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Abstract  

Oncolytic viruses (OVs) are an emerging cancer therapy that use an oncotropic virus to 

selectively infect and kill cancer cells, as well as stimulate long-lasting anti-tumor immune 

responses. In order to achieve high therapeutic efficacy, OVs need sufficient replication within the 

tumor tissue to mediate these effects. However, OV’s infectivity varies between different tumors 

and the host’s immune system can rapidly clear the virus, hampering treatment efficiency. 

Oncolytic virus sensitizers are chemical compounds that specifically enhance OV’s infectivity and 

efficacy. In our lab, I found that treatment of various cancer cell lines with BI-D1870, a pan-RSK 

(ribosomal S6 kinase) inhibitor, resulted in augmented Herpes Simplex Virus-1 (HSV1) and 

Vesicular Stomatitis Virus (VSVΔ51) infectivity.  I also demonstrated that the effects of BI-D1870 

on viral infection are virus-specific, and that RSK inhibition is not the primary target causing the 

enhancement of HSV1 and VSVΔ51 infection. Finally, BI-D1870 structural analogs were 

generated in an attempt to enhance the efficacy and selectivity of BI-D1870-based OV sensitizers. 

One of the analogs synthesized, KA-019, showed an improvement in the augmentation of OV 

infection over BI-D1870. As a genetically engineered strain of HSV1 has been approved by FDA 

for treatment of melanoma, the results of my project propose a novel viral sensitizer to improve 

viral replication within tumour cells with the hope of improving therapeutic efficacy.  
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Chapter 1 Introduction 

1.1 Overview  

1.1.1 Cancer  

  

 Cancer is defined as the uncontrollable growth of cells that form a tumour, and is one of 

the leading causes of death in Canada.1 With the prevalence of cancer today, it is imperative that 

novel therapeutic approaches are discovered. Cancer cells are resilient in many ways, and are 

known to resist apoptosis (programmed cell death) and translation suppression. They also have 

defects in their regulatory signaling pathways that govern normal cell proliferation and 

homeostasis.2,3 Hanahan and Weinberg’s original ‘hallmarks of cancer’ include six alterations in 

cell physiology that dictate cancerous growth: self-sufficiency in growth signals, the ability to 

block growth-inhibitory signals, evasion of apoptosis, limitless replication, sustained 

angiogenesis, tissue invasion and metastasis.3 Two new hallmarks have recently been suggested 

– the reprogramming of energy metabolism and the evasion of immune destruction.4 

  

1.1.2 Cancer metabolism  

 Cancer cells commonly have an ability to acquire essential nutrients from a nutrient-poor 

environment and use them to proliferate.5,6 Tumours have an increased amount of growth factors 

which stimulate two key signaling pathways: the mitogen-activated protein kinase 

(MAPK)/extracellular signal-regulated kinase (ERK) pathway and the phosphoinositide 3-kinase 

(PI3K) pathway which activates the mammalian target of rapamycin (mTOR) to stimulate cell 

growth.6 mTOR is a serine/threonine kinase activated downstream of the PI3K/Akt pathway and 
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enhances cap-dependent mRNA translation and cell growth, as well as inhibiting catabolic 

reactions mediated by autophagy.6  

 

1.1.3 Cancer treatments 

 Treatments for cancer have evolved over the years, with the first successful surgical 

procedure under general anesthesia having been performed by Seishu Hanaoka in 1804.7  

Surgery is one of the leading treatments for localized cancer by completely removing the tumour. 

It can potentially cure the patient if the cancer has been detected early enough and has not yet 

spread throughout the body. In 1895, radiation therapy emerged as a new treatment for cancer 

with the discovery of the x-ray by Wilhelm Roentgen.8 This type of therapy uses high doses of 

radiation to damage DNA therefore blocking the ability of the cancer cell to divide.9 Later, in 

1903, S.W. Goldberg and Efim London used radium to achieve a complete positive response in 

two patients with basal cell carcinoma.10 Surgery and radiation therapy were the standard of care 

for cancer treatment until the late 1940s when anti-metabolites, such as methotrexate, and 

alkylating agents, like nitrogen mustard, were discovered and used as chemotherapy agents for 

the treatment of cancer.11 These drugs act by inhibiting DNA and/or the cell cycle, inducing cell 

death, but cannot distinguish between normal cells and cancer cells.12 By the 1950s, 

chemotherapy was successfully being used in the treatment of leukemia and lymphoma. At this 

time, physicians and researchers saw that chemotherapy did not acquire the same success rates of 

complete remission in advanced solid tumours as surgery.13 As a result, new drugs and drug 

combinations and the use of chemotherapy after surgery was developed in the 1970s to improve 

overall survival. Since then, cancer treatment became more targeted and focused on specific 

pathways, including anti-angiogenesis, signaling and specific mutations.13 Today, the standard of 
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care is chemotherapy and radiation, though there are limitations with these treatments as they 

cannot selectively target cancer cells, and can lead to high toxicity and resistance.14 New 

therapies in clinical trials try to resolve this problem with specific targeting of cancer cells and 

pathways.  

 

1.1.4 Oncolytic viruses as a cancer therapy 

 One such therapy is the use of oncolytic viruses (OVs), which were first used on their 

own in the 1950s. Live viruses were injected into cancer patients and showed promising results.15 

There are many different types of viruses, classified by phenotypic characteristics, but only a few 

are suitable as oncolytic agents. These viruses must be non-pathogenic, have intrinsic cancer 

selective killing ability, or the ability to be engineered to express attenuating or arming genes.16 

Viruses can usurp cellular apoptotic programs and deregulate cellular energetics, making them 

ideal as a cancer therapy. Oncolytic viruses are known to initiate systemic and anti-tumour 

immune responses specifically against cancer cells and not normal cells.17 This specificity 

towards the tumour of the OV can be at the level of receptor-mediated cell entry, intracellular 

anti-viral responses and/or restriction factors that determine how susceptible the infected cell is 

to support viral gene expression and replication14,16,17 

Oncolytic viruses on their own cannot lead to massive tumour cell death – the tumours 

need to be completely void of viral defense systems so the therapeutic agent can outpace the 

innate and adaptive anti-viral immune response.14, 17 This innate anti-viral response represents a 

hurdle the oncolytic virus must overcome so that it can facilitate action against the tumour.14 In 

order to do so, OVs have been used in combination with chemotherapeutic agents, radiation and 
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other therapies like immunomodulators.16 These combination treatments mix potent viral 

oncolysis with effective and long lasting anti-tumour response.17 This balance between anti-

tumour and anti-viral immunity is a priority in the research of OV therapy.14  

 

1.2 Oncolytic viruses  

1.2.1 Overview of oncolytic viruses 

Oncolytic viruses (OVs) include a wide range of DNA and RNA viruses that are naturally 

tumour-selective or can be genetically engineered, providing a diverse platform for 

immunotherapy.18 Viruses that naturally replicate in tumour cells are non-pathogenic in normal 

cells because there is an increased sensitivity of the innate anti-viral signaling pathways or a 

dependence on oncogenic signaling pathways.19 Viruses in this first class include parvoviruses, 

myxoma virus, Newcastle disease virus, reovirus and Seneca Valley virus. The second class of 

viruses include genetically-manipulated viruses that are used as vaccine vectors such as 

attenuated measles virus, polio virus and vaccinia virus (VACV). Also included in this class of 

viruses are those which have been genetically-engineered with mutations or deletions within 

essential genes that restrict replication in normal cells, but not tumour cells. Examples include: 

adenovirus, herpes simplex virus 1 (HSV1), vaccinia virus, vesicular stomatitis virus (VSVΔ51) 

and Maraba.20 Certain features of OVs provide an advantage over current cancer therapies. For 

example, there is a low probability that OVs will generate resistance as they can target multiple 

oncogenic pathways, can bring about cytotoxicity in several different ways, replicate in a 

tumour-selective fashion, are non-pathogenic and have minimal systemic toxicity.21 Encoded 

transgenes inserted into the viral genome can enhance the anti-tumour response or tumour cell.22 
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Before activating the immune system, viral dose in the tumour increases over time due to the 

amplification of viral replication, in contrast to the pharmacokinetics of chemotherapy drugs 

which decrease in dose over time.19 While these features have an edge over current therapies, 

there are still problems with OV therapy. The most important issue is to resolve delivery – 

systemic intravenous administration is simpler than an intratumoural injection and is able to 

target multiple tumours. However, this results in a lack of extravasation into tumours and viral 

sequestration into the liver which limits the effectiveness of OVs.21 Neutralization antibodies in 

the circulation system can also inactivate OVs. Cell carriers such as mesenchymal stromal cells,  

myeloid-derived suppressor cells (MDSCs), neural stem cells, T cells, cytokine-induced killer 

cells or irradiated tumour cells can shield the virus from neutralization and help with delivery to 

the tumour.19 Another obstacle in OV therapy include physical barriers that are involved in 

reducing the spread of OVs such as necrosis, calcification, hypoxia, acidosis, increased 

proteolytic activity and high interstitial pressures. Many clinical trials with OVs have used 

intratumoural injections to bypass the tumour architectural barriers, but this limits application to 

tumours that are physically inaccessible.23 Other barriers include tumour size and heterogeneity 

which limit virus bio-distribution, and the blood-brain barrier which may limit the ability of 

some viruses to reach primary brain tumours and brain metastases, but this can be overcome by 

direct injection into central nervous system tumours.23  One other main issue to overcome with 

OV therapy is the interaction with the immune system which can affect the therapeutic outcome 

in two different ways: 1) positively by inducing an anti-tumour immune response, or 2) 

negatively by limiting the replication and/or spread of the virus.21 
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1.2.2 OVs activate anti-tumor immune response 

 Oncolytic viruses promote anti-tumour responses through a dual mechanism of action: 

selective tumour cell killing and induction of systemic anti-tumour immunity. Abnormalities in 

the cancer cell response to stress, cell signaling and homeostasis provide an advantage for viral 

replication.23 The dysregulation of some signaling pathways in cancer cells leads to higher 

infection rates and cell death. The RAS signaling pathway, which regulates carcinogenesis (the 

resistance to cell death and proliferation) can be over-active in cancer cells. The protein kinase R 

(PKR) pathway is not activated in these cells, leading to viral infection as mRNA translation is 

not inhibited. Some viruses, such as reovirus and vaccinia virus, have a natural selectivity for 

these cancer cells.23 Other viruses have mutations that allow them to replicate in cells with 

defective PKR signaling, leading to the preferential lysis of tumour cells. For example, HSV1 

has deletions of the ICP34.5 gene and glycoprotein US11 and is unable to block PKR 

phosphorylation.24 Cancer cells also have dysregulation of their anti-viral mechanisms, based 

around type I interferon (IFN) signaling, giving an advantage to viruses like VSV. Type I IFNs 

are critical for the anti-viral and anti-tumour response in healthy cells as they promote an 

immune response to clear the virus, and reduce proliferation.25  

 Oncolytic viruses can induce immunogenic cell death (ICD) – a particular form of 

apoptosis where the death of cancer cells can induce an effective anti-tumour immune response 

through the recruitment and activation of dendritic cells and the stimulation of specific T 

lymphocytes.14 ICD triggers the endoplasmic reticulum to release metabolites called damage-

associated molecular patterns (DAMPs) such as calreticulin, ATP and high mobility group 

protein B1 (HMGB1).14,26 Antigen presenting cells in the tumour microenvironment will 

recognize DAMPs and generate an immune response. This primary immune response can create 
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anti-tumour immunological memory with long term benefits to protect the host against 

relapse.2,14,21 There are several aspects of the OV-tumour/host interaction that are important in 

explaining the effectiveness of OV therapy: the innate immune responses and degree of 

inflammation that is induced; the different types of virus-induced cell death; the inherent tumour 

physiology (like infiltrating and resident immune cells); vascularity and hypoxia; lymphatics and 

stromal architecture; and the tumour cell phenotype, which includes alterations in IFN signaling, 

oncogenic pathways, cell surface immune markers (such as major histocompatibility test (MHC) 

and natural killer cell (NK) receptors) and the expression of immunosuppressive factors.27–29  

 

1.2.3 Anti-viral innate immunity 

 The anti-viral response is made up of several pathways (Figure 1) that are activated after 

the detection of a virus. The innate immune system is the first line of defense against viruses, and 

produces cytokines like IFNs, interleukins and tumour necrosis factor.30  The recognition of the 

virus by the cell occurs through pattern recognition receptors that detect viral proteins, cytosolic 

DNA or double stranded RNA.31 Cellular pathways that are activated in response to viral 

infection lead to formation of IFN related factor 3 (IRF-3), the histone acetyltransferases 

p300/CREB-binding protein (CBP) and transcriptional cofactors like activator protein 1 (AP-1), 

nuclear factor kappa-light-chain-enhancer of activated B cells (NFκB), and high mobility group 

protein I/Y (HMGI(Y)).32,33 NFκB is a transcription factor activated through phosphorylation by 

IκB (inhibitor of κB) kinase (IKK) which controls the expression of type I IFN and is often 

dysregulated in cancer.34 IKK3 and tumor necrosis factor receptor-associated factor family 

member-associated NFκB activator (TANK)-binding kinase 1 play a role in phosphorylating 

IRF-3 in response to viral infections.30  



8 

 

Many viruses have a way to disrupt the host immune response by interfering with IRF-3 

activation, for instance, by producing a protein that will directly bind and disable IRF-3 or a 

protein that will interact with p300/CBP and alter interactions with IRF-3.30 HSV1 infection is 

known to block the signaling effects of IFNs by reversing the effects of PKR,35 and has been 

shown to block the phosphorylation of signal transducer and activator of transcription protein 

(STAT1 and STAT2).36 Another pathway involved in the anti-viral response is the mTOR 

pathway. A previous study reported that the infection of DNA viruses induces the interaction of 

downstream mTOR effectors ribosomal protein S6 kinase (S6K1) and the signaling adaptor 

stimulator of interferon genes (STING) in a cyclic GMP-AMP (cGAMP)-synthase-dependent 

manner promoted by TANK-binding kinase 1 (TBK1). Furthermore, recent studies have shown 

that the mTORC1-S6K1 signaling axis modulates toll like receptor (TLR) pathways.37  

TLRs are cell surface and intracellular pattern recognition receptors that are activated in 

response to pathogen-associated molecular patterns (PAMPs), including elements of viral capsids, 

DNA, RNA and viral protein products. The signaling of TLR activates the host cell anti-viral 

response and systemic innate immunity.23 When the immune system is triggered, the virus will be 

cleared and the lytic effect of viral infection and anti-tumour immunity is decreased. The immune 

system detects viral infection and activates the adaptive immune system as well as the innate 

immune system to act against the virus.14 Some downstream effectors involved in the clearance of 

OVs are TNF-associated factor 3 (TRAF3), IRF3, IRF7, and retinoic acid-inducible gene 1 (RIG1). 

These effectors activate the Janus kinase (JAK)/STAT pathway which coordinates the antiviral 

machinery in infected cells, reinforces IFN release leading to the activation of PKR which will 

recognize double stranded RNA and other viral elements. When activated, PKR will terminate 

mRNA translation via eIF2α phosphorylation and promote rapid cell death and clearance.38  
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Figure 1. The anti-viral response in normal cells and cancer cells. Modified from Kaufman et 

al.23 In normal cells, after viral infection, the anti-viral pathway is activated. In cancer cells, the 

pathway is disrupted as they can downregulated certain components of the anti-viral response, 

such as IRF3 and IRF7 limiting the detection of viral particles. This leads cancer cells to be more 

susceptible to viral replication. 
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During OV therapy, the aim of immune stimulation is to activate the T lymphocytes 

against tumour antigens. T cells can recognize tumour peptides and provide long-term immunity. 

OVs will generate the expression of cytokines leading to the recruitment of lymphocytes in order 

to break down the immune-suppressive environment. Oncolytic viral therapy will use this 

inflammatory response in order to target tumour cells.14 Below I will introduce specific oncolytic 

viruses and their oncolytic properties.  

 

1.2.4 Herpes Simplex Virus (HSV1) 

 Herpes Simplex Virus (HSV1) is a member of the alphaherpes virus family with a large 

genome and double stranded DNA that replicates in the nucleus of infected cells.23 It was one of 

the first viruses to be developed into a recombinant oncolytic virotherapeutic vector as it has a 

large genome that is easy to control, allowing insertions of  transgenes (such as granulocyte-

macrophage colony-stimulating factor (GM-CSF)).39 HSV1 is a major human pathogen that 

causes skin lesions and rashes and can infect peripheral nerves.23,39 The symptoms of HSV1 

infection include cold sores of the mouth and keratitis in the eyes, and is capable of causing life-

threatening diseases in immunocompromised individuals such as newborns, patients with HIV, 

or patients undergoing immunosuppressive treatment.40 HSV1 can infect many types of cells and 

enters through viral surface glycoproteins, herpesvirus entry mediator (HVEM) or surface 

nectins.23 The process of infection starts when virions bind to heparan sulfate moieties on the 

host cell surface. This attachment triggers a cascade of molecular interactions that involve many 

viral and host cell proteins and receptors leading to the penetration of the viral nucleocapsid into 

the cytoplasm.40 The nucleocapsid is transported to the nuclear membrane and the viral DNA is 

released for replication in the nucleus. HSV1 uses the glycoprotein D as the receptor binding 
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protein in order to enter the cell.39 HSV1 can also use macropinocytosis and phagocytosis to 

enter the cell.41 Penetration into the cell depends on the host cell type and the mode of entry in 

which HSV1 can pass into the cell. The virus may require fusion of the virion envelope with the 

plasma membrane or the membrane of an intracellular vesicle. After entry, the nucleocapsids 

dissociate and bind to a microtubule (MT)-dependent minus end-directed motor (dynein).40 After 

the initial infection, the virus can remain latent in neurons, a key feature of alphaherpes 

viruses.23,39,40  

HSV1 has been extensively engineered as a viral platform for oncolytic viruses. The viral 

toxicity of HSV1 is mediated partially by the gene product ICP34.5, which counteracts the type I 

IFN response and antagonizes PKR signaling pathway in non-dividing cells.23 When ICP34.5 is 

deleted, the virus is unable to replicate in neurons or mediate a latent infection, reducing the 

overall pathogenesis of HSV1. The infected cell protein 0 (ICP0) is an immediate-early protein 

responsible for finding the balance between lytic replication and the reactivation from latency. 

ICP0 gives the virus a significant growth advantage during replication, especially at low 

multiplicity of infection (MOI). 42 ICP0-null mutants were shown to be attenuated for viral 

growth and impaired for viral reactivation. ICP0 can activate HSV1 promoters and viral gene 

expression, triggering the activation of IRF3, which, in the absence of ICP0, translocates to the 

nucleus to activate the IFN-ß promoter.42 ICP0 can also prevent the activation of NFκB by TLRs 

that detect viral components.30,42   

The most commercially advanced HSV1 based oncolytic virus used in the clinic is 

Talimogene laherparepvec (T-VEC), which includes deletions of ICP34.5 and ICP47.23 The 

deletion of ICP47 results in the presentation of viral antigens by healthy and cancer cells, leading 

to the containment of infection in healthy tissues, and the immune-mediated destruction of 
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cancer cells that propagate HSV1.23,39 This deletion induces the early activation of US11 

promoter which blocks the phosphorylation of PKR preventing cancer cells from undergoing 

apoptosis when they have been infected. T-VEC also includes the human GM-CSF gene 

engineered into the viral genome in the place of the ICP34.5 gene, which bolsters the induction 

of anti-tumour immunity.39 In preclinical studies, T-VEC demonstrated potent lytic effects 

against several different tumour cell lines, such as melanoma and pancreatic cancer.43 In a phase 

II trial for the treatment of unresectable stage IIIC and IV melanoma, an initial dose of 106 

pfu/ml was given, followed after three weeks by a dose of 108 pfu/ml given every two weeks 

until a maximum clinical response, unacceptable toxicity or disease progression was reached.44 It 

was found that in 50 participants, there was a 26% response rate, with low-grade toxicity, 

including fever, fatigue and reactions at local site injections. In a phase III trial with 436 patients, 

the durable response rate (the response beginning within 12 months of treatment and lasting for 

at least 6 months) was 16.3 %, with an improved median survival of 23.3 months. These trials 

lead to the approval by the US Food and Drug Administration (FDA) of T-VEC for use as a 

cancer therapy for melanoma in 2015.45 There are several other viruses that are currently in 

clinical trials, such as measles virus, reovirus, vaccinia virus, and Newcastle disease virus. An 

additional oncolytic virus that is promising for use in the clinic is vesicular stomatitis virus.  

 

1.2.5 Vesicular Stomatitis Virus (VSV) 

 VSV belongs to the Rhabdoviridae family, which consists of large, genetically diverse 

single-stranded, negative sense RNA viruses.46 They have a strong safety profile in humans, as 

well as vigorous immunogenicity and genetic malleability which are key features of these 

viruses. VSV is a cattle virus, not a human pathogen, and so pre-existing neutralizing antibodies 
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are rarely found in humans.39,46  The rhabdoviridae genome consists of five genes: the 

nucleocapsid (N), the phosphoprotein (P), the matrix protein (M), the glycoprotein (G), and large 

polymerase (L). Many of these viruses are pantropic (like VSV and Maraba) and enter host cells 

through receptor-mediated (low-density lipoprotein (LDL) receptor) or clathrin-mediated 

endocytosis and replicate in the cytoplasm.16,41,46 VSV cell entry has been made tumour selective 

through retargeting strategies – replacing the VSV glycoprotein with a more selective entry 

glycoprotein such as the measles F and H proteins.16  Once inside the tumour cell, VSV 

replicates extremely quickly, expresses its gene products at high levels and elicits a strong 

humoral and cellular immune response towards their expressed foreign antigens.46 The oncolytic 

VSV, can have one of two main M51 mutations: M51R (methionine to arginine) or ΔM51 

(deletion of methionine 51). The amino acid point mutation or deletion of methionine in the viral 

matrix (M) protein at position 51 interferes with the ability of the virus to inhibit the host 

interferon response. The methionine in this position is essential for this, and its loss allows 

infected cells to produce and release IFN in response to infection. This leads to a sensitivity to 

IFN which inhibits viral replication in host cells.47–49 Despite being rendered attenuated via these 

mutation, oncolytic VSVs are still capable of infection and lytic destruction of metastatic 

tumours, as the virus can infect multiple tumours simultaneously, offering the potential to restore 

immune surveillance mechanisms that can lead to a complete response in the patient and prevent 

recurrence.50  The effectiveness of VSV oncolytic therapy is determined by the combination of 

two main factors: the type I IFN deficiency and the targeted viral replication in tumours.51 

mTORC1 can regulate type I IFN production and virus propagation through 4E-BPs and S6Ks. 

Thus, blocking type I IFN and antiviral cytokines by rapamycin in conjunction with treatment 

with viruses like VSV, myxoma, vaccinia or adenovirus, augments oncolysis. The inhibition of 
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type I IFN production by rapamycin is the primary mechanism that potentiates VSV therapeutic 

effect.51  

The safety of VSV has been evaluated and found to have risk with strains that have 

mutations in the M or G gene which could revert back to the wildtype VSV upon passaging, but 

no neurological symptoms were detected when injected intra-hepatically into rhesus macaques, 

and was considered safe enough to proceed into phase I clinical trials.39  

 

1.2.6 Vaccinia Virus (VACV) 

 The last OV to be covered in my thesis is the poxvirus used in the vaccination against 

smallpox, and one of the most developed viruses to be used in several different ways – vaccinia 

virus.52 Vaccinia virus (VACV) has a large genome and shields its extracellular enveloped 

virions from the host immune system, which allows it to spread between tumours. It replicates 

and lyses cells quickly and induces a strong cytotoxic T lymphocyte response, recruiting 

neutralizing antibodies without causing significant disease in humans.39 Viruses belonging to the 

vaccinia family take advantage of macropinocytosis in order to get into the cell, a process that is 

preceded by plasma membrane activity in the form of ruffling (motile protrusions of the cell 

membrane that are rich in actin filaments). Macropinocytosis is a growth factor-induced, actin-

dependent endocytic process leading to the internalization of fluid and membrane into 

vacuoles.41 Ruffling is induced by the activation of actin and microfilaments connected to the 

plasma membrane by growth factors that will activate signaling cascades inducing changes in the 

dynamics of the actin filaments. Viruses can induce this ruffling activity independently of growth 

factors.41 p21-activating kinase 1 (PAK1) regulates the cytoskeleton dynamics and motility and 
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is essential for all stages of macropinocytosis. Upon activation, PAK1 will relocate to the plasma 

membrane where it activates the effectors needed for ruffling, blebbing and macropinosome 

formation.41 Once inside the cell, VACV can stimulate the cell for enhanced viral replication 

through the epidermal growth factor receptor (EGFR) as it has the pro-vaccinia growth factor 

(VGF) protein homologous to the epidermal growth factor (EGF) and transforming growth factor 

alpha (TGFα) in humans. The deletion of the VGF gene results in VACV that targets cells with 

an inherent EGFR pathway activity, often found in cancerous cells. Clinical trials with VACV 

have reported good safety in regards to toxicity, with minor side effects such as low grade fever 

and local pain.39 Active vaccinia particles have been found to shed from skin injection sites after 

vaccination-clinical trials have shown live JX-594 (also known as Pexa-Vec or pexastimogene 

devacirepvec) detected in throat swabs and skin pustules in patients up to one week after 

administration. The three main oncolytic vaccinia viruses in use in clinical trials are: JX-594, 

Transgene (or TG6002), and GeneLUX (or GL-ONC1/GLV-1h68).16 Monotherapies with 

oncolytic viruses are in clinical trials, however combination treatments with chemotherapeutics, 

histone deacytelase (HDAC) inhibitors, mTOR inhibitors, and other small molecule inhibitors 

have been tested in order to find the best therapeutic outcome. 

 

1.3 Combination treatments with oncolytic viruses 

The first combination treatments with oncolytic viruses involved standard of care 

chemotherapeutics. Chemotherapy induces cytotoxicity through the inhibition of DNA 

replication, the cell cycle or the disruption of microtubules. It can be immunosuppressive, which 

can augment the infection of OVs.53 Some of the main chemotherapies used in parallel with 

oncolytic viruses include cyclophosphamide, irinotecan, temozolomide, cisplatin, gemcitabine, 
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5-fluorouracil, doxorubicin and paclitaxel. There are several mechanisms of action proposed to 

explain the effects of chemotherapy drugs with oncolytic viruses. These include reducing the 

activation of complement proteins;54 inhibiting tumour cell and systemic anti-viral responses;55,56 

suppressing the adaptive anti-viral immune response, and decreasing the levels of neutralizing 

antibodies;57 synergistic cell killing;58,59 stimulation of anti-tumour immune response through 

ICD60 and dampening of  immune cells.61 A number of the chemotherapeutics tested either 

enhanced62 or inhibited63 viral replication and spread.   

Combination therapies evolved from using chemotherapy to small molecules that target the 

anti-viral immune pathway, specifically the type I IFN pathway. Some of the first small 

molecules to be tested as enhancers of oncolytic viral activity were histone deacetylase inhibitors 

(HDACi). It was found that histone deacetylase will lead to the repression of IFN stimulated 

genes (ISGs) after type I IFN stimulation, allowing for viral replication.64 Three main HDACi 

used in combination with OVs include valproic acid (VPA), trichostatin A (TSA), and 

Vorinostat.65  They are less toxic than chemotherapy drugs66 and have been shown to synergize 

with HSV1,67 VACV,68 and VSV.25 Other small molecules used in combination with oncolytic 

viruses include mTOR inhibitors like rapamycin and its analogs. Rapamycin can augment the 

replication of adenovirus, myxoma virus, VACV, HSV1, VSVΔ51, Newcastle disease virus and 

reovirus.69  

In 2010, a high-throughput screening assay using VSVΔ51 was developed to look for 

compounds that could be used to enhance OV replication. One main compound was identified, 

viral sensitizer 1 (VSe1), a chlorinated furanone-based compound. VSe1 was found to increase 

the replication of VSVΔ51 through the inhibition of type I IFN and other cellular anti-viral 

effects.70   
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There are new small molecule inhibitors such as  TPCA-1 (an inhibitor of IKK and JAK1, 

shown to improve in vitro spread of HSV1 and VSVΔ51),71 Tecfidera (also known as dimethyl 

fumarate, shown to block type I IFN production and signaling and enhance the spread of 

VSVΔ51, HSV1 and Sindbis virus in vitro)72 and ruxolitinib (a JAK inhibitor which decreases 

the anti-viral response and increases the replication of oncolytic measles and HSV1).73 

Apoptosis, bystander killing and microtubule destabilization are a few other processes on which 

small molecules exert an effect and can be combined with oncolytic viral therapy. For example, 

smac mimetic compounds (SMC) are small molecules that bind cellular inhibitor of apoptosis 

(IAPs) and target them for degradation, sensitizing cancer cells of death by apoptosis. This 

process is dependent on immune triggers like TNFα, TNF-related apoptosis inducing ligand 

(TRAIL) and type I IFN.74 Beug et al proposed that combining SMC with oncolytic viruses 

could lead to bystander killing of tumour cells exposed to these cytokines.75 The SMC LCL161 

in combination with VSVΔ51 showed the elimination of different types of tumour cells through 

CD8+ T cell production of IFNγ or TNFα.76 Sunitinib, a multi-kinase inhibitor of PKR, vascular 

endothelial growth factor receptor (VEGFR) and the platelet-derived growth factor receptor 

(PDGFR), has been approved for the treatment of renal cell cancer and is known to augment the 

viral replication of VSV in mouse models and induces bystander killing, a process by which 

cytokines are released to act on surrounding cells, leading to cell death.17 In combination with 

Pexa-Vec, it has shown durable complete response (>6 years) of a patient.77 Colchicine, an 

arthritis drug, is a known microtubule destabilizer, and has been shown to increase synergistic 

killing when combined with VSV by decreasing type I IFN translation and promotes bystander 

killing.78,79   
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Recent research has been done with immune checkpoint inhibitors that target the anti-

cytotoxic T-lymphocyte-associated protein 4 (CTLA4) or programmed death 1 (PD-1) protein – 

immune checkpoint proteins that downregulate the immune response. The humanized anti-

CTLA4 antibody ipilimumab was approved by the FDA in 2011 for the treatment of melanoma, 

and has two major roles: downregulating helper T cells, and increasing T regulatory suppressor 

functions,80 but it is not always effective.81 Zamarin et al combined ipilimumab with oncolytic 

Newcastle disease virus and found an enhanced sensitization of mouse tumours to the CTLA4 

blockade.82 Clinical trials with ipilimumab in combination with T-VEC are in progress for the 

treatment of melanoma (NCT01740297).83   

 

1.4 Clinical trials with oncolytic viruses  

Initial clinical trials with OVs began in the 1950s,84 and there are now three OVs currently 

approved for cancer therapy: Rigvir (approved in Latvia, Georgia and Armenia), Oncorine H101 

(approved in China), and T-VEC (approved in the USA).16 Rigvir is an unmodified enteric 

cytopathogenic human orphan type 7 (ECHO-7) picornavirus that was approved for the treatment 

of melanoma in Latvia in 2004 – the first oncolytic virus to get regulatory approval anywhere in 

the world.16 There is limited data published describing its efficacy, but it seems to have an effect 

on tumour recurrence after the surgical resection of melanoma.85 Oncorine, or ONYX-015, is an 

attenuated serotype 5 adenoviral vector with four deletions in the viral E3 gene, and in the E1B-

55k gene. It selectively replicates in p53 deficient tumours as E1B-55k is a strong repressor of 

p53.86 T-VEC was approved by the FDA in 2015 for the treatment of non-resectable metastatic 

melanoma, and then later in the EU for locally advanced or metastatic cutaneous melanoma and 

is the most recent OV to gain national regulatory approval. T-VEC is a recombinant human 
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herpes simplex virus type 1 with deletions of the ICP34.5 and ICP47 genes, and has human GM-

CSF encoded under cytomegalovirus (CMV) promoters.45 Many other viruses, like 

rhabdoviruses, are in clinical development, along with clinical trials combining OVs with small 

molecules. 

 

1.4.1 Combination clinical trials  

 On clinicaltrials.gov there are 74 trials with oncolytic viruses, of which 27 are 

combination treatments. The first published combination clinical trial with an oncolytic virus 

combines 5-fluorouracil (5-FU). Out of 37 patients, 19 had better response rates with the 

combination treatment compared to chemotherapy alone.87 Phase I trials of ONYX-015 with 

gastrointestinal tumours metastatic to the liver, unresectable pancreatic carcinoma and advanced 

sarcomas showed positive outcomes and no enhanced toxicity.88,89  HSV1 strain NV1020 was 

used in a Phase I/II clinical trial in the liver in combination with standard chemotherapy for 

colorectal cancer, and showed anti-tumour effects.90 

 There are a few ongoing clinical trials with oncolytic viruses and chemotherapy: a phase III 

trial of reovirus (REO-018) with carboplatin and paclitaxel for the treatment of head and neck 

cancer (NCT01166542), and vaccinia (Pexa-Vec) in combination with sorafenib for the 

treatment of hepatocarcinoma (NCT02562755). However, many trials are heading away from 

chemotherapeutics and towards a combination of immunotherapy and oncolytic viruses. There is 

a phase Ib/II trial for the treatment of melanoma with T-VEC and ipilimumab that indicates 

higher response rates in combination than for either one as a monotherapy.91 Ongoing research in 

labs worldwide look at in vitro and in vivo effects of other small molecule inhibitors in 
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combination with oncolytic viruses. For the best possible response in the clinic, elevated 

replication of the OV in tumours is imperative. Therefore, discovering compounds that can 

provide this boost in replication is of extreme importance. Recently, a new small molecule 

inhibitor of RSK, BI-D1870, was found to synergize with certain OVs.  

 

1.5 BI-D1870 and the RSK pathway  

1.5.1 The RSK pathway 

 The p90 ribosomal S6 kinase (RSK) family is a group of highly conserved serine/threonine 

(Ser/Thr) kinases that promote cell proliferation, growth, motility and survival and are almost 

exclusively activated downstream of ERK1/2. RSK inhibition is less likely to produce severe 

side effects as those observed following the inhibition of more upstream regulators like Raf and 

mitogen-activated protein kinase kinase (MEK).92 RSKs are downstream effectors of the 

Ras/mitogen-activated protein kinase (MAPK) pathway in which mutations or the 

overexpression of the signaling components are found in many human cancers. The activation of 

RSK happens through a multistep phosphorylation cascade starting with ERK1/2-mediated 

activation of the C-terminal kinase domain, which then autophosphorylates a hydrophobic turn 

motif in RSK creating a docking site for phosphoinositide-dependent kinase 1 (PDK1) which 

will phosphorylate and activate the N-terminal kinase domain.92,93 RSK has 4 isoforms, and is a 

member of the AGC subfamily which includes protein kinase A (PKA), protein kinase B (PKB 

or Akt), protein kinase C (PKC), p70 ribosomal S6 kinase (S6K), and mitogen-and-stress-

activated protein kinase (MSK).93,94 These kinases mediate many physiological processes and 

cellular effects of extracellular agonists by the phosphorylation of key regulatory proteins. Their 
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catalytic domains are approximately 40% identical, but all have unique non-catalytic domains 

and participate in diverse signaling pathways.93  

RSK mediates the phorbol ester- and EGF-induced phosphorylation of glycogen synthase 

kinase 3B (GSK3B), liver kinase B1 (LKB1), and cAMP response element-binding protein 

(CREB),93 and has several other targets including NFκB, eIF-4B (eukaryotic translation initiation 

factor 4B), and rpS6 (Figure 2).92 Activated RSK is proposed to promote the progression of the 

cell cycle and survival by the phosphorylation and inactivation of cell cycle-regulatory and pro-

apoptotic proteins such as cyclin dependent kinase (CDK) inhibitor p27, checkpoint kinase 1 

(Chk1), Bcl-2-associated death promoter protein (BAD), Bcl-like protein 11 (BimEL), caspase-8 

and p53 as well as the stimulation of actin-dependent endocytosis.92,95–97  

 

1.5.2 BI-D1870, a small molecule inhibitor of RSK 

BI-D1870 is a specific nanomolar inhibitor of RSK. It was originally developed to identify 

inhibitors of polo-like kinases (PLKs), but was found to inhibit RSK at a higher potency.94 BI-

D1870 is derived from a series of dihydropteridinones (heterocyclic compounds containing 

pteridine ring systems – fused pyrimidine and pyrazine rings),98 and was identified in a kinase 

selectivity screen in the Division of Signal Transduction Therapy at the University of Dundee.93 

BI-D1870 inhibits RSK1-4 in vitro with an IC50 of 10 – 30 nM and is cell permeable. BI-D1870 

has a >500 fold selectivity for RSK over nine other AGC kinases tested by Sapkota et al, and 

reduced the activity of several other kinases (see Table 1).93  The most commonly reported 

concentration for BI-D1870 is 10 μM as concentrations of BI-D1870 lower than 2.5 μM were 

found to affect several biological functions.99–103  
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Chiu et al reported that BI-D1870 inhibits the RSK target Y box binding protein 1 (YB-1) 

causing apoptosis, shown through poly (ADP-ribose) polymerase (PARP) cleavage and the 

activation of the caspase cascade. They also found that BI-D1870 induces G2/M phase arrest by 

modulating the expression of p21 and other cell cycle regulators. BI-D1870 generates reactive 

oxygen species and increases endoplasmic reticulum stress and autophagy, as well as modulating 

the Akt and p38 MAPK cell survival signaling pathways.104 The compound has also been 

reported to block TLR-mediated micropinocytosis through the inhibition of RSK.97 Recently 

synthesized inhibitors of RSKs have been described as good candidates for anti-cancer drugs.105  

Pambid et al found that BI-D1870 can be tolerated up to 100 mg/kg in vivo, and that it 

crosses the blood-brain barrier but has a low extraction efficiency from tissues. Pharmaco-

kinetics and -dynamics were described to be low and metabolite production showed low 

levels.103 More research must be done to improve the effect of BI-D1870 in vivo and discover 

how it is excreted from the tissue. The synthesis of this compound may give a better 

understanding of what is happening in this process.  
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Figure 2. The RSK signaling pathway. Modified from Chen et al.106 RSK can inhibit and 

activate several different kinases and ultimately this pathway leads to translation and cell 

proliferation.  
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Table 1. Activity of RSK inhibitors on off target kinases extracted from a literature 

search.93,94,102,107,108 

BI-D1870 SL0101 BIX-02565 

<40% activity >100% activity  <40% activity >100% activity  

PKCa PKB ERK1 Aurora B SGK1 Slk 

GSKB IRAK4 JNK1 PIM1 MAPKAP-K3 Lok 

CDK2-A p38γ MAPK PIM3 SmMLCK MST1 

MARK3 SGK1  NEK6  

CK1 S6K1  NEK7  

Lck MSK1   

MST2 MAPKAP-K3   

Aurora B SmMLCK   

PLK1 PHK   

DYRK1a AMPK   

MELK NEK6   

PIM3 NEK7   

Slk IKKb   

Lok    

MST1    
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1.6 Rationale and Hypothesis  

1.6.1 Rationale 

 

 Oncolytic viruses (OVs) have increasingly been used for the treatment of cancer over the 

past 20 years. OVs can selectively target and kill cancer cells, while inducing an anti-tumour 

immune response. These viruses can also induce direct cytopathic effects on the cancer cells and 

the disruption of blood vessels associated with the tumour. They can be very effective as a 

cancer treatment and have resulted in complete tumour regression in some patients. However, 

most patients show a limited response, with an inadequate amount of viral replication within the 

tumour. Researchers have found ways to help OV therapy by increasing replication of the virus, 

bystander killing of cancer cells, and/or stimulating a stronger and more specific anti-tumour 

immune response. In 2016, the FDA approved the first OV to be used in the clinic in the US and 

Canada when a 16.3% response rate was achieved – Talimogene laherparepvec (T-VEC). In 

order to improve this response rate, there are several barriers to overcome including 

sequestration by the liver, neutralizing antibodies, and the tumour microenvironment. Small 

molecule inhibitors and other drugs in combination with OVs have achieved an increase in 

therapeutic effectiveness. Several of these combinations have made their way to clinical trials – 

including T-VEC with paclitaxel, Pexa-Vec with ipilimumab, and measles virus with 

gemcitabine to name a few.  

 Through previous work done by members of the Alain lab with rapamycin and active site 

mTOR inhibitors (asTORi),110 they discovered that there was an increase in the infection of 

HSV1-1716. Downstream target of mTORC1, rpS6, was found to be phosphorylated even in the 

presence of rapamycin when cells were infected with HSV1. Small molecule RSK inhibitor BI-

D1870 also inhibits rpS6 through the RSK pathway, and it was originally thought that this 
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inhibitor could block the infection of HSV1. However, when tested in conjunction with HSV1-

1716, there was a strong increase in infection. Therefore, the mechanism of action of BI-D1870 

needed further investigation.  

 

1.6.2 Hypothesis  

 BI-D1870 can increase HSV1 and VSVΔ51 infection and spread within cancer cells 

tumour tissues. The generation of analogs can improve the effect of BI-D1870 upon 

HSV1-1716 and VSVΔ51 infection  

 

1.6.3 Research Aims 

 Aim 1:  Assess BI-D1870 in combination with HSV1 and VSVΔ51 oncolysis and assess 

a mechanism of action  

 Aim 2: Develop of novel sensitizers based on BI-D1870 structural analogs  

 

 

 

 

 

 

 



29 

 

Chapter 2: Materials and Methods 

2.1 Cell lines, kinase inhibitors and viruses  

2.1.1 Cell culture 

Cell lines used included human glioblastoma (U343), prostate carcinoma (PC3), normal human 

fibroblasts (GM38), murine glioblastoma (K4622), murine breast carcinoma (4T1), human renal 

adenocarcinoma (786-0), murine breast carcinoma (EMT6), murine mammary epithelial cells 

(NMuMG), murine breast carcinoma (NT2196), human glioblastoma (LN-18), HER2+ breast 

carcinoma cells, and mouse embryonic fibroblasts (MEF). All cell lines, except LN-18, HER2+ 

and SLKΔ3-6 cells were obtained from ATCC. The LN-18 cells were obtained from Dr. Martin 

Roffe at the Hospital A.C. Camargo in Sao Paulo, Brazil. The HER2+ and SLKΔ3-6 cells were 

obtained from Dr. Luc Sabourin at the Ottawa Hospital Research Institute. The U343, K4622, 

PC3, NMuMG, NT2196, HER2+ cell lines were cultured using Dulbecco’s Modified Eagle’s 

Medium (DMEM) (GE HealthCare, cat. SH3002.01) containing 4500 mg/L glucose and 4.00mM 

L-glutamine, supplemented with 10% fetal bovine serum (FBS) (Sigma-Aldrich, cat. F1051) and 

1% penicillin and streptomycin (GE HealthCare, cat. SH40003.01).  

The GM38 cell line was cultured using the same media as previously described, but with 2% 

FBS. The LN-18 cell line was cultured using the same media as previously described, but with 

the addition of 1% pyruvate (Sigma-Aldrich, cat. P2256).  

The 4T1 cells were cultured using RPMI-1640 (Roswell Park Memorial Institute) (Sigma-

Aldrich, cat. R8758) containing 2.0 mM L-glutamine and sodium bicarbonate, supplemented 

with 10% FBS and 1% penicillin and streptomycin. 

The cells were grown at 37°C and 5% CO2 until a confluency of 80-90% was reached, then 

rinsed with in-house made phosphate buffered saline (PBS) (0.8% NaCl, 0.02% KCl, 0.144% 
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Na2HPO4, 0.024% KH2PO4, pH 7.4), lifted with 0.025% trypsin-EDTA (Life Technologies, CAS 

no. 9002-07-07) and collected by centrifugation (230 x g for 5 minutes) at room temperature 

(RT). Cells were then counted using a CASY cell counter (Innovatis). All cells were seeded and 

grown in tissue culture treated 10cm, 15cm, 6-well, 12-well, and 24-well plates (Corning).  

 

2.1.2 Kinase inhibitors and nanoparticles 

RSK inhibitors used included BI-D1870 (Enzo Life Sciences, cat. BML-EI407-0005), 

LJI308 (DC Chemicals, CAS. 1627709-94-7), BIX-02565 (ApexBio, cat. B1295), Fmk (Axon 

MedChem, CAS. 821794-92-7), or SL0101-1 (Adooq Bioscience, cat. A11160) were diluted in 

DMSO (Sigma-Aldrich, CAS. 67-68-5) to a stock concentration of 10 mM and stored at -20°C. 

Nanoparticles were provided and produced by Dr. Suresh Gadde, Department of Biochemistry, 

Microbiology and Immunology, University of Ottawa. BI-D1870- nanoparticles (BI-D-NPs) 

were synthesized via previously reported nanoprecipitation method.111 Briefly, 100 μl of 

poly(lactic-co-glycolic acid-polyethylene glycol (PLGA-PEG) (10 mg/ml in Acetonitrile) and 

100 μl of BI-D1870 (1mg/ml in acetonitrile) are mixed and added dropwise to 2.5 ml of water. 

The reaction mixture was stirred at room temperature for 6-7 hours to form self-assembly of BI-

D-NPs. NPs were concentrated, and purified by centrifugal filters (50K or 100 K MWCO) and 

analyzed by Malvern Zetasizer (Dynamic light scattering (DLS)) and transmission electron 

microscopy (TEM). 

 

2.1.3 Oncolytic viruses  

Virus strains used include HSV1-1716-GFP (Herpes simplex virus type 1, Virttu Biologicals 

UK, Sorento Therapeutics), VSVΔ51-RFP and VSVΔ51-GFP (Vesicular stomatitis virus, Dr. 
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David Stojdl, CHEO Research Institute), VSV-G-GFP (G-less vesicular stomatitis virus, Dr. 

Jean-Simon Diallo, The Ottawa Hospital Research Institute), MG1-GFP (Maraba virus, Dr. 

David Stojdl, CHEO Research Institute), JX-594-GFP (vaccinia virus, Dr. John Bell, The Ottawa 

Hospital Research Institute), Myxoma (Grant McFadden - Biodesign Institute, Arizona State 

University) and Adenovirus-RFP (Dr. Robin Parks, The Ottawa Hospital Research Institute). 

Viral stocks were kept frozen at -80°C at 1.0 x 109 plaque forming units (pfu) in Opti-MEM 

(Thermo-Fisher, cat. 31985062).  

HSV1-1716 infection was performed at a multiplicity of infection (MOI) of 0.1 with U343, 

GM38, K4622, PC3, NMuMG, NT2196, EMT6, 786-0 cells, and 0.01 with LN-18 cells. 

VSVΔ51 infection was performed at an MOI of 1 with GM38 cells, 0.1 for 4T1, NMuMG, and 

NT2196 cells, and 0.01 with EMT6 and 786-0 cells. VSV-G infection was performed at an MOI 

of 0.1 with 4T1 cells. Myxoma virus infection was performed at an MOI of 1 with U343 cells, 

JX-594 infection was performed at an MOI of 0.1 with U343 cells. All experiments with 

Adenovirus (10 MOI) were performed by students in the lab of Dr. Robin Parks at the Ottawa 

Hospital Research Institute.  

 

2.2 Viral infection, kinase inhibitor and nanoparticle treatments  

All cell lines were treated with the same protocol. The virus was diluted in media (DMEM or 

RPMI) to the correct MOI, then portioned out evenly into 6-well (3 mL), 12-well (2 mL), or 24-

well plates (1 mL). BI-D1870 (or other RSK inhibitors, nanoparticles) were diluted in media 

(DMEM or RPMI) prior to being added to the well plates to concentrations of 0.1 mM, 0.5 mM, 

or 1 mM. Subsequently, 10 μL (for 24-well plates; 30 μL for 6-well plates, and 20 μL for 12-well 

plates) of each concentration was pipetted into one well of the plate to give a final concentration 
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of 1 μM, 5 μM, or 10 μM. DMSO was used as a control, and was diluted in media. The plates 

were then placed in the incubator, or the Incucyte S3 Live-Cell Analysis System (Essen 

Bioscience, cat. 4647). Images of the infection were taken 24 – 48 hours post infection on the 

EVOS microscope (Thermo-Fisher) and the Incucyte. Cell lysates were then collected for 

western blot analysis. 

 

2.3 Extraction of cytosolic protein contents and protein quantification 

Culture media was removed and the cells were rinsed using in-house PBS, and then lysed with 

in-house made lysis buffer (radioimmunoprecipitation assay buffer (RIPA buffer) (50 mM Tris, 

150 mM NaCl, 1.0% IGEPAL-CA-630, 0.5% sodium deoxycholate, 0.1% SDS, pH 8.0), 50 mM 

NaF, 15 mM NaVO3, Roche protease inhibitor) and then frozen at -80°C. Cell lysates are then 

thawed and centrifuged at 14,000xg for 10 minutes to remove phospholipid membranes, nucleic 

acids and other non-soluble matter. The remainder of the lysates undergo protein quantification 

with the BioRad DC Protein Assay. The working reagent is prepared by adding 20μl of reagent S 

to every mL of reagent A needed (to make working reagent A’). A standard curve containing 0.2 

mg/mL, 0.5 mg/mL, 1.0 mg/mL, 1.5 mg/mL, and 2.0 mg/mL BSA in RIPA was prepared. 5μl of 

standards and 2 μl of each sample was pipetted in duplicate into a 96-well plate. 25 μl of reagent 

A’ and 200 μl of reagent B was pipetted into each well. The plate was gently agitated to mix and 

then let rest for 15 mins before being read at an absorbance of 750 nm.  

 

2.4 Western immunoblot analysis and antibodies 

Quantified proteins were subjected to SDS-PAGE electrophoresis and were transferred onto a 

0.45 μm nitrocellulose membrane (Bio-Rad, CAS 9004-70-0). For 15 well gels, 30 μg of protein 
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was loaded. The membranes were probed for proteins of interest using primary antibodies 

specific for HSV1 (Dako, cat. B011402), HSV-ICP0 (Santa Cruz, cat. 11060), GAPDH (Abcam 

cat. ab8245), VSVΔ51 (Dr. John Bell, The Ottawa Hospital Research Institute), and VACV 

(Quartett, cat. 12200100715). These antibodies were followed by a wash, and then a goat anti-

rabbit or anti-mouse secondary polyclonal antibodies (BioRad). After blotting, the proteins of 

interest are visualized by chemiluminescence (ChemiDoc Imaging Systems, BioRad).  

 

2.5 In vivo experiments 

15 female BALB/c and 10 C57BL/6 mice were implanted with 4T1 and CT-2A cells respectively 

(injected subcutaneously). The mice were separated into two groups – those treated with vehicle 

and VSVΔ51-Fluc, and those treated with BI-D1870 and VSVΔ51-Fluc. 10 days post 

implantation, vehicle and BI-D1870 were injected intraperitoneally (i.p – 100mg/kg), and 

VSVΔ51-Fluc was injected intratumourally (i.t. – 1x108 pfu in 50 μL). Day 2 and 3 post-

treatment, mice were imaged with IVIS Spectrum In vivo Imaging System (Perkin Elmer, part 

124262) in the morning, and injected with BI-D1870 and vehicle i.p. in the evening. Tumour size 

was measured via calipers 3 times a week starting 10 days post treatment. Animal weight was 

monitored 3 times a week and killed when symptoms developed (loss of >20% of body weight or 

difficulty moving, feeding, or grooming).  
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2.6 Synthesis of BI-D1870  

 

A solution of isopentylamine (1.1 equivalent (eq)) (Sigma-Alridch, CAS 107-85-7) and 

triethylamine (1.1 eq) (Sigma-Aldrich, CAS 121-44-8) in tetrahydrofuran (THF) (1.7 M) (Sigma-

Aldrich, CAS 109-99-9) was cooled to 0°C. Ethyl 2-bromopropionate (1.0 eq) (Sigma-Aldrich, 

CAS 535-11-5) in THF (1.7 M) was added dropwise over 2 hours as the solution gradually warmed 

to room temperature. The reaction solution was stirred for 24 more hours at room temperature 

before being filtered to remove the white precipitate that formed. The filtrate was concentrated 

under reduced pressure and purified by flash column chromatography (7:3 hexanes:ethyl acetate). 

The product, compound 24, was a dark orange oil with a 93% yield.  1H NMR (400 MHz, CDCl3) 

δ 4.20 (q, J=7.1 Hz, 2H), 3.32 (q, J=6.9 Hz, 1H), 2.62-2.56 (m, 1H), 2.53-2.46 (m, 1H), 1.62 (sept, 

J=6.7 Hz, 1H), 1.51 (br s, 1H), 1.40-1.27 (m, 8H), 0.89 (dd, J=6.6 Hz, J=2.9 Hz, 6H). 13C NMR 

(100 MHz, CDCl3) δ 175.9, 60.6, 56.8, 46.1, 39.2, 26.0, 22.8, 22.4, 19.1, 14.3. 
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To a solution of compound 24 (1.25 eq) in water (0.625 M) a solution of 2,4-dichloro-5-

nitropyrimidine (1.0 eq) (Sigma-Aldrich, CAS 49845-33-2),  in diethyl ether (0.250 M) (Sigma-

Aldrich, CAS 69-29-7) was added. The mixture was cooled to 0°C before the addition of potassium 

carbonate (5.0 eq) (CAS 584-08-7) portionwise, and then stirred for 2 hours at this temperature. 

The reaction mixture was stirred for 2 more hours at room temperature until the thin layer 

chromatography (TLC) analysis showed no remaining amine. The organic phase was washed with 

water and dried with anhydrous magnesium sulfate (Sigma-Aldrich, CAS 7487-88-9), filtered, and 

evaporated under reduced pressure. The product, compound 25, was purified by flash column 

chromatography (9:1 hexanes:ethyl acetate) to get a dense yellow oil with a 35% yield. 1H NMR 

(400 MHz, CDCl3) δ 8.67 (s, 1H), 4.49 (br d, J=6.1 Hz, 1H), 4.29-4.17 (m, 2H), 3.49-3.43 (m, 

1H), 3.21-3.14 (m, 1H), 1.63 (d, J=7.0 Hz, 3H), 1.59-1.48 (m, 3H), 1.27 (t, J=7.1 Hz, 3H), 0.91 

(dd, J=6.2 Hz, J=3.2 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 170.3, 160.2, 156.3, 154.1, 131.5, 

61.7, 58.9, 49.4, 35.5, 26.4, 22.4, 14.9, 14.1. 

 

 

Compound 25 (1.0 eq) was dissolved in glacial acetic acid (0.2 M) (Sigma-Aldrich, CAS 64-19-

7) and heated to 70°C, then removed from the oil bath and 5.25 eq of iron powder (Iron (III) oxide, 

Sigma-Aldrich, CAS 1309-37-1)was added, resulting in an exothermic reaction. This reaction 

mixture was then placed back in the oil bath at 100°C and stirred for 3 hours. After cooling to 
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room temperature, the mixture was filtered over Celite (Sigma-Aldrich, CAS 61790-53-2) then 

extracted with dichloromethane (DCM) (Sigma-Aldrich, CAS 75-09-2) and 6N HCl (Sigma-

Aldrich, CAS 7647-01-0). The product was extracted again with DCM, then the combined organic 

extracts were washed with water, aqueous ammonium hydroxide and brine before being dried with 

anhydrous magnesium sulfate, filtered, and evaporated under reduced pressure. The product, 

compound 26, was purified by flash column chromatography (100% ethyl acetate) to produce a 

white powder with a 60% yield. 1H NMR (400 MHz, CDCl3) δ 8.50 (s, 1H), 7.63 (s, 1H), 4.24 (q, 

J=6.9 Hz, 1H), 4.18-4.11 (m, 1H), 3.14-3.07 (m, 1H), 1.64 (sept, J=6.6 Hz, 1H), 1.57-1.51 (m, 

2H), 1.49 (d, J=6.8 Hz, 3H), 0.98 (dd, J=6.5 Hz, J=4.4 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 

166.0, 154.8, 151.1, 138.7, 117.2, 56.4, 43.2, 35.7, 25.9, 22.7, 22.3, 17.8. 

 

 

A solution of compound 26 (1.0 eq) and 2-iodopropane (4.0 eq) (Sigma-Aldrich, CAS 75-30-9) 

in N,N-Dimethylformamide (DMF) (0.4 M) (Sigma-Aldrich, CAS 68-12-2) was cooled to -10°C, 

to which sodium hydride (60% suspension in mineral oil, 1.125 eq) (Sigma-Aldrich, CAS 7646-

69-7) was added. The mixture was stirred for 4 hours and gradually warmed to room temperature 

The reaction was quenched with water and 6N HCl, and the product extracted with ethyl acetate 

(Sigma-Aldrich, CAS 141-78-6). The organic phase was washed with water, then dried with 

anhydrous magnesium sulfate, filtered and evaporated under reduced pressure. The product, 
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compound 27, was purified by flash column chromatography (9:1 DCM:MeOH) to get a yellow-

ish solid with a 30% yield. 1H NMR (400 MHz, CDCl3) δ 7.85 (1H, s), 4.88 (1H, q, J = 6.9 Hz), 

3.61 (3H, s), 3.25-3.34 (2H, 3.30 (t, J = 7.5 Hz), 3.30 (t, J = 7.5 Hz)), 1.49 (1H, tsept, J = 7.7, 6.7 

Hz), 1.26-1.43 (5H, 1.36 (dt, J = 7.7, 7.5 Hz), 1.28 (d, J = 6.9 Hz), 1.36 (dt, J = 7.7, 7.5 Hz)), 

0.84-0.88 (6H, 0.86 (d, J = 6.7 Hz), 0.86 (d, J = 6.7 Hz)). 13C NMR (100 MHz, CDCl3) δ 169.1, 

154.5, 149.6, 140.5, 136.9, 53.9, 49.6, 38.4, 32.8, 27, 22.7, 17.9. 

 

 

Potassium carbonate (2.0 eq) was added to a solution of 3,4,5-trifluoronitrobenzene (1.0 eq) and 

benzyl alcohol (1.05 eq) (Sigma-Aldrich, CAS 100-51-6) in DMF. The resultant mixture was 

stirred at room temperature overnight, and subsequently concentrated under reduced pressure. 

The residue was partitioned between ethyl acetate and water. The organic layer was separated 

and washed with brine, dried with anhydrous magnesium sulfate, filtered and evaporated under 

reduced pressure. The product, MW-040 (2-(benzyloxy)-1,3-difluoro-5-nitrobenzene), was 

purified by column chromatography (7:3 hexanes:ethyl acetate) to get a cream-coloured powder 

with a 55% yield. . 1H NMR (400MHz, CDCl3) δ 7.00 (2H, d, J = 8.1, 1.4, 0.5 Hz), 7.17 (1H, t, J 

= 7.6, 1.4 Hz), 7.38 (2H, dd, J = 8.1, 7.6, 1.5, 0.5 Hz), 8.08 (2H, d, J = 1.9 Hz).  13C NMR (100 

MHz, CDCl3) δ 156, 152.1, 143.3, 133.9, 129.6, 123.6, 118.3, 112.5. 
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To a solution of MW-040 (1.0 eq) in ethanol, 10% palladium on activated carbon was added (0.5 

g). The mixture was hydrogenated (1 atm) at RT for 48 hours. The reaction mixture was filtered 

and the filtrate concentrated under reduced pressure to give 4-amino-2,6-difluorophenol (MW-

45) with 15% yield. 1H NMR (400MHz, CDCl3) δ 6.78 (2H, d, J = 1.8 Hz). 13C NMR (100 

MHz, CDCl3) δ 152.1, 142.4, 129.6, 103.4.  

General procedure for final amination 

 

Concentrated hydrochloric acid (3.0 eq) was added to a mixture of compound 27 (1.0 eg), MW-45 

(1.0 eq), water (0.83 M) and 1,4-dioxane (0.83 M) (Sigma-Aldrich, CAS 123-91-1) and then 

heated to reflux (100°C) and stirred for 48 hours. Once cooled to room temperature, the volatile 

components were removed by evaporation under reduced pressure and the product was isolated. 

Predicted spectra: 1H NMR (400MHz) δ 7.81 (1H, s), 6.97 (2H, d, J = 1.4 Hz), 4.88 (1H, q, J = 
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6.9 Hz), 3.61 (3H, s), 3.28-3.37 (2H, (t, J = 7.5 Hz), 1.49 (1H, sept, J = 7.7, 6.7 Hz), 1.21-1.33 

(5H, (d, J = 6.9 Hz)) 0.84-0.88 (6H, (d, J = 6.7 Hz)).13C NMR (100MHz) δ 169.1, 162.2, 152.1, 

149.6, 140.5, 140.0, 136.9, 129.6, 105.6, 53.9, 49.6, 38.4, 32.8, 27, 22.7, 17.9. 

 

2.7 Synthesis of series I analogs  

2.7.1 Synthesis of KA-001 

 

Compound KA-001 was prepared following steps from 2.6, with compound 27 and aniline (1.0 

eq) (Sigma-Aldrich, CAS 62-53-3). The product was isolated by precipitation with a 43% yield 

as a cream-coloured powder. 1H NMR (400 MHz) δ 10.66 (s, 1H), 7.85 (s, 1H), 7.57 (d, J=7.7 

Hz, 2H), 7.36 (dd, J=8.0 Hz, J=7.6 Hz, 2H), 7.14 (t, J=7.4 Hz, 1H), 4.50 (q, J=6.8 Hz, 1H), 3.93-

3.86 (m, 1H), 3.36-3.29 (m, 1H), 3.18 (s, 3H), 1.68-1.55 (m, 2H), 1.46 (d, J=6.8 Hz, 4H), 0.89 

(dd, J=9.8 Hz, J=6.3 Hz, 6H). 13C NMR (100 MHz) δ 163.2, 151.2, 149.3, 137.4, 128.8, 124.2, 

123.9, 120.4, 115.0, 56.5, 45.1, 34.7, 28.1, 25.9, 22.4, 22.0, 18.6. 
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2.7.2 Synthesis of KA-004 

 

Compound KA-004 was prepared following steps from 2.6, with compound 27 and 3,5-

difluoroaniline (1.0 eq) (Sigma-Aldrich, CAS 372-39-4). A pale orange product was isolated by 

precipitation with a 55% yield. 1H NMR (400 MHz) δ 10.38 (s, 1H), 7.81 (s, 1H), 7.37 (dd, 

J=9.7 Hz, J=2.1 Hz, 2H), 6.88 (s, 1H), 4.45 (q, J=6.7 Hz, 1H), 3.96-3.88 (m, 2H), 3.21 (s, 3H), 

1.66-1.59 (m, 2H), 1.3-1.45 (m, 1H), 1.41 (d, J=6.8 Hz, 3H), 0.89 (t or dd, J=6.2 Hz, 6H). 13C 

NMR (100 MHz) δ 163.6 (d, J=61.2 Hz), 163.3, 161.2 (d, J=61.2 Hz), 151.1, 149.5, 140.6, 

115.7, 102.8 (d, J=115.2 Hz), 98.3, 56.6, 45.0, 34.8, 28.1, 25.8, 22.2, 22.0, 18.5. 

 

2.7.3 Synthesis of KA-005 
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Compound KA-005 was prepared following steps from 2.6, with compound 27 and p-

aminophenol (1.0 eq) (Sigma-Aldrich, CAS 123-30-8). A pale yellow powder was isolated by 

precipitation with a 27% yield. 1H NMR (400 MHz) δ 9.99 (s, 1H), 9.48 (br s, 1H), 7.62 (s, 1H), 

7.26 (d, J=8.7 Hz, 2H), 6.77 (d, J=8.7 Hz, 2H), 4.46 (q, J=6.9 Hz, 1H), 3.87-3.79 (m, 1H), 3.29-

3.22 (m, 2H), 3.17 (s, 3H), 1.63-1.48 (m, 2H), 1.43 (d, J=6.8 Hz, 3H), 0.86 (t or dd, J=6.2 Hz, 

6H). 13C NMR (100 MHz) δ 163.2, 151.4, 149.5, 127.9, 123.7, 116.0, 115.3, 114.6, 56.4, 44.9, 

34.7, 28.1, 25.8, 22.3, 22.0, 18.7. 

 

2.7.4 Synthesis of KA-006  

 

Compound KA-006 was prepared following steps from 2.6, with compound 27 and 4-

methoxyaniline (1.0 eq) (Sigma-Aldrich, CAS 104=94-9). The product, a brown solid, was 

isolated by recrystallization with a 13% yield. This product was impure. 1H NMR (400 MHz) 

δ 7.80 (s, 1H), 7.53 (d, J=9.0 Hz, 2H), 6.94 (d, J=9.0 Hz, 2H), 4.52 (q, J=6.9 Hz, 1H), 4.09-4.02 

(m, 1H), 3.80 (s, 3H), 3.49-3.42 (m, 1H), 3.33 (s, 3H), 1.77-1.64 (m, 3H), 1.58 (d, J=7.0 Hz, 

3H), 0.94 (dd, J=12.5 Hz, J=6.3 Hz, 6H).  
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2.8 Synthesis of series I.II analogs  

2.8.1 Synthesis of KA-013 

 

Compound KA-013 was prepared following steps from 2.6, with compound 27 and methylamine 

(1.0 eq) (Sigma-Aldrich, CAS 74-89-5) (but after 48 hours of reflux, there was no product 

formation. An acid catalyst (6 N HCl, 0.35 mL) was added and reflux continued for another 21 

hours. The volatile components were evaporated under reduced pressure and the product was 

purified by flash column chromatography (5-10% gradient of methanol in DCM). The product 

was a dense brown oil with a 19% yield. 1H NMR (400 MHz, CDCl3) δ 7.05 (s, 1H), 4.32-4.24 

(m, 1H), 4.19 (q, J=6.9 Hz, 1H), 3.19 (s, 3H), 3.03-2.96 (m, 1H), 1.64-1.49 (m, 3H), 1.44 (d, 

J=6.9 Hz, 3H), 0.93 (dd, J=6. Hz, J=3.0 Hz, 6H). 13C NMR (100 MHz, CDCl3) δ 164.1, 157.8, 

154.4, 124.0, 112.0, 56.4, 43.5, 35.6, 28.2, 25.9, 22.6, 22.3, 18.5. 

2.8.2 Synthesis of KA-019 
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Compound KA-019 was prepared following the steps from 2.6, with compound 27 and 5-amino-

1H-benzotriazole (1.0 eq) (Sigma-Aldrich, CDS000711). The product was purified by flash 

column chromatography (5-10-20% methanol in DCM) and a dense brown oil was isolated with 

a 13% yield. 1H NMR (400 MHz, (CD3)2CO) δ 10.58 (br s, 1H), 8.37 (s, 1H), 7.87 (d, J=8.8 Hz, 

1H), 7.82 (s, 1H), 7.57 (dd, J=8.9 Hz, J=1.7 Hz, 1H), 4.42 (q, J=6.8 Hz, 1H), 4.09-4.02 (m, 1H), 

3.46-3.38 (m, 1H), 3.32 (s, 3H), 1.73-1.65 (m, 2H), 1.62-1.54 (m, 1H), 1.51 (d, J=6.8 Hz, 3H), 

0.86 (dd, J=17.5 Hz, J=6.2 Hz, 6H).  

2.8.3 Synthesis of KA-020 

 

Compound KA-020 was prepared following the steps from 2.6, with compound 27 and 4-

(trifluoromethyl)aniline (1.0 eq) (Sigma-Aldrich, CAS 455-14-1) and was purified by flash 

column chromatography (0-8% gradient of methanol in DCM). Two separate products were 

obtained: KA-020A – a pale orange powder with 35% yield. 1H NMR (400 MHz, (CD3)2CO) 

δ 7.93 (d, J=8.9 Hz, 2H), 7.82 (s, 1H), 7.68 (d, J=8.9 Hz, 2H), 4.53-4.48 (m, 1H), 4.21-4.14 (m, 

1H), 3.50-3.42 (m, 1H), 3.33 (s, 3H), 1.80-1.62 (m, 3H), 1.54 (dd, J=6.9 Hz, J=2.1 Hz, 3H), 0.97 

(dd, J=13.5 Hz, J=6.3 Hz, 6H).  KA-020B – 20% yield. 1H NMR (400 MHz, (CD3)2CO) δ 8.03 

(d, J=8.9 Hz, 2H), 7.80 (s, 1H), 7.57 (d, J=8.7 Hz, 2H), 4.28 (q, J=6.8 Hz, 1H), 4.19-4.11 (m, 
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1H), 3.31 (s, 3H), 3.26-3.20 (m, 1H), 1.73-1.54 (m, 3H), 1.36 (d, J=6.8 Hz, 3H), 0.97 (dd, J=10.5 

Hz, J=6.4 Hz, 6H). 

2.8.4 Synthesis of KA-021 

 

Potassium carbonate (5.0 eq) was added to a solution of 3,4,5-trifluoronitrobenzene (1.0 eq) 

(Sigma-Aldrich, CAS 66684-58-0) and methanol (1.05 eq) (Sigma-Aldrich, CAS 67-56-1) in 

DMF (0.4 M). The resulting reaction mixture was stirred at room temperature for 26 hours. The 

mixture was extracted with ethyl acetate and water, the aqueous phase saturated with sodium 

chloride before a second extraction. The combined organic phases were washed with brine and 

then dried with anhydrous magnesium sulfate, filtered and evaporated under reduced pressure. 

The product, KA-016, was purified by flash column chromatography (95:5 hexanes:acetone), 

and a bright yellow powder was produced with a 72% yield. 1H NMR (400 MHz, CDCl3) δ 7.85 

(d, J=8.6 Hz, 2H), 4.18 (dd, J=2.0 Hz, J=1.9 Hz, 3H). 13C NMR (100 MHz, CDCl3) δ 155.2 (d, 

J=6.6 Hz), 152.7 (d, J=6.6 Hz), 142.5, 109.2, 108.9, 61.8 (dd, J=4.4 Hz, J=4.4 Hz). 

 



45 

 

Palladium on carbon (10% wt, 50% m/m) (Sigma-Aldrich, cat. 205699) was added to a solution 

of compound KA-016 in ethanol (0.1 M) (Sigma-Aldrich, CAS 64-17-5), degassed and placed 

under argon. The solution was stirred at room temperature for 24 hours. The reaction mixture 

was filtered over Celite, and evaporated under reduced pressure. The product was purified by 

flash column chromatography (1:1 to 2:8 to 0:1 hexanes:DCM) to obtain compound KA-018, an 

off-white powder with an 84% yield. 1H NMR (400 MHz, CDCl3) δ 6.21 (d, J=9.9 Hz, 2H), 3.87 

(s, 3H), 3.65 (br s, 2H). 13C NMR (100 MHz, CDCl3) δ 156.7 (dd, J=244 Hz, J=7.8 Hz), 142.4 

(dd, J=12.4 Hz, J=12.4 Hz), 128.5, 98.8 (dd, J=17.9 Hz, J=7.7 Hz), 62.3 (dd, J=2.6 Hz, J=2.2 

Hz). 

 

Compound KA-021 was prepared by following the steps from 2.6, with compound 27 and CNB-

KA-018. The product was purified by flash column chromatography (0-10% gradient of 

methanol in DCM) and a pastel orange powder was formed with a 50% yield. . 1H NMR (400 

MHz, DMSO-d6, TMS) δ 9.37 (s, 1H), 7.38 (s, 1H), 7.52 (d, J=11.6 Hz, 2H), 4.27 (q, J=6.7Hz, 

1H), 4.02-3.95 (m, 1H), 3.82 (s, 3H), 3.23 (s, 3H), 3.19-3.14 (m, 1H), 1.67-1.47 (m, 3H), 1.29 (d, 

J=6.8 Hz, 3H), 0.92 (dd, J=7.7 Hz, J=6.6 Hz, 6H). 13C NMR (100 MHz, DMSO-d6, TMS) δ 

163.8, 156.3 (d, J=8.0 Hz), 154.9, 153.9 (d, J=8.0 Hz), 150.5, 138.3, 137.3 (dd, J=13.5 Hz, 
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J=13.1 Hz), 128.7 (dd, J=15.3 Hz, J=14.9 Hz), 115.0, 101.4 (d, J=27.0 Hz), 61.9, 56.1, 43.0, 

35.5, 27.7, 25.7, 22.4, 17.0. 

2.8.5 Synthesis of KA-022 

 

Compound KA-022 followed the steps from 2.6, with compound 27 and 4-chloroaniline (1.0 eq) 

(Sigma-Aldrich, CAS 106-47-8) and purified by precipitation. A beige powder was formed with 

a 55% yield. 1H NMR (400 MHz, DMSO-d6, TMS) δ 10.34 (br s, 1H), 7.75 (s, 1H), 7.59 (d, 

J=8.5 Hz, 2H), 7.39 (d, J=8.6 Hz, 2H), 4.47 (q, J=6.8 Hz, 1H), 3.90-3.84 (m, 1H), 3.31-3.26 (m, 

1H), 3.19 (s, 3H), 1.62-1.53 (m, 2H), 1.43 (d, J=6.6 Hz, 3H), 1.24 (br s, 1H), 0.87 (dd, J=7.4 Hz, 

J=6.6 Hz, 6H). 
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Chapter 3: Results  

3.1: Assess BI-D1870 in combination with HSV1 and VSVΔ51 oncolysis 

The mechanism of action of some oncolytic virus combination therapies with small 

molecule inhibitors are not all fully understood. With the work of previous members of the Alain 

lab,110 BI-D1870 was identified and tested with HSV1-1716 and found to increase the amount of 

viral infection in comparison to the control. Testing the effect of BI-D1870 upon cancer cells, 

normal cells and various oncolytic viruses will help to understand the mechanism of action. 

 

 3.1.1 BI-D1870 is a small molecule inhibitor found to increase HSV1 infection    

Cancer treatment is constantly undergoing evaluation in order to provide the best possible 

care to patients. Oncolytic viral therapy is a newer treatment in the clinic, with T-VEC (oncolytic 

HSV1) approved for use for melanoma. With only a 16.3% response rate, combining HSV1 with 

small molecule inhibitors or other compounds to improve upon the infection of the virus is 

essential. BI-D1870, a RSK inhibitor, was found to increase the infection of HSV1. To begin 

looking at how BI-D1870 increases infection, several types of cancer cells and normal cells will 

be tested with HSV1 in combination with BI-D1870.  

Human glioblastoma cells (U343) were infected with HSV1-1716-GFP and HSV1-ICP0-

null-GFP (Figure 3 A, B), murine glioblastoma (K4622) and normal human fibroblasts (GM38) 

were infected with HSV1-1716-GFP (Figure 3 C – F) at a multiplicity of infection (MOI) of 0.1. 

Concentrations of 10 μM have been reported to be optimal,112 therefore concentrations of BI-

D1870 used included 1 μM, 5 μM, and 10 μM with DMSO as a control. After 48 hours, the 

green fluorescent protein (GFP) signal was visualized using the EVOS microscope. The extent of 
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GFP signal seen is indicative of the amount of virus present in the cell. Both the human and 

murine glioblastomas (U343 and K4622) show increased GFP signaling when treated with BI-

D1870 while the GM38 cells have little to no GFP signaling present in both the control and 

treated cells (Figure 3 E, F). Levels of HSV1-1716, ICP0 and GAPDH proteins were detected 

by western immunoblotting after 48 hours of infection. Viral proteins of HSV1 and ICP0 (an 

HSV1 protein indicative of the earliest stages of infection)23 show an increase consistent with the 

amount of BI-D1870 (Figure 3 A). These results show that HSV1 (both HSV1-1716 and HSV1-

ICP0-null) infection is increased in the presence of BI-D1870 in cancer cells, but not in normal 

cells.  

 

3.1.2 BI-D1870 increases HSV1 infection in multiple cancer cell lines 

To ensure that the effect BI-D1870 was consistent in other cancerous cell lines and 

normal cell lines, human renal cell adenocarcinoma cells (786-0) (Figure 4 A-C), murine breast 

carcinoma cells (EMT6) (Figure 4 D-F), normal murine mammary epithelial cells (NMuMG) 

(Figure 5 A, B, D) and murine breast carcinoma cells (NT2196) (Figure 5 A, C - D) were 

tested. All cell lines were infected with HSV1-1716-GFP at 0.1 MOI for 48 hours and treated 

with increasing concentrations of BI-D1870 (1 μM, 5 μM, 10 μM) with DMSO as a control. The 

GFP signal was visualized using the Incucyte and western blots performed with lysates collected 

after 48 hours. GraphPad Prism was used to calculate all p-values with an unpaired t-test. In 

Figure 4 A, the 786-0 cells show an increase in viral HSV1-1716 proteins, and a corresponding 

increase in ICP0 proteins. The GAPDH levels remain the same in the infected cells, however it 

looks like there is less GAPDH in the mock cells suggesting unequal loading or exposure issues. 

Figure 4 B shows a large increase in the extent of GFP signal produced between the control and 
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the 10 μM treated 786-0 cells. Figure 4 C confirms that the increase in infection seen between 

the DMSO and 10 μM treated cells is indeed significant with a p-value of <0.05. In Figure 4 D, 

the EMT6 cells show a large increase in viral HSV1-1716 proteins and only one band appearing 

for the ICP0 at the 10 μM. There are some unspecific bands seen in the mock and infected cells 

at 45 and 210 kDa. The GFP signaling between the DMSO and 10 μM treated EMT6 cells shows 

a small increase (Figure 4 E) and is not consistent with the western blot (Figure 4 D). However, 

the total GFP cluster area (the total amount of GFP signaling found in the entire well of the plate) 

was analyzed and found to have significant p-values <0.0001 between DMSO, 5 μM and 10 μM.  

To directly compare the effect of BI-D1870 upon viral infection in normal cells and 

cancer cells, NMuMG (normal breast epithelial cells) and NT2196 (an ex vivo NMuMG tumor 

cell line overexpressing the Neu receptor)113 were tested. Figure 5 A – C demonstrates that the 

infection of normal NMuMG cells in comparison to cancerous NT2196 cells is negligible. There 

is a strong increase in the viral infection of NT2196 cells treated with 10 μM BI-D1870 shown in 

the western (Figure 5 A) and the Incucyte images (Figure 5 C). This increase is significant 

between NT2196 (BI-D1870 at 10 μM) and DMSO as well as NMuMG (BI-D1870 at 10 μM) 

with a p-value <0.0001. These results show that between two related cell lines (one cancerous, 

one normal) there is a substantial increase in infection in the cancerous cells, and no increase of 

infection in the normal cells.  
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Figure 3. The effect of BI-D1870 on HSV1 infection. (A) Western blot analyses comparing 

HSV1-1716 and HSV1-ICP0-null proteins, ICP0 protein levels and GAPDH protein as a loading 

control, (B) Human glioblastoma cells (U343) were infected with HSV1-1716-GFP and HSV1-

ICP0-null-GFP at 0.1 MOI in the presence of DMSO and 10 μM of BI-D1870, (C, D) murine 

glioblastoma (K4622) and (E, F) normal human fibroblasts (GM38) were infected with HSV1-

1716-GFP at 0.1 MOI and treated with increasing concentrations of BI-D1870 (DMSO, 1 μM, 5 

μM, 10 μM). Phase contrast and fluorescence microscopy imaging and western blot analysis on 

HSV1-1716, ICP0 and GAPDH proteins were performed on cell lysates 48 hours after infection. 
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Figure 4. The effect of BI-D1870 on HSV1 infection in 786-0 and EMT-6 cells (A, B) Human 

renal cell adenocarcinoma cells (786-0) were infected with HSV1-1716-GFP at 0.1 MOI in the 

presence of DMSO, 1 μM, 5 μM and 10 μM of BI-D1870. Phase contrast and fluorescence 

microscopy imaging and western blot analysis was performed 48 hours after infection. (C, D) 

Murine breast carcinoma cells (EMT6) were infected with HSV1-1716-GFP 0.1 MOI in the 

presence of DMSO, 1 μM, 5 μM, and 10 μM of BI-D1870. Phase contrast and fluorescence 

microscopy imaging and western blot analysis was performed 45 hours after infection.  
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Figure 5. The effect of BI-D1870 on HSV1 infection in NMuMG and NT2196 cells. (A) 

Western blot analysis of cell lysates from murine mammary epithelial cells (NMuMG) and 

murine breast carcinoma cells (NT2196) with HSV1-1716, ICP0 and GAPDH proteins 

performed 48 hours after infection, (B) phase contrast and fluorescence microscopy of NMuMG 

cells treated with DMSO and 10 μM of BI-D1870, (C) phase contrast and fluorescence 

microscopy of NT2196 cells treated with DMSO and 10 μM of BI-D1870, (D) NMuMG and 

NT2196 cells infected with HSV1-1716 at 0.1 MOI and treated with 10 μM of BI-D1870 for 48 

hours. p-values calculated with an unpaired t-test with **** <0.0001. 
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3.1.3 BI-D1870 increases the infection of rhabdoviruses  

 BI-D1870 was found to increase the viral infection of HSV1-1716 in several different 

cancer cells, but not in normal cells. Other oncolytic viruses like vesicular stomatitis virus 

(VSVΔ51) and Maraba (MG1) virus are currently being used in clinical trials (NCT02923466, 

NCT02285816) alone and in combination with other small molecules. The next steps was to test 

these viruses with BI-D1870 to see if the results are similar to those obtained with HSV1-1716.  

4T1 cells were infected with VSVΔ51-GFP and Maraba MG1-GFP at 0.1 MOI for 24 

hours and treated with increasing concentrations of BI-D1870 (1 μM, 5 μM, 10 μM) with DMSO 

as a control (Figure 6 A, B, E). There is an increase in VSVΔ51 infection as demonstrated in the 

western blot (Figure 6 A), and GFP images (Figure 6 B, E). This is consistent with the results 

seen in Figures 3 – 5 with HSV1-1716. In contrast to previous results with normal cells, human 

fibroblasts (GM38) infected with VSVΔ51-GFP at 1 MOI for 24 hours show an increase in viral 

proteins in the western blot (Figure 6 C), however, GFP images show no clear increase in 

fluorescence (Figure 6 D). Further testing with GM38 cells and VSVΔ51 must be done in order 

to discover whether or not BI-D1870 can increase viral infection in these normal cells. These 

results demonstrate that the infection of rhabdoviruses like VSVΔ51 and Maraba MG1 is 

increased in the presence of BI-D1870, however, whether this is cancer-specific and that normal 

cells are not affected will require additional experiments.  

 

3.1.4 BI-D1870 enhances VSVΔ51 viral infection in multiple cell lines  

 Figures 4 and 5 showed that BI-D1870 increased the infection of HSV1-1716 in multiple 

different cancerous cell lines, but did not increase in the normal cell lines GM38 and NMuMG. 
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To determine if BI-D1870 and VSVΔ51 can obtain similar results to those with HSV1-1716, the 

same cells lines – 786-0, EMT-6, NT2196 and NMuMG were tested.  

   786-0 cells were infected with VSVΔ51-GFP at 0.01 MOI for 24 hours and treated with 

increasing concentrations of BI-D1870 (1 μM, 5 μM, 10 μM) with DMSO as a control (Figure 7 

A-C). Interestingly, western immunoblotting shows a decrease in viral proteins present in cells 

treated with 1 μM and 5 μM of BI-D1870 in comparison to the control, however, the cells treated 

with 10 μM of BI-D1870 show an increase of viral proteins (Figure 7 A). GFP images also show 

an increase of viral infection in the cells treated with 10 μM BI-D1870 in comparison to those 

treated with DMSO (Figure 7 B). GFP data collected by the Incucyte and graphed with 

GraphPad was analyzed by an unpaired t-test which showed a significant increase in GFP 

fluorescence when cells are treated with 5 μM and 10 μM of BI-D1870 (p-values of <0.05 and 

<0.01 respectively).   

EMT-6 cells were infected with VSVΔ51 at 0.01 MOI for 25.5 hours and treated with 

increasing concentrations of BI-D1870 (Figure 8 D-F). The western blot (Figure 7 D) and the 

GFP images (Figure 7 E) again demonstrate a positive effect: viral proteins of VSVΔ51 show a 

large increase – from barely any infection to lots of infection in BI-D1870 treated cells, but the 

GFP images show a smaller increase. To confirm that there was an increase in viral infection in 

the EMT-6 cells, data collected from the Incucyte was graphed with GraphPad and analyzed by 

an unpaired t-test. The results (Figure 7 F) show a significant p-value of <0.0001 between 

DMSO and 10 μM BI-D1870 treated cells.  

The last two cell lines to be compared to previous experiments with HSV1-1716 are the 

ex vivo NMuMG tumour cell line NT2196 and NMuMG, These two cell lines can be directly 

compared in their responses to the virus and drug as they have a common lineage.113 NMuMG 
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and NT2196 cells were infected with VSVΔ51 at 0.1 MOI and treated with BI-D1870 in 

increasing concentrations for 24 hours (Figure 8 A-D). Western immunoblotting (Figure 8 A) 

and GFP images (Figure 8 B) show no increase in infection in NMuMG cells when treated with 

BI-D1870. However, NT2196 cells have an increase in viral infection as demonstrated by the 

western blot (Figure 8 A) with an increase in VSVΔ51 proteins, and more fluorescence in the 

GFP images (Figure 8 C). GFP cluster area data was gathered from the Incucyte and analyzed 

with GraphPad. An unpaired t-test demonstrates a significant difference between NT2196 cells 

treated with DMSO and 10 μM of BI-D1870, as well as between NMuMG cells and NT2196 

cells treated with 10 μM of BI-D1870 with a p-value of <0.0001. Overall, the results from Figure 

7 and 8 show that VSVΔ51 infection can be enhanced by the presence of BI-D1870 in various 

cancerous cell lines, but has no effect on normal cell lines. This is in agreement with results from 

Figures 3 – 5 with HSV1-1716.  
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Figure 6. The effect of BI-D1870 on rhabdoviruses in (A, B) murine breast carcinoma cells 

(4T1) and (C, D) normal human fibroblasts (GM38). Each cell line was infected with VSVΔ51-

GFP at 0.1 MOI and 1 MOI respectively and treated with increasing concentrations of BI-D1870 

(DMSO, 1 μM, 5 μM and 10 μM). (E) 4T1 cells infected with Maraba MG1 at 0.1 MOI and 

treated with increasing concentrations of BI-D1870 (DMSO, 1 μM, 5 μM, 10 μM). Phase 

contrast and fluorescence microscopy imaging and western blot analysis was performed on cell 

lysates 24 hours after infection.  

 

 

 

 

 



60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



61 

 

Figure 7. The effect of BI-D1870 on VSVΔ51 infection in 786-0 and EMT-6 cells. (A, B) 

Human renal cell adenocarcinoma cells (786-0) were infected with VSVΔ51-GFP at 0.01 MOI in 

the presence of DMSO, 1 μM, 5 μM and 10 μM of BI-D1870. Phase contrast and fluorescence 

microscopy imaging and western blot analysis was performed 24 hours after infection. (C, D) 

Murine breast carcinoma cells (EMT-6) were infected with VSVΔ51-GFP 0.01 MOI in the 

presence of DMSO, 1 μM, 5 μM, and 10 μM of BI-D1870. Phase contrast and fluorescence 

microscopy imaging and western blot analysis was performed 25.5 hours after infection. 
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Figure 8. The effect of BI-D1870 on VSVΔ51 infection on NMuMG and NT2196 cells. (A) 

Western blot analysis of cell lysates from murine mammary epithelial cells (NMuMG) and 

murine breast carcinoma cells (NT2196) with VSVΔ51 and GAPDH proteins performed 24 

hours after infection, (B) phase contrast and fluorescence microscopy of NMuMG cells treated 

with DMSO and 10 μM of BI-D1870, (C) phase contrast and fluorescence microscopy of 

NT2196 cells treated with DMSO and 10 μM of BI-D1870, (D) NMuMG and NT2196 cells were 

infected with VSVΔ51 at 0.1 MOI for 24 hours and treated with DMSO and 10 μM BI-D1870. 

p-values calculated with an unpaired t-test where **** <0.0001.    
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3.1.5 BI-D1870 can increase viral replication in mice  

 Figures 3 – 8 show that BI-D1870 can increase the infection of HSV1-1716, VSVΔ51 

and Maraba MG1 in vitro in cancer cell lines. While these results are encouraging, the next steps 

are to determine whether BI-D1870 can exert a positive effect upon the infection of VSVΔ51 in 

vivo. These experiments are important to show if BI-D1870 is toxic in combination with 

oncolytic viruses, and if it can increase viral infection within tumour tissue in vivo.  

 Mice with the 4T1 subcutaneous breast cancer tumours were either treated with 

VSVΔ51-Fluc (5 x 108 pfu) intratumourally (i.t.) or a combination of BI-D1870 (100 mg/kg, 

intraperitoneally (i.p.)) and VSVΔ51-Fluc for 72 hours (Figure 9 A-B). 18 hours post infection 

(p.i.), the greatest amount of luciferase expression is found within the mice treated with BI-

D1870 and slowly tapers off at 72 hours p.i. In the mice treated with BI-D1870, there is a larger 

amount of luciferase seen in both the injection site and the tumour, however, after 48 hours, the 

viral infection looks as if it has spread outside of the tumour tissue. Figure 9 C shows a dose 

response with mice tolerating up to 100 mg/kg of BI-D1870 with an increase in viral titer when 

VSV-Fluc (1 x 106 pfu) was administered i.t. 1491 mouse glioblastoma cells and mice implanted 

with 1491 cell intracranially were treated with VSVΔ51 (5 x 108 pfu intravenously (i.v.)) or BI-

D1870 (100 mg/kg i.p.) and VSVΔ51 for 24 hours (Figure 9 D-F). Again, an increase in 

luciferase is detected in the brain tumours only in the presence of BI-D1870. This preliminary 

data indicates that BI-D1870 is able to potentiate a positive effect of VSVΔ51 infection in vivo, 

and is tolerated up to 100 mg/kg in mice. Further experiments must be completed to assess safety 

and specificity. 
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3.1.6 Nanoparticles carrying BI-D1870 can enhance the viral infection of HSV1  

 In the past few years, nanotechnology research has made great progress in drug delivery 

systems. Nanoparticles can provide stability in cancer treatments and are able to aid therapeutic 

efficacy114 by enhancing drug delivery to cancerous tissue, reducing toxicity and side 

effects.115,116 The naked drug can move in and out of the tumour through its leaky vasculature, 

while the encapsulated drug is able to move into the tumour microenvironment, but not out, 

allowing for greater uptake of the drug (Figure 10 A). I have hypothesized that nanoparticles can 

aid in delivering BI-D1870 to cancer cells and tissue, providing a more targeted approach.  

Nanoparticles were used to deliver BI-D1870 in combination with HSV1-1716 to human 

glioblastoma (U343) and prostate carcinoma (PC3) cells (Figure 10). U343 and PC3 cells were 

infected with HSV1-1716-GFP at 0.1 MOI for 48 hours and treated with either DMSO, an empty 

nanoparticle, a nanoparticle with BI-D1870, or naked BI-D1870 (both with increasing 

concentrations of 1 μM, 5 μM, 10 μM) (Figure 10 B-C). Western immunoblotting of HSV1 

proteins show an increase of both cell lines treated with nanoparticles and naked BI-D1870. 

These results demonstrate that nanoparticles are able to deliver BI-D1870 to cancer cells and 

increase viral infection of HSV1-1716. This targeted approach could be used in future in vivo 

experiments to provide better delivery of the drug to cancer tissues.  
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Figure 9. In vivo experiments with VSVΔ51 and BI-D1870. (A) Mouse breast cancer model 

(4T1 - subcutaneous) – mice treated with VSVΔ51-Fluc (5 x 108 pfu i.t.) compared to mice 

treated with BI-D1870 (100 mg/kg i.p.) + VSVΔ51-Fluc, (B, F) graphical representation of the 

total flux (p/s) and mice treated with VSVΔ51-Fluc (5 x 108 pfu i.t.) vs VSVΔ51-Fluc + BI-

D1870 (100 mg/kg i.p.) (C) 4T1 mouse model – mice treated with VSVΔ51 and increasing doses 

of BI-D1870 (Vehicle, 50 mg/kg, 100 mg/kg), tumours were extracted and viral titer were 

performed by plaque assay viral titer, (D) murine glioma cells (1491) treated with HSV1-1716-

GFP at 0.1 MOI with DMSO or BI-D1870 (10 μM) for 48 hours, (E) 1491 mouse glioma model 

– mice treated with VSVΔ51-Fluc (5 x 108 pfu i.t.) compared to mice treated with BI-D1870  

(100 mg/kg i.p.) + VSVΔ51-Fluc for 24 hours. 
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Figure 10. Nanoparticles (NP) carrying BI-D1870 enhances HSV1-1716 infection. (A)  

Pictoral representation of naked drug delivery vs nanoparticle delivery of drug to the tumour. (B) 

Human glioblastoma (U343) and (C) prostate carcinoma (PC3) cells were infected with HSV1-

1716-GFP (0.1 MOI) and treated with DMSO, empty nanoparticles (NP-empty), nanoparticles 

containing BI-D1870 at 10 μM (NP-BI-D1870) or naked BI-D1870 at the corresponding 

concentrations (1μM, 5 μM, 10 μM). Fluorescence microscopy imaging and western blot 

analyses were performed on cell lysates 48 hours after infection.  
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3.1.7 BI-D1870 represses viral infection in poxviruses and adenovirus  

 HSV1-1716, VSVΔ51 and Maraba MG1 were all found to have an increase in viral 

infection in cancer cells when treated with BI-D1870. To continue these experiments, other 

oncolytic viruses were considered for testing. Some of the main OVs found in clinical trials and 

combined with a drug include poxviruses117 (NCT00554372) and adenovirus118 (NCT0598129).  

  In contrast with HSV1-1716 and VSVΔ51, U343 cells infected with vaccinia virus 

(VACV-GFP) or myxoma virus (MYX-GFP) at an MOI of 1 and treated with increasing 

concentrations of BI-D1870 showed a repression of infection (Figure 11 A-B). Adenovirus (Ad-

RFP), tested by members of the Parks lab at the Ottawa Hospital Research Institute, with an MOI 

of 10 was also repressed in the presence of 10 μM of BI-D1870 (Figure 11 B). Western 

immunoblotting shows a complete repression of VACV proteins in the presence of increasing 

concentrations of BI-D1870, a complete opposite to that of HSV1-1716 and VSVΔ51 (Figure 8 

A). These results show that BI-D1870 does not increase all oncolytic viruses, but appears 

inhibitory to poxviruses and adenovirus. More experiments with other OVs must be done to see 

if there is a trend in positive or negative outcome.  
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Figure 11. BI-D1870 represses viral infection of poxviruses and adenovirus. (A) Western 

blot analysis of VACV proteins with increasing concentrations of BI-D1870 (DMSO, 1 μM, 5 

μM, 10 μM) and GAPDH as loading control. (B) U343 cells were infected with vaccinia virus at 

1 MOI, myxoma virus at 1 MOI and adenovirus at 10 MOI in the presence of increase 

concentrations of BI-D1870. Fluorescence microscopy and western blot analysis was performed 

48 hours after infection. 
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3.2: Determining the mechanism of action of BI-D1870 

3.2.1 The inhibition of RSK by BI-D1870 is not the main mechanism of action  

 BI-D1870 is a known RSK inhibitor with many off target effects.93,94,112 To determine 

whether or not the inhibition of RSK is the mechanism behind the increase in viral infection, 

other commonly used RSK inhibitors in the literature were tested: LJI308, BIX02565, Fmk and 

SL0101. U343 cells were infected with HSV1-1716-GFP at 0.1 MOI for 48 hours and treated 

with increasing concentrations (1 μM, 5 μM, and 10 μM) of each RSK inhibitor with DMSO as a 

control (Figure 12). Western immunoblotting (Figure 12 A) and GFP images (Figure 12 B) 

show that BI-D1870 is the only RSK inhibitor that increases the viral infection of HSV1-1716.  

In order to rule out RSK as a main mediator of the mechanism of action, CRISPR-Cas9 

was used upon human glioblastoma cells (LN-18) to knock out the two main isoforms of RSK 

present in these cells – RSK 1 and 2. The wild type (WT) RSK1/2 +/+, RSK1-/-, RSK 2-/- and 

RSK1/2-/- were infected with HSV1-1716-GFP at 0.01 MOI for 48 hours and treated with 

increasing concentrations of BI-D1870 (1μM, 5 μM, 10 μM) and DMSO (Figure 13). Western 

immunoblotting shows an increase in viral proteins in RSK1/2+/+, RSK1-/-, RSK 2-/- and RSK1/2-

/- cells (Figure 13 A). The GFP images from the Incucyte display a correlative increase in 

fluorescence with BI-D1870 (Figure 13 B). To confirm that the RSK1 and 2 isoforms are not 

present in these cells, western immunoblotting of key proteins was performed (Figure 13 C). An 

analysis of GFP fluorescence done with Incucyte software shows an increase over time, however 

the RSK2-/- cells have a substantially smaller increase in comparison to the wild type, and is 

more similar to the cells treated with DMSO (Figure 13 D). The GFP cluster area for RSK1/2+/+, 

RSK1-/-, RSK 2-/- and RSK1/2-/- has been analyzed and graphed with GraphPad. Supplemental 

Figure 1C shows an increase in the amount of viral infection in RSK 2-/- cells as the 
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concentration of BI-D1870 increases, however when compared to RSK1/2+/+, RSK1-/-, and 

RSK1/2-/- cells, the total amount of viral infection is inferior. These results suggest that while 

these knock out cell lines show an increase in viral infection when treated with BI-D1870, the 

inhibition of RSK2 could still be a part of the mechanism of action of BI-D1870.  

3.2.2 BI-D1870 has many off-target effects  

 In the literature, BI-D1870 has been reported to inhibit and activate many more proteins 

than just RSK.93,94,112 In order to determine the specific off targets of BI-D1870, a literature 

search was done using keyword ‘RSK inhibitor’ on PubMed. All known targets of RSK 

inhibitors BI-D1870, LJI308, LJH608, BIX02565, Fmk, and SL0101 were catalogued and then 

inputted into Microsoft PowerPoint to create a Venn diagram (Figure 14 A).93–95,108,112,119,120 The 

result of this comparison provided a list of suggested off targets of BI-D1870 (Figure 14 B).   

The Sabourin lab at the Ottawa Hospital Research Institute works with the Ste-20 like 

protein (SLK) which was reported to be a specific off-target of BI-D1870. SLK is a caspase 3-

activated kinase that has a role in the initiation of apoptosis, cell cycle progression, cell 

migration and the cytoskeleton.121 An HER2+ cell line was used with a deletion of SLK Δ3-6 (as 

described in Pryce et al, 2017)122 (SLKfl/fl) to determine if the function of SLK is important in the 

mechanism of action of BI-D1870 (Figure 15). SLK+/+ and SLKfl/fl were both infected with 

VSVΔ51-RFP at 0.01 MOI for 24 hours and treated with increasing concentrations of BI-D1870 

(Figure 15 A). Western immunoblotting and GFP images show no increase in infection between 

SLK+/+ and SLKfl/fl.  This experiment was repeated with HSV1-1716-GFP at 0.1 MOI and 

increasing concentrations of BI-D1870 for 48 hours (Figure 15 B). These results show no 

increase in infection in SLK+/+ cells and SLKfl/fl cells treated with BI-D1870. This data shows 

that SLK does not play a role in the mechanism of action of BI-D1870. 
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Figure 12. RSK inhibition is not the main mechanism by which BI-D1870 increases viral 

infection. (A) Western blot analysis showing the levels of HSV1 proteins present in each sample 

comparing other RSK inhibitors to that of BI-D1870. (B) Human glioblastoma cells (U343) were 

infected with HSV1-1716-GFP (0.1 MOI) and treated with increasing concentrations (DMSO, 1 

μM, 5 μM, 10 μM) of commonly used RSK inhibitors (BI-D1870, LJI308, BIX02565, Fmk, 

SL0101). Fluorescence microscopy imaging was performed 48 hours after infection. 
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Figure 13. The RSK protein is not essential for the increase in infection when cells are 

treated with BI-D1870. (A) Western blot analysis showing the amount of HSV1 proteins 

present in increasing amounts of BI-D1870 in human glioblastoma (LN-18), ICP0, and GAPDH, 

(B) RSK1/2+/+, RSK1-/- and RSK2-/- and RSK1/2-/- cells were infected with HSV1-1716-GFP 

(0.01 MOI) and treated with increasing concentrations (DMSO, 1 μM, 5 μM, 10 μM) of BI-

D1870. Fluorescence microscopy imaging was performed 48 hours after infection. (C) Western 

blot analysis showing phosphorylation in LN-18 cells with RSK-/- of TSC2, RSK1, RSK2 and 

ERK1/2 protein levels, (D) GFP cluster analysis of RSK1/2+/+, RSK1-/-, RSK2-/- and RSK1/2-/- 

cells infected with HSV1-1716 and treated with 10 μM of BI-D1870 in comparison to DMSO. 
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Figure 14. BI-D1870 has many specific off target effects. (A) Venn diagram and table 

comparison of known off targets of RSK inhibitors BI-D1870, LJI308, LJH685, (B) table of off 

target proteins specific to BI-D1870 in comparison to RSK inhibitors LJI308, LJH685, 

BIX02565, Fmk, and SL0101.  
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Figure 15. SLK is an off target of BI-D1870. (A) HER2+ cell line wild type cells (SLK) and 

with SLK Δ3-6 (SLKfl/fl) deletion were infected with 0.01 MOI VSVΔ51-RFP and treated with 

increasing concentrations of BI-D1870 (DMSO, 1 μM, 5 μM, 10 μM). (B) SLK and SLKfl/fl cells 

were infected with 0.1 MOI HSV1-1716-GFP and treated with increasing concentrations of BI-

D1870 (DMSO, 1 μM, 5 μM, 10 μM). Phase contrast and fluorescence microscopy imaging was 

performed 48 hours after infection.   

 

 

 

 

 

 

 

 

 

 

 

 

 



83 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



84 

 

3.3 Aim 2: The development of structural analogs based on BI-D1870  

3.3.1 The synthesis of BI-D1870 and synthetic route to produce analogs   

 BI-D1870 was synthesized by Matthias Hoffman et al at Boehringer Ingelheim Pharma 

Gmbh & Co. Kg as part of patent WO2003020722A1, the invention of novel 

dihdyropteridinones for the use as medicine. Pteridinone derivatives, like BI-D1870, have 

antiproliferative activity and can be used for the treatment of tumours and viral infections. The 

biological properties of the compounds created in the patent were found to be acceptable to be 

used as treatments for viral infections, inflammation and autoimmune diseases, bacterial, fungal 

and/or parasitic infections, cardiovascular diseases and cancer. These compounds inhibit 

proliferation of cells in the G2/M phase of the cell cycle, leading to programmed cell death.109 

The original synthesis of BI-D1870, as part of the patent, included a step in which benzyl 

amine was used to add on to 2-bromopropionate leading to compound 23 which would undergo a 

reduction to remove the benzyl group to make compound 24. For a more efficient synthesis an 

addition reaction of the amine with 2-bromopropionate was substituted for this primary step. The 

final step was also modified by Dr. Kim Apperley as the original synthesis resulted in small 

amounts of starting material being converted into product. To change compound 27 into product, 

concentrated hydrochloric acid was added to compound 27 and an aniline in suspension with 

water and 1,4-dioxane, heated to 100°C and stirred for 48 hours (Figure 16 A).  This 

modification to the final step enabled analogs to be synthesized using compound 27 and a variety 

of anilines to probe the function of the phenol group. Other sites on BI-D1870 will be subjected 

to modifications in order to determine if they are important to mechanism of action, and if any 

changes will improve the function of the drug upon viral infection (Figure 16 B).  
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Figure 16. The synthesis of BI-D1870. (A) The synthetic pathway modified from patent109 to 

produce BI-D1870 and its analogs, (B) important functional groups on BI-D1870 with the ability 

to be modified.   
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3.3.2 The binding of BI-D1870 in proteins gives indications of areas of modification 

 The crystal structure and binding mode of RSK has been reported126,127 with the phenol 

group buried deep within the binding pocket (Figure 17 A). The exposed portion of BI-D1870 

has limited areas in which to modify the structure to improve RSK binding. When BI-D1870 is 

bound to JAK2 (a non-receptor tyrosine kinase that signals through the JAK/STAT pathway),127 

BI-D1870 is flipped around in comparison to when it is bound to RSK (Figure 17 B). In JAK2 

the phenol group is exposed, with the rest of the molecule inside the pocket. It appears to not be 

bound quite as tightly as in RSK, allowing the structure of BI-D1870 to be modified more 

optimally.  

 

3.3.3 Series I and II analogs are designed based on binding modes 

 In collaboration with the Boddy lab at the University of Ottawa, Series I and II analogs 

were designed (Figure 18 B, C). BI-D1870 (Figure 18 A), is modified at a few different points – 

in Series I (Figure 18 B), the phenol group is altered, and in Series II (Figure 18 C), the 

isopentyl chain and both methyl groups are modified. Series I analogs were made by Dr. Kim 

Apperley and split into two sections: Series I.I - KA-001, KA-004, KA-005 and KA-006, with 

KA-007 as the in-house made BI-D1870; and Series I.II - KA-013, KA-019, KA-020, KA-021 

and KA-022.   
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Figure 17. Crystal structures of BI-D1870 in the binding pocket modified from Jain et al and 

Puleo et al.126,127 (A) BI-D1870 bound in the pocket of RSK with the phenol group buried deep 

inside the pocket, (B) BI-D1870 bound in the pocket of JAK2 with the phenol group exposed.    
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Figure 18. Series I and II analogs derived from BI-D1870. (A) Structure of BI-D1870, (B) 

structures of Series I analogs – KA-001, KA-004, KA-005, KA-006, KA-007, KA-013, KA-019, 

KA-020, KA-021, KA-022. (C) Structures of Series II analogs  
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3.3.4 Series I.I analogs do no increase HSV1-1716 infection  

Series I analogs were received in two groups, and so were tested separately. Series I.I 

analogs include KA-001, KA-004, KA-005, KA-006 and KA-007. Following the original 

experiments with BI-D1870 and HSV1-1716, Series I.I analogs were tested on U343 cells 

infected with 0.1 MOI HSV1-1716-GFP for 48 hours with increasing concentrations (1 μM, 5 

μM, 10 μM) and compared to pharmaceutical made BI-D1870 (Figure 19). KA-001 shows a 

small increase in viral proteins on the western blot (Figure 19 A), but GFP cluster area analysis 

by the Incucyte of the infection over time (Figure 19 B) and GFP images (Figure 19 C) show an 

increase in infection similar to that of DMSO. KA-004 does not show any increase in infection 

on the western blot or the GFP images. The GFP cluster area analysis shows an increase over 

time that is even less than cells treated with DMSO. KA-005 and KA-006 show a small increase 

in the western blot, GFP cluster area analysis, and GFP images, however they are not comparable 

to the increase in infection by BI-D1870. KA-007 increases the infection HSV1-1716 in a similar 

manner to BI-D1870. Western immunoblotting indicates that HSV1 protein levels are similar 

between both BI-D1870 and KA-007, there is a comparable GFP cluster area over time, and 

fluorescence images show a similar increase in viral infection. These results show that none of 

the series I.I analogs, other than KA-007 (in-house BI-D1870), can increase HSV1-1716 

infection.  
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Figure 19. The effect of Series I.I analogs on HSV1-1716 infection. (A) Western blot analyses 

of HSV1 proteins for Series I.I analogs (KA-001, KA-004, KA-005, KA-006, KA-007) 

compared to BI-D1870 with ICP0 as a control for infection, and GAPDH as a loading control, 

(B) graphical representation of GFP cluster area (μM2/well over time) of each analog at 10 μM. 

Series I.I analogs compared to DMSO and BI-D1870 (10 μM). (C) Human glioblastoma cells 

(U343) were infected with HSV1-1716-GFP (0.1 MOI) and treated with varying concentrations 

(DMSO, 1μM, 5μM, 10μM) of series I.I analogs (KA-001, KA-004, KA-005, KA-006, KA-007) 

and BI-D1870. Fluorescence microscopy imaging was performed 48 hours after infection 
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3.3.5 KA-019 from Series I.II exerts a greater effect upon HSV1 infection than BI-D1870 

 The second group of Series I analogs include KA-013, KA-019, KA-020, KA-021, and 

KA-022. These analogs were tested in the same manner as those in series I.I. U343 cells were 

infected with HSV1-1716-GFP at 0.1 MOI and treated with increasing concentrations of Series 

I.II analogs and BI-D1870 for 48 hours (Figure 20). KA-013, KA-020, KA-021 and KA-022 

show no increase in viral infection as demonstrated in the western blot, GFP cluster area analysis 

and GFP images. KA-019, on the other hand, shows an even greater increase of viral infection 

than BI-D1870 as is seen in the increased amount of viral proteins (Figure 20 A), GFP cluster 

area analysis (Figure 20 B) and GFP fluorescence (Figure 20 C). This analog has a triazole 

group in place of the phenol (Figure 21 A). In direct comparison to BI-D1870, KA-019 has a 

significant increase in viral infection compared to the DMSO control with a p-value of <0.01, 

and a p-value of <0.05 when compared to BI-D1870 calculated with an unpaired t-test through 

GraphPad (Figure 21 B). The fluorescence images of BI-D1870 and KA-019 show a similar 

increase at concentrations of 1 μM and 5 μM, but at a concentration of 10 μM, KA-019 shows a 

greater area of viral infection. These results show that out of all the Series I analogs, KA-019 

was found to increase viral infection of HSV1-1716 to a greater extent than BI-D1870.  

 

 

 

 

 

 

 

 

 



96 

 

Figure 20. The effect of Series I.II analogs on HSV1-1716 infection. (A) Western blot 

analyses of HSV1 proteins for Series I.II analogs (KA-013, KA-019, KA-020, KA-021, KA-022) 

compared to BI-D1870 with ICP0 as a control for infection, and GAPDH as a loading control, 

(B) graphical representation of GFP cluster area (μM2/well over time) of each analog at 10 μM. 

Series I.II analogs compared to DMSO and BI-D1870 (10 μM). (C) Human glioblastoma cells 

(U343) were infected with HSV1-1716-GFP (0.1 MOI) and treated with varying concentrations 

(DMSO, 1μM, 5μM, 10μM) of series I.II analogs (KA-013, KA-019, KA-020, KA-021, KA-

022) and BI-D1870. Fluorescence microscopy imaging was performed 48 hours after infection.  
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Figure 21. The effect of BI-D1870 vs KA-019. (A, B) U343 cells were infected with HSV1-

1716-GFP at 0.1 MOI and treated with increasing concentrations (DMSO, 1 μM, 5 μM, 10 μM) 

of BI-D1870 and KA-019. p-values were calculated with an unpaired t-test, where ** < 0.01, * 

<0.05.  Fluorescence microscopy images were taken 48 hours after infection.   
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3.3.6 KA-019 represses vaccinia virus infection in a similar fashion to BI-D1870 

 BI-D1870 was tested with several different viruses – HSV1-1716, VSVΔ51 and 

Vaccinia. All analogs have been tested with HSV1-1716 and VSVΔ51 (Supplemental Figure 2 

and 3), and KA-019 was found to increase the infection of both of these viruses. To see if KA-

019 would continue to act in the same manner as BI-D1870, it was tested in combination with 

vaccinia virus. 

 4T1 cells were infected with VACV-GFP at 0.1 MOI and treated with increasing 

concentrations of both BI-D1870 and KA-019 (Figure 22 A-C) for 48 hours. KA-019 shows a 

repression of the infection of vaccinia, just like BI-D1870. GFP production is seen to decrease in 

the entire well of the plate (Figure 22 A) for both cells treated with BI-D1870 and KA-019. To 

confirm that this repression seen by KA-019 is consistent with BI-D1870, further testing with 

Myxoma and Adenovirus should be done. GFP cluster analysis was performed by the Incucyte, 

and the data further analyzed by an unpaired t-test performed with GraphPad. A significant p-

value of <0.0001 was calculated between the control (DMSO) and 5 μM and 10 μM of both 

compounds. These results show that KA-019 has a similar mechanism of action to BI-D1870 as 

it can increase HSV1-1716 and VSVΔ51 infection, but repress vaccinia.  
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Figure 22. The effect of BI-D1870 and KA-019 on vaccinia virus (VACV). (A - C) 4T1 cells 

were infected with VACV-GFP at 0.1 MOI and treated with increasing concentrations of BI-

D1870 and KA-019 (DMSO, 1 μM, 5 μM, 10 μM). p-values were calculated with an unpaired t-

test, where **** < 0.0001. Fluorescence microscopy images were taken 48 hours after infection.  
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Chapter 4: Discussion  

 Oncolytic viral therapy is a new avenue of cancer treatment undergoing extensive 

research. OVs can selectively kill tumour cells and produce a long lasting anti-tumour immune 

response.17 T-VEC, an OV approved by the FDA, is currently being used in the clinic and has 

shown to have a 16.3% response rate.23  A recently published Phase III trial for the treatment of 

stage IIIB/C-IV melanoma with T-VEC reported a complete response rate of 61.5 %, and overall 

response rate of 88.5% in 26 patients.128 Louie et al reported a complete response rate of 39% out 

of 121 patients.129 While these response rates are encouraging, there is still room for 

improvement. In order to do this, OVs must be used in conjunction with another therapy to get a 

complete response. Many researchers are focusing on small molecule inhibitors such as sunitinib, 

ipiliminumab, as well as chemotherapeutics.17,82 The focus of our OV research is to ensure that 

there is a safe and viable option to help increase the infectivity of the virus.  

 In order to ensure the best outcome and avoid serious adverse events, it is essential to 

understand how these drug works in combination with the virus. Chemotherapeutics have 

cytotoxic properties that inhibit DNA replication, the cell cycle or disrupt microtubules, which 

when combined with OVs can produce more oncolysis. In addition to this, some chemotherapies 

have strong immunosuppressive effects which can impact the infection of OVs and the anti-

tumour response.12 Other small molecules, like HDAC inhibitors, mTOR inhibitors, and JAK 

inhibitors can also dampen the anti-viral response, allowing for an increase in viral 

infection.67,130,131 BI-D1870, a RSK inhibitor, was found to increase viral infection through the 

previous work of members of the Alain lab. It was originally found that rpS6, a downstream 

target of mTOR and RSK, remained phosphorylated in the presence of mTOR inhibitors in cells 

that had been also infected with HSV1-1716. Therefore, because RSK also phosphorylates rpS6, 
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BI-D1870, a RSK inhibitor, was though to prevent this from happening, and would stop the 

increase in viral infection. However, when HSV1-1716 infected cells were treated with BI-

D1870, the results were opposite: the infection of HSV1-1716 increased.  

I hypothesized that BI-D1870 could increase the infection of both HSV1-1716 and 

VSVΔ51. My results show that my hypothesis is correct and human glioblastoma cells (U343), 

human renal cell adenocarcinoma cells (786-0), murine breast carcinoma cells (EMT-6 and 4T1) 

all showed an increase in HSV1-1716 and VSVΔ51 infection when treated with BI-D1870. 

Normal human fibroblasts (GM38) and murine mammary epithelial cells (NMuMG), did not 

show an increase in the infection of HSV1-1716 when treated with BI-D1870. However, the 

infection of VSVΔ51 showed an increase in normal cells when treated with BI-D1870. But when 

NMuMG cells are compared to NT2196 cells infected with VSVΔ51, this increase in infection is 

negligible. Additional experiments must be done to verify that HSV1-1716 and VSVΔ51 do not 

have a significant increase in viral infection when treated with BI-D1870 in normal cells.  

The next set of experiments performed were to assess if nanoparticles (NPs) could be 

used to delivery BI-D1870 to cancer cells. Nanoparticles can be used as a delivery system for 

drugs to the tumour microenvironment. Several different kinds of NP-based drug delivery 

systems have been reported to be successful, and can improve therapeutic effectiveness.132,133 To 

determine whether or not nanoparticles could improve the delivery of BI-D1870, Dr. Suresh 

Gadde at the Department of Biochemistry, Microbiology and Immunology at the University of 

Ottawa synthesized PLGA-PEG nanoparticles that were either empty or encapsulated BI-D1870. 

These NPs were tested in combination with HSV1-1716 and showed an increase in infection 

similar to that of the ‘naked’ BI-D1870. For this particular experiment, GFP images were taken 

with the Evos microscope, and it would be beneficial to repeat this experiment using the Incucyte 
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in order to analyze the GFP cluster area and determine if there is any change in the amount of 

infection between the encapsulated and ‘naked’ BI-D1870. Nanoparticles may improve delivery 

in vivo as it will protect the drug from being metabolized and can also be used to encapsulate the 

oncolytic virus to prevent targeting by neutralizing antibodies.134 Preliminary in vivo studies 

show that VSVΔ51 in combination with BI-D1870 enhanced viral infection in the tumour, as 

well as other parts of the mouse. Additional in vivo studies must include experiments to assess 

specificity, as well as further testing into dosing and utilizing nanoparticles for delivery.  

  

 While BI-D1870 is the most used RSK inhibitor in the literature, there are several other 

inhibitors that are more selective to RSK.112 LJI308 inhibits RSK1, 2, 3 and 4 with IC50 of 6 nM, 

4 nM, and 13 nM, and nearly 100% of target binding at 10 μM. While BI-D1870 can bind RSK2 

to 99.9%, it can also bind to several other kinases (such as PLK1 and PLK3) to a similar 

extent.120 BIX-02565 was found to inhibit RSK2 with IC50 of 1 nM, and was reported to inhibit 5 

other kinases with >80% inhibition at 3 μM.108 Fmk inhibits the C-terminal domain in contrast to 

the other RSK inhibitors which inhibit the N-terminal domain. Fmk inhibits RSK2 with IC50 of 

15 nM,119 and cannot inhibit RSK3.112 SL0101 has been found to inhibit the N-terminal domain 

and is a more selective RSK inhibitor than BI-D1870, only inhibiting a few other kinases (such 

as Aurora B and PIM3). However, SL0101 is not as potent of an inhibitor as the others with an 

IC50 of 89 nM.95 All 4 of these RSK inhibitors were tested in combination with HSV1 and found 

to have no effect upon infection. However, SL0101 appears to induce cell death of U343 cells 

even at 10 μM with the western blot showing less GAPDH proteins compared DMSO treated 

cells. Despite this, these results show that BI-D1870 is the only RSK inhibitor that increases viral 
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infection of HSV1-1716, indicating that the inhibition of RSK does not play a main role in the 

mechanism of action.  

To complete these findings, LN-18, a glioma cell line, was used as RSK1 and RSK2 are 

the two main isoforms of RSK prevalent in this cell line. RSK1 and 2 were knocked out using 

CRISPR-Cas9.112 When tested, these knockout cell lines all showed an increase in viral infection 

when treated with BI-D1870, including the wild type cells. However, while the wild type, RSK1 

knockout (k/o) cells and the double knockout (dko) cells (RSK1 and RSK2) showed similar 

levels of GFP cluster area as analyzed by the Incucyte, the RSK 2 k/o cells did not. In fact, the 

RSK2 k/o cells showed an increase in infection closer to that of the DMSO treated cells. The 

western blot indicated that the WT, RSK1, RSK2 and dko cells all had similar increases in viral 

proteins. The difference could be from blotting technique or exposure times. Additional 

experiments should be performed to assess the extent of the increase of viral infection in RSK2 

k/o cells. These results cannot rule out RSK2 as a player in the mechanism of action. However, 

with the increase in infection of HSV1-1716 in combination with BI-D1870 in LN-18 WT, 

RSK1 and the dko cells, this suggests that the inhibition of RSK is not the main way in which 

BI-D1870 increases viral infection. 

 It is known that BI-D1870 has several off targets,94 and considering that RSK inhibition 

may not be the main mechanism of action, the other targets may be the answer.  In order to find 

which off targets were specific to BI-D1870, a literature search was performed with search terms 

‘RSK inhibitor.’ The off targets of each RSK inhibitor was recorded and then compared using a 

Venn diagram. The results of this search provided a list of suggested off target kinases specific to 

BI-D1870. One of these kinases was SLK, a kinase the Sabourin lab works with and have created 

an SLKΔ3-6 knock out cell line, impairing its function.121 Upon infection with HSV1-1716-GFP, 



107 

 

VSVΔ51-RFP and treatment with BI-D1870, these WT and SLKΔ3-6 cell lines showed a similar 

increase in infection. Further research into the off targets of BI-D1870 revealed that SLK is not a 

specific off target of BI-D1870 and is also inhibited by RSK inhibitor BIX-02565. In order to 

find whether one of these off targets is behind the mechanism of action, a high-throughput screen 

as described in Diallo et al, may be of assistance. Inhibitors of each of the off target kinases 

would be tested on cells, and infected with VSVΔ51 or a control. Cells would then be incubated 

with Alamar blue and fluorescence assessed to determine cytotoxicity of each drug in the 

presence and absence of the virus.70  

 Other small molecules being used in combination with oncolytic viruses work through 

blocking the anti-viral response. Bridle et al reported that an HDAC inhibitor, MS-275, 

dampened the immune response and boosted viral infection of VSVΔ51.137 Other inhibitors, such 

as JAK2 inhibitor, TG101348, and JAK1/2 inhibitor, ruxolitinib, decreased IFNα,ß-inducible 

genes, JAK1 and STAT expression,  and increase VSVΔ51 expression.131  It would be prudent to 

perform some of these same experiments, such as reverse-transcription PCR for IFN responsive 

genes, immunoblotting for various anti-viral proteins such as JAK1 or STAT,131 detection of 

VSV or HSV1 neutralizing antibodies, or a T cell functional assay137 in order to determine if BI-

D1870 works through a similar mechanism.  

 The second part of my project looked at synthesizing BI-D1870 and analogs in order to 

improve upon the increase of infection and perhaps obtain some information about mechanism of 

action through process of elimination on the compound itself. In order to create analogs, I looked 

at how it fits into the binding pocket of RSK and other kinases. I found that there were two main 

binding modes, one in which the phenol is buried in the binding pocket, and one in which it is 

outside the binding pocket. This allowed me to design several different analogs with Dr. Chris 
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Boddy. All analogs were synthesized by Dr. Kim Apperley. The patented synthesis109  was 

improved upon and cut down when we realized that isopentylamine worked just as well, if not 

better, than benzylamine and yielded the same result in fewer steps. The last step where the 

scaffold is attached to the difluoro-hydroxyl-amine was modified by Dr. Apperley where it was 

found that dioxane and HCl at 100°C over a 48 hour reflux provided a small yield of the product. 

The amine oxidized very quickly and was hard to synthesize. Luckily, Dr. Apperely was able to 

produce enough of in-house made BI-D1870 (also known as KA-007) to be used.  

 The first series of analogs looked at the phenol and surrounding fluorines to determine its 

importance. The first analog (KA-001), with only a benzyl group, does not have anything for 

hydrogen bonding within the binding pocket, and so should not have any effect upon viral 

infection. In contrast to the hypothesis, KA-001 appears to exert a small positive effect on viral 

infection. The western blot shows a slight increase in viral proteins between the cells treated with 

DMSO and those treated with 10 μM of KA-001, this is correlated with the GFP images which 

show a small increase in fluorescence. However, the analysis done by the Incucyte of GFP 

cluster area from the whole well indicates that there is no difference between cells treated with 

DMSO and KA-001. The second analog (KA-004), has both fluorines present but no hydroxyl 

group. Fluorines cannot hydrogen bond or form van der Waal forces as their electrons are held 

tightly in towards the nucleus.138 If the kinase to which BI-D1870 binds and produces this 

increase in infection is similar to that of RSK, this analog will probably not bind as well in the 

binding pocket, and subsequently should not increase infection. The results indicate that KA-004 

does not increase the viral infection, however, it appears as though it may repress infection. 

Western immunoblotting, GFP images and cluster area analysis from the Incucyte indicate that 

there is less virus present in cells treated with 10 μM of KA-004 than those treated with DMSO. 
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Additional experiments are needed to confirm that these results are correct. The third analog 

(KA-005), is the opposite of KA-004, and only has the hydroxyl group and no fluorines. 

Hydroxyl groups have the ability to form hydrogen bonds within the binding pocket, and so there 

could be a possible increase in viral infection. My results show that KA-005 does increase viral 

infection, however not to the same extent as BI-D1870. The western blot, GFP images and 

analysis have increases above that of the cells treated with DMSO. This indicates that the 

hydroxyl group is important in the function of BI-D1870 within the binding pocket to create 

hydrogen bonds. These results show that BI-D1870 is most likely binding to a kinase in a similar 

binding mode to that of RSK. 

 KA-006 is a similar analog to KA-005, however the hydroxyl group is methylated. There 

is still the ability for hydrogen bonding to take place, and so I hypothesized that this analog 

would also show an increase in viral infection. However, even though GFP images and western 

blot show this hypothesis to be valid, the GFP cluster area analysis indicates that the increase is 

the same as the cells treated with DMSO. The hydrogen bond could be weaker than that of KA-

005 resulting in a weaker increase in viral infection. KA-013, the first analog in the second set of 

series I, is the first half of the compound with a hydroxyl group instead of an amine. This analog 

is smaller than BI-D1870 and has lots of potential for hydrogen bonding in the binding pocket. 

Despite this, the results of the western blot, GFP images, and GFP cluster analysis are all in 

accord and show that there is no increase of viral infection.  

KA-019 goes back to the original scaffold, however the fluorines and phenol are replaced 

by a triazole group. In the literature, triazoles are used to mimic phenol groups,139 and as a 

triazole can form many hydrogen bonds, KA-019 was hypothesized to increase viral infection. 

The results clearly show that KA-019 has a greater effect upon viral infection than BI-D1870. 
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This analog, with the addition of the triazole group fulfills the aim of the second half of my 

project – to synthesize an analog that performs better than BI-D1870 in increasing viral 

infection. When cells are infected with HSV1-1716 or VSVΔ51 and treated with 10 μM KA-019, 

there is a greater increase in viral infection in comparison to BI-D1870. When analyzed through 

an unpaired t test with GraphPad, the result is significant with a p value of 0.0001. The same 

repression of vaccinia virus is seen with KA-019, indicating that the two compounds have the 

same or similar mechanisms of action. Further work into mechanism of action of BI-D1870 and 

KA-019 must be completed. 

The next analog to be synthesized was KA-020, which has a trifluoromethyl group in the 

same position as the phenol. This is a bulky group with no place for hydrogen bonds to form, 

leading to weak or no binding. KA-020 did not have any impact upon the viral infection of either 

HSV1-1716 or VSVΔ51.  KA-021, a compound very similar to KA-006 with the methylated 

hydroxyl group, but with the presence of fluorines. While KA-006 showed a very slight increase 

in infection, KA-021 shows no increase or decrease in infection. The methyl group on KA-006 

could rotate around within the binding pocket allowing for hydrogen bonds to occur, with the 

addition of the fluorines in KA-021, there is no room for this to happen. Therefore, KA-021 does 

not bind or has very weak binding, resulting in no effect on viral infection. The last analog to be 

synthesized as part of Series I was KA-022. This compound has a chlorine in the same place as 

the phenol group of BI-D1870, without any ability to form hydrogen bonds or other dipole 

forces, it cannot bind as well into the pocket, therefore resulting in less infection as the results 

show. Overall, my results show that BI-D1870 and new analog KA-019 can increase the viral 

infection of HSV1-1716 and VSVΔ51 through an unknown mechanism of action.  
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Conclusion and future directions:  

 Effective cancer immunotherapy depends on the immune response within the tumour 

microenvironment. Oncolytic viruses are able to evade the immune system and can be used for 

therapeutic purposes to induce host anti-tumour immunity by replicating in tumour cells and 

inducing ICD. The release of antigens and danger factors can promote the innate and adaptive 

immune response against the virus and the tumour.140 However, this stimulation of the immune 

system can also work against the virus, leading to rapid clearance, hindering the efficiency of 

treatment. New compounds called oncolytic viral sensitizers can enhance the infectivity and 

efficacy of oncolytic viruses. The results from the first aim of my project found that BI-D1870, a 

RSK inhibitor, enhances the infection of HSV1-1716 and VSVΔ51 in cancer cells, but not in 

normal cells. The mechanism of action of this compound is still elusive, however, the results 

from this project show that the inhibition of RSK is not the main mechanism of action, but RSK2 

could play a role. The second aim of my project was to synthesize new analogs based on BI-

D1870 to aid in understanding the mechanism of action and to develop a compound that was 

superior. My results from this aim found an analog that enhanced the viral infection of HSV1-

1716 and VSVΔ51 to a greater extent than BI-D1870, and acted in a similar manner when tested 

with VACV.  

 Despite the progress that has been made in this project, there are still issues that need to 

be addressed. VSVΔ51 was found to elicit an increase in infection in normal cells when treated 

with BI-D1870. Further testing should be done to ensure that this response is minor in 

comparison to the effect upon cancer cells. Other normal cell lines, human and murine, should 

also be tested with HSV1-1716 and VSVΔ51 in combination with both BI-D1870 and KA-019. 

As there are several other oncolytic viruses and combination treatments in clinical trials, these 
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viruses, such as reovirus and measles virus, should be tested with both BI-D1870 and KA-019 to 

determine if there is a positive or negative response. The results of these experiments may shed 

some light upon the mechanism of action. Future experiments looking into the mechanism of 

action should include further testing of the role of RSK2, as well as the anti-viral response. In 

vivo experiments with BI-D1870 to assess delivery to tumour tissues should be done, as well as 

the evaluation of pharmaco-kinetics and –dynamics. The use of nanoparticles could be especially 

useful for delivery of BI-D1870 or KA-019 in vivo, increasing the amount of drug present in the 

tumour, which will assist in a more robust viral infection.  

 The second aim of this project, namely synthesizing and testing Series II analogs, must be 

completed. The purpose of these compounds is to determine whether the double ring scaffold can 

be modified and if this will increase or repress the infection of HSV1-1716 and VSVΔ51. One 

analog in the second series will have a probe or fluorophore attached. If this analog does not 

affect the increase in viral infection induced by KA-019, it can be used for click chemistry – a 

reaction in which specific molecules can be ‘pulled down’ and located when the probe or 

fluorophore attaches.141 Finally, identifying a target kinase will aid in the pursuit of the 

mechanism of action of BI-D1870 and KA-019.  
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Contributions of Collaborators 

Experiments performed with HSV1-1716 and HSV1-ICP0-null in combination with BI-D1870 in 

Figure 4, nanoparticle experiments (Figure 11), and VACV infection in combination with BI-

D1870 (Figure 12) were executed by Nick Yelle.  

Vickey Gilcrest conducted the experiments with HSV1-1716 and VSVΔ51 in combination with 

BI-D1870 in Figures 5 and 9, and infection with VACV in combination with BI-D1870 and KA-

019 in Figure 23.  

In vivo experiments in Figure 10 A, B were performed by Dr. Shawn Beug and Nathalie Earl at 

the Children’s Hospital of Eastern Ontario Research Institute (CHEORI); Figure 10 C 

experiments performed by Dr. Fabrice LeBoeuf at the OHRI; and Figure 10 E, F experiments 

were performed by Dr. Xuequing Lun at the University of Calgary. 

Members of the Robin Parks lab at the OHRI performed infections with adenovirus in 

combination with BI-D1870 in Figure 11.  

Dr. Marceline Côté at the University of Ottawa, Department of Biochemistry and Microbiology, 

conducted the experiment comparing the relative infection of VSV-G between cells treated with 

DMSO and 5 μM BI-D1870 in Figure 17 A. 

Dr. Chris Boddy at the University of Ottawa, Department of Chemistry and director of the 

Biochemistry program identified the areas of modification on BI-D1870 in Figure 18 B, created 

the images of BI-D1870 docking in RSK and JAK2 in Figure 19, and designed the analogs in 

Figure 20. 
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Dr. Kim Apperley, Coordinator for Canadian Institutes of Health Research, synthesized all 

Series I analogs for experiments in Figures 21, 22 and 23.  
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Appendices 

 

 

Supplemental Figure 1. RSK is not the main mechanism of action by which BI-D1870 can 

increase viral infection. (A – D) RSK k/o cell lines were infected with HSV1-1716-GFP at 0.01 

MOI and treated with increasing concentrations of BI-D1870 (1μM, 5 μM, 10 μM) for 48 hours. 

GFP cluster analysis was performed by the Incucyte and GraphPad.  
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Supplemental Figure 2. The effect of Series I.I analogs on VSVΔ51 infection. (A, B) Murine 

breast carcinoma cells (4T1) were infected with VSVΔ51-GFP at 0.1 MOI and treated with 

increasing concentrations of each of Series I.I analog (KA-001, KA-004, KA-005, KA-006, KA-

007). (A) GFP cluster area (μM2/well over time) was analyzed of each analog at 10 μM and 

graphed. (B) GFP images of VSVΔ51 infection after 24 hours.  
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Supplemental Figure 3. The effect of Series I.II analogs on VSVΔ51 infection. (A, B) Murine 

breast carcinoma cells (4T1) were infected with VSVΔ51-GFP at 0.1 MOI and treated with 

increasing concentrations of each of Series I.II analog (KA-013, KA-019, KA-020, KA-021, 

KA-022). (A) GFP cluster area (μM2/well over time) was analyzed of each analog at 10 μM and 

graphed. (B) GFP images of VSVΔ51 infection after 24 hours. 
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