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ABSTRACT 
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Acute T-cell leukemias (T-ALL) and acute myeloid leukemias (AML) are aggressive 

hematological cancers for which the standard of care has limited efficacy, with high rates of 

relapse. The DNA methyltransferase inhibitor decitabine (DCB) is an epigenetic modifier in 

clinical trials to treat leukemias, albeit with limited efficacy. Oncolytic viruses (OVs) 

preferentially replicate in and kill cancer cells but perform poorly against leukemias that are spread 

throughout normal tissues that can quench viral infections. We discovered that DCB and 

Newcastle disease virus (NDV), worked synergistically to reduce leukemia cell viability, in vitro, 

in murine T-ALL and AML models. Our data suggest treatment negatively regulated reactive 

oxygen/nitrogen species (RONS) production with differential effects between models at 12- to 48-

hour timepoints. Furthermore, cytokine profiles did not correlate with the combination effect or 

RONS production. In conclusion, we have identified a synergistic combination therapy to 

potentially treat murine T-ALL and AML models.
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Figure 1. Investigating the impact of time on intracellular stability of 2'7'-

dichluorofluorescein diacetate. 

Murine EL4 T-cell acute lymphocytic leukemia cells were treated with 62.5µM 

Antimycin A. Two hours later, cells were stained with 20µM 2'7'-dichluorofluorescein diacetate 

for 30 minutes in the dark. Reactive oxygen/nitrogen species were quantified using flow 

cytometry. Graphs show fluorescence intensity which correlates with fluorescent metabolite 2'7'-

dichluorofluorescein. This experiment was performed once to test a hypothesis for 

troubleshooting. 
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Chapter 1: Literature Review 

1.1 Leukemias 

1.1.1 Origin of Leukemia Cells 

Leukemias are cancers derived from cells of the blood and/or bone marrow, namely 

leukocyte pre-cursors 1. The first documented case of leukemia occurred in 1825 and these 

findings were published in 1827. However, scientists now believe leukemias were recognized as 

early as 1811, albeit with limited understanding or characterization 1. The diversification of 

leukemias into acute versus chronic types and myeloid versus lymphoid lineages followed 

shortly thereafter. Scientists in the 1800’s began these discoveries by attempting to phenotype 

splenic versus lymphatic leukemias which lead to the understanding that leukemia cells originate 

in the bone marrow from hematopoietic stem cells (HSCs) which commit to myeloid or 

lymphoid lineages 1,2. Lymphoid leukemias are derived from pre-cursors of the following 

lymphocytes: T-, B- and natural killer (NK)-cells. The occurrence of B-cell leukemias is more 

frequent than T-cell leukemias while the incidence of NK-cell leukemias is relatively rare with 

less than 200 cases reported in literature 3–7. Conversely, myeloid leukemias are derived from 

monocytes (i.e. monoblastic/monocytic leukemias), erythrocytes (i.e. erythroid leukemias), 

platelets (i.e. megakaryocytic leukemias) and most frequently, granulocytes, including 

eosinophils, basophils and neutrophils 8–10.  

Extensive research has gone into identifying leukemia stem cells (LSCs) in the initiation 

and development of leukemias since the proliferative capacity of clonally expanded lymphocytes 
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and granulocytes is limited 11,12. The hierarchical model of tumor heterogeneity states that tumors 

(i.e. liquid tumors in the case of leukemias) are formed by ‘normal’ tissues or cells wherein 

cellular hierarchy is maintained by stem cells 13–15. This model with respect to leukemias, 

emphasizes the cause of cellular heterogeneity being LSCs with self-renewal capacity 13–15. 

In the late 1980’s, small populations of self-renewing LSCs were identified in acute 

myeloid leukemias (AML) 16,17. These experiments isolated a fraction of cluster of differentiation 

(CD)34+CD38- LSCs that could recapitulate the entire tumor heterogeneity in severe combined 

immunodeficient (SCID) mice 16,17. Modeling leukemias using SCID mice was the cornerstone 

of leukemia research that enabled scientists to observe the growth and development of leukemia 

cells from human patients, in vivo. Scientists examined the repopulation of leukemia cells using 

the murine SCID model and sorted cells via flow cytometry 16,17. In vitro experiments focused on 

colony forming unit (CFU) assays to identify the proliferative capacity of implanted, 

immunophenotyped cells which was indicated by the formation of colonies for each individual 

cell 8,16. Several fractions of human AML cells were sorted using flow cytometry and implanted 

into SCID mice including CD34+CD38-, CD34+CD38+, CD34-CD38-, CD34-CD38+ 16,17. 

However, only CD34+CD38- AML cells could establish AML-CFUs 8,16. These results supported 

the hierarchical model of tumor heterogeneity since CD34 is a marker common to pluripotent 

HSCs whereas CD38 is an important marker for lineage commitment 8,16,18. 

In conclusion, leukemia cells originate from myeloid or lymphoid lineages, resulting in 

phenotypically distinct types of leukemias. However, it is important to appreciate the limitations 

of clonal progenitors in recapitulating tumor heterogeneity. Cancer stem cells, referred to as 
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LSCs in these particular models, are the source of leukemia cells. With appropriate stimuli, LSCs 

mature and become committed leukemia cells which undergo clonal expansion. Therefore, LSCs 

are responsible for the complex cellular hierarchy and resultant cancer heterogeneity. Another 

limitation that many authors failed to address when referencing the murine SCID model is the 

inability to recapitulate the immunoediting process which is critical in the development of 

leukemias (and cancers in general) and resistance to traditional therapies. 

1.1.2 Acute Versus Chronic Leukemias 

Initial discoveries of leukemias were made under the assumption that there was only one 

classification, chronic 1. The first report of acute leukemia was made in 1889 by Ebstein who 

characterized the difference between acute leukemias and the ‘acutization’ phase of chronic 

leukemias 1. Chronic leukemias manifest in three stages that vary in the quantity of immature 

hematopoietic cells known as blasts 19–21. The first stage is the chronic phase where less than 

10% of cells in the blood and bone marrow are blasts 21,22. These stages develop chronologically 

as the percentage of cells in the blood and bone marrow that are blasts, increase 1,19–21. Ebstein 

was the first to identify the critical difference between the chronic myeloid leukemia (CML) 

‘acutization’ phase and the onset of true AML 1. Less than 1% of patients develop AML from 

CML in a true transformation. Rather, most progress to the blast phase of CML in which 

standard chemotherapeutic regimens are often ineffective 23. The blast phase typically occurs in 

the elderly population as patients can live with chronic leukemias for decades before the final 

stage of disease, assuming these patients receive treatment 1,19,20,23. 
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The fundamental difference between chronic and acute leukemias is the maturity of blasts 

24,25. Chronic leukemia cells resemble functional leukocytes but are not completely mature 

whereas acute leukemia cells are extremely immature and closer to a stem cell phenotype, hence 

the focus on LSCs 19,24. Acute leukemias are aggressive hematological cancers whereas chronic 

leukemias are insidious and progress very slowly, often over the course of years to decades 1,19,24. 

Patients that present with acute leukemias typically show a substantial increase in the percentage 

of blast cells in the blood and bone marrow indicating disease progression within days to weeks 

following diagnosis and if left untreated, most patients would likely only survive a few months, 

and often less 19,24. The differentiation of acute versus chronic leukemias is a critical prognostic 

factor that influences the intensity and type of therapeutic intervention patients will receive 24. 

Lastly, it is important to appreciate the challenges that physicians face in treating acute 

leukemias, in particular, AML. Extensive efforts have been invested into developing the current 

standard of care for AML. 

1.1.3 Current Treatment Landscape 

To appreciate the current treatment landscape and how far these medical advances have 

come, it is important to look back to the 1900’s at the first types of leukemia treatment available. 

The very first treatment for acute and chronic leukemias were alkylating agents, ribonucleotide 

reductase inhibitors and nucleotide analogues in the early 1900’s 1,26,27. These agents prolonged 

the lives of leukemia patients but physicians in this era reported the only curative treatment for 

leukemias was allogeneic hematopoietic stem cell transplants (HSCT) via bone marrow 1. 
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HSCTs required a suitable donor of similar human leukocyte antigen (HLA) haplotype which 

was not always available 28. 

Tyrosine kinase inhibitors (TKI) were the next wave of treatment alternatives, 

particularly useful in patients with aberrant karyotypes including the Philadelphia chromosome, 

discovered by Peter Nowell in 1960 1,29–31. The Philadelphia chromosome is formed by a 

translocation between chromosomes 9 and 21 resulting in the BCR-ABL oncogene 31,32. CML 

patients with these chromosomal aberrations were ideal candidates for treatment with TKIs. 

Furthermore, the curative potential of chemotherapy drugs in the treatment of  leukemias was 

first reported around the same time as TKIs in the 1960’s in pediatric patients with ALL 27,32,33. 

Chemotherapy has remained one of the cornerstones of cancer therapy since the late 19th century 

and is the current standard of care for many different types of cancer, not just leukemias 27. 

However, there are several limitations of utilizing chemotherapy to treat leukemias including the 

fact that chemotherapy can only target actively dividing cells and lacks specificity for malignant 

versus ‘normal’ cells and tissues, resulting in a bystander effect that causes many adverse events, 

such as hair loss, and sloughing of intestinal epithelium leading to vomiting and diarrhea, etc. 34. 

The current treatment landscape includes four main categories: chemotherapy, HSCTs, 

mutation-targeted drugs and immunotherapy. Chemotherapeutic treatment regimens begin with 

an induction phase to reduce leukemia cell count followed by consolidation chemotherapy 

designed to eliminate residual leukemia cells 27,35. If patients respond well to both induction and 

consolidation chemotherapy, effectively reducing leukemia burden, they will enter the 

maintenance phase of chemotherapy, usually followed by allogeneic HSCT to induce long-term 
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remission and/or cure 1,27,35. Patients usually receive large doses of radiation therapy prior to 

HSCT to purge the bone marrow, creating space in that microenvironment to facilitate 

engraftment of donor stem cells 36,37. Due to the rarity of shared HLA haplotypes, relatives are 

the most common donors for transplants, although patients may be placed on a transplant list if 

no suitable donor is readily available 38,39. Chemotherapy is one of the most widely used 

treatments in oncology but the most recent, cutting-edge therapies that have been approved for 

several cancers focus on a mutation-targeted or immunotherapeutic approach to treat cancers, 

including the genetic engineering of oncolytic viruses (OVs), mutation-targeted drugs and 

chimeric antigen receptor (CAR) T-cell therapy, all of which have received approval by the food 

and drug administration (FDA) in the last four years 40–42.  

CAR T-cell therapy is a novel immunotherapeutic approach with greater precision and 

targeting of acute leukemia cells, particularly for the treatment of B-cell ALL (B-ALL). The first 

CAR T-cell immunotherapy approved by the FDA was Tisagenlecleucel in August of 2017 40. 

Tisagenlecleucel was approved for use in patients with relapsed or refractory B-ALL who were 

25 years old or younger 40. Although the five-year survival rate for pediatric ALL is around 80-

85% in developed countries, there are still ~15-20% of patients who develop refractory ALL 

within one year of initial treatment, resulting in a dismal ~30% five-year survival rate 43,44. CAR 

T-cell therapy aims to target this highly resistant population of leukemia cells in patients who do 

not respond to first line treatments such as chemotherapy and HSCT. 

CAR T-cell therapy in the context of leukemias, involves the ex vivo genetic modification 

of a patient’s T-cells to express endogenous, leukemia-specific CARs 45. Tisagenlecleucel was 
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generated using a lentiviral vector containing CD3z and 4-IBB domains to ensure the first two 

signals of T-cell activation were delivered 40,45,46. CD3z is a critical regulatory molecule in the T-

cell receptor (TCR) that facilitates TCR and major histocompatibility complex (MHC) 

interactions which marks the first signal of T-cell activation 45,46. 4-IBB was incorporated into 

the vector to provide the second signal of T-cell activation upon binding to 4-IBB ligand on 

dendritic cells (DCs) in the process of co-stimulation 46. If T-cells receive signal one (TCR:CD3) 

and two (TCR:MHC) without signal three (i.e. co-stimulation), they become anergic 47. A phase 

two clinical trial conducted on 75 patients with relapsed or refractory B-ALL showed promising 

results compared to other Food and Drug Administration (FDA) approved treatment modalities 

for refractory B-ALL 46. These results included an overall six-month survival rate of 90% in 

which 95% of patients showed minimal residual disease by day 28 post-infusion of CAR T-cells 

46. These staggering results included an initial population of which 61% of patients had 

previously failed allogeneic HSCT 46.  

A second and equally promising category of novel therapeutics mutation-targeted drugs 

such as BCL-2 inhibitors. To understand BCL-2 inhibitors, you must first understand the BCL-2 

family of proteins and respective apoptotic signaling pathways. BCL-2 proteins control intrinsic 

apoptotic pathways by mitochondrial outer membrane permeabilization (MOMP) 48. This 

pathway is dependent on proteins with one or more BCL-2 homology domains (BH) 48. Pro-

apoptotic proteins that begin the BCL-2 signaling cascade are known as BH3-only activator 

proteins, indicating only one BH domain 48. These BH3-only proteins bind to and activate BH3 

proteins: BAX (BCL-2 associated X protein), BAK (BCL-2 antagonist killer), and BOK (BCL-2 
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related ovarian killer) 48. These proteins are characterized by three BH domains rather than one 

48. BAX, BAK and BOK oligomerize to induce MOMP which results in the release of 

cytochrome c from the mitochondrial membrane 48. Cytochrome c interacts with apoptosis-

protease activating factor 1 (APAF1) 48. APAF1 activates caspase 9 and therefore, apoptosis 48. 

On the contrary, the BCL-2 family of proteins includes anti-apoptotic BH3-only proteins 48. The 

anti-apoptotic BH3-only proteins bind to BAX and BAK, prevent their oligomerization, MOMP, 

and ultimately apoptosis 48.  

Numerous groups report that leukemias often up-regulate BCL-2 proteins, particularly 

anti-apoptotic BH3-only proteins to circumvent apoptosis 48. Therefore, scientists developed 

BCL-2 mimetics like ventoclax to recognize the BH3-binding domains of BH3 proteins and 

displace endogenous anti-apoptotic BH3-only proteins. Once the anti-apoptotic proteins have 

been displaced with the synethetic pro-apoptotic proteins, they oligomerize, activate MOMP, and 

ultimately apoptosis. Ventoclax is a BCL-2 inhibitor. The FDA approved ventoclax for patients 

with CLL with 17p deletions in 2016 and granted ventoclax accelerated approval for patients just 

diagnosed with AML or elderly patients with AML and comorbidities in 2018 49. Ventoclax was 

approved for use as a monotherapy for CLL and a combination therapy with hypomethylating 

agents or low dose cytarabine for AML 49. A phase 1b clinical trial reported patients with AML 

and poor cytogenetics and/or over the age of 75 achieved complete remission rates of 60% 50. A 

phase 3 clinical trial enrolled patients with AML ≥75 years of age or patients ineligible for 

chemotherapy. A higher median overall survival rate in patients treated with venetoclax and 

azacytidine compared to azacytidine monotherapy was reported in this clinical trial. The median 
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overall survival was 14.7 months in the combination arm and 9.6 months in the monotherapy 

arm. Venetoclax is currently undergoing further experimentation to identify optimal 

combinations therapies.  

For decades the standard of care for acute leukemias was intensive chemotherapy. We are 

seeing a new wave of mutation-targeted drugs and immunotherapies over the last four years. 

Scientists have shifted their focus to developing more targeted therapeutic approaches to treat 

leukemias although these are highly experimental at this stage. This combined with clinicians 

being encouraged to screen for actionable mutations and consider mutation-targeted drugs and 

immunotherapies has shifted the standard of care for leukemias. Leukemias are highly 

heterogenous hematological cancers in which treatment modalities should aim to target more 

than one mutation, pathway, or leukocyte to maximize the killing of leukemia cells while 

preventing the escape of variants due to selective pressure. Incorporating multi-mechanistic 

treatment regimens to target several unique elements of leukemia cell growth and division is the 

goal. Although personalized medicine is on the rise, there are still very few therapies that target 

dormant LSCs. Targeting dormant LSCs is critical to cure acute leukemias wherein the rates of 

relapse-free survival remain quite low. Therefore, therapeutic regimens that target dormant LSCs 

should also be explored to eliminate the LSC niche and ultimately, inhibit the growth and 

recapitulation of leukemia heterogeneity. There are many factors that clinicians consider when 

selecting first-line treatments which differ on a patient-to-patient basis as no two leukemias are 

the exact same, nor are the patients. For this reason, intensive chemotherapy is still considered a 

highly effective first-line treatment, albeit cytotoxic.   
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1.1.4 Chemotherapeutics 

Chemotherapy is the cornerstone of cancer therapy and very little has changed in terms of 

chemotherapeutic intervention since the late 19th century. Chemotherapy begins with what is 

known as ‘induction’ which consists of an intensive seven-day treatment with two or more 

chemotherapy drugs 51–53. Often, the first drugs that patients with AML receive are cytarabine in 

addition to an anthracycline for the first three-days of the seven-day induction therapy 53–56. ALL 

consists of a slightly different treatment standard consisting of all or some of the following: 

cytarabine, methotrexate, dexamethasone or prednisone, vincristine, asparaginase and 

daunorubicin 57–61. Another factor to consider when looking at the standard of care for leukemias 

is the overall health and fitness as well as the age of individual patients 62–65. ALL is more 

frequent in children and young adolescents whereas AML is more common in adults 62,63,66. 

These factors dramatically influence the course of treatment.  

Focusing on the chemotherapeutic intervention for AML, therapy is referred to as seven 

plus three. This refers to the duration of treatment. Typically cytarabine is given for seven days 

in addition to anthracyclines, such as daunorubicin, for the first three days 67–69. The first drug 

AML patients will often receive is high-dose cytarabine 67–70. Cytarabine was being administered 

at doses as low as 30 mg/m2 and as high as 100 mg/m2 in the early 1960’s and still remains an 

integral part of the treatment landscape today, albeit at much higher doses 71–73. In 1973, 

scientists began investigating higher doses of cytarabine and its effect on remission rates when 

combined with anthracyclines, namely daunorubicin 68,69,73. Today, this research has translated to 

the clinic and currently, AML patients receive doses as high as 3 g/m2, nearly three hundred 
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times greater than the dose administered in the 1960’s 73. Currently, high-dose cytarabine is toxic 

to patients but provides the highest rates of relapse-free survival in AML 71,74. It is important to 

understand that these two chemotherapies interact with cells differently, hence the combination 

approach. Cytarabine is an anti-metabolite that is incorporated into cells and causes cell cycle 

arrest and therefore, a halt in cellular division 75. In addition to cytarabine, daunorubicin or 

another type of anthracycline is often added to the treatment regimen for the first three of seven 

days 75–77. Anthracyclines target cells for destruction via their genetic material 55,78. By using this 

combinatorial approach, clinicians have developed a more effective treatment regimen that 

targets multiple elements of the division and growth cycles of leukemia cells 55. This induction 

phase of chemotherapy is followed by consolidation therapy which is typically lower doses of 

similar chemotherapeutics, spread out over a number of weeks at which point the patient returns 

for a HSCT 77,79. HSCT is still the best curative treatment for AML patients, however, many 

patients do not make it to this stage of treatment or cannot find a suitable donor 80–83. Although 

induction chemotherapy is effective, there are almost always residual leukemia cells that remain 

and are below the detectable limit 84,85. If these cells increase in numbers over the course of 

consolidation therapy, patients may not be eligible for a HSCT and may relapse 84–86. 

Alternatively, patients may not be able to find a suitable match for the HSCT, in which case 

autografts would be the next best option, albeit with risk of graft-versus-host-disease 87,88. Graft-

verus-host disease is when the patient’s immune system reacts to a foreign or pathogenic antigen. 

In the context of autografts, this may occur if the autograft is not completely purged of leukemia 

cells and leukocytes react to the residual leukemia cells.  
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In terms of treating ALL, there are more options for chemotherapy drugs and treatment is 

longer, typically closer to one month, rather than one week for the induction phase of AML 89. A 

critical prognostic factor for ALL is the age at which a patient is diagnosed and receives 

treatment 90. Adult patients typically receive a worse prognosis compared to pediatric patients 

and although the incidence of ALL in the elderly population is low, it typically carries the worst 

outcomes 90. With all this being considered, the stages of chemotherapy used to treat both AML 

and ALL remain the same: induction, consolidation and ultimately, the best chance of a cure or 

long-term remission is with concomitant HSCT. 

With any treatment, there are limitations. Age is an important factor when considering the 

optimal treatment regimen. The five-year survival rate for elderly patients ≥60 years of age is 

~10-15% 73. These patients are at highest risk for comorbidities and chemotherapy-related 

adverse events. In the elderly population, mutation-targeted drugs or hypomethylating agents in 

combination with low-dose cytarabine are the first line of treatment. Another disadvantage of 

using chemotherapies to  treat leukemias are the fact that leukemia cells must be actively 

dividing to be targeted and destroyed 91. This becomes a challenge with respect to the 

hierarchical model of tumor heterogeneity in which chemotherapy could never access and 

destroy the source of cellular heterogeneity because LSCs have the capacity for self-renewal and 

are not constantly dividing. If LSCs can remain dormant, they can survive chemotherapeutic 

interventions and re-capitulate leukemia heterogeneity. Scientists began exploring methods to 

further limit the growth and spread of leukemia cells such as those that target epigenetic 
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pathways, potentially preventing transcription or translation of leukemia cells by restoring 

epigenetic pathways that have been hijacked by leukemias as these diseases develop.  
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1.2 Epigenetic Modifiers 

1.2.1 The Epigenome 

The epigenome is a group of chemical molecules that instruct the genome via the induction 

of epigenetic changes 92. Epigenetic patterns are heritable wherein changes in gene expression 

occur without changing the sequence of deoxyribonucleic acid (DNA) 93. Epigenetic changes can 

be grouped into three main categories: DNA, histone and chromatin modifications 94. The focus 

of this section will be on DNA modifications, specifically DNA methylation and DNA 

methyltransferase inhibitors (DMIs) in the treatment of leukemias.  

DNA methylation is an ‘epigenetic mark’ formed by the covalent bonding of a methyl group 

to cytosine residues in CpG islands 95. In cancer cells, DNA methylation can silence or activate 

cancer-promoting genes and leukemias, particularly AML, have been reported to contain a 

wealth of aberrant epigenetic patterns 96. The epigenomic landscape of AMLs from 200 patients 

was examined by the Cancer Genome Atlas Research Network 97,98. Results indicated that 70% 

of patients had mutations in DNA methylation genes 97,98. More than 160,000 CpG loci were 

analyzed for aberrant DNA methylation patterns and revealed 67% of mutations were gain of 

methylation and 33% of mutations were loss of methylation 97. These are referred to as loss or 

gain of function mutations which result in altered methylation patterns and dysregulated genomic 

control 99. Examples of loss of function mutations include hypermethylation of the promoter 

region of tumor-suppressor genes like p53 and retinoblastoma protein (pRb) whereas gain of 

function mutations include hypomethylation of the promoter region of proto-oncogenes like B-
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cell lymphoma-2 (BCL-2) 100–102. Studies have shown that hypomethylation activates BCL-2 and 

enhances the survival of B-cells in B-cell chronic lymphocytic leukemia (B-CLL) in cooperation 

with the oncogene c-myc 101. This evidence suggested a role for BCL-2 in a resting phase which 

promoted the survival of B-cells by delaying progression through the cell cycle until additional 

oncogenes (e.g. c-myc) were activated 98,101. This mechanism enhances the pathogenesis and 

proliferation of neoplastic cells of hematopoietic origin 98,100,101. In contrast, Agirre et al. 

demonstrated that adult ALL frequently involves epigenetic changes inducing DNA methylation 

of the promoter region of p53 tumor-suppressor genes. These epigenetic changes promote 

cellular proliferation via loss of function mutations in which the suppression of cancer cells is 

dysregulated 102.   

In conclusion, DNA methylation has the capacity to both silence and activate genes 

throughout the genome. The most common targets for epigenetic modification in cancer cells are 

genes that will provide an advantage to cancer cells such as increased proliferative capacity or 

prolonged survival. Several epigenetic modifiers were approved by the FDA to target these 

vulnerabilities in the early 20th century, including Vidaza and decitabine (DCB) for the treatment 

of myelodysplastic syndromes and leukemias. 

1.2.2 DNA Methyltransferase Inhibitors (DMIs) 

Epigenetic modifiers are novel therapeutic agents that can modify the genome by writing or 

erasing epigenetic marks 93,94,99,103. Epigenetic writers like DNA methyltransferases (DNMT) and 

erasers like histone deacetylases are therapeutic targets in hematological malignancies 99,103. 

DNMTs catalyze the addition of methyl groups to DNA, preventing the binding of polymerases 
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and resulting in transcriptional repression whereas histone deacetylation has the opposite effect, 

activating gene transcription 104. Hence, epigenetic modifiers that can disrupt the function of 

these enzymes have been investigated for clinical development. This includes DMIs and histone 

deacetylase inhibitors which have been shown to inhibit and/or reverse epigenetic changes 103. 

The first FDA-approved epigenetic modifiers were DMIs in 2004 and 2006 for the treatment of 

myelodysplastic syndromes (MDSs) 105,106.  

Vidaza and DCB are commonly used to treatment MDSs and leukemias in the elderly 

population in particular 107. Decisions as to the appropriate therapeutic intervention in elderly 

patients with leukemias and MDS ultimately depends on the overall health and fitness of the 

patient 107,108. For example, elderly patients with weak hearts or other health complications may 

not be able to tolerate high-intensity chemotherapy whereas epigenetic modifiers like DCB could 

be a safer, more suitable alternative. Although traditional chemotherapeutic intervention 

consisting of two chemotherapeutic drugs over the course of seven days (i.e. induction phase 

chemotherapy, 7+3) induces an approximate 50-80% complete remission rate in patients with 

AML undergoing first line therapy, it is associated with approximately 60-65% five-year relapse 

rates 109–111. The primary study was conducted on over 1,000 patients where standard 

chemotherapeutic intervention induced durable remissions in as little as 30-35% of patients 

demonstrated by the two- to five-year survival rates 109. Additionally, many elderly patients are 

not eligible for these types of high-intensity, cytotoxic therapeutic interventions due the risk of 

treatment-related adverse events and ultimately, fatality. The limitations of chemotherapeutic 

interventions identify an unmet need for novel therapeutic agents that induce immunological 
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memory, durable remissions and resistance to relapse of disease as well as being safe in high-risk 

populations.  

DCB has demonstrated its tolerability and efficacy in the elderly population as well as similar 

survival rates when compared to chemotherapeutic intervention in young and middle-aged 

patients with leukemias 107,108,112. Furthermore, combination therapy with DCB and 

chemotherapies have demonstrated additive effects. Preliminary studies report that patients with 

acute and chronic leukemias with complex karyotypes and high cytogenetic risk did not respond 

significantly differently than their counterparts with less cytogenetic aberrations, which indicate 

that cytogenetic changes were not a significant influence on the overall response rate to DCB 

107,110,112,113. Additionally, results indicate that patients treated with monotherapy versus 

combination therapy achieved similar remission rates of 56.5 and 61.5 percent, respectively. 

Another study reports that patients with high-risk MDS treated with DCB versus chemotherapy 

achieved higher overall survival rates three months post-treatment of 93% versus 77%, 

respectively 114.  

Although clinical evidence suggests the initial remission rates in DCB-treated patients with 

MDS or leukemia are similar to that of chemotherapies and generally well-tolerated, there is 

minimal evidence that these hypomethylating agents induce more durable, long-term remissions 

compared to chemotherapeutic intervention. A follow up time of three to six months post-

treatment is not sufficient to extrapolate long-term survival as Kantarijan et al. have done. 

However, other groups have reported follow-up until approximately three years post-treatment 

with DCB followed by HSCT. These studies indeed report similar survival rates to 
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chemotherapies being 26% at the 3.3-year mark. Again, this opens the door for combination 

therapeutic approaches to treat cancers which may increase the time that patients remain in 

remission and effectively induce long-term cures, although more clinical evidence is required. 

Scientists have re-directed their focus to these types of combination approaches by not just 

combining traditional therapies but rather combining several novel therapies in hopes of 

achieving higher long-term remission rates, particularly with respect to leukemias. However, 

limited clinical evidence of novel therapies makes it challenging to receive approval for these 

relatively new drugs for combination applications. 

1.2.3 Decitabine – Mechanisms of Action 

Clinically approved DCB was investigated for its anti-leukemia effects in 1968, just four 

years after it was first characterized 115,116. Optimizing the dosing regimen both in vitro and in 

vivo has been a subject of interest since the early 2000’s 116,117.  DCB activity has been 

characterized at both low and high doses, indicating a dual mechanism of action116–118.  

In low doses of approximately 0.1-10 µM at acute timepoints, DCB has demonstrated 

efficacy against leukemia cells via epigenetic changes, specifically demethylation 116,119. These 

studies have shown that several biologically relevant transcription factors, genes and 

retrotransposons in cancer are affected by low-dose decitabine treatment 120–122. Some of these 

elements include p15, p21, FOXO3A and long interspersed nuclear element-1 (LINE-1) 120–122. 

These elements are either methylated and silenced, or de-methylated and activated. The ability to 

reactivate these silenced genes is an appealing strategy to target leukemias, which often have 

dysregulated epigenetic modulation 116.  
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In contrast, high dose DCB treatment has demonstrated cytotoxicity against leukemia cells, 

inducing leukemia cell death rather than promoting their survival. The higher doses of DCB have 

been linked to cytotoxicity via incorporation into DNA and trapping DNMTs in DNA, 

preventing the function of enzymes. The enzymes that catalyze the reaction of methyl groups to 

CpG promoter regions in leukemia cells facilitate the hypermethylation and therefore silencing 

of several important anti-cancer genes and prevent downstream protein translation. Therefore, if 

high doses of DCB trap DNMTs in the DNA, the resultant cytotoxic, anti-cancer effect makes 

sense.  

Ultimately, to kill leukemia cells and prevent minimal residual disease, which is often 

concern for relapse, multiple anti-leukemia pathways should be targeted. Thus, scientists have 

begun investigating combination approaches using DCB and chemotherapies. A potentially 

promising strategy in need of research is the combination of epigenetic modifiers and OVs. 
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1.3 Oncolytic Viruses 

1.3.1 Targeting Cancers 

Oncolytic viruses (OVs) are novel therapeutic agents that preferentially replicate in and kill 

cancer cells 123–125. There are a number of well-documented OVs with variable preferences for 

cancer cells (see Table 1). The tropism or targeting of OVs are dependent on defective anti-viral 

signaling pathways, availability of cell surface receptors that facilitate infection, cellular 

metabolism, and stage of the cell cycle. Defects in anti-viral signaling pathways are often 

established in the transformation phase from healthy to cancerous cells 126. During the 

transformation phase there is an influx of mutations, including genetic and epigenetic alterations 

as well as proteasomal and structural changes 126–130. These biophysical changes enable 

cancerous cells to evade the immune system, conferring a survival advantage while 

simultaneously rendering cancer cells susceptible to viral infection 131–134.  

Some of the most well-known anti-viral signaling defects OVs can exploit are those in the 

RAS signaling pathway. Approximately twenty percent of cancers are associated with defects in 

this signaling cascade 135. Mutations in the activation of RAS can result in constitutive signaling 

from this protein, which prevents the dimerization of its downstream target, protein kinase R 

(PKR) 136–138. If PKR cannot dimerize, thereby activating the catalytic domain via 

autophosphorylation, it cannot in turn phosphorylate and sequester eukaryotic translation 

initiation factor 2 alpha (eIF2a) 137,138. Unphosphorylated eIF2a normally binds to the ribosome 

and initiates translation of mRNA transcripts via Met-tRNA transfer 137,138. When eIF2a is 
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phosphorylated and therefore not available to bind to the ribosome, translation is inhibited and 

critical viral proteins cannot be synthesized 137. Therefore, reovirus and bovine herpes virus that 

target cancer cells overexpressing RAS-guanine 5’-triphosphate (GTP) do so to ensure effective 

translation of viral mRNA transcripts thereby limiting infection of BVH-1 and reovirus to cells 

with overactive RAS expression, as seen in lung and colon cancers 136. 

Vesicular stomatitis virus (VSV) is another well-studied OV, known for exploiting defects in 

the interferon (IFN) signaling cascade since it is highly sensitive to type-I IFNs 139,140.  

Therefore, VSV exhibits natural selectivity for IFN-non-responsive cells like many cancer cells 

141,142. In human T-cell lymphomas, cells that are IFN-responsive (i.e. healthy cells) will not 

succumb to VSV infection because they produce a key mediator of the IFN-specific anti-viral 

defense, MxA protein 141. MxA protein is responsible for sensing viral infection and trapping 

viral nucleocapsids in the endoplasmic reticulum. Once MxA traps nucleocapsids, OVs are 

unable to generate viral progeny. Since cancer cells that are commonly IFN non-responsive 

cannot produce MxA protein, they are permissive to VSV infection and oncolysis resulting in the 

induction of anti-tumoral immunity 141. 

Additional mechanisms that influence the terms of viral oncolysis have been reported but are 

not as well understood. One of these underappreciated mechanisms is cancer cell progression 

through the cell cycle. Oliere et al. reported that resting T-cells derived from patients with T-

ALL were not permissive to infection with VSV and could therefore not undergo apoptosis, 

whereas actively proliferating CD4+CD25+ T lymphocytes were capable of being infected and 

becoming apoptotic 143. Similar results were obtained in models of human CLL 143. This data was 
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further supported by the finding that cancerous T lymphocytes from the aforementioned patients 

were permissive to VSV and virus-induced apoptosis when stimulated with anti-CD3 to induce 

activation and proliferation 143. To determine which stage of the cell cycle blocked VSV 

replication, mice were treated with an assortment of cell cycle inhibitors ranging from G0 to M 

phase 143. Interestingly, only an inhibitor of G0 to G1 could block VSV replication and prevent 

apoptosis; specifically rapamycin 143. This data suggests that cell cycle entry is required for 

productive infections with some OVs, particularly VSV. 

Liquid tumors and solid tumors pose completely different challenges for oncolytic 

virotherapy including the notion that viral infection is often quenched by healthy cells and tissues 

which leukemias are spread throughout. Methods to improve targeting and persistence of OVs in 

neoplastic blood diseases need to be addressed before scientists can effectively treat leukemias 

using OVs in monotherapy. For example, recent and highly preliminary successes using anti-

angiogenic therapies in combination with OVs have demonstrated increased infiltration of 

lymphocytes and monocytes into solid tumors. Similar approaches may be feasible solutions to 

enhance viral infiltration into liquid tumors, however data to confirm this does not currently 

exist.  

Furthermore, chemotherapy and radiation followed by HSCT is one of the most common 

treatments for acute leukemias and has been performed for decades, although studies report that 

patients who receive HSCTs are at greatest risk of fatality within the first five-years post-HSCT 

with survival rates as low as 30-40% 113. It is important to note that although the use of OVs in 

primarily liquid tumors is limited, they have proven quite useful in the ex vivo treatment of 
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autografts to purge contaminated cells of the bone marrow before re-infusion into patients. 

Clinical focus has been placed on myxoma and reovirus in the purging of leukemia cells from 

autografts 144,145. 

1.3.2 Mechanisms of Action (MOA) 

OVs utilize a multi-modal mechanistic approach to kill cancer cells in which they begin by 

directly lysing malignant cells following productive infection, which leads to the induction of 

anti-tumoral immunity 146. Several additional aspects aid OVs in destroying cancerous cells and 

limiting their spread including fusogenesis and acute vascular shutdown, which will be covered 

briefly as their application to leukemias are limited 147–150. 

OVs begin by preferentially replicating in cancer cells resulting in lysis of infected cells in 

a process known as oncolysis 151. Infected cells release a variety of neoplastic antigens known as 

tumor-associated antigens (TAAs), danger-associated molecular patterns (DAMPs), pathogen-

associated molecular patterns (PAMPs) and proinflammatory cytokines, including IFN-g and 

tumor necrosis factor (TNF)-a 152. TAAs are antigens over-expressed on cancer cells whereas 

PAMPs are induced by viral infection and DAMPs are activated by cellular stress.  All these 

molecules play a critical role in the induction of innate and adaptive anti-tumoral and anti-viral 

immunity. TAAs are critical in the induction of tumor-specific adaptive immunity because they 

are unique to or differentially expressed by cancer cells whereas DAMPs are potent inducers of 

immunogenic cell death (ICD) 153–155. Hallmarks of ICD  include calreticulin, heat shock 

proteins, high mobility group box 1 (HMGB1) and secretion of adenosine triphosphate (ATP) 
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155. Once these immune-stimulatory molecules are released into the tumor microenvironment 

(TME), there is a shift from immunosuppression to stimulation. Immuno-stimulatory molecules 

prime innate and adaptive tumor-specific immune responses by recruiting leukocytes to the TME 

including DCs and natural killer (NK) cells 156,157. NK cells exert direct cytotoxic effects on 

infected cells when their pattern recognition receptors (PRRs) recognize PAMPs and DAMPs on 

the surface of infected cells 158. Cytotoxic effects are initiated once ligands are bound and 

adaptor molecules are recruited by the effector domain of PRRs in which signaling cascades are 

initiated and the resultant cytotoxic effects ensue 159. DCs sample TAAs and viral antigens in the 

TME and present them to naïve CD8+ and CD4+ T-cells and B-cells in draining lymph nodes, 

resulting in their activation 160. Lastly, effector T-cells and B-cells exit lymph nodes via the 

efferent lymphatic vessels and enter the blood stream to destroy leukemia cells. Effector T- and 

B-cells also infiltrate the bone marrow and solid tissues targeting leukemia cells seeded in these 

compartments 161. In the case of solid tumors, effector lymphocytes migrate to the tumor and are 

referred to as tumor-infiltrating lymphocytes (TILs). The induction of anti-tumoral immunity by 

OVs is known as the in-situ vaccination effect.  

Another important MOA of oncolytic virotherapy in solid tumors is fusogenesis. 

Fusogenesis is the process of cell-cell fusion mediated by proteins called fusogens, which fuse 

cell membranes. OVs utilize fusion proteins to enhance cell entry and oncolytic potential 162. 

OVs that encode fusion proteins typically induce the formation of syncytia (multinucleated cells) 

which are highly prone to cell death via ATP depletion and mitochondrial dysfunction 163,164. 

Death mediated by fusion proteins enhances anti-tumoral immunity via the production of 
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syncytiosomes rather than exosomes. Syncytiosomes are more rapidly loaded onto antigen-

presenting cells, streamlining antigen presentation and induction of adaptive immunity 163. 

Traditionally, reports of therapeutic benefit from the formation of syncytia are in solid cancers 

like ovarian cancer and melanomas, however, several reports identify therapeutic potential in 

leukemias. These reports indicate enhanced therapeutic efficacy when AML cells were treated 

with hyperfusogenic, genetically engineered OVs 162,163. The formation of syncytia lead to 

increased necrotic cell death and demonstrated a role for fusogenesis in hematological 

malignancies 165. 

Lastly, OVs possess inherent anti-angiogenic properties and induce acute vascular 

shutdown. Angiogenesis is the formation of new blood vessels and is associated with poor 

prognosis for a multitude of cancers 167,168. Small, newly formed tumors receive nutrients from 

adjacent cells but this supply only lasts so long 169. In order for tumors to continue growing and 

metastasize, they need a continuous source of nutrients which is where angiogenesis becomes 

critical 167–169. OVs can not only target existing tumor vasculature, known as vascular disruption, 

but also prevent the formation of new blood vessels 169. In the context of leukemias, there is 

typically an increase in angiogenesis, demonstrated by the increase in mean vessel diameter in 

the bone marrow 170. The bulk of leukemia cells are located in the bone marrow and the systemic 

spread of malignant cells depends on blood flow to and from the bone marrow niche 170–172. 

Therefore, we speculate that the anti-angiogenic properties of OVs may reduce the systemic 

spread of leukemia cells by starving them of nutrients and oxygen, creating a hypoxic 

environment thereby increasing cell death. In addition, vascular disruption may prevent the 
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migration of malignant cells from the bone marrow niche to the peripheral blood therefore 

reducing the burden of systemic disease.  

In conclusion, oncolytic virotherapies encompass multi-mechanistic approaches to treat 

cancers in which the induction of robust tumor-specific immune responses and direct oncolysis 

are central to therapeutic efficacy. Acute vascular shutdown induced by OVs is the most recently 

discovered MOA and encompasses promising preliminary data in solid tumors but their 

relevance to leukemias is questionable. Leukemias are widely dispersed liquid tumors that do not 

depend on angiogenesis for growth and metastasis like solid tumors. This is a significant 

limitation of acute vascular shutdown in leukemias, although not completely irrelevant. 

Leukemias do form small, compact tumors in the bone marrow and lymph nodes but they most 

often occur as what is referred to as liquid tumors. Therefore, the relevance of angiogenesis to 

leukemias may be limited to the bone marrow and lymph nodes, as discussed. Similar insight 

into fusogenesis and leukemias suggests significant limitations since fusogenesis requires cancer 

cells to be in close proximity. Since leukemias are widely dispersed throughout normal tissues, 

the fusion of leukemia cells is perceived to be minimal. On the contrary, some studies have 

shown in vitro efficacy with fusogenic OVs, although this does not address their role in a 

biological system in which leukemias are systemic diseases. The general limitation of OVs as 

monotherapies to treat leukemias has already been discussed in the previous section where 

leukemias are spread throughout normal tissues that can quench viral infection. In this context, 

scientists should switch their focus to combination therapies for the treatment of leukemias, some 

of which may circumvent this significant limitation. This type of thinking could lead to the 
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development of multi-faceted platforms for the treatment of various liquid tumors, limiting 

minimal residual disease and maximizing immunological pressure against cancer cells. 

1.3.3 Newcastle Disease Virus (NDV) 

The OV that will be primarily focused on will be on NDV. The rationale for selecting 

NDV is the impressive clinical profile compared to other OVs. From a clinical perspective, there 

is limited pre-existing immunity against NDV in humans, demonstrated by Zamarin and Palese 

who reported 96% of human participants were seronegative for NDV 173. Furthermore, NDV has 

shown promise in pre-clinical models of leukemias and clinical models of a variety of solid 

cancers, demonstrating potent oncolytic activity driven, in part, by the up regulation of co-

stimulatory molecules and the production of cytokines and chemokines 174. Furthermore, NDV 

can carry rather large transgenes which is of great benefit from a genetic engineering standpoint 

175. Finally, the receptor NDV uses to bind to and enter cells is ubiquitously expressed enabling 

scientists to target a wide range of cancers and test our therapy in a variety of models in the 

future 173.  

In the 1950’s, scientists began investigating NDV for its oncolytic potential 176. NDV is an 

enveloped, negative sense, single-stranded RNA virus classified as a paramyxovirus and 

belonging to the Avulavirus genus 176,177. Delving into the virology realm of NDV, there are six 

critical proteins that the RNA genome encodes: the nucleocapsid protein, phosphoprotein, matrix 

protein, fusion protein, haemagglutinin-neuraminidase and the large polymerase protein (Figure 

2) 176,177. Before NDV can replicate, it must recognize, bind to and enter a cell. Entry of NDV is 

facilitated by the haemagglutinin-neuraminidase protein which recognizes and binds to sialic 
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acid residues and the fusion protein triggers the fusion of the virus to a cell for viral entry 176,177. 

Once inside the cell, the nucleocapsid protein, phosphoprotein and large polymerase protein form 

the RNA-dependent RNA polymerase complex which facilitates transcription and translation of 

the viral genome which is processed in the cytoplasm, not the nucleus 176,177. Progeny NDV then 

exit the cell via budding 176,177. 

NDV is well known for its impact on the poultry industry as it is an avian virus capable of 

infecting over 240 avian species, but the most susceptible birds are chickens 176,178.  Given 

NDV’s tropism to avian species, it is considered a safe choice for development as an anti-cancer 

therapy in humans due to the restricted host range and lack of pre-existing immunity 179. In phase 

II clinical trials, it was reported that patients received multiple doses of up to 1010 plaque-

forming units (PFU) of NDV per dose, without adverse events 180. Safety is always an important 

factor to consider when selecting OVs as anti-cancer therapeutics because some OVs have higher 

pathogenicity in human hosts than others, such as herpes simplex virus 1 (HSV-1) 181. NDV has 

limited pathogenicity and tropism for human tissues and there are minimal modifications that 

have to be performed to fully attenuate the virus, whereas when HSV-1 was developed for 

clinical use, significant genetic and molecular modifications were required 181,182. Although NDV 

is relatively safe in humans, it is important to appreciate the three classifications based on 

severity of disease caused in avian species 183. The most pathogenic strain of NDV is known as 

velogenic, followed by strains of intermediate pathogenicity known as mesogenic and finally, the 

least pathogenic strain being lentogenic NDV 183,184. The reduced virulence of lentogenic NDV is 

in part due to the monobasic F protein cleavage site, which decreases the breadth of tropism of 
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lentogenic forms of NDV compared to mesogenic and velogenic, which contain polybasic F 

protein cleavage sites 176.  
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1.4 Nitrosative and Oxidative Stress 

1.4.1 Reactive Oxygen/Nitrogen Species and Free Radicals 

Reactive oxygen/nitrogen species (RONS) are free radicals or reactive molecules 

produced during biological processes such as cellular respiration and are formed by chemical 

reactions with oxygen and/or nitrogen molecules 185. During these reactions, electrons are the 

source of reactivity and as they are exchanged between two chemical species, they form what is 

known as a valence 186. When compounds have an incomplete valence or outer shell, the 

unpaired electron is highly reactive and can bond with another molecule’s unpaired valence 

electron via covalent bonding 187,188. This is the chemical basis for free radicals and the high 

degree of reactivity of RONS. While RONS are essential regulators of homeostasis in biological 

systems, an imbalance in these molecules can lead to oxidative and nitrosative stress 189,190. This 

is where antioxidants play a critical role in balancing RONS production and reduction, by 

participating in redox reactions 190–192. Redox reactions are reduction and oxidation reactions that 

are critical in maintaining redox homeostasis 193.  

RONS are both beneficial and detrimental in the context of cancer. The production of 

RONS were initially identified as beneficial to the human body as they are key regulators of 

innate and adaptive immunity as well as cell signaling 194. However, while RONS production is 

essential for normal biological processes, they must not be produced in excess to avoid damage 

by oxidative and nitrosative stress, 
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1.4.2 Reactive Oxygen/Nitrogen Species – A Double-Edged Sword 

The role of RONS production has been a source of controversy for many years. While a 

significant increase in the production of RONS are associated with negative biological effects, 

they also play an important role in the human body and their absence would be fatal 194,195.  

At the most basic physiological level, RONS are critical for cell signaling. A variety of 

RONS including nitric oxide, hydrogen peroxide and superoxide anion are crucial regulators of 

cell cycle progression 196,197. Hydrogen peroxide is one of the best-known RONS associated with 

signal transduction 196. Hydrogen peroxide functions through the oxidation of cysteine residues 

of proteins, modifying their function and when maintained at physiological levels, hydrogen 

peroxide promotes cell cycle progression from G0/G1 to S phase 189,196,198.  Studies have further 

demonstrated the negative regulatory effect of catalase, a hydrogen peroxide scavenger, on 

progression through the cell cycle, or rather lack thereof 198. A number of additional studies have 

reported regulatory effects of hydrogen peroxide, including Hensley et al. who demonstrated that 

low concentrations of exogenous hydrogen peroxide activate several protein kinases, leading to 

the activation of transcription factors 199. His group believed these signaling cascades were being 

activated by intermediate proteins that contained redox-sensitive molecules which hydrogen 

peroxide could react with and activate, acting as secondary messengers 199. In later experiments 

by Hensley’s group, they correlated endogenous and exogenous RONS production with an 

increase in anti-inflammatory signaling cascades as well as antioxidant antagonistic pathways, 

therefore corroborating the importance of redox control mechanisms 199.  
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In addition to cell cycle progression, RONS play an important role in both innate and 

adaptive immunity, such as the activation and positive regulation of myeloid and lymphoid cells 

in the presence of foreign antigen 200,201. One study reported that mitochondrial complex III 

RONS were required for the activation of CD4+ T-cells which cannot be activated in their 

absence, identifying a RONS-dependent T-cell activation model 201. Similar studies identify the 

importance of the oxidative burst by phagocytes in which RONS mediate the engulfment of 

damaged or dying cells. Meanwhile other myeloid cells including monocytes and macrophages 

further exacerbate RONS production leading to the recognition and removal of damaged cells in 

a multi-faceted immune response 200,202. 

On the contrary, oxidative and nitrosative stress are linked to the development and 

progression of a number of cancers 190–192,203. Initial studies identified a relationship between 

oxidative stress and cancers and showed that the production of RONS drives metastasis in 

cooperation with hypoxia-inducible factor 1-a and cyclooxygenase-2 190–192,203. A more recent 

study identified the role of both extracellular and intracellular RONS production in cancer cell 

growth and development 204. In addition to modulating cancer cells and enhancing their survival, 

RONS production can also influence the TME and create a secondary niche conducive to 

metastatic secondary tumors 204.  

Perhaps the best-known mechanism of RONS contributing to carcinogenesis is through 

DNA damage. Numerous studies report an increase in DNA damage by RONS production in 

leukemia cells with emphasis on the most lethal form, double-stranded DNA (dsDNA) breaks 

205,206. There are two mechanisms dsDNA breaks can be repaired by: homologous recombination 
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(HR) and non-homologous end joining (NHEJ) 206,207. HR repairs dsDNA breaks with high 

accuracy whereas NHEJ is an error-prone process 206. Furthermore, the accumulation of RONS-

induced DNA damage has been reported in several pre-leukemic disorders such as MDS. 

Approximately 30% of patients with MDS develop AML, known as secondary AML 206.  

On the other hand, studies have shown the induction of RONS must be closely regulated 

in order for cancer cells to continue to grow and ultimately avoid apoptosis 192. These studies 

outline the role of RONS as a negative regulator of cancer cell metastases at high concentrations 

related to clearance by the immune system and activation of a multitude of cell death modalities 

192. This evidence suggests that there is a threshold within which RONS positively influence 

cancer cell metabolism, growth, and metastasis but once this threshold is crossed and the 

induction of RONS overwhelms cancer cells, they induce cell death via the activation of both 

innate and adaptive signaling pathways.  

In conclusion, the role of RONS in the development of cancers is controversial. Its 

biological activity is highly complex as evidence suggests both anti-tumoral effects and 

enhanced cancer cell growth and metastasis. A critical factor in whether RONS will positively or 

negatively regulate cancer cells appears to be the concentration and level of accumulation of 

these highly reactive entities. It appears high concentrations of RONS may alert the immune 

system to a foreign pathogen or antigen, while low concentrations of RONS may induce 

metastatic signaling molecules and create the ideal niche for secondary tumors. 
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1.5 Cytokines 

1.5.1 Introduction 

Cytokines are small proteins that have effects on other cells or the cell producing the 

cytokine, in the case of autocrine activity 208. Dysregulated cytokine production has been linked 

to a variety of diseases including cancers and auto-immune diseases 209,210. In the context of 

cancers, cytokines play a critical role in the induction of anti-tumoral immunity and the 

activation of cytotoxic and helper lymphocytes, including CD8+ T-cells, CD4+ T-cells, plasma 

cells and NK cells 211. A number of studies suggest that OVs induce immunostimulatory 

cytokine production whereas DCB induces immunosuppressive cytokine production 174,212–215.  

This sub-section emphasizes the impact of cytokines on leukocytes. Taking this into 

consideration, it is important to appreciate that leukemias are derived from leukocytes in a 

process known as leukemogenesis 216. Leukemias are therefore, malignant leukocytes. Malignant 

leukocytes often have dysregulated cytokine profiles and/or responses to cytokines from other 

cells in several types of leukemias 217. Furthermore, there has been minimal investigation of how 

the origin of leukemia cells can impact responses to DCB or OVs in models of acute and chronic 

leukemias. 

1.5.2 Oncolytic Virotherapy, Epigenetic Modification and Cytokines 

Oncolytic virotherapy impacts the production of cytokines in a variety of cancers 

including colon, cervical and lung cancers. Current literature indicates OVs can modulate the 

TME, resulting in an immunostimulatory effect by changing the types and levels of cytokines 
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secreted 218. By altering cytokine activity in the TME, OVs enhance anti-tumoral immunity by 

promoting the infiltration of lymphocytes (i.e. TILs) and changing the activation status of 

infiltrating cells. OVs further modulate the TME by promoting the expression of DAMPs, 

PAMPs and TAAs on virally infected cells, resulting in the production of pro-inflammatory 

cytokines and therefore, inflammation 218,219.  

Decitabine on the other hand, demonstrated the opposite effect in both pre-clinical and 

clinical trials. A phase I clinical trial reported DCB treatment alone had no significant effect on 

cytokine production in acute myeloid leukemia but when avelumab was combined with 

decitabine, there was an increase in the secretion of immunosuppressive cytokines 213. However, 

pre-clinical data indicated treatment with DCB alone induced TGF-b and IL-10 secretion while 

suppressing pro-inflammatory cytokine secretion including IL-1b and TNF-a 212,214. Therefore, 

while some studies report the production of immunosuppressive cytokines following DCB 

treatment, others report no significant treatment effect.  

In conclusion, the effect of DCB and OVs on cancer cells seems to differ. Studies 

identified a consistently positive correlation between oncolytic virotherapy and the induction of 

RONS. However, the effect of DCB on RONS production was inconsistent and several groups 

reported contrasting results. While these findings are contradictory, they warrant further 

exploration with respect to the relationship between cytokines and RONS signaling pathways in 

the context of DCB treatment, preferably in vivo. 
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1.5.3 Cell Signaling 

Cytokines are produced by a variety of key effector cells of the immune system, 

including but not limited to T-cells, B-cells, macrophages, neutrophils and NK-cells 208. As 

demonstrated in Figure 3, different cell types produce unique cytokine profiles 208. The cytokine 

profile of individual cells has been linked to their function and ability to activate specific 

signaling cascades and thereby, biological processes such as inflammation and antigen 

presentation 220–223. It is also important to appreciate that cytokines are regulated by what is 

known as the hierarchical cascade 224,225. The hierarchical cascade demonstrates that cytokines 

are regulated by positive and negative feedback loops and may act as secondary messengers 

220,224,225.  

Studies have shown that the interleukin (IL)-6 family of cytokines play a critical role in 

B-cell and T-cell activation as well as cellular metabolism 226. The IL-6 family of cytokines are 

characterized by their shared use of signaling receptor subunit glycoprotein 130 to initiate 

signaling cascades 226,227. An example is IL-6 family member, IL-27, which has demonstrated 

anti-tumoral effects and pro-inflammatory effects both in vitro and in vivo. The reports of 

greatest interest are those identifying both stimulatory and inhibitory effects of IL-27 on naïve 

CD4+ T-cells 227,228. IL-27 was first reported in 2002 to activate naïve CD4+ T-cells and induce 

T-helper 1 (Th1) responses 229. Shortly after, contradictory reports surfaced which demonstrated 

IL-27 as a negative regulator of CD4+ T-cell responses 230,231. These studies report that IL-27 acts 

as a secondary messenger and promotes the secretion of IL-10 and reduces the secretion of IL-2 

232,233. IL-10 is a suppressive cytokine which inhibits both inflammatory and anti-cancer 
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responses whereas IL-2 is critical for the development and clonal expansion of T-cells 234,235. IL-

27 has also been reported to regulate inhibitory receptors, including those linked to 

immunological checkpoints such as programmed cell death protein ligand one and cytotoxic T-

lymphocyte-associated antigen four 235. 

Considering the anti-viral response and its application to oncolytic virotherapy, another 

critical family of cytokines are IFNs. Type I IFNs, such as IFN-a and IFN-b, and type II IFNs, 

such as IFN-g, stimulate different signaling cascades, activating the transcription of either anti-

viral immunity or inflammation, respectively, as shown in Figure 4 236,237. Both type I and II IFN 

receptors are composed of two subunits. Type I IFN receptors are composed of IFNAR1 and 

IFNAR2 subunits whereas type II IFN receptors are composed of IFNGR1 and IFNGR2 

subunits. Both type I and II IFN receptor subunits associate with different types of secondary 

proteins in the cytoplasm. Both type I and II IFN pathways are activated by autophosphorylation 

of Janus-activated kinases (JAKs). JAKs in turn phosphorylate and activate signal transducers 

and activators of transcription (STATs) 236. Phosphorylated STATs form homo- or hetero-dimers 

and activate gene transcription 236. Type I IFNs initiate the transcription of anti-viral genes 

downstream of the interferon-stimulated response elements whereas type II IFNs initiate the 

transcription of pro-inflammatory genes downstream of the IFN-g-activated site 236,237. OVs 

preferentially infect and replicate in cells with defects in this pathway. This allows OVs to target 

cancer cells while minimizing damage to healthy cells that have intact IFN signaling. However, 

the application of cytokines in cancer therapeutics goes far beyond the cytokines mentioned here.  
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1.5.4 Cytokines and Cancers – Innate and Adaptive Immunity 

As demonstrated in Figure 3, different cells of the immune system have a unique 

cytokine profile that is dependent on their response to a particular stimulus 208. This multi-

faceted cytokine network has the power to induce or inhibit anti-tumoral immunity in the face of 

cancers. We have already discussed how interleukins can influence T-cell responses but there is 

so much more to the story… Cancers develop from healthy cells and become cancerous 

following transformation, known as tumorigenesis. Inflammation plays a critical role in 

tumorigenesis, angiogenesis and metastasis and it is known from years of research that the 

production of cytokines is associated with these processes 219,238,239. This evidence suggests that 

the production of cytokines aids cancer cells in the transformation process by promoting 

inflammation and inflammatory diseases which can cause a number of cancers as identified in 

Table 2 207,238. Furthermore, cancers generate an immunosuppressive TME to evade the immune 

system by up-regulating immunosuppressive cytokines including IL-10 and transforming growth 

factor beta (TGF-b) 132,240,241. This facilitates optimal conditions for cancer cell growth and 

metastasis while avoiding immunosurveillance mechanisms 132. 

In terms of inflammation, innate cells initiate the immune response where the key 

effector cells are DCs and innate lymphoid cells (ILCs) 242. Studies have shown that cytokines 

are potent activators of DCs and ILCs like natural killer (NK) cells 243,244. One study 

demonstrated the activation of NK cells in response to IL-12, both before and after viral infection 

244. Additional studies indicate co-treating NK cells with IL-12 and a cocktail of additional 

cytokines including IL-15, IL-18, IL-33 and TNF-a increased the activation of NK cells, relative 
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to IL-12 stimulation alone, and enhanced their ability to secrete IFN-g 244. IFN-g is tied to the 

inflammatory response, underscoring the importance of cytokines as secondary messengers and 

stimulators in the context of inflammation and cancers.  

Another cell type that can be activated and regulated by cytokine production are DCs. 

DCs can be activated by autocrine and/or paracrine cytokine signaling of IL-1, TNF, type I IFNs 

and thymic stromal lipoprotein (TLSP) 243. Once activated, DCs can secrete additional cytokines 

such as IL-17A and down-regulate the production of suppressive cytokines such as IL-10, in 

response to disease 245. Therefore, the secretion of cytokines can activate NK cells and DCs. This 

cytokine-induced activation of NK cells and DCs results in direct cytotoxic effects on cancer 

cells and activation of leukocytes by antigen presentation 246. Once DCs are activated, they 

bridge the gap between innate and adaptive immunity and the process of T-cell and B-cell 

activation begins.  

The process of leukocyte activation is tightly regulated by cytokines and the requirement 

for multiple activation signals. As such, cytokines can either suppress or promote the 

development and clonal expansion of leukocytes 247. Furthermore, once these cells are activated, 

they secrete cytokines such as IL-4, IL-5 and IL-6 in the case of T helper 2 (Th2) cells which in 

turn activate B-cells 248. This type of cytokine-induced cell-cell communication is critical to the 

development of a robust, immune response with the induction of immunological memory. 

Bevington et al. reported cytokine signaling cascades were required for the maintenance of 

memory T-cells against the novel severe acute respiratory syndrome coronavirus 2 (SARS-

CoV2) 247,249. Furthermore, the presence of IL-12, -15, -18, and -21 determine the fate of 
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memory T-cells in a variety of human models of disease 250. Based on current evidence, it 

appears different cytokines are responsible for cytotoxic, memory and helper T-cell activation 

and maintenance. 

In conclusion, the cytokine profile of cancer cells and leukocytes in the TME dictate the 

resultant immune response and either positively or negatively regulate anti-tumoral immunity. In 

the context of oncolytic virotherapy, the immune response must be conducive to viral infection 

of cancerous cells, while sparing healthy cells, as mentioned in the IFN response pathway. This 

is the critical factor in the success of oncolytic virotherapy wherein leukemias are systemic 

diseases spread throughout the blood. If OVs cannot access these distant sites before they are 

recognized and cleared by the immune system, then oncolytic virotherapy in these models of 

disease would show limited success, which they have previously. 

1.5.5 Cytokine Network 

The cytokine network is a complex network of cells producing antagonistic and 

cooperative effects in which cytokine functionality is based on the cytokine milieu. The cytokine 

milieu determines the net effect of the cytokine network based on cell-cell communication and 

activation. Furthermore, the cytokine network regulates immunological processes. This section 

of the review will focus on Th1 and Th2 responses in the context of cancers. 

Numerous studies suggest there is a balance between Th1 and Th2 responses in healthy 

patients that is disrupted by foreign pathogens in which Th1 responses induce cellular immunity 

with emphasis on the pro-inflammatory responses and Th2 responses induce humoral immunity 

with emphasis on the antibody response 251. Unbalanced Th1/Th2 cytokine production has been 
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reported in brain, ovarian, colorectal, prostate and breast cancers 252–255. These studies identify an 

increase in immunosuppressive cytokines such as IL-10 and IL-5 which drive a Th2 response in 

addition to decreasing pro-inflammatory cytokines such as IFN-g and TNF-a exacerbating the 

Th2 bias 256,257. It is important to appreciate that cancerous cells are one of many cell types 

capable of producing cytokines. Leukocytes and antigen-presenting cells such as DCs are potent 

cytokine producers and play a critical role in balancing stimulatory and inhibitory cytokines to 

prevent and/or fight diseases such as cancers 257.  

Th2 polarization has been reported to limit the success of some cancer therapies which lead 

to the focus on Th1 polarization in the development of novel therapeutics 258. However, the 

concept of Th1 responses resulting in cancer cell death and Th2 responses resulting in cancer cell 

growth is not set in stone. Many groups report both anti- and pro-cancer effects by Th2 type 

cytokines. Studies report Th2 cytokines such as IL-10 suppress anti-tumoral immunity by 

inhibiting antigen presentation 259. Further evidence suggests IL-4 promotes leukemia cell 

growth and expansion in models of B-CLL 260. However, reports of Th2 cytokines driving anti-

tumoral immunity indicate the opposite effect. One of these studies identified a role for Th2 

cytokines in anti-tumoral immunity via conversion of regulatory T cells to Th9 cells 257. 

Additionally, Th2 cells produce IL-4 and IL-13 which promote anti-tumoral immunity by 

recruiting eosinophils and macrophages to the tumor bed where they facilitate the clearance 

cancer cells 257. These results identify a role for both Th1 and Th2 cytokines in cancer cell 

clearance and immunity 257. Furthermore, these results identify cytokines as pleiotropic 

molecules with a range of functionality based on the cytokine milieu.  
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In conclusion, the function of cytokines is dictated by the cytokine milieu which 

determines the net effect of the cytokine network. The functionality of cytokines is dependent on 

the environment in which they accumulate which is of particular interest in systemic diseases 

such as leukemias. Leukemia cells are dispersed systemically throughout the body where the 

same cytokine may have one function in the bone marrow niche and a different function in the 

peripheral blood. In addition to the pleiotropic effects of cytokines, the interplay between Th1 

and Th2 responses is highly complex wherein the two responses are not mutually exclusive 

based on the cytokines they produce. This is challenging when assessing the cytokine profile of 

cancer cells and cancer therapies in which cytokines may have multiple roles inducing both anti- 

and pro-cancerous effects based on their environment, stimulus, and cell type. Therefore, 

cytokine assays should aim to assess the functionality of cytokines both systemically and within 

specialized niches such as the bone marrow in the context of leukemias.  
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1.6 Conclusion 

Acute leukemias are aggressive hematological cancers for which the standard of care has 

limited efficacy, with high rates of relapse. EMs are in clinical trials to treat leukemias, albeit with 

limited efficacy. OVs preferentially replicate in and kill cancer cells but perform poorly against 

leukemias that are spread throughout normal tissues that can quench viral infections. Developing 

a short-duration, cost-effective biotherapy by combining NDV and DCB has the potential for 

additive or synergistic effects, maximizing cell death in these systemic, highly heterogeneous 

diseases.  

 Significant research has gone into the investigation of the mechanisms of action of both 

oncolytic virotherapy and epigenetic modification in cancers. Several groups have reported an 

increase in RONS following treatment with both NDV and DCB in pre-clinical and clinical 

models 261–263. Evidence suggests that RONS are critical regulators of basic physiological 

functions within the human body, indicating a beneficial and in fact crucial role for RONS in 

redox homeostasis 197. On the contrary, the uncontrolled production of RONS and/or an 

imbalance in redox homeostasis can be detrimental 196,264.  

 From an immunology perspective, we know that the production of pro-inflammatory 

cytokines goes hand-in-hand with the induction of RONS and may work together to influence the 

TME 262,264–266. This theory is supported by several groups whose data suggest that cytokines 

regulate RONS production 261,264. However, inconsistent trends in the production of 

immunostimulatory and immunosuppressive cytokines following treatment with DCB have been 

reported in literature 212,214. On the contrary, NDV has been reported to consistently increase 
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RONS production in a number of cancers, by triggering highly immunogenic forms of cell death 

upon viral infection of cancer cells 263,267. We therefore hypothesized that NDV and DCB had a 

positive influence on pro-inflammatory cytokine production and that cytokine profiles were 

influencing the production of RONS in T-ALL and AML, potentially resulting in a combination 

effect.  
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1.7 Research Proposal 

Hypotheses 

1. DCB and NDV, when combined, will synergistically reduce the viability of murine T-

ALL and AML cells. 

2. The combination of DCB and NDV will increase the production of RONS. 

3. Therapeutic efficacy will correlate with an increase in the production of pro-

inflammatory cytokines and a decrease in the production of immunosuppressive 

cytokines.  

Objectives 

1. Assess the effects of DCB and NDV treatment in monotherapy and combination therapy 

on the viability of leukemia cells using a metabolic assay that correlates with viability. 

2. Identify whether the interaction between DCB and NDV is synergistic, additive or 

antagonistic. 

3. Determine the role of nitrosative/oxidative stress in therapeutic efficacy by quantifying 

the production of RONS following treatments. 

4. Compare the concentrations of a panel of pro-inflammatory and immunosuppressive 

cytokines following treatments.  
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Chapter 2: Research Chapter 

2.1    Introduction 

Cancers are incredibly complex, multi-mechanistic diseases with a wide range of clinical 

symptoms. However, oncolytic viruses (OVs) and epigenetic modifiers have shown promise in 

clinical trials 268–271. While OVs have demonstrated great efficacy against solid tumor types, their 

ability in a biological system to effectively replicate in and kill leukemia cells remains unclear. 

Liquid tumors and solid tumors pose completely different challenges for oncolytic virotherapy 

including the notion that viral infection is often quenched by healthy cells and tissues which 

leukemias are spread throughout. Due to the systemic nature of neoplastic blood diseases, OVs 

have demonstrated the best results when used to purge leukemia cells ex-vivo during autologous 

hematopoietic stem cell transplants (HSCTs) 1,272. Furthermore, epigenetic modifiers have shown 

great promise in clinical trials, particularly against leukemias. Leukemias elicit a wide array of 

epigenetic modifications during the transformation process so it makes sense that restoring the 

mechanisms of epigenetic regulation in these diseases would correlate to positive clinical effects. 

The significant limitation of using epigenetic modifiers to treat leukemias is the high rates of 

relapse. While some patients achieve complete remission following therapy with epigenetic 

modifiers, it is often not sustainable. 

From a regulatory perspective, it can be quite challenging to receive approval for clinical 

use of novel therapeutics by regulatory agencies, including the FDA and Health Canada. Because 

of this, and the complex nature of cancers, testing combination therapies using two clinically 
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approved monotherapies is warranted. The potential for additive and/or synergistic effects when 

two treatments are combined could be of great use in the clinic by targeting multiple pathways or 

mechanisms with one combination approach. Here, we propose a combination therapy using the 

epigenetic modifier, decitabine, and OV, Newcastle disease virus (NDV) to treat murine models 

of acute T-cell lymphocytic leukemia and myeloid leukemia. 
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2.2    Materials and Methods 

1) Cell Culture 

Murine EL4 T-cell acute lymphocytic leukemia cells (ATCC® TIB-39TM) and C1498 

acute myeloid leukemia cells (ATCC® TIB49TM) were maintained at 37°C and 5% CO2. EL4 

cells were grown in Dulbecco’s High Glucose Modified Eagles Medium (DMEM) (Fisher 

Scientific, Oakville, ON Catalogue [Cat]#SH3002201) and supplemented with 10% horse serum 

(Fisher Scientific, Oakville, ON Cat#16050122). C1498 cells were grown in DMEM and 

supplemented with 10% fetal bovine serum (VWR, Mississauga, ON Cat#97068-085). Cell 

cultures were started at 2.0x105 cells/mL and maintained for up to 20 passages between 1.0x105 

cells/mL to 1.0x106 cells/mL in accordance with ATCC guidelines.  

2) Resazurin Assay 

The resazurin assay is based on the conversion of resazurin dye to a fluorescent 

metabolite, resarufin. If cells have a functional mitochondrion, they can convert resazurin to 

resarufin, resulting in a colourimetric change from deep purple to fluorescent pink. The degree of 

colour change and fluorescence intensity (FI) is determined by the quantity of viable cells 

capable of converting resazurin to resarufin. Therefore, the colour change and resultant FI of 

resarufin correlates with cell viability. Resarufin is measured by fluorescence on a microplate 

reader. 

A) Optimization of Cell Seeding Density 
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To prevent the pruning effect observed in resazurin assays when cells overgrow, the 

seeding density was optimized. A range of EL4 and C1498 cell densities were seeded into flat-

bottom 96-well plates (Fisher Scientific, Mississauga, ON Cat#12-565-65) ranging from eight 

cells/mL to 1.0x106 cells/mL. Samples were incubated at 37°C for 48 hours. Resazurin (Sigma 

Aldrich, Oakville, ON Cat#R7017) was added at a concentration of 0.25 mg/mL and incubated at 

37°C for six hours. Fluorescence was quantified with a microplate reader at 535 nm excitation 

and 595 nm emission every two hours.  Data was analyzed using a two-way analysis of variance 

(ANOVA) to detect differences between two-, four-, and six-hour timepoints. FI was graphed 

using GraphPad Prism 9 software (GraphPad Software, Inc, San Diego, California).  

B) Comparison of Oncolytic Efficacy of Mesogenic Versus Lentogenic Newcastle 

Disease Viruses 

To maximize the potential utility and safety profile of the proposed therapy, lentogenic 

and mesogenic NDV were compared in parallel, assessed by resazurin-based metabolic assay. 

Since mesogenic NDV is characterized as a containment level three pathogen in many countries, 

albeit not in Canada, its utility is limited.  

EL4 cells were seeded at a density of 6.25x104 cells/mL and C1498 cells were seeded at a 

density of 1.25x105 cells/mL into flat-bottom 96-well plates. Seeding densities were determined 

by selecting 70% fluorescence intensity (FI70) from the previous experiment. By reducing the 

seeding density relative to the maximum fluorescence intensity (FIMAX), we are ensuring cells 

haven’t overgrown in 96-well plates. Immediately after seeding, NDV was added at descending 
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multiplicities of infection (MOIs) from 50-6.4x10-5 prepared by two-fold serial dilutions and 

incubated at 37°C for 48 hours. Resazurin dye was added at 0.25 mg/mL and incubated at 37°C 

for four hours. After four hours, fluorescence was quantified with a microplate reader at 535 nm 

excitation and 595 nm emission. The two types of NDV compared were a synthetic, lentogenic 

NDV with a transgene encoding the SARS-CoV2 spike protein with a deletion in amino acid 19 

of the cytoplasmic tail (NDV-D19S) 273. Therefore, lentogenic NDV was genetically engineered 

to express a truncated form of the SARS-CoV2 spike protein 273. Recombinant, mesogenic NDV 

was genetically engineered to express green fluorescent protein (eGFP) and encodes a polybasic 

F protein cleavage site to enhance fusogenesis (NDV-F3aa-eGFP) 274. Two-way ANOVA was 

used to detect differences between lentogenic, and mesogenic dose response curves and Tukey’s 

multiple comparisons test was used to identify differences between equal doses of both viruses. 

Only significant p-values were shown on graphs as indicated by p≤0.05. 

C) Dose-Response Curves  

 To assess the effect of NDV and DCB in T-ALL and AML models when used in 

monotherapy, dose response curves were performed using resazurin-based metabolic assays 

wherein metabolic activity correlates with cell viability.  

EL4 and C1498 cells were seeded at densities of 6.25x104 and 1.25x105 cells/mL, 

respectively, into flat-bottom 96-well plates. Immediately after seeding, NDV and decitabine 

(DCB) (Sigma Aldrich, Oakville, ON Cat#A3656) were added at various MOIs and 

concentrations, respectively. C1498 cells were treated with descending MOIs of NDV from 25-
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6.4x10-5 and DCB from 4 mM-1.56x10-4 nM. EL4 cells were treated with descending MOIs of 

NDV from 25-6.4x10-5 and descending doses of DCB from 4 mM-0.08 nM. Samples were 

incubated at 37°C for 48 hours. The resazurin assay was performed as described in 1B. Dose-

response curves were performed in technical and experimental quadruplicates. Data was 

analyzed by non-linear regression comparing best fit values of standard curves comparing the 

half maximal inhibitory concentrations (IC50).  

D) Combination Therapies 

To assess the benefit, if any, of combining NDV and DCB, resazurin assays were 

performed. Therapeutic benefit was defined as a significant mean reduction in viability relative 

to monotherapy controls. EL4 and C1498 cells were seeded at densities of 6.25x104 and 

1.25x105 cells/mL into flat-bottom 96-well plates. Immediately after seeding, cells were treated 

with NDV and DCB at ratios of 4-0.125 times IC50 (4-0.125X), as established from the dose-

response curves, Figure 8. These doses correspond to MOIs of 0.32-0.01 in the EL4 model and 

1.262-0.04 in the C1498 model and a concentration of DCB from 190.28-5.94 nM in the EL4 

model and 2.159 µM-67.46 nM in the C1498 model. Samples were incubated at 37°C for 48 

hours. Resazurin assays were performed as described in 1B. The mean reduction in cell viability 

in resazurin-based metabolic assays was calculated and input into CompuSyn software 

(ComboSyn, Inc., Paramus, New Jersey) as equivalent IC50 ratios. Combination index plots were 

obtained from CompuSyn and the combination index (CI) versus fraction affected (Fa) was 

graphed. CI<1 indicated synergistic effects, CI=1 indicated additive effects and CI>1 indicated 
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antagonistic effects. Data was graphed using GraphPad Prism 9. Experiments were performed in 

technical and experimental triplicates. Two-way ANOVA, including Tukey’s Multiple 

Comparison test was used to identify differences between treatments within each IC50 ratio. Only 

significant p-values were graphed as identified by p≤0.05. 

E) Inhibition of Reactive Oxygen/Nitrogen Species (RONS) Prior to Combination 

Therapy 

To assess the impact of RONS on therapeutic efficacy, combination therapies were tested 

with and without pre-treatment with RONS inhibitors (RONSi) (Figure 11). Therapeutic efficacy 

was defined by the mean reduction in metabolic activity relative to untreated controls which 

correlates with decreased cell viability (i.e. cell death). Dose response curves for each RONSi 

were performed to identify doses that did not impact the viability of EL4 cells when treated with 

RONSi alone. This was done to ensure the inhibitors themselves were not eliciting cytotoxic 

effects in these models.  

EL4 cells were seeded at a density of 6.25x104 cells/mL in flat-bottom 96-well plates. 

Immediately after seeding, cells were treated with 7.5 units of catalase, 1.875 units of superoxide 

dismutase, 250 µM 2-Phenyl-4,4,5,5-tetramethylimidazoline, 1.96 mM N-acetyl-L-cysteine or 

28 µM uric acid and incubated at 37°C for two hours. Following pre-treatment with RONS 

inhibitors, cells were treated with a MOI of 0.16-0.04 of NDV and 95.1 nM-23.8 nM of DCB 

and incubated at 37°C for 48 hours. Resazurin assays were performed as described in 1B. 

Experiments were performed in technical and experimental triplicates. Two-way ANOVAs with 
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Tukey’s multiple comparison test were used to identify differences between each monotherapy 

and/or combination therapy, with or without the addition of RONS inhibitors. Only significant p-

values were graphed as identified by p≤0.05. 

3) Adenosine triphosphate (ATP)-based CellTiter-Glo™ Cell Viability Assay 

ATP is an indirect measurement of cell viability in this assay. Dead cells cannot produce 

ATP whereas healthy cells can. Therefore, a reduction in ATP correlates with a reduction in cell 

viability. ATP is measured by luminescence on a microplate reader. 

The Promega CellTiter-Glo™ Luminescent Cell Viability Assay Kit (Fisher Scientific, 

Mississauga, ON Cat#G7572) was used to quantify cell viability by ATP-based viability assays. 

ATP is produced by viable cells whereas dead cells do not produce ATP. Therefore, the amount 

of ATP is proportional to the number of live cells. These experiments were performed to 

corroborate resazurin-based metabolic assay results since the resazurin assay did not directly 

measure cell viability but rather metabolic activity which correlates with cell viability. We 

sought to investigate the same treatment effect by two individual molecular assays.  

EL4 and C1498 cells were seeded at 1.0x105 cells/mL into flat-bottom 96-well plates. 

Immediately after seeding, MOIs of 0.16-0.04 of NDV and 95.1 nM-23.8 nM of DCB were used 

to treat EL4 cells and a MOI of 0.631-0.158 of NDV and 1.08 µM-270 nM of DCB were used to 

treat C1498 cells. Samples were incubated at 37°C for 12, 24, 36 and 48 hours. CellTiter-Glo™ 

reagent was added and samples were mixed on an orbital shaker for two minutes and stabilized at 

room temperature for 10 minutes. Luminescence was quantified using a microplate reader. Data 
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was analyzed using a two-way ANOVA to detect differences between 12-, 24-, 36- and 48-hour 

timepoints and Tukey’s multiple comparison test was used to test for differences between 

treatment groups, within each time point. Experiments were performed in experimental triplicate. 

Only significant p-values were graphed as indicated by p≤0.05. 

4) 2’, 7’-Dichluorofluorescein Diacetate (DCFDA) Assay 

In the presence of RONS, DCFDA is converted to 2’,7’-dichluorofluorescin (DCF) which 

is a fluorescent metabolite. The measurement of DCF is therefore proportional to the quantity of 

RONS present and thereby capable of converting DCFDA to DCF. DCF is measured by 

fluorescence on a microplate reader.  

The DCFDA / H2DCFDA – Cellular ROS Assay Kit (Abcam, Waltham, MA, 

Cat#ab113851) was used to quantify RONS production, in vitro. Initial results identified a 

potential role for the induction of RONS in therapeutic efficacy, albeit assessed by resazurin 

assay which indirectly assesses therapeutic efficacy by measuring the mean cell viability 

following treatment. Therefore, we sought to directly assess the production of RONS by 

quantifying DCFDA conversion into DCF, the fluorescent metabolite, in the presence of RONS. 

A) RONS Production: 1-6 Hour Timepoints 

EL4 and C1498 cells were seeded at 1.0x106 cells/mL into flat-bottom 96-well plates. 

Immediately after seeding, 20 µM of DCFDA was added and incubated at 37°C for 30 minutes 

in the dark. Samples were washed via centrifugation and treated with NDV and DCB at ratios of 

2X, 1X and 0.5X IC50, selected in Figure 8. These doses corresponded to a multiplicity of 
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infection (MOI) of 0.1629-0.04 in the EL4 T-ALL model and 0.631-0.158 in the C1498 AML 

model and a concentration of DCB from 95.14-23.8 nM in the EL4 T-ALL model and 1.08 µM-

270 nM in the C1498 AML model. Samples were incubated at 37°C for a total of six hours and 

read every hour on a microplate reader by fluorescence at 485 nm excitation and 535 nm 

emission. Two-way ANOVA was used to detect differences between time point curves and 

Tukey’s multiple comparison test was used to detect differences within each time point, between 

treatments. Experiments were performed in triplicate. Only significant p-values were graphed as 

identified by p≤0.05. 

B) RONS Production: 12-48 Hour Timepoints 

The protocol previously described is based on acute timepoints of 1-6-hours. However, 

DCFDA is only stable for up to six hours so for 12-48-hour timepoints, DCFDA was added at 

the end of the experiment, just before samples were read on the microplate reader.  

EL4 and C1498 cells were seeded as previously described and rather than adding 

DCFDA immediately, cells were treated with NDV and DCB as previously described. Samples 

were incubated at 37°C for a total of 12, 24, 36 and 48 hours. 20 µM DCFDA was added and 

incubated at 37°C for 30 minutes in the dark. Without washing, FI was read using a microplate 

reader as described in 4A. Two-way ANOVA was used to detect differences between time point 

curves and Tukey’s Multiple Comparison was used to detect differences within each time point, 

between treatments. Experiments were performed in experimental triplicate. Data was graphed 

using GraphPad Prism 9. Only significant p-values were shown as identified by p≤0.05. 
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5) LEGENDPlexTM Assays 

Cytokines are captured by bead-based immunoassay and measured on a flow cytometer. 

Beads vary in size and FI enabling the detection of 13 cytokines for this kit. Beads are bound to 

specific surface antibodies which are referred to as ‘capture beads’. Once cytokines in the 

supernatant bind to capture beads, biotinylated detection antibodies are added. Biotinylated 

detection antibodies bind to specific capture beads, bound to cytokines, and create an antibody 

sandwich. The final addition is streptavidin phycoerythrin (SA-PE) which binds to the antibody 

sandwiches and emits a gradient of fluorescent signals that is quantified using flow cytometry. 

The level of fluorescence is based on the quantity of cytokines enabling the prediction of 

cytokine concentrations in picograms per milliliter (pg/mL).  

The ‘Mouse Cytokine Panel 2’ LEGENDPlexTM kit (Cat#740134) was purchased from 

BioLegend Inc. San Diego, California for these experiments. 2.0x106 cells/mL were seeded into 

round-bottom 96-well plates and treated immediately with descending MOIs of NDV from 

0.1629-0.04 MOI for EL4 cells and 0.631-0.158 MOI for C1498 cells and descending doses of 

DCB from 95.1-23.8 nM for EL4 cells and 1.08 µM-270 nM for C1498 cells. Samples were 

incubated at 37°C for 24 hours to provide enough time for cells to produce and secrete cytokines 

into supernatant prior to collection. Samples were centrifuged and supernatant was collected for 

analysis. Supernatant was prepared fresh and not frozen. Experiments were performed in 

triplicate. 

In a V-bottom plate, equal volumes of either standards or samples were added to equal 

volumes of assay buffer and mixed beads. Plates were sealed and sequestered from light while 
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shaking at 800 rpm for two hours at room temperature. Samples were washed two times and 

incubated with a detection antibody for one hour while shaking at 800 rpm at room temperature, 

sequestered from light. Without washing, SA-PE was added, sequestered from light, and shaken 

at 800 rpm for an additional 30 minutes at room temperature. Samples were washed two times 

and analyzed immediately on the flow cytometer where 13 cytokines were quantified (Table 3).  
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2.3    Results 

The optimal seeding density of murine EL4 T-ALL and C1498 AML cells, assessed by 

resazurin-based metabolic assay, was 6.25x104 and 1.25x105 cells/mL, respectively.  

The optimal seeding density for T-ALL and AML models was determined by resazurin-

based metabolic assays. FIMAX was reached at 1.25x105 cells/mL in the EL4 T-ALL model and 

2.5x105 cells/mL in the C1498 AML. FIMAX was identified as the seeding density that reached 

peak FI and at which an increase in seeding density demonstrated a decrease in FI, due to cell 

overgrowth (Figure 6). Each timepoint was analyzed via two-way ANOVA. In the EL4 model, 

two- versus six-hour and two- versus four-hour timepoints were significantly different from one 

another whereas the four- versus six- hour timepoints were not significantly different (Figure 6a). 

In the C1498 model, all timepoints were significantly different from one another (Figure 6b).  

Based on the lack of significance in the EL4 T-ALL model between four- and six-hour 

timepoints, we determined four hours was a sufficient incubation time with resazurin (Figure 6a). 

However, in the C1498 AML model, there was a significant increase in FI up to six hours which 

was deemed as the appropriate incubation time with resazurin dye for this model. Next, we 

wanted to ensure we were not seeding cells too densely, to prevent overgrowth of cells within 

wells, resulting in the pruning effect when treated. We selected FI70, corresponding to seeding 

densities of 6.25x104 cells/mL in the EL4 model and 1.25x106 cells/mL in the C1498 model. 

EL4 cells grew faster than the C1498 cells, as indicated by the lower seeding density used to 

achieve FI70 in the EL4, relative to C1498 model (Figure 6). Initial dose response curves were 
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performed at the selected seeding densities. However, there were slight increases in metabolic 

activity in low-dose treatments, relative to untreated cell controls in the C1498 model. We could 

either decrease the seeding density or the incubation time with resazurin to mitigate this issue. 

We reduced the incubation time with resazurin in the C1498 model to prevent complete 

saturation of resazurin dye moving forward. The final incubation time with resazurin selected 

was four hours for both models, which alleviated the issue.  

Lentogenic NDV outperformed its mesogenic counterpart in a murine model of T-ALL and 

AML.  

Resazurin-based metabolic assays were used to assess the metabolic activity of EL4 and 

C1498 cells following treatment with either lentogenic NDV-D19S or mesogenic NDV-F3aa-

eGFP. These experiments were performed to maximize the utility and safety profile of our 

therapy since mesogenic NDV is categorized as a containment level three pathogen in many 

countries. Statistical analyses did not reveal differences between the two types of NDV in the 

EL4 model (Figure 7a), but significant differences were detected between the two types of NDV 

in the C1498 model, wherein lentogenic NDV outperformed mesogenic NDV (Figure 7b), 

expressed as the treatment effect. When compared at equal doses, there were significant 

differences between MOIs of 0.4-12.5 in the EL4 model and 0.04-12.5 in the C1498 model in 

which the lentogenic NDV performed better than the mesogenic NDV (Figure 7). Lentogenic 

NDV-D19S was selected for all subsequent experiments because it performed better than the 

mesogenic NDV-F3aa-eGFP in the head-to-head comparison and from a regulatory perspective, 

this enhances the potential utility of our therapy. 
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NDV and DCB had a dose-dependent effect on leukemia cell viability and promoted 

leukemia cell death. 

To determine the efficacy and feasibility of using DCB and NDV as monotherapies in EL4 

T-ALL and C1498 AML models, dose-response curves were performed by resazurin-based 

metabolic assay to investigate the impact of NDV and DCB on cell viability. This allowed us to 

identify the effect of DCB and NDV on leukemia cell death from low to high (i.e. cytotoxic) 

doses. Results indicated a dose-dependent effect in both models identified by the decreasing 

metabolic activity corresponding to ascending doses of NDV and/or DCB (Figure 8). A model of 

non-linear regression was used to compare best fit values of standard curves identifying the IC50 

of each monotherapy. IC50 in the EL4 model was 0.1629 MOI for NDV (Figure 8a) and 47.57 

nM for DCB (Figure 8c). IC50 in the C1498 model was 0.631 MOI for NDV (Figure 8b) and 

539.7 nM for DCB (Figure 8d). The final question became, were low dose DCB and NDV 

reducing leukemia cell viability in a substantial proportion of leukemia cells, and would these 

doses be sufficient to establish a model that was relevant in a clinical setting. To minimize the 

dose required to achieve maximal reduction in cell viability, combination therapies were 

explored.  

NDV and DCB interacted synergistically in murine T-ALL and AML models which 

enhanced therapeutic efficacy and reduced leukemia cell viability compared to 

monotherapy controls. 



61 

 

 

 

 

To assess the potential benefit of the proposed combination therapy to enhance leukemia 

cell death and provide the rationale to use low doses of NDV and DCB, the two therapeutic 

agents were tested in combination and compared to monotherapy controls. CompuSyn was used 

to determine the type of interaction between NDV and DCB in both models. In order to comply 

with the algorithm the CompuSyn software uses to determine drug:drug interactions and to 

maintain an equivalent MOI:concentration ratio, 0.125 to 4 times the IC50 ratio of NDV:DCB 

(0.125-4X) for each model was used. There was a significant decrease in metabolic activity when 

treated in combination relative to monotherapies from ascending IC50 ratios beginning at 0.5X in 

both the EL4 and C1498 model (Figure 9a-b). Synergistic effects were observed in both EL4 and 

C1498 models where cells were treated with 1-4X and additive effects were identified in EL4 

and C1498 cells treated with 0.125-0.5X (Figure 9c-d). Therefore, a synergistic combination 

therapy that enhances leukemia cell death in murine T-ALL and AML models was established in 

vitro. These experiments demonstrated maximal reduction of leukemia cell viability in 

combination treatment groups when the same doses were compared in monotherapies. This 

allowed us to decrease the dose of DCB and NDV when combined to achieve the same reduction 

in cell death as monotherapy controls. This is of great significance from a translational 

perspective where clinicians aim to minimize therapeutic doses to avoid cytotoxic effects. 

Treatment with Newcastle disease virus and decitabine in murine T-ALL and AML models 

decreased cell viability in a time- and dose-dependent manner with a combination effect at 

high doses. 



62 

 

 

 

 

Resazurin-based metabolic assays measure the metabolic activity of cells which is a 

surrogate marker of cell viability. Since resazurin assays are not a direct measure of cell 

viability, a secondary assay based on the production of ATP to measure cell viability was 

performed. These ATP-based cell viability assay results corroborated resazurin-based metabolic 

assay results and demonstrated a combination effect when murine EL4 T-ALL and C1498 AML 

cells were treated with both DCB and NDV, rather than monotherapies. The descending 

treatment ratios from 2X to 0.5X demonstrated a dose-dependent effect wherein higher doses of 

both NDV and DCB achieved greater combination effects and higher statistical significance. 

This is supported by a more significant p-value in the 2X treatment groups (Figure 10a-b) 

between monotherapies and combination therapy relative to the 0.5X treatment groups (Figure 

10e-f). This data supported the resazurin-based metabolic assay results and demonstrated the 

same effect, shown by two independent types of molecular assays. These results however did not 

allow us to make any conclusions on the mechanism of synergy in either of the two models, 

which required further investigation.  

Pre-treatment with RONSi had limited effect on therapeutic efficacy observed via 

metabolic activity, in vitro.  

Several groups have reported an increase in RONS following treatment with DCB and 

NDV in monotherapy. Therefore, we investigated RONS as a potential mechanism of action of 

combination therapy. RONS production was assessed by resazurin and DCFDA assays. NAC 

significantly increased metabolic activity at 0.5X treatment ratios for all treatments and in the 1X 

NDV treatment group (Figure 11c). Uric acid increased metabolic activity in the 0.5X NDV 
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treatment group (Figure 11d) and PTIO increased metabolic activity in the 0.5X DCB treatment 

group (Figure 11c). Catalase and superoxide dismutase had no impact on metabolic activity 

(Figure 11a,e).  

The effect of RONSi on therapeutic efficacy and the combination effect was limited. 

However, the hypothesis was assessed using resazurin assays, which measure cell viability 

through metabolic activity, rather than directly quantifying RONS in cell culture. Therefore, a 

direct assessment and quantification of RONS in cell culture was required. 

Treatment with Newcastle disease virus and decitabine had complex kinetic effects on the 

production of reactive oxygen/nitrogen species and exhibited a dose-dependent effect at 

acute timepoints.  

To address the viability assay limitations, we used DCFDA assays to directly quantify the 

production of RONS at 1-6- and 12–48-hour timepoints. At 1-6-hour timepoints there was a 

significant reduction in RONS following treatment with 2X and 1X NDV in the EL4 model and 

following treatment with both NDV and DCB at all three doses in the C1498 model (Figure 12). 

These effects were dose-dependent and while minimal effects were seen between the one and 

0.5X treatment groups, a statistically significant reduction of RONS in the 2X NDV and DCB 

treatment groups were seen, relative to 1X and 0.5X treatment groups (Figure 13). Furthermore, 

at 12-48-hour timepoints there was an increase in RONS in the 2X and 1X treatment groups at 

36 hours as well as in the 2X treatment group at 48 hours (Figure 14). The opposite phenomenon 

was seen in the C1498 model where the overall trend suggested a downregulation of RONS 
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relative to untreated cells at baseline which is consistent with the 1-6-hour timepoints (Figure 

14). Ultimately, RONS did not explain the mechanism of therapeutic efficacy and the production 

of RONS were influenced by both the dose of NDV and DCB selected but more importantly the 

timepoints selected. This is a common issue throughout literature where groups struggled to pin-

point the optimal timing of RONS production for quantification. RONS have a very short half-

life and may associate and dissociate very quickly, limiting the window to identify optimal 

RONS production. Additional mechanistic studies were therefore required to determine the 

dominant mechanism(s) of action of this combination therapy. 

EL4 and C1498 cells produced different types of cytokines, in vitro, with no combination 

effect. 

RONS production is a tightly regulated process with a threshold for beneficial effects 

which become cytotoxic when high levels of RONS are produced. Numerous studies identified 

cytokines as a critical mediator of RONS production, which could have explained the irregular 

trends in RONS production detected at 1-6- and 12-48-hour timepoints and further elucidate the 

mechanism of combination therapy 265. Therefore, cytokine profiles were analyzed by flow 

cytometry (Figure 15). There were no significant differences in either model of acute leukemias 

between treatment groups. However, there were several cytokines being produced at baseline in 

the C1498 AML model that were not produced at baseline in the EL4 T-ALL model. These 

cytokines included IL-27, IFN-b and granulocyte-macrophage colony-stimulating factor (GM-

CSF) (Figure 15). While there were no significant treatment effects in T-ALL or AML models, 
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basal production of pro-inflammatory and immunosuppressive cytokines in respective models 

has implications for NDV and DCB treatment, impacting dosing. 
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2.4    Discussion 

To determine the feasibility of a potential combination, DCB and NDV, had to first be 

evaluated as monotherapies first. Initial experiments established the optimal cell seeding 

densities to avoid a ‘pruning effect’. The pruning effect is a phenomenon where untreated cells 

overgrow, in vitro, thereby having lower overall metabolic activity than cells that are 

approaching or at confluence. When cells that were destined for overgrowth are treated with 

traditionally insignificant therapeutic doses, cells are effectively ‘pruned’ such that they end up 

at or near confluence. This translates into low-dose treatments increasing metabolic activity 

above the untreated, overgrown, cells-only control, leading to the erroneous conclusion that the 

treatment enhanced cancer cell growth. To prevent the pruning effect, a range of cell seeding 

densities were assessed at a variety of timepoints to facilitate potential kinetic studies in the 

future (although only data for 48 hours of treatment are shown here). There was a time and dose-

dependent effect on cell viability shown when seeding densities surpassed FIMAX in each model 

and the mean FI began to decrease. This correlates with the pruning effect since cells that are 

dead due to overgrowth cannot metabolize resazurin.  

Once the optimal seeding densities were selected, we sought to maximize the utility and 

safety profile of the proposed therapy and tested both mesogenic and lentogenic Newcastle 

disease (NDV) virus in both models. NDV is classified into three pathotypes based on its 

virulence in birds149,275. These pathotypes can further be subdivided by their oncolytic effect, 

being either lytic or non-lytic (Table 4) 149,173,275. Lentogenic classifications of NDV are non-
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lytic, which relate to their ability to cleave and activate the fusion protein from the inactive 

precursor (F0) 276. In lentogenic pathotypes of NDV, there is a monobasic cleavage site that can 

only be cleaved by trypsin or trypsin-like proteases whereas the mesogenic pathotypes have a 

polybasic cleavage site that can be cleaved by ubiquitously expressed proteases 164,277–279. 

Therefore, we hypothesized that mesogenic NDV-F3aa-GFP would be more effective than 

lentogenic NDV-D19S. However, our data suggested the opposite. Figure 7 demonstrated 

increased leukemia cell death when cells were treated with lentogenic, rather than mesogenic 

NDV.  

Some studies report trypsin or trypsin-like serine proteases are produced by human 

lymphocytic and myeloid leukemia cells, albeit not in the murine EL4 and C1498 leukemia cells 

280. Several types of human cancer cells also express trypsin including gastric, lung, ovarian and 

colorectal cancers 281–285. Evidence suggests that tumor-derived trypsin contributes to metastatic 

disease via degradation of extracellular matrixes 286. Furthermore, Koshikawa et al. reported that 

normal leukocytes could produce trypsin, so it is feasible that malignant leukocytes overexpress 

trypsin or trypsin-like serine proteases and at the very least express basal levels of these enzymes 

286. In addition to the potential production of trypsin, the SARS-CoV2 spike protein may induce 

fusogenesis. The lentogenic NDV-D19S used in these studies has been genetically engineered to 

express a truncated form of the SARS-CoV2 spike protein, rather than fusogenic modifications. 

One study demonstrated the SARS CoV2 spike protein could induce the formation of syncytia in 

the presence of trypsin 273. We speculate that the incorporation of the truncated spike protein may 

have enhanced the fusogenic properties of lentogenic NDV, assuming the cells themselves 
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produce trypsin as previously speculated. Furthermore, fusogenesis requires leukemia cells to be 

in close proximity. Due to the nature of in vitro assays using 96-well plates, cells are quite 

confluent and therefore, in close proximity, which could explain potential fusogenic effects as 

well. Taken together, we suspect that EL4 and C1498 cells produce trypsin or trypsin-like serine 

proteases resulting in F0 cleavage in addition to fusogenic effects initiated by the SARS-CoV2 

spike protein which was incorporated into lentogenic NDV. These hypotheses could potentially 

explain the enhanced performance of lentogenic versus mesogenic NDV, in vitro, although 

further experiments are required to confidently draw this conclusion. 

There were several limitations to the experiments performed, including the fact that the 

viruses were not propagated and titered in parallel as well as differences in the duration of 

storage. Mesogenic NDV-F3aa-eGFP was stored for over one year at -80°C whereas lentogenic 

NDV-D19S was stored for two-to-four months at -80°C. Furthermore, we could see aggregates 

of leukemia cells forming following treatment with both lentogenic and mesogenic types of 

NDV, in vitro, by microscopy. However, a definitive study looking at the formation of syncytia 

via fusogenicity assays should be performed to assess this hypothesis. Fusogenicity studies 

should be performed in the presence and absence of trypsin to identify the role of proteolytic F0 

cleavage in NDV-D19S infection. If there is a role for fusogenesis and the formation of syncytia, 

lentogenic NDV should be tested in vivo in parallel with mesogenic NDV to observe therapeutic 

efficacy in a biological system.  
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The use of lentogenic rather than mesogenic NDV is a potential advantage from a 

regulatory perspective. NDV is classified by the severity of disease caused in avian hosts. 

Mesogenic NDV is characterized by moderate disease whereas lentogenic NDV is characterized 

by subclinical and/or mild disease 287. To prevent outbreaks of NDV in avian species, there are 

strict biosecurity measures in place which classify mesogenic NDV, based on moderate disease 

in chickens, as a containment level three pathogen in many countries, albeit not in Canada 288. 

Therefore, mesogenic strains of NDV sometimes require containment level three facilities for 

handling and use, whereas lentogenic strains do not 288. Lentogenic NDV has also been 

extensively tested in human clinical trials and is considered to be a safe therapeutic agent for the 

treatment of multiple cancers 180,289–291. Therefore, lentogenic versions of NDV-based therapies 

have greater utility. 

Monotherapies were tested in T-ALL and AML models to assess their efficacy prior to 

combination therapy. Each monotherapy demonstrated a dose-dependent effect in both models 

(Figure 8). However, their application as monotherapies to treat leukemias in vivo would likely 

be limited based on historical research. The rates of relapse in patients with leukemia who 

received treatment with epigenetic modifiers are quite high and the application of OVs in liquid 

tumors is controversial due to the systemic nature and spread of leukemias among normal tissues 

that can quench viral infections 292,293. Therefore, NDV and DCB were tested in combination. 

This resulted in a remarkable increase in cell death in both AML and T-ALL models, in vitro 

(Figure 9a-b). When selecting monotherapies for a combination treatment, it is important to 

identify the type of interaction between the two therapies, if any. It can be hard to differentiate 
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additive versus synergistic effects, which is why Compusyn analytical software was used to 

evaluate the type of interaction between NDV and DCB, if any. Higher doses NDV and DCB 

had a synergistic effect in reducing cell viability whereas the lower doses of NDV and DCB 

exhibited additive effects (Figure 9c-d). We suspect there may have been a threshold for the 

doses that induce synergy and at lower doses, these two monotherapies may have additive 

effects, since they were closer to equilibrium on a combination index plot (Figure 9c-d). A 

limitation of these drug interaction studies is the Compusyn software algorithm itself. Compusyn 

is designed to measure drug:drug interactions at equal molar ratios. We input a virus:drug 

combination therapy. Compusyn software is not designed to recognize MOI as a unit of 

measurement (i.e. virus particles per cell). The software is designed to calculate the interaction 

between drugs which are measured by concentration (i.e, millimolar, nanomolar, etc.). To correct 

for this issue, virus:drug treatment ratios based on IC50 were compared. This allowed comparison 

of the two monotherapies at treatment ratios that yielded equivalent cytotoxic effects, based on 

IC50 as a reference point. Results were corroborated when combination therapies were tested via 

ATP-based assay, the CellTiter-Glo Luminescent Cell Viability Assay. This assay was used to 

measure the production of ATP following treatment wherein a decrease in ATP production 

correlated with decreased viability since dead cells cannot produce ATP. Our results 

demonstrated a time- and dose-dependent combination effect in both EL4 and C1498 models, 

where the higher dose of both therapies provided a greater combination effect. Furthermore, 

these results demonstrated that both therapies required a longer timeframe to induce combination 

effects and reduce the viability of leukemia cells. In conclusion, these results showed a 
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synergistic combination effect when NDV and DCB were combined, which was corroborated 

using two biologically independent assays. 

The question then became, how were these treatments working synergistically and what 

was the MOA? To address this question, several avenues were explored including the potential 

for induction of lethal concentrations of RONS, altered cytokine profiles, and modalities of cell 

death. Further optimization was required for the cell death MOA experiments and as such, they 

were excluded from results shown here. 

 The initial hypothesis was that RONS production in leukemia cells exhibited a threshold 

effect where each monotherapy induced RONS production to a certain degree and in 

combination, was exacerbated, surpassing the threshold required to induce cell death. Therefore, 

RONS were assessed by DCFDA assays. Initial studies were performed by flow cytometry. Then 

the protocol was adapted for use in microplate assays due to time-sensitivity issues when 

analyzed by flow cytometry. We suspect the issues were related to intracellular DCFDA stability 

and sensitivity 294. Samples read on the flow cytometer first, achieved greater FI and those read 

last, were consistently quantified with lower FI, regardless of the treatment. These results 

indicated it was not a treatment effect but rather a timing issue since the first well and last well of 

96-well plates were measured approximately one hour apart, due to the speed of the flow 

cytometer, given the volume and concentration of samples. Therefore, we compared the same 

treatments in parallel and measured FI one hour apart on the flow cytometer, mimicking the 

same gap in time between measuring the first and last wells of 96-well plates in previous 

experiments. These results indicated significantly different levels of RONS production for the 
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same control groups, read at different timepoints, indicating it was not a treatment effect but 

rather a timing issue (Figure 1). To circumvent this issue, microplate assays were adopted which 

enabled us to quantify fluorescence by plate reader in less than one minute, rather than one hour. 

Results demonstrated that treatments did not induce production of RONS but rather, 

decreased production of RONS at acute timepoints of one- to six-hours (Figure 12). The trends 

were inverted in the EL4 model where this decrease in RONS became an increase in RONS at 

12-48-hour timepoints (Figure 14). On the contrary, the trend of decreasing RONS following 

treatment was consistent for both 1-6-hour (Figure 12) and 12-48-hour (Figure 14) timepoints in 

the C1498 model, indicating differential effects between the two models at later timepoints. We 

are the first to report this biological phenomenon with these two therapies. They have been 

reported in literature to increase, rather than decrease the production of RONS in several cancer 

cell types, albeit not in acute leukemias 295–297. We hypothesize that at 1-6-hour timepoints, NDV 

may have inhibited the production of RONS to enable effective spread and replication. RONS 

trigger innate immune responses early in infections to clear invading pathogens so the decrease 

in RONS could be an immune evasion technique to facilitate viral replication and spread 189,298. 

On this note, studies suggested that some viruses could decrease RONS production in order to 

evade the immune system and persist via chronic infections 299. Therefore, as viruses commonly 

do, they may be manipulating the host cell for their own benefit.  

Furthermore, the inversion from inhibition to induction of RONS between 1-6-hour and 

12-48-hour timepoints indicated a time-dependent effect of RONS production by both NDV and 

DCB in the EL4 model (Figures 12 and 14). We speculate that between 1-6-hour and 12-48-hour 
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timepoints, NDV switched from RONS suppression to induction, due to increased viral titer 

within cells as well as epigenetic modifications. As the viral titer and replication cycles 

increased, cells began to die and may have released pathogen-associated molecular patterns 

(PAMPs) and danger-associated molecular patterns (DAMPs) 300,301. These molecules trigger the 

release of RONS and activation of cytokine responses which could explain the increase in RONS 

production at 12-48-hour timepoints in the EL4 model 301. In terms of DCB, studies evaluating 

the combination effect of DCB and arsenic trioxide suggested that DCB induced delayed, rather 

than acute production of RONS, which could also explain the inversion from RONS suppression 

to induction in the EL4 model at 12-48-hour timepoints 302.  However, there were different 

biological processes being affected in the EL4 relative to C1498 models, indicated by the 

consistent decrease in RONS production throughout the entire time course in the C1498 model. 

We suspected these differences were associated with leukemia-specific cytokine profiles and 

potentially a treatment effect on cytokine production.  

 To assess the cytokine profile following treatment, multiplex cytokine assays were used 

to quantify cytokine concentrations in cell culture supernatants after treatment for 24 hours. We 

selected 24 hours to allow enough time for cells to produce cytokines and secrete them into the 

extracellular space, where we could quantify cytokine concentrations in the supernatant, rather 

than having to lyse the cells and assess the production of intracellular cytokines. We initially 

hypothesized the contrasting effects of RONS production in the EL4 and C1498 models at 12-

48-hour timepoints were being influenced by the cytokine response induced by these therapies. 

While there were no significant differences between treatment groups in each model, there were 
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several cytokines and chemokines that were produced by C1498 cells and not EL4 cells, 

indicating a leukemia-specific effect (Figure 15). The production of certain cytokines in the 

myeloid model, relative to the lymphoid model, were not surprising, such as granulocyte-

macrophage colony-stimulating factor (GM-CSF). Typically, GM-CSF is produced by myeloid 

cells, including macrophages and mast cells as well as activated lymphoid cells, such as T-cells 

303,304. However, only myeloid cells express the GM-CSF receptor whereas T-cells do not 304,305. 

Therefore, it is likely that these cancerous T-cells were not activated at the 24-hour time point 

and 2X-0.5X IC50 treatments and therefore were not producing GM-CSF since only activated 

lymphoid cells can do this. Future experiments could incorporate flow cytometric analysis of the 

T-cell early activation marker, CD69, at multiple timepoints to see if the cancerous EL4 T-cells 

can be differentially activated, like traditional T-cells.  

Another finding was that C1498 cells produced higher basal levels of IFN-b than EL4 

cells, which could explain the difference in the IC50 of NDV between the two models (Figure 8a-

b). In the C1498 model, cells were treated with a higher MOI of NDV to achieve the same 

reduction in  cell viability as in the EL4 model. One of the key features of selectivity of OVs is 

their potentiated replication in cells that have defective anti-viral pathways. One of the most 

relevant pathways has been type I IFN signaling. NDV has been shown to infect and replicate in 

cancer cells that have dysregulating type I IFN signaling, sparing healthy cells with intact IFN 

responses. The increase in IFN-b at baseline, relative to the EL4 cells correlated with higher IC50 

of NDV in the C1498 model, compared to the EL4 model. This could explain the need for higher 

doses of NDV in the C1498 model to achieve equal cell death as in the EL4 model. Furthermore, 
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Ruzicka and colleagues reported that IFN signaling in C1498 AML models plays a critical role 

in immunotherapeutic treatment approaches 306. Their group confirmed this hypothesis both in 

vitro and in vivo, by comparing their immunotherapy in wild-type and IFNAR knockout mice306. 

In conclusion, we know that C1498 AML cells are capable of IFN signaling and that this 

signaling pathway is not entirely dysregulated in these cells, meaning our hypothesis mentioned 

above, is feasible.  

Another finding was the production of IL-27 in the C1498 (i.e. myeloid) cells and not EL4 

(i.e. lymphoid) cells (Figure 15). IL-27 is a key regulator of both innate and adaptive immune 

responses and is produced by myeloid cells, with a negative regulatory effect on T-cells 307,308. 

Studies indicated that IL-27 suppressed the development of naïve T-cells by impeding IL-17 

responses and blocking T helper 17 (Th17) cell development 308,309.  In addition to its indirect 

regulatory role on the Th17 response, IL-27 can either negatively or positively regulate both 

CD8+ and CD4+ T cells 308,310,311. Studies have shown that IL-27 has complex effects on 

secondary cytokine production including the immunosuppressive cytokine IL-10, 

immunostimulatory cytokine IL-2, and suppressor of cytokine signaling 3 (SOCS3). IL-27 is 

capable of down-regulating the production of IL-2, an important stimulatory cytokine to activate 

and aid naïve T-cells in their development 232,311,312. In addition to inhibiting pro-inflammatory 

cytokine production, IL-27 can promote the production of suppressive cytokines including IL-10 

and SOCS3 232,313–317. IL-10 is responsible for limiting T-cell hyperactivity to prevent damage to 

the host 318,319. However, in the context of cancers, immunosuppression is not ideal. These 

findings demonstrate a negative regulatory role in T-cell development which could explain why 
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cancerous EL4 T-cells did not express IL-27 and C1498 myeloid cells did. The 

immunosuppressive qualities of IL-27 may also help C1498 acute myeloid leukemia cells evade 

detection by the immune system in vivo and create an immunosuppressive niche to optimize 

systemic spread. Taken together, these results identify a leukemia-specific cytokine profile and 

while there are no significant treatment effects, these results may explain why different doses of 

NDV are required to achieve similar viability in C1498 AML and EL4 T-ALL models.  

Two advancements have been reported in this thesis. First and foremost, the discovery that 

lentogenic NDV-D19S performed better in vitro than mesogenic NDV-F3aa-eGFP is a 

significant finding from a regulatory perspective. The best-case scenario for viral therapies is that 

they can be used as widely as possible and the current classification of mesogenic strains of 

NDV as a containment level three pathogen limits its utility in many countries. By establishing 

lentogenic NDV as an equally cytotoxic agent against AML and T-ALL, we have broadened the 

potential utility of our therapy which could overcome a regulatory hurdle for NDV-based 

therapies. Furthermore, we have identified a synergistic combination therapy for the treatment of 

murine T-ALL and AML models which significantly enhanced leukemia cell death, in vitro. This 

warrants translation of this therapy into in vivo models where MOAs can be investigated directly 

in leukemia cells and in a complete biological system.  

Although further studies exploring the MOAs did not explain the effect of this combination 

therapy, these studies demonstrated leukemia-specific as well dose- and time-dependent effects 

in murine T-ALL and AML models. The decrease in RONS production at 1-6-hour timepoints 

and increase in RONS production at 12-48-hour timepoints in the EL4 model should be further 
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investigated by extending the incubation time with both therapies, which we hypothesize would 

reveal a further increase in RONS production. Furthermore, the consistent decrease in RONS 

production in the C1498 model could be a direct regulatory effect of a specific gene becoming 

hypomethylated during the early stages of DCB treatment and/or an immune-evasive method 

NDV employs at early and late stages of infection in the C1498 model. Future experiments 

should examine the epigenetic changes induced by DCB in T-ALL and AML models and which 

specific genes are being affected. Lastly, it is important to appreciate that while cytokine profiles 

did not reveal a treatment effect, the cytokines produced by EL4 T-ALL and C1498 AML cells 

were fundamentally different. This identifies biological characteristics in each type of leukemia 

that can potentially impact therapeutic efficacy and/or dosing regimens, as we suspect with the 

dose increases in the C1498 AML model, relative to the EL4 model. 

With respect to limitations, several topics require addressing. First and foremost, these 

experiments were performed in vitro, where there is no influence from the immune system. A 

critical indicator of success is the translation of therapies from in vitro to in vivo models. Once in 

vivo models are established, the MOAs of this therapy can be examined, in a biological system 

more relevant to clinical human disease that recapitulates the systemic spread of leukemias 

throughout multiple tissues and organs and subsequent distribution of the virus and drug. Future 

studies aim to establish these models, in vivo, and investigate the effect of the immune system on 

therapeutic efficacy. There is a potential for this combination therapy to be an immunotherapy 

and as discussed, re-model the TME, in vivo. Immune cell depletions should be considered once 

in vivo models are established to identify the role of specific leukocytes on therapeutic efficacy.  



78 

 

 

 

 

2.5    Conclusion 

Acute myeloid and lymphoid leukemias are highly heterogenous, systemic diseases in 

which the standard of care has limited efficacy. Novel therapeutic targets have been identified in 

four years resulting in genetic and molecular screening for the use of targeted therapies. 

However, patients who present with acute leukemias with no feasible therapeutic targets receive 

chemotherapy as the first line of treatment. While chemotherapy can effectively induce 

remission during induction, the rates of 5-year relapse remain high. The development of short-

duration, cost-effective, novel therapeutics that target multiple molecular pathways to induce 

durable remissions and resistance to relapse disease are required. We have established a novel, 

synergistic combination therapy that combines therapeutic agents that can potentially be broadly 

utilized. Studies investigating the mechanism of synergy in vitro yielded negative data, 

indicating the production of RONS and cytokines did not correlate with the combination effect, 

in vitro. Taken together, we have identified a novel, synergistic combination therapy in vitro that 

warrants translation into in vivo models where the mechanisms of action can be evaluated in a 

complete biological system.  
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TABLES 

Table 1. Classification and susceptibility of oncolytic viruses in vivo. 

Oncolytic Virus Family Genome 

Type 

Target 

Newcastle Disease 

Virus (NDV) 

Paramyxoviridae ss (-) 

RNA 

-defective IFN signaling 

-apoptotic resistance mechanisms 

Vesicular Stomatitis 

Virus (VSV) 

Rhabdoviridae ss (-) 

RNA 

-defective IFN signaling  

 

Bovine Herpes 

Virus-1 (BVH-1) 

Herpesviridae dsDNA -RAS overexpression 

Vaccinia Virus Poxviridae dsDNA -PAK1 surface expression  

-RAS and thymidine kinase 

overexpression  

Reovirus Reoviridae dsDNA -RAS overexpression 

Adenovirus Adenoviridae dsDNA -overexpression of specific cell surface 

proteins (i.e. CD46, CAR, DSG-2) 
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Table 2. Chronic inflammation/infection as the cause of various cancers.  

Kundu, J. K. and Surh, Y. J. (2008) 207 
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Table 3. Murine cytokines quantified by multiplex flow cytometry. 

Cytokine 
 

Bead ID 
IL-1⍺ A4 
IL-1β A5 
IL-3 A6 
IL-12p40 A7 
IL-12p70 A8 
IL-23 A10 
IL-7 B2 
IL-11 B3 
IL-27 B4 
IL-33 B5 
IFN-β B6 
GM-CSF B7 
TSLP B9 
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Table 4. Pathogenic classification of NDV.  

Zamarin, D. and Palese, P. (2005) 173 
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Figure 2. Structure and function of Newcastle disease virus.  

Newcastle disease virus encodes six critical proteins: the nucleocapsid protein (N), 

phosphoprotein (P), matrix protein (M), fusion protein (F), haemagglutinin-neuraminidase (HN) 

and the large polymerase protein (L). The HN and F proteins mediate target cell recognition and 

initiate fusogenesis. The N, P and L protein form the RNA-dependent RNA polymerase (RDRP) 

complex and initiate transcription of the viral genome. The M protein promotes the assembly of 

viral progeny via interaction with the RDRP complex.  

Created with BioRender.com 
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Figure 3. Cytokine network.  

Several different cell types coordinate their efforts as part of the immune system, 

including B cells, T cells, macrophages, mast cells, neutrophils, basophils, and eosinophils. Each 

of these cell types has a distinct role in the immune system and communicates with other 

immune cells using secreted cytokines. Macrophages phagocytose foreign bodies and are 

antigen-presenting cells, using cytokines to stimulate specific antigen-dependent responses by B 

and T cells and non-specific responses by other cell types. T cells secrete a variety of factors to 

coordinate and stimulate immune responses to specific antigens, such as the role of helper T cells 

in B cell activation in response to antigens. The proliferation and activation of eosinophils, 

neutrophils and basophils respond to cytokines as well.  

Zhang, J. M. and An, J. (2007) 208 
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Figure 4. Interferon receptors and activation of classical JAK–STAT pathways by type I 

and type II interferons.  

All type I interferons (IFNs) bind a common receptor at the surface of human cells, which 

is known as the type I IFN receptor (IFNAR). The type I IFN receptor is composed of two 

subunits, IFNAR1 and IFNAR2, which are associated with the Janus-activated kinases (JAKs) 

tyrosine kinase 2 (TYK2) and JAK1, respectively. The only type II IFN, IFN-γ, binds a distinct 

cell-surface receptor, which is known as the type II IFN receptor. This receptor is also composed 

of two subunits, IFNGR1 and IFNGR2, which are associated with JAK1 and JAK2, respectively. 

Activation of the JAKs that are associated with the type I IFN receptor results in tyrosine 

phosphorylation of signal transducer and activator of transcription (STAT)-2 and STAT1; this 

leads to the formation of STAT1–STAT2–IFN-regulatory factor 9 (IRF9) complexes, which are 

known as IFN-stimulated gene (ISG) factor 3 (ISGF3) complexes. These complexes translocate 

to the nucleus and bind IFN-stimulated response elements (ISREs) in DNA to initiate gene 

transcription. Both type I and type II IFNs also induce the formation of STAT1–STAT1 

homodimers that translocate to the nucleus and bind IFN-γ-activated site (GAS) elements that 

are present in the promoter of certain ISGs, thereby initiating the transcription of these genes. 

The consensus GAS element and ISRE sequences are shown. N, any nucleotide. 

Platanias L. C. (2005) 236 
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Figure 5. Pre-treatment with reactive oxygen/nitrogen species inhibitors followed by 

treatment with Newcastle disease virus and/or decitabine. 

Murine EL4 T-cell acute lymphocytic leukemia (T-ALL) cells were treated with a variety 

of reactive oxygen/nitrogen species inhibitors (RONSi) for 2 hours at 37°C. Cells were 

subsequently treated with Newcastle disease virus (NDV) and decitabine (DCB) and incubated at 

37°C for 48 hours. Resazurin dye was added and incubated for 4 hours at 37°C. Fluorescence 

was read on a microplate reader.  

 

 



91 

 

 

 

 

 

  



92 

 

 

 

 

Figure 6. Optimizing the seeding density of EL4 T-cell acute lymphocytic leukemia cells 

and C1498 acute myeloid leukemia cells. 

Murine EL4 T cell acute lymphocytic and C1498 acute myeloid leukemia cells were 

seeded at descending cell densities from 1.0x106 cells/mL to approximately eight cells/mL. After 

48 hours, metabolic activity was assessed using a resazurin-based metabolic assay. Fluorescence 

was quantified on a microplate reader. Background fluorescence was subtracted from all samples 

and samples were normalized to the mean fluorescence intensity of untreated cell controls, which 

were assigned 100% metabolic activity. Experiments were performed in technical and 

experimental triplicates. Graphs show the mean percentage of metabolic activities and standard 

errors. Data was analyzed by two-way analysis of variance. Only statistically significant p-values 

were shown.  

*≤0.05, **≤0.01, ****≤0.0001.  
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Figure 7. Lentogenic, Newcastle disease virus outperformed its mesogenic counterpart and 

significantly reduced leukemia cell viability in vitro. 

Murine EL4 T cell acute lymphocytic and C1498 acute myeloid leukemia cells were 

treated with lentogenic and mesogenic strains of Newcastle disease virus (NDV) at descending 

doses starting from a multiplicity of infection (MOI) of 50 and ending at a MOI of 3.81x10-4. 

After 48 hours, metabolic activity was assessed using a resazurin-based metabolic assay. 

Fluorescence was quantified on a microplate reader. Background fluorescence was subtracted 

from all samples and samples were normalized to the mean fluorescence intensity of untreated 

cell controls, which were assigned 100% metabolic activity. Experiments were performed in 

technical and experimental triplicate. Graphs show the mean percentage of metabolic activities 

and standard errors. Data was analyzed by two-way analysis of variance and Tukey’s multiple 

comparison test. Only significant p-values were shown. 

*≤0.05, **≤0.01, ***≤0.001, ****≤0.0001 
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Figure 8. Oncolytic Newcastle disease virus and epigenetic modifier, decitabine, had a dose-

dependent effect on leukemia cell viability and promoted leukemia cell death. 

Murine EL4 T cell acute lymphocytic and C1498 acute myeloid leukemia cells were 

treated with lentogenic Newcastle disease virus (NDV) at descending doses starting from a 

multiplicity of infection (MOI) of 25 and ending at a MOI of 6.4x10-5 and decitabine (DCB) at 

descending doses starting at 4mM and ending at 1.56x10-4nM in the C1498 model and ending at 

0.08nM in the EL4 model. After 48 hours, metabolic activity was assessed using a resazurin-

based metabolic assay. Fluorescence was quantified on a microplate reader. Background 

fluorescence was subtracted from all samples and samples were normalized to the mean 

fluorescence intensity of untreated cell controls, which were assigned 100% metabolic activity. 

Experiments were performed in technical and experimental triplicate. Graphs show the mean 

percentage of metabolic activities and standard errors. Data was analyzed by non-linear 

regression comparing best fit values of standard curves comparing the half maximal inhibitory 

concentrations (IC50) are indicated for each dose response curve. 
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Figure 9. Newcastle disease virus and decitabine interacted synergistically in murine 

models of EL4 T-cell acute lymphocytic leukemia and C1498 acute myeloid leukemia which 

enhanced therapeutic efficacy and reduced leukemia cell viability compared to 

monotherapy. 

Murine EL4 T-cell acute lymphocytic leukemia and C1498 acute myeloid leukemia cells 

were treated with Newcastle disease virus (NDV) and decitabine (DCB) at ratios of 4-0.125 

times the IC50 NDV:DCB ratio, established in Figure 8. These doses correspond to a multiplicity 

of infection (MOI) of 0.32-0.01 in the EL4 T-ALL model and 1.262-0.04 in the C1498 AML 

model and a concentration of DCB from 190.28nM-5.94nM in the EL4 T-ALL model and 

2.159µM-67.46nM in the C1498 AML model. After 48 hours, metabolic activity was assessed 

using a resazurin-based metabolic assay. Fluorescence was quantified on a microplate reader. 

Background fluorescence was subtracted from all samples and samples were normalized to the 

mean fluorescence intensity of untreated cell controls, which were assigned 100% metabolic 

activity. Combination index plots indicate the fraction affected (Fa). Fa less than one indicates 

synergistic effects, Fa equal to one indicates additive effects and Fa greater than one indicates 

antagonistic effects. Experiments were performed in technical and experimental triplicate. 

Graphs show the mean percentage of metabolic activities and standard errors (a/b) and the Fa 

(c/d). Data was analyzed using a two-way analysis of variance and Tukey’s multiple comparison 

test and Fa was calculated by CompuSyn (ComboSyn, Inc). Only significant p-values were 

shown. 

*≤0.05, **≤0.01, ***≤0.001, ****≤0.0001 
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Figure 10. Treatment with Newcastle disease virus and decitabine in murine models of EL4 

T-cell acute lymphocytic leukemia and C1498 acute myeloid leukemia decreased cell 

viability in a time- and dose-dependent manner with a combination effect at high doses. 

Murine EL4 T-cell acute lymphocytic leukemia (T-ALL) and C1498 acute myeloid 

leukemia (AML) cells were treated with Newcastle disease virus (NDV) and decitabine (DCB) at 

ratios of 2, 1 and 0.5 times IC50 NDV:DCB, established in Figure 8. These doses correspond to a 

multiplicity of infection (MOI) of 0.1629-0.04 in the EL4 T-ALL model and 0.631-0.158 in the 

C1498 AML model and a concentration of DCB from 95.14nM-23.8nM in the EL4 T-ALL 

model and 1.08µM-270nM in the C1498 AML model. After 12, 24, 36 and 48 hours, adenosine 

triphosphate (ATP) production was assessed by CellTiter-Glo™ Luminescent Cell Viability 

Assay. Luminescence was quantified on a microplate reader. Experiments were performed in 

experimental triplicate. Graphs show the mean luminescence and standard errors. Data was 

analyzed using a two-way analysis of variance and Tukey’s multiple comparison test. Only 

statistically significant combination effects were shown, indicated by asterisks.  

*≤0.05, **≤0.01, ****≤0.0001 
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Figure 11. Pre-treatment with reactive oxygen/nitrogen species inhibitors had limited effect 

on therapeutic efficacy. 

Murine EL4 T-cell acute lymphocytic leukemia (T-ALL) cells were treated with a variety 

of reactive oxygen/nitrogen species inhibitors (RONSi) at the following doses: 7.5 units of 

catalase, 1.875 units of superoxide dismutase, 250µM 2-Phenyl-4,4,5,5-tetramethylimidazoline, 

1.96mM N-acetyl-L-cysteine or 28µM uric acid. Cells were pre-treated for 2 hours with RONSi 

and subsequently treated with Newcastle disease virus (NDV) and decitabine (DCB) at ratios of 

2, 1 and 0.5 times IC50 NDV:DCB, established in Figure 8. These doses correspond to a 

multiplicity of infection (MOI) of NDV from 0.1629-0.04 and a concentration of DCB from 

95.14nM-23.8nM. After 48 hours, metabolic activity was assessed using a resazurin-based 

metabolic assay. Fluorescence was quantified on a microplate reader. Background fluorescence 

was subtracted from all samples and samples were normalized to the mean fluorescence intensity 

of untreated cell controls, which were assigned 100% metabolic activity. Experiments were 

performed in technical and experimental triplicate. Graphs show the mean percentage of 

metabolic activities and standard errors. Data was analyzed using a two-way analysis of variance 

and Tukey’s multiple comparison test. Only statistically significant p-values were shown.  

*≤0.05, **≤0.01, ***≤0.001 
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Figure 12. Treatment with Newcastle disease virus and/or decitabine does not increase 

RONS production 1-6 hours post-treatment. 

 Murine EL4 T-cell acute lymphocytic leukemia (T-ALL) and C1498 acute 

myeloid leukemia (AML) cells were treated with Newcastle disease virus (NDV) and decitabine 

(DCB) at ratios of 2, 1 and 0.5 times IC50 NDV:DCB, established in Figure 8. These doses 

correspond to a multiplicity of infection (MOI) of 0.1629-0.04 in the EL4 T-ALL model and 

0.631-0.158 in the C1498 AML model and a concentration of DCB from 95.14nM-23.8nM in the 

EL4 T-ALL model and 1.08µM-270nM in the C1498 AML model. After one to six hours, 

reactive oxygen/nitrogen species were assessed using 2’,7’-dichluorofluorescein diacetate assay. 

Fluorescence was quantified on a microplate reader. Graphs show the mean fluorescence 

intensities (FI) and standard errors. Data was analyzed using a two-way analysis of variance and 

Tukey’s multiple comparison test. Experiments were performed in experimental triplicate. Only 

statistically significant p-values were shown.  

*≤0.05, **≤0.01, ***≤0.001, ****≤0.0001 
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Figure 13. Treatment with Newcastle disease virus and/or decitabine reduced reactive 

oxygen/nitrogen species production in a dose-dependent manner. 

Murine EL4 T-cell acute lymphocytic leukemia (T-ALL) and C1498 acute myeloid 

leukemia (AML) cells were treated with Newcastle disease virus (NDV) and decitabine (DCB) at 

ratios of 2, 1 and 0.5 times IC50 NDV:DCB, established in Figure 8. These doses correspond to a 

multiplicity of infection (MOI) of 0.1629-0.04 in the EL4 T-ALL model and 0.631-0.158 in the 

C1498 AML model and a concentration of DCB from 95.14nM-23.8nM in the EL4 T-ALL 

model and 1.08µM-270nM in the C1498 AML model. After one to six hours, reactive 

oxygen/nitrogen species were assessed using 2’,7’-dichluorofluorescein diacetate assay. 

Fluorescence was quantified on a microplate reader. Graphs show the mean fluorescence 

intensities and standard errors. Data was analyzed using a two-way analysis of variance and 

Tukey’s multiple comparison test. Experiments were performed in experimental triplicate. Only 

statistically significant p-values were shown.  

*≤0.05, **≤0.01, ***≤0.001, ****≤0.0001 
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Figure 14. Treatment with Newcastle disease virus and/or decitabine had contrasting 

effects on reactive oxygen/nitrogen species production in the EL4 T-cell acute lymphocytic 

leukemia versus C1498 acute myeloid leukemia models at 12-48-hour timepoints. 

Murine EL4 T-cell acute lymphocytic leukemia and C1498 acute myeloid leukemia cells 

were treated with Newcastle disease virus (NDV) and decitabine (DCB) at ratios of 2, 1 and 0.5 

times IC50 NDV:DCB, established in Figure 8. These doses correspond to a multiplicity of 

infection (MOI) of 0.1629-0.04 in the EL4 T-ALL model and 0.631-0.158 in the C1498 AML 

model and a concentration of DCB from 95.14nM-23.8nM in the EL4 T-ALL model and 

1.08µM-270nM in the C1498 AML model. After 12, 24, 36 and 48 hours, reactive 

oxygen/nitrogen species were assessed using 2’,7’-dichluorofluorescein diacetate assay. 

Fluorescence was quantified on a microplate reader. Graphs show the mean fluorescence 

intensities (FI) and standard errors. Data was analyzed using a two-way analysis of variance and 

Tukey’s multiple comparison test. Experiments were performed in experimental triplicate. Only 

statistically significant p-values were shown.  

*≤0.05, **≤0.01, ***≤0.001, ****≤0.0001 
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Figure 15. Cytokine profiles in the EL4 acute lymphocytic and C1498 acute myeloid 

leukemia models were not significantly impacted by Newcastle Disease virus and/or 

decitabine. 

Murine EL4 T-cell acute lymphocytic and C1498 acute myeloid leukemia cells were 

treated with Newcastle disease virus (NDV) and decitabine (DCB) at ratios of 2, 1 and 0.5 times 

IC50 NDV:DCB, established in Figure 8. These doses correspond to a multiplicity of infection 

(MOI) of 0.1629-0.04 and a concentration of DCB from 95.14nM-23.8nM in the EL4 model and 

a MOI of 0.631-0.158 and a concentration of DCB from 1.08µM-270nM in the C1498 model. 

After 24 hours, supernatant was collected, and cytokine profiles were assessed using flow 

cytometry and multiplex kits. Graphs show the predicted cytokine concentrations in 

picograms/mL (pg/mL). Data was analyzed using a two-way analysis of variance and Tukey’s 

multiple comparison test. Experiments were performed in experimental triplicate.  
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