/80), with some drugs 

generating low Z scores more frequently than others. A threshold of -2 was set 

whereby Z scores below this value were deemed synergistic. A summary of the 

top drug hits in combination with Rt3D from the screen is displayed in table 

4.6.1. Here, the number of occurrences that synergistic Z scores were generated 

in combination with Rt3D was calculated for each drug. The amount of 

synergistic Z scores generated for each drug is shown in brackets. A full list of 

the compounds with each Z score value (lower than -2) is displayed in table 

4.6.2. 
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Figure 4.5. Waterfall plots for A375 treated with Rt3D and 80 compounds. 
Low Z scores (below -2, dashed line) indicate drug sensitisers to Rt3D. Z scores are 

shown for known sensitisers: the BRAF inhibitor PLX-4720 (with highlighted Z 

scores in green) and the MEK inhibitor PD-184352 (with highlighted Z scores in 

pink). 
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Compound: Function: 

Camptothecin Topoisomerase inhibitor (25) 

Talazoparib (BMN-673) PARP inhibitor (19) 

Gemcitabine Nucleoside analog (16) 

PF-03758309 PAK inhibitor (15) 

PLKi (BI-2536) Polo-like kinase 1 inhibitor of cell division (14) 

Palbociclib (PF-0332991) CDK4/6 inhibitor (11) 

Doxorubicin DNA intercalator, topoisomerase II (10) 

Methotrexate Dihydrofolate reductase inhibitor (10) 

Sapacitabine DNA strand breaks, G2 arrest (10) 

Etoposide Topoisomerase II poison (9) 

Decitabine DNA methyltransferase inhibitor (8) 

Bleomycin sulfate DNA strand breaks (7) 

Paclitaxel Microtubule poison (7) 

PF-03814735 Aurora kinase inhibitor, anti-mitotic (7) 

SAR-20106 CHK1 inhibitor (DNA damage response) (6) 

Vorinostat Class I&II HDAC inhibitor (6) 

MK-1175 WEE1 inhibitor, cell cycle (6) 

PD-184352 MEK inhibitor (6) 

PLX-4720 BRAF inhibitor (3) 

Table 4.6.1: Top hits from a drug screen in combination with Rt3D.  
List of the drugs that frequently obtained a synergistic Z score (below the -2 cut 

off), in combination with Rt3D. The occurrence of a synergistic Z score (among 

the various doses used for drugs and virus) are shown for each drug in brackets.  
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Table 4.6.2: Full list of top hits in combination with Rt3D with Z scores 
lower than -2.  
Values are grouped per Rt3D dose. Inhibitors (i) are abbreviated. 

 

DE Rt3D    Concentration 
MOI 0.01: GeneID: Function:  (nM): 

-2.007308785 DMX2320 IKKe inhibitor 1 
-2.02579605 BI-2536 PLKi 500 
-2.070223365 sapacitabine CNDAC 0.5 
-2.099015298 flavopiridol CDKi 1 
-2.310883886 BMN-673 PARPi 1000 
-2.330140496 BMN-673 PARPi 50 
-2.541091243 MDV-3100 CRPCi 50 
-2.592461687 olaparib PARP1/2i 100 
-2.676240814 methotrexate DHFR 1000 
-2.683572231 MDV-3100 CRPCi 10 
-2.926115126 KU0057788 DNA-PKi 10 
-4.399111581 temozolomide DNA alkylation 1000 
-6.270666368 camptothecin TOPO I poison 500 

 

DE Rt3D    Concentration 
MOI 0.1: GeneID: Function:  (nM): 

-2.036965574 PF-04929113 HSP90i 1 
-2.053253128 flavopiridol CDKi 0.5 
-2.108252959 KU60019 ATMi 50 
-2.118047008 bleomycin sulfate DNA breaks 0.5 
-2.119305528 4-OH-tamoxifen ERi 100 
-2.152103957 BI-2536 PLKi 500 
-2.17022044 bleomycin sulfate DNA breaks 1000 
-2.206357505 celecoxib COX2i 1 
-2.21335955 gefitinib EGFRi 10 
-2.251755831 BI-2536 PLKi 50 
-2.263773532 lapatinib Her2i 10 
-2.316420085 camptothecin TOPO I poison 5 
-2.357212988 MK2206 AKTi 500 
-2.367273493 decitabine DNA methylation 100 
-2.399601044 flavopiridol CDKi 1 
-2.487446175 methotrexate DHFR 1000 
-2.532735716 paclitaxel Microtubule poison 100 
-2.732618225 BMN-673 PARPi 100 
-2.736844399 resveratrol NSAID 5 
-2.742853596 AZ4547 FGFRi 0.5 
-2.751868851 SAR-20106 CHK1 (Sutton) 1000 
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-2.818580268 BI-2536 PLKi 1000 
-2.856240326 PF-03758309 PAKi 500 
-2.857956727 gemcitabine.HCl DNA replication 5 
-2.863507708 temozolomide DNA alkylation 1000 
-2.883532755 sapacitabine CNDAC 1000 
-2.936361494 doxorubicin.HCl DNA intercalator 50 
-2.944836181 2-methoxyestradiol Anti-angiogenesis 10 
-3.070246083 PD-0332991 CDK4/6i 500 
-3.435876178 methotrexate DHFR 5 
-3.670456709 GDC-0449 SMOi 500 
-3.91079884 etoposide TOPO IIi 1000 
-3.985623901 BMN-673 PARPi 500 
-4.046129866 etoposide TOPO IIi 500 
-4.232108187 sapacitabine CNDAC 500 
-4.289995686 MK-1175 WEE1i 1000 
-4.334688652 camptothecin TOPO I poison 10 
-4.714021371 BMN-673 PARPi 1000 
-5.159038837 BI-2536 PLKi 100 
-6.941373884 doxorubicin.HCl DNA intercalator 100 
-7.680136801 gemcitabine.HCl DNA replication 50 
-7.811643569 BMN-673 PARPi 50 
-8.662475075 gemcitabine.HCl DNA replication 10 
-9.300968362 methotrexate DHFR 500 
-9.616655415 camptothecin TOPO I poison 100 
-12.11222256 camptothecin TOPO I poison 500 
-15.78884153 camptothecin TOPO I poison 50 

 

DE Rt3D    Concentration 
MOI 0.5: GeneID: Function:  (nM): 

-2.046022835 sapacitabine CNDAC 50 
-2.05739932 PF-332991 CDK4/6i 1000 
-2.06532368 SAR-20106 CHK1 (Sutton) 500 
-2.080000274 doxorubicin.HCl DNA intercalator 10 
-2.08173871 decitabine DNA methylation 1000 
-2.081986535 temozolomide DNA alkylation 1000 
-2.093131722 paclitaxel Microtubule poison 50 
-2.097937991 AZ4547 FGFRi 0.5 
-2.126834745 PD-184352 MEKi 1 
-2.138840789 BMN-673 PARPi 50 
-2.201239168 PF-03758309 PAKi 500 

-2.255266297 foretinib 
METi, VEGFR2i and 

KDRi 1000 
-2.26927703 olaparib PARP1/2i 1000 
-2.297345547 carboplatin DNA alkylation 5 
-2.311698251 olaparib PARP1/2i 100 



 129 

-2.405700793 SAR-20106 CHK1 (Sutton) 1000 
-2.409850016 PD-184352 MEKi 500 
-2.419985442 MK2206 AKTi 500 
-2.432505933 PF-332991 CDK4/6i 500 
-2.577074762 BI-2536 PLKi 50 
-2.61463871 resveratrol NSAID 5 
-2.621701016 PF-03758309 PAKi 5 
-2.636665665 PD-0332991 CDK4/6i 50 
-2.791581949 vorinostat Class I&II HDACi 500 
-2.973661313 BMN-673 PARPi 10 
-3.15123523 PF-03814735 Aurora 1000 
-3.22029738 BI-2536 PLKi 100 
-3.233547 camptothecin TOPO I poison 1 

-3.686056521 bleomycin sulfate DNA breaks 500 
-3.730569891 olaparib PARP1/2i 10 
-3.820928792 camptothecin TOPO I poison 1000 
-3.880648071 paclitaxel Microtubule poison 1000 
-3.930712232 sapacitabine CNDAC 500 
-3.992381161 methotrexate DHFR 1000 
-4.110444933 decitabine DNA methylation 500 
-4.162523497 BMN-673 PARPi 100 
-4.491683061 camptothecin TOPO I poison 5 
-4.564519704 PF-03814735 Aurora kinase inhibitor 500 
-4.718479623 PF-03758309 PAKi 1000 
-4.797970996 bleomycin sulfate DNA breaks 1000 
-4.8335009 gemcitabine.HCl DNA replication 100 

-4.896579988 MK-1175 WEE1i 1000 
-5.312702505 etoposide TOPO IIi 500 
-5.395191899 vorinostat Class I&II HDACi 1000 
-5.488640581 BMN-673 PARPi 500 
-6.253328089 doxorubicin.HCl DNA intercalator 50 
-6.604583587 gemcitabine.HCl DNA replication 50 
-7.221839708 BMN-673 PARPi 1000 
-7.660981131 methotrexate DHFR 500 
-7.816792898 sapacitabine CNDAC 1000 
-8.533785582 camptothecin TOPO I poison 10 
-8.960763054 doxorubicin.HCl DNA intercalator 100 
-9.743811366 etoposide TOPO IIi 1000 
-10.80001591 gemcitabine.HCl DNA replication 5 
-11.09939603 gemcitabine.HCl DNA replication 10 
-11.12782225 camptothecin TOPO I poison 500 
-14.55218531 camptothecin TOPO I poison 100 
-15.37965144 camptothecin TOPO I poison 50 

 

DE Rt3D    Concentration 
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MOI 1: GeneID: Function:  (nM): 
-2.041793281 PD-0332991 CDK4/6i 1000 
-2.04419482 PD-184352 MEKi 500 
-2.051882717 MK0752 NOTCHi 50 
-2.088499242 paclitaxel Microtubule poison 500 
-2.11094065 BI-2536 PLKi 1000 
-2.114210808 MK-1175 WEE1i 1000 
-2.11997379 bleomycin sulfate DNA breaks 500 
-2.126309866 ABT-737 Bcl2i 50 
-2.27800593 SAR-20106 CHK1 (Sutton) 500 
-2.308125246 PF-03814735 Aurora kinase inhibitor 100 
-2.453782208 gemcitabine.HCl DNA replication 1 
-2.478110303 PF-03758309 PAKi 100 
-2.61698666 PF-03758309 PAKi 10 
-2.642535112 PD-184352 MEKi 1000 
-2.693680568 PLX-4720 BRAFi 1000 
-2.736381387 camptothecin TOPO I poison 5 
-2.830329109 PF-03758309 PAKi 500 
-2.862796161 decitabine DNA methylation 500 
-3.103058531 etoposide TOPO IIi 100 
-3.122794105 vinorelbine Anti-mitotic 100 
-3.18784429 paclitaxel Microtubule poison 100 
-3.329530929 canertinib pan-ErbBi 5 
-3.62421093 PF-03758309 PAKi 1000 
-3.799364922 vorinostat Class I&II HDACi 500 
-3.836084181 decitabine DNA methylation 1000 
-4.048242016 BI-2536 PLKi 500 
-4.143008766 PF-03814735 Aurora kinase inhibitor 1000 
-4.232601142 etoposide TOPO IIi 500 
-4.42144018 camptothecin TOPO I poison 1000 
-4.43548153 sapacitabine CNDAC 500 
-4.462042218 BMN-673 PARPi 50 
-4.752186509 methotrexate DHFR 1000 
-5.038636664 PF-03758309 PAKi 50 
-5.042833068 BI-2536 PLKi 100 
-5.07641488 PF-332991 CDK4/6i 1000 
-5.570963921 PF-332991 CDK4/6i 500 
-5.600496558 methotrexate DHFR 500 
-5.612260389 doxorubicin.HCl DNA intercalator 50 
-5.95832921 BMN-673 PARPi 100 
-6.334692752 BMN-673 PARPi 500 
-6.367027714 gemcitabine.HCl DNA replication 50 
-6.416655898 PF-03814735 Aurora kinase inhibitor 500 
-7.641672666 camptothecin TOPO I poison 10 
-8.797504762 sapacitabine CNDAC 1000 
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-9.306038684 BMN-673 PARPi 1000 
-9.584121838 etoposide TOPO IIi 1000 
-10.07679404 vorinostat Class I&II HDACi 1000 
-10.09996267 camptothecin TOPO I poison 500 
-10.4728713 doxorubicin.HCl DNA intercalator 100 
-11.21345809 gemcitabine.HCl DNA replication 10 
-13.71370388 gemcitabine.HCl DNA replication 5 
-14.78858682 camptothecin TOPO I poison 100 
-16.02626341 camptothecin TOPO I poison 50 

 

DE Rt3D    Concentration 
MOI 5: GeneID: Function:  (nM): 

-2.065545719 BIBW2992 EGFR/HER2i 10 
-2.066788268 GSK-2334470A PDKi 500 
-2.07154362 doxorubicin.HCl DNA intercalator 10 
-2.091674357 RO-3306 CDK1i 200 
-2.14468745 AG-14699 PARPi (Pfizer) 1000 
-2.245008331 lestaurtinib JAK2i, FLT3i and TrkAi 10 
-2.282573618 MK2206 AKTi 500 
-2.338494927 gemcitabine.HCl DNA replication 1 
-2.363367784 paclitaxel Microtubule poison 50 
-2.453792815 OSI-906 IGFRi 500 
-2.498391665 OSI-906 IGFRi 1000 
-2.549465364 GSK-2334470A PDKi 1000 

-2.683089714 foretinib 
METi, VEGFR2i and 

KDRi 1000 
-2.734655286 nutlin3 MDM2i 1000 
-2.756346133 decitabine DNA methylation 100 
-2.771500933 bleomycin sulfate DNA breaks 100 
-2.814477074 gemcitabine.HCl DNA replication 100 
-2.946539258 paclitaxel Microtubule poison 500 
-2.999199174 BI-2536 PLKi 50 
-3.096361645 PD-184352 MEKi 500 
-3.151782781 bleomycin sulfate DNA breaks 1000 
-3.25141015 PLX-4720 BRAFi 500 
-3.272139096 DMX_2320 IKKe inhibitor 500 
-3.324924704 decitabine DNA methylation 500 
-3.334011587 MK-1175 WEE1i 100 
-3.36195582 PF-03758309 PAKi 10 
-3.383757814 PLX-4720 BRAFi 1000 
-3.51328258 PF-332991 CDK4/6i 100 
-3.569500616 MK-1175 WEE1i 500 
-3.582497643 camptothecin TOPO I poison 5 
-3.625714807 PF-332991 CDK4/6i 50 
-3.699578198 PD-184352 MEKi 1000 
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-3.731810176 BI-2536 PLKi 100 
-3.950823537 BI-2536 PLKi 1000 
-3.996200075 methotrexate DHFR 500 
-4.06465256 decitabine DNA methylation 1000 
-4.066212108 PF-03758309 PAKi 5 
-4.090436841 MK-1175 WEE1i 1000 
-4.348548849 SAR-20106 CHK1 (Sutton) 500 
-4.392942212 camptothecin TOPO I poison 1000 
-4.403886719 PF-00477736 CHK1i 1000 
-4.611235485 sapacitabine CNDAC 500 
-4.696728007 BMN-673 PARPi 100 
-4.761956584 BMN-673 PARPi 50 
-4.964765469 PF-332991 CDK4/6i 500 
-5.239041894 PF-03758309 PAKi 100 
-5.35656724 PF-03758309 PAKi 50 
-5.399420409 etoposide TOPO IIi 500 
-5.645723486 SAR-20106 CHK1 (Sutton) 1000 
-5.86117556 gemcitabine.HCl DNA replication 50 
-5.913001409 PF-332991 CDK4/6i 1000 
-6.211608192 methotrexate DHFR 1000 
-6.731426053 doxorubicin.HCl DNA intercalator 50 
-6.957352401 camptothecin TOPO I poison 500 
-6.95809961 PF-03758309 PAKi 500 
-7.439327736 BMN-673 PARPi 500 
-7.533961967 BI-2536 PLKi 500 
-7.757864066 PF-03814735 Aurora kinase inhibitor 1000 
-7.830426325 PF-03758309 PAKi 1000 
-7.902071082 BMN-673 PARPi 1000 
-8.093288847 sapacitabine CNDAC 1000 
-8.36210665 camptothecin TOPO I poison 10 
-8.622620212 PF-03814735 Aurora kinase inhibitor 500 
-9.263618076 doxorubicin.HCl DNA intercalator 100 
-9.461358629 gemcitabine.HCl DNA replication 10 
-9.469529682 etoposide TOPO IIi 1000 
-9.850457859 vorinostat Class I&II HDACi 500 
-10.7947945 gemcitabine.HCl DNA replication 5 
-10.87294014 vorinostat Class I&II HDACi 1000 
-12.66188598 camptothecin TOPO I poison 100 
-13.38051312 camptothecin TOPO I poison 50 
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4.7 The CDK4/6 inhibitor (palbociclib) in combination with Rt3D 

The CDK4/6 inhibitor palbociclib was included among the top hits that caused 

drug-viral therapy sensitization. Low DE Z scores indicative of enhanced cell 

death is apparent in combination with palbociclib at Rt3D doses of 0.1 and above 

(figure 4.7.1). 

Palbociclib is tolerated in the clinic with some therapeutic success in breast 

cancer in combination with other therapies (Serra et al., 2019). Therefore, clinical 

translation of adjuvant therapies is warranted and the Rt3D-palbociclib 

combination was selected to investigate further. 

 

In addition to the CDK4/6 inhibitor, other CDK inhibitors were included on the 

screen: the CDK1 inhibitor RO-3306, and the more toxic pan-CDK inhibitor, 

flavopiridol. The CDK4/6 inhibitor was the only CDK inhibitor of those used in the 

screen to enhance Rt3D-induced cell kill (figure 4.7.2). 
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Figure 4.7.1. Waterfall plots for A375 treated with Rt3D and 80 compounds 
including palbociclib (red).  
Low Z scores (below -2, dashed line) indicate drug-Rt3D sensitisers. Z score plots 

are shown for palbociclib, highlighted in red. Z scores of <-2 are listed for each 

graph and refer to different doses palbociclib used. 
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Figure 4.7.2. Palbociclib (and not pan- or CDK1 inhibitors) enhance cell kill 
in combination with Rt3D in A375 cells.  
A. Cell surviving fractions for Rt3D in combination with the CDK4/6 inhibitor palbociclib. 

B. The CDK1 inhibitor RO-3306. C. The pan-CDK inhibitor flavopiridol. Cell survival was 

measured as luminescence with CTG, 72 hours. 
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4.8 Discussion 

In this screening approach ~80 compounds at various doses were used to 

uncover novel Rt3D-drug combination strategies. Results from this screen reveal 

compounds able to enhance Rt3D-induced cell kill. The most notable among the 

top hits are agents that exert their effects on DNA (such as drugs that damage 

DNA or interfere with DNA repair or synthesis) or those that manipulate the cell 

cycle. Agents that caused the most cell kill in combination with Rt3D were the 

PARP inhibitor BMN-673, (talazoparib), and the topoisomerase poison, 

camptothecin (other topoisomerase poisons doxorubicin and etoposide are also 

hits), which are currently being investigated by members of the team working in 

our laboratory.  

 

Other hits include compounds that modify DNA, altering gene expression, such 

as the DNA methyltransferase inhibitor, decitabine, and the HDAC inhibitor, 

vorinostat. Well-established drugs in the clinic, such as gemcitabine and 

paclitaxel are also good hits, however these agents have already entered trials in 

combination with Rt3D with supporting pre-clinical data (Gujar et al., 2014; 

Karapanagiotou et al., 2012; Lolkema et al., 2011; Roulstone et al., 2013).  

DNA-targeted agents are clearly able to sensitise A375 cells to Rt3D-induced 

cell death. The addition of radiation therapy to Rt3D has been previously 

published to increase cytotoxicity in human cancers with marked effects on cell 

cycle (Twigger et al., 2008). However, mechanistic data and the effects of this 

combination on the process of cell death and immunogenicity are yet to be 

explored. DNA modifying agents such as the DNA methyltransferase inhibitor, 

decitabine, and the histone deacetylase inhibitor, vorinostat, were also able to 

increase cell kill in combination with Rt3D.  
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Palbociclib was able to enhance Rt3D-induced cytotoxicity and was chosen for 

further investigation. This was because palbociclib is translatable to the clinic (it 

is already being widely used and available on the NHS), and has already shown 

promise in the treatment of cancer. Furthermore, palbociclib has not yet been 

studied in combination with Rt3D, or any oncolytic virus therapy. Palbociclib has 

diverse action, because it not only acts on the cell cycle, but it also recruits 

chromatin remodeling enzymes such as methylases and acetylases. Therefore, 

palbociclib encompasses multiple effects on cellular processes that will be 

exciting to explore. Coupled with its tolerability in cancer patients’, 

complementary therapies like Rt3D (also tolerated well in clinical trials) would 

translate reasonably as a combination strategy. 
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4.9 APPENDIX 

Table 4.9.1: Plate 11 compounds and their doses.  
Library screen doses are shown with their positions on 384-well format for plate 

11. Inhibitors are abbreviated (i). 

 

Plate: Well: GeneID: Function: nM: 
1 A03 5-FU Anti-metabolite 1000 
1 A04 5-FU Anti-metabolite 100 
1 A05 5-FU Anti-metabolite 500 
1 A06 5-FU Anti-metabolite 50 
1 A07  AEB071 PKCi 1000 
1 A08 AEB071 PKCi 100 
1 A09 AEB071 PKCi 500 
1 A10 AEB071 PKCi 50 
1 A11 nilotinib BCR-ABLi 1000 
1 A12 nilotinib BCR-ABLi 100 
1 A13 nilotinib BCR-ABLi 500 
1 A14 nilotinib BCR-ABLi 50 
1 A15 AG-14699 PARPi (Pfizer) 1000 
1 A16 AG-14699 PARPi (Pfizer) 100 
1 A17 AG-14699 PARPi (Pfizer) 500 
1 A18 AG-14699 PARPi (Pfizer) 50 
1 A19 RO-3306 CDK1i 400 
1 A20 RO-3306 CDK1i 40 
1 A21 RO-3306 CDK1i 200 
1 A22 RO-3306 CDK1i 20 
1 B03 5-FU Anti-metabolite 10 
1 B04 5-FU Anti-metabolite 1 
1 B05 5-FU Anti-metabolite 5 
1 B06 5-FU Anti-metabolite 0.5 
1 B07 AEB071 PKCi 10 
1 B08 AEB071 PKCi 1 
1 B09 AEB071 PKCi 5 
1 B10 AEB071 PKCi 0.5 
1 B11 nilotinib BCR-ABLi 10 
1 B12 nilotinib BCR-ABLi 1 
1 B13 nilotinib BCR-ABLi 5 
1 B14 nilotinib BCR-ABLi 0.5 
1 B15 AG-14699 PARPi (Pfizer) 10 
1 B16 AG-14699 PARPi (Pfizer) 1 
1 B17 AG-14699 PARPi (Pfizer) 5 
1 B18 AG-14699 PARPi (Pfizer) 0.5 
1 B19 RO-3306 CDK1i 4 
1 B20 RO-3306 CDK1i 0.4 
1 B21 RO-3306 CDK1i 2 
1 B22 RO-3306 CDK1i 0.2 
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1 C03 carboplatin DNA alkylation 1000 
1 C04 carboplatin DNA alkylation 100 
1 C05 carboplatin DNA alkylation 500 
1 C06 carboplatin DNA alkylation 50 
1 C07 4-OH-tamoxifen ERi 1000 
1 C08 4-OH-tamoxifen ERi 100 
1 C09 4-OH-tamoxifen ERi 500 
1 C10 4-OH-tamoxifen ERi 50 
1 C11 gemcitabine.HCl DNA replication 1000 
1 C12 gemcitabine.HCl DNA replication 100 
1 C13 gemcitabine.HCl DNA replication 500 
1 C14 gemcitabine.HCl DNA replication 50 
1 C15 foretinib METi,VEGFR2i and KDRi 1000 
1 C16 foretinib METi,VEGFR2i and KDRi 100 
1 C17 foretinib METi,VEGFR2i and KDRi 500 
1 C18 foretinib METi,VEGFR2i and KDRi 50 
1 C19 lapatinib Her2i 1000 
1 C20 lapatinib Her2i 100 
1 C21 lapatinib Her2i 500 
1 C22 lapatinib Her2i 50 
1 D03 carboplatin DNA alkylation 10 
1 D04 carboplatin DNA alkylation 1 
1 D05 carboplatin DNA alkylation 5 
1 D06 carboplatin DNA alkylation 0.5 
1 D07 4-OH-tamoxifen ERi 10 
1 D08 4-OH-tamoxifen ERi 1 
1 D09 4-OH-tamoxifen ERi 5 
1 D10 4-OH-tamoxifen ERi 0.5 
1 D11 gemcitabine.HCl DNA replication 10 
1 D12 gemcitabine.HCl DNA replication 1 
1 D13 gemcitabine.HCl DNA replication 5 
1 D14 gemcitabine.HCl DNA replication 0.5 
1 D15 foretinib METi,VEGFR2i,KDRi 10 
1 D16 foretinib METi,VEGFR2i,KDRi 1 
1 D17 foretinib METi,VEGFR2i,KDRi 5 
1 D18 foretinib METi,VEGFR2i,KDRi 0.5 
1 D19 lapatinib Her2i 10 
1 D20 lapatinib Her2i 1 
1 D21 lapatinib Her2i 5 
1 D22 lapatinib Her2i 0.5 
1 E03 BMN-673 PARPi 1000 
1 E04 BMN-673 PARPi 100 
1 E05 BMN-673 PARPi 500 
1 E06 BMN-673 PARPi 50 
1 E07 Imatinib mesylate BCR-ABLi 1000 
1 E08 imatinib mesylate BCR-ABLi 100 
1 E09 imatinib mesylate BCR-ABLi 500 
1 E10 imatinib mesylate BCR-ABLi 50 
1 E11 crizotinib ALKi 1000 
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1 E12 crizotinib ALKi 100 
1 E13 crizotinib ALKi 500 
1 E14 crizotinib ALKi 50 
1 E15 GSK2194069A FASi 1000 
1 E16 GSK2194069A FASi 100 
1 E17 GSK2194069A FASi 500 
1 E18 GSK2194069A FASi 50 
1 E19 MK2206 AKTi 1000 
1 E20 MK2206 AKTi 100 
1 E21 MK2206 AKTi 500 
1 E22 MK2206 AKTi 50 
1 F03 BMN-673 PARPi 10 
1 F04 BMN-673 PARPi 1 
1 F05 BMN-673 PARPi 5 
1 F06 BMN-673 PARPi 0.5 
1 F07 imatinib mesylate BCR-ABLi 10 
1 F08 imatinib mesylate BCR-ABLi 1 
1 F09 imatinib mesylate BCR-ABLi 5 
1 F10 imatinib mesylate BCR-ABLi 0.5 
1 F11 crizotinib ALKi 10 
1 F12 crizotinib ALKi 1 
1 F13 crizotinib ALKi 5 
1 F14 crizotinib ALKi 0.5 
1 F15 GSK2194069A FASi 10 
1 F16 GSK2194069A FASi 1 
1 F17 GSK2194069A FASi 5 
1 F18 GSK2194069A FASi 0.5 
1 F19 MK2206 AKTi 10 
1 F20 MK2206 AKTi 1 
1 F21 MK2206 AKTi 5 
1 F22 MK2206 AKTi 0.5 
1 G03 flavopiridol CDKi 1000 
1 G04 flavopiridol CDKi 100 
1 G05 flavopiridol CDKi 500 
1 G06 flavopiridol CDKi 50 
1 G07 erlotinib EGFRi 1000 
1 G08 erlotinib EGFRi 100 
1 G09 erlotinib EGFRi 500 
1 G10 erlotinib EGFRi 50 
1 G11 ABT-737 Bcl2i 1000 
1 G12 ABT-737 Bcl2i 100 
1 G13 ABT-737 Bcl2i 500 
1 G14 ABT-737 Bcl2i 50 
1 G15 methotrexate DHFR 1000 
1 G16 methotrexate DHFR 100 
1 G17 methotrexate DHFR 500 
1 G18 methotrexate DHFR 50 
1 G19 resveratrol NSAID 1000 
1 G20 resveratrol NSAID 100 
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1 G21 resveratrol NSAID 500 
1 G22 resveratrol NSAID 50 
1 H03 flavopiridol CDKi 10 
1 H04 flavopiridol CDKi 1 
1 H05 flavopiridol CDKi 5 
1 H06 flavopiridol CDKi 0.5 
1 H07 erlotinib EGFRi 10 
1 H08 erlotinib EGFRi 1 
1 H09 erlotinib EGFRi 5 
1 H10 erlotinib EGFRi 0.5 
1 H11 ABT-737 Bcl2i 10 
1 H12 ABT-737 Bcl2i 1 
1 H13 ABT-737 Bcl2i 5 
1 H14 ABT-737 Bcl2i 0.5 
1 H15 methotrexate DHFR 10nM 
1 H16 methotrexate DHFR 1nM 
1 H17 methotrexate DHFR 5nM 
1 H18 methotrexate DHFR 0.5nM 
1 H19 resveratrol NSAID 10 
1 H20 resveratrol NSAID 1 
1 H21 resveratrol NSAID 5 
1 H22 resveratrol NSAID 0.5 
1 I03 decitabine DNA methylation 1000 
1 I04 decitabine DNA methylation 100 
1 I05 decitabine DNA methylation 500 
1 I06 decitabine DNA methylation 50 
1 I07 gefitinib EGFRi 1000 
1 I08 gefitinib EGFRi 100 
1 I09 gefitinib EGFRi 500 
1 I10 gefitinib EGFRi 50 
1 I11 celecoxib COX2i 1000 
1 I12 celecoxib COX2i 100 
1 I13 celecoxib COX2i 500 
1 I14 celecoxib COX2i 50 
1 I15 MLN-4924 NEDDi 1000 
1 I16 MLN-4924 NEDDi 100 
1 I17 MLN-4924 NEDDi 500 
1 I18 MLN-4924 NEDDi 50 
1 I19 temozolomide DNA alkylation 1000 
1 I20 temozolomide DNA alkylation 100 
1 I21 temozolomide DNA alkylation 500 
1 I22 temozolomide DNA alkylation 50 
1 J03 decitabine DNA methylation 10 
1 J04 decitabine DNA methylation 1 
1 J05 decitabine DNA methylation 5 
1 J06 decitabine DNA methylation 0.5 
1 J07 gefitinib EGFRi 10 
1 J08 gefitinib EGFRi 1 
1 J09 gefitinib EGFRi 5 
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1 J10 gefitinib EGFRi 0.5 
1 J11 celecoxib COX2i 10 
1 J12 celecoxib COX2i 1 
1 J13 celecoxib COX2i 5 
1 J14 celecoxib COX2i 0.5 
1 J15 MLN-4924 NEDDi 10 
1 J16 MLN-4924 NEDDi 1 
1 J17 MLN-4924 NEDDi 5 
1 J18 MLN-4924 NEDDi 0.5 
1 J19 temozolomide DNA alkylation 10 
1 J20 temozolomide DNA alkylation 1 
1 J21 temozolomide DNA alkylation 5 
1 J22 temozolomide DNA alkylation 0.5 
1 K03 DMX 1783 TNKSi 1000 
1 K04 DMX 1783 TNKSi 100 
1 K05 DMX 1783 TNKSi 500 
1 K06 DMX 1783 TNKSi 50 
1 K07 everolimus mTORi 1000 
1 K08 everolimus mTORi 100 
1 K09 everolimus mTORi 500 
1 K10 everolimus mTORi 50 
1 K11 MSC2358705A DNA-PKi (Merck) 1000 
1 K12 MSC2358705A DNA-PKi (Merck) 100 
1 K13 MSC2358705A DNA-PKi (Merck) 500 
1 K14 MSC2358705A DNA-PKi (Merck) 50 
1 K15 SAR-20106 CHK1 (Sutton) 1000 
1 K16 SAR-20106 CHK1 (Sutton) 100 
1 K17 SAR-20106 CHK1 (Sutton) 500 
1 K18 SAR-20106 CHK1 (Sutton) 50 
1 K19 YM155 Survivin-suppressant 1000 
1 K20 YM155 Survivin-suppressant 100 
1 K21 YM155 Survivin-suppressant 500 
1 K22 YM155 Survivin-suppressant 50 
1 L03 DMX 1783 TNKSi 10 
1 L04 DMX 1783 TNKSi 1 
1 L05 DMX 1783 TNKSi 5 
1 L06 DMX 1783 TNKSi 0.5 
1 L07 everolimus mTORi 10 
1 L08 everolimus mTORi 1 
1 L09 everolimus mTORi 5 
1 L10 everolimus mTORi 0.5 
1 L11 MSC2358705A DNA-PKi (Merck) 10 
1 L12 MSC2358705A DNA-PKi (Merck) 1 
1 L13 MSC2358705A DNA-PKi (Merck) 5 
1 L14 MSC2358705A DNA-PKi (Merck) 0.5 
1 L15 SAR-20106 CHK1 (Sutton) 10 
1 L16 SAR-20106 CHK1 (Sutton) 1 
1 L17 SAR-20106 CHK1 (Sutton) 5 
1 L18 SAR-20106 CHK1 (Sutton) 0.5 
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1 L19 YM155 Survivin-suppressant 10 
1 L20 YM155 Survivin-suppressant 1 
1 L21 YM155 Survivin-suppressant 5 
1 L22 YM155 Survivin-suppressant 0.5 
1 M03 MDV-3100 CRPCi 1000 
1 M04 MDV-3100 CRPCi 100 
1 M05 MDV-3100 CRPCi 500 
1 M06 MDV-3100 CRPCi 50 
1 M07 DMX 2320 IKKe inhibitor 1000 
1 M08 DMX 2320 IKKe inhibitor 100 
1 M09 DMX 2320 IKKe inhibitor 500 
1 M10 DMX 2320 IKKe inhibitor 50 
1 M11 2-methoxyestradiol Anti-angiogenesis 1000 
1 M12 2-methoxyestradiol Anti-angiogenesis 100 
1 M13 2-methoxyestradiol Anti-angiogenesis 500 
1 M14 2-methoxyestradiol Anti-angiogenesis 50 
1 M15 cabozantinib MET/VEGFi 1000 
1 M16 cabozantinib MET/VEGFi 100 
1 M17 cabozantinib MET/VEGFi 500 
1 M18 cabozantinib MET/VEGFi 50 
1 M19 KU0057788 DNA-PKi 1000 
1 M20 KU0057788 DNA-PKi 100 
1 M21 KU0057788 DNA-PKi 500 
1 M22 KU0057788 DNA-PKi 50 
1 N03 MDV-3100 CRPCi 10 
1 N04 MDV-3100 CRPCi 1 
1 N05 MDV-3100 CRPCi 5 
1 N06 MDV-3100 CRPCi 0.5 
1 N07 DMX 2320 IKKe inhibitor 10 
1 N08 DMX 2320 IKKe inhibitor 1 
1 N09 DMX 2320 IKKe inhibitor 5 
1 N10 DMX 2320 IKKe inhibitor 0.5 
1 N11 2-methoxyestradiol Anti-angiogenesis 10 
1 N12 2-methoxyestradiol Anti-angiogenesis 1 
1 N13 2-methoxyestradiol Anti-angiogenesis 5 
1 N14 2-methoxyestradiol Anti-angiogenesis 0.5 
1 N15 cabozantinib MET/VEGFi 10 
1 N16 cabozantinib MET/VEGFi 1 
1 N17 cabozantinib MET/VEGFi 5 
1 N18 cabozantinib MET/VEGFi 0.5 
1 N19 KU0057788 DNA-PKi 10 
1 N20 KU0057788 DNA-PKi 1 
1 N21 KU0057788 DNA-PKi 5 
1 N22 KU0057788 DNA-PKi 0.5 
1 O03 sapacitabine CNDAC 1000 
1 O04 sapacitabine CNDAC 100 
1 O05 sapacitabine CNDAC 500 
1 O06 sapacitabine CNDAC 50 
1 O07 canertinib pan-ErbBi 1000 
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1 O08 canertinib pan-ErbBi 100 
1 O09 canertinib pan-ErbBi 500 
1 O10 canertinib pan-ErbBi 50 
1 O11 dasatinib BCR-ABL/Srci 1000 
1 O12 dasatinib BCR-ABL/Srci 100 
1 O13 dasatinib BCR-ABL/Srci 500 
1 O14 dasatinib BCR-ABL/Srci 50 
1 O15 OSI-906 IGFRi 1000 
1 O16 OSI-906 IGFRi 100 
1 O17 OSI-906 IGFRi 500 
1 O18 OSI-906 IGFRi 50 
1 O19 camptothecin TOPO I poison 1000 
1 O20 camptothecin TOPO I poison 100 
1 O21 camptothecin TOPO I poison 500 
1 O22 camptothecin TOPO I poison 50 
1 P03 sapacitabine CNDAC 10 
1 P04 sapacitabine CNDAC 1 
1 P05 Sapacitabine CNDAC 5 
1 P06 Sapacitabine CNDAC 0.5 
1 P07 canertinib pan-ErbBi 10 
1 P08 canertinib pan-ErbBi 1 
1 P09 canertinib pan-ErbBi 5 
1 P10 canertinib pan-ErbBi 0.5 
1 P11 dasatinib BCR-ABL/Srci 10 
1 P12 dasatinib BCR-ABL/Srci 1 
1 P13 dasatinib BCR-ABL/Srci 5 
1 P14 dasatinib BCR-ABL/Srci 0.5 
1 P15 OSI-906 IGFRi 10 
1 P16 OSI-906 IGFRi 1 
1 P17 OSI-906 IGFRi 5 
1 P18 OSI-906 IGFRi 0.5 
1 P19 camptothecin TOPO I poison 10 
1 P20 camptothecin TOPO I poison 1 
1 P21 camptothecin TOPO I poison 5 
1 P22 camptothecin TOPO I poison 0.5 
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Table 4.9.2: Plate 12 compounds and their doses.  
Library screen doses are shown with their positions on 384-well format for plate 

12. Inhibitors are abbreviated (i). 

 

Plate: Well: GeneID: Function:  nM: 
2 A03 GSK-2334470A PDKi 1000 
2 A04 GSK-2334470A PDKi 100 
2 A05 GSK-2334470A PDKi 500 
2 A06 GSK-2334470A PDKi 50 
2 A07 olaparib PARP1/2i 1000 
2 A08 olaparib PARP1/2i 100 
2 A09 olaparib PARP1/2i 500 
2 A10 olaparib PARP1/2i 50 
2 A11 KU60019 ATMi 1000 
2 A12 KU60019 ATMi 100 
2 A13 KU60019 ATMi 500 
2 A14 KU60019 ATMi 50 
2 A15 PF-00477736 CHK1i 1000 
2 A16 PF-00477736 CHK1i 100 
2 A17 PF-00477736 CHK1i 500 
2 A18 PF-00477736 CHK1i 50 
2 A19 GDC-0449 SMOi 1000 
2 A20 GDC-0449 SMOi 100 
2 A21 GDC-0449 SMOi 500 
2 A22 GDC-0449 SMOi 50 
2 B03 GSK-2334470A PDKi 10 
2 B04 GSK-2334470A PDKi 1 
2 B05 GSK-2334470A PDKi 5 
2 B06 GSK-2334470A PDKi 0.5 
2 B07 olaparib PARP1/2i 10 
2 B08 olaparib PARP1/2i 1 
2 B09 olaparib PARP1/2i 5 
2 B10 olaparib PARP1/2i 0.5 
2 B11 KU60019 ATMi 10 
2 B12 KU60019 ATMi 1 
2 B13 KU60019 ATMi 5 
2 B14 KU60019 ATMi 0.5 
2 B15 PF-00477736 CHK1i 10 
2 B16 PF-00477736 CHK1i 1 
2 B17 PF-00477736 CHK1i 5 
2 B18 PF-00477736 CHK1i 0.5 
2 B19 GDC-0449 SMOi 10 
2 B20 GDC-0449 SMOi 1 
2 B21 GDC-0449 SMOi 5 
2 B22 GDC-0449 SMOi 0.5 
2 C03 BI-2536 PLKi 1000 
2 C04 BI-2536 PLKi 100 
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2 C05 BI-2536 PLKi 500 
2 C06 BI-2536 PLKi 50 
2 C07 abiraterone CYP17A1i 1000 
2 C08 abiraterone CYP17A1i 100 
2 C09 abiraterone CYP17A1i 500 
2 C10 abiraterone CYP17A1i 50 
2 C11 MK0752 NOTCHi 1000 
2 C12 MK0752 NOTCHi 100 
2 C13 MK0752 NOTCHi 500 
2 C14 MK0752 NOTCHi 50 
2 C15 PF-04929113 HSP90i 1000 
2 C16 PF-04929113 HSP90i 100 
2 C17 PF-04929113 HSP90i 500 
2 C18 PF-04929113 HSP90i 50 
2 C19 paclitaxel Microtubule poison 1000 
2 C20 paclitaxel Microtubule poison 100 
2 C21 paclitaxel Microtubule poison 500 
2 C22 paclitaxel Microtubule poison 50 
2 D03 BI-2536 PLKi 10 
2 D04 BI-2536 PLKi 1 
2 D05 BI-2536 PLKi 5 
2 D06 BI-2536 PLKi 0.5 
2 D07 abiraterone CYP17A1i 10 
2 D08 abiraterone CYP17A1i 1 
2 D09 abiraterone CYP17A1i 5 
2 D10 abiraterone CYP17A1i 0.5 
2 D11 MK0752 NOTCHi 10 
2 D12 MK0752 NOTCHi 1 
2 D13 MK0752 NOTCHi 5 
2 D14 MK0752 NOTCHi 0.5 
2 D15 PF-04929113 HSP90i 10 
2 D16 PF-04929113 HSP90i 1 
2 D17 PF-04929113 HSP90i 5 
2 D18 PF-04929113 HSP90i 0.5 
2 D19 paclitaxel Microtubule poison 10 
2 D20 paclitaxel Microtubule poison 1 
2 D21 paclitaxel Microtubule poison 5 
2 D22 paclitaxel Microtubule poison 0.5 
2 E03 PD-0332991 CDK4/6i 1000 
2 E04 PD-0332991 CDK4/6i 100 
2 E05 PD-0332991 CDK4/6i 500 
2 E06 PD-0332991 CDK4/6i 50 
2 E07 lestaurtinib JAK2i, FLT3i and TrkAi 200 
2 E08 lestaurtinib JAK2i, FLT3i and TrkAi 20 
2 E09 lestaurtinib JAK2i, FLT3i and TrkAi 100 
2 E10 lestaurtinib JAK2i, FLT3i and TrkAi 10 
2 E11 lenvatinib VEGFi 1000 
2 E12 lenvatinib VEGFi 100 
2 E13 lenvatinib VEGFi 500 
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2 E14 lenvatinib VEGFi 50 
2 E15 PF-332991 CDK4/6i 1000 
2 E16 PF-332991 CDK4/6i 100 
2 E17 PF-332991 CDK4/6i 500 
2 E18 PF-332991 CDK4/6i 50 
2 E19 AZ4547 FGFRi 1000 
2 E20 AZ4547 FGFRi 100 
2 E21 AZ4547 FGFRi 500 
2 E22 AZ4547 FGFRi 50 
2 F03 PD-0332991 CDK4/6i 10 
2 F04 PD-0332991 CDK4/6i 1 
2 F05 PD-0332991 CDK4/6i 5 
2 F06 PD-0332991 CDK4/6i 0.5 
2 F07 lestaurtinib JAK2i, FLT3i and TrkAi 2 
2 F08 lestaurtinib JAK2i, FLT3i and TrkAi 0.2 
2 F09 lestaurtinib JAK2i, FLT3i and TrkAi 1 
2 F10 lestaurtinib JAK2i, FLT3i and TrkAi 0.1 
2 F11 lenvatinib VEGFi 10 
2 F12 lenvatinib VEGFi 1 
2 F13 lenvatinib VEGFi 5 
2 F14 lenvatinib VEGFi 0.5 
2 F15 PF-332991 CDK4/6i 10 
2 F16 PF-332991 CDK4/6i 1 
2 F17 PF-332991 CDK4/6i 5 
2 F18 PF-332991 CDK4/6i 0.5 
2 F19 AZ4547 FGFRi 10 
2 F20 AZ4547 FGFRi 1 
2 F21 AZ4547 FGFRi 5 
2 F22 AZ4547 FGFRi 0.5 
2 G03 vinorelbine Anti-mitotic 1000 
2 G04 vinorelbine Anti-mitotic 100 
2 G05 vinorelbine Anti-mitotic 500 
2 G06 vinorelbine Anti-mitotic 50 
2 G07 BIBW2992 EGFR/HER2i 1000 
2 G08 BIBW2992 EGFR/HER2i 100 
2 G09 BIBW2992 EGFR/HER2i 500 
2 G10 BIBW2992 EGFR/HER2i 50 
2 G11 BEZ-235 PI3K/mTORi 1000 
2 G12 BEZ-235 PI3K/mTORi 100 
2 G13 BEZ-235 PI3K/mTORi 500 
2 G14 BEZ-235 PI3K/mTORi 50 
2 G15 PF-00299804 pan-ErbBi 1000 
2 G16 PF-00299804 pan-ErbBi 100 
2 G17 PF-00299804 pan-ErbBi 500 
2 G18 PF-00299804 pan-ErbBi 50 
2 G19 XAV-939 TNKSi/Wnti 1000 
2 G20 XAV-939 TNKSi/Wnti 100 
2 G21 XAV-939 TNKSi/Wnti 500 
2 G22 XAV-939 TNKSi/Wnti 50 



 148 

2 H03 vinorelbine anti-mitotic 10 
2 H04 vinorelbine anti-mitotic 1 
2 H05 vinorelbine anti-mitotic 5 
2 H06 vinorelbine anti-mitotic 0.5 
2 H07 BIBW2992 EGFR/HER2i 10 
2 H08 BIBW2992 EGFR/HER2i 1 
2 H09 BIBW2992 EGFR/HER2i 5 
2 H10 BIBW2992 EGFR/HER2i 0.5 
2 H11 BEZ-235 PI3K/mTORi 10 
2 H12 BEZ-235 PI3K/mTORi 1 
2 H13 BEZ-235 PI3K/mTORi 5 
2 H14 BEZ-235 PI3K/mTORi 0.5 
2 H15 PF-00299804 pan-ErbBi 10 
2 H16 PF-00299804 pan-ErbBi 1 
2 H17 PF-00299804 pan-ErbBi 5 
2 H18 PF-00299804 pan-ErbBi 0.5 
2 H19 XAV-939 TNKSi/Wnti 10 
2 H20 XAV-939 TNKSi/Wnti 1 
2 H21 XAV-939 TNKSi/Wnti 5 
2 H22 XAV-939 TNKSi/Wnti 0.5 
2 I03 sorafenib RAFi, PDGFi, VEGF1&2i 1000 
2 I04 sorafenib RAFi, PDGFi, VEGF1&2i 100 
2 I05 sorafenib RAFi, PDGFi, VEGF1&2i 500 
2 I06 sorafenib RAFi, PDGFi, VEGF1&2i 50 
2 I07 MK-1775 WEE1i 1000 
2 I08 MK-1775 WEE1i 100 
2 I09 MK-1775 WEE1i 500 
2 I10 MK-1775 WEE1i 50 
2 I11 etoposide TOPO IIi 1000 
2 I12 etoposide TOPO IIi 100 
2 I13 etoposide TOPO IIi 500 
2 I14 etoposide TOPO IIi 50 
2 I15 PF-03758309 PAKi 1000 
2 I16 PF-03758309 PAKi 100 
2 I17 PF-03758309 PAKi 500 
2 I18 PF-03758309 PAKi 50 
2 I19 GSK1904529A IGFRi 1000 
2 I20 GSK1904529A IGFRi 100 
2 I21 GSK1904529A IGFRi 500 
2 I22 GSK1904529A IGFRi 50 
2 J03 sorafenib RAFi, PDGFi, VEGF1&2i 10 
2 J04 sorafenib RAFi, PDGFi, VEGF1&2i 1 
2 J05 sorafenib RAFi, PDGFi, VEGF1&2i 5 
2 J06 sorafenib RAFi, PDGFi, VEGF1&2i 0.5 
2 J07 MK-1775 WEE1i 10 
2 J08 MK-1775 WEE1i 1 
2 J09 MK-1775 WEE1i 5 
2 J10 MK-1775 WEE1i 0.5 
2 J11 etoposide TOPO IIi 10 
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2 J12 etoposide TOPO IIi 1 
2 J13 etoposide TOPO IIi 5 
2 J14 etoposide TOPO IIi 0.5 
2 J15 PF-03758309 PAKi 10 
2 J16 PF-03758309 PAKi 1 
2 J17 PF-03758309 PAKi 5 
2 J18 PF-03758309 PAKi 0.5 
2 J19 GSK1904529A IGFRi 10 
2 J20 GSK1904529A IGFRi 1 
2 J21 GSK1904529A IGFRi 5 
2 J22 GSK1904529A IGFRi 0.5 
2 K03 vorinostat Class I&II HDACi 1000 
2 K04 vorinostat  Class I&II HDACi 100 
2 K05 vorinostat  Class I&II HDACi 500 
2 K06 vorinostat  Class I&II HDACi 50 
2 K07 Nutlin3 MDM2i 1000 
2 K08 Nutlin3 MDM2i 100 
2 K09 Nutlin3 MDM2i 500 
2 K10 Nutlin3 MDM2i 50 
2 K11 doxorubicin.HCl DNA intercalator 1000 
2 K12 doxorubicin.HCl DNA intercalator 100 
2 K13 doxorubicin.HCl DNA intercalator 500 
2 K14 doxorubicin.HCl DNA intercalator 50 
2 K15 PF-04691502 PI3K/mTORi 1000 
2 K16 PF-04691502 PI3K/mTORi 100 
2 K17 PF-04691502 PI3K/mTORi 500 
2 K18 PF-04691502 PI3K/mTORi 50 
2 K19 PD173074 FGFRi 1000 
2 K20 PD173074 FGFRi 100 
2 K21 PD173074 FGFRi 500 
2 K22 PD173074 FGFRi 50 
2 L03 vorinostat Class I&II HDACi 10 
2 L04 vorinostat Class I&II HDACi 1 
2 L05 vorinostat Class I&II HDACi 5 
2 L06 vorinostat Class I&II HDACi 0.5 
2 L07 nutlin3 MDM2i 10 
2 L08 nutlin3 MDM2i 1 
2 L09 nutlin3 MDM2i 5 
2 L10 nutlin3 MDM2i 0.5 
2 L11 doxorubicin.HCl DNA intercalator 10 
2 L12 doxorubicin.HCl DNA intercalator 1 
2 L13 doxorubicin.HCl DNA intercalator 5 
2 L14 doxorubicin.HCl DNA intercalator 0.5 
2 L15 PF-04691502 PI3K/mTORi 10 
2 L16 PF-04691502 PI3K/mTORi 1 
2 L17 PF-04691502 PI3K/mTORi 5 
2 L18 PF-04691502 PI3K/mTORi 0.5 
2 L19 PD173074 FGFRi 10 
2 L20 PD173074 FGFRi 1 
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2 L21 PD173074 FGFRi 5 
2 L22 PD173074 FGFRi 0.5 
2 M03 salinomycin Microtubule poison 1000 
2 M04 salinomycin Microtubule poison 100 
2 M05 salinomycin Microtubule poison 500 
2 M06 salinomycin Microtubule poison 50 
2 M07 BMS-911543 JAK2i 1000 
2 M08 BMS-911543 JAK2i 100 
2 M09 BMS-911543 JAK2i 500 
2 M10 BMS-911543 JAK2i 50 
2 M11 6-thioguanine Anti-metabolite 1000 
2 M12 6-thioguanine Anti-metabolite 100 
2 M13 6-thioguanine Anti-metabolite 500 
2 M14 6-thioguanine Anti-metabolite 50 
2 M15 PF-03814735 Aurora kinase inhibitor 1000 
2 M16 PF-03814735 Aurora kinase inhibitor 100 
2 M17 PF-03814735 Aurora kinase inhibitor 500 
2 M18 PF-03814735 Aurora kinase inhibitor 50 
2 M19 PD-184352 MEKi 1000 
2 M20 PD-184352 MEKi 100 
2 M21 PD-184352 MEKi 500 
2 M22 PD-184352 MEKi 50 
2 N03 salinomycin Microtubule poison 10 
2 N04 salinomycin Microtubule poison 1 
2 N05 salinomycin Microtubule poison 5 
2 N06 salinomycin Microtubule poison 0.5 
2 N07 BMS-911543 JAK2i 10 
2 N08 BMS-911543 JAK2i 1 
2 N09 BMS-911543 JAK2i 5 
2 N10 BMS-911543 JAK2i 0.5 
2 N11 6-thioguanine Anti-metabolite 10 
2 N12 6-thioguanine Anti-metabolite 1 
2 N13 6-thioguanine Anti-metabolite 5 
2 N14 6-thioguanine Anti-metabolite 0.5 
2 N15 PF-03814735 Aurora kinase inhibitor 10 
2 N16 PF-03814735 Aurora kinase inhibitor 1 
2 N17 PF-03814735 Aurora kinase inhibitor 5 
2 N18 PF-03814735 Aurora kinase inhibitor 0.5 
2 N19 PD-184352 MEKi 10 
2 N20 PD-184352 MEKi 1 
2 N21 PD-184352 MEKi 5 
2 N22 PD-184352 MEKi 0.5 

2 O03 sunitinib 
VEGFR1-3i, PDGFRi, Kiti 

and CSF1Ri 1000 

2 O04 sunitinib 
VEGFR1-3i, PDGFRi, Kiti 

and CSF1Ri 100 

2 O05 sunitinib 
VEGFR1-3i, PDGFRi, Kiti 

and CSF1Ri 500 
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2 O06 sunitinib 
VEGFR1-3i, PDGFRi, Kiti 

and CSF1Ri 50 
2 O07 17-AAG HSP90i 1000 
2 O08 17-AAG HSP90i 100 
2 O09 17-AAG HSP90i 500 
2 O10 17-AAG HSP90i 50 
2 O11 bleomycin sulfate DNA breaks 1000 
2 O12 bleomycin sulfate DNA breaks 100 
2 O13 bleomycin sulfate DNA breaks 500 
2 O14 bleomycin sulfate DNA breaks 50 
2 O15 PF-02341066 MET/ALKi 1000 
2 O16 PF-02341066 MET/ALKi 100 
2 O17 PF-02341066 MET/ALKi 500 
2 O18 PF-02341066 MET/ALKi 50 
2 O19 PLX-4720 BRAFi 1000 
2 O20 PLX-4720 BRAFi 100 
2 O21 PLX-4720 BRAFi 500 
2 O22 PLX-4720 BRAFi 50 

2 P03 sunitinib 
VEGFR1-3i, PDGFRi, Kiti 

and CSF1Ri 10 

2 P04 sunitinib 
VEGFR1-3i, PDGFRi, Kiti 

and CSF1Ri 1 

2 P05 sunitinib 
VEGFR1-3i, PDGFRi, Kiti 

and CSF1Ri 5 

2 P06 sunitinib 
VEGFR1-3i, PDGFRi, Kiti 

and CSF1Ri 0.5 
2 P07 17-AAG HSP90i 10 
2 P08 17-AAG HSP90i 1 
2 P09 17-AAG HSP90i 5 
2 P10 17-AAG HSP90i 0.5 
2 P11 bleomycin sulfate DNA breaks 10 
2 P12 bleomycin sulfate DNA breaks 1 
2 P13 bleomycin sulfate DNA breaks 5 
2 P14 bleomycin sulfate DNA breaks 0.5 
2 P15 PF-02341066 MET/ALKi 10 
2 P16 PF-02341066 MET/ALKi 1 
2 P17 PF-02341066 MET/ALKi 5 
2 P18 PF-02341066 MET/ALKi 0.5 
2 P19 PLX-4720 BRAFi 10 
2 P20 PLX-4720 BRAFi 1 
2 P21 PLX-4720 BRAFi 5 
2 P22 PLX-4720 BRAFi 0.5 
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Chapter 4B: The CDK4/6 inhibitor 

palbociclib enhances the anticancer 

efficacy of Rt3D through increased 

apoptosis 
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Chapter 4B 

4.10 Introduction 

The cell cycle is composed of separate phases. Gap 1 (G1), synthesis (S), gap 2 

(G2) and mitosis (M). In normal cells undergoing division, this is controlled by 

cyclin-dependent kinases (CDK) and their binding partners, the cyclins. When 

the cell is ready to divide, active CDK4/6 complexes with cyclin D1 to 

phosphorylate and inactivate the retinoblastoma protein, Rb. Contrary to 

activation of many proteins by phosphorylation, Rb is inactivated by 

phosphorylation. Rb has a crucial role in controlling cell cycle progression in 

G1/S through its binding with E2F family of transcription factors (E2F), including 

E2F1. When Rb is hyperphosphorylated (and inactive), it dissociates from and 

functionally restores E2F1. Once released, E2F1 can regulate target genes at 

their promoters, and can drive the cell across the G1/S restriction point and 

through to S phase.  

 

Palbociclib is an anti-proliferative drug that inhibits CDK4/6, arresting cells in the 

G1 phase of the cell cycle, with a dependence on retinoblastoma (Rb) wild-type 

status (figure 4.10). Inhibition of CDK4/6 by palbociclib causes a repression of 

phosphorylated, inactivated Rb, so Rb will therefore remain bound to E2F1, 

preventing the transcription of genes required to push the cell through to division. 

This is achieved through blocking binding sites on E2F for other transcriptional 

activators, and by recruiting transcriptional repressors / chromatin remodelling 

proteins such as histone deacetylases (HDACs) and DNA methyltransferases 

(DNMTs). HDACs remove acetyl groups on histones to compact chromatin and 

repress gene expression, and DNMTs transfer methyl groups onto DNA, which is 
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associated with transcriptional silencing. HDAC1 and DNMT1 cooperate with Rb 

to repress transcription from promoters that contain E2F-binding sites 

(Robertson et al., 2000). 

 

Cell cycle regulators have been a focal point of anti-cancer research. The first 

developed CDK inhibitor lacked specificity and displayed off-target toxic effects 

in the clinic. Palbociclib, however, is the first CDK inhibitor with on-target 

specificity that is well tolerated (Clark et al., 2016). There are currently 2 other 

CDK4/6 inhibitors available: abemaciclib (LY2835219) and ribociclib (LEE011). 

Whilst it would be interesting to validate that the effects in combination with Rt3D 

extend to these other compounds, palbociclib is the only agent approved by the 

food and drug administration, and so will be the focus of investigation in this 

thesis. Palbociclib (also known as Ibrance, developed by Pfizer) was developed 

for the treatment of HR-positive and HER2-negative breast cancer (and is 

administered orally on a 21 day on 7 day off cycle). Despite approval as a breast 

cancer therapy, high levels of Rb phosphorylation have been reported in many 

types of cancers (Vélez-Cruz & Johnson, 2017).  
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Figure 4.10. Palbociclib is a CDK4/6 inhibitor.  
A. In dividing cells, CDK4/6 complexes with cyclin D to phosphorylate Rb, which 

drives cells into cell division through release of the transcription factor E2F1. B. 

Palbociclib inhibits CDK4/6, preventing the phosphorylation of Rb and resulting 

in a cell cycle  arrest. 

 

palbociclib

A.

B.
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Results 
 

4.11 Palbociclib causes a G1/S cell cycle arrest 

To confirm the drug activity of palbociclib in melanoma, phospho-Rb protein 

levels were measured in a panel of cell lines. Western analysis in figure 4.11A 

demonstrates a reduction in phospho-Rb in A375, MeWo, DO4 and Mel624 cell 

lines with palbociclib treatment, therefore validating the on-target anti-

proliferative effect of this drug in these melanoma cell lines. The effect of 

palbociclib can be seen visually by using fluorescence ubiquitination cell cycle 

indicator (FUCCI) genetic constructs. These cells transduced with the FUCCI 

construct express geminin-GFP and cdt1-RFP. In G1, geminin is degraded with 

the tagged GFP, leaving cells fluorescing red with cdt1-RFP. In S, G2 and M, 

cdt1 is degraded with RFP, leaving the cells fluorescing green. In Rb wild-type 

A375 cells, all cells appear red with palbociclib treatment as confirmation of its 

on-target effect. This activity is dependent on Rb wild-type status. In Rb-null 

A2058 cells, palbociclib could not change the proportion of RFP / GFP cells, nor 

could it change the cell cycle fractions by PI staining (figure 4.11B, C). 

4.12 Validation of palbociclib as a Rt3D cell kill sensitiser in A375 

To validate data from the screen, A375 cells were tested in combination with 

palbociclib and measured for cell viability. The combination of Rt3D and 

palbociclib reduced the viability of cells in the way of ATP levels (figure 4.12A), 

crystal violet assay (figure 4.12B), and mitochondrial integrity by MTT assay 

(figure 4.12C). These data confirmed data from the screen that the combination 

of Rt3D-palbociclib enhances cell kill in A375 cells. 
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Figure 4.11. Palbociclib causes a G1/S cell cycle arrest.  
A. Melanoma cell lines A375 (BRAFV600E), MeWo (BRAF/NRAS wild-type), DO4 

(NRASQ61L) and Mel624(BRAFV600E) were treated with palbociclib for 24 hours 

and harvested for western blot analysis for phosphorylated Rb (pRb). B. 

Pictomicrographs of FUCCI versions of Rb wild-type A375 or Rb null A2058 treated 

with palbociclib (1 µM) at 24 hours. C. PI-stained A2058 cells 24 hours after 

palbociclib (± SEM, n = 3). 
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Figure 4.12. Validation of palbociclib as a Rt3D cell kill sensitiser in A375 
cells.  

A. Cells were treated with various doses of Rt3D +/- palbociclib (1 µM), and 

cellular ATP levels were measured 24, 48 or 72 hours later by cell titre glo assay 

(± SEM, n = 3). B. Cell viability in cells treated with Rt3D -/+ palbociclib (1 µM) by 

crystal violet or C. MTT assay, 72 hours after treatment (± SEM, n = 3). In A and C, 

a two-way ANOVA was used to compare each dose of Rt3D in combination with 

palbociclib against single agent Rt3D). 
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4.13 Palbociclib as an Rt3D cell kill sensitiser in melanoma 

To rule out that this was a cell line-specific phenomenon, other melanoma cell 

lines were tested with Rt3D plus palbociclib treatment. Palbociclib increased 

Rt3D-induced cell death in BRAFV600E mutant Mel624, NRASQ61L mutant DO4, 

but to a far lesser extent in BRAF/MEK wild-type MeWo. No enhanced 

cytotoxicity was observed in Rb-null A2058 as expected (figure 4.13A). To 

assess this combination in models that can be used for future in vivo 

experiments, mouse cell lines were screened for sensitivity to Rt3D (figure 

4.13B). Of these, only 4434 cells were sensitive to Rt3D, however the addition of 

palbociclib led to no significant change in cell death (figure 4.13C). 

4.14 Palbociclib plus Rt3D in other cancer types 

To investigate the combination of palbociclib and Rt3D in other cancer cell types, 

a panel of 3 head and neck cell lines (Cal27, Fadu, HN5), that are more resistant 

to reovirus-induced cell kill (compared with melanoma) were tested. These cells 

were confirmed as Rb wild-type, and palbociclib led to repression of 

phosphorylation of Rb (figure 4.14A). Palbociclib only significantly sensitised 

Fadu cells to Rt3D-induced cell death (figure 4.14B).  

Since palbociclib was developed for the treatment of breast cancer, and cyclin 

D1 is often highly expressed in oestrogen receptor positive (ER+) breast cancer, 

the combination was tested in two ER+ breast cancer cell lines, MCF-7 and 

T47D. Palbociclib induced cell cycle arrest in these cell lines, but they can 

recover with prolonged treatment. Resistant counterparts were generated by 

chronic treatment (3-4 months) of palbociclib (Herrera-Abreu et al., 2016). In 

these palbociclib-resistant (pR) cells, palbociclib fails to induce the G1/S arrest 

seen in the parental cell lines.  
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Figure 4.13. Validation of palbociclib as a Rt3D cell kill sensitiser in 
melanoma cells.  
A. Melanoma cells were treated with various doses of Rt3D +/- palbociclib (1 

µM). B. Mouse cell lines were screened for sensitivity to Rt3D. C. 4434 were 

treated with various doses of Rt3D +/- palbociclib (1 µM). Cell viability was 

measured at 72 hours by MTT assay (± SEM, n = 3. In A and C, a two-way 

ANOVA was used to compare each dose of Rt3D in combination with palbociclib 

against single agent Rt3D. All data points in the A2058 and 4434 model were not 

significant). 
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This is through loss of phosphorylated Rb in T47DpR, and through amplification 

of Cyclin E1 expression and failure to reduce phosphorylation of Rb in MCF-7pR 

(Herrera-Abreu et al., 2016). Rt3D sensitivity and palbociclib resistance in the -

pR cell lines was confirmed by clonogenic assay (figure 4.14C).  MCF-7 were 

more resistant to Rt3D-induced cell kill compared with T47D. Palbociclib 

significantly sensitised only MCF-7 cells to Rt3D (figure 4.14D). 

 

4.15 Palbociclib plus Rt3D in vivo 

Next, the combination was tested in vivo. For proof of principle, the combination 

was tested in immune-deficient mice bearing A375 tumours (figure 4.15A, C). 

Rt3D-palbociclib combination therapy significantly reduced tumour burden in 

comparison to vehicle treated tumours. The combination was also tested in an 

immunocompetent model bearing murine BRAF-mutant melanoma 4434 

tumours (figure 4.15B). Here, only Rt3D-palbociclib combination therapy 

significantly decreased tumour burden, whilst single agent counter parts (Rt3D or 

palbociclib alone) did not significantly reduce tumour burden in comparison to 

vehicle treated tumours. 
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Figure 4.14. Palbociclib plus Rt3D in head and neck or breast cancer cell 
lines.  
A. Head and neck cancer cells were treated with palbociclib for 24 hours and 

harvested for western blot analysis for phosphorylated Rb (pRb). B. Cells were 

treated with various doses of Rt3D +/- palbociclib (1 µM), and cell viability was 

measured 72 hours later by MTT assay (± SEM, n = 3). C. Breast cancer cells, 

MCF-7, T47D and their palbociclib-resistant counterparts (pR) were treated with 

palbociclib or Rt3D. Colonies were measured 2 weeks later by crystal violet 

assay. D. Breast cancer cells were treated with various doses of Rt3D +/- 

palbociclib (1 µM), and cell viability was measured 72 hours later by MTT assay 

(± SEM, n = 3). In B and D, a two-way ANOVA was used to compare each dose of 

Rt3D in combination with palbociclib against single agent Rt3D. 
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Figure 4.15. Palbociclib plus Rt3D in vivo.  
A. Tumour volumes for CD1 nude mice bearing A375 tumours treated with an 

intratumoural injection of Rt3D (1 x 106 pfu) plus 60mg/kg daily oral gavage of 

palbociclib. B. Tumour volumes for C57BL/6 mice bearing 4434 BRAFV600E mutant 

murine tumours treated with an intratumoural injection of Rt3D (1 x 106 pfu) plus 

60mg/kg daily oral gavage of palbociclib. C. Fixed A375 tumours taken from CD1 

nude mice, treated with 3 doses of palbociclib (60mg/kg daily) were stained with an 

antibody against phosphorylated Rb. For figure 4.15 A and B, a one-way ANOVA 

was used with the p value corrected for multiple comparisons against the 

PBS/vehicle group for the area under the curve. 
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4.16 Rt3D-palbociclib does not alter cell cycle related proteins 

Since palbociclib exerts its effects on cell cycle, the increased cell kill caused by 

combining Rt3D and palbociclib was investigated by analysing cell cycle-

associated proteins. Phospho-Rb, CDK4, Cyclin D1, E1 and A2 were analysed 

by western blot in A375 cells treated with Rt3D in combination with palbociclib 

(figure 4.16). Rb has multiple phosphorylation sites. CDKs bind with their cyclin 

partners (CDK4/6 to cyclin D; CDK2 to cyclin E) to phosphorylate Rb 

sequentially (Lundberg & Weinberg, 1998). In G1, Rb is mono-phosphorylated 

by CDK4/6-cyclin D, followed by hyper-phosphorylation of Rb by CDK2-cyclin E 

in late G1 (Narasimha et al., 2014). As expected, palbociclib led to a decrease in 

the amount of phosphorylated Rb 24 hours after the addition of the drug. Rt3D 

infection did not alter the phosphorylation status of Rb when used as a single 

agent, or when combined with palbociclib. CDK4 levels were also unaffected. 

Rt3D infection at high doses (MOI 0.5 or 1), reduced cyclin D1 protein levels, 

regardless of the presence of palbociclib at 48 hours. Cyclin D1 is accumulated 

in G1, degraded in S phase, and recovers again through G2 and M phases 

(Stacey, 2003). Since a cell cycle-associated effect is unlikely with palbociclib on 

board, this might reflect an independent event associated with Rt3D infection. 

For example, cyclin D1 levels may be altered by ISGylation. The interferon-

stimulated gene, ISG15, is attached to its target protein (including cyclin D1) 

through ISGylation (promoted by UBE1L), reducing cyclin D1 protein levels 

(Feng et al., 2008). 

Cyclin E is required for the transition of cells from G1 to S phase. Palbociclib led 

to an increase in cyclin E after 24 hours, indicating the back-up of cells in the G1 

stage of the cell cycle. Cyclin A2 is associated with dividing cells and is absent in 

G1. As expected, 24 hours after treatment with palbociclib, there was a depletion 
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of cyclin A2. Therefore, western analyses of cyclin E1 and A2 demonstrate 

reductions in the proportion of cells in the G2 compartment, as the cells exit the 

cell cycle and become arrested in G1 with palbociclib treatment (figure 4.16). 

Taken together, the effects of palbociclib clearly lead to a G1 arrest after 24 

hours, but the combination with Rt3D did not alter these cell cycle-related 

proteins in comparison to the single agent therapy. 

4.17 Rt3D-palbociclib increases the subG1 compartment and apoptotic 

markers 

In addition to the analysis on the cell cycle in the previous section, the effects of 

the Rt3D-palbociclib on the cell cycle was assessed by staining cells with the 

DNA intercalating agent, propidium iodide (PI) (figure 4.17A). An increase in the 

G1 compartment was observed with palbociclib treatment, as expected. Rt3D 

treatment slightly increased the fraction in S phase, with a reduction in cells in 

the G1 population. However, a further proportion of cells in sub-G1 was 

observed with the combination therapy. The sub-G1 peak represents a 

population of cells with reduced DNA content (less than 2n ploidy), potentially 

due to DNA fragments leaking out of the cell during the permeabilisation step 

prior to staining, or cellular components containing smaller amounts of DNA. 

Therefore, it was hypothesised that the combination therapy increased cell death 

through an apoptotic event. 
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Figure 4.16. Rt3D-palbociclib combination therapy does not alter cell cycle-
related proteins relative to single-agent counterparts.  
Western blot of cell cycle proteins (as indicated), treated with various doses of Rt3D 

(MOI 0.01-1) +/- palbociclib (1 μM) in A375 cells at 4, 24 and 48 hours. 
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Every second several millions of cells in the human body succumb to apoptosis 

(Casares et al., 2005). Apoptosis (from ancient Greek apo away from, ptosis 

falling), is organised programmed cell death. Apoptosis is carried out by 

caspases (cysteine-dependent aspartate-directed proteases) which, when 

activated, dismantle components fundamental for survival, ultimately resulting in 

characteristic nuclear fragmentation and apoptotic blebbing of the cell 

membrane. Apoptosis is a major mechanism of Rt3D-induced cell death (Clarke 

et al., 2005; Roulstone, et al., 2015). To explore the potential of increased 

apoptosis with combination therapy, the markers of apoptosis, cleaved caspase 

3 and cleaved PARP, were measured by western blot. Caspase 3 was chosen 

because it is frequently activated by death stimuli (Porter & Jänicke, 1999). 

PARP1 is a target for cleavage by suicide proteases including caspases, and is 

considered a hallmark of apoptosis (Chaitanya et al., 2010). Cleaved caspase 3 

was observed by western blot analysis 48 hours after treatment, coinciding with 

the appearance of a cleaved PARP-1 band (figure 4.17B). Gene expression of 

the pro-apoptotic proteins PUMA and NOXA were also markedly increased with 

combination therapy (figure 4.17C). To further confirm that apoptosis has a role 

in cell death, treatment with the pan-caspase inhibitor, ZVAD, rescued cells from 

Rt3D-induced cell kill, an observation that was not apparent with another virus, 

the herpes simplex virus (HSV) (figure 4.17D). 

 



 168 

 

Figure 4.17. Rt3D-palbociclib combination increases the sub-G1 
compartment and apoptosis. 
A. Cell cycle stage was measured by propidium iodide staining at 48 hours after 

treatment with Rt3D (MOI 1 and 10) +/- palbociclib (1 μM) in A375 cells at 48 

hours (± SEM, n = 3. A two-way ANOVA was used to compare each dose of Rt3D in 

combination with palbociclib against single agent Rt3D for the sub-G1 population). 

B. Representative western blots (from 3 biological replicates) of the apoptotic 

markers cleaved caspase 3 and cleaved PARP in A375 cells treated with Rt3D 

(0.01-1) +/- palbociclib (1 μM) at 48 hours. OD readings of 3 repeats for cleaved 

caspase 3 are shown. The full western blots can be found in the appendix, section 
4.20). C. RT-qPCR of PUMA or NOXA at 24 and 48 hours following Rt3D (MOI 0.1) 

with palbociclib at 1 μM (+) in A375 (n=1, two-way ANOVA). D. A375 cells were 

treated with Rt3D or herpes simplex virus (HSV) at various MOI, with or without the 

presence of the pan-caspase inhibitor ZVAD (20 μM). Cell kill was measured at the 

indicated timepoints after infection by staining with crystal violet. 
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4.18 Rt3D-palbociclib induced cell death can be rescued by inhibition or 

siRNA of caspase 4 

To further explore the involvement of apoptosis in Rt3D-palbociclib-mediated cell 

death, treated samples were given individual caspase inhibitors (figure 4.18A). 

The caspase 4 inhibitor YVAD-FMK appeared to rescue cells from therapy to a 

greater extent than the other caspase inhibitors, and to a similar extent to the 

pan-caspase inhibitor. To confirm these data, Rt3D was titrated in the presence 

of palbociclib, with or without the addition of the caspase 4 inhibitor YVAD-FMK. 

Caspase 4 inhibition reversed the additional cell kill induced by Rt3D-palbociclib, 

almost back to levels seen with single-agent Rt3D. It also rescued the cell kill 

brought about by Rt3D alone (figure 4.18B). For additional confirmation of the 

role of caspase 4 in Rt3D-palbociclib-induced cell death, and to rule out any off-

target effects of the YVAD-FMK inhibitor, siRNA silencing of caspase 4 was 

used. Caspase 4 mRNA, elevated by Rt3D and furthermore with the addition of 

palbociclib, was blunted with siRNA targeting caspase 4 to validate on-target 

effects of this siRNA (figure 4.18C). Consistent with the caspase 4 inhibitor data, 

siRNA against caspase 4 also rescued the Rt3D-palbociclib-induced cytotoxicity 

back to levels seen with single agent Rt3D (figure 4.18D). 
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Figure 4.18. The caspase 4 inhibitor YVAD-FMK can rescue cells from Rt3D-
palbociclib therapy in A375.  
A. Cells were treated with Rt3D (MOI 1) + palbociclib (1 μM) in the presence of 

either pan-caspase, or individual caspase inhibitors, and measured for cell survival 

by MTT assay at 72 hours. B. Cell viability in cells treated with Rt3D +/- palbociclib 

(1 μM) +/- caspase 4 inhibitor Z-YVAD-FMK, by MTT (72 h) (± SEM, n = 3). C. RT-

qPCR of caspase 4 following siRNA knockdown of caspase 4 or scrambled control 

(SCR) in cells treated with Rt3D (0.1) +/- palbociclib (1 μM), to confirm on target 

effect. D. Cell viability by crystal violet following siRNA knockdown of caspase 4 vs. 

SCR in cells treated with Rt3D (0.1) plus palbociclib (1 μM). Quantification of Rt3D-

palbociclib treated cells with prior transfection with SCR or caspase 4 siRNA are 

shown for 3 biological replicates (± SEM, n = 3. An unpaired t test was used to 

compare optical density (OD) between cells treated with SCR vs. siRNA caspase 
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4.19 Discussion 

In this chapter, the Rt3D-palbociclib drug combination identified from a 

compound screen was validated. To investigate the mechanism behind the 

increased cell death caused by the combination therapy, the cell cycle was 

analysed initially because of the clear palbociclib-induced G1 arrest. Upon cell 

cycle analysis by PI staining, an increased sub-G1 compartment was observed 

with the combination therapy, suggestive of increased apoptosis, although these 

data do not rule out the possibility that Rt3D induces cell death by multiple 

mechanisms. 

 

Examples of the proteins cleaved by caspase 3 during apoptosis are the 

poly(ADP-ribose) polymerases (PARPs). PARP enzymes transfer ADP-ribose to 

target proteins (poly(ADP-ribosylation), or PARylation). PARPs are primarily 

known for their role in DNA damage repair by PARylation of both single- and 

double-stranded breaks creating PAR chains which are recognised by DNA 

damage response proteins (Morales et al., 2014). PARP is cleaved by caspase 3 

into two fragments of 89-kDa, containing the catalytic domain, which is released 

into the cytosol, and 24-kDa, which is irreversibly bound to DNA, like a snapped 

key in a lock (Smulson et al., 1998). This will prevent resources being used for 

attempted DNA repair, where the cell’s fate has already been sealed. Figure 

4.17B shows cleavage of both caspase 3 and PARP as indicators of increased 

apoptosis with Rt3D-palbociclib combination therapy. 

 

Using inhibitors of separate caspases revealed the importance of caspase 4 in 

Rt3D-palbociclib-induced cell kill. Generally, caspase 4 has been associated with 

the inflammatory caspases (which include caspases 1, 4 and 5), because of their 
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association with immune responses to microbial pathogens (Martinon & 

Tschopp, 2004). These inflammatory caspases have also been associated with 

another type of death called pyroptosis (Kovacs & Miao, 2018). Caspase 4 is 

primarily localised to the outer ER membrane and can be cleaved when treated 

with ER stress-inducing reagents (thapsigargin, tunicamycin), but not other pro-

apoptotic reagents (etoposide, staurosporine, UV irradiation) in cancer cells 

(Hitomi et al., 2004). siRNA knockdown of caspase-4 expression has been 

demonstrated to rescue cells from ER stress-induced cell death (Chen et al., 

2007).  

 

Viruses, like Rt3D, hijack host machinery, such as the ER for protein synthesis 

and the mitochondria to provide energy. Rt3D infection causes the ER to 

become thin, undulated and fragmented and ER membrane fragments are found 

surrounding and within replication factories, termed viral inclusions (Tenorio et 

al., 2018). Rt3D has been previously reported to induce an ER stress signature, 

which is augmented in combination with therapeutics including ER stressors 

themselves (Carew et al., 2013; K. R. Kelly et al., 2012; Mahalingam et al., 2015; 

McLaughlin et al., 2020). In my next chapter, I will explore the ER stress 

signature associated with Rt3D-palbociclib therapy. 
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4.20 APPENDIX 
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48 h 0,0.1,1,+/- 1 µM palbociclib 48 h 0,0.1,1,+/- 1 µM palbociclib48 h 0,0.1,1,+/- 1 µM palbociclib

n = 3
n = 3 n = 3

PARP

cleaved caspase 3

βactin
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Chapter 5: Combined Rt3D-Palbociclib 

treatment augments ER stress. 
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Chapter 5 
 
5.1 Introduction 

Viruses manipulate the ER in different ways depending on the type of virus, yet 

how they use ER function for each step in their life cycle is not very well 

understood. Tenorio et al., show that, in the case of Rt3D infection, the ER 

undergoes major remodelling, the ER tubules become thin, undulated, and then 

fragmented, prior to collapse. The ER surrounds (and is also found within) Rt3D 

replication factories in the cytosol, termed virus inclusions (but are also known as 

virus factories or viroplasms). Within these viral inclusions, ER proteins 

(including the ER membrane chaperone protein calreticulin, and ER luminal 

protein PDI, both involved in protein folding) are found along with newly 

synthesised viral RNA. The authors conclude that the ER is the primary 

component in constructing reovirus inclusions (and providing shelter for the virus 

to replicate). Furthermore, expression of just two Rt3D proteins sNS and µNS 

mimicked the ER remodelling seen with full-scale Rt3D infection, and siRNA 

against these proteins rescued this effect, resulting in only minor ER remodelling 

with Rt3D infection (Tenorio et al., 2018). Rt3D has been previously reported to 

induce ER-induced apoptosis. In a study by Carew et al., Rt3D was shown to 

increase the expression of spliced XBP1 and CHOP in KRAS mutant pancreatic 

cancer cells. Whilst it did not appear to increase p-PERK or p-eIF2a levels, ER 

swelling was observed by electron microscopy. Rt3D promoted cleavage of 

caspase 3 and caspase 4, similar to findings shown in my previous chapter, and 

increased bortezomib-mediated ER stress-induced apoptosis which was partially 

rescuable by knockdown of caspase 4 (Carew et al., 2013). 
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Results 

5.2 Rt3D-palbociclib causes an endoplasmic reticulum stress signature 

To probe the mechanistic interaction between Rt3D-palbociclib, the proteome 

was analysed. Since previous data implicate endoplasmic reticulum (ER) stress-

induced apoptosis with Rt3D, expression of proteins relating to ER stress 

classed under the GO term ‘response to endoplasmic reticulum stress’ were 

analysed for changes with the addition of palbociclib. These data unearthed 

proteins that were elevated in combination Rt3D-palbociclib therapy, including 

chaperones/enzymes that promote protein folding in the ER including 

BiP/GRP78 (HSPA5), ER oxidoreductases such as protein disulphide isomerase 

(PDI)-family and associated redox proteins such as ERp44 and ERO1a, and 

chaperones calreticulin (CALR), calnexin (CANX) (figure 5.2).  

 

Interestingly, these data revealed proteins that were altered solely by palbociclib. 

Palbociclib-induced expression of proteins involved in protein folding (HYOU1), 

and the ERAD pathway (SEL1L, DNAJC10 (ERdj5), DNAJB9 (ERdj4), UFL1). 

Whilst the effects of Rt3D and combination therapy were pronounced at 48 

hours, analysis of the earlier timepoint (24 hours) revealed the marked effect that 

palbociclib has on key proteins involved in protein folding and quality control 

within the ER (figure 5.2B, C). These chaperones aid protein refolding and 

prevent the premature export of misfolded proteins from the ER (Fucikova et al., 

2021). 
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Figure 5.2. Altered expression of proteins related to the ER stress 
response with Rt3D-palbociclib treatment.  
A. Proteomic analysis of A375 cells treated with Rt3D (0.1-1) in combination with 

palbociclib (1 μM) showing up-regulated (red) or down-regulated (green) proteins at 

24 or 48 hours as indicated. Proteins shown are those altered by Rt3D-palbociclib 

treatment categorised under the gene ontology (GO) term ‘response to endoplasmic 

reticulum stress’. Key proteins referred to in the text are highlighted in orange. B. 

Altered proteins by Rt3D-palbociclib treatment categorised under the gene ontology 

(GO) term ‘endoplasmic reticulum chaperone complex’. C Altered protein level of 

calreticulin (CALR) and calnexin (CANX) by Rt3D-palbociclib treatment.  
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Proteins that were downregulated include those associated with the ERAD 

response and ubiquitin pathway, such as UBE4B, UBA5, UFC1 and UFM1, 

suggesting that, like other viruses, Rt3D may modify the ERAD pathway during 

infection. Taken together, both Rt3D and palbociclib induce their own non-

overlapping ER stress signatures, with the effects due to palbociclib observable 

earlier than Rt3D, leading to a combined elevation of proteins within the ER 

stress response.  

 

5.3 UPR components are important in cell cytotoxicity 

To investigate the importance of UPR components, the Rt3D-palbociclib 

phenotype was observed with siRNA against UPR members (figure 5.3A). The 

therapeutic phenotype was rescuable by siRNA of UPR members belonging to 

members of the UPR response (PERK and ATF6). Therefore, the UPR response 

appears important in the cytotoxic phenotype of Rt3D-palbociclib therapy. In 

addition to members of the UPR, knockdown against the ER stress response 

gene DDIT3 (CHOP) also reversed the Rt3D-palbociclib-induced cell kill. CHOP, 

also known as growth arrest and DNA damage inducible gene 153 (GADD153), 

is a CCAAT-enhancer binding (or C/EBP) protein, which belong to a family of 

transcription factors. CHOP is a target gene induced through PERK-eIF2a-ATF4 

pathway activation and has been implicated in ER stress-induced apoptosis (H. 

Hu et al., 2019). Rt3D can upregulate CHOP expression as assessed by RT-

qPCR, and this expression is enhanced further in combination with palbociclib 

(figure 5.3B). 
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Figure 5.3. UPR components are important for Rt3D-palbociclib-induced 
cytotoxicity.  
A. siRNA knockdown of UPR components in A375 cells treated with Rt3D (0.1) plus 

palbociclib (1 µM). Cell kill was measured by crystal violet assay and quantitative 

analysis is shown for 3 independent experiments (below, ± SEM, n = 3. An unpaired 

t test was used to compare optical density (OD) between cells treated with SCR vs. 

each siRNA). To confirm on-target effect, RT-qPCR of DDIT3 (CHOP), EIF2AK3 

(PERK), ATF6 or XBP1 was performed at 48 hours following thapsigargin treatment 

(TG, 0.04 μM) in A375, either transfected with scrambled (SCR) or with the relevant 

siRNA. B. RT-qPCR of DDIT3 (CHOP) at 48 hours following Rt3D + palbociclib (1 

µM) in A375 (± SEM, n = 3. A two-way ANOVA was used to compare expression 

levels for each dose of Rt3D in combination with palbociclib against single agent 

Rt3D). 
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5.4 Palbociclib sensitises cells to ER stress-induced cell death 

Because Rt3D and palbociclib have non-overlapping ER-stress profiles, 

palbociclib was tested against other forms of ER stress to evaluate if palbociclib 

could behave as an ER stress sensitiser. Thapsigargin is a ‘gold-standard’ ER 

stress-inducing agent. One of the most common features of the ER is its function 

as a calcium store, calcium being required for protein folding. Thapsigargin 

blocks the ER calcium pump, which depletes ER calcium stores and raises 

cytosolic calcium levels. Palbociclib sensitised cells to ER stress-induced cell 

death through treatment with thapsigargin (figure 5.4A).  

 

Interestingly, thapsigargin also enhanced cell death in combination with Rt3D 

treatment (figure 5.4B). Moreover, triple combination of Rt3D-palbociclib-

thapsigargin led to cell kill over and above that observed with doublet treatments, 

implicating the ER stress axis as a therapeutic target in enhancing Rt3D therapy 

(figure 5.4C).  
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Figure 5.4. Palbociclib sensitises cells to ER stress.  
A. Cell viability in A375 and Mel624 cells treated with thapsigargin (TG, 0.04 µM) +/- 

palbociclib (1 µM) by MTT assay at 72 hours (± SEM, n = 3. A two-way ANOVA was 

used to compare surviving fraction for each treatment against the untreated control). 

B. Cell viability in A375 cells treated with various doses of Rt3D (MOI) in 

combination with thapsigargin or palbociclib by MTT assay (± SEM, n = 3). C. Cell 

viability in A375 cells treated with various doses of Rt3D (MOI) in combination with 

thapsigargin and palbociclib by MTT assay (± SEM, n = 3), data from B is shown in 

grey for comparison. 
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5.5 Manipulation of ER function enhances Rt3D-induced cell death 

In contrast to thapsigargin, TUDCA can alleviate ER stress by stabilizing proteins 

and enhancing ER folding capacity (Hassan et al., 2012). In contrast to 

observations with thapsigargin, TUDCA did not enhance cell kill when combined 

with palbociclib (figure 5.5A). Interestingly, TUDCA did enhance Rt3D-induced 

cell death, to the same extent as that observed with palbociclib or thapsigargin. 

Additionally, and with similarity to the Rt3D-palbociclib-thapsigargin triple 

combination, Rt3D-palbociclib-TUDCA also led to cell kill over and above that 

observed with doublet treatments (figure 5.5B). A delay of 24 hours in the 

addition of TUDCA to the cells did not affect the results. However, if the addition 

of TUDCA was delayed beyond 48 hours after Rt3D dosing, the enhanced cell 

kill seen with TUDCA was lost, indicating that intervention past 48 hours is too 

late (figure 5.5C). Taken together, these data show that interfering with the UPR 

can affect the therapeutic efficacy of Rt3D therapy. 
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Figure 5.5. Manipulation of ER function enhances Rt3D-induced cell-death. 
A. Cell viability in A375 cells treated with TUDCA (0.5 µM) +/- palbociclib (1 µM) (± 

SEM, n = 3. A two-way ANOVA was used to compare surviving fraction for each 

treatment against the untreated control). B. Cell viability in A375 cells treated with 

various doses of Rt3D (MOI) in combination with TUDCA +/- palbociclib (± SEM, n = 

1). C. Cell viability in A375 cells treated with various doses of Rt3D (MOI) in 

combination with TUDCA +/- palbociclib whereby there was a delay of the addition 

of TUDCA by 24 or 48 hours as indicated. Cell survival was measured by MTT 

assay at 72 hours (± SEM, n = 1). 
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5.6 UPR reporter cell lines 

To explore the UPR with Rt3D-palbociclib therapy in more detail, previously 

published reporter constructs developed by Martin McLaughlin within our team 

were used to investigate activation of the three UPR signalling arms ATF4, ATF6 

and XBP1 (McLaughlin et al., 2020). A summary of the 3 reporters that were 

transfected into A375 is shown (figure 5.6.1). Data on the ATF6 reporter cell line 

is not shown due to complications in validating this cell line. Specifically, siRNA 

of ATF6 (validated by PCR), increased the reporter activity of ATF6, rather than 

decreasing it as was expected (data not shown). 

 

First, the reporter cell lines were validated using the ER stress-inducing agent 

thapsigargin. Thapsigargin induced fluorescent gene reporter expression in both 

reporter cell lines by 48 hours (figure 5.6.2). 

 

5.7 Palbociclib increases UPR reporter activity 

Next, reporter activity was tested with Rt3D, palbociclib and combination 

treatment. Rt3D did not drastically increase the activity of any of the reporters 

(figure 5.7.1). Palbociclib, however, increased the reporter activity of both arms, 

which was most evident 72 hours after addition of drug (figure 5.7.2A). When 

the two agents were combined, reporter activity was most obvious with 

palbociclib treatment (figure 5.7.2B).  
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Figure 5.6.1. Illustration of 3 reporter constructs for imaging of ATF4 
translation, IRE1a splicing activity, and ATF6 activity. 
Taken from McLaughlin et al. 2020.  

To report the IRE1a endoribonuclease activity, splicing and removal of the 26 bp 

intron within XBP1 (which is placed in front of GFP) places GFP in frame. For 

ATF4 reporting (downstream of PERK-eIF2a), the 5’ upstream regulatory 

sequence of ATF4 is cloned in front of the start codon of mcherry. Finally, for the 

ATF6 reporter, multiple repeats of the ATF6 transcription factor binding 

sequence are cloned in front of mcherry. 
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Figure 5.6.2. Validation of cell lines containing reporter constructs for 
ATF4 translation and IRE1a splicing activity. 
A375 cells containing the reporter constructs were treated with thapsigargin (TG) 

at 0.01 or 0.04 µM for 24 or 48 hours as indicated, and fluorescence measured by 

FACS. 
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Figure 5.7.1. Reporting of ATF4 translation and IRE1a splicing activity with 
Rt3D infection.  
A375 cells containing reporter constructs were treated with Rt3D (MOI 0.1, 1) for 

72 hours and fluorescence measured by FACS. Data shown are representative of 3 

experiments (top) and mean fluorescence intensities (bottom) (± SEM, n = 3. A one-

way ANOVA was used to compare MFI for each dose of Rt3D against the untreated 

control). 
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Figure 5.7.2. Reporting of ATF4 translation and IRE1a splicing activity with 
palbociclib and Rt3D-palbociclib combination.  
A. A375 cells containing reporter constructs were treated with palbociclib (1 µM) 

for 48 (representative of n=2) or 72 hours (representative of n=3) and fluorescence 

measured by FACS. B. Mean fluorescence intensities are shown for Rt3D treated 

cells in combination with palbociclib (± SEM, n = 3, t tests were used to compare 

MFI for each dose of Rt3D in combination with palbociclib against single agent 

therapy). 
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5.8 RNA stimulation and IFNb increase ATF6 reporter activity 

CDK4/6 inhibitors have been reported to activate tumour cell expression of 

endogenous retroviral elements (ERVs), increasing intracellular levels of dsRNA, 

in turn stimulating IFN production (Goel et al., 2017). To understand if stimulation 

of RNA sensors or IFN could impact the UPR and potentially explain a link 

between associated ER stress signature with palbociclib, dsRNA (poly I:C), a 

RIGI agonist (3p-hpRNA) and IFNb were tested on these reporters (figure 5.8.1, 

figure 5.8.2, figure 5.8.3). 
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Figure 5.8.1. Reporting of ATF4 translation and IRE1a splicing activity with 
poly I:C.  
A375 cells containing reporter constructs were treated with transfected poly I:C 
(2 and 10 ng/mL) for 72 hours and fluorescence measured by FACS. Data shown 

are representative of 3 experiments (top) and mean fluorescence intensities 

(bottom) (± SEM, n = 3, a one-way ANOVA was used to compare MFI for each dose 

of poly I:C against the untreated control). 
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Figure 5.8.2. Reporting of ATF4 translation and IRE1a splicing activity with 
3p-hpRNA.  
A375 cells containing reporter constructs were treated with the RIG-I agonist 3p-

hpRNA (1 µg/mL) for 72 hours and fluorescence measured by FACS. Data shown 

are representative of 3 experiments (top) and mean fluorescence intensities 

(bottom) (± SEM, n = 3, t tests were used to compare MFI for 3php-RNA against the 

untreated control). 
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Figure 5.8.3. Reporting of ATF4 translation and IRE1a splicing activity with 

IFNb.  

A375 cells containing reporter constructs were treated with IFNb (20 and 40 

ng/mL) for 72 hours and fluorescence measured by FACS. Data shown are 

representative of 3 experiments (top) and mean fluorescence intensities (bottom) (± 

SEM, n = 3, a one-way ANOVA was used to compare MFI for each dose of IFNb 

against the untreated control). 
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5.9 UPR reporter validation 

To validate some of the findings seen with these cell lines containing the reporter 

constructs, additional experiments were performed. For A375 cells containing 

the ATF4 reporter construct, siRNA of ATF4 reduced expression of the 

fluorescent gene reporter, even with thapsigargin treatment (figure 5.9A). PERK 

inhibition has been reported to lead to paradoxical activation of eIF2a - ATF4 

signalling (McLaughlin et al., 2020). In keeping with this, treatment with the 

PERK inhibitor (GSK2656157) induced expression of the reporter (figure 5.9B). 

On target effect of ATF4 silencing was confirmed by RT-qPCR (figure 5.9C). To 

validate the IRE1a reporter cell line, the IRE1a inhibitor STF-083010 was used. 

Palbociclib increased IRE1a reporter gene expression, but this was partially 

rescuable with the addition of the inhibitor (figure 5.9D).  
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Figure 5.9. Validation of reporter cell lines.  
ATF4 reporter: A. siRNA silencing of ATF4 in cells treated with TG were measured 

by FACS at 72 hours. Data show overlapping (left) or offset (right) histograms. B. 

Cells were treated with the PERK inhibitor (GSK2656157 at 2 µM) and measured 

by FACS 72 hours later. C. RT-qPCR of ATF4 at 48 hours following thapsigargin 

(TG, 0.04 μM) in A375 (non-reporter cells), either transfected with scrambled (SCR) 

or with siRNA ATF4. IRE1a reporter. D. Cells were treated with palbociclib (1 μM) 

in combination with the IRE1α inhibitor (STF-083010 50 μM). Data show 

representative histograms (left) and mean fluorescence intensities (right), (± SEM, n 

= 2).  
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5.10 Discussion 

Viruses hijack the ER for protein synthesis, completely remodelling its form 

(Tenorio et al., 2019). Not surprisingly, in proteomic analysis, data ER-

associated proteins were elevated with Rt3D infection. However, one of the most 

notable findings was the effect palbociclib has on the ER. At early timepoints (24 

hours), there was a clear palbociclib effect on ER stress-related proteins, 

elevating proteins linked to ER-associated degradation, and those involved in 

protein folding such as GRP78/BiP, calreticulin, calnexin and PDI-folding 

proteins. By 48 hours, Rt3D infection increased ERO1a, protein disulphide 

isomerases and protein folding chaperones, but in combination with palbociclib 

the increase was pronounced. These data suggest Rt3D-palbociclib treatment 

results in an accumulation of proteins in need of folding, or increased trafficking 

to the cellular membrane surface. 

 

siRNA of members from the 3 branches of the UPR rescued cells from Rt3D-

palbociclib-mediated cell death. It would be interesting to expand on these 

experiments. For example, is the replication of Rt3D affected by knockdown of 

these UPR members? Does the knockdown of these genes impact CHOP 

expression? If the answer to this question was yes, then we can link the signals 

from the ER through to apoptosis. Studies using other RNA viruses corroborate 

these analyses showing that the UPR is important in virus mediated cell death. 

The RNA virus, coronavirus infectious bronchitis virus, can activate the PERK- 

eIF2a-ATF4 pathway resulting in elevated CHOP expression and ER stress-

mediated apoptotic pathway, where knockdown of PERK suppressed CHOP 

activation and apoptosis (Liao et al., 2013).  
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Palbociclib increased cell kill in combination with the gold-standard ER stress-

inducing agent, thapsigargin, demonstrating that palbociclib can sensitise cells to 

ER stress. In addition, Rt3D enhanced cell death with thapsigargin, illustrating 

that ER stress exacerbates Rt3D cell kill. Combining even more ER stress to the 

Rt3D-palbociclib combination by using Rt3D-palbociclib-thapsigargin triple 

therapy enhanced cell kill even more. However, attempts to alleviate ER stress 

and Rt3D-palbociclib cell death by using TUDCA did not rescue the phenotype. 

Instead, TUDCA increased Rt3D-palbociclib cell kill in a similar fashion to 

thapsigargin. This was unexpected but might show that interfering with ER 

function upsets the responses in place and can result in increased cell death. 

Perhaps, even, TUDCA can alleviate protein folding to the extent that virus 

replication was accelerated, resulting in more cell kill. This question remains 

unanswered since viral replication was not measured in this experiment. 

 

To measure the UPR in response to Rt3D-palbociclib therapy, reporter 

constructs were used. Palbociclib-induced activation of both ATF4 translation 

and IRE1a activity. CDK4/6 inhibitors have been reported to activate expression 

of endogenous retroviral elements (ERVs), increasing intracellular levels of 

dsRNA. To understand if it is possible to activate ER stress with RNA 

stimulation, the UPR reporters were measured with RNA or IFNb stimulation. 

Both RNA or IFNb stimulation activated the ATF4 and IRE1a reporting activity 

over basal, albeit a small change in MFI, implicating a link between UPR and in 

RNA sensing (this link will be explored further in chapter 7).  

 

Interestingly, despite the ER stress signature observed with Rt3D in proteomic 

analysis, very little activity of the UPR reporters was observed with Rt3D. 



 199 

Perhaps these signalling pathways are manipulated through evolutionary 

intervention and more complexities exist. It has been previously reported that 

reovirus strains can activate host translational shut off (through phosphorylation 

of eIF2a) and induce ER stress response genes, but do not induce a typical 

UPR (that is, no XBP1 splicing, or genes activated downstream of IRE1a or 

ATF6) (Smith et al., 2006). However, data from this chapter show cell kill was 

compromised in cells deleted for XBP1 and ATF6 in response to Rt3D-

palbociclib induced cell death, demonstrating that these transcription factors are 

important. In a study in melanoma, Rt3D induced phosphorylation of eIF2a, 

however, in combination with BRAF or MEK inhibition, this was reduced. With 

this, ER stress response genes such as DDIT3 (CHOP), PUMA and NOXA were 

all increased along with cell cytotoxicity, and cell death could be reversed by 

using the inhibitor of eIF2a dephosphorylation, salubrinal (Roulstone, et al., 

2015). In summary, modification of the UPR can be linked to cell kill. 

 

One of the limitations to the work within this chapter is the difficulties in 

measuring ER stress directly. Development of the UPR reporter cell lines were 

used to measure the functional activity of two of the three branches of the UPR 

(ATF4 and IRE1a). Additional supporting work could have been done, such as, 

probing samples for upstream phosphorylated PERK and phosphorylated eIF2a 

to support data on the PERK-eIF2a-ATF4 branch, and measuring spliced mature 

XBP1 by PCR to support data from the IRE1a branch. Additional data on ATF6 

signalling would provide some insights to this branch of the UPR. Observation 

(perhaps visually through microscope work) of transport of the activated 
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transcription factor to the nucleus would provide evidence on whether the ATF6 

branch of the UPR is activated. 

 

In summary, proteins associated with the ER are important in Rt3D-palbociclib 

mediated cell death, and palbociclib is capable of sensitising cancer cells to ER 

stress. 
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Chapter 6: Rt3D-Palbociclib enhances RNA 

sensing and the IFN response 
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Chapter 6 
 
6.1 Introduction 

Goel et al. have shown that, in addition to a G1 cell cycle arrest, palbociclib also 

promotes anti-tumour immunity through tumour cell expression of endogenous 

retroviral elements (ERVs). Genome wide transcriptomic analysis across multiple 

human breast cancer lines revealed that the CDK4/6 inhibitor, abemaciclib, 

upregulated gene expression within GO terms related to IFN signalling and 

cellular defence response to virus. These genes include the transcription factor 

STAT1 and other IFN-stimulated genes, including OAS1, OAS2, IFIT1, IFIT2, 

BST2, SP100 and RSAD2. The JAK inhibitor, ruxolitinib, blunted p-STAT1 and 

total STAT1 increases seen with abemaciclib, suggesting that CDK4/6-inhibition 

stimulates tumour cell IFN expression. Type I and type II IFNs (IFNa, b and g) 

were not detected in IFN-conditioned medium from abemaciclib treated cells (by 

ELISA, nor could neutralising IFNa or IFNg antibodies reduce IFN signalling). 

However, gene and protein expression of the type III IFNs IL29 and IL28a/b was 

increased with abemaciclib, and neutralising antibodies to type III IFNs reversed 

p-STAT1 and total STAT1 increases seen in tumour cells (Goel et al., 2017). 

Mechanistically, these immunological consequences were associated with 

abemaciclib-induced suppression of DNMT1 and reduced DNA methylation at 

ERV sequences. This resulted in higher levels of dsRNA in tumour cells through 

expression of select ERVs (shown in vitro and in vivo). With this, dsRNA 

sensors, including RIG-I and MDA5, were also increased, and these responses 

were dampened through overexpression of DNMT1 (Goel et al., 2017). 
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These studies have a wider relevance in the treatment of cancer. In human 

cancers, high levels of the viral defence gene signature (associated with DNA 

demethylating agents) correlated with long-term benefit in patients (in a trial of 

immune checkpoint therapy for advanced melanoma, using the human cancer 

genome atlas) (Chiappinelli et al., 2015). Studies using the Cancer Genome 

Atlas, and the Cancer Cell Line Encyclopedia also revealed that genes 

associated with a virally-infected state co-regulated with IFN-induced ERVs, 

called SPARCS (stimulated 3-prime antisense retroviral coding sequences) 

(Cañadas et al., 2018).  

 

A common conclusion among these reports was the acknowledgment that JAK 

signalling, or TBK1-targeted therapies have potential to alter ERVs to improve 

responses. Therefore, the combination of oncolytic viruses such as Rt3D with 

DNA demethylating agents may be promising in this respect. 
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Results 

6.2 Rt3D-palbociclib induce a virus response and IFN signature 

To understand the mechanistic interaction between Rt3D and palbociclib and to 

supplement data on the proteome, the transcriptome was analysed. In addition 

to the ER stress signature described in my last chapter, both RNA sequencing 

and proteomics data indicated a pronounced virus response signature with 

Rt3D-palbociclib treatment. When differential expression was compared between 

the combination Rt3D-palbociclib versus untreated control samples in RNA 

sequencing data, the most notable difference was the upregulation of genes that 

form part of the anti-viral defence response, including ISG15, DDX58 (RIG-I), 

OASL and TRIM22 (figure 6.2A). The expression of these genes was boosted 

with combination therapy relative to single-agent Rt3D therapy (figure 6.2B). 

These data are supported with proteomic analysis (figure 6.2C). In addition, 

proteomic analysis displayed a clear increase in the proteins classed under the 

gene ontology (GO) term ‘defence response to virus’ in combination therapy-

treated samples compared with single-agent therapy (figure 6.2D). Expression 

of the proteins included within this GO term are also upregulated at the 

transcriptomic level by cross referencing RNA sequencing data (figure 6.2E). 
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Figure 6.2. Differential expression with Rt3D-palbociclib treatment.  
A. Volcano plot of RNA sequencing data in A375 cells treated with Rt3D (0.1) in 

combination with palbociclib (1 μM) compared with mock-treated samples. For 

visualisation, 5 genes (RSAD2, DDX58, IFIT1, IFIT2 and IFIT3) with p adjusted 

values of zero were converted to the lowest non-zero value before generating the 

volcano plot. B. Heat map of top 15 upregulated genes from A, across all samples. 

C. Proteomic analysis of A375 cells treated with Rt3D (0.1) in combination with 

palbociclib (1 μM) showing upregulated (red) or downregulated (green) proteins for 

proteins corresponding to the genes shown in B. Data are shown for 24 and 48 

hours as indicated. IFI27, CXCL11 and TNFSF10 were not found in the proteomic 

data and are therefore not shown. D. Proteomic analysis of proteins categorised 
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under the gene ontology (GO) term ‘defense response to virus’, 24 hours after 

treatment. Multiple proteins shown with the same name represent different isoforms. 

E. Genes are shown from RNA sequencing data corresponding to the proteins 

shown in D. 
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6.3 Palbociclib treatment leads to DNA modification 

The vast majority of the upregulated genes from the combination therapy 

treatment were virally-induced (figure 6.2B). Therefore, differential expression 

analysis was compared between the combination therapy versus Rt3D to 

determine the effects due to palbociclib in the combination treatment condition 

(figure 6.3A). The clearest effect was the downregulation of genes associated 

with DNA modification, markedly DNA methyltransferases (DNMTs), including 

DNMT1, DNMT3A and EZH2, and histones (figure 6.3B, C). Proteomics data 

also supported the observation that there is a clear DNA modifying effect by 

palbociclib, with down-regulation of DNMTs that persisted despite the presence 

of Rt3D (figure 6.3D). Histone acetyltransferases (HATs), which generally 

increase access to transcriptional activators, also were supressed by palbociclib. 

Histone deacetylases (HDACs) remove acetyl groups and allow histones to wrap 

more tightly restricting access by transcriptional activators. The effects of Rt3D-

palbociclib on HDACs were various. HDAC1 and HDAC2 were downregulated 

with palbociclib, whilst HDAC10 was upregulated by palbociclib. Rt3D treatment 

downregulated HDAC3, HDAC4 and HDAC5, whilst HDAC6 was upregulated by 

Rt3D (figure 6.3E). 
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Figure 6.3. Altered DNA modification with palbociclib treatment.  
A. RNA sequencing analysis of gene expression in A375 cells treated with Rt3D 

(MOI 0.1) in combination with palbociclib (1 μM) compared with Rt3D-treated alone 

samples at 48 hours after treatment. B. Heat map showing expression of DNA 

methyltransferases from RNA sequencing data. C. Heat map showing expression of 

histone-related proteins from RNA sequencing data. A full list of the genes shown 

here are available in table 6.9 in section 6.9. D. Proteomic analysis of A375 cells 

treated with Rt3D (MOI 0.1 and 1) in combination with palbociclib (1 μM) show 

upregulated (red) or downregulated (green) proteins categorised under the gene 

ontology (GO) term ‘DNA modification’ 48 hours after treatment. E. Proteomics 

analysis show histone acetyltransferases (HATs) and histone deacetylases 

(HDACs) at 48 hours (similar data were obtained at 24 hours but are not shown 

here). 
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6.4 Rt3D-palbociclib increases RNA sensor expression 

To confirm data from the proteome and transcriptome that indicate Rt3D-

palbociclib combination therapy leads to an increased virus-induced dsRNA 

response, RNA sensor expression was analysed. The time point of 48 hours 

after infection was chosen, since expression of RNA sensors was not seen 

before then (figure 6.4A). Rt3D triggers expression of cytosolic dsRNA sensors 

RIG-I (DDX58), MDA5 (IFIH1) and TLR3 (TLR3). Palbociclib increased the 

expression of all these dsRNA receptors, but MAVS was not expressed (figure 

6.4B). 

Since Rt3D is a dsRNA virus, the increases in RNA sensing were hypothesised 

to be generated from increased input signal through enhanced Rt3D genome 

replication. However, the addition of palbociclib did not affect the genome levels 

of Rt3D, and virus particle production levels were also unchanged (figure 6.4C, 

D). Down-regulation of DNMT1 and the upregulation of RNA sensors and STAT1 

were confirmed at the protein level (figure 6.4E). In addition to RNA sensing, 

Rt3D-palbociclib therapy appeared to enhance DNA sensors (figure 6.4F, G).  
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Figure 6.4. Palbociclib increases expression of RNA sensors to Rt3D that 
is not caused by an increase in Rt3D genome levels.  
A. Expression of DDX58 (RIG-I) and IFIH1 (MDA5) by RT-qPCR at 6, 24 and 48 

hours following Rt3D (0.1) + palbociclib (1 μM) treatment in A375 cells. B. 

Expression of DDX58 (RIG-I), IFIH1 (MDA5), TLR3 and MAVS by RT-qPCR at 48 

hours following Rt3D (0.1) +/- palbociclib (1 μM) in A375 (± SEM, n = 3). C. RT-

qPCR of Rt3D genome in A375 infected cells +/- palbociclib (1 μM) at 48 hours. D. 

Replication of viable virions by one-step virus growth assay in A375 cells treated +/- 

palbociclib (1 μM). E. Confirmation of downregulation of DNMT1 and upregulation of 

RNA sensors and p-STAT1 signaling with Rt3D-palbociclib at the protein level by 

western blotting. F. Proteomic analysis of A375 cells treated with Rt3D (MOI 0.1) in 

combination with palbociclib (1 μM) show upregulated (red) or downregulated 

(green) proteins associated with DNA sensing, 24 hours after treatment. G. Heat 

map showing STING (TMEM173) and cGAS expression from RNA sequencing data 

at 48 hours after treatment. T tests were used to compare between conditions in C, 

and between Rt3D + palbociclib vs. Rt3D alone in B. 
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6.5 ERV expression 

It has been reported that inhibition of DNA methyltransferases, either directly or 

through CDK4/6-inhibition, induces viral mimicry caused by an increase in 

dsRNA through release expression of ERVs (Chiappinelli et al., 2015; Goel et 

al., 2017; Roulois et al., 2015). Therefore, it was hypothesised that ERV 

expression could be exaggerating the viral response to Rt3D.  

 

Using a panel of 26 previously described ERVs (Cañadas et al., 2018), 

expression was analysed across two cell lines. Rt3D was able to induce the 

expression of 5 ERVs in A375, and 9 in the A2058 cell line, inclusive of the 5 

detected in A375 (figure 6.5A). The addition of palbociclib increased the 

expression of 1 of the 5 ERVs expressed by Rt3D, MLT1C49, located within the 

STAT1 target gene, TRIM22. MLT1C49 is poised to generate dsRNA through bi-

directional transcription because of an antisense orientation in the 3’ 

untranslated region of TRIM22 (Cañadas et al., 2018) (figure 6.5B). When these 

primer sequences were searched using BLAST in NCBI (to human genomic and 

transcriptomic data) to check where the sequences align, all 5 were located in 

STAT1 target genes: TRIM22, DDX60L and 3 in OAS2 (table 6.5). In RNA 

sequencing data, these 3 genes TRIM22, DDX60L and OAS2 (with embedded 

ERVs) are upregulated with Rt3D-palbociclib therapy (figure 6.5C). Expression 

of other genes with embedded ERVs that were not shown in the screen to be 

induced by Rt3D were not as prominent as TRIM22, DDX60L and OAS2 (figure 

6.5C). 
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ERV Forward (5’-3’ Reverse (5’-3’) BLASTn F BLASTn R 

MLT1C49 TATTGCCGTACTGTGGGCTG TGGAACAGAGCCCTTCCTTG TRIM22 TRIM22 

MER21C GGAGCTTCCTGATTGGCAGA ATGTAGGGTGGCAAGCACTG OAS2 OAS2 

MLTA10 TCTCACAATCCTGGAGGCTG GACCAAGAAGCAAGCCCTCA DDX60L DDX60L 

MLT1C627 TGTGTCCTCCCCCTTCTCTT GCCTGTGGATGTGCCCTTAT OAS2 OAS2 

MER57B1 CCTCCTGAGCCAGAGTAGGT ACCAGTCTGGCTGTTTCTGT 
 OAS2 OAS2 

 

Table 6.5. BLAST search for ERV primer sequences. 
BLAST search using primer sequences for 5 Rt3D-induced ERVs and the 

corresponding genes into which they align. 
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To confirm that these 5 Rt3D-induced ERVs are within genes regulated by 

STAT1, their expression was measured in the presence of the JAK/STAT 

inhibitor, ruxilitinib. Ruxilitinib completely abrogated expression of all these 

ERVs, confirming that their expression was dependent on JAK/STAT interferon 

signalling (figure 6.5D). ERV expression was also examined within RNA 

sequencing data using the available TEtoolkit, and salmon TE pipelines. The 

combination induced expression of a greater diversity of ERVs compared with 

single-agent counterparts (figure 6.5E). Taken together, ERV transcription was 

not observed with palbociclib (after 48 hours of treatment). Rather, palbociclib 

appeared to enhance ISG and STAT1-dependent ERV transcription induced by 

Rt3D. 

6.6 RIG-I in cell death 

To determine if RNA sensing was important in the cell death observed with 

Rt3D-palbociclib, cell viability was observed with siRNA of RNA PRRs. Of the 3 

sensors TLR3, MDA5 and RIG-I, only knockdown of RIG-I rescued cells from 

Rt3D-palbociclib-induced cell death (figure 6.6A). RIG-I knockdown also 

reduced the expression of virus-induced IFN response genes, implicating its 

importance in both the host IFN response to viral infection as well as cell death 

(figure 6.6B). 
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Figure 6.5. Palbociclib potentiates Rt3D-induced ERV transcription 
mediated by IFN/JAK/STAT signaling.  
A. RT-qPCR for the expression of a panel of 26 previously described ERVs in A375 

cells (treated with combination therapy) or A2058 cells (treated with Rt3D). B. ERV 

expression in A375 cells treated with Rt3D +/- palbociclib at 48 hours by RT-qPCR 

(± SEM, n = 3. Unpaired t tests were used to compare expression levels between 

combination and Rt3D alone). C. Expression of genes with embedded ERVs using 

RNA sequencing data in A375 cells treated with palbociclib (1 μM) and Rt3D (MOI 

0.1) at 48 hours (MLT1C49, MLTA10, MER21C, MLT1C627 and MER57B1 are 

found within TRIM22, DDX60L and OAS2 genes, refer to table 6.5). D. ERV 

expression in A375 cells treated with Rt3D and/or palbociclib +/- ruxolitinib at 48 

hours (± SEM, n = 3). E. Volcano plot showing differentially expressed ERVs in RNA 

sequencing data (using both TETool kit or SalmonTE pipeline with FDR adjusted p-

values).  
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Figure 6.6. RIG-I in cell death and IFN response.  
A. siRNA silencing of RNA sensors RIG-I, MDA5 and TLR3 in A375 cells treated 

with Rt3D (0.1) +/- palbociclib (1 μM) by SRB, with two further independent repeats 

showing the effects of siRNA RIG-I on the Rt3D-palbociclib toxicity (left). 

Quantitative analysis for the 3 biological replicates are shown (right), but did not 

reach significance by an unpaired t test. Confirmation of on-target effect of siRNA by 

RT-qPCR of DDX58 (RIG-I), IFIH1 (MDA5) or TLR3 at 48 hours following Rt3D 

(MOI 1) in A375, transfected with scrambled (SCR) or with the relevant siRNA are 

shown (below). B. RT-qPCR of DDX58 (RIG-I), ISG15 and IFNa and IFNb 48 hours 

after Rt3D infection (MOI 0.1) in A375, either transfected with scrambled (SCR) or 

siRNA knockdown of RIG-I. 
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6.7 Palbociclib sensitises cells to RNA 

To test if palbociclib sensitises cells to RNA in a non-viral context, the synthetic 

analog poly I:C, which is structurally similar to dsRNA, was transfected in 

combination with palbociclib. Palbociclib upregulated poly I:C-induced RIG-I and 

IFNb expression, similar to the results using Rt3D (figure 6.7A). This effect was 

also translatable in vivo. Palbociclib in combination with an intratumoural 

injection of poly I:C reduced tumour burden to a greater extent than either of the 

single agents (figure 6.7B). Taken together, these data demonstrate that 

palbociclib amplifies RNA sensing and IFN responses, and that signalling 

through RIG-I is important in cell death. Therefore, in addition to the remit of an 

ER stress sensitiser, palbociclib also sensitises cells to RNA stimulation. 

 



 220 

 

Figure 6.7. Palbociclib sensitises cells to RNA.  
A. RT-qPCR of DDX58 (RIG-I) and IFNb  in A375 cells treated with 1 μM palbociclib 

with transfected poly I:C (2, 10 μg/mL) at 48 hours (± SEM, n = 3, a one-way 

ANOVA was used to compare expression for Rt3D + palbociclib vs. Rt3D alone, for 

each dose). B. Tumour volumes for C57BL/6 mice bearing 4434 tumours treated 

with a single intratumoural injection of poly I:C (50 μg) in combination with 

palbociclib (90mg/kg 12 days on, followed thereafter by 4 days off and 3 days on 

administered by oral gavage). A one-way ANOVA was used with the p value 

corrected for multiple comparisons against the PBS/vehicle group for the area under 

the curve. 
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6.8 Discussion 

This chapter focused on the pronounced virus response signature associated 

with Rt3D, that was enhanced with palbociclib treatment. Palbociclib increased 

Rt3D-induced expression of the dsRNA sensors RIG-I, MDA5 and TLR3. 

However, neither Rt3D alone nor in combination increased the expression of 

MAVS, downstream of RIG-I and MDA5 signalling. Although MAVS expression 

can be regulated by reactive oxygen species generated during an anti-viral 

response, MAVS is not an ISG. It has been suggested that MAVS expression is 

mediated by upstream open reading frame skipping (resulting in a shorter MAVS 

(lacking CARD domain) named miniMAVS or short-MAVS, although it is not 

completely clear what role these 2 forms have in anti-viral signalling and it is not 

fully understood how MAVS signals are passed on (Vazquez & Horner, 2015).  

 

The boost in RNA sensor expression driven by palbociclib was firstly 

hypothesised to have been mediated by an enhanced viral RNA input signal. 

However, Rt3D RNA levels were not enhanced with palbociclib, suggesting that 

RNA species may be generated from another source, or the enhanced 

expression may be a result of increased IFN signalling. Either way, the question 

remains how palbociclib can boost these expression levels. To help begin to 

answer this question, the differences in differentially expressed genes from RNA 

sequencing data were analysed between Rt3D-palbociclib versus Rt3D alone, to 

interrogate the effects attributable to palbociclib in the combination therapy. In 

that analysis, immune-related genes such as CXCL9 (cytokine involved in 

chemotaxis), CD5L (antigen-like, associated with inflammation), and CFH 

(complement) were upregulated (the impact of Rt3D-palbociclib on immunogenic 

cell death will be explored in chapter 8). There was, however, a clear 
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downregulation of genes that were associated with DNA modification such as 

histone-related proteins and DNMTs. The effects on DNA modification were also 

confirmed in proteomic analysis.  

 

Palbociclib has been reported to activate tumour cell expression of endogenous 

retroviral elements (ERVs) through suppression of DNMT1, which increases 

intracellular levels of dsRNA, in turn stimulating IFNs (Goel et al., 2017). To 

investigate the possibility that palbociclib could drive expression of ERVs that 

might contribute to the Rt3D-induced RNA sensing and downstream IFN 

responses, a panel of previously published ERVs was screened across two cell 

lines. Whilst one cell line expressed more ERVs than the other, there were 5 

shared ERVs between them. These ERVs are located within genes driven by 

STAT1, demonstrated by experiments using the JAK/STAT inhibitor (ruxilitinib) 

which completely abolished ERV expression. The ERV, MLT1C49, was 

expressed following Rt3D infection, and this was significantly increased with the 

addition of palbociclib. In a study by Cañadas et al., the authors reported that, in 

a subpopulation of cells associated with enhanced innate immune signalling, 

siRNA of MLT1C49 partially inhibited CXCL10 and CCL2 expression, whilst 

transfection of a construct containing this ERV induced cytokine and PD-L1 

expression. These data illustrate the profound effect expression of a single ERV 

can have on the cell (Cañadas et al., 2018). The authors also reported 

cytoplasmic MLT1C49 dsDNA and STING upregulation. This was explained due 

to the generation of dsDNA by reverse-transcription, although it is unclear how 

RNA can be reverse transcribed without a specialised viral protein. Interestingly, 

STING is, indeed, upregulated with palbociclib (and combination) therapy, and 2 
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other DNA sensors, absent in melanoma (AIM2) and IFNg-inducible (IFI16) are 

upregulated with Rt3D (and combination) therapy.  

 

siRNA of RIG-I rescued cells from Rt3D-palbociclib cell kill, whilst siRNA against 

MDA5 and TLR3 could not. Further to this, data from the previous chapter also 

show siRNA against PKR also cannot rescue from Rt3D-palbociclib-mediated 

cell kill. Therefore, RIG-I clearly has a role in Rt3D-palbociclib-mediated cell 

cytotoxicity. Indeed, siRNA knockdown of RIG-I also blunts ISGs ISG15, IFNa 

and IFNb, demonstrating its dual role in host response IFN signalling, and cell 

kill. It would be interesting to understand if there is an inhibitory effect on viral 

replication here, or if these effects are mediated purely through signalling events. 

Preliminary data (not shown) demonstrate that siRNA of MAVS also did not 

affect cell survival, indicating RIG-I interacts with signalling pathways separate 

from MAVS to mediate cell death. RIG-I can induce death through various 

mechanisms such as intrinsic or extrinsic apoptosis, or pyroptosis. At this stage, 

it is unclear exactly how RIG-I induces cell death in Rt3D-palbociclib therapy and 

would be an exciting avenue to pursue further. 

 

As discussed in the previous chapter, palbociclib sensitises cells to ER stress. In 

this chapter, the focus has been around the increased RNA sensing and IFN 

response observed with the addition of palbociclib. Indeed, palbociclib sensitises 

cells to other forms of RNA, outside of the viral context, demonstrated by 

experiments using the tool RNA analogue compound poly I:C. Here, palbociclib 

released the brakes on RIG-I and IFNb expression in response to poly I:C. which 

translated to decreased tumour burden in vivo. The cross-talk between RNA 

stimulation and ER stress will be explored in the next chapter. 
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6.9 APPENDIX 

Table 6.9: Histone-related genes used in differential expression analysis.  
List of all the genes from top to bottom, displayed in figure 6.3C. 

HIST1H1A 
HIST1H1B 
HIST1H1C 
HIST1H1D 
HIST1H1E 
HIST1H1PS1 
HIST1H1T 
HIST1H2AA 
HIST1H2AB 
HIST1H2AC 
HIST1H2AD 
HIST1H2AE 
HIST1H2AG 
HIST1H2AH 
HIST1H2AI 
HIST1H2AJ 
HIST1H2AK 
HIST1H2AL 
HIST1H2AM 
HIST1H2APS1 
HIST1H2APS4 
HIST1H2APS5 
HIST1H2BA 
HIST1H2BB 
HIST1H2BC 
HIST1H2BD 
HIST1H2BE 
HIST1H2BF 
HIST1H2BG 
HIST1H2BH 
HIST1H2BI 
HIST1H2BJ 
HIST1H2BK 
HIST1H2BL 
HIST1H2BM 
HIST1H2BN 
HIST1H2BO 
HIST1H2BPS2 
HIST1H2BPS3 
HIST1H3A 
HIST1H3B 
HIST1H3C 
HIST1H3E 
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HIST1H3F 
HIST1H3G 
HIST1H3H 
HIST1H3I 
HIST1H3J 
HIST1H3PS1 
HIST1H4A 
HIST1H4B 
HIST1H4C 
HIST1H4D 
HIST1H4E 
HIST1H4F 
HIST1H4G 
HIST1H4H 
HIST1H4I 
HIST1H4J 
HIST1H4K 
HIST1H4L 
HIST1H4PS1 
HIST2H2AA3 
HIST2H2AA4 
HIST2H2AB 
HIST2H2AC 
HIST2H2BA 
HIST2H2BB 
HIST2H2BC 
HIST2H2BD 
HIST2H2BE 
HIST2H2BF 
HIST2H3A 
HIST2H3C 
HIST2H3D 
HIST2H3DP1 
HIST2H4A 
HIST2H4B 
HIST3H2A 
HIST3H2BA 
HIST3H2BB 
HIST3H3 
HIST4H4 
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Chapter 7: ER stress enhances RNA 

sensing and the IFN response 
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Chapter 7 
 
7.1 Introduction 

In the context of a viral infection, the UPR can respond to the unplanned build-up 

of viral proteins or ER membrane disruption caused by infection and sensitise 

the cell to PRRs to mount a powerful antiviral response. In a study using 

flaviviruses, the 3 arms of UPR were activated in parallel with virus protein 

production before the generation of an IFN response. Viral yields and RNA were 

reduced by the addition of ER stress (in the form of thapsigargin or tunicamycin), 

accompanied with an increase XBP1 splicing and IFNb, demonstrating the link 

between the UPR and IFN response in the setting of a viral infection (Carletti et 

al., 2019). 

 

Previous chapters herein have demonstrated enhanced ER stress and RNA 

sensing with Rt3D-palbociclib. In chapter 5, I described how Rt3D and 

palbociclib induce non-overlapping ER stress signatures and Rt3D-palbociclib 

cytotoxicity can be recovered by siRNA of key members of the UPR. 

Furthermore, both Rt3D and palbociclib sensitise to the canonical ER stress 

inducer thapsigargin. Chapter 6 shows that Rt3D is a potent RNA agonist, and in 

combination with palbociclib potentiates RNA sensing and IFN expression.  

 

Since it has been reported that ER stress and PRR activation led to enhanced 

IFN expression, the enhanced IFNb observed with Rt3D-palbociclib was 

hypothesised due to combination of PRR activation and ER stress. Perhaps, 

through mechanisms involving IRE1a-XBP1 (Zeng et al., 2010). However, 

evaluation of ER stress and RNA stimulation with these two compounds is 
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complicated by many of their other associated processes. For example, 

palbociclib has predominant effects on the cell cycle and modifies DNA (through 

inhibition of DNA methyltransferases and histone deacetyltransferases). Rt3D is 

not a targeted compound, it is a replicative virus comprised of 12 proteins, and 

orchestrates a multitude of effects on the cell in addition to RNA stimulation and 

ER stress. Therefore, to evaluate the combination of RNA stimulation and UPR 

signalling prior to analysis on Rt3D-palbociclib, tool compounds were used. 

Thapsigargin was used to stimulate ER stress/UPR activation, and the synthetic 

RNA analogue, poly I:C, and the RIG-I agonist, 3p-hpRNA, were used for RNA 

stimulation. In addition to RNA sensing and ER stress, other associated Rt3D-

palbociclib responses will also be investigated for their influence on anti-viral 

signalling. Namely the effects of cell cycle and DNA modification. 
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Results 

7.2 Rt3D-driven IFN expression is enhanced by palbociclib 

To confirm the enhanced IFN expression with Rt3D-palbociclib observed in RNA 

sequencing data, and for comparison in later experiments, a subset of IFN and 

ISG genes (ISG15, OASL, IFNa/b IL-28 and IL-29) were analysed by RT-qPCR 

(figure 7.2A). Expression of type I and type III interferons was markedly 

upregulated with combination therapy. The ISGs ISG15 and OASL were induced 

by Rt3D, and the addition of palbociclib enhanced this expression. Similar results 

were also observed in the murine BRAF-mutant melanoma line 4434 (figure 

7.2B).  

7.3 ER stress plus RNA stimulation leads to increased cell death 

Poly I:C is predominantly recognised by TLR3 in the endosome when added 

directly to culture medium. Alternatively, if poly I:C is transfected into the cells it 

is recognised by the cytosolic RLRs, MDA5 and RIG-I. In combination with the 

gold-standard ER stress-inducing agent thapsigargin, both methods of RNA 

administration led to increased cell kill (figure 7.3). This imitated the phenotype 

observed with Rt3D plus palbociclib (refer to figure 4.12B). 
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Figure 7.2. Rt3D-driven IFN expression is enhanced by palbociclib.  
A. A subset of IFN-associated genes from RNA sequencing data were confirmed by 

RT-qPCR in A375 cells treated with Rt3D (MOI 0.1) plus palbociclib (1 µM), at 48 

hours. Expression was measured by quantitative PCR with normalisation to 18S 

rRNA (relative mRNA). B. Mouse IFNa/b expression was assessed under the 

same conditions in the 4434 murine BRAF mutant melanoma cell line (± SEM, n = 

3. Unpaired t tests were used to make comparisons between each dose of Rt3D in 

combination palbociclib vs. single agent Rt3D.) 

 

 

ba
sa

l

Rt3D
 (0

.1)

+ 1
 µM

Rt3D
 + 

1 µ
M

0

20

40

60

80

dd
C

T 
[IS
G
15

]

**

ba
sa

l

Rt3D
 (0

.1)

+ 1
 µM

Rt3D
 + 

1 µ
M

0

500

1000

1500

dd
C

T 
[O
AS
L]

*

ba
sa

l

Rt3D
 (0

.1)

+ 1
 µM

Rt3D
 + 

1 µ
M

0

10

20

30

40

dd
C

T 
[IF
N
α

]

*

ba
sa

l

Rt3D
 (0

.1)

+ 1
 µM

Rt3D
 + 

1 µ
M

0

10000

20000

30000

40000

dd
C

T 
[IF
N
β]

ns

ba
sa

l

Rt3D
 (0

.1)

+ 1
 µM

Rt3D
 + 

1 µ
M

0

20000

40000

60000

80000

100000

dd
C

T 
[IL
-2
8]

*

ba
sa

l

Rt3D
 (0

.1)

+ 1
 µM

Rt3D
 + 

1 µ
M

0

500

1000

1500
dd

C
T 

[IL
-2
9]

ns

0 0.1 1

+ 1
 µM

0.1
 + 

1 µ
M

1 +
 1 

µM
0

5

10

15

dd
C

T 
[m
IF
N
-α

] ns
**

0 0.1 1

+ 1
 µM

0.1
 + 

1 µ
M

1 +
 1 

µM
0

20000

40000

60000

dd
C

T 
[m
IF
N
-β

] ns

ns

A.

B.



 231 

 

(untransfected)

0 0.01 0.05

(transfected)

- 
po

ly
 I:

C
:

+ 
po

ly
 I:

C
:

0 0.01 0.05

- 
po

ly
 I:

C
:

+ 
po

ly
 I:

C
:

0
0.0

5
0

50

100

150

200

TG (µM)

O
D

 (a
rb

itu
ar

y 
un

its
)

- poly I:C (200µg/mL)
+ poly I:C (200µg/mL)

*
** *

0
0.0

5
0

50

100

150

200

TG (µM)

O
D

 (a
rb

itu
ar

y 
un

its
)

- poly I:C (10µg/mL)
+ poly I:C (10µg/mL)

**
* *

TG:

+ TG (0.05) + 
un-transfected poly I:C

SCR TLR3

MDA-5 RIG-I

0.0
00

01

0.0
00

1
0.0

01 0.0
1 0.1 1

0.0

0.5

1.0

1.5

transfected poly I:C (µg/mL)

Su
rv

iv
in

g 
fra

ct
io

n - TG
+ TG

A. B.

C. D.



 232 

Figure 7.3. Combination of an ER stress (thapsigargin, TG) plus RNA 
stimulation (poly I:C) leads to increased cell death.  
A375 cells were treated with untransfected poly I:C (10 µg/mL) in combination with 

thapsigargin (TG, 0.01, 0.05 µM), for 48 hours. Cell kill was measured by crystal 

violet assay and quantified, below (± SEM, n = 3). B. siRNA knockdown of RNA 

sensors in A375 cells treated with untransfected poly I:C (10 µg/mL) plus TG (0.05 

µM) by crystal violet confirmed on-target effect of TLR3. C. A375 cells treated as in 

A, but with transfected poly I:C (10 µg/mL), rather than untransfected. Cell kill was 

measured by crystal violet assay and quantified, below (± SEM, n = 3). D. Cell 

survival of A375 cells treated with the combination of transfected poly I:C and TG by 

MTT assay. Poly I:C was diluted to various concentrations (5x dilution) before 

addition of RNAiMAX. The RNA mix was incubated onto cells for 4 hours, then 

washed off and TG (0.05 µM) was added. Cell survival was measured 72 hours 

later. A two-way ANOVA was used to make comparisons between OD readings 

between each treatment in A and C. 
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7.4 ER stress facilitates greater levels of RNA-stimulated IFN expression 

Next, to confirm whether the combination of PRR stimulation and ER stress 

using these tool compounds potentiated an IFN response, IFN and ISG 

expression was measured by RT-qPCR. In response to increased doses of poly 

I:C, expression of RNA sensors and type I and type III IFNs plateaued. However, 

the addition of thapsigargin led to increased expression of RNA sensors, in 

particular RIG-I and MDA5), and this was associated with increased expression 

of RNA for IFNa, IFNb, IL-28 and IL-29 and DDIT3 (CHOP) (figure 7.4). Again, 

these effects mirrored results from the Rt3D-palbociclib combination (shown in 

figure 7.2).  

7.5 ER stress facilitates greater levels of RIG-I-stimulated IFN expression 

Since RIG-I is important in Rt3D-palbociclib-mediated cell death (refer to figure 

6.6A), the RIG-I agonist 3p-hpRNA was used in place of poly I:C in similar 

experiments. Cells appeared morphologically unchanged between treatment with 

thapsigargin or the RIG-I agonist in comparison with mock treated cells. 

However, with the combination, there was a noticeable effect on cell density 

(figure 7.5A). The RIG-I agonist in combination with thapsigargin increased 

expression of RIG-I (with a no significant effect on MDA5 and TLR3, in keeping 

with its target effect). The combination of RIG-I agonist with thapsigargin 

elevated levels of IL-29 and STAT1, and there was a high degree of variability in 

IL-28, CHOP and IFNb expression, but IFNa expression was unchanged (figure 

7.5B). However, thapsigargin potentiated RIG-I-induced expression of the ERV 

MLT1C49 (figure 7.5C). Taken together, these data show ER stress releases 

the brakes on RNA sensor and IFN expression. 
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Figure 7.4. Thapsigargin facilitates greater levels of RNA-stimulated IFN 
expression.  

A375 cells were treated with transfected poly I:C (0.1, 2, 10 µg/mL) for 4 hours prior 

to treatment with thapsigargin (poly I:C was washed off and 0.05 µM TG was 

added). RNA was extracted 48 hours later. Expression of IFN-stimulated genes 

were measured by quantitative PCR with normalisation to 18S rRNA (relative 

mRNA, ± SEM, n = 3. Unpaired t tests were used to compare each dose of poly I:C 

in combination with TG against single agent poly I:C). 
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Figure 7.5. Thapsigargin facilitates greater levels of 3p-hpRNA-driven IFN 
expression.  
A. Photomicrographs of A375 cells 72 hours after treatment with transfected 3p-

hpRNA (1 µg/mL) and thapsigargin. Here, 3p-hpRNA was transfected and washed 

off 4 hours later, then TG was added. B and C. Cells were treated with 3p-hpRNA (1 

µg) +/- TG (0.05 µM) (as described in A), and RNA was extracted 48 hours later. 

Expression of genes were measured by quantitative PCR with normalisation to 

18S rRNA (relative mRNA, ± SEM, n = 3. Unpaired t tests were used to compare 

3p-hpRNA plus TG against single agent 3p-hpRNA). 
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7.6 Rt3D-palbociclib alters IRE1a-mediated protein folding 

IRE1a-mediated splicing of XBP1 is an important evolutionarily-conserved ER 

stress response that has been implicated in the regulation of inflammatory 

cytokines (Eckard et al., 2014; Martinon et al., 2010; Zeng et al., 2010). Although 

many studies have been performed in immune cells, a similar mechanism may 

exist in cancer cells in response to Rt3D-palbociclib. Proteomic data reveal 

upregulated proteins under the GO term ‘IRE1a-mediated protein folding’ (figure 

7.6). At the 24-hour timepoint, the most noticeable effects on these proteins were 

with palbociclib treatment, which was heightened in the combination by 48 hours.  

7.7 Modification of UPR signaling can alter IFNb signaling 

To assess the link between UPR and IFN signalling with Rt3D-palbociclib, IFNb 

was analysed in cell free supernatants from cells treated with Rt3D-palbociclib in 

combination with UPR modifiers. The combination of Rt3D plus palbociclib 

increased IFNb in cell-free supernatant measured by ELISA, as expected (figure 

7.7A). The IRE1a inhibitor, STF-083010, inhibits IRE1a endoribonuclease 

activity. Therefore, STF-083010 indirectly inhibits splicing of XBP1 into an active 

transcription factor. Enhanced IFNb caused by Rt3D-palbociclib treatment was 

reduced by the addition of STF-083010 (figure 7.7B). McLaughlin et al. reported 

that PERK inhibition paradoxically activates eIF2a-ATF4 signalling (McLaughlin 

et al., 2020). In keeping with the hypothesis that increased UPR signalling 

escalates IFN signalling, the PERK inhibitor, GSK2656157, led to a further 

dramatic increase in Rt3D-palbociclib-induced IFNb (figure 7.7C). Viral growth 

assays confirm that the effects seen with the IRE1a inhibitor were not due to a 

reduction in virus replication (figure 7.7D).  
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Figure 7.6. Altered expression of proteins in the GO term ‘IRE1a-mediated 
protein folding’ with Rt3D-palbociclib treatment.  
Proteomic analysis of A375 cells treated with Rt3D (0.1-1) in combination with 

palbociclib (1 μM) showing up-regulated (red) or down-regulated (green) proteins at 

24 or 48 hours as indicated. 
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Figure 7.7. Modification of UPR signaling can alter IFNb signaling.  

A. IFNb in cell-free supernatant from A375 cells treated with Rt3D (0.1 MOI) +/- 

palbociclib (1 μM), measured by ELISA. An unpaired t test was used to compare 

Rt3D plus palbociclib with single agent Rt3D. B. Cells were treated with Rt3D +/- 

palbociclib (1 μM), in the presence of the IRE1α inhibitor (STF-083010, 20 μM) as 

indicated and measured for IFNb in cell-free supernatant by ELISA. A one-way 

ANOVA was used to compare IFNb for treatments compared with mock. C. Cells 

were treated with Rt3D (MOI 0.1, 1) +/- palbociclib, in combination with either the 

IRE1α inhibitor, or PERK inhibitor (GSK2656157, 2 μM) as indicated. IFNb was 

measured in cell-free supernatant 48 hours later by ELISA. Data are representative 

of 2 independent experiments. A one-way ANOVA was used to compare IFNb 

against samples treated with palbociclib for each dose of Rt3D as shown. D. 

One-step viral growth assays for Rt3D in the presence of palbociclib (1 μM) +/- the 

iRE1α inhibitor (STF-083010, 20 μM). 
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7.8 IFN signaling does not affect Rt3D replication 

Whilst exacerbating IFN responses may lead to increased anti-tumour immunity, 

therapy may be curtailed if viral replication is inhibited. Virus replication was 

assessed in the presence of IFNb or the JAK/STAT inhibitor, ruxolitinib, to 

evaluate if IFN signalling may be detrimental to virus replication. Neither 

stimulation (IFNb) nor inhibition (ruxolitinib) altered viral replication (figure 7.8A). 

Interestingly, whilst JAK/STAT inhibition had no effect on viral replication, there 

was a clear reduction of Rt3D-induced cytotoxicity, indicating that this pathway is 

important in the cell-death response to viral infection (figure 7.8B).  
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Figure 7.8. IFN signaling does not affect Rt3D replication.  
A. One-step viral growth assays for Rt3D in the presence of recombinant human 

IFNβ (20 ng/mL) or the JAK/STAT inhibitor, ruxolitinib, (1 μM) in A375 cells. 

Compounds were not washed off and remained on the cells throughout the duration 

of the assay. No significance was observed between samples compared with mock 

by two-way ANOVA for each timepoint. B. A375 cells treated with various doses of 

Rt3D +/- ruxolitinib (1 μM) were measured for cell survival by crystal violet assay. 
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7.9 The effects of cell cycle on IFN expression 

Palbociclib primarily arrests cell in the G1 phase of the cell cycle. To address 

whether cell cycle influences IFN expression, FUCCI cells treated with Rt3D 

were sorted into G1 and G2/M populations. IFNa and IFNb expression was 

variable (figure 7.9A). On the contrary, DDIT3 (CHOP) expression was 

unaltered by cell cycle phase, and boosted expression was exclusive to Rt3D-

treated samples that contained palbociclib (figure 7.9B). These data suggest 

that the ER stress signature induced by palbociclib may be unrelated to its effect 

on the cell cycle. 

7.10 The effects of DNMT inhibition on Rt3D-induced IFN expression 

In addition to the effect of palbociclib on cell cycle, RNA sequencing and 

proteomic data revealed a marked palbociclib-induced effect on DNA 

modification, including downregulation of DNA methyltransferases (DNMTs). 

DNMT inhibitors, decitabine and 5-azacytidine, were used to assess the effect of 

direct DNMT inhibition on IFN expression. Both compounds increased Rt3D-

induced cell kill, although 5-azacytidine displayed high levels of toxicity (figure 

7.10A, B). Decitabine boosted Rt3D-induced type I and type III IFN expression 

(figure 7.10C). 

 

Taken together, palbociclib encompasses a multitude of effects on the cell 

including adjustments in cell cycle, DNA modification, and ER stress. These data 

collectively show that all these effects are important factors in IFN expression. 
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Figure 7.9. IFN and CHOP expression in G1/ and G2/M-enriched 
populations.  
A. FUCCI cells were treated with Rt3D (MOI 0.1) for 48 hours then sorted according 

to cell cycle phase prior to RNA extraction. IFNa and IFNb expression from G2/M+ 

or G2/M- sorted populations was compared with Rt3D in combination with 

palbociclib (1 μM) and measured by quantitative PCR with normalisation to 18S 

rRNA relative mRNA. B. Similar analyses were carried out for DDIT3 (CHOP) 

expression (± SEM, n = 2. One-way ANOVA was used to compare expression 

between samples for each dose of Rt3D. In A, for data on IFNa and IFNb, there 

was no significance between any samples). 
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Figure 7.10 DNMT inhibition in combination with Rt3D leads to enhanced 
IFN expression and cell death.  
A. A375 cells were treated with the DNMT inhibitors, decitabine (dec) or 5-

azacytidine (Aza), in combination with Rt3D and cell survival was measured by MTT 

or B. crystal violet assay. C. Cells were treated with Rt3D (MOI 0.1) +/- decitabine (1 

μM) and RNA was extracted 48 hours later. IFNa, IFNb, IL-28, IL-29 and STAT1 

were measured by quantitative PCR with normalisation to 18S rRNA relative 

mRNA (± SEM, n = 2. Unpaired t tests were used to compare expression between 

– decitabine vs. + decitabine treatment for each dose of Rt3D). 
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7.11 Discussion 

The interconnection between two distinct cellular responses, ER stress and PRR 

activation, means they can work together to protect neighbouring cells from 

pathogens through innate immunity. The boosting of host defences through RNA 

sensing and ER stress cross-talk has been established in studies mainly using 

immune, but not cancer, cells. Rt3D-palbociclib boosts IFN and ISG expression, 

which was hypothesised, in part, through their combinatorial effects of ER stress 

and RNA stimulation. 

 

Targeted compounds were used to evaluate RNA stimulation and ER stress. 

Thapsigargin was used to induce ER stress/UPR activation and synthetic RNA 

poly I:C or 3p-hpRNA were used for RNA stimulation. The combination of 

thapsigargin given with poly I:C resulted in enhanced cytotoxicity. This was 

regardless of whether poly I:C was transfected (to stimulate cytosolic RNA 

sensors) or untransfected (to stimulate TLR3/endosomal RNA sensors). This 

phenotype mirrored that observed with Rt3D-palbociclib. In addition to the 

increases in cell kill, thapsigargin-poly I:C also led to a dramatic increase in type 

I and type III IFNs and boosted ISG expression. Again, similar data were also 

observed with Rt3D-palbociclib. This data set was extended to RIG-I stimulation, 

using the RIG-I agonist 3p-hpRNA in combination with thapsigargin. However, 

thapsigargin-3p-hpRNA did not induce IFNa expression, indicative that RIG-I is 

important in triggering other IFN signalling events over IFNa. The limitations of 

this data set are that it is restricted to a single cell line. It would be worthwhile to 

validate the importance of RIG-I in IFN signalling among cancer cells and types 

where the quantity and proportions of PRRs may differ.  
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Different types of viruses will adapt differently to their host; however, it is 

reassuring that comparable links have been made between ER stress and innate 

immune signalling (involving RIG-I) in similar studies using other RNA viruses. 

Transcriptome analysis of an RNA flavivirus in combination with ER stress 

(tunicamycin), revealed enriched pathways associated with interferon, PRR and 

RIG-I signalling in human osteosarcoma (Carletti et al., 2019). These findings 

corroborate data presented in this chapter that demonstrate ER stress in 

combination with RNA stimulants (or RNA viruses) led to increased IFN and ISG 

expression. 

 

Proteome data revealed many upregulated proteins under the GO term ‘IRE1a-

mediated proteins folding’ with palbociclib, 24 hours after treatment, which was 

then boosted in combination with Rt3D at 48 hours. Given the importance in 

IRE1a-mediated splicing of XBP1 in the regulation of inflammatory cytokines, the 

link between IRE1a-XBP1 and IFNb signalling was evaluated. IRE1a inhibition 

reversed the IFNb release generated from the combination (Rt3D-palbociclib) 

back down to levels comparable with Rt3D alone. Validation that the IRE1a 

inhibitor (STF-083010) reduces XBP1 splicing is shown in figure 5.9D using the 

IRE1a reporter cell line.  

 

It has been reported that type I interferons cause a G1 arrest, and this anti-

proliferative effect is reliant on p21-mediated prolongation of S phase, rather 

than a cell cycle block (Katayama et al., 2007). Rt3D-induced CHOP expression, 

however, was enhanced due to palbociclib treatment, regardless of cell cycle 

phase. 
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Palbociclib influences DNA modification, suppressing DNMTs. Directly inhibiting 

DNMTs by using decitabine in combination with Rt3D boosted cell kill and 

markedly increased IFN expression. Interestingly, Roulois et al. demonstrated a 

link between DNA demethylation inhibition (by 5-Aza-CdR) and cell cycle arrest. 

This anti-proliferative effect was rescued by MDA5, MAVS or IRF7 knockout, 

despite no effect on the inhibition of DNA methylation induced by 5-Aza-CdR. 

The authors demonstrated that the anti-proliferative response to DNA 

demethylation was mediated by viral mimicry and highlights the link between cell 

cycle and IFN responses (Roulois et al., 2015).  

 

In linking DNMT inhibition and ER stress, it would be interesting to explore the 

manipulation of IRE1a with DNMT inhibition. If IRE1a inhibition was able to blunt 

Rt3D plus DNMTi-induced IFNb to a similar extent as that seen with Rt3D-

palbociclib, the palbociclib-induced ER stress signature could then be linked with 

its effects on DNMTs. Studies have indeed shown DNMT inhibitors induce ER 

stress responses and upregulate ER chaperones (Mihailidou et al., 2017; Tian et 

al., 2013). Since CHOP expression is unchanged according to cell cycle phase, 

this hints that alterations other than those made on cell cycle may be responsible 

for the ER stress signature observed. 

 

Taken together, ER stress, DNMT inhibition and cell cycle phase are all capable 

of influencing IFN expression. The IFN response is central in activating immune 

cells and to mediating innate and adaptive immune responses. In the next 

chapter, the translation of these effects into immune-mediated anti-cancer 

events will be explored. 
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Chapter 8: Rt3D-Palbociclib enhances 

immunogenicity 
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Chapter 8 
 
8.1 Introduction 

The form of cell death that is recognisable by the adaptive immune response has 

been dubbed ‘immunogenic cell death’ (ICD). For cell death to be perceived as 

immunogenic, dying cells must release immunostimulatory adjuvant signals. So 

far, three DAMPs have been attributed central roles in the immunogenic potential 

of ICD inducers. These are ‘find me’ signals such as HMGB1 and ATP, and 

exposure of the ‘eat me’ signal calreticulin (CRT) on the cell surface (Kepp et al., 

2014). Cells must also express antigens that are not tolerated by the host’s 

immune system and amplify the immune response through generation of an IFN 

response. Furthermore, the immune system must have access to the dying cells 

to elicit an anti-tumour response (Fucikova et al., 2021). 

 

In cancer, HLA downregulation is prevalent and associated with poor outcomes 

(Garrido et al., 2016; Sterman et al., 2006). However, this loss is associated with 

gene regulatory changes and holds the potential to be reversed with intervention 

(Dunn et al., 2007). Expression analysis of in vivo tumours (in mouse mammary 

carcinoma) showed the CDK4/6 inhibitor, abemaciclib, upregulated only two 

gene ontology (GO) processes - ‘antigen processing and presentation of peptide 

antigen’ and ‘antigen processing and presentation’. Specifically, mouse major 

histocompatibility complex (MHC) class I molecules, genes directing peptide 

cleavage (ERAP1), peptide transporters (Tap1 and Tap2) and transporter-MHC 

interactions (Tapbp) (Goel et al., 2017). In this chapter, the immune potential of 

Rt3D-palbociclib will be investigated, including the impact on antigen processing 
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and presentation machinery, the release of danger signals, and translation into 

functional assays and in vivo models.  
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Results 

8.2 Proteomic analysis of immune-associated proteins 

To investigate the immunological consequences of Rt3D-palbociclib therapy, 

firstly the regulation of proteins related to immune response, interferon response 

and antigen processing and presentation were assessed within proteomic 

analysis (figure 8.2). Many upregulated proteins were involved in RNA sensing 

and interferon response as expected. However, the most prominent finding was 

the palbociclib-induced upregulation of many HLA-related proteins, which was 

elevated further with combination therapy. 

 

8.3 Combined Rt3D-palbociclib increases HLA expression 

MHC class II components were upregulated with palbociclib treatment, evident 

clearly at 24 hours, at 48 hours, and boosted with combination with Rt3D (figure 

8.3A, B). Interestingly, some components were clearly specifically upregulated 

by palbociclib even still at 48 hours, such as HLA-DMA, HLA-DQA1, HLA-DQB1, 

and FYB1 (highlighted in figure 8.2A). FYB1 is also known as adhesion and 

degranulation-promoting adaptor protein (ADAP), which is involved in T cell 

activation by promoting the interaction between T cell and APC, enhancing the 

sensitivity of the T cell to the antigen (Mueller et al., 2007). RNA sequencing 

data also revealed upregulated HLA gene expression with palbociclib that was 

elevated further with the addition of Rt3D, corroborating proteomic data (figure 

8.3C).  
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Figure 8.2. Proteomic analysis of immune-related proteins in cells treated 
with Rt3D-palbociclib. 
Analysis of A375 cells treated with Rt3D (0.1-1) +/- palbociclib (1 μM) showing 

upregulated (red) and downregulated (green) proteins categorised under the GO 

term A. ‘immune response’. B. ‘interferon’ and C. ‘antigen processing and 

presentation’. Data are from samples treated for 48 hours. 
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Figure 8.3. Combined Rt3D-palbociclib increases HLA expression.  
Proteomic analysis of A375 cells treated with Rt3D (0.1-1) +/- palbociclib (1 μM) 

showing upregulated (red) and downregulated (green) HLA proteins. A. After 24 

hours of treatment. B. After 48 hours of treatment. C. Heat-map of RNA sequencing 

showing upregulated (red) and downregulated (blue) HLA genes for A375 cells 

treated with Rt3D (MOI 0.1) plus palbociclib at 48 hours. 
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8.4 Antigen processing and presentation machinery 

Since HLA proteins were elevated with Rt3D-palbociclib, other components of 

antigen processing and presentation were investigated. The proteasome 

consists of subunits that contribute to its assembly. These subunits are switched 

from PSMB1, PSMB2 and PSMB5 (b1, b2, b5, respectively) to PSMB8, PSMB9 

and PSMB10 (LMP7, LMP2 and LMP10/MECL1, respectively) to transform the 

‘standard’ proteasome to the immunoproteasome. The immunoproteasome is 

adapted to prepare peptides more efficiently for presentation by MHC-I. 

Immunoproteasome switching is evident with Rt3D treatment at 24 and 48 hours 

after infection. Interestingly, at the 24-hour timepoint, palbociclib treatment 

upregulates the subunits associated with the standard proteasome. Apart from 

PSMB 5 and 6, Rt3D-palbociclib combination leads to strongly elevated levels of 

proteasome subunits including the immunoproteasome subunits (figure 8.4A).  

 

The transporter associated with antigen protein TAP (TAP1 and TAP2 are jointly 

referred to as TAP) is responsible for transporting peptides from the proteasome 

into the ER for MHC-I loading with help from TAP-associated glycoprotein 

(TAPBP or tapasin), which mediates the interaction between TAP and MHC-I. 

Intriguingly, at 24 hours, the combination of Rt3D-palbociclib upregulates TAP, 

tapasin and TAP-binding protein-like (TAPBPL) to a far greater extent than either 

single-agent alone. By 48 hours TAP-associated proteins are elevated with Rt3D 

treatment and boosted further with the addition of palbociclib (figure 8.4B). 

ERAP, responsible for trimming peptide to the correct size for MHC-I protein 

loading, is upregulated with palbociclib at 24 hours, and by 48 hours is 

upregulated in response to Rt3D (figure 8.4C). 
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Figure 8.4. Combined Rt3D-palbociclib increases antigen processing 
machinery.  
Proteomic analysis of A375 cells treated with Rt3D (0.1-1 MOI) +/- palbociclib (1 

μM) show upregulated (red) and downregulated (green) proteins at 24 and 48 hours 

after treatment. A. Catalytic b subunits of the proteasome and immunoproteasome. 

B. TAP proteins C. ERAP. D. APOBEC proteins. 
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APOBEC proteins are RNA editing enzymes that modify cytidine to uridine (C – 

U) through cytidine deamination. APOBEC proteins have antiviral properties as 

they can mutate viral genomes. However, APOBEC dysregulation has also been 

associated with cancer development through mutagenesis, although this 

property can lead to the generation of neoantigens. The effects of Rt3D and 

palbociclib on APOBEC proteins are dependent on the APOBEC protein in 

question. Rt3D alone appears to upregulate APOBEC 3B, 3F and 3G (observed 

at 48 hours only) and may reflect the anti-viral response. Palbociclib, on the 

other hand, has an inhibitory effect on APOBEC3B, but upregulates (albeit 

slightly) APOBEC3D, and 3F and 3G (which is only observed at 24 hours for 3F 

and 3G) (figure 8.4D). RNA sequencing analysis mirrors these proteomic 

expression profiles (not shown).  

 

8.5 Palbociclib boosts Rt3D-induced HMGB1 release 

Next, the immunogenicity of Rt3D-palbociclib was investigated in vitro through 

measurement of surrogate markers of immunogenic cell death. Three DAMPs 

have been associated with immunogenic cell death, HMGB1, ATP and cell 

surface exposure of the ER chaperone, calreticulin (CRT) (Kepp et al., 2014).  

 

First, HMGB1 was measured in supernatants of A375 cells treated with Rt3D, 

palbociclib, or the combination. HMGB1 was undetectable in supernatants 

treated with palbociclib, however a dose-dependent accumulation of HMGB1 

was detected in supernatants treated with Rt3D, which was boosted by 

combination therapy. The appearance of HMGB1 in supernatants correlated with 

the loss of intracellular HMGB1 (figure 8.5).  
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Figure 8.5. Palbociclib boosts Rt3D-induced HMGB1 release.  
A. HMGB1 within cells, and release into supernatants by western blot, in A375 cells 

treated with Rt3D (at various MOI as indicated) +/- palbociclib (1 μM). B. Further 

repeats of HMGB1 release in supernatants of A375 cells treated with Rt3D at 

selected doses +/- palbociclib. 
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8.6 Palbociclib boosts Rt3D-induced ATP release 

Secondly, ATP release was measured. Like the results seen with HMGB1 

release, no ATP was detectable in the supernatants of cells treated with 

palbociclib, but a dose-dependent increase in ATP release was observed with 

Rt3D. Rt3D-induced ATP release was not further elevated with the addition of 

palbociclib, rather, the maximal ATP release was achievable at lower doses of 

Rt3D with palbociclib co-treatment (figure 8.6). 

 

8.7 Rt3D-palbociclib increases cell surface calreticulin 

Thirdly, calreticulin (CRT) was assessed. CRT was released into the supernatant 

like ATP and HMGB1 (figure 8.7A). To address whether CRT exposure on the 

cell surface was upregulated, A375 cells were stained with CRT antibody and 

imaged by confocal microscopy. Thapsigargin blocks Ca2+ pumps that leads to 

the depletion of ER lumen Ca2+ levels and CRT exposure, and was used as a 

positive control in this experiment (Tufi et al., 2008). Palbociclib did not appear to 

increase CRT surface staining. However, staining was significantly upregulated 

with Rt3D-palbociclib combination therapy when compared with Rt3D (figure 

8.7B, C). 
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Figure 8.6. Palbociclib boosts Rt3D-induced ATP release.  
ATP measured in cell supernatants of A375 cells treated with indicated Rt3D doses 

+/- palbociclib (1 μM) by cell titre-glo assay (± SEM, n = 3. A two-way ANOVA was 

used to compare each dose of Rt3D in combination with palbociclib against single 

agent Rt3D). 
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Figure 8.7. Rt3D-palbociclib increases calreticulin exposure.  
A. Calreticulin (CRT) within cells, and release by western blot of supernatants 

(sups) of Rt3D +/- palbociclib-treated A375 cells. B. A375 cells stained with cell 

surface calreticulin (CRT, in green) imaged by confocal microscopy. C. Images were 

quantified for 3 biological repeats (± SEM, n = 3. In C, an unpaired t test was used 

to compare the areas of high surface CRT between Rt3D + palbociclib vs. Rt3D). 
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8.8 Phagocytosis 

To summarise so far, palbociclib upregulates HLA class II molecules which 

correlates with their upregulated gene expression, elevates expression of the 

standard proteasome catalytic subunits (b subunits) and ERAP. On the other 

hand, Rt3D switches the standard proteasome to the immunoproteasome, 

upregulates TAP proteins and causes ATP, HMGB1 and CRT release and CRT 

exposure upon infection. When these therapies are combined, all these effects 

are boosted.  

 

Since Rt3D-palbociclib impacts these antigen processing and presentation 

events, these effects were tested functionally in an in vitro phagocytosis assay. 

This method is summarised (figure 8.8A) and has been previously described 

(Chao et al., 2010; Miksa et al., 2009). Briefly, this assay makes use of a pH-

sensitive dye (pHrodo) which fluoresces under acidic environment such as 

engulfment. To first test the success of this assay, positive and negative control 

samples were tested. Cells were killed in a necroptotic (non-immunogenic) 

fashion such as passing the cells through a needle, or freeze/thawing cells. Cell 

death was confirmed by the inability to culture a sample of cells killed in this way 

(figure 8.8B). Phagocytic uptake of these cells was comparable to unharmed 

cells (figure 8.8C). In contrast, cells killed immunogenically, by infection with 

Rt3D, led to phagocytosis, shown by the appearance of a dual-stained 

population (figure 8.8D).  
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Figure 8.8. Analysis of phagocytosis in vitro.  
A. Overview of the phagocytosis assay. Macrophages are generated from human 

donor blood by incubation with hu-CSF. In parallel, A375 tumour cells are treated 

with Rt3D +/- palbociclib. After treatment, tumour cells are stained with the pH-

sensitive dye pHrodo and washed before they are co-cultured with the 

macrophages. Macrophages are stained with CD11b antibody (conjugated to FITC). 

B. A375 cells were either left untreated or killed by passing cells through a needle 

and syringe, or freeze/thawing. Photomicrographs show a plated sample of each 

treatment to confirm cell viability/cell death. C. FACS plots of untreated, needle-

passed, or freeze/thawed cells stained with pHrodo prior to co-culture with 

macrophages. D. FACS plot of Rt3D treated cells (for 72 hours) stained with pHrodo 

prior to co-culture with macrophages stained for CD11b-FITC. 
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8.9 Rt3D-palbociclib increases phagocytosis in vitro 

Next, phagocytosis was measured with combination therapy and compared with 

Rt3D or palbociclib as single-agents. After co-culture and staining, cells were 

visualised for uptake and engulfment of tumour material by macrophages (figure 

8.9A). Rt3D-palbociclib increased phagocytosis significantly when compared 

with their single-agent counterparts at both 48- and 72-hour timepoints (figure 

8.9B, C).  

 

8.10 Rt3D-palbociclib conditioned medium increases the NK-cell activation 

marker CD69 in vitro 

Natural killer cells respond to stimulation signals such as IFNs which are 

required for their activation (Marcus et al., 2018; Shimasaki et al., 2020). Type I 

interferons (IFNa and IFNb), and type III interferons (IL-28 and IL-29) were 

released from cells infected by Rt3D (measured in cell-free supernatants) which 

was increased by the addition of palbociclib (figure 8.10A). When these 

supernatants (confirmed free of virus particles via plaque assay) were cultured 

on PBMCs, Rt3D-palbociclib combination therapy significantly upregulated the 

early activation marker CD69 on NK cells (CD3-/CD56+) (figure 8.10B).  
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Figure 8.9. Rt3D-palbociclib increases phagocytosis in vitro.  
A. Photomicrographs of macrophages stained with CD11b-FITC co-cultured with 

tumour cells treated with Rt3D MOI 0.1 +/- palbociclib and pre-stained with pHrodo 

(red) which fluoresces upon engulfment. Examples of engulfed tumour cells (yellow 

arrows) and non-engulfed tumour cells (white arrows) are shown. B. Representative 

FACS plots of CD11b-FITC stained macrophages co-cultured with treated A375 

tumour cells stained with pHrodo. Double-stained (engulfed) cells are shown as a 

percentage from the macrophage population. C. Percentages of the macrophage 

population that dual-stain for pHrodo are shown for tumour cells either treated for 48 

or 72 hours. Data are from 3 independent repeats (± SEM, n = 3. A one-way 

ANOVA was used with the p value corrected for multiple comparisons between all 

treatments). 
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Figure 8.10. Rt3D-palbociclib conditioned medium increases NK-cell 
activation marker CD69 in vitro.  
A. IFNα, IFNβ, IL-28 and IL-29 measured in cell-free supernatant from Rt3D-treated 

samples (MOI 0.05-0.5) +/- palbociclib (1 μM) by ELISA. B. Virus-free supernatants 

from A375 cells treated with Rt3D (0.1-1) +/- palbociclib (1 μM) were cultured with 

PBMC for 24 hours prior to CD69 staining on CD3-/CD56+ (NK) cells (± SEM, n = 

2. A two-way ANOVA was used to compare each dose of Rt3D in combination with 

palbociclib against single agent Rt3D). 
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8.11 Rt3D-induced tumour infiltrating T cells in vivo 

Finally, tumour infiltrate was analysed from Rt3D-palbociclib-treated tumours in 

vivo in an immune-competent model. Due to the lack of Rt3D-sensitive murine 

melanoma models (refer to figure 4.13B), a panel of murine head and neck 

models was tested (MOC1, MOC2, AT84). Of these, MOC1 cells were 

susceptible to Rt3D-induced cell kill and displayed evidence of RB wild-type 

status through increased killing in combination with palbociclib (figure 8.11A). 

Successful growth of MOC1 cells was confirmed in C57BL/6 mice, therefore 

MOC1 cells were selected for further analysis (figure 8.11B). To characterise 

the tumour infiltrate in response to Rt3D, MOC1 tumours were harvested and 

stained for tumour-infiltrating lymphocytes over a time course of 10 days (day 3, 

day 7 and day 10) (figure 8.11C-F). Gating strategies can be found in section 

8.14 (figure 8.14.1). An increase in tumour-infiltrating CD3+ cells (gated from 

the viable population) was observed 7 days after Rt3D injection, which remained 

at day 10 (figure 8.11C). Of this population (viable, CD3+ gated cells), a large 

proportion were CD8+ cells. So much so, the CD4+ proportion of cells appeared 

reduced (figure 8.11D). Indeed, proliferation of CD8+ cells through ki67 staining 

was evident at day 7, returning to basal levels by day 10 (figure 8.11E). Of the 

CD4+ population (selected from viable CD3+ cells), Rt3D treatment reduced the 

fraction of CD4+ FOXP3+ cells, suggesting that Rt3D increases the T effector 

ratio within the CD4+ population, or depletes T regulatory cells (figure 8.11F). 
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Figure 8.11. Characterisation of Rt3D therapy in a MOC1 model in vivo.  
A. In vitro analysis of Rt3D cell kill at various MOI with or without palbociclib by MTT 

assay in a panel of murine head and neck models, 72 hours after infection. B. 

MOC1 tumour growth in C57BL/6 mice. C. C57BL/6 mice bearing MOC1 tumours 

were harvested 3 days (D3), 7 days (D7) or 10 days (D10) after a single injection of 

5 × 106 pfu Rt3D (+) or sham injection (-), and stained with extra- and intra-cellular 

antibodies to profile the immune infiltrate. Data show proportions (through 

percentage analysis) of CD3+ cells gated from viable cells. D. The percentage 

CD8+ and CD4+ cells from the viable CD3+ population. E. Intracellular stained 

ki67+ CD8+ cells are shown as a percentage of the viable cells stained for 

CD3+CD8+. F. FOXP3+ CD4+ cells are shown as a percentage of the viable cells 

stained for CD3+CD4+ population. In C-F, unpaired t tests were used to compare 

populations between Rt3D treated vs. PBS sham for each time point. N=6 animals 

per group. 
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8.12 Tumour infiltrate in response to Rt3D-palbociclib in vivo 

Analysis of tumour-infiltrating lymphocytes was compared for Rt3D-palbociclib 

versus single-agent counterparts. Tumours were weighed at time of harvest 

(figure 8.12A), and data on tumour infiltrate are shown at the day 7 timepoint. 

Combination therapy did not proportionally increase CD3+ over Rt3D therapy 

alone, however did increase monocyte cell influx into the tumour over that seen 

with either single-agent therapy (figure 8.12B). Analysis of neutrophils, DCs and 

macrophage populations reveals no significant differences between therapies 

(data not shown). Like the CD3+ population, CD8+ fractions were also 

unchanged between Rt3D alone, versus combination therapy (figure 8.12C). 

However, these CD8+ cells were more proliferative with combination therapy 

(figure 8.12D). Interestingly, the CD4+ population was decreased with Rt3D, 

palbociclib and more so with combination therapy (figure 8.12E). However, 

within this population there were no dramatic changes in the fraction that stained 

for FOXP3, only the slight reduction seen within Rt3D treated tumours (figure 

8.12F). The reduction in the CD4+ compartment translated to higher CD8:CD4 

and CD8:CD4+ FOXP3+ ratios (figure 8.12G). 
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Figure 8.12. Tumour infiltrate at day 7 with Rt3D-palbociclib therapy in 
vivo.  
A. C57BL/6 mice bearing MOC1 tumours were treated with palbociclib (100 mg/kg 

daily by oral gavage). After 3 doses of palbociclib, tumours received a single 

injection of 5 x 106 pfu Rt3D. Tumours were harvested at day (D) 3, 7 and 10 after 

injection and weighed before staining with extra- and intra-cellular antibodies to 

profile the immune infiltrate. B. Data show proportions (through percentage 

analysis) of CD3+ cells, and CD45+CD11b+Ly6C+ cells (monocytes), both gated on 

viable cells. C. From the viable CD3+ population, percentage CD8+ are shown. D. 

From within the CD3+ CD8+ population, intracellular stained ki67+ CD8+ cells are 

shown as a percentage of CD8+ cells. E. From the viable CD3+ population, 

percentage CD4+ are shown. F. From within the CD3+ CD4+ population, 

intracellular stained FOXP3+ CD4+ cells are shown as a percentage of CD4+ cells. 

G. T cell ratios were calculated for CD8+:CD4+ (left) and CD8+:CD4+ FOXP3+ 

(right) for each arm. All data from B-G are from 7 days after treatment commence. A 

one-way ANOVA was used with the p value corrected for multiple comparisons 

against the Rt3D + pal group. N=6 animals per group. 
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8.13 Discussion. 

In this chapter, the immunological impact of Rt3D-palbociclib was addressed. 

Firstly, proteomic data were used to inform of any alterations in immune-related 

proteins. This revealed upregulation of HLA class-I proteins, most evident at 24 

hours with Rt3D-palbociclib, and clear upregulation of HLA class-II with 

palbociclib treatment, which was further elevated with combination with Rt3D at 

48 hours. It is intriguing that HLA class-II proteins, normally specific to antigen 

presenting cells are upregulated with palbociclib. It would be interesting to 

validate if this is a phenomenon applicable across a wide range of cell lines and 

types. Cell types other than APCs are indeed capable of expressing MHC-II, 

including tumour cells (Johnson et al., 2016). This upregulation is most 

documented through IFNg stimulation with a dependence on JAK/STAT1 

signalling. IFNg stimulation upregulates the IFN-induced transcriptional master 

regulator class II (CIITA), which is transported to the nucleus and acts as a 

scaffold to upregulate MHC II genes (Axelrod et al., 2019; Chang et al., 1994). 

RNA sequencing data do, indeed, show upregulation of CIITA with Rt3D-

palbociclib over either single-agent counterparts.  

 

MHC II complex in the ER with the MHC-II-associated invariant chain (CD74 or 

Li). CD74 occupies the MHC-II groove and targets it to 

endosomes/autophagosomes through vesicles that bud from the ER until the 

MHC II groove is loaded with antigen, and CD74 is degraded. Interestingly, 

CD74 expression (via RNA sequencing) is upregulated specifically with 

palbociclib (whether alone or in combination with Rt3D). CD74 proteomic 

expression also shows elevation with palbociclib, but also with Rt3D and further 

with the combination (refer to figure 8.2C). In summary, activity around the 
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MHC-I and MHC-II antigen presenting pathway are increased with Rt3D-

palbociclib. 

 

HMGB1 release, ATP release and CRT surface exposure were measured as 

surrogate markers of immunogenic cell death. HMGB1 and ATP was released 

with Rt3D treatment and elevated further in combination with palbociclib. 

Whereas Rt3D-induced ATP release occurred at lower doses with palbociclib co-

treatment. It has been reported that ATP release is dependent in the opening of 

PANX1 channels. This happens through truncation of PANX1 into a 

constitutively open channel. In proteomic data, PANX1 is upregulated with Rt3D-

palbociclib at 24 hours over either agent alone. Although the truncated form 

cannot be analysed directly in the data, Rt3D-palbociclib might generating more 

PANX1 channels available for activation and ATP release. In addition to the 

release of HMGB1 and ATP ‘find me’ signals, the calreticulin ‘eat me’ signal is 

upregulated, both through cell surface exposure and release into the 

supernatants with Rt3D-palbociclib. Other oncolytic viruses have also been 

reported to express CRT during infection (Thomas et al., 2019). Obeid et al. 

showed that the integrated stress response (or phosphorylation of eIF2a) 

correlates with CRT exposure. The authors showed that targeting the 

phosphatases that de-phosphorylate eIF2a (via inhibition of the catalytic PP1 

and adaptor GADD34) led to hyper-phosphorylation of eIF2a and induced CRT 

exposure (Obeid, et al., 2007; Obeid, et al., 2007). Preliminary data with Rt3D 

and palbociclib show that the phosphorylation of eIF2a appears to be transient. 

Palbociclib induces early phosphorylation of eIF2a, which reappears in 
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combination with Rt3D, correlating with the detection of Rt3D proteins (refer to 

section 8.14, figure 8.14.2). 

 

Phagocytosis of Rt3D-palbociclib-treated cells after knockdown of CRT was not 

tested in this data set and would have supported the direct role of CRT in the 

engulfment of treated tumour cells. Furthermore, the modification of eIF2a and 

the impact this has on CRT exposure and engulfment would inform the role of 

the ISR in CRT exposure and phagocytosis. On the contrary, palbociclib 

treatment does not induce any cell death, yet, an increase in phagocytosis is 

observed with palbociclib-treated tumour cells (when directly comparing against 

basal, at 48 hours). Therefore, increased phagocytic uptake may be more 

complex than simply a result of CRT exposure and cell death, at least in the 

setting of palbociclib treatment.  

 

In addition to increased phagocytosis, the cytokine milieu produced by Rt3D-

palbociclib treated cells significantly upregulated NK-cell activation markers, 

compared with Rt3D therapy alone. However, it is worth noting that Rt3D-

palbociclib upregulates MHC molecules, which are inhibitory to NK cells. 

Therefore, it is not clear whether this cytokine stimulation will be able to 

overcome the suppression of NK cell cytotoxicity through the MHC-KIR 

interaction.  

 

The lack of mouse cell models that are sensitive to Rt3D-induced cell death 

represents an obstacle to in vivo experiments using Rt3D. A further 

consideration in the study of Rt3D-palbociclib in vivo is for the requirement for 

the cell line to harbour wild-type Rb so that it can respond to palbociclib. The 
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MOC1 model was chosen for in vivo analysis of tumour cell infiltrates because it 

displays sensitivity to Rt3D and this was enhanced with palbociclib, indicating 

functional Rb. A single intratumoural injection of Rt3D induced tumour infiltration 

of CD8+ T cells that were highly proliferative at day 7 after injection. Rt3D in 

combination with palbociclib increased infiltrating monocytes, resulted in a higher 

fraction of proliferative CD8+ T cells, a lower fraction of CD4+ cells, and a 

skewed CD8:CD4 ratio towards CD8+ T cells. The infiltration of T cells is 

generally associated with an immunologically ‘hot’ tumour, and a higher ratio of 

CD8+ cells to T regulatory cells has also been associated with better outcomes 

in cancer studies (Q. Gao et al., 2007; Sato et al., 2005). 

 

Goel et al. showed that palbociclib promotes anti-tumour immunity through 2 

mechanisms. Firstly, through tumour cell expression of endogenous retroviral 

elements (ERVs), and secondly, through CDK4/6 suppression of regulatory T 

cell proliferation (Goel et al., 2017). Palbociclib did appear to reduce the 

proportion of CD4+ cells among the CD3+ cells, although of these, the fraction of 

FOXP3+ cells were similar to the vehicle treatment, and instead it was the Rt3D-

treated tumours that displayed a reduction of FOXP3+ cells among the CD4+ 

population. However, there are significant limitations to this in vivo study. Firstly, 

selection of an appropriate dose of palbociclib should have been done in a pilot 

experiment. Palbociclib alone appeared to heavily reduce the tumour weights 

and may indicate that the dose used was too strong. Secondly, this dataset is 

also missing a therapy experiment to test that the doses used do translate into 

reduced tumour burden. Thirdly, a single dose of Rt3D was used, a Rt3D dose-

finding experiment would have helped catch the therapeutic window of the 

combination. Finally, trial of this combination in another model would address 
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model specificity. The 4434-cell line is susceptible to Rt3D infection, and this 

model has shown preliminary signs of in vivo efficacy with Rt3D-palbociclib. 

Analysis of infiltrating lymphocytes into 4434 tumours in response to Rt3D-

palbociclib would supplement data on the MOC1 model. 
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8.14 APPENDIX 

 

Figure 8.14.1. Gating strategies for detection of immune subsets within 
tumour infiltrate.  
A. Gating strategy example for selection of CD3+, CD8+ and CD4+ cells. B. 

Gating strategy example for selection of monocytes, neutrophils, macrophages, 

and dendritic cells from the CD45+ population. 
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Figure 8.14.2. Palbociclib induces early eIF2a phosphorylation, and later in 
combination with Rt3D.  
Phosphorylated eIF2a and Rt3D protein µ1C protein levels by western blot 

across a 5–48-hour time course. Data represent only 1 experiment in A375 cells. 
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Chapter 9: Discussion 
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Discussion 

9.1 Research aims 

This study set out to identify synergistic drug-virotherapy combinations by using 

an unbiased high-throughput drug screen with the oncolytic virus, Rt3D, against 

80 established and novel anti-cancer compounds. This is because modest 

responses have been reported with single agent Rt3D in clinical trials, and 

combination strategies have been focused on gold-standard treatments. The 

screen was used to discover better combination therapies, particularly if these 

resulted in more immunogenic therapies. One of the top hits from the screen 

revealed palbociclib as a Rt3D-induced death sensitiser, and this combination 

was investigated and presented in this thesis. 

 

Rt3D infection dramatically alters the behaviour of the host cell, resulting in a 

plethora of signalling events. The work presented in this thesis focused on key 

pathways that were altered following Rt3D infection in combination with 

palbociclib. These include the ER stress signatures induced by this combination 

therapy (chapter 5), the RNA sensing and IFN response (chapter 6), the effects 

of combining these two cellular responses on the IFN response (chapter 7), and 

lastly, the consequences of the Rt3D-palbociclib combination on immunogenic 

cell death (chapter 8). No doubt, there are other interesting cellular effects that 

are beyond the scope of this thesis. 

 

9.2 Palbociclib increases Rt3D-induced apoptosis 

Palbociclib treatment induces a G1/S cell cycle arrest in Rb wild-type cells. The 

palbociclib-induced changes to cell cycle-related proteins (such as CDK4, cyclin 
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D1, cyclin E1 and cyclin A2) were expected consequences of the cell cycle 

arrest and were not altered by combination treatment. Rather, there was an 

increase in markers of apoptosis (cleaved caspase 3 and cleaved PARP). 

Inhibition of individual caspases revealed caspase 4 as an important mediator of 

Rt3D-palbociclib-induced cell death.  

 

Caspase 4 is primarily localised to the outer ER membrane and is important in 

ER stress-induced apoptosis. This is demonstrated in reports that show siRNA 

knockdown of caspase 4 abolishes ER stress-induced apoptosis (Chen et al., 

2007; Hitomi et al., 2004). Both pharmacological inhibition and siRNA of caspase 

4 rescued cells from Rt3D-palbociclib induced cell death. Many viruses, including 

reovirus, have an intimate relationship with the ER, providing resources for the 

virus to replicate efficiently (Ambrose & Mackenzie, 2011; Tenorio et al., 2018). 

The ER stress response to Rt3D-palbociclib was investigated in chapter 5 and 

showed that palbociclib and Rt3D induce an ER stress signature. 

 

9.3 Rt3D and palbociclib induce ER stress signatures 

The proteomic data under the GO term ‘response to endoplasmic reticulum 

stress’, revealed that Rt3D infection upregulated proteins associated with 

disulphide isomerases and protein folding chaperones (observed at 48 hours 

after infection). Perhaps the most interesting finding from analysing ER stress-

associated proteins was the effects induced by palbociclib treatment. Palbociclib 

also upregulated ER chaperones, which was observable at 24 hours after 

treatment (before the effects seen with Rt3D). Figure 7.6 showed that 

palbociclib treatment clearly effects proteins associated with IRE1a-mediated 



 284 

protein folding (the most evolutionarily-conserved branch of the unfolded protein 

response). In addition, palbociclib upregulated DDRGK1 (evident at 24 and 48 

hours in proteomic data). DDRGK1 plays an important role in ER stress 

homeostasis regulation, promoting survival in response to ER stress through 

stabilization of IRE1a, and depletion of DDRGK1 represses IRE1a-XBP1 

signalling (J. Liu et al., 2017). This supports data generated using the IRE1a-

XBP1 reporter cell line, showing that palbociclib induced IRE1a 

endoribonuclease activity. 

 

Proteomic data also revealed that palbociclib upregulated translation initiation 

factor eIF2B epsilon (EIF2B5, eIF2Be). eIF2B (to which eIF2Be is the catalytic 

subunit of eIF2B), is the guanine nucleotide exchange factor (GEF) for eIF2, 

where GDP is exchanged for GTP in order to initiate another round of translation 

(eIF2-GTP commits the ribosome to translation). For details on the ISR, refer to 

figure 2.11.1. It has been reported that overexpression of eIF2Be drives GEF. 

Conversely, eIF2a is the regulatory subunit for eIF2, which is phosphorylated in 

response to ER stress to inhibit GEF, and is phosphorylated following Rt3D 

infection (Roulstone, et al., 2015). Simply put, palbociclib and Rt3D may evoke 

separate and conflicting stress responses. 

 

Downregulated proteins associated with ER stress include those associated with 

ERAD and the promotion of degradation of proteins. These were downregulated 

with Rt3D treatment, including ubiquilin-1 (UBQLN1), which has been suggested 

to function as an adaptor protein that links ubiquitin machinery to the proteasome 

for protein degradation (Zhanga & Saunders, 2009). These effects might be 
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consequences of viral mechanisms adopted to prevent the degradation of 

proteins that might hinder infection and replication and may even contribute to 

the manipulated UPR function. The UPR is closely linked with ERAD, with loss of 

ERAD leading to constitutive UPR induction (Travers et al., 2000). 

Downregulated ERAD signalling may also be a sign of manipulated XBP1 

signalling. Spliced XBP1 (sXBP1) upregulates ERAD signalling, but it can also 

induce phospholipid synthesis and cell membrane proliferation (to expand the 

ER as part of the stress response) which can be beneficial to viruses that use 

the ER as a locus for virus production. In a study using West Nile Virus 

(WNVKUN) virus, the ERAD effectors downstream of XBP1 were not upregulated 

in infected cells, despite potent UPR induction by this virus. These observations 

imply that viruses can manipulate XBP1 targets to accommodate their needs - 

upregulating the beneficial ER expanding effects but preventing the ER-

associated degradation signalling (Ambrose & Mackenzie, 2011). Therefore, the 

effects on these pathways by viruses are not straight forward. 

 

In summary, palbociclib and Rt3D appear to have both non-overlapping and 

overlapping ER stress profiles. When these two agents are combined, a 

pronounced ER stress signature is observed. 

 

9.4 The UPR is important in Rt3D-palbociclib cell death 

CHOP is involved in gene regulation in response to ER stress-mediated 

apoptosis. Rt3D treatment led to a dose-dependent increase in CHOP 

expression that was increased in combination with palbociclib. siRNA of CHOP, 

and other UPR members (PERK, XBP1, ATF6) rescued cells from Rt3D-
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palbociclib cytotoxicity, implicating the importance of the UPR response in cell 

death. Conversely, siRNA against PKR appeared to increase cell death. PKR 

detects dsRNA and can phosphorylate eIF2a to close protein translation. 

Perhaps, interfering with this might have caused earlier cell death due to 

catastrophic stress on the ER. Taken together, UPR signalling protein members 

are important in Rt3D-palbociclib cytotoxicity. 

 

9.5 Palbociclib sensitises cells to ER stress 

By using the gold-standard ER stress-inducing agent, thapsigargin, in 

combination with palbociclib, an increase in cell kill was observed implicating 

palbociclib as an ER stress sensitiser. MEK inhibitors have also been reported to 

sensitise to ER stress-induced apoptosis (using thapsigargin or tunicamycin), in 

melanoma. This was mediated by caspase 4 activation through down-regulation 

of GRP78 which was physically associated with caspase 4 (Chen et al., 2007). 

Like palbociclib, MEK inhibitors are anti-proliferative, and have been shown to 

inhibit Rb phosphorylation and induce a G1/S arrest, in fibrosarcoma (Matsui et 

al., 2010). 

 

9.6 The ER and the cell cycle 

The main target effect of palbociclib is on the cell cycle. One area that wasn’t 

evaluated in this thesis was the effects of cell cycle on the ER. The ER responds 

to cell division dramatically, and its reorganisation been shown to rely on the 

cyclins (Bergman et al., 2015). In a study by Puhka et al., confocal and electron 

microscopy was used to quantify ER sheet (cisternae), tubule length, or number 

of tubule branches in different phases of the cell cycle. Analyses revealed that in 
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mitotic cells, the ER is mostly tubular accompanied with fewer ribosomes, 

compared with an enrichment for sheets in the interphase (Puhka et al., 2007). 

However, this is highly variable between cell lines (Puhka et al., 2012). More so, 

other studies have reported conflicting data suggesting a cisternal rather than a 

tubular ER during mitosis (Lu et al., 2009). While the specific changes on the ER 

during cell cycle have been controversial, it is clear the ER certainly reforms 

according to different phases of the cell cycle, and this might have an impact on 

the ability of Rt3D to remodel and hijack it during infection. In the ER, antigenic 

peptides associate with MHC I molecules (with the aid of chaperones and folding 

enzymes) before secretion to the cell surface. Therefore, targeting the ER may 

have consequences for eliciting therapeutic immunological consequences. 

 

9.7 Palbociclib boosts Rt3D-induced IFN and ISG expression 

In addition to the proteome, the transcriptome was also analysed to help 

understand the mechanistic interaction between Rt3D and palbociclib. The most 

differentially expressed genes that were upregulated with Rt3D-palbociclib in 

comparison to untreated samples were those associated with RNA sensing and 

the IFN response. In a study by Schoggins et al., the authors showed that by 

using several different viruses, each is targeted by a unique set of IFN-

stimulated genes, which comprise a wide range of anti-viral mechanisms 

(Schoggins et al., 2011). Of the genes listed in this study, nearly all of them were 

upregulated with Rt3D (using data from RNA sequencing). Thus, as far as 

setting off intracellular viral alarms goes, Rt3D will tread on many of them.  
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Of the ISGs induced by Rt3D infection, most are elevated further with the 

addition of palbociclib. Whilst this may not be ideal when considered from the 

point of view of wishing to evade host cell responses, it may hold distinct 

advantages for an anti-cancer therapy. Eliciting immune responses in cancer 

cells may trigger anti-cancer immunity.  

 

9.8 Rt3D-induced ISG expression occurs after virus replication 

Expression of the RNA sensors RIG-I and MDA5 (which are also ISGs), were not 

upregulated until 48 hours after Rt3D infection (refer to figure 6.4A). However, 

at 24 hours, viral replication has already reached its peak (refer to figure 6.4D). 

Therefore, whilst Rt3D may not be very good at evading anti-viral ISGs, it can 

maintain a delay in the response, at least until viral replication has reached its 

plateau. Whilst palbociclib increases the expression of RNA sensors, it does not 

appear to alter the kinetics of this response. 

 

9.9 Palbociclib does not increase Rt3D genome levels  

Palbociclib treatment did not alter the quantity of viral RNA genome generated, 

therefore the increased expression of the RNA sensors RIG-I, MDA5 and TLR3 

is not likely through detection of an increase in viral genome. Therefore, this was 

hypothesised to be due to another mechanism.  

 

9.10 Palbociclib treatment leads to DNA modification 

CDK4/6 inhibitors have been reported to activate expression of endogenous 

retroviral elements (ERVs), thus increasing intracellular levels of double-

stranded RNA (Goel et al., 2017). Data in this study demonstrated that ERV 
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elements within the genome are normally silenced by methyl groups, bound and 

maintained by DNA methyltransferases (DNMTs), however, DNMTs are 

suppressed by palbociclib treatment. The resulting un-methylated ERV 

sequences generate RNA product, inducing viral mimicry. It was therefore 

hypothesised that the generation of these endogenous RNA species might 

account for the increased expression of RNA sensors with Rt3D-palbociclib. 

Indeed, palbociclib treatment led to large changes in DNA modification, 

regardless of co-treatment with Rt3D. Analysis of the differentially expressed 

genes comparing Rt3D-palbociclib with Rt3D treatment highlighted the effects 

attributable to palbociclib in the combination therapy. This showed clear 

downregulation of histone-related gene expression and DNMTs.  

 

9.11 Rt3D-palbociclib upregulates HDAC6 

Histones are proteins that associate with DNA to condense and pack the DNA 

into chromosomes to prevent the DNA becoming tangled. They are also 

important in gene regulation through access to DNA. Eight histone proteins form 

a ‘histone octamer’ to which DNA is wrapped (just under two turns around the 

histone octamer) to form a nucleosome. Histone deacetylases (HDACs) are 

enzymes responsible for removing acetyl groups (from a lysine amino acid 

residue) from histones. This allows the DNA to wrap more tightly round the DNA. 

Histone acetyltransferases (HATs), on the other hand, do the opposite, and 

loosen up the DNA around the histone, providing access for gene expression. 

Therefore, in general HDACs decrease gene expression and HATs increase 

gene expression. HDACs and HATs have been implicated in type I interferon 

production and response (Liu et al., 2016). Ding et al. showed HDAC repression 
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machinery silences the type III IFN receptor subunit (IFNLR1), and through 

epigenetic programming using HDAC inhibitors, type III IFN receptor expression 

and sensitivity to IFNg was restored (Ding et al., 2014). Rt3D and/or palbociclib 

treatment led to alterations in the protein levels of HDACs and HATs. 

Interestingly, HDAC6 was the only protein from the HDAC family that was 

upregulated with Rt3D infection (at 48 hours), and more so with the combination. 

RIG-I is acetylated at 2 lysine residues in resting cells and HDAC6 has been 

implicated in RIG-I signalling. RIG-I is held in an autorepressed state until its 

activation by a PAMP ligand. In a study in HEK293 cells, co-immunoprecipitation 

experiments revealed that HDAC6 formed a virus-inducible complex with RIG-I 

when cells were infected with an RNA virus (Sendai virus). This complex 

resulted in the deacetylation of RIG-I, relieving its autorepression. This was 

crucial for RIG-I signalling, as shown by blunting of IFNb promoter induction with 

knockdown of HDAC6 (Liu et al., 2016). A parallel study corroborated these 

findings (Choi et al., 2016). Interestingly, a palbociclib-specific upregulation of 

HDAC6 was apparent at 24 hours in proteomic data (not shown). Future 

experiments using siRNA knockdown of HDAC6 in the context of Rt3D-

palbociclib therapy would be very interesting in the context of downstream IFN 

signalling and cell death. 

 

9.12 Rt3D-palbociclib induces select IFN-driven ERV expression 

DNA methyltransferases, such as DNMT1, DNMT3A and EZH2 were inhibited 

through palbociclib treatment. Since suppression of DNMT1 has been 

associated with reduced methylation at ERV sequences and ERV expression, 

the expression of a panel of ERVs was measured by RT-qPCR. This revealed 
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the expression of select IFN driven ERVs, that were abolished by addition of the 

JAK/STAT inhibitor, ruxolitinib. However, subsequent DNA methylation 

sequencing revealed no major changes in DNA methylation sites in A375 cells 

treated with Rt3D-palbociclib (data not shown). 

 

9.13 RNA methylation 

Whilst RNA methylation has not been evaluated in this thesis, it would be 

interesting to investigate if host mRNA capping by 2’-O-methylation is altered 

with palbociclib. This might be through inhibition of RNA methyltransferases, 

much like the effect seen on DNA methyltransferases. This would involve 

exploring if manipulation of RNA methyltransferases might lead to the un-

capping of self RNA, rendering them detectable by PRRs, and if this plays a part 

in palbociclib-induced viral mimicry. 

 

9.14 The RNA exosome 

SKIV2L is upregulated specifically with palbociclib treatment (in both RNA 

sequencing and proteomic data) and demonstrates the palbociclib-induced 

generation of RNA product (figure 9.14).  
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Figure 9.14. SKIV2L gene and protein expression.  
A375 cells were treated with Rt3D (0.1) in combination with palbociclib (1 μM) Data 

show upregulated (red) or downregulated (blue) genes in RNA sequencing data 

(top, 48 hours), and upregulated (red) or downregulated (green) proteins in 

proteomic data (bottom, 24 hours). 

 

The RNA exosome is a cytosolic complex that can degrade various RNA. 

SKIV2L is an RNA helicase that forms part of the RNA exosome responsible for 

turnover of RNA from the cytoplasm. It has been reported that SKIV2L 

knockdown resulted in enhanced IFNb expression (in response to RIG-I 

stimulation), due to a build-up of un-metabolised cytosolic RNA (Eckard et al., 

2014). The UPR can provide a source of cytosolic RNA. IRE1a splices an intron 

from XBP1 to produce a functional transcription factor, removing a premature 

stop codon through frame-shifting. This cleavage produces RNA products that 

are detectable by RLRs including RIG-I. In addition to XBP1, IRE1a also cleaves 

many mRNA near the ER generating RNA product. This is in attempt to reduce 

the workload of newly synthesised proteins entering the ER, clearing the decks 

on the protein folding machinery whist the ER recovers from stress (Hollien & 

Weissman, 2006). In a study published study by Eckard et al., knockdown of 

SKIV2L in combination with thapsigargin enhanced expression of IFNb, which 

was blunted in IRE1a CRISPR-cas9 knockout cells. The authors of that study 

0
+ p

al 0.1

0.1
 + 

pa
l

SKIV2L
proteomics

-0.5
0
0.5

SKIV2L
-0.1
0
0.1

RNA seq



 293 

hypothesized the UPR as a source of endogenous RNA, that triggers IFNb if 

SKIV2L is not there to clear up the RNA which would otherwise be detected 

through the RLR-MAVS pathway (Eckard et al., 2014). As discussed previously, 

we have seen that IRE1a-related proteins are largely altered by palbociclib (in 

GO term analysis on proteomic data), and palbociclib treatment activates 

expression of the IRE1a reporter construct. Therefore, it is tempting to speculate 

that palbociclib produces cytosolic RNA products through IRE1a activity, to 

which SKIV2L within the RNA exosome is attempting to mop up. This hypothesis 

can be tested by observation of SKIV2L expression upon IRE1a knockdown. 

Furthermore, SKIV2L may be a worthwhile target alongside Rt3D-palbociclib 

therapy in order to maximise RLR and IFN signalling, and hopefully anti-tumour 

responses. 

 

9.15 DNA detection  

In addition to increased RNA sensing, proteins involved in DNA detection were 

also upregulated with Rt3D infection, and more so with Rt3D-palbociclib 

combination (AIM2, IFI16 and TREX1). Perhaps most interestingly, STING 

protein levels were unchanged with Rt3D treatment, but upregulated with 

palbociclib and Rt3D-palbociclib. Cytosolic DNA is detected by cyclic GMP-AMP 

synthase (cGAS), which generates cyclic guanosine monophosphate-adenosine 

monophosphate (cGAMP) which, in turn, binds to the stimulator of interferon 

genes (STING). Activated STING translocates from the ER to endosomes where 

it phosphorylates/activates IRF3 which then enters the nucleus to mediate IFN 

responses (Sun et al., 2013). Whilst RNA sequencing data show marked 

upregulation of STING with Rt3D-palbociclib, no changes were observed in the 
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levels of cGAS, suggesting the effects of palbociclib treatment are directed at 

STING itself, rather than a response to cytosolic DNA. Exactly how Rt3D-

palbociclib activates STING has not been pursued in this study, but it is 

intriguing, since STING predominantly resides in the endoplasmic reticulum and 

has been shown to interact with RIG-I signalling. There has also been 

speculation that STING participates in mediating ER stress responses (Ishikawa 

& Barber, 2008). The role of STING in response to both palbociclib treatment 

and Rt3D-palbociclib combination treatment would be an exciting avenue to 

explore. 

 

9.16 RIG-I mediates both IFN and cell death responses 

The link between RNA sensing and cell death was demonstrated through RIG-I 

in chapter 6. Gene silencing of RIG-I not only blunted the IFN response (shown 

by reduced ISG15, IFNa and IFNb gene expression), but also led to rescue of 

Rt3D-palbociclib-induced cell death. Silencing of MAVS, however, did not rescue 

cells from Rt3D-palbociclib induced cell death, implicating the involvement of 

RIG-I with other signalling events separate from MAVS to mediate cell death. 

 

9.17 Palbociclib sensitises cells to RNA 

Palbociclib is not only able to sensitise cells to ER stress (demonstrated by the 

enhanced cell kill observed in combination with thapsigargin in chapter 5), but 

also sensitises cells to RNA stimulation, resulting in enhanced expression of 

IFN-stimulated genes. Palbociclib in combination with the RNA analogue, poly 

I:C, resulted in increased expression of RIG-I and IFNb. This combination was 

translated in vivo, where the combination of palbociclib plus a single 
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intratumoural injection of poly I:C resulted in reduced tumour burden, when 

compared with either single agent.  

 

9.18 Potential mechanisms for palbociclib-induced RNA sensitisation 

Precisely how palbociclib sensitises to RNA signalling remains unclear. The 

possibility that palbociclib generates ERVs that might contribute to RNA sensing 

is plausible, however, none was detected with palbociclib treatment. ERVs were 

only detected due to Rt3D-driven expression of STAT1 genes and appear more 

likely a side product of enhanced IFN signalling. On comparison of the ERV-

mediated ISGs expressed in published studies using DNMT inhibitors, it is worth 

noting that the gene expression fold-change is low compared to the levels that 

are induced by Rt3D, and, therefore, ERVs might contribute a small signal when 

compared with the invasion of Rt3D. In RNA sequencing data, there was a larger 

diversity of ERVs expressed with Rt3D-palbociclib compared with Rt3D alone. 

The impact of the expression of such RNA species was not addressed in this 

thesis. Nonetheless, there may be consequences of ERV expression that might 

have an impact on antigen processing and presentation, or immunogenicity. The 

generation of RNA species in addition to that of Rt3D may represent a larger 

pool of potential tumour-associated antigens. 

 

The next sections describe other potential mechanisms that might explain the 

palbociclib-induced RNA sensitisation. These hypotheses are based on effects 

driven by palbociclib-induced modification of the RIG-I/MAVS signalling pathway, 

rather than Rt3D-induced effects, which are boosted by palbociclib. 
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9.19 RIG-I ubiquitination 

The main post-translational modification in RIG-I/MDA5/MAVS regulation is 

ubiquitination. Riplet has been shown to be essential for RIG-I activation through 

ubiquitination of RIG-I. One study showed that deletion of riplet completely 

reversed RIG-I-dependent IFN responses, in response to RNA viruses and RIG-I 

agonists (Hayman et al., 2019). Riplet (or RNF135) protein levels are elevated 

specifically by palbociclib regardless of the presence of Rt3D.  

 

RIG-I/MDA5 degradation is negatively regulated by the deubiquitinating enzyme 

USP4. USP4 is upregulated at 24 hours by palbociclib, and by the combination 

therapy at 48 hours. Therefore, reduced degradation might also contribute to 

increased RIG-I and MDA5 (figure 9.19). 

9.20 MAVS signalling through MFN2 

MAVS is found on a subdomain of the ER (called the mitochondrial-associated 

membrane) MAM. The MAM and the mitochondria are physically linked together 

by proteins including MFN2, which is involved in MAVS signalling (Vazquez & 

Horner, 2015). Interestingly, whilst reovirus does not change MFN2 (and, in fact, 

reduces it at 24 hours), palbociclib increases MFN2 protein levels, with a marked 

upregulation with the combination, that might assist MAVS signalling (figure 

9.20).  

9.21 MAVS signalosome 

MAVS contains 3 tumour necrosis factor receptor-associated factor (TRAF)-

interacting motifs which, upon activation, recruit TRAF3, TRAF5, and TRAF6 to 

form a signalosome. Prior to the various effects Rt3D has on these TRAF 
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proteins at later time points, palbociclib upregulates all these proteins and may 

‘prime’ cells for RIG-I-MAVS signalling (figure 9.21). 

9.22 PLK1-inhibition of MAVS  

In a study by Vitour et al, the authors demonstrated the association of polo-like 

kinase 1 (PLK1) with MAVS. This association strongly inhibits the activity of 

MAVS (through disruption of MAVS-TRAF3), rendering cells unable to activate 

downstream IRF3/NKkB pathways and induce IFN. Conversely, PLK1 depletion 

increased IFN induction when RIG-I was stimulated with poly I:C or an RNA virus 

(Sendai virus) (Vitour et al., 2009). It is, therefore, intriguing that the PLK1 

inhibitor, BI 2536, was also a top hit with Rt3D in our drug screen and it would be 

interesting to discover the consequences of this combination on IFN response. In 

our proteomic analysis, palbociclib displays inhibitory effects on PLK1 across all 

time points (figure 9.22). These results are recapitulated in RNA sequencing 

data (not shown). Vitour et al. also show that cells arrested in G2/M (by 

nocodazole) provoked increased expression of endogenous PLK1, with 

associated inhibition of IFN (Vitour et al., 2009). Therefore, perhaps, the 

inhibitory effect on PLK1 by palbociclib are related to the effects on the cell 

cycle.  

 

Taken together, palbociclib has a multitude of effects that potentially aid RIG-I 

and downstream signalling, although it has not been addressed precisely which 

of these effects (or others), are responsible for the increased IFN signalling. 

Exploring these will provide an interesting basis for future studies. 

 



 298 

 

Figure 9.19. Proteomic analysis of Riplet and USP4 expression.  

 

Figure 9.20. Proteomic analysis of MFN2 expression.  

 

Figure 9.21. Proteomic analysis of TRAF3, TRAF5 and TRAF6 expression.  

 

Figure 9.22. Proteomic analysis of PLK1 protein expression.  
 

Figures 9.19-9.22. A375 cells, treated with Rt3D (0.1) and palbociclib (1 μM), show 

upregulated (red) or downregulated (green) proteins at 24 and 48 hours. 
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Determining what exactly associates with RIG-I or MAVS under Rt3D-

palbociclib-treated conditions using unbiased approaches may support an 

understanding of these influences. Such experiments can be executed by RIG-I 

or MAVS pull-down, and subsequent proteomic analysis to identify the 

interacting proteins (an example of such a study identified the virus-inducible 

HDAC6-RIG-I complex, crucial for RIG-I signalling (Liu, 2016)). On the other 

hand, an understanding of the proteins involved in the detection of RNA might 

also provide a more complete picture of the response. An affinity proteomics 

approach using Rt3D RNA (or even RNA extracted from palbociclib or Rt3D-

palbociclib treated cells) as ‘bait’, affinity purified with proteins from infected cells 

(treated with or without palbociclib), would reveal the PRRs that are important in 

detection (and perhaps altered by palbociclib treatment). 

 

9.23 ER stress and RNA stimulation increase IFN expression 

In chapter 7, the link between ER stress and RNA stimulation was explored in 

terms of the consequences of this combination on the IFN response. Published 

reports have demonstrated elevated IFN expression due to RNA stimulation in 

combination with ER stress, in immune cells and fibroblasts, but not in cancer 

cells.  

 

ER stress and RNA stimulation were activated directly using tool compounds, 

the gold-standard ER stress-inducing agent, thapsigargin, and the RNA 

analogue (poly I:C). The combination of poly I:C plus thapsigargin mirrored the 

phenotype observed with Rt3D-palbociclib in terms of cell kill and expression of 

IFNa, IFNb, IL-28, IL-29 and other ISGs. It is worth noting that thapsigargin 
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strongly and dramatically disrupts the ER, whilst palbociclib may only have a 

limited effect in comparison. A limitation in these data is that the bulk of the 

mechanistic analysis was carried out in the A375 cell line (the same cell line 

used for the screen). However, palbociclib is able to enhance cell kill in other 

melanoma cell lines. It would be interesting to determine if Rt3D-palbociclib 

boosts IFN responses in these models, as demonstrated in A375 and 4434 cells 

(shown in figure 7.2). 

 

9.24 UPR modification alters Rt3D-palbociclib-induced IFNb secretion 

Chapter 7 explored the mechanism behind the elevated IFN expression due to 

combined Rt3D-palbociclib with regards to the UPR. In published reports that 

investigated elevated IFN gene expression due to the combination of RNA 

stimulation and ER stress, IRE1a-mediated splicing of XBP1 was often 

implicated in the regulation of inflammatory cytokines. As explained in chapter 2 

(section 2.32), in resting cells, a nucleosome blocks the IFNb start site, blocking 

transcription. After PRR stimulation, transcription factors recruit chromatin 

remodelers to slide the nucleosome off the start site permitting transcription of 

IFNb. In situations of ER stress, spliced XBP1 (spliced by IRE1a after activation 

of the UPR) allows transcription factors to bind an additional region of DNA 

downstream of Ifnb1 gene, and through chromatin looping, delivers greater 

recruitment of transcriptional machinery to the Ifnb1 promoter resulting in 

enhanced expression (Zeng et al., 2010). The effect of IRE1a on IFNb secretion 

by Rt3D-palbociclib was measured by using the IRE1a inhibitor, STF-083010. 

Treatment with STF-083010 significantly reduced IFNb secretion due to Rt3D-

palbociclib, thus, implicating IRE1a in the IFN response. Confirmation of the on-
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target effect of STF-083010 was demonstrated using the IRE1a reporter cell line. 

Nevertheless, inhibitors can have other off-target effects, therefore knockdown of 

IRE1a (in addition to the pharmacological inhibition used) or XBP1 would have 

supported these data further. Likewise, enforced expression of XBP1 would have 

also supported its involvement in IFNb expression and secretion. Experiments to 

confirm that STF-083010 reduced IFNb secretion due to the more direct 

evaluation of RNA stimulation and ER stress, using thapsigargin-poly I:C 

combination, would have further supported the role of IRE1a-XBP1 in PRR-ER 

stress cross-talk.  

 

In addition to the IRE1a-XBP1 branch, siRNA knockdown of members of other 

branches of the UPR, namely ATF6, PERK and CHOP, also rescued cells from 

Rt3D-palbociclib-induced cell death. It would therefore have been interesting to 

also pursue their roles in IFN signalling (in addition to evaluating IRE1a). 

 

Whilst IRE1a inhibition is capable of blunting Rt3D-palbociclib induced IFN 

responses, PERK inhibition (which paradoxically activates eIF2a-ATF4 

signalling) in combination with Rt3D-palbociclib caused substantial increase in 

IFNb release. Whilst this fits with the hypothesis that UPR signalling accelerates 

IFNb, it would be worthwhile exploring this triple combination from a therapeutic 

point of view. The combination of Rt3D-palbociclib plus even more ER stress 

(through the addition of thapsigargin) was presented in chapter 5 (figure 5.4C), 

which led to enhanced cell death above that seen with Rt3D-palbociclib. Perhaps 

a similar mechanism between each of these triple therapies exists, where 
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additional ER stress on top of Rt3D-palbociclib exacerbates IFN expression and 

cell death. 

 

9.25 The palbociclib-induced ER stress signature 

IRE1a influences the IFN response induced by Rt3D-palbociclib. However, it is 

still unknown how exactly palbociclib exerts an ER stress signature. Palbociclib 

alters many proteins associated with IRE1a, and it would be interesting to 

address if the palbociclib-induced ER stress signature was mediated through 

IRE1a. This can be investigated by analysis of the palbociclib-induced ER stress 

signature after knockdown of IRE1a (or IRE1a inhibition). Direct PRR stimulation 

can also activate the UPR (Martinon et al., 2010; Roach et al., 2007). Thus, it 

might be possible that RNA sensors may be impacting the palbociclib-induced 

ER stress signature. This can be evaluated though observation of the 

palbociclib-induced ER stress signature after knockdown of MAVS/RLRs/TLRs. 

 

9.26 RNA sensing and metabolism 

RLR signalling has been shown to interact with other processes besides UPR, 

such as energy metabolism. Zhang et al. show lactate competes with RIG-I to 

bind MAVS, obstructing IFN signalling downstream. Therefore, lactate acts as a 

regulator of MAVS, allowing cross-talk between antiviral signalling and energy 

metabolism. LDHA converts pyruvate to the metabolite lactate, and inactivating 

LDHA decreases lactate levels, and heightens IFN production. Rt3D upregulates 

LDHA, perhaps to combat antiviral signalling. However, in the presence of 

palbociclib, this was reversed. Rt3D-palbociclib combination treatment led to 

drastic changes in metabolism that were not investigated in this project and 
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maybe worth following up in future studies (figure 9.36 in the appendix shows 

proteomic data under the GO term ‘metabolism’). 

 

9.27 STING in ER stress-PRR cross-talk 

TBK1 serves as the point of convergence for multiple innate immune sensing 

pathways (including MAVS, TLR3 and STING), leading to phosphorylation of IRF3. 

Liu et al. demonstrate that thapsigargin in combination with the TLR4 agonist, LPS, 

requires STING for synergistic IFNb expression. Thapsigargin treatment results in 

IRF3 phosphorylation mediated through STING and downstream TBK1. In the 

absence of STING (through knockdown or knockout cell lines) the increased levels 

of IFNb expression seen with thapsigargin-LPS were significantly blunted (with no 

effect on the IFNb expression induced by LPS alone) (Liu et al., 2012). As 

discussed previously, STING is localized to the ER and protein levels are 

upregulated with palbociclib in proteomic data (refer to figure 6.4F, G). The role of 

STING in terms of the combination of RNA stimulation and ER stress (using 

thapsigargin and poly I:C) was not addressed in this thesis. The role of STING 

would be interesting to explore (either using siRNA against STING or STING-

deficient cells), both in terms of Rt3D-palbociclib therapy, as well as the more direct 

combination of RNA stimulation plus ER stress (thapsigargin-poly I:C). 

 

9.28 Rt3D replication is not hindered by IFN response in vitro 

It was reassuring to find that boosting IFNb levels by Rt3D-palbociclib treatment 

did not impede viral replication in these cancer cells, despite the observed 

increase in cell death. JAK/STAT inhibition (ruxolitinib) also did not impact viral 

replication but did alter cell kill (rescuing cells from Rt3D-induced death). These 
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data dispute the correlation between cell death and viral replication and support 

earlier work within our lab that demonstrate that viral replication does not 

correlate with cell kill. 

 

Nevertheless, this cannot be assumed to be the case in vivo. Increased antiviral 

responses caused by Rt3D-palbociclib might have the potential to impede 

therapy, with the presence of a functional immune system representing a 

potential barrier to virus spread through the tumour. However, this does not 

seem to be the case. Despite increases in IFN expression in vitro with Rt3D-

palbociclib in 4434 cells (refer to figure 7.2B), in vivo, this combination 

translated to reduced tumour burden (refer to figure 4.15B). Furthermore, 

palbociclib does not drastically enhance Rt3D-induced cell kill in 4434 cells in 

vitro (unlike that observed in A375 cells), therefore the anti-tumour effects of 

Rt3D-palbociclib in vivo may be driven by factors separate to increased 

cytotoxicity, such as bolstered immune responses against the tumour. However, 

further analysis on tumour-infiltrating lymphocytes would be needed to provide a 

better insight.  

 

9.29 Rt3D-palbociclib increases HLA proteins 

The consequences of the Rt3D-palbociclib combination on immunogenic cell 

death were investigated in chapter 8. One of the most striking findings from 

proteomic analysis was that Rt3D-palbociclib increased expression of proteins 

associated with antigen presentation, in particular the expression of HLA 

molecules.  
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Expression of HLA class I proteins was elevated in response to Rt3D and was 

boosted with the addition of palbociclib. In chapter 5, proteomic data showed that 

palbociclib upregulated ER chaperones and folding enzymes (such as PDIs), 

and these proteins were upregulated further with Rt3D-palbociclib combination 

(refer to figure 5.2). PDIs play a critical function in the early assembly of MHC I 

molecules, catalysing disulphide bond formation (Kang et al., 2009). 

 

More strikingly, palbociclib treatment alone upregulated class II HLA proteins, 

which was further elevated in combination with Rt3D. Since MHC II can bind 

longer peptides due to their open groove formation, this may serve a higher 

diversity of antigens for presentation. Upregulation of tumour-specific MHC II has 

been associated with improved responses in many studies, especially in 

combination with PD-1 or PD-L1 therapy in humans (Axelrod et al., 2019). 

Expression of genes associated with the MHC II pathway including CD74 and 

CIITA within tumour cells correlated with progression-free survival in a breast 

cancer study (Andres et al., 2016). In RNA sequencing data, CD74 and CIITA 

were upregulated with Rt3D-palbociclib. It would be interesting if the expression 

of MHC II in combination with enforced expression of costimulatory receptors 

would allow the tumour cell to act as an APC to directly stimulate T helper cells.  

 

9.30 Potential effects of DNA modification on HLA gene expression 

RNA sequencing data corroborated the findings from proteomic data that 

demonstrated elevated expression of HLA proteins. HLA genes are frequently 

silenced in cancer. In a study in uveal melanoma, the DNA methyltransferase, 

EZH2, contributed to the silencing of IFNg-inducible transcription of CIITA (a 
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master regulator of MHC-II gene expression) (Holling et al., 2007). In a study in 

gastric cancer, hypermethylation (methylation gain) in HLA promoters was 

observed when compared with adjacent non-tumour tissues, and this 

hypermethylation was associated with downregulated HLA expression. 

Treatment with DNA methyltransferase inhibitors restored HLA gene and cell 

surface expression (Ye et al., 2010). Given the effects that palbociclib has on 

DNA modification, it is tempting to speculate that palbociclib can induce 

expression of HLA genes, that might lead to the presentation of tumour-

associated antigens and even neoantigens. However, global DNA methylation 

status was analysed in samples treated with Rt3D-palbociclib, and no clear 

patterns were observed and changes in DNA methylation were limited (data not 

shown). Nevertheless, these increases in MHC II expression (by palbociclib), in 

combination with immunoproteasome switching and strong immunostimulant 

properties (from Rt3D) makes for a considerable therapeutic union.  

 

9.31 Expression of tumour associated antigens (TAA) 

Dunn et al. showed that treatment with IFNb upregulated the tumour-associated 

antigens MART-1, Melan-A, gp100, and HLA class I expression (although a 

limitation of this study was that the cells were permeabilized before staining and, 

therefore, the assay may not have reflected cell surface expression only). The 

authors also showed that IFNb enhanced T cell cytotoxicity response to a 

recognisable TAA (Dunn et al., 2007). Rt3D-palbociclib therapy leads to 

enhanced IFNb expression and secretion, and antigen processing and 

presentation. Further work focusing on the tumour-associated antigens 

complexed with MHC I or MHC II with Rt3D-palbociclib treatment is required to 
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understand which antigens are presented. This can be achieved through pull-

down of HLA proteins and mass spectrometry to identify peptides. Indeed, even 

ERVs (if they can be translated into proteins) have potential to be expressed as 

TAA on melanoma cells (Krishnamurthy et al., 2015). Analysis of peptides 

complexed with MHC might help determine if Rt3D-palbociclib treatment can 

diversify antigens available for presentation. DNMT inhibitors have been 

reported to induce expression of cancer-testis antigen, which may amplify TCR-

based immunotherapy targeting these antigens (T. K. Kelly et al., 2010; Wargo 

et al., 2009). Indeed, palbociclib upregulated the TAA gp100/PMEL. It will be 

interesting to determine whether this increased expression translates to 

presentation on surface HLA molecules. 

 

9.32 APOBEC 

APOBEC is an interesting family of proteins, and it is intriguing that Rt3D-

palbociclib can completely flip the expression profile of the APOBEC proteins in 

comparison to baseline. However, it is hard to advance any firm conclusions 

about the effect APOBEC has on mutagenesis or antigen presentation 

(neoantigens) without further work. Investigations directed at the antigens 

presented through mass spectrometry analysis of purified MHC would be 

informative first steps into peptide presentation of potential neoantigens. 

Nevertheless, changes in the antigen pool with APOBEC knockdown would be a 

possible avenue to explore in future experiments.  
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9.33 Rt3D-palbociclib upregulates exposure of CRT 

It has been argued that CRT is most therapeutic when tethered to the surface 

membrane of the cell and that secreted CRT may even hinder therapy by 

saturating APC receptors, behaving as an immunosurveillance decoy (Fucikova 

et al., 2021). The immunogenicity of CRT exposure has been demonstrated by 

absorbing recombinant CRT (free from peptides) onto plasma membranes of 

cells treated with non-ICD inducing agents, which was able to transform non-

immunogenic into immunogenic cell death. In another example, immunogenicity 

after treatment with an ICD-inducing agent was lost in CRT knockout cells but 

restored with the addition of recombinant CRT absorbed onto the membrane. 

However, CRT does not have to be tethered to the membrane to induce 

immunity. In a study using CRT associated with peptides (through CRT 

preparations from tumour cells), vaccination with CRT cell preparations was able 

to elicit immunity specifically against the tumour from which the CRT was 

prepared (Basu & Srivastava, 1999). Obeid et al. argue that the immunogenic 

effect of CRT is not just through loading of peptides, because recombinant CRT 

(free from peptides) absorbed to plasma membranes (from non ICD-dying cells) 

is able to induce immunogenicity, and recombinant CRT enhances 

immunogenicity even after inhibition of antigenic peptide production through 

proteasome block (Basu & Srivastava, 1999; Obeid et al., 2007; Obeid et al., 

2007). Perhaps CRT need not be peptide-bound – if it can elicit engulfment and 

digestion of the cell to which it is tethered. Equally, if CRT is in a secretable 

(recombinant) form but attached to a peptide, this is enough to coax an immune 

response. It would be interesting to determine whether the CRT molecules 

released into the supernatants following Rt3D infection are loaded with peptides 

(or not), and whether these peptides are altered with the addition of palbociclib. 
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This can be achieved through CRT preparations from Rt3D-palbociclib treated 

cells and mass spectrometry analysis.  

 

Calreticulin itself is therapeutically difficult to target directly since it is 

fundamental to the functions of many tissues. Interventions manipulating its 

function have not been forthcoming and may have considerable side-effects 

(Fucikova et al., 2021). Nevertheless, it is central to antigen presentation. Cells 

lacking CRT exhibit a 50-80% impairment in peptide loading to MHC-I and 

reduced exposure of MHC-I on the cell surface (Gao et al., 2002). The benefit of 

Rt3D therapy is that it is well tolerated in the clinic and is selective for cancer 

cells. Furthermore, Rt3D-palbociclib upregulates CRT exposure and the antigen 

processing pathway as part of its activity. However, confirmation that CRT 

mediates Rt3D-palbociclib-induced immunogenic cell death (using CRT 

knockout cell lines, for example), were not investigated here and would provide 

valuable supporting data. In addition to CRT, the peptide loading complex (PLC) 

includes PDIA3, TAPBP, TAP1 and TAP2, all of which are upregulated with 

Rt3D-palbociclib. The ER chaperone calnexin (CANX) is also upregulated with 

Rt3D-palbociclib. CANX assists the folding of MHC-I heavy chains prior to its 

interaction with the PLC. The potential adjuvant properties of CRT might also be 

boosted further by oncolytic viral therapy through the generation of viruses 

encoding recombinant CRT (or CRT without KDEL, the ER retention signal), 

localising these effects to the tumour. 

 



 310 

9.34 ‘Eat me’ and ‘Don’t eat me’ signals 

The CRT ‘eat me’ signal is highly expressed on cancer cells but counterbalanced 

by a ‘don’t eat me’ signal through CD47 expression. CD47 inhibits phagocytosis 

through its binding to signal regulatory protein a (SIRPa) on phagocytic cells. 

Upregulation of CD47 to balance the CRT ‘eat me’ signal is a mechanism of 

immune evasion adopted by tumour cells, which can be therapeutically targeted 

by antibodies targeting CD47 or SIRPa. Anti-CD47 is well tolerated due to low 

levels of CRT on normal cells (Chao et al., 2010). Therefore, it might be 

worthwhile to explore anti-CD47, or indeed, other anti-phagocytic signals (such 

as CD24), in combination with oncolytic viruses that upregulate CRT. 

 

9.35 Immunological consequences of targeting the ISR 

Manipulation of the integrated stress response (ISR), to which phosphorylation of 

eIF2a is central, may also be a worthwhile strategy in order to target CRT-

mediated immunogenicity. The ISR correlates with CRT exposure after treatment 

with ICD-inducing agents (Obeid et al., 2007). Therefore, it might be logical to 

combine oncolytic virus therapy with compounds that target the PP1/GADD34 

axis to improve immunogenicity (e.g. tautomycin or calyculin A – both of which 

inhibit the PP1 catalytic subunit, or salubrinal). This strategy has been studied 

using a PERK inhibitor (which causes paradoxical activation of the p-eIF2a-

ATF4 pathway) in combination with Rt3D (McLaughlin et al., 2020). That study 

used cell lines that were relatively resistant to Rt3D (needing MOI ~>50 to cause 

50% death), nevertheless the therapeutic effects of this combination in vivo were 

impressive. Although the main focus of that study was UPR signalling, the 

immunological impact of this combination (or indeed others that target eIF2a 
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with Rt3D) would be worth investigating. The addition of a PERK inhibitor plus 

Rt3D-palbociclib led to dramatic levels of IFNb detected in supernatants by 

ELISA (refer to figure 7.7C). The immunological consequences of this triple 

combination would be fascinating to explore. 

 



 312 

9.36 APPENDIX 

 

Figure 9.36. Altered expression of proteins in the GO term ‘metabolism’ 
with Rt3D-palbociclib treatment.  
Proteomic analysis of A375 cells treated with Rt3D (0.1-1) in combination with 

palbociclib (1 μM) showing up-regulated (red) or down-regulated (green) proteins at 

48 hours. 
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Future Perspectives 

This chapter summarises the main areas of interest that require further 

investigation of Rt3D-palbociclib combination therapy, with a focus or emphasis 

on immunogenic cell death and PRR signalling. 

 

10.1 Immunogenic cell death 

Since Rt3D-palbociclib increases markers of immunogenic cell death and 

antigen processing and presentation, it will be interesting to investigate further 

into the immunogenic consequences of this combination therapy. The increase 

in HLA expression by Rt3D-palbociclib provides a rationale to study the peptides 

displayed on these complexes, whether these are changed by the addition of 

palbociclib, and whether they comprise neoantigens. These experiments are 

currently being performed by pull-down of HLA molecules and capture of 

associated peptides, in collaboration with Jyoti Choudhary’s team, at the ICR. It 

will be particularly interesting to extend this type of analysis to calreticulin (CRT) 

bound peptides. 

 

Further in vivo analysis of the immune consequences of Rt3D-palbociclib will be 

investigated in the 4434 model. Analysis of the tumour infiltrating lymphocytes 

(TILs) with Rt3D-palbociclib therapy will inform changes to the tumour 

environment. It will also be necessary to compare the composition of immune 

infiltrate between Rt3D-palbociclib and poly I:C-palbociclib in order to determine 

whether the major therapeutic effects from Rt3D are through RNA sensor 

activation. Indeed, the combination of poly I:C-palbociclib resulted in reduced 
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tumour burden compared with either single agent and highlights the capability of 

palbociclib to sensitise cells to RNA stimulation.  

 

In vivo experiments focusing on the immunogenicity of Rt3D-palbociclib will be 

expanded on by using the 4434-OVA model. These studies will be done in 

collaboration with Jacob Van Vloten in Richard Vile’s laboratory (Mayo Clinic, 

Rochester). The goals of this study are as follows. Firstly, to determine OVA-

specific T cell responses within tumours treated with Rt3D-palbociclib therapy. 

This will be achieved by quantification of T cell responses using tetramers 

specific to the TCR against the OVA epitope SIINFEKL. Secondly, to determine 

the role of CD8+ and CD4+ T cells in Rt3D-palbociclib therapy. This will be 

assessed through depletion of CD8+ or CD4+ immune effector subsets and 

observation of therapeutic effect on tumour burden. Thirdly, to evaluate the 

combination of anti PD-1 with Rt3D-palbociclib, with the hypothesis being that 

Rt3D-palbociclib will generate antitumour T cells, to which will be targets for anti-

PD-1 therapy. Programmed death ligand (PD-L1), also known as CD274 is 

displayed on the cell surface and has been demonstrated to play a role in 

suppressing the immune response through inhibiting signals on T cells. Studies 

show that PD-L1 is upregulated with type I-IFNs (Angel et al., 2017). Indeed, 

both RNA sequencing and proteomic data revealed upregulation of PD-

L1/CD274 expression with Rt3D which was elevated in combination with 

palbociclib and provide further rationale for the combination of Rt3D-palbociclib 

with therapies that target the PD-L1/PD-1 axis. 
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10.2 PRR activation and downstream signalling 

RIG-I is a particularly interesting protein, not only is it key to Rt3D-palbociclib 

mediated IFN expression but is also important in cell death. Palbociclib effects 

many proteins that have been implicated in RIG-I/MAVS signalling, including 

those discussed in chapter 9, namely, riplet, MFN2, PLK1, HDAC6 and TRAF 

proteins that form the MAVS signalosome. There are many open questions 

around the role of RIG-I in Rt3D-palbociclib mediated cell death, and indeed, its 

role in the immunogenicity of cell death. Firstly, does RIG-I play a role in viral 

replication, i.e., does the rescue of Rt3D-palbociclib mediated cell death by 

siRNA RIG-I impact the ability of Rt3D to replicate? Since Rt3D-induced cell 

death does not correlate with viral replication, it is hypothesised that this is not 

the case. Secondly, since palbociclib alters many proteins associated with RIG-I 

signalling, and induces an ER stress signature, is RIG-I involved in the ER stress 

signature? Perhaps, recognition of RNA species produced by the 

endoribonuclease activity of IRE1a ‘primes’ RIG-I for the RNA stimulus dumped 

by Rt3D. Indeed, IRE1a is important in IFNb secretion in response to Rt3D-

palbociclib. Future experiments can be carried out to determine whether cross-

talk exists between RIG-I and IRE1a. Thirdly, does RIG-I impact the 

immunogenicity of cell death? In the absence of RIG-I, is HLA expression, 

immunoproteasome switching and CRT exposure able to proceed? It is intriguing 

that RIG-I is so important to both IFN expression and cell death, that the other 

PRRs cannot compensate. Lastly, are the therapeutic effects in vivo observed 

with Rt3D-palbociclib dependent on RIG-I? Specifically, through evaluation of 

tumour burden and TILs in tumours absent for RIG-I (RIG-I knockout).  

Another particularly intriguing PRR is STING. A375 cells were unable to respond 

to STING agonists (demonstrated by the lack of ISG15 expression upon 
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treatment with the STING agonists cGAMP, B1880 or B1446, data not shown). 

However, Rt3D-palbociclib treatment was able to upregulate STING at the 

mRNA and protein level. Future experiments will evaluate if Rt3D-palbociclib is 

able to induce STING expression in other models, and the impact this has on cell 

death and immunogenicity. 

 

10.3 Conclusions 

Oncolytic viruses present a fascinating and exciting field of research. With a 

renewed interest in immune targeted therapies ignited by the dawn of immune 

checkpoint inhibitors, viruses too are capable of evoking powerful immune 

responses when delivered to tumours. Furthermore, they are not reliant on single 

signalling pathways, and provoke multiple cell death mechanisms, reforming and 

hijacking the cell, triggering multiple alarm signals in the process. This is a useful 

asset to have since many cancer therapies are haunted by the uncomfortable 

anticipation of tumour resistance. Whilst oncolytic viruses hold this remarkable 

potential to induce anti-tumour immune responses, a helping hand in the form of 

combination therapies may help them flourish, and in terms of tumour resistance, 

is the only way forward. 
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APPENDIX 

11.1 Reagents 

Table 11.1. List of reagents used. 

Product Company Catalogue number 

RPMI (no phenol red) Thermofisher/Gibco 11835-105 

Oestradiol Sigma E2758 

Palbociclib (PD0332991) Sigma PZ0199 

Lactic acid solution Sigma L6661 

Propidium Iodide ThermoFisher P1304MP 

MTT Sigma M2128 

RNase A Sigma R4875 

Thapsigargin Sigma T9033 

5-azacytidine Sigma A2385 

Decitabine Selleckchem S1200 

Poly I:C Sigma P1530 

3p-hpRNA Invivogen tlrl-hprna 

Ruxolitinib Selleckchem 10230544 

RIPA buffer ThermoFisher 89901 

Protease inhibitor Roche 11836153001 

Optimem Gibco 31985062 

RNAiMAX Invitrogen 13778150 

TUDCA Sigma T0266 

IFNb Peprotech 300-02BC 
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STF-083010 Selleckchem S7771 

human CSF Peprotech 300-25 

pHrodo-SE ThermoFisher P36600 

CellTitre-Glo Promega G7571 

PVDF ThermoFisher 88518 

Ponceau Sigma P7170 

cDNA synthesis kit Bioline BIO-65053 

RNeasy kit Qiagen 74104 

RNeasy Plus kit Qiagen 74134 

SYBR green Bioline BIO-98002 

One-step SYBR kit Bioline BIO-73001 

BCA protein assay kit Pierce 23225 

Immobilon western HRP Millipore WBKLS0500 

ZVAD sampler kit R&D systems FMKSP01 
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11.2 Antibodies 

Table 11.2. List of antibodies used.  
For mouse antibodies, the mouse IgG HRP secondary (NA931, GE healthcare) 

was used. For rabbit antibodies, the rabbit IgG HRP secondary (NA934, GE 

healthcare) was used. Some antibodies were from the cell cycle regulation 

antibody sampler kit #9932T or PhosphoPlus Rb (ser780, ser807/811) antibody 

kit #9306S. 

 

Antibody Company Catalogue no. MW (kDa) secondary 

Beta-actin Abcam Ab6276 [AC-15] 42 mouse 

p-Rb (ser780) Cell Signaling #8180 (D59B7) 110 rabbit 

p-Rb (ser807/811) Cell Signaling #8516 (D20B12) 110 rabbit 

CDK4 Cell Signaling #12790 (D9G3E) 30 rabbit 

Cyclin D1 Cell Signaling #2978 (92G2) 36 rabbit 

Cyclin E1 Cell Signaling #20808 (D7T3U) 48 rabbit 

Cyclin A2 Cell Signaling #91500 (E1D9T) 55 rabbit 

Rt3D µ1C DSHB 10F6 (mu 1C) 72 mouse 

Rt3D s3 DSHB 7F4 (sigma 3) 41 mouse 

Rt3D s1 DSHB G5 (sigma 1) 49 mouse 

Rt3D NS DSHB 2A9 (NS) 41 mouse 

Rt3D s3 DSHB 4F2 (sigma 3) 41 mouse 

Caspase 3 Cell Signaling #9665 (8G10) 17, 19, 35 rabbit 

PARP-1 Santa Cruz sc-8007 (F-2) 116* mouse 

p-eIF2a (ser51) Cell Signaling #3398 (D9G8) 38 rabbit 

HMGB1 Cell Signaling #3935 29 rabbit 
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p-STAT1 Cell Signaling #9167 84, 91 rabbit 

RIG-I Cell Signaling #3743 102 rabbit 

DNMT1 Abcam ab92314 183 rabbit 

DNMT1 Cell signaling #5032 (D63A6) 200 rabbit 

MDA5 Enzo AT113  

ALX-210-935 

135 rabbit 

Calreticulin ThermoFisher PA3-900 55 A-11070 

* PARP-1 C-/N-terminal cleavage products are 89/24 kDa. 
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11.3 siRNA 

Table 11.3. List of all siRNA used.  
siRNA was purchased from Qiagen (Flexitube, 1027416). 

siRNA Catalogue no. 

SCR D-001810-10-05 or allstars 1027280  

CHOP FlexiTube GS1649 

GCN2 FlexiTube GS440275 

PERK FlexiTube GS9451 

ATF6 FlexiTube GS22926 

XBP1 FlexiTube GS7494 

GADD34 FlexiTube GS23645 

ATF4 FlexiTube GS468 

PKR FlexiTube GS5610 

RIG-I FlexiTube GS23586 

STAT1 FlexiTube GS6772 
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11.4 Primers 

Table 11.4. List of primers used for RT-qPCR.  
All primers are against human product unless stated otherwise (and with 

exception of Rt3D primers). 

 Forward Reverse 
Rt3D 

(sigma 3) GGGCTGCACATTACCACTGA  CTCCTCGCAATACAACTCGT 
ATF4 TCTCATTCAGGCTTCTCACGGCAT AAGCTCATTTCGGTCATGTTGCGG 

STAT1 CTAGTGGAGTGGAAGCGGAG CACCACAAACGAGCTCTGAA 
GADD34 GAGGAGGCTGAAGACAGTGG AATTGACTTCCCTGCCCTCT 

PERK TCATCCAGCCTTAGCAAACC  ATGCTTTCACGGTCTTGGTC  
ATF6 TTGACATTTTTGGTCTTGTGG  GCAGAAGGGGAGACACATTT  

CASP4 AAGAGAAGCAACGTATGGCAGGAC GGACAAAGCTTGAGGGCATCTGTA 
ISG15 GCCTCAGCTCTGACACC  CGAACTCATCTTTGCCAGTACA  
OASL GCAGAAATTTCCAGGACCAC  CCCATCACGGTCACCATTG  
DDX58 CCAGCATTACTAGTCAGAAGGAA  CACAGTGCAATCTTGTCATCC  
MDA5 CACTTCCTTCTGCCAAACTTG  GAGCAACTTCTTTCAACCACAG  
MAVS AGGAGACAGATGGAGACACA  CAGAACTGGGCAGTACCC  
IL-29 GAAGACAGGAGAGCTGCAAC  GGTTCAAATCTCTGTCACCACA  

IL-28A TCCAGTCACGGTCAGCA  CAGCCTCAGAGTGTTTCTTCT  
IFNα AATGACAGAATTCATGAAAGCGT  GGAGGTTGTCAGAGCAGA  
IFNβ GCCATCAGTCACTTAAACAGC  GAAACTGAAGATCTCCTAGCCT  

beta-actin GGCACCCAGCACAATGAA GCCGATCCACACGGAGTACT 
18S TTCGGAACTGAGGCCATGAT TTTCGCTCTGGTCCGTCTTG 

mouse 
IFNα AGGAGTGCAAGGCTCTCTT  GCGGTGCTGAGCTACTG  

mouse 
IFNβ GGCATCAACTGACAGGTCTT  ACTCATGAAGTACAACAGCTACG  
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11.5 ERV primers 

Table 11.5. List of ERV primers used for RT-qPCR.  
All primers are against human product unless stated otherwise (and with 

exception of Rt3D primers). 

ERV sequence 
ERVMER34-1 for GAATTCAGTGCCACTAAGCAGAC 
ERVMER34-1 rev TCGGTATATCCAAGACATGATCC 

MER21C for GGAGCTTCCTGATTGGCAGA 
MER21C rev ATGTAGGGTGGCAAGCACTG 

LTR12F1C for GCAGGGAGGATTGAAAGAAA 
LTR12F1C rev TGGTGCTGACTTCAAGAACG 
MER66C for AGGAAGCAGCAAATGGCTAA 
MER66C rev CAAATTAAGGAGCGGGTCAA 
ERV16A3 for AGCAGATAGCCCAGACCTCA 
ERV16A3 rev CAAAGCTCTGCCCACTAAGG 
ERVFb1 for ATATCCCTCACCACGATCCTAATA 
ERVFb1 rev CCCTCTGTAGTGCAAAGACTGATA 
ERV9.1 for TCTTGGAGTCCTCACTCAAACTC 
ERV9.1 rev ACTGCTGCAACTACCCTTAAACA 
ERV-F for CAGGAAACTAACTTTCAGCCAGA 
ERV-F rev TAAAGAGGGCATGGAGTAATTGA 
ERVL for ATATCCTGCCTGGATGGGGT 
ERVL rev GAGCTTCTTAGTCCTCCTGTGT 
MLT1B for TGCCTGTCTCCAAACACAGT 
MLT1B rev TACGGGCTGAGCTTGAGTTG 

MLT1C627 for TGTGTCCTCCCCCTTCTCTT 
MLT1C627 rev GCCTGTGGATGTGCCCTTAT 

MER4D for  CCCTAAAGAGGCAGGACACC 
MER4D rev TCAAGCAATCGTCAACCAGA 
Mer57B1 for CCTCCTGAGCCAGAGTAGGT 
Mer57B1 rev ACCAGTCTGGCTGTTTCTGT 
MTL2B4 for GGAGAAGCTGATGGTGCAGA 
MTL2B4 rev ACCAACCTTCCCAAGCAAGA 
MLTA10 for TCTCACAATCCTGGAGGCTG 
MLTA10 rev GACCAAGAAGCAAGCCCTCA 

THE1D for CACCCTGCTTCTCCTGCT 
THE1D rev AATGCCTGAGACTGGGTGAT 
MLT1A for TGGGCTCTTTGGGTGATAGT 
MLT1A rev TTGCAGATGGCTACCTTCCT 
MLT1J for GCTGTTGCACACATGCTCTT 
MLT1J rev GATGTGGAAGTCTGGGAAGC 



 326 

MLT1K for CAGATGAAGCCCTCTCTCAGA 
MLT1K rev CCTTCCTCTCTCCTGGTGTC 
PABL_B for GAAGGCACATAACCCCAACC 
PABL_B rev GGGTCCAGCTGTGTTTTCTG 
MLT1A0 for ATGAATGGGATTGGTGGGCT 
MLT1A0 rev TTCTAGAGCCTGGGAAGTCC 

MSTA for TAACTGGGTCATGAGGGTGG 
MSTA rev CATTTGCTCGGATTCTGGGG 
LTR79 for AACTCTGGGCTTCCGTTTCC 
LTR79 rev AAAGCATGCCTCTTTCCTGC 

MER92B for GTTAAGCTTCCCTCCTCCCC 
MER92B rev AGTGAAAAGGCTCAGACCGA 

MLT1I for TTCCCTCTGCCCTGATCTAA 
MLT1I rev GTCAGTGGCTTACAACAACGT 
LTR26 for CTCCAAGGAATTGACTCAGCA 
LTR26 rev TCTACCTCCCTGCTGAGTCT 
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