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Abstract 

Acute lymphoblastic leukemia (ALL) and acute myeloid leukemia (AML) are blood cancers that 

are often treated with stem cell transplantation (SCT). Since SCT treatments have variable 

success, especially in adults with AML whose disease frequently relapses, novel and more 

effective solutions must be considered. In this thesis, I will explore one type of immunotherapy 

in murine models for ALL (L1210) and AML (C1498) using in vitro and in vivo techniques such 

as flow cytometry and transcriptomics. In my approach, I am attempting to enhance the 

immunogenicity of whole cell vaccines by pre-infecting the leukemia cells with oncolytic virus 

(OV) and thus producing leukemia infected cell vaccines (ICVs). While it has been previously 

shown that L1210-ICV pre-treatment works well in protecting mice from ALL challenge, I have 

found that pre-immunization with C1498-ICV has a limited efficacy in protecting animals from 

AML progression. By investigating the downstream effects of ICV, I was able to show that 

unlike C1498 cells, L1210 cells produce previously unknown immunogenic factors following 

OV infection.  
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Chapter 1 – Introduction 

Normal hematopoiesis  
Mature blood cells capable of carrying specialized functions like oxygen 

transport or immune response mediation originate from a rare population of 

hematopoietic stem cells (HSCs) or blood-forming cells [1]. One characteristic of HSCs 

is their multipotency or their ability to reconstitute all blood cell lineages during one’s 

lifetime [2-5]. Another unique characteristic of HSCs is that they are capable of self-

renewal, meaning that half of their daughter cells will commit to further lineage-specific 

differentiation, while the other half will be maintained as HSCs [5, 6].  

At first, HSCs were considered a homogenous population, sharing the same 

phenotype and differentiation ability [7, 8]. However, with the help of the newly 

emerged technologies it was recently revealed that individual HSCs differ based on their 

molecular profile, cell fate and self-renewal ability [9-12]. There are long-term (LT)-

HSCs that are capable of self-renewal during one’s lifetime, and short-term (ST)-HSCs 

that originate from the LT-HSCs population and only maintain the ability to self-renew 

temporarily [13]. Both LT-HSCs and ST-HSCs however are multipotent and capable to 

recreate all blood cell lineages [14-16]. ST-HSCs differentiate into multipotent 

progenitors (MPPs) that are still able to differentiate into all blood cell lineages, but 

incapable of self-renewal [17]. MPP differentiation will give rise to two types of 

oligopotent or lineage –committed progenitors, namely common lymphoid progenitors 

(CLPs) and common myeloid progenitors (CMPs). Subsequent differentiation of CLPs 

will lead to the generation of terminally differentiated lymphocytes, namely natural 

killer (NK) cells, B cells and T cells [18, 19]. On the other hand, CMP differentiation 

will produce megcaryocyte/erythrocyte progenitors (MEPs), megacaryocytes and 

granulocyte/macrophage progenitors (GMPs) [19, 20]. MEPs will generate red blood 

cells (RBCs) and megacaryocytes while GMPs will differentiate into macrophages, 

eosinophils, basophils and neutrophils [20, 21]. 

Cell-fate decisions are finely regulated to maintain a functional HSCs pool and 

maintain blood system homeostasis. Disruption of regulatory mechanisms can lead to 

hematological disorders, like leukemia defined by abnormal proliferation, aberrant 
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differentiation and diminished apoptosis of HSCs and progenitor intermediates. 

 

Impaired hematopoiesis and types of Leukemia 

Leukemia is a hematological malignancy in which normal hematopoiesis is 

disrupted due to an excessive proliferation and accumulation of immature or abnormal 

leukocytes. Malignant transformation usually occurs at the pluripotent stem cell level, 

although it can involve a committed stem cell with a reduced capacity for self-renewal 

[22]. Types of leukemia are classified based on the blood cell in which the malignant 

transformation occurred. One can be diagnosed with either lymphoblastic or 

myelogenous leukemia, depending on whether the disease originated from an abnormal 

cell of lymphoid or myeloid lineage respectively. Leukemia types are further grouped 

based on their proliferation rate and progression. If the disease arises spontaneously with 

manifestation of symptoms within days or weeks, one can be diagnosed with acute 

leukemia (AL). On the other hand, chronic leukemia (CL) is diagnosed when malignant 

cell proliferation occurs over prolonged periods of time. Thus, the major diagnosed 

types of leukemia nowadays are acute lymphocytic leukemia (ALL), acute myelogenous 

leukemia (AML), chronic lymphocytic leukemia (CLL) and chronic myelogenous 

leukemia (CML). Further, my discussion will mostly revolve around AML and ALL, 

considering the fact that murine AML and ALL models were particularly used in my 

research. 

Classification, pathophysiology and treatments of AML 

According to the World Health Organization (WHO), AML subtypes were 

classified in several major groups defined as AML with recurrent genetic abnormalities, 

therapy-related myeloid neoplasms, AML that is not otherwise specified (NOS), 

myeloid sarcoma and myeloid proliferations related to Down syndrome. The pathology, 

prognosis and treatment of several of these AML subtypes are reviewed below. 

AML with recurrent genetic abnormalities 

Patients diagnosed with this particular type of AML carry specific mutations or 

chromosomal translocations. The most frequent chromosomal abnormality, diagnosed in 
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15% of AML cases is the t(8, 21) translocation, involving acute myeloid leukemia 1 

(AML1) gene on chromosome 21 and the ETO gene on chromosome 8 [23]. A fusion 

protein known as AML1-ETO is produced as a result of this translocation and it is a 

transcription factor that mediates both gene repression and activation [23, 24]. The target 

for leukemic transformation in AML patients with t(8, 21) translocation are HSCs rather 

than committed progenitor cells [25-27]. The second most frequent chromosomal 

abnormality associated with AML is inv(16)(p13.1q22), being detected in up to 8% of 

all AML patients [28, 29]. Carriers of this particular inversion produce a fusion 

transcript in which the Core-Binding Factor Subunit Beta (CBFB) gene on chromosome 

16q22 and the Myosin Heavy Chain 11 (MYH11) gene on chromosome 16p13.1 have 

been rearranged. The resulting CBFB-MYH11 fusion protein was shown to impair 

hematopoiesis during embryogenesis at the HSPC level [30].  

AML patients carrying either t(8;21) and/or inv(16) (p13.1q22) have an overall 

good prognosis and respond well to chemotherapy, particularly to cytarabine treatments. 

[28, 31, 32]. It has been shown that intensive chemotherapy, is most efficient in patients 

of different age categories [32]. However, some older patients that are not suitable for 

intensive chemotherapy are treated with low-dose cytarabine therapy [33]. 

Unfortunately, low-dose cytarabine therapy is less likely to result in long term remission 

and the prognosis of patients carrying inv(16)(p13.1q22) becomes dismal upon relapse 

[34, 35]. 

Therapy-related myeloid neoplasms 

Therapy-related myeloid neoplasms (t-MN) are highly associated with the 

chemotherapy treatment itself and its cytotoxicity [36]. The t-MN subtypes known to 

date are associated with the type of leukemia treatment that patients previously received. 

About 70% of t-MN patients that received alkylating agents and radiation therapy carry 

deletions within chromosome 5 and 7 [37]. Another major t-MN subtype refers to 

patients to whom topoisomerase II inhibitors were administered for treatment [38, 39]. It 

has been shown that the most common translocation events for this subgroup affect 

lysine methyltransferase 2A (KMT2A) gene within chromosome 11 or AML1 gene 

within chromosome 21 [37]. It has been established that t-MN account for 10% of all 
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AML cases and can develop from a couple of months to several years after the treatment 

of the initial disease [40, 41]. 

  t-MN is associated with unfavorable prognosis at the onset of the disease, 

frequently leading to peripheral blood cytopenia [42, 43]. Treatment strategies for t-MN 

include intensive chemotherapy and/or SCT [44]. Some clinical studies evaluate the 

possibility of treating t-MN patients ineligible for intensive chemotherapy with 5-

azacytidine (5-AzaC) instead [45, 46]. At this point, very little is known about the 

efficacy of 5-AzaC as part of t-MN treatment since most clinical studies are still at the 

stage of assessing the toxicity of this drug. 

Myeloid sarcoma 

Myeloid sarcoma (MS) is considered a fairly rare form of AML in which the 

extramedullary proliferation of myeloid blasts disrupt the morphology and function of 

the infiltrated tissue [47, 48]. Considering that MS is often defined as an extramedullary 

disease (EMD), it is possible that the leukemic blasts have an aberrant homing signal 

that does not target localization to the bone marrow. For instance, one research group 

stated that the interaction between the matrix metallo-proteinase (MMP)-9 and the beta 

(2) integrin expressed on the surface of leukocytes is necessary for migration and 

localization of leukemic cells [49]. The implication of MPPs in tissue blast penetration 

has also been supported by another study in which the expression of a MMP-2 tissue 

inhibitor was significantly higher on invasive AML cell lines like SHI-1 compared to 

AML models that are considered less invasive [50].  

A comparative genomics study of several MS patient samples revealed that all 

patients carried genomic changes, especially within chromosome 8 [51]. Based on the 

fact that the mutated nucleophosmin 1 (NPM 1) gene is considered one of the most 

common genetic abnormalities for AML, one study determined that 15% of 181 enrolled 

MS patients carried this mutation [52]. Another study reported that about 33% of MS 

patients carried mutations in the FMS-like tyrosine kinase 3 (FLT3) gene with internal 

tandem duplications, which are also very commonly attributed to up to 30% of adult 

AML cases [53]. 
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Considering the rarity of MS, knowledge regarding major prognostic factors in 

these patients is fairly scarce. It generally appears that patients having MS at the time of 

AML diagnosis is linked to poor prognosis and shorter survival [54]. Interestingly, 

allogeneic hematopoietic stem cell transplantation (SCT) was shown to be a fairly 

efficient treatment strategy for MS patients that achieved complete remission as a result 

of induction chemotherapy treatments for AML [55]. 

 

Classification, pathophysiology and treatment of ALL 
 

Generally, 85% of ALL cases originate from B lymphocytes or B cell precursors 

while 15% of ALL cases can be traced to malignant transformations of T lymphocytes 

[56]. According to the WHO classification, ALL is classified as B-ALL not otherwise 

specified, B-ALL with recurrent cytogenetic abnormalities and T-ALL. The 

pathophysiology, prognosis and treatment regimen of several of the mentioned ALL 

subtypes is described below. 

Precursor B-ALL with cytogenetic abnormalities 

 ALL with BCR-ABL  

Chromosomal aberrations are considered the hallmark of ALL. In fact, the most 

common marker for ALL diagnosis is the Philadelphia chromosome (Ph), which is a 

shorter version of chromosome 22 that resulted due to the t(9, 22) reciprocal 

translocation, involving the Breakpoint cluster region (BCR) gene and Abelson murine 

leukemia viral oncogene homolog (ABL) gene located on chromosomes 22 and 9 

respectively [57]. The BCR-ABL fusion gene encodes an oncogenic protein with 

constitutively active tyrosine kinase activity that leads to uncontrolled cell proliferation, 

reduced apoptosis, and impaired cell adhesion [58, 59]. It has been shown that the BCR-

ABL fusion protein is expressed by the myeloid, erythroid and B lymphoid cells of most 

ALL patients, implying that the translocation event likely occurs in LT-HSCs [57, 60]. 

Although t(9, 22) translocation events do not cause neoplastic transformations by 

themselves, they tend to cooperate with additional mutations acquired by the cells with a 

pre-existing Ph+ phenotype, thus contributing to the malignancy [61]. Up to 80% of 

patients diagnosed with a Ph-like ALL have mutations in genes encoding for kinases and 
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kinase-activating proteins responsible for regulation of hematopoiesis and HSC self-

renewal, like ABL-1, Janus kinase 2 (JAK2) and Platelet derived growth factor receptor 

Beta (PDGFRB) [61].  

 

One clinical study pointed out that t(9, 22) is associated with extremely poor 

prognosis in children diagnosed with ALL [62]. ALL patients are usually treated with 

induction chemotherapy drugs, however the treatment also includes cranium radiation to 

prevent central nervous system (CNS) disease. The consolidation therapy for the Ph+ 

ALL cases was shown to be more efficient when the chemotherapy regiment used in 

Kantarjian, H.M., et al. [63] is combined with a Tyrosine Kinase Inhibitor (TKI) known 

as imatinib [64, 65]. Unfortunately, this treatment was unable to control the disease 

relapse in CNS due to the limited ability of imatinib to cross the Blood Brain Barrier 

(BBB) [66]. The next generation version of similar drugs were developed in order to 

easily access the BBB and prevent ALL establishment in CNS and were proven to be 

more efficient in several cases [67-69]. 

B-ALL with TEL-AML1 

The chromosomal translocation involving the fusion of the translocation–Ets–

leukemia (TEL) and AML1 genes occurs in about 25% of pediatric patients with 

common B-cell precursor cell acute lymphoblastic leukaemia (cALL) [70]. The chimeric 

protein TEL-AML1 identified in certain ALL patients is composed of TEL sequences 

located in most of the functional regions of the AML1 protein [71]. It has been 

repeatedly shown that the TEL-AML1 fusion occurs very early in leukaemogenesis and it 

could be the initiating event in the majority of identified cases [72-74]. 

It is generally considered that the presence of TEL-AML1 fusion gene in children 

diagnosed with ALL defines a subgroup of patients with a better than average treatment 

outcome and prognosis [75]. 

Precursor T lymphoblastic leukemia (T-ALL) 

T-ALL is considered a hematological malignancy of immature T cells. It has 

been shown that early T-cell progenitors (ETP) are derived from hematopoietic stem 

cells that are eventually localized to the thymus with a maintained level of multilineage 

pluripotency [76]. The definition of ETP-ALL is recognized based on the unique 
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immunophenotype of the transformed cells, which are CD1a−, CD8−, CD5− and positive 

for certain stem cell or myeloid markers [77]. Literature shows that ETP-ALL is 

diagnosed in up to 12% of T-ALL cases among children as well as in up to 7% of adults 

suffering from T-ALL [78]. The most common genetic abnormalities observed in these 

patients are mutations within the FLT3 and DNA (cytosine-5)-methyltransferase 3A 

(DNMT3A) genes [79, 80]. 

Overall, the relapse of T-ALL is associated with a poor prognosis with only 30-

50% survival. Induction chemotherapy treatment is normally used for T-ALL treatment 

with meticulous monitoring of Minimal residual disease (MRD) by quantitative 

polymerase chain reaction (qPCR) analysis of the T cell receptor (TCR) genes [81, 82]. 

 

Leukemia and its susceptibility to immunotherapy 
From what has been discussed so far, the overall prognosis and chemotherapy 

treatment that is available for AL patients does not deliver successful outcomes, 

meaning that other options and strategies must be considered for this purpose.  

Currently there is a significant amount of evidence that leukemia is highly 

susceptible to immunosurveillance and using immune strategies to control residual 

disease persisting after remission is the correct thing to do [83]. Several 

immunotherapies implemented to control leukemia progression are SCT, adoptive 

transfer of allogeneic or autologous T cells, vaccination with leukaemia cells, peptides, 

cell lysates and dendritic cells [83, 84]. The most captivating data, however, for the 

susceptibility of leukemic cells to immune attack is derived from the experience with 

allogeneic SCT and the graft versus host disease (GVHD). GVHD is a common side 

effect observed in leukemia patients after receiving allogeneic SCT. It has been observed 

that there was a strong correlation between the strength of GVHD of individuals in 

remission after BMT and reduced relapse rates, implying that BMT also promotes a 

graft versus leukemia (GVL) effect [85, 86]. In other words, the donor’s cells of 

adaptive immunity are not only attacking the tissues of the recipient host (GVHD), but 

are also promoting a response against the patient’s leukemic cells (GVL) [87]. 
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 Following this remarkable discovery, the SCT protocols are continuously 

revamped to maximize GVL, which is mediated by both T and NK cells, whose 

mechanisms of interaction with the transformed leukemic cells have been characterized 

elsewhere [83, 88] and continue to be investigated. To date, transplant protocols have 

been significantly adjusted in order to improve the ability to manipulate the immune 

environment after the procedure and control the patient’s immune system recovery by 

avoiding GVHD and boosting GVL reactivity with vaccines or with Chimeric antigen 

receptor T (CAR T) cells (lymphocytes that are engineered to be cytotoxic to leukaemia 

cells). 

Generally, allo-SCT is one of the best treatment options in reducing the risk of 

leukemia relapse by promoting GVL, especially for patients that are at high risk and are 

eligible for the procedure after they undergone induction chemotherapy. However the 

procedure itself is fairly invasive for elderly patients and may lead to severe 

complications. Another limitation in implementing SCT is the difficulty of finding a 

human leukocyte antigen (HLA)-matched sibling or unrelated donor.  

Taken together, chemotherapy and SCT (despite the GVL effect) are not efficient 

enough in treating leukemia and dealing with the high relapse rates of this disease. This 

implies that new strategies and immunotherapeutic approaches must be implemented in 

targeting leukemia. Combining the current treatment options with different cancer 

immunotherapy approaches could potentially enhance the treatment efficacy for AL. 

 

Cancer cells have a reduced adjuvanicity 

It is generally known that different pathogens express antigens that can be 

recognized as non-self by our innate immune cells upon infection. Pathogen-associated 

molecular patterns (PAMPs), are a set of general structural components or molecules 

characteristic to invading pathogens and are sensed by our innate immune system. The 

PAMPs are sensed by pattern recognition receptors (PRRs) that are expressed on 

immune, non-immune and even cancer cells. Toll-like receptors (TLR)-7/8 are PRRs 

that sense different forms of single-stranded ribonucleic acids (ssRNA) present in 

endosomes and are necessary to neutralize infection with viruses like Influenza and 
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Vesicular Stromatitis Virus (VSV) [89, 90]. Interestingly, a recent study determined that 

conjugation of tumour neo-epitopes to TLR7/8 agonists is sufficient to initiate anti-

tumour immunity, suggesting that these agonists work as immune adjuvants [91]. 

Another example of PRR is known as stimulator of interferon genes (STING) and it is 

able to detect double-stranded deoxyribonucleic acid (dsDNA) in cytoplasm that comes 

from replicating DNA viruses like Vaccinia (VacV) [92]. Interestingly, the use of 

STING agonists have shown a lot of promise in cancer therapy by promoting dendritic 

cell (DC) activation [93]. In one study, the STING agonist 5,6-dimethylxanthenone-4-

acetic acid (DMXAA) was used to eradicate systemic AML in a pre-clinical mouse 

model (C1498) [94]. It has also been shown that STING can initiate the production of 

type I interferon, which is mainly implicated in the formation of adaptive immune 

responses by sustaining the activation of antigen presenting cells (APCs) [95]. For 

instance, mice that are unable to signal through type I interferon (Ifnar KO) failed to 

develop long lasting anti-tumour immunity, further highlighting its importance as an 

adjuvant [96]. 

In addition, the immune system keeps being alerted by damage-associated 

molecular patterns (DAMPs), which are components secreted by dying infected cells 

and are typically released in response to PAMPs and PRR signalling. In these 

circumstances, the components of these pathogenic agents are uptaken by phagocytes 

like macrophages and DCs and presented on major compatibility complex (MHC) class I 

and class II molecules, leading to generation of antigen-specific adaptive immunity. A 

similar scenario can be followed for the progression and selection of the malignant 

cancer cells, which have developed evasion strategies to inhibit mechanisms of DAMPs 

sensing and emission [97, 98]. In this sense, DAMPs that are potentially released from 

dying cancer cells could alert the phagocytes and act as natural adjuvants for tumour 

antigens. Cancer cells developed a wide range of strategies to prevent the release of 

DAMPs and therefore, avoid immune detection [99]. One important study found that 

some anti-cancer drugs like Mitoxantrone increases the level of calreticulin (DAMP) on 

the surface of cancer cells, resulting in a sustained anti-tumour immune response [100]. 
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Overall, adjuvanicity depends on the release of DAMPs and sensing of PAMPs. 

Consequently, inducing DAMP release and triggering PRR sensing of PAMPs represent 

novel strategies in adjuvanating cancer antigens. 

Cancer cells have a reduced antigenicity  
Antigenicity refers to the mutations specific to cancer cells that result in the 

creation of neo-antigens to be presented on MHC molecules to T cells. The amount of 

neo-antigens is highly variable among different tumour types, which significantly affects 

the outcome of a potential immunotherapy treatment [101, 102]. For instance, unlike 

lung carcinoma, melanoma is considered a type of cancer that produces neo-antigens in 

high amounts [103, 104]. Also melanoma patients are known to respond much better to 

treatment with immune checkpoint inhibitors (ICIs) compared to patients suffering from 

lung cancer [103].  

Overall, decreasing antigenicity is another strategy employed by tumour cells in 

order to escape immunosurveillance. One way in which cancers reduce their antigenicity 

is by reducing their MHC class I expression, subsequently limiting their T-lymphocyte 

mediated killing [105]. Another way cancer cells can decrease their antigenicity is by 

antigen escape. For example, residual malignant cells after CAR T cell treatment can 

express a modified version of the target antigen with changed extracellular epitopes that 

CAR T cells can no longer recognize [106, 107]. A different scenario regarding 

decreased tumour antigenicity involves downregulation of the target antigen expression 

on cell surface to levels that are inadequate for CAR T cell activation [107]. 

One immunotherapeutic approach attempting to increase the antigenicity of 

cancers cells is with the use of whole tumour cell vaccines, that are intended to generate 

a strong immune response against cancer-specific antigens [108, 109]. Based on the 

source of the used cancer cell, there are autologous and allogeneic whole tumour cell 

vaccines. Preparation of autologous whole tumour cell vaccines involve manipulation of 

patient’s own cancer cells, while allogeneic whole tumour vaccines are produced from 

certain laboratory-grown cancer cell lines [110]. In both scenarios, the manufactured 

whole tumour vaccines are administered to the cancer patient and are expected to control 
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tumour progression by engaging the immunity of the recipient towards an anti-tumour 

immune response.  

The upside of using the autologous cell vaccine approach is their ability to 

present the whole spectrum of patient-specific tumor antigens to the immune system and 

this is advantageous as it helps the formation of a strong anti-tumor immune response  

[111, 112]. However, the phenotype of cancer cells within a tumour is highly 

heterogeneous and an adequate amount of cells are required to produce autologous cell 

vaccines efficient in eliciting a broad anti-tumour immune response [113]. The 

disadvantage of using allogeneic cell vaccines is that tumor associated antigens (TAAs) 

and tumor specific antigens (TSAs) unique to one’s cancer phenotype will not be 

targeted, however the availability of the biological material required for their production 

is not a limiting factor [114, 115]. 

Although the list of TAAs and TSAs is growing, targeting them still remains 

challenging. For instance, TAAs are self-antigens that preclude the development of 

robust T cell responses while TSAs are vulnerable to antigen downregulation and escape 

[107]. One employed strategy to induce tumour-specific immunity without antigen bias 

is to treat patients with irradiated autologous tumour vaccines, since they naturally 

express and present TAAs to APCs [116]. The irradiation process ensures safety of the 

vaccine by inhibiting the ability of the injected cancer cell vaccines to replicate and has 

been shown to induce release of immunogenic factors [117, 118]. 

Another strategy to generate efficient whole cancer cell vaccines is to increase 

the immunogenicity of a patient’s cancer cells by encoding immune stimulatory 

cytokines through transduction. GVAX is an example of whole tumour cell vaccine that 

has been genetically altered to secrete granulocyte-macrophage colony-stimulating 

factor (GM-CSF), which is a cytokine that mediates recruitment of DCs and 

macrophages to the vaccine administration site. DCs are essential in the process of T cell 

priming, so GM-CSF secretion by tumour cells can improve the efficacy of the whole 

tumour cell vaccine. The efficacy of whole cell vaccines have been mostly explored in 

solid tumour models [119]. It has been shown that GVAX enhances DC activation that 

subsequently results in effective CD4 and CD8 T cell priming for tumour antigens [120]. 
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It was shown that CML patients that received chemotherapy treatments and allogeneic 

whole tumour cell vaccines made from GM-CSF-expressing K562 leukemia cell lines 

had a smaller tumour burden compared to the CML patients treated with chemotherapy 

alone. [121-123]. 

Collectively, whole cell vaccines are a highly promising idea for cancer 

treatment and their efficacy in inducing robust anti-tumour immunity can potentially be 

improved when combined with other therapeutic approaches. 

Immune response regulation and promising cancer immunotherapies 
 From everything that has been discussed so far, maintenance of cancer-specific T 

cell population and activation status is key to a successful extermination of the 

malignancy. Besides implementing treatments intended to enhance cancer adjuvanticity 

or antigenicity (for example, by using whole tumour cell vaccines), the use of immune 

checkpoint inhibitors as a strategy to overcome cancer-induced immunosuppression 

must be considered as well. 

In an inflammatory state, activated APCs present foreign antigens on MHC class 

I or MHC class II to the TCR complex of the corresponding T cell subsets. However, the 

B7 co-stimulatory ligands expressed by activated APCs must simultaneously interact 

with the activating receptors CD28 to successfully prime a pathogen-specific T cell 

response. TCR signaling along with B7-CD28 interaction leads to the phosphorylation 

of the CD28 intracellular domain [124]. Phosphorylation of the CD28 intracellular 

subunit allows the recruitment of proteins like phosphoinositide 3-kinases (PI-3K) and 

growth factor receptor-bound protein 2 (GRB2) that mediate the downstream CD28 

signaling [125]. Ultimately, this results in production of interleukin 12 (IL-12), 

interferon gamma (IFN-γ), tumor necrosis factor (TNF-α) as well as in expression of the 

cell cycle progression and pro-survival B-cell lymphoma-extra-large (Bcl-xL) gene and 

transcription factors involved in effector T cell functions [126-129]. However, long-

lasting T cell activation could lead to chronic inflammation and T cells become 

exhausted by upregulating a wide range of non-redundant inhibitory receptors that limit 

their effectiveness, such as programmed cell death protein 1 (PD-1) and cytotoxic T-

lymphocyte-associated protein 4 (CTLA-4) [130, 131]. Binding of these receptors to 
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their corresponding ligands on APCs could lead to a progressive loss of proliferative 

potential, effector functions and even to apoptosis of the activated T cells [132, 133]. 

One mechanism employed by T cells to minimize tissue damage due to 

prolonged immune stimulation is recruitment of the inhibitory PD-1 receptor to the 

immunological synapse. Engagement of PD-1 by its ligand PD-L1, whose expression 

increases with APC activation, leads to disruption of the TCR/CD28 signaling by 

inducing dephosphorylation of the intracellular domain of CD28 and other TCR 

complex molecules [134]. Therefore, the abrogated binding of PI3K and GRB2 to this 

receptor leads to a decrease in signaling pathways important for IL-2 production, 

survival, proliferation and maintenance of certain effector functions [135].  

Another way T cell regulate the level of stimulation is by upregulating the 

inhibitory receptor CTLA-4 that disrupts the CD28-B7 co-stimulation cascade by 

binding B7 ligand molecules on APCs with a higher affinity than CD28 [136, 137]. 

Antigen presentation with no CD28-B7 co-stimulation is interpreted by the interacting T 

cells as “self”, which ultimately renders them tolerant and non-responsive [138]. 

Immune checkpoint inhibitors in solid tumours versus AL 

 

Even though signaling cascades induced by these inhibitory receptor/ligand 

interactions are naturally employed by our immune cells to prevent autoimmunity, 

certain cancers exploit these immune checkpoints to escape immune surveillance and 

continue persisting [139]. Thus, treating patients whose tumour cells employ this 

immune escape strategy with checkpoint inhibitors appears to be a promising 

immunotherapeutic approach. Among the most common checkpoint inhibitors, that were 

first approved by United States Food and Drug Administration (FDA) for treatment of 

solid tumours are Nivolumab (anti-PD-1), Pembrolizumab (anti-PD-1) and Ipilimumab 

(anti-CTLA-4) [140]. For example, it was shown that Nivolumab and Ipilimumab 

improved the survival of individuals with metastatic melanoma, squamous non-small 

cell lung cancer and renal cell carcinoma compared to patients that received standard 

chemotherapy treatment [141, 142]. Pembriolizumab was also initially used to treat 

metastatic melanoma as well as other metastatic solid tumours carrying specific 

mutations [143]. However, multiple recent pre-clinical and clinical studies revealed that 
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treatment with ICIs could also improve the outcome of the currently available leukemia 

treatments [144, 145]. 

Blockade of PD-1 in AL 

The implication of the PD-1/PD-L1 axis as an immune evasion strategy by 

different types of leukemia was first assessed in pre-clinical models. For instance, one 

study showed that C1498 (a murine AML cell line) upregulates PD-L1 once 

administered IV to mice and that treatment of these animals with anti-PD-L1 

monoclonal antibody reduced their tumour burden and significantly improved their 

survival [146]. Another research group showed that the survival of AML-bearing mice 

can be improved even further when treating with a combination of anti-PD-L1 blocking 

monoclonal antibody and T cell immunoglobulin and mucin domain-containing protein 

3 (TIM-3) fusion protein [147]. It appears that C1498 cells drive CD8+ T cell exhaustion 

by triggering overexpression of PD-1 and TIM-3 on their surface [147]. The same 

research team determined that depletion of AML-associated regulatory T cells (Tregs) 

following PD-1/PD-L1 blockade leads to an impressive therapeutic outcome [148]. 

Interestingly, human AML cells collected from patients with relapsed disease were also 

highly expressing PD-L1 [149]. Furthermore, multi-color flow cytometry data collected 

on bone marrow (BM) samples of AML patients revealed high levels of PD-1 expression 

on T cell subsets [150], especially in cases relapsed disease after SCT [151]. 

Based on the accumulated pre-clinical data, the application of PD-1 inhibitors 

gained popularity in the clinic. For instance, one FDA-approved checkpoint inhibitor 

drug used to treat patients with classical Hodgkin’s lymphoma is known as human IgG4 

anti-PD-1 monoclonal antibody or nivolumab. It has been established that patient T cells 

upregulate PD-1 expression because of the demethylation of PD-1 gene promoter caused 

by 5-azacytidine [152], which is a standard drug used to treat older AML patients [153]. 

A phase II clinical trial involving 70 AML patients showed an encouraging response rate 

to nivolumab therapy in combination with 5-azacytidine treatment with 24% of patients 

achieving complete remission (CR) [154]. A follow-up clinical trial (NCT02397720) 

involves treatment of 14 patients with a combination of nivolumab, azacytidine and 

ipilimumab (a CTLA4-blocking antibody) and so far, 43% of the enrolled patients went 

into CR [154]. However, nivolumab therapy was shown to be unsuccessful for 
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individuals whose disease relapses after allo-SCT, considering that 2 out of 6 enrolled 

patients showed severe GVHD early after administration of the drug [155]. The efficacy 

of another PD-1 blockade drug known as pembrolizumab also showed modest 

improvement in the treatment outcome of patients with relapsed AML after allo-SCT 

[155]. Pembrolizumab was also involved in a phase II clinical trial (NCT02768792) in 

which AL patients were treated with high-doses of the chemotherapy drug cytarabine. 

The results of this study revealed a decent response rate to treatment and that 40-60% of 

the enrolled AML older patients achieved CR [156]. 

Blockade of CTLA-4 in AL 

 

It has been demonstrated that treatment of human leukemia cell lines with anti-

CTLA-4 enhances the frequency and cytotoxicity of AML-specific T cells [157] and that 

CTLA-4 blockade is highly effective at eliminating MRD in mice treated for leukemia 

[158]. Analysis of AML patient samples at diagnosis revealed that AML cells 

constitutively expressed CTLA-4 in 80% of the investigated samples [159]. High 

expression levels of CTLA-4 were also identified on T cell subsets of patients with T-

cell lymphoma. [160]. Collectively, these findings outline the possibility that anti-

CTLA-4 drugs could be highly successful in treating different types of leukemia. 

 Clinical trials involving treatment of relapsed AML with ipilimumab are 

currently in phase I/Ib trial [161]. However the safety of the drug and dose optimization 

is the main goal of this trial, it was observed that over 50% of enrolled patients had an 

extended survival of six months, also with four patients showing durable response for 

over a 1 year [161].  

Overall, there is a massive amount of evidence that enhancing the adjuvanicity and 

antigenicity of cancer cells in context of whole tumour cell vaccines as well as the use of 

ICIs to reduce cancer-induced immunosuppression are all auspicious strategies for the 

future of cancer treatment. However more work needs to be done regarding the ways in 

which the upsides of these novel therapies can be combined and further improved. 

Oncolytic viruses and their potential to enhance cancer adjuvanicity 
Reports dating back a century ago linked the presence of viral infections with 

remissions in leukemia patients [162]. Eventually, research on oncolytic viruses (OVs) 
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gained popularity, involving manufacturing of viruses that preferentially target and lyse 

tumor cells to other normal tissues [163]. The field of OVs is rapidly evolving, with a 

20-fold increase in publications in the last two decades [164]. 

Most OVs replicate preferentially in cancer cells due to defects in the interferon 

signalling pathway which is the primary cell intrinsic mechanism of fighting viral 

infection. This is typically initiated through PRRs binding to various viral components 

and triggering a phosphorylation cascade that leads to the activation of interferon 

regulatory factor 3 (IRF-3) and transcription of type I interferon and interferon 

stimulated genes (ISGs) [165]. Interferons (IFNs) are secreted soluble cytokines, with 

type I IFN being expressed by virtually all cell types in our body. Type I IFNs that are 

produced by infected cells signal nearby uninfected cells by binding to their 

ubiquitously-expressed receptor IFNAR, inducing an anti-viral state aimed to control 

viral proliferation [166]. Binding of IFNs to IFNAR triggers the Janus kinase (JAK) – 

signal transducer and activator of transcription (STAT) pathway, which further amplifies 

the signal and transcription of anti-viral ISGs [167]. It is important to note that although 

IRF-3 activation is the first step in anti-viral response, this role can be fulfilled by IRF-7 

in immune cells in which it is constitutively expressed [168]. Aside from activating 

IRFs, PRRs like TLRs can also lead to nuclear factor kappa-light-chain-enhancer of 

activated B cells (NF-kB) activation [169]. 

Proliferation and hyperactive metabolism are a hallmark of cancer cells [170] 

with both of these states being suppressed by type I and II IFN signaling [171, 172]. 

This possibly explains why defects in various components of the IFN pathway are 

observed in several cancer types [173]. OVs are therefore engineered to be tumor-

selective by being attenuated in their ability to counter IFN signaling. Therefore, OVs 

have the ability to enhance the adjuvanticity of certain cancers. 

 

Oncolytic Rhabdoviruses 

Two well-known rhabdoviruses currently used in the clinic are VSV and Maraba 

[174]. These viruses share a multitude of biological similarities, both having bullet-

shaped enveloped virions with a negative-sense RNA and an 11 kb unsegmented 

genome [175]. The genome encodes for 5 viral proteins: nucleoprotein (N), 
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phosphoprotein (P), matrix protein (M), glucoprotein (G) and polymerase (L). Both 

viruses have been shown to infect a wide variety of mammalian hosts, including human 

cancer cells through the low density lipoprotein receptor (LDLR) clathrin-mediated 

endocytosis [176]. Inside the cell, L and P associate with N-coated genomic RNA to 

initiate the transcription of the first round of viral messenger RNAs [177]. Once 

translated, the newly produced VSV viral proteins initiate the replication of negative 

sense RNA genome into a positive sense intermediate [178]. It is at this stage that 

dsRNA forms between the negative and positive sense genomic moieties with the 

potential of activating RIG-I-like Receptors (RLRs) [179] and Protein Kinase RNA-

activated (PKR) host anti-viral pathways [180]. This can be countered by the M protein 

which plays a major role in inhibiting host gene translation (such as those of IFNs) by 

blocking cytoplasmic transport of host mRNAs [181]. Finally, after genome replication 

and secondary gene transcription viral proteins and genome are assembled at the cellular 

membrane for budding off. 

In the clinic, VSV is explored both as a vaccine platform and as an oncolytic 

virus. Notably, VSV has been undergoing Phase I through III clinical trials as an Ebola 

vaccine and has been shown to be a safe and immunogenic vector [182]. As an oncolytic 

in pre-clinical studies, VSV-based vectors have been employed in the treatment of 

various cancer types such as multiple myeloma [183] and AML [184]. The latter study 

also showed the ability of VSV to synergize with immune checkpoints inhibitors in 

AML. Another common VSV vector used in pre-clinical studies is VSV-d51, a VSV 

virus with a 51st codon deletion in its M protein, showing a broad spectrum of activity in 

several tumor types [185]. Importantly, the VSV-d51 vector has been shown to be 

immunogenic in a cancer vaccine setting [186]. 

As a cancer clinical agent, VSV trials are being carried out mainly by the Mayo 

clinic with a viral backbone which encodes the type I IFN beta (IFN-β) cytokine. One 

such current trial employs VSV encoding both human IFN-β and a tumor associated 

antigen TYRP1 for the treatment of melanoma (NCT03865212). Similarly, to VSV, 

Maraba-based vector MG1 has also shown to be immunogenic in a pre-clinical cancer 

vaccine model [187, 188]. This in turn has prompted the use of MG1 in the clinic for a 
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heterologous prime-boost Phase I/Ib clinical trial against human papilloma virus (HPV) 

E6E7 cancer antigen (NCT03618953). 

 

Infected Cell Vaccines (ICV) – Generating an in vivo autologous cell vaccine 
There are several features of OVs which make them efficacious as cancer cell 

therapeutics. Two such important features are selectivity of OVs to cancer cells and their 

ability to stimulate the immune system [188]. However, despite several advantages there 

are still certain barriers to OVs efficacy. One such barrier is the immunogenicity of OVs 

acting as a “double edge sword”. On one hand, OVs immunogenicity is important in 

leading to a proper anti-tumor immune response while on the other hand, host anti-viral 

response can limit OVs spread and replication, thus reducing their effect [189]. The 

second barrier is OV delivery to the tumor microenvironment. The most efficient 

method of delivery is intra-tumoral (IT) injection as high doses of viruses can be directly 

delivered to the tumor. This method, however, is only available in certain cancer types 

and is not always clinically practical. Another method of delivery is systemic 

intravenous (IV) delivery. This results in fewer viral particles reaching the tumor 

microenvironment and is not practical for OVs for which neutralizing antibodies exist in 

the general population (for example, HSV and Measles virus).  

Another advantage of OVs is their ability to trigger an immunogenic response in 

the tumor microenvironment, leading to the recruitment of immune cells and 

development of anti-tumor immunity [188]. Furthermore, OVs like HSV, VSV and 

VacV have been shown to effectively synergize with immune checkpoint blockade in 

otherwise unresponsive tumors [190-193]. 

 More recently, our group has shown that the immunogenic features of OVs 

enhance the success of whole tumor cell vaccines [186, 194]. This implies that 

autologous infected (cancer) cell vaccines (ICVs) combine the advantages of whole cell 

vaccines and OV immunotherapeutic strategies to generate a more effective cancer 

treatment option by inducing strong and long-lasting anti-tumour immunity. The idea 

behind this approach is to enhance the immunogenicity of cancer cells carrying TSAs by 

infecting them with virus prior to their administration as a cancer cell vaccine. In this 

sense, this particular form of immunotherapy has the potential to enhance both the 
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antigenicity and adjuvanicity of cancer cells and promote effective anti-cancer 

immunity. 

In a clinical setting, autologous ICVs are prepared by harvesting a patient’s own 

cancer cells, infecting them ex vivo with OVs followed by irradiation. It has been shown 

that patients treated with ICVs prepared by infecting their own melanoma cells with 

New Castle Disease Virus (NDV) showed a significant improvement in the 10-year 

death-free survival [195].  

The protective effect of ICV was also shown in pre-clinical studies involving 

solid cancer models. In particular, it was demonstrated that 30% of mice that were pre-

immunized with ICVs prepared by infecting murine colon cancer cells with VSV were 

protected from following challenges with viable colon cancer cells [186]. Interestingly, 

close to 95% of mice that were pre-treated with ICV in which the autologous colon 

cancer cells were engineered to secrete GM-CSF were protected from subsequent 

challenges [186]. 

Development of ICV for AL 

Our lab is particularly interested in developing an ICV platform in context of 

leukemia to eventually provide personalized treatment for AL patients by administering 

autologous MG1-infected leukemia cell vaccines. In our laboratory, the leukemia ICV 

platform was studied in two syngeneic murine models. Namely, the vaccines were 

produced by infecting murine AL (L1210 or C1498 cells) with rhabdovirus followed by 

irradiation. The initial study identified several factors that are key to ICV success in the 

L1210 model. First, L1210 cells needed to be infected for a certain period of time in 

vitro prior to vaccination, as co-delivery of L1210 irradiated cells and virus had reduced 

efficacy. This may suggest that L1210’s anti-viral response has a role in making the 

vaccine immunogenic. Secondly, the vaccine worked equally well when using a non-

replicating rhabdo-virus (VSV G-less), suggesting viral spread is trivial to the ICV. 

However, TLR agonists like polyinosinic-polycytidylic acid (poly:IC) and 

lipopolysaccharides (LPS) failed to make the vaccine immunogenic, suggesting that the 

virus stimulates a different pathway. Lastly, it was important for L1210-ICV to be viable 
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at the time of vaccination, as necrotic or apoptotic cells failed to confer protection 

against L1210 challenge. 

The optimal regiment for L1210 vaccination was shown to be three doses of ICV 

delivered systemically via the tail-vein of naïve DBA/2 mice (L1210-ICV). The ability 

of these vaccines to develop protective immunity in either of these syngeneic models 

was assessed by challenging the pre-immunized animals with viable L1210 cells and 

monitoring their wellness and survival.  

It has been previously shown that pre-immunization with L1210-ICV protects 

over 90% of vaccinated mice from a following challenge with murine ALL compared to 

100% mortality of the animals that did not receive prior immunization [196]. 

Furthermore, our preliminary data shows that the protective effects of the L1210-ICV 

rely on T cell responses, considering the fact that L1210-ICV was unable to protect 

athymic DBA/2 mice after ALL challenge [196]. 

Developing the ICV as a platform for treating AL patients is our long term goal 

and it is absolutely essential, at this point, to learn more about the mechanism(s) by 

which leukemia ICV induces anti-tumour immunity. For example, previous experiments 

suggest that L1210 vaccinations involve a T-cell mediated immune response. This was 

shown through the use of T-cell deficient mice [196]. However, adoptive T-cell transfer 

from immunized mice was insufficient to confer resistance to L1210 challenge, 

suggesting involvement of other immune components during vaccination [197]. 

Although studying the L1210-ICV-induced anti-tumour immunity is one of our 

main priorities, we also intend to characterize the efficacy of ICV in context of 

syngeneic murine AML model (C1498) that has not yet been addressed. 
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Thesis rationale and Objectives 

Rationale  

Our preliminary data suggests that ICVs in context of murine leukemia models 

differ in their ability to initiate anti-tumor immune response and overall effectiveness. 

While, the vast majority of mice pre-treated with L1210-ICV do not succumb to 

systemic leukemia when challenged with viable L1210 cells, pre-immunization with 

C1498-ICV is much less effective following challenge with viable C1498 cells. We 

believe that tumor models in which ICV successfully induces strong anti-tumor 

immunity possess immunogenic features, namely antigenicity and adjuvanicity. Lack of 

these or presence of immune-suppressing factors may prevent ICV from inducing long 

lasting anti-tumor immune response. Therefore, I will study these parameters, namely 

antigenicity, adjuvanicity and immune-suppressing factors in two murine leukemia 

models in which ICVs varies in their efficacy. 

Objectives 

The overall objective of my thesis is to characterize the immunogenic properties 

of rhabdoviral-infected autologous leukemia cell vaccine (ICV) which contribute to the 

variable responses observed in murine models of acute lymphoblastic (L1210) and 

myeloid (C1498) leukemia. I define ICV efficacy as the ability of vaccination to induce 

a cancer-specific immune response, which allows mice to reject the challenge of viable 

tumor cells. Further to this, I believe that one strategy to improve the efficacy of a 

vaccine is to enhance the adjuvanicity and antigenicity of leukemia cells using ICV. 

Lastly, I will investigate immune-suppressing factors such as immune checkpoints and 

their contribution to ICV efficacy 

To achieve this goal I sought to investigate and compare:  

• Viability versus efficacy of the ICV administered in vivo for prophylactic 

immunization treatments. Decreased viability may affect availability of 

antigen and therefore affect antigenicity. 

• Antiviral immune response of L1210 and C1498 cells, as these could induce 

secretion of activating cytokines and chemokines which increase 

adjuvanicity. 
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• MHC expression of cancer cells before and after infection. Previously, virus 

infection has been shown to increase MHC antigen presentation increasing 

antigenicity. 

• Presence or absence of immune-suppressing factors in both leukemia models 

and their impact on antigenicity. 

• In vivo phenotypes of important immune populations such as DCs (antigen 

presenting) and T cells (drivers of adaptive response) after ICV 

administration. 
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Chapter 2 – Materials and Methods 
 

2.1 Murine leukemia cell lines 
L1210 (Cat#: CCL-219) murine cell line that has been derived from ascites of an 8-

month-old female DBA/2 mouse strain in R. B. Jackson Memorial Laboratory [198] and 

C1498 (Cat#: TIB-49) murine cell line that originated spontaneously in a 10 month old 

female C57BL/6 (H-2b) mouse strain [199] were obtained from American Type Culture 

Collection (ATCC). Both cell lines were maintained in suspension culture in Roswell 

Park Memorial Institute (RPMI) 1640 media supplemented with 10% fetal bovine serum 

(FBS) at 37°C and 5% CO2. Leukemia cells were split every 4 days, maintaining their 

concentration between 1.0 to 2.0 ˣ 106 cells/mL. The Vero cell line obtained from ATCC 

was maintained in an adherent cell culture in Dulbecco’s Modified Eagle Medium 

(DMEM)-high glucose (HyClone) with 10% FBS. Vero cells were used for propagation, 

enumeration and manufacturing of virus infections particles. 

2.2 Mouse in vivo work 
DBA/2 and C57BL/6 mice were purchased from Charles River Laboratories and 

housed in a biosafety unit at the University of Ottawa (Ottawa, ON, Canada), accredited 

by the Canadian Council on Animal Care (CCAC). Institutional guidelines and review 

board for animal care (The Animal Care and Veterinary Service of the University of 

Ottawa) approved all animal studies. All mice used in these experiments were from 6 to 

8 weeks of age.  

2.3 Viruses 
The rhabdoviruses, MG1 and VSVd51 were propagated in Vero cells and 

purified as previously described [200]. MG1-eGFP virus that was genetically engineered 

to express the enhanced Green Fluorescent Protein (eGFP) gene, was grown and purified 

in the same way. The enumeration of infectious particles was conducted as previously 

described [201]. Suspension cultures of murine leukemic cells were infected by adding 

virus preparations directly to the culture media (1 ˣ 106 cells/mL) at a multiplicity of 

infection (MOI) of 10, unless specified otherwise. 
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2.4 Leukemia Infected Cell Vaccine (ICV) preparation 
The number and viability of cultured L1210 or C1498 cells was determined 

using VI-Cell XR cell counter (Beckman Coulter) that distinguishes the dead cells from 

the live cells by assessing the cell membrane integrity using trypan blue staining. L1210 

or C1498 cells were resuspended at 1 ˣ 106 live cells/ml in RPMI 1640 media containing 

10% FBS. Cells were infected with either MG1 or VSVd51 at a MOI of 10. The infected 

L1210 or C1498 cells were maintained at 370C in a humidified (5% CO2) incubator for 6 

to 18 hours as indicated for each experiment. Following infection for the indicated time 

periods, the cells were isolated from the media by centrifugation at 1500 RPM, 4°C for 5 

minutes. The cell pellet was washed once by re-suspending it in 10 ml of Phosphate-

Buffered Saline (PBS), followed by centrifugation at 1500 RPM, 4°C for 5 minutes and 

aspiration of the supernatant. Lastly, the infected cells were re-suspended at a final 

concentration of 1 ˣ 107 cells/mL in PBS and irradiated at 30-Gy (γ-IR; HF-320; Pantak) 

before IV injection.  

 

2.5 Vaccine administration and challenge 
L1210-ICV or C1498-ICV (1 ˣ 106 cells/100 µL PBS per mouse per dose) were 

administered intravenously via tail vein injections in either DBA/2 or C57BL/6 mice 

respectively. Some experimental control groups were injected with uninfected but 

irradiated L1210 or C1498 cells or PBS. Two distinct dosing schemes were used to 

assess vaccine efficacy. Naïve mice received 3 vaccine doses administered once every 7 

days for 3 weeks prior to an IV challenge with 1 ˣ 106 viable L1210 or C1498 cells re-

suspended in 100 µL of PBS. The wellness of the leukemia bearing animals was closely 

monitored after being challenged with viable leukemia cells. Mice were euthanized upon 

development of predetermined signs of advanced leukemia, namely hind leg paralysis, 

formation of peritoneal and/or subcutaneous tumours or lack of responsiveness to 

external stimuli. 

 

2.6 Murine spleen collection and processing 

Spleens from either naïve or treated DBA/2 or C57BL/6 mice were harvested 

and mechanically dissociated in 1 ml of cRPMI media. Large aggregates were removed 
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by passing the cell suspensions through a 70 µm filter (Corning) along with 5 ml of PBS 

used to wash the vessel in which the spleens were disintegrated. The filters themselves 

were washed with another 5 ml of PBS and the samples was spun down at 500g for 5 

minutes at 4°C. The cell pellet for each spleen sample was resuspended in 2 ml of 

ammonium-chloride-potassium buffer (ACK) for 3 minutes, following addition of 8 ml 

of PBS to stop the RBC lysing reaction. After pelleting down the cells (500g, 5 minutes 

at 4°C), the number of cells was counted using VI-Cell XR viability analyzer (Beckman 

Coulter), following the resuspension of cells at the concentration of 1 ˣ 107 viable 

spleenocytes/ml. For each staining condition for flow cytometry, 100 µl of the resulting 

resuspensions (1 ˣ 106 cells) were transferred per well of V-bottom 96-well plates 

(Corning). 

 

2.7 Murine saphenous blood collection and processing 

About 200 µl of blood was collected from C57BL/6 mice into heparinized tubes 

after making a puncture in the vein of one of the hind legs. The blood samples were 

incubated twice in 2 ml of ACK lysis buffer for 5 minutes on ice, following the addition 

of 2 ml of PBS to stop the RBC lysing reaction. The supernatant was removed carefully 

after each wash (1500 RPM for 5 minutes at 4°C) and the peripheral blood mononuclear 

cells (PBMCs) obtained from each mouse were resuspended in 100-150 µl of cRPMI. 

 

2.8 Flow cytometry 

2.8.1 In vitro infectivity and viability experiments 

 L1210 and/or C1498 cells were infected as outlined above with MG1-eGFP at 

MOI of 0.1, 1 and 10 for 17 hours or infected with MG1-eGFP at MOI of 10 for 4, 5, 7 

and 17 hours. The infected leukemia cells were washed once with 10 ml of PBS (1500 

RPM, 5 minutes), resuspended in either 500 µl or 600 µl of PBS and irradiated with 30-

Gy. Each sample was stained with 5 µl of 1:500 diluted propidium iodide (PI) viability 

dye (Cat#: E1169, ThermoFisher) and the intensity of the GFP and PI signal were 

immediately acquired on either BD LSR Fortessa or BD Celesta from the Flow 
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Cytometry and Virometry core facility, University of Ottawa. Data was analyzed using 

FlowJo software. To determine the amount of infected and life cells, we first gated out 

cell debris (FSC-A vs SSC-A) and doublets (FSC-A vs FSC-H). The uninfected 

(MOCK) samples were used to set the gates for PI+ and/or GFP+ signals. The gating 

strategy is shown for a representative C1498 sample after an 18 hour-long infection with 

MG1-eGFP at MOI of 10 in Supplementary Figure 1.  

2.8.2 MHC class I expression on murine leukemia cell lines 

1 ˣ 106 L1210 and/or C1498 cells were stimulated with 50U or 100U of IFN-ɣ 

(Cat#: 315-05, PeproTech) or left untreated for 16 hours in 2 mL of cRPMI at 37°C, 5% 

CO2. The cells were washed once in 10 ml of PBS (1500 RPM, 5 minutes) and each 

sample was incubated in 10 µl of diluted (1:20, in PBS) FVS510 viability dye (Cat#: 

564406, BD Biosciences) for 20 minutes in a dark place at RT. After washing the cells 

with 190 µl of PBS (1500 RPM, 5 minutes), they were incubated in 25 µl of diluted 

(1:100, in FACS buffer) Rat Anti-mouse CD16/CD32 (Cat#: 553142, BD Biosciences) 

solution for 15 minutes at 4°C in the dark. Next, the cells were washed with 175 µl of 

FACS buffer (1500 RPM, 5 minutes) and stained with 25 µl of diluted (1:100, in FACS 

buffer) MHC class I (H2Db) – FITC monoclonal antibody (ThermoFisher Scientific) for 

25 minutes in the dark at 4°C. The samples were fixed in 200 µl of 1% 

paraformaldehyde (PFA) and ran through the BD LSR Fortessa from the Flow 

Cytometry and Virometry core facility, University of Ottawa. The MHC class I positive 

cells were identified after eliminating the doublets (FSC-A vs FSC-H), cell debris (FSC-

A vs SSC-A) and dead cells (FSC-A vs BV510 positive). Data analysis and our gating 

strategy is shown for a representative C1498 sample that was stimulated with 50U of 

IFN-ɣ and stained with an isotype control antibody (Supplementary Figure 2). The 

unstimulated L1210 and C1498 samples, as well as the samples that were stained with 

an isotype control, were used to set the gates for MHC class I+ cells.   

 

2.8.3 MHC class II, CD86 and CD40 expression on murine leukemia cell lines 

L1210 and C1498 cells were uninfected or infected with MG1 virus at MOI of 

10 for 5 and/or 17 hours in cRPMI at 37°C, 5% CO2. The infected leukemia cells were 

washed once with 10 ml of PBS (1500 RPM, 5 minutes), resuspended in 100 µl of PBS 
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and irradiated for 30-Gy. Each sample was stained with 10 µl of diluted (1:20, in PBS) 

FVS510 viability dye (Cat#: 564406, BD Biosciences) for 20 minutes in a dark place at 

RT. After washing the cells with 190 µl of PBS (1500 RPM, 5 minutes), they were 

incubated in 25 µl of diluted (1:100, in FACS buffer) Rat Anti-mouse CD16/CD32 

(Cat#: 553142, BD Biosciences) solution for 15 minutes at 4°C in the dark. Next, each 

sample was washed with 175 µl of FACS buffer (1500 RPM, 5 minutes) and incubated 

in 25 µl of a master mix in which MHC II-PerCP-Cy5.5 (BD Biosciences), CD86-APC-

Cy7 (BioLegend) and CD40-PE-CF594 (BD Biosciences) monoclonal antibodies that 

were diluted 1:100 in FACS buffer. After 25 minutes of incubation at 4°C in the dark, 

each sample was washed with 175 µl of FACS buffer (1500 RPM, 5 minutes) and fixed 

in 200 µl of 1% PFA. The data was acquired using the BD LSR Fortessa from the Flow 

Cytometry and Virometry core facility, University of Ottawa. The MHC II+, CD86+ and 

CD40+ leukemia cells were identified after eliminating cell debris (FSC-A vs SSC-A), 

doublets (FSC-A vs FSC-H) and dead cells (FSC-A vs BV510 positive). FlowJo 

software was used for data analysis and our gating strategy is shown for a L1210 sample 

infected with MG1 for 18 hours (Supplementary Figure 3). Fluorescence minus one 

(FMO) L1210 and C1498 samples for each marker were used to set the positive gates for 

MHC II, CD86 and CD40.   

2.8.4 PD-1 and PD-L1 expression on murine leukemia cell lines 

L1210 and C1498 cells were uninfected or infected with MG1 virus at MOI of 

10 for 18 hours in cRPMI at 37°C, 5% CO2. The infected leukemia cells were washed 

once with 10 ml of PBS (1500 RPM, 5 minutes) and resuspended in 100 µl (per 1 × 106 

cells). Each sample was stained with 50 µl of diluted (1:165, in PBS) FVS510 viability 

dye (Cat#: 564406, BD Biosciences) for 20 minutes in a dark place at RT. After washing 

the cells with 100 µl of PBS (1500 RPM, 5 minutes), they were incubated in 25 µl of 

diluted (1:100, in FACS buffer) Rat Anti-mouse CD16/CD32 (Cat#: 553142, BD 

Biosciences) solution for 5 minutes at 4°C in the dark. Next, samples were stained with 

PD-1 (BD Biosciences) and PD-L1 (BD Biosciences) monoclonal antibodies, both 

diluted (1:100) in Brilliant stain buffer (Cat#: 563794, BD Biosciences) with a total 

staining volume of 25 µl. After 25 minutes of incubation at 4°C in the dark, each sample 

was washed in 150 µl of FACS buffer (1500 RPM, 5 minutes) and fixed in 200 µl of 1% 
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PFA. The data was acquired using the BD LSR Fortessa from the Flow Cytometry and 

Virometry core facility, University of Ottawa. The PD-1+ and PD-L1+ leukemia cells 

were identified after eliminating cell debris (FSC-A vs SSC-A), doublets (FSC-A vs 

FSC-H) and dead cells (FSC-A vs BV510 positive). FlowJo software was used for data 

analysis and our gating strategy is shown for a L1210 sample infected with MG1 for 18 

hours (Supplementary Figure 4). FMO samples for both L1210 and C1498 cell lines 

were used for each marker to set the positive gates for PD-1 and PD-L1.  

 

2.8.5 Maturation and activation of splenic cDCs and T cell subsets in vivo 

Naïve DBA/2 or C57BL6 mice were either unimmunized or immunized with one 

dose of L1210-ICV or C1498-ICV respectively. The preparation of the corresponding 

ICVs in vitro is described in the paragraph 2.4 of the Materials and Methods section. 

After 1, 4, 24 and 72 hours since immunization, the spleens were harvested and 

processed as described in the paragraph 2.6 of the Materials and Methods section. 1 ˣ 106 

spleenocytes of each mouse were seeded in two different V-bottom 96-well plates which 

were spun down at 500g for 5 minutes and stained with diluted (1:165, in PBS) FVS510 

viability dye (Cat#: 564406, BD Biosciences) for 25 minutes at 4°C in the dark. The 

samples were washed once with 150 µl of PBS (500g, 5 minutes) and incubated  in 50 µl 

of diluted (1:100, in FACS buffer) Rat Anti-mouse CD16/CD32 (Cat#: 553142, BD 

Biosciences) solution for 15 minutes at 4°C in the dark. Next, each sample was washed 

with 150 µl of FACS buffer (500g, 5 minutes). Samples from one of the V-bottom 96-

well plate were resuspended in 25 µl of a master mix in which MHC II-FITC (BD 

Biosciences), CD11c-PE (BD Biosciences), CD103-BV421 (BD Biosciences), CD11b-

APC-Cy7 (BD Biosciences), CD40-BV784 (BD Biosciences), CD86-APC (BD 

Biosciences) and/or CD70-APC (BD Biosciences), CD19-PE-Cy7 (Thermo Fisher 

Scientific), GR1-PE-Cy7 (BioLegend), CD3e-PE-Cy7 (Thermo Fisher Scientific) and 

F4/80-PE-Cy7 (BioLegend) monoclonal antibodies were diluted 1:100 in FACS buffer. 

Samples from another V-bottom 96-well plate were resuspended in 25 µl of a master 

mix in which CD3e-PE-Cy7 (Thermo Fisher Scientific), CD8ɑ-PerCP-Cy 5.5 (BD 

Biosciences), CD28-BV786 (BD Biosciences), CD40L-APC (BioLegend), CD69-FITC 

(Thermo Fisher Scientific) and CD137-PE (BD Biosciences) monoclonal antibodies 
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were diluted 1:100 in FACS buffer. Both plates were stained for DC and T cell markers 

respectively for 25 minutes at 4°C in the dark. Each sample was washed with 175 µl of 

FACS buffer (500g, 5 minutes) and fixed in 200 µl of 1% PFA. The samples stained for 

DC and T cell markers were acquired using the BD LSR Fortessa from the Flow 

Cytometry and Virometry core facility, University of Ottawa. The cell debris (FSC-A vs 

SSC-A), doublets (FSC-A vs FSC-H) and dead cells (FSC-A vs BV510 positive) were 

eliminated from each samples in both flow panels. The cDC population was identified in 

the first panel as MHC II high, CD11c high, from which the cDC1 and cDC2 subsets were 

identified as CD103+, CD11b- and CD103-, CD11b+ respectively. The expression of 

CD40 and/or CD70 and CD86 were determined for individual cDC subsets or for the 

cDC population as a whole. The CD8+ and CD4+ T cell subsets were identified in the 

second panel as CD3e+, CD8ɑ+ and CD3+, CD8ɑ- respectively. The expression of 

CD28, CD40L, CD69 and CD137 was then determined individually for both T cell 

subsets. FlowJo software was used for data analysis and our gating strategies for cDC 

and T cell panels are shown for an immunized DBA/2 mouse sample after 1 hour since 

vaccination in Supplementary Figures 5. FMO controls for corresponding markers 

were used to set the gates for the expression of CD40, CD70 and/or CD86 as well as 

CD28, CD40L, CD69 and CD137. 

2.8.6 Intracellular staining (ICS) for IFN-ɣ and TNF-ɑ in CD8ɑ+ T cells  

Naïve C57BL/6 mice were either unimmunized or immunized with one dose (1 ˣ 

106 cells per mouse in 100 µl of PBS) of either irradiated C1498 cells or C1498-ICV 

infected with VSVd51 for 5 or 17 hours. The complete process of vaccine preparation is 

described in the paragraph 2.4 of the Materials and Methods section. Saphenous bleed of 

one of the hind legs was performed on all unimmunized and immunized animals 7 days 

since vaccination. After processing the blood samples, as described in the paragraph 2.7 

of the Materials and Methods section, the PBMCs of each mouse were resuspended in 

50 µl of cRPMI. Every sample was then incubated in 50 µl of diluted (1:250, in cRPMI) 

GolgiPlug (Cat#: 554715, BD Biosciences) solution for 5 hours at 37°C, 5% CO2. The 

cells were then washed twice with 100-200 µl of PBS (500g for 5 minutes at 4°C) and 

stained with diluted (1:165, in PBS) FVS510 viability dye (Cat#: 564406, BD 

Biosciences,) for 25 minutes at 4°C in the dark. The samples were washed once with 150 
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µl of PBS (500g, 5 minutes at 4°C) and incubated in 50 µl of diluted (1:100, in FACS 

buffer) Rat Anti-mouse CD16/CD32 solution (Cat#: 553142, BD Biosciences) for 15 

minutes the dark on ice. After washing each cell pellet with 150 µl of FACS buffer 

(500g for 5 minutes at 4°C), each sample was stained for extracellular markers using 25 

µl of a master mix in which CD3e-AF700 (BD Biosciences) and CD8ɑ-PE-CF594 (BD 

Biosciences) monoclonal antibodies were diluted 1:100 in FACS buffer. After 30 

minutes of incubation at 4°C in the dark, each sample was washed in 150 µl of FACS 

buffer (500g for 5 minutes at 4°C) and resuspended in 100 µl of Cytofix/Cytoperm 

(Cat#: 554715, BD Biosciences) solution for 20 minutes at 4°C in the dark. The cells 

were washed twice (500g for 5 minutes at 4°C) with 100-200 µl of Perm/Wash buffer 

(Cat#: 554715, BD Biosciences) diluted to 1X and stained for intracellular markers 

using 25 µl of a master mix in which IFN-ɣ-APC (ThermoFisher Scientific) and TNF-ɑ-

PE-Cy7 (BD Biosciences) monoclonal antibodies were diluted 1:100 in 1X Perm/Wash 

buffer. After washing the stained PBMCs with 100-200 µl of 1X Perm/Wash buffer, the 

cells were fixed in 200 µl of 1% PFA. The data was acquired using the BD LSR Fortessa 

from the Flow Cytometry and Virometry core facility, University of Ottawa. Cell debris 

(FSC-A vs SSC-A), doublets (FSC-A vs FSC-H) and dead cells (FSC-A vs BV510 

positive) were first eliminated in our analysis. The CD8+ and CD4+ T cell subsets were 

then identified from the live cell population as CD3e+, CD8ɑ+ and CD3+, CD8ɑ- 

respectively. The expression of IFN-ɣ and TNF-ɑ was then assessed individually on 

each T cell subset population. Data analysis was performed using FlowJo software and 

our gating strategy for identifying T cells producing IFN-ɣ and TNF-ɑ is shown for a 

C1498-ICV-6h immunized mouse sample in Supplementary Figure 6. The gates for 

IFN-ɣ+ and TNF-ɑ+ T cells were established considering the FMO samples for the 

corresponding markers. 

 

 

 

 

 



31 
 

Table 2.1: The summarized list of the flow cytometry antibodies used in the in vitro 

and in vivo experiments 

 

Species Reactivity Target Fluorophore Clone Company Catalogue 

# 

Mouse Mouse MHC I FITC 28-14-8 Thermo 

Fisher 

Scientific 

11-5999-

82 

Rat Mouse MHC 

II 

PerCP-Cy 

5.5 

M5/114 BD 

Biosciences 

562363 

Rat Mouse CD86 APC-Cy7 CL-1 BioLegend 105029 

Rat Mouse CD40 PE-CF594 3/23 BD 

Biosciences 

562847 

Hamster Mouse PD-1 BV421 J43 BD 

Biosciences 

565942 

Rat Mouse PD-L1 BV786 MIH5 BD 

Biosciences 

741014 

Rat Mouse  MHCII FITC 2G9 BD 

Biosciences 

562009 

Hamster Mouse CD11c PE HL3 BD 

Biosciences 

561044 

Rat Mouse CD103 BV421 M290 BD 

Bioscience 

562771 

Rat Mouse CD11b APC-Cy7 M1/70 BD 

Biosciences 

561039 

Rat Mouse CD40 BV786 23-Mar BD 

Biosciences 

740891 

Rat Mouse CD86 APC GL1 BD 

Biosciences 

561964 
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Rat  Mouse CD70 APC FR70 BD 

Biosciences 

563634 

Rat Mouse CD19 PE-Cy7 1D3 Thermo 

Fisher 

Scientific 

25-0193-

81 

Rat Mouse GR-1 PE-Cy7 RB6-8C5  108416 

Armenian 

hamster  

Mouse CD3e PE-Cy7 145-2C11 Thermo 

Fisher 

Scientific 

25-0031-

82 

Rat Mouse F4/80 PE-Cy7 BM8 BioLegend 123113 

Rat Mouse CD8ɑ PerCP-Cy 

5.5 

53-6.7 BD 

Biosciences 

561109 

Hamster Mouse CD28 BV786 37.51 BD 

Biosciences 

740859 

Armenian 

Hamster 

Mouse CD40L APC MR1 BioLegend 106510 

Armenian 

Hamster 

Mouse CD69 FITC H1.2F3 Thermo 

Fisher 

Scientific 

11-0691-

82 

Rat Mouse CD137 PE 1AH2 BD 

Biosciences 

558975 

Hamster Mouse CD3e AF700 500A2 BD 

Biosciences 

557984 

Rat Mouse CD8ɑ PE-CF594 53-6.7 BD 

Biosciences 

562283 

 

Rat Mouse IFN-ɣ APC XMG1.2 Thermo 

Fisher 

Scientific 

17-7311-

82 

Rat Mouse TNF-ɑ PE-Cy7 MP6XT22 BD 

Biosciences 

557644 
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2.9 RNA sequencing and analysis 
L1210 and C1498 cells were infected with MG1 virus at MOI of 10 for 18 hours. 

The infected and uninfected leukemia cells were lysed with RLP buffer supplemented 

with 2-Mercaptoethanol (1% v/v). Lysates were processed through a QIAshredder 

column (Qiagen, Cat #: 79654) to prevent DNA binding to the column. RNA was 

extracted using the RNeasy Mini kit (Qiagen, Cat # 74104) according to the 

manufacturer’s protocol. About 1 µg of RNA was sent to FASTERIS for Illumina HiSeq 

4000 paired-end 150bp read sequencing. The adaptor sequences were removed from the 

fastq files with Trimmomatic. The trimmed reads were then mapped to the latest 

assembled mouse genome using HISAT2. Relative mRNA levels of annotated protein-

coding genes were estimated as transcripts per million (TPM) using StringTie. The fold 

change between uninfected and infected samples was calculated by adding pseudoTPM 

values of 1 to all genes to avoid possible division by zero operations. Data was 

processed using the R statistical software and displayed as a heatmap using the heatmap 

package developed by Raivo Kolde. 

 

2.10 Mouse IFN-β ELISA 
L1210 and C1498 cells were plated at a density of 1 ˣ 106 cells per 1 ml of RPMI 

and infected with MG1 at MOI of 10 for 18 hours. The supernatants from MG1-infected 

as well as uninfected L1210 and C1498 cells were collected by centrifuging the cells at 

1500 RPM for 5 minutes. The supernatants were stored at -20°C. Mouse IFN-β 

Quanikine ELISA kit (R&D systems – Catalog #: MIFNΒ0) was performed according to 

the manufacturer’s instruction to quantify IFN-β secretion. Briefly, 50 μl of supernatant 

collected from infected and uninfected leukemia cells were incubated for 2 hours at 

room temperature (RT) with 50 µl of Assay Diluent RD1W. After incubation, 100 µl of 

mouse IFN-β Conjugate was added to all samples followed by a 2 hour-long incubation 

at RT. Each sample was incubated for 30 minutes in 100 µl of Substrate Solution. 

Lastly, the reaction was stopped by adding 100 µl of Stop Solution to each well. The 

ELISA plate absorbance was read immediately at 450nm wavelength. 
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2.11 Mouse TNFα ELISA 
L1210 and C1498 cells were plated at a density of 1 x 106 cells per 1 ml of RPMI 

and infected with MG1 at MOI of 10 for 18 hours. The supernatants from MG1-infected 

as well as uninfected L1210 and C1498 cells were collected by centrifuging the cells at 

1500 RPM for 5 minutes. The supernatants were stored at -20°C. Mouse TNF-α 

Quanikine ELISA kit (R&D systems – Catalog #: MTA00B) was performed according 

to the manufacturer’s instruction to quantify TNF-α secretion. Briefly, 50 μl of 

supernatant collected from infected and uninfected leukemia cells were incubated for 2 

hours at RT with 50 µl of Assay Diluent RD1-63. After incubation, 100 µl of Mouse 

TNF-α Conjugate was added to all samples followed by a 2 hour-long incubation at RT. 

Each sample was incubated for 30 minutes in 100 µl of Substrate Solution at RT. Lastly, 

the reaction was stopped by adding 100 µl of Stop Solution to each well. The ELISA 

plate absorbance was read immediately at 450nm wavelength.  

 

2.12 Milliplex cytokine array 
L1210 and C1498 cells were resuspended at the concentration of 1 ˣ 106 cells per 

1 ml of RPMI media and infected with MG1 at MOI of 10 for 18 hours. Some infected 

and uninfected samples received 30-Gy ɣ-radiation. The supernatants from infected and 

uninfected cells were collected by centrifuging them at 1500 RPM for 5 minutes. The 

supernatants were aliquoted and stored at -80°C. The concentration of cytokines (IL-6, 

IL-12, MCP-1, MIP-1b, TNF-ɑ, IFN-ɣ, GM-CSF and RANTES) in the collected 

supernatants was measured by performing the Milliplex Map Kit (EMD Millipore – 

Cat#: MCYTOMAG-70K) according to the manufacturer’s protocol. Briefly, 25 µl of 

supernatant was incubated for 16-18 hours at 4°C with 25 µl of Mixed Beads. 25 µl of 

Detection Antibody solution was added to each well followed by a 1 hour-long 

incubation at RT. Lastly, 25 µl of Streptavidin-Phycoerythrin reagent was added to each 

well containing the previously added Detection Antibody, following an additional 30 

minutes incubation at RT. The samples were resuspended in Sheath Fluid and the plate 

was run on Luminex 200, HTS, MAGPIX. 
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2.13 Statistical analysis 
 

Statistical analyses were done using GraphPad Prism software. For the survival 

experiments, Mantel-cox (Logrank) tests were performed to determine differences 

among experimental groups. For the results regarding ELISA experiments measuring 

differences in IFN-β and TNF-ɑ production in CT26-LacZ, L1210 and C1498 cell lines 

before and after MG1 infection in vitro, a two-way ANOVA was performed. For the 

experiments measuring the in vivo DC and T cell activation status following 

immunization with L1210-ICV or C1498-ICV, non-parametric, unpaired t tests were 

performed (assuming the populations have the same standard deviation) to determine 

differences in the expression of activation/maturation markers compared to the “no 

treatment group”. The p values are represented as not significant (ns), *<0.05, 

***<0.005 and ****<0.0005. 
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Chapter 3 – Results 
 

Preface  
This chapter outlines the results of my MSc research. The work described in this 

chapter was already underway when I started my MSc in Dr. Natasha Kekre’s and Dr. 

Rebecca Auer’s lab. Dr. Mike Kennedy and Holly Dempster were pivotal in helping me 

get started on these experiments. 

  I have participated in all experiments and have done the majority of the work for 

all the results listed in this chapter. Dr. Mike Kennedy, Leonard Angka, Katherine 

Baxter and Fanny Tzelepis helped me grasp flow cytometry and were occasionally 

present while I was running samples from my first experiments. Julia Petryk and 

Christiano Tanese de Souza helped me with all in vivo experiments, especially 

intravenous injections. Adrian Pelin has provided the RNA-sequencing data and analysis 

for the mouse cancer cell lines.  

 

Assessing the protective effect of ICV against murine ALL  
It has been shown that over 90% of mice that were pre-immunized with 3 weekly 

doses of L1210-ICV before being challenged with live, uninfected leukemia cells were 

protected from leukemic disease [196]. This implies that L1210-ICV pre-treatments 

established a robust immune response against this type of leukemia. Before moving 

forward to study the mechanism employed by L1210-ICV in generating an immune 

response against leukemia, I sought to ensure that I could reproduce these results.  

For this purpose, naïve DBA/2 mice were either immunized with 3 weekly doses 

of L1210-ICV-18h or remained unimmunized. To assess the contribution of the virus 

infection to vaccine immunogenicity and treatment efficacy, we included a group of 

mice that received 3 weekly doses of uninfected but irradiated L1210 cells. One week 

since the third immunization, all animals were challenged with viable L1210 cells and 

survival was monitored. The outline and the treatment schedule is summarized in Figure 

3.1A. 
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Consistent with Conrad et al., unimmunized mice succumbed to leukemia with 

the median survival of 29 days [196]. Our data shows that 60% of mice pre-immunized 

with L1210-ICV were protected long-term against disease progression (Figure 3.1B). 

As expected, pre-immunizations with irradiated L1210 cells alone were unable to protect 

the animals from ALL progression, their median survival being only 21 days (Figure 

3.1B). These results confirm the ability of MG1 infection to create an efficacious 

leukemia vaccine for the L1210 model (L1210-ICV-18h). 
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Figure 3.1: Pre-immunization of DBA/2 mice with L1210-ICV-18h results in long-

lasting protection after a subsequent L1210 leukemia challenge.  

(A) Prophylactic immunization and challenge schedule of DBA/2 mice. DBA/2 mice 

were unimmunized or immunized IV with L1210-ICV-18h (1 ˣ 106 cells/dose) or 

irradiated L1210 cells (1 ˣ 106 cells/dose) once weekly for three weeks, followed by 

administration of 1 ˣ 106 viable L1210 cells IV one week following the third 

immunization. The three ICV doses were prepared by infecting L1210 cells in vitro with 

MG1 virus at MOI of 10 and incubated in cRPMI media at 37°C, 5% CO2 for 17 hours. 

Both infected and uninfected cells were washed and resuspended in PBS (1 ˣ 106 

cells/100 µl/dose) and received 30-Gy radiation before vaccine administration. (B) 

Survival proportion of the unimmunized and immunized DBA/2 mice. 60% of L1210-

ICV- immunized mice (n=5) achieved long-term protection from ALL progression 

compared to unimmunized mice (n=5), p value <0.05 and animals that were treated with 

irradiated L1210 cells alone (n=5), p value <0.05. The survival curves were generated 

using GraphPad Prism software and the statistical significance in survival among 

experimental groups was determined by the Logrank (Mantel-Cox) test. 
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Assessing the protective effect of ICV against murine AML  
Previous work by our group has evaluated the efficacy of the ICV platform in 

various solid and haematological malignancies. However, efficacy of this 

immunotherapeutic approach has not yet been investigated in models of acute myeloid 

leukemia, a malignancy that is associated with very poor prognosis and limited treatment 

options. Therefore, I sought to determine whether we can use ICV to also generate a 

robust immune response against murine AML.  

Naïve C57BL/6 mice were immunized with 3 weekly doses of either irradiated 

C1498 cells or C1498-ICV-18h. One week following the last immunization, all animals, 

were challenged with 1 ˣ 106 viable C1498 cells as outlined in Figure 3.2A. 

Consistent with previous findings regarding this murine AML model, the median 

survival was 22 days for untreated mice challenged IV with C1498 cells (Figure 3.2B). 

Similarly, the median survival of mice that were pre-treated with irradiated C1498 cells 

alone was also 22 days (Figure 3.2B). Interestingly, unlike our previous results for the 

L1210-ICV-18h immunized DBA/2 mice, the C57BL/6 mice immunized with C1498-

ICV-18h did not have a statistically significant improvement in survival compared to the 

unimmunized animals (median survival of 22 days versus 29 days). 

Collectively, our results suggest that C1498-ICV vaccination was only able to 

induce a weak immune response against murine AML, as it was not strong enough to 

protect the mice long-term from AML progression. This data suggests ICV does not 

work in the C1498 AML model. 

 

Characterizing the properties of ICV in vitro 
We learned so far that pre-immunization of mice with L1210-ICV-18h ensures a 

long-lasting protection following a challenge with viable L1210 cells. Given the 

unexpected finding that an autologous ICV could not provide a significant survival 

advantage in the C1498 model of AML, I next sought to investigate the parameters that 

limit the ICV immunogenicity in this model.  
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Figure 3.2: Pre-immunization of C57BL/6 mice with C1498-ICV-18h fails to 

protect the animals after challenge with viable C1498 cells.  

(A) Prophylactic immunization and challenge schedule of C57BL/6 mice. C57BL/6 

mice were unimmunized or immunized IV with C1498-ICV-18h (1 ˣ 106 cells/dose) or 

irradiated C1498 cells (1 ˣ 106 cells/dose) once weekly for three weeks, followed by 

administration of 1 ˣ 106 viable C1498 cells IV one week following immunization. The 

three ICV doses were prepared by infecting C1498 cells in vitro with MG1 virus at MOI 

of 10 and incubated in cRPMI media at 37°C, 5% CO2 for 17 hours. Both infected and 

uninfected cells were resuspended in PBS and received 30-Gy radiation before vaccine 

administration. (B) Survival proportion of the unimmunized and immunized C57BL/6 

mice. Animals pre-treated with C1498-ICV-18h (n=9) did not result in long term 

protection after AML challenge compared to unimmunized mice (n=18) or animals that 

were treated with irradiated C1498 cells alone (n=18). The survival curve representing 

the “No treatment group” combines 4 individual experiments with n=4 in 2 experiments 

and n=5 in the other 2 experiments. The survival curve representing the “Irradiated 

C1498” group combines 4 individual experiments with n=4 in 2 experiments and n=5 in 

the other 2 experiments. The survival curve representing the “C1498-MG1-ICV-18h” 

group combines 2 individual experiments with n=4 in one experiment and n=5 in the 

other experiment. The survival curves were generated using GraphPad Prism software 

and the statistical significance in survival among experimental groups was calculated 

using the Logrank (Mantel-Cox) test.  
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Previous work from our group has shown that viral infection and replication is a critical 

component of vaccine immunogenicity. Therefore, I hypothesized that the lack of 

efficacy observed in the C1498 model may be attributed to differences in the 

susceptibility of these cells to viral infection, viral killing or in the innate response of 

this cell line to MG1 infection. It has already been shown that both cellular and viral 

components of L1210-ICV-18h are necessary for the observed protective immune 

response against ALL [196]. 

C1498 cells are susceptible to in vitro MG1 infection 
 

To investigate the possibility that the inferior efficacy of C1498-ICV-18h, as 

compared to L1210-ICV-18h, is due to the failure of the virus to infect the cells before 

vaccine administration, I compared the permissiveness of L1210 and C1498 cells to 

virus infection. 

For this purpose, L1210 and C1498 cells were infected with MG1 virus 

following the procedures of creating murine leukemia ICVs to be administered in vivo 

(paragraph 2.4 in the Materials and Methods section). Briefly, cells were infected with 

MG1-eGFP at MOI of 10 for 17 hours, followed by exposure ɣ-radiation (30-Gy). The 

cell infectivity was assessed based on the fluorescence of the GFP signal in both 

leukemia cell lines before and after infection.  

A microscopic examination of the cells revealed that almost all C1498 cells were 

GFP+ (Figure 3.3A), indicating that the virus is successful at infecting (viral entry and 

viral protein production) the cells in the context of ICV preparation. However, MG1-

eGFP infection resulted in aggregation and visible necrosis of C1498 cells. In contrast, 

L1210 cells infected with MG1-eGFP under these conditions were entirely GFP+ 

(Figure 3.3B), however they appeared less aggregated and more viable compared to 

MG1-infected C1498 cells. 
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Figure 3.3: Both L1210 and C1498 cells are highly permissive to MG1-eGFP 

infection in vitro.  

 

(A) 3 ˣ 106 C1498 cells were infected with MG1-eGFP virus at MOI of 10 in 3 ml of 

cRPMI media and incubated at 37°C, 5% CO2 for 17 hours. Infected C1498 cells, along 

with 3 ˣ 106 uninfected cells (MOCK) were washed once in 10 ml of PBS. The cells 

were resuspended in 300 µl of PBS and exposed to 30-Gy radiation. GFP fluorescence 

signal was observed under the microscope and pictures of C1498 cells were taken before 

and after infection in the bright field channel (top panel) and the GFP fluorescent 

channel (bottom panel). All images were taken at a 400 µm scale. (B) 3 ˣ 106 L1210 cells 

were infected with MG1-eGFP virus at MOI of 10 in 3 ml of cRPMI media and 

incubated at 37°C, 5% CO2 for 17 hours. Infected L1210 cells, along with 3 ˣ 106 

uninfected cells (MOCK), were resuspended in 300 µl of PBS and exposed to 30-Gy 

radiation. GFP fluorescence signal was observed under the microscope and pictures of 

L1210 cells were taken before and after infection in the bright field channel (top panel) 

and the GFP fluorescent channel (bottom panel). All images were taken at a 400 µm 

scale. 
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Collectively, these results suggest that both L1210 and C1498 cells are 

productively infected by MG1-eGFP in vitro, however C1498 cells are killed more 

rapidly by the virus. These results also suggest that the poor immunogenicity of C1498-

ICV-18h is not due to the inability of the virus to enter and replicate in the cells. 

 

MG1 infection results in significantly reduced C1498 cell viability at high MOI in vitro 

It has been demonstrated that immunogenic cell death occurs when dying or 

infected tumour cells release high amounts of DAMPs, leading to the activation of the 

immune system against certain pathogens or tumour antigens [202, 203]. Furthermore, 

Conrad, et al. showed that mice pre-immunized with an ICV preparation containing 

dead L1210 cells were unable to control the disease progression after leukemia 

challenge [196]. Thus, to induce a leukemia-specific immune response, MG1-infected 

cells have to be viable at the time of vaccination to be able to secrete DAMPs when 

delivered in vivo. Thus, the long-lasting protective effect of prophylactic ICV in murine 

leukemia models could be dictated by the viability of the infected cells prior 

immunization. Revisiting the data shown in Figure 3.3A, C1498 cells were forming 

noticeable clumps after an 18 hour long MG1 infection (MOI 10) in vitro, suggesting 

that the viability of C1498 cells might be significantly reduced at the time of vaccine 

administration. Thus, we decided to study the resistance of these leukemia cell lines to 

MG1 by comparing their post-infection viability. 

First, viability of C1498-ICV-18h and L1210-ICV-18h were assessed following 

infection with MG1-eGFP at MOI of 10 for 17 hours and subsequent 30-Gy irradiation. 

Notably, only 23.7% of GFP+ C1498 cells were viable (GFP+, PI-) after 18 hours of 

infection (Figure 3.4A) in contrast to the 80.2% of L1210 cells (Figure 3.4B). The 

gating strategy for this experiment is shown for a representative C1498 sample infected 

with MG1-eGFP (Supplementary Figure 1) 

These findings suggested that C1498 cells are more susceptible to MG1-

mediated cytotoxicity in vitro. The relatively poor viability of the infected and irradiated 

cells could possibly explain the poor efficacy of the ICV in C57BL/6 mice immunized 

with C1498-ICV-18h. 
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Figure 3.4: C1498 cells but not L1210 cells are significantly killed by MG1-eGFP 

virus in vitro. 

 

(A) 5 ˣ 106 C1498 cells were infected with MG1-eGFP virus at MOI of 10 in 5 ml of 

cRPMI media and incubated at 37°C, 5% CO2 for 17 hours. Infected C1498 cells, along 

with 5 ˣ 106 uninfected cells (MOCK) were washed in 10 ml of PBS. The cells were 

resuspended in 500 µl of PBS and exposed to 30-Gy radiation. The cells were stained 

with 5 µl of 1:500 diluted PI viability dye to determine the amount of dead cells before 

and after infection. The GFP and PI signals were immediately acquired for infected and 

uninfected C1498 cells by flow cytometry. The data was analyzed using FlowJo 

software. (B) 5 ˣ 106 L1210 cells were infected with MG1-eGFP virus at MOI of 10 in 5 

ml of cRPMI media and incubated at 37°C, 5% CO2 for 17 hours. Infected L1210 cells, 

along with 5 ˣ 106 uninfected cells (MOCK) were washed in 10 ml of PBS. The cells 

were resuspended in 500 µl of PBS and exposed to 30-Gy raddiation. The cells were 

stained with 5 µl of 1:500 diluted PI viability dye to determine the amount of dead cells 

before and after infection. The GFP and PI signals were immediately acquired for 

infected and uninfected L1210 cells by flow cytometry. The data was analyzed using 

FlowJo software. 

 

 

 

 

 

 

 

 

 

 

 

 



49 
 

C1498 cells are equally killed by MG1-eGFP at low and high MOIs 

  To determine whether viability of the vaccine at the time of immunization was 

impacting vaccine immunogenicity, I next sought to optimize the parameter that could 

improve the viability of the MG1-infected C1498 cells. First, I investigated the impact of 

infecting cells at lower MOIs on ICV viability.  

Briefly, both murine leukemia cell lines were infected with MG1-eGFP at MOI 

0.1, 1 and 10 for 17 hours followed by 2 cycles of ɣ-radiation.  

The C1498 cells were observed to be highly infected at the 18 hour time point at 

all tested MOIs as indicated by GFP fluorescence signal (Figure 3.5A). Similarly, cell 

viability and level of aggregation was unaffected even in cases when C1498 cells were 

infected at lower MOIs (Figure 3.5A). These observations were confirmed by the 

obtained flow cytometry data, showing that the proportion of GFP+, PI- (viable) C1498 

cells infected at MOI of 0.1 increased by only 4.37% compared to the cells infected at 

MOI of 10 (Figure 3.5B). The L1210 cells, on the other hand, maintained a high 

viability after MG1-eGFP infection regardless of the MOI (Figure 3.5C and D).  

Overall, these results imply that MG1-eGFP is able to infect and replicate in 

C1498 cells even when exposed to smaller numbers of viral particles at the time of 

infection. 
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Figure 3.5: The viability of MG1-eGFP-infected murine leukemia cell lines is 

unchanged at lower MOIs. 

(A) 6 ˣ 106 C1498 cells were infected with MG1-eGFP virus at MOI of 0.1, 1 and 10 in 6 

ml of cRPMI media and incubated at 37°C, 5% CO2 for 17 hours. Infected C1498 cells, 

along with 6 ˣ 106 uninfected cells (MOCK), were washed in 10 ml of PBS, resuspended 

in 600 µl of PBS and irradiated (30-Gy). GFP fluorescence signal was observed under 

the microscope and pictures of C1498 cells were taken before and after infection in the 

bright field channel (top panel) and GFP fluorescent channel (bottom panel). All images 

were taken at a 400 µm scale.  

(B) 6 ˣ 106 C1498 cells were infected with MG1-eGFP virus at MOI of 0.1, 1 and 10 in 6 

ml of cRPMI media and incubated at 37°C, 5% CO2 for 17 hours. Infected C1498 cells, 

along with 6 ˣ 106 uninfected cells (MOCK) were washed in 10 ml of PBS, resuspended 

in 600 µl of PBS and irradiated (30-Gy). The cells were stained with 5 µl of 1:500 

diluted PI viability dye to determine the amount of dead cells before and after infection. 

The GFP and PI signals were immediately acquired before and after infection by flow 

cytometry, by eliminating the cell debris and doublets in our gating strategy using 

FlowJo data analysis software.  

(C) 6 ˣ 106 L1210 cells were infected with MG1-eGFP virus at MOI of 0.1, 1 and 10 in 6 

ml of cRPMI media and incubated at 37°C, 5% CO2 for 17 hours. Infected L1210 cells, 

along with 6 ˣ 106 uninfected cells (MOCK) were resuspended in 600 µl of PBS and 

irradiated (30-Gy). GFP fluorescence signal was observed under the microscope and 

pictures of L1210 cells were taken before and after infection in the bright field channel 

(top panel) and GFP fluorescent channel (bottom panel). All images were taken at a 400 

µm scale.  

(D) 6 ˣ 106 L1210 cells were infected with MG1-eGFP virus at MOI of 0.1, 1 and 10 in 6 

ml of cRPMI media and incubated at 37°C, 5% CO2 for 17 hours. Infected L1210 cells, 

along with 6 ˣ 106 uninfected cells (MOCK) were washed in 10 ml of PBS, resuspended 

in 600 µl of PBS and irradiated (30-Gy). The cells were stained with 5 µl of 1:500 

diluted PI viability dye to determine the amount of dead cells before and after infection. 

The GFP and PI signals were immediately acquired before and after infection by flow 

cytometry, by eliminating the cell debris and doublets in our gating strategy using 

FlowJo data analysis software. 
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MG1-eGFP-infected C1498 cells are viable after 6 hours of infection 

Since infecting C1498 cells in vitro at lower MOIs did not help improve the 

viability of infected cells, I next sought to examine the kinetics of viral replication.  

For this purpose, C1498 and L1210 cells were infected with MG1-eGFP at MOI 

of 10 and the cells were collected following 4, 6, 8 and 18 hours of infection. The 

infected leukemia cells were irradiated correspondingly as the collection time point was 

reached and their infectivity was observed based on the GFP fluorescence signal using 

microscopy.  

GFP signal was detected in the infected C1498 cells after only 6 hours of 

infection without significant cell aggregation (Figure 3.6A). These results were 

confirmed by flow cytometry and importantly revealed that 53.2% of GFP+ C1498 cells 

were still viable at 6 hours of infection (Figure 3.6B). Interestingly, C1498 cells started 

aggregating considerably only after 8 hours of infection (Figure 3.6A) and our flow data 

confirmed that indeed the proportion of GFP+, PI- (viable) C1498 cells decreases down 

to 27.7% at this infection time point (Figure 3.6B). It appears that the GFP signal was 

detected in L1210 cells after 6 hours of infection as well, however the extent of cell 

aggregation was merely observable at any infection time point (Figure 3.6C). Consistent 

with our previous results, flow cytometry data confirmed the fact that MG1-infected 

L1210 cells maintain high infectivity and resistance to viral killing at any infection time 

point (Figure 3.6D). 
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Figure 3.6: The proportion of MG1-infected and viable C1498 cells is highest after 

6 hours of infection. 

(A) 5 ˣ 106 C1498 cells were infected with MG1-eGFP virus at MOI of 10 in 5 ml of 

cRPMI media and incubated at 37°C, 5% CO2 for 5, 7 and 17 hours. Infected L1210 

cells, along with 5 ˣ 106 uninfected cells (MOCK) were washed once in 10 ml of PBS, 

resuspended in 500 µl of PBS and irradiated (30-Gy). GFP fluorescence signal was 

observed under the microscope and pictures of C1498 cells were taken before and after 

infection in the bright field channel (top panel) and GFP fluorescent channel (bottom 

panel). All images were taken at a 400 µm scale.  

(B) 5 ˣ 106 C1498 cells were infected with MG1-eGFP virus at MOI of 10 in 5 ml of 

cRPMI media and incubated at 37°C, 5% CO2 for 17 hours. Infected C1498 cells, along 

with 5 ˣ 106 uninfected cells (MOCK) were washed in 10 ml of PBS, resuspended in 500 

µl of PBS and irradiated (30-Gy). The cells were stained with 5 µl of 1:500 diluted PI 

viability dye to determine the number of dead cells before and after infection. The GFP 

and PI signals were immediately acquired before and after infection by flow cytometry, 

by eliminating the cell debris and doublets in our gating strategy using FlowJo data 

analysis software.  

(C) 5 ˣ 106 L1210 cells were infected with MG1-eGFP virus at MOI of 10 in 5 ml of 

cRPMI media and incubated at 37°C, 5% CO2 for 5, 7 and 17 hours. Infected L1210 

cells, along with 5 ˣ 106 uninfected cells (MOCK) were resuspended in 500 µl of PBS 

and irradiated (30-Gy). GFP fluorescence signal was observed under the microscope and 

pictures of L1210 cells were taken before and after infection in the bright field channel 

(top panel) and GFP fluorescent channel (bottom panel). All images were taken at a 400 

µm scale.  

(D) 5 ˣ 106 L1210 cells were infected with MG1-eGFP virus at MOI of 10 in 5 ml of 

cRPMI media and incubated at 37°C, 5% CO2 for 5, 7 and 17 hours. Infected L1210 

cells, along with 5 ˣ 106 uninfected cells (MOCK) were washed in 10 ml of PBS, 

resuspended in 500 µl of PBS and irradiated (30-Gy). The cells were stained with 5 µl of 

1:500 diluted PI viability dye to determine the amount of dead cells before and after 

infection. The GFP and PI signals were immediately acquired before and after infection 

by flow cytometry, by eliminating the cell debris and doublets in our gating strategy 

using FlowJo data analysis software. 
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Validating the role of C1498-ICV-6h viability in its prophylactic efficacy in vivo 

Having established infection conditions that lead to improved cell viability, I 

next sought to determine whether cell viability was indeed contributing to a more robust 

anti-tumour immune response and could prolong the survival of ICV-immunized 

C57BL/6 mice after AML challenge. 

For this purpose, mice were immunized every week during three weeks with 

three doses of C1498-ICV prepared by infecting C1498 cells for only 6 hours (C1498-

ICV-6h). To assess a potentially improved efficacy of the more viable vaccine, a group 

of mice were immunized with C1498-ICVs prepared by infecting the cells for 18 hours 

(C1498-ICV-18h). We also included a group of mice that were challenged with AML 

with no prior immunizations and a group of mice that were pre-immunized with 

irradiated, uninfected C1498 cells (Irradiated C1498). These control groups were 

important to compare the overall ability of the C1498-ICV in generating anti-tumour 

immunity in this prophylactic model. A summary of this survival experiment is shown in 

Figure 3.7A. 

Interestingly, immunization with C1498-ICV-6 h resulted in a modest, although 

statistically significant increase in median survival (40.5 days) compared to the median 

survival of 22 days for both unimmunized mice and those immunized with irradiated 

C1498 cells alone (Figure 3.7B). 

Even though immunizing with a highly viable vaccine was somewhat successful 

in protecting the pre-immunized animals from AML challenge and prolonged their 

median survival compared to animals from other control groups, the high viability of the 

infected C1498 cells alone was unable to provide long term protection in the majority of 

these vaccinated animals. This suggests that additional factors are preventing the 

creation of an immunogenic C1498 vaccine.  
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Figure 3.7: Pre-immunization with viable C1498-ICV-6h leads to a modest survival 

improvement of the C57BL/6 mice following challenge with viable C1498 cells.  

(A) Prophylactic immunization and challenge schedule of C57BL/6 mice. C57BL/6 

mice were unimmunized or immunized IV with C1498-ICV (1 ˣ 106 cells/dose) or 

irradiated C1498 cells (1 ˣ 106 cells/dose) once weekly for three weeks, followed by 

administration of 1 ˣ 106 viable C1498 cells IV a week later since the third 

immunization. The three ICV doses were prepared by infecting C1498 cells in vitro with 

MG1 virus at MOI of 10 and incubated in cRPMI media (10% FBS) at 37°C, 5% CO2 

for either 5 or 17 hours. Both infected and uninfected cells were resuspended in PBS and 

were irradiated (30-Gy) before vaccine administration.                                                             

(B) Survival proportion of the unimmunized and immunized C57BL/6 mice. Animals 

vaccinated with C1498-ICV-18h (n=9) did not result in long term protection from AML 

challenge compared to unimmunized mice (n=18) or animals that were treated with 

irradiated C1498 cells alone (n=18). Animals vaccinated with C1498-ICV-6h (n=10) 

survived the longest compared to all other groups (p<0.0001).  
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C1498 cells have a deficient anti-viral response  

We showed so far that C1498 cells remain viable for a shorter period of time 

after MG1 infection in vitro compared to L1210 cells and that efficacy of the vaccine is 

in part dependent upon viability. Next, I sought to explore the potential reasons 

contributing to the increased C1498 cell death following MG1 infection. To address this 

question, I characterized the anti-viral response of both L1210 and C1498 murine 

leukemia cell lines.  

Cell intrinsic anti-viral response to Rhabdovirus infection is initiated by PRR (for 

example, RIG-I and RLRs) sensing of dsRNA in the cytoplasm, causing IRF3 activation 

and expression of type I interferon and interferon stimulated genes (ISGs) [167]. To 

assess the ability of MG1 to induce an anti-viral response, RNA has been extracted from 

uninfected and MG1-infected L1210 and C1498 cells to characterize global changes in 

transcriptional profile by RNA sequencing.  

Using a recently published dataset that identified an ISG signature [204], ISG 

levels were compared between infected and uninfected conditions in a panel of mouse 

cancer cell lines. As expected ISGs were upregulated upon virus infection in the 

majority of cancer cell lines tested with the distinct exception of C1498 (Figure 3.8A). 

Despite a handful of ISGs being weakly expressed in infected C1498 cells, IFN-β, which 

is the main cytokine driving interferon signalling, is not induced at all upon MG1 

infection. 

To validate this finding, supernatants from MG1 infected cells were collected to 

quantify secreted IFN-β protein. Specifically, the supernatant of L1210 and C1498 cells 

infected with MG1 at a MOI of 10 were collected 18 hours after infection and an IFN-β 

ELISA was performed as described in the paragraph 2.10 of the Material and Methods 

section. In agreement with the RNA sequencing results, C1498 cells had undetectable 

levels of secreted IFN-β after MG1 infection (Figure 3.8B). In contrast, IFN-β in the 

supernatant of MG1-infected L1210 cells was significantly higher and exceeded the 

limit of detection (Figure 3.8B). 

Collectively, these findings suggest that C1498 cells are impaired in their ability 

to respond appropriately to rhabdovirus infection. Therefore, the lack of an anti-viral 
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response and lack of type I interferon production by infected C1498 cells is potentially 

contributing to their rapid loss in viability after in vitro infection with MG1. 
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Figure 3.8: Type I interferon signaling is impaired in C1498 cells 

(A) L1210 and C1498 cells were infected with MG1 for 18 hours at an MOI of 10 after 

which mRNA was extracted using the RNeasy Mini kit for RNA sequencing analysis, as 

described in the manufacturer’s protocol. The RNA for the B16-F10, CT26-WT, CT26-

LacZ and 4T1 cell lines was extracted after being exposed to identical infection 

conditions. The data is represented as a heatmap showing fold change values between 

infected and uninfected samples. The selected genes are a subset of ISGs with a defined 

function. 

(B) L1210 and C1498 cells were infected with MG1 for 18 hours at an MOI of 10 after 

which supernatants were collected and the amount of IFN-β protein was assessed using 

the mouse IFN-β Quanikine ELISA kit as recommended by the manufacturer’s protocol. 

A two-way ANOVA was performed to determine differences in IFN-β amount produced 

by the L1210, C1498 and CT26-LacZ cell lines after in vitro MG1 infection. Each 

experimental group has n=2; **** p-value < 0.0001, *** p-value < 0.001. 
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Minimal production of pro-inflammatory cytokines and chemokines by the C1498-ICV  

Virus-infected cells secrete pro-inflammatory cytokines and chemokines 

necessary to recruit immune cells and control the infection [205]. However, the 

expression of such cytokines and chemokines is induced as a result of anti-viral response 

and perhaps the lack of IFN-β produced in MG1-infected C1498 cells suggests that the 

low immunogenicity of C1498-ICV may be a result of limited production of immune-

stimulatory cytokines and chemokines.  

To directly test this hypothesis, I assessed the expression of all CCL chemokines, 

CXCL cytokines and interleukin cytokines upon viral infection in either L1210 or 

C1498 cells, using the available RNA sequencing data. Consistent with the impaired 

anti-viral response observed in C1498 cells, MG1 infection did not significantly induce 

immune signalling genes in C1498 cells (Figure 3.9A). One interesting observation was 

that the TNF-α expression is induced in all murine cancer cell lines with the exception of 

C1498 cells upon MG1 infection. Even though MG1 infection triggers TNF-α 

expression in L1210 cells, it is induced at a lower level compared to murine melanoma, 

colon and breast cancer cell lines infected with MG1 (Figure 3.9A).  

 Even though our findings from RNA sequencing are helpful and valuable, we 

decided to assess and confirm the expression levels of TNFα protein by performing a 

TNF-α ELISA on the supernatants of MG1-infected L1210 and C1498 cells. Briefly, 

both cell lines were infected with MG1 at MOI of 10 and the supernatants were collected 

18 hours later. The supernatants were used to quantify the concentration of TNF-α 

secreted by these infected cells as describes in the paragraph 2.11 of the Materials and 

Methods section.  

Consistent with RNA sequencing data, we saw a modest increase in TNF-α 

secretion by L1210 cells and no detectable TNF-α production by C1498 cells after 

infection (Figure 3.9B). On the other hand, the RNA sequencing data shows an increase 

in TNF-α transcript production in colon CT26-LacZ cells after virus infection, we were 

unable to detect an increase in TNF-α protein in the supernatants of CT26-LacZ cells 

(Figure 3.9B). Among other factors, this may be indicative of post-transcriptional 

regulation previously reported in cancer cells as one mechanism of antigen loss [206].  
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We have also assayed supernatants of infected L1210 and C1498 cells for a 

limited number of cytokines using Luminex technology. A detailed summary of this 

experiment is discussed in the paragraph 2.12 of the Materials and Methods section. In 

contrast to the ELISA data, only a modest increase (1.6 fold) of TNF-α protein was 

detected in the supernatant of infected L1210 cells (Figure 3.9C, top).  

We also saw a spike in CCL5 (RANTES) and IL-6 production in infected L1210 

cells (Figure 3.9C), consistent with the RNA sequencing data (Figure 3.9A). Although 

the expression of IL-6 is induced in infected C1498 cells at mRNA level, it was not 

detected at the protein level according to the cytokine array results (Figure 3.9C, 

bottom). This could be possibly explained by the fact that L1210 cells remain viable at 

the 18 hour collection time point since infection while C1498 cells are not (Figure 3.6). 

Thus, in addition to post-transcriptional regulation in cancer cells, cell viability is likely 

another factor that can affect mRNA translation. 

So far, our data suggests that the immunogenic L1210-ICV produces pro-

inflammatory cytokines including interferon. In contrast, infection of C1498 cells with 

MG1 virus does not elicit an anti-viral response or induce cytokine production. This data 

suggests L1210-ICV to be more immunogenic than C1498-ICV. 

 

 

 

 

 

 

 

 

 

 

 

 

 



64 
 

 

 

 

 

 

 

 

 

 

 

 

 

 



65 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Pro-inflammatory chemokines and cytokines secreted by L1210-ICV 

and C1498-ICV. 

(A) L1210 and C1498 cells were infected with MG1 for 18 hours at an MOI of 10 after 

which RNA was extracted using the RNeasy Mini kit for RNA sequencing analysis, as 

described in the manufacturer’s protocol. The RNA for the B16-F10, CT26-WT, CT26-

LacZ and 4T1 cell lines was extracted after being exposed to identical infection 

conditions. The data is represented as a heatmap showing fold change values between 

infected and uninfected samples. The selected genes are all CCL chemokines, CXCL 

cytokines and interleukins induced in either L1210 or C1498 cells. 

(B) L1210 and C1498 cells were infected with MG1 for 18 hours at an MOI of 10 after 

which supernatants were collected and the amount of TNF-ɑ protein was assessed using 

the mouse Mouse TNF-α Quanikine ELISA kit as recommended by the manufacturer’s 

protocol. A two-way ANOVA was performed to determine differences in TNF-ɑ amount 

produced by the L1210, C1498 and CT26-LacZ cell lines after in vitro MG1 infection. 

Each experimental group has n=2; **** p-value < 0.0001, *** p-value < 0.001. 

(C) Supernatants of samples from Panel (A) were assessed for CCL5, IL-6 and TNF-α 

protein amount using a Luminex cytokine array (n=3; **** p-value < 0.0001, *** p-

value < 0.001).. 
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Both L1210 and C1498 express MHC class I but not MHC class II 

In addition to induction of ISGs and cytokines upon infection, increased antigen 

presentation through MHC is another consequence of viral infection. Expression of 

MHC class I molecules on cell surface is critical for CD8+ T cell activity [207] and viral 

clearance. However, downregulation or lack of MHC I expression is one of the immune 

evasion mechanisms employed by solid tumours and leukemia cells [208]. In addition to 

pro-inflammatory signals created by antiviral signaling it has been documented that 

MHC class II molecules  initiate an immune response against antigens of extracellular 

origin that are only expressed by professional APCs [209]. One study found that sub-

clones making up a small percent of the total population of L1210 cells expressed MHC 

II. Interestingly, these sub-clones were shown to be immunogenic and not tumorigenic, 

as inoculating with these clones in vivo protected mice from subsequent challenge with 

parental L1210 [210]. 

 

In consideration of these findings, I hypothesised that MHC class I and/or II 

expression contributes to the antigenicity of leukemia cell vaccine and may correlate 

with their protective effect against leukemia challenges. To investigate this possibility, I 

first examined the RNA sequencing data for expression of genes which make up MHC 

complex I and II. Since there is no clear guidelines regarding what constitutes significant 

MHC expression at the RNA level, publicly available mouse RNA sequencing data of 

normal [211] and immune cells [212, 213] were incorporated in our analysis for 

comparative purposes. One study has shown that the phenotype of murine leukemia cell 

lines changes when delivered in vivo [146]. Therefore, in addition to the MG1-infected 

L1210 and C1498 cells, we also sequenced L1210 and C1498 cells that were stimulated 

in vitro with IFN-ɣ. This particular condition was meant to mimic the introduction of 

these cells in the environment they encounter when administered in vivo, since IFN-ɣ is 

one of the first cytokines produced in vivo only by the activated immune cells.  

 

Consistent with the published literature, we observed that the expression level of 

MHC I genes was much lower in B16 cells compared to other cancer cell lines [214]. A 

more interesting finding was that most cancer cell types, with the exception of C1498 
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cells, showed an upregulation in MHC I genes after MG1 infection (Figure 3.10A), 

which is also a previously reported observation [215]. We were also able to confirm with 

flow cytometry that both L1210 and C1498 cells express MHC I at baseline and that an 

in vitro pre-treatment with IFN-γ did not significantly affect its level of expression 

(Figure 3.10C). A representative example regarding the gating strategy used to 

determine MHC I expression on murine leukemia cell lines is shown in Supplementary 

Figure 2. 

 

In agreement with current literature, we were able to show a strong expression of 

9 out of 12 MHC II genes by professional APCs like macrophages, DCs and B cells 

[209]. However, L1210 cells, which are considered to share the same origin as B cell 

precursors, express 4 out of 12 MHC II genes at much lower levels when compared to 

the levels expressed by APCs (Figure 3.8B). It also appears that MG1 infection or 

exposure to IFN-ɣ does not induce a population wide expression of MHC II genes in 

L1210 cells (Figure 3.8B). Using flow cytometry, we were also able to show that a very 

small proportion of L1210 cells express MHC II and that MG1 infection does not induce 

its expression (Figure 3.10D). The gating strategy used to assess the expression of MHC 

II on murine leukemia cell lines is shown in Supplementary Figure 3. 
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Figure 3.10: Both L1210 and C1498 express MHC class I but not MHC class II. 

L1210 and C1498 cells were either uninfected, infected with MG1 for 18 hours at an 

MOI of 10 or stimulated with 50U IFN-ɣ for 16-18 hours, after which RNA was 

extracted using the RNeasy Mini kit for RNA sequencing analysis, as described in the 

manufacturer’s protocol. 

(A-B) Mouse RNA sequencing datasets were used to quantify transcripts per million 

(TPM) levels of genes part of (A) MHC class I and (B) MHC class II. The bar graphs 

show individual gene expression as well as mean gene expression. Mean TPM values 

between 0 and 10, 10 and 100, 100 and >1000 were classified as no expression, some 

expression and high level of expression respectively. The list of genes that are part of 

either MHC class I or MHC class II is displayed to the right of the bar graphs. Datasets 

used include publicly available mouse RNA sequencing data of normal tissues [211] and 

immune cells [212, 213]. 

(C) L1210 and C1498 cells were either untreated or pre-treated with 50U or 100U of 

IFN-γ for 16 hours after which the cells were harvested and assayed for MHC class I 

expression using flow cytometry. 

(D) L1210 and C1498 cells were infected with MG1 at an MOI of 10 and assayed at 

various time-points (0, 6 and 18 hours) for MHC class II expression using flow 

cytometry.  
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Immune checkpoint inhibitors improve the survival of mice immunized with C1498-ICV 

So far we have explored interferon signalling, cytokine production and antigen 

presentation, all of which have the potential to affect the immunogenicity of a tumor 

vaccine. As discussed in the introduction, another important factor affecting tumour 

immunogenicity and their immune escape abilities are checkpoint inhibitors. 

Like other cancers, AML has been shown to upregulate ICIs in order to suppress 

the cancer patients’ the immune system [216]. However, clinical trials testing immune 

checkpoints blockades have shown limited efficacy, suggesting the need for combination 

therapy [217]. In line with the currently available AML patient data, the syngeneic 

murine C1498 AML model was shown to express PD-L1 at high levels, especially after 

inoculating the cells in vivo [146]. 

 

To better describe the activating and suppressive phenotypes characteristic to 

L1210 and C1498 cells before and after rhabdovirus infection, we have searched our 

RNA sequencing datasets to assess the expression of such genes.  

In children with B-cell ALL, CD40 expression was found to be beneficial and correlated 

with longer survival [218]. Curiously, we observed that the expression of co-stimulatory 

receptor CD40 was enhanced in L1210 cells after virus infection at the transcriptomic 

level (Figure 3.11A). We were also able to validate with flow cytometry that the 

expression of CD40 protein is indeed upregulated on the surface of L1210 cells after 18 

hours of MG1 infection (Figure 3.11B, top panel). Another striking observation 

revealed from the RNA sequencing data is that L1210 cells significantly upregulate the 

expression of both the inhibitory PD-1 receptor and its ligand PD-L1 (Figure 3.11A). 

We were able to validate the fact that the level of both PD-1 (Figure 3.11B, middle 

panel) and PD-L1 (Figure 3.11B, bottom panel) expression indeed increases upon 

MG1 infection during the process of the L1210-ICV preparation in vitro. The details on 

the flow cytometry analysis and gating strategy are shown for MG1-infected L1210 cells 

in Supplementary Figure 3 and Supplementary Figure 4. Interestingly, it has been 

recently reported that when tumour cells co-express PD-1 and PD-L1, the inhibitory 

receptors and its ligand will more likely interact in cis, thus inhibiting the ability of PD-

L1 to bind T cell-intrinsic PD-1 in trans and repressing the canonical PD-L1/PD-1 
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inhibitory signaling [219]. Considering this observation, it is possible that the 

simultaneous upregulation of PD-1 and PD-L1 following MG1 infection could partially 

contribute to the L1210-ICV immunogenicity and enhanced prophylactic efficacy. 

 

Our results also confirm the previously reported low levels of PD-L1 expression 

on C1498 cells [146], however we also detected low levels of CTLA-4 after infection of 

C1498 cells with virus (Figure 3.11A). In order to evaluate whether expression of these 

checkpoints is responsible for the failure of vaccinated mice to reject C1498, we have 

used monoclonal antibodies to block both checkpoints in the process of pre-

immunization with C1498-ICV-6h.  

 

For this purpose, we conducted a survival experiment in which a group of naïve 

C57BL/6 mice were immunized with three doses of C1498-ICV infected for 6 hours 

with MG1 at MOI of 10.  The vaccines were administered once a week during three 

weeks and this group of mice were also treated with a cocktail of anti-PD-1/anti-CTLA-

4 after each immunization and after challenge with viable C1498 cells. Other 

experimental control groups included were animals that were unimmunized or 

immunized with irradiated C1498 cells and C1498-ICV prepared by infecting the cells 

for 18 or 6 hours without administration of anti-PD-1/CTLA-4 cocktail treatment. All 

mice were challenged with viable C1498 cells one week since the administration of the 

third vaccination and survival was monitored.  

 

 Our results show a slight improvement in survival of the C1498-ICV-6h 

vaccinated animals that also received checkpoint inhibitors during immunization and 

challenge with viable C1498. Importantly, 40% of mice are long term survivors 

compared to groups that were not treated with anti-PD-1/anti-CTLA-4 checkpoint 

inhibitors cocktail (Figure 3.11C). However, not all mice respond to this combination 

therapy, suggesting additional mechanisms are responsible for C1498 relapse in C1498-

ICV-immunized mice. Furthermore, these results reflect only one experiment, 

warranting additional experiments which can look at the effect of dosing, both in terms 

of timing and amounts of checkpoints administered.  
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Figure 3.11: Expression and blockade of immune checkpoint inhibitors in context 

of leukemia ICV. 

L1210 and C1498 cells were either uninfected, infected with MG1 for 18 hours at a MOI 

of 10 or stimulated with 50U IFN-ɣ for 16-18 hours, after which RNA was extracted 

using the RNeasy Mini kit for RNA sequencing analysis, as described in the 

manufacturer’s protocol.  

(A) Mouse RNA sequencing datasets were used to quantify transcripts per million 

(TPM) levels of genes involved in immune activation and suppression. TPM values 

between 0 and 10, 10 and 100, 100 and >1000 were classified as no expression, some 

expression and high level of expression respectively. Datasets used include publicly 

available mouse RNA-seq data of normal tissues [211] and immune cells [212, 213]. 

(B) L1210 and C1498 cells were infected with MG1 for 18 hours. The infected cells, 

along with the uninfected controls were used to determine changes in the level of CD40 

(top panel), PD-1 (middle panel) and PD-L1 (bottom panel). Changes in the expression 

level of these markers were determined by flow cytometry and are shown as frequency 

of the live cell population.  

(C) C57BL/6 mice were immunized IV three times one week apart with irradiated 

C1498 cells, or MG1 infected C1498 cells (ICV). Challenge with viable 1e6 C1498 cells 

was injected IV one week after the last dose. Antibodies targeting immune checkpoint 

inhibitors were administered IP at a dose of 100 µg per antibody per mouse during 

immunizations and leukemia challenge.   
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 L1210-ICV and C1498-ICV induce maturation of splenic cDCs in vivo 
 So far, our experiments were focused on exploring differences between L1210-

ICV and C1498-ICV, specifically on how in vitro rhabdovirus infection differentially 

affects the intrinsic immunogenicity of these cells. On this note, we showed that 

viability, possibly influenced by anti-viral response, of the administered vaccine is a 

factor influencing the efficacy of ICV. Namely, we showed that C1498 cells become 

necrotic faster than L1210 cells after MG1 infection (Figure 3.6). Shortening the time of 

infection and pre-immunizing C57BL/6 mice with viable ICVs prolonged their survival 

following the challenge with viable C1498 leukemia cells (Figure 3.7). We also 

determined that C1498 cells have an impaired antiviral response, explaining their 

increased susceptibility to OV mediated oncolysis (Figure 3.8). Interestingly, unlike 

C1498s, L1210s have an intact antiviral response and secrete several inflammatory 

cytokines after MG1 infection, which could be contributing to the high efficacy of 

L1210-ICV (Figure 3.9).  

 To understand and further improve the efficacy of ICV, it was necessary to study 

the immune response and changes occurring after the IV delivery of vaccine. Currently, 

the impact C1498-ICV has on the mouse’s own immune system after vaccination is 

lacking, however this question has been previously addressed to some extent in the 

murine L1210 ALL model. Conrad et al. determined that survival of L1210-ICV-

immunized mice following leukemia challenge is T cell-mediated [196]. Furthermore, in 

vivo T cell subset depletion experiments conducted in our lab determined that the helper 

CD4+ T cells were essential during the pre-immunization period to achieve this 

impressive result [197]. Considering that T cells are responsible for the effective 

outcome of the L1210-ICV pre-immunizations, I next sought to characterize the T cell 

priming processes after immunization with ICV, by assessing the level of classical DC 

(cDC) maturation as well as CD4+ and CD8+ T cells activation.  

           For this purpose, naïve DBA/2 and C57BL/6 mice were either unimmunized or 

immunized with one of dose of L1210-ICV-18h and C1498-ICV-6h respectively. The 

spleens were harvested and processed after 1, 4 and 24 hours since vaccination. Briefly, 

the level of DC maturation and T cell subset activation was assessed by staining the 

collected spleenocytes for cDC and T cell markers. The outline of these experiments is 
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shown for both models in Figure 3.12 and a representative example of flow data 

analysis for cDC maturation and T cell activation is shown in Supplementary Figure 5 

and Supplementary Figure 6 respectively.  

Our results showed that the frequency of CD86+ cDCs increased in both DBA/2 

and C57BL/6 mice after 24 hours since immunization with either L1210-ICV-18h 

(Figure 3.13A; p value < 0.05) or C1498-ICV-6h (Figure 3.13C; p value < 0.05), which 

is an indication of cDC maturation. On the other hand, treatment with one dose of ICV 

did not upregulate the expression of CD28 on CD8+ T cells in either L1210-ICV 

(Figure 3.13B) or C1498-ICV (Figure 3.13D). CD28 is an activating receptor, which 

when bound to the CD86 ligand on activated cDCs induces proliferation of effector 

CD8+ T cells. Lack of change in CD28 levels could be potentially explained by the fact 

that this marker is constitutively expressed on all T cell subsets [220], since signalling 

via CD28/CD86 axis is regulated at the level of CD86 ligand expression on cDCs upon 

activation.  

It was also observed that the immunization with L1210-ICV-18h did not result in 

a significant cDC population expansion, considering the frequency and the count of the 

splenic cDCs before and after immunization (Supplementary Figure 7A and 7B). The 

same conclusion applies to the C57BL/6 mice regarding changes in the size of splenic 

cDC population 24 hours after administration of one dose of C1498-ICV-6h 

(Supplementary Figure 7C and 7D). 

L1210-ICV, but not C1498-ICV induces CD40L on splenic CD4+ T cells in vivo 
Next, we assessed the impact of ICV treatments on the CD40/CD40L co-

stimulatory axis between cDCs and CD4+ T cell subset in both leukemia models. 

Considering the fact that the expression of certain T cell activation markers could be 

transient, spleens were collected at several time points since vaccine administration.  

Our data indicates that the expression of the CD40 activating receptor did not 

change significantly on cDCs 24 hours after immunizing with one dose of L1210-ICV-

18h (Figure 3.14A) or C1498-ICV-6h (Figure 3.14C). These results meet our 

expectations, since it has been previously shown that cDCs express high levels of CD40 

even in steady state [221]. The regulation of CD40/CD40L co-stimulatory axis is 
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mediated at the level of CD4+ T cells which induce the CD40L expression on their 

surface exclusively upon activation [222]. We determined that one IV dose of L1210-

ICV-18h could induce a significant increase in CD40L-expression on CD4+ T cells 

within 1 hour of immunization (Figure 3.14B; p value < 0.05). However, immunization 

with C1498-ICV-6h of C57BL/6 mice was unable to induce the expression of CD40L on 

the splenic CD4+ T cell subset after one hour since vaccine administration (Figure 

3.14D).  
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Figure 3.12: Outline of the immune activation experiment in vivo after 

administration of one dose of L1210-ICV and/or C1498-ICV 

DBA/2 and C57BL/6 mice were unimmunized or immunized IV with one dose of 

L1210-ICV-18h and C1498-ICV-6h (1 ˣ 106 cells/dose). The spleens of the immunized 

mice were collected after 2, 4, 24 and/or 72 hours since vaccination. The spleens were 

processed as described in the paragraph 2.6 of the Materials and Methods section. The 

spleenocytes were stained for cDC and T cell early activation markers as described in 

subparagraph 2.8.5 of the Materials and Methods section and the data was acquired 

using LSR Fortessa.  
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Figure 3.13: DC activation status following the administration of one ICV dose in 

context of murine leukemia models. 

 

Naïve DBA/2 (n=5) and C57BL/6 (n=3) mice were treated with one dose of L1210-

ICV-18h and C1498-ICV-6h respectively. The spleens of the immunized mice, along 

with the spleens of unimmunized DBA/2 (n=5) and C57BL/6 (n=3) mice were collected 

24 hours later. The harvested spleenocytes from both immunized and unimmunized 

animals were stained for (B, D) CD28 receptor on CD8+ T cell sub-population and for 

its CD86 ligand (A, C) on cDC subsets to determine changes in their levels of 

expression.  A difference in the levels of CD86+ cDC population was detected in both 

ICV-immunized DBA/2 mice (p<0.05) and C57BL/6 mice (p<0.05). The statistics were 

obtained after performing and a non-parametric, unpaired t test using the tools from 

GraphPad Prism. 
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Figure 3.14: T cell activation status following the administration of one ICV dose in 

context of murine leukemia models. 

 

Naïve DBA/2 (n=5) and C57BL/6 (n=3) mice were treated with one dose of L1210-

ICV-18h and C1498-ICV-6h respectively. The spleens of the immunized mice, along 

with the spleens of unimmunized DBA/2 (n=5) and C57BL/6 (n=3) mice were collected 

24 hours later. The harvested spleenocytes from both immunized and unimmunized 

animals were stained for (B, D) CD40L ligand on CD4+ T cell sub-population and for 

its CD40 receptor (A, C) on cDC subsets to determine changes in their levels of 

expression.. A difference in the levels of CD40L+ CD4+ T cell population was detected 

in immunized DBA/2 mice (p<0.05) compared to the naïve group.  C57BL/6 mice 

(p<0.05). The statistics were obtained after performing and a non-parametric, unpaired t 

test using the tools from GraphPad Prism. 
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Another interesting observation was revealed when analyzing the kinetics of 

CD40L expression on the helper T cell subset after vaccination. It has been previously 

shown that CD40L expression is quite transient and occurs early in the T cell priming 

process [222]. Indeed, expression of CD40L on CD4+ T cells started to decrease 4 hours 

after immunization with L1210-ICV-18h (Supplementary Figure 8A). On the other 

hand, C1498-ICV-6h failed to induce CD40L on splenic CD4+ T cells at any given time 

point that was assayed (Supplementary Figure 8B).  

Collectively, our data indicates that treatment with C1498-ICV leads to cDC 

activation in vivo, however it does not seem to reverse the tolerogenic state that is 

characteristic to C1498 murine leukemia cells when introduced in vivo [223]. 

We also considered important to look at any potential changes in the expression 

of CD69 and CD137 on splenic T cell populations after immunizing with either L1210-

ICV-18h or C1498-ICV-6h. Both CD69 and CD137 are well-characterized early T cell 

activation markers and assessment of their expression could help us further investigate 

the mechanism of how an efficient (L1210-ICV) versus a non-efficient (C1498-ICV) 

vaccine promotes the formation of a leukemia-specific immune response. Generally, 

CD69 is highly involved in T cell differentiation as well as lymphocyte retention in the 

spleen and plays a crucial role in the formation of anti-tumour immunity [224]. It has 

also been established that signalling via CD137 leads to the activation of cytotoxic T 

lymphocytes, having strong anti-cancer effects by providing costimulatory signals to T 

cells independently of CD28 [225].  

Our data shows that immunization with one dose L1210-ICV-18h results in 

upregulation of CD69 on both CD8+ and CD4+ T cell subsets and in an increase in the 

expression of CD137 on the CD4+ T cell subset (Supplementary Figure 9A). 

Interestingly, the same trend in CD69 expression is observed for animals immunized 

with C1498-ICV-6h (Supplementary Figure 9B), however CD137 expression does not 

seem to change (Supplementary Figure 9B).  

C1498-ICV-6h immunization modestly enhances the cytotoxicity of CD8+ T cells 
To continue characterizing the impact C1498-ICV has on the adaptive immunity, 

we assessed the cytotoxic T cell response in the saphenous blood of C57BL/6 after 24 
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hours since administration of one C1498-ICV-6h dose. Considering the fact that we saw 

a slight improvement in the vaccine’s protective ability when it consists of viable rather 

than necrotic MG1-infected cells (Figure 3.7B), we decided to compare the level of 

CD8+ T cell activity in mice that were immunized with C1498-ICV-6h and C1498-ICV-

18h. In addition, blood samples were collected from animals that were either 

unimmunized or immunized with one dose of irradiated C1498 cells. The outline of the 

treatment regimen for this experiment is summarized in Figure 3.15A. The blood 

samples collected for every mouse in each experimental group were processed and 

stained for T cell subset identification markers (CD3 and CD8) as well as for 

intracellular IFN-ɣ and TNF-ɑ activating markers as described in the subparagraph 2.8.6 

of the Materials and Methods section. A representative example for the employed gating 

strategy of the acquired flow cytometry data is represented in Supplementary Figure 

10. 

According to the obtained results, we showed that mice that were pre-immunized 

with one dose of viable C1498-ICV-6h had an overall increased proportion of IFN-ɣ - 

producing CD8+ T cells compared to any other experimental group (Figure 3.15B and 

C).  However, it appears that the cytotoxic T cell response is quite modest even in 

C1498-ICV-6h – immunized animals.  

Interestingly, our results also showed that CD40L expression on splenic CD4+ T 

cells is rather undetectable in the mice immunized with C1498-ICV-6h (Figure 3.14D).  

Our general understanding is that pre-activated cytotoxic CD8+ T cells become 

tolerant if activated CD4+ T cells do not relay help via CD40/CD40L signalling axis 

with cDCs [226, 227]. The strength and length of this CD40/CD40L interaction between 

CD4+ T cells and cDCs respectively is indispensable to the maintenance of the high 

level of CD8+ T cell activation (with increased IFN-ɣ production) and long-term 

survival [228-230]. 

Based on these facts, we believe the poor cytotoxicity of T cells upon 

immunization with C1498-ICV could be explained by the fact that CD40L expression on 

splenic CD4+ T cells is rather undetectable after vaccination (Figure 3.14D).  
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Figure 3.15: T cells retain a detectable level of activation after one week since the 

administration of one dose of C1498-ICV.  

 

(A) The experimental outline for determining the activation level of peripheral CD8ɑ+ T 

cells in C57BL/6 mice after immunization with one dose of C1498-ICV. Naïve C57BL/6 

mice were either untreated or treated with irradiated C1498 cells, C1409-ICV-18h or 

C1498-ICV-6h. A week after the first treatment mice were saph bleed and assayed for 

(B) IFN-ɣ and (C) TNFα expression levels on CD8ɑ+ T cell population. Results were 

acquired using LSR Fortessa and are shown as percent CD8ɑ+ T cells that are positive 

for both IFN-ɣ and TNFα. 
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Chapter 4 – General discussion, shortcoming, future directions 

and concluding remarks 
 

Current available treatments for leukemia have limited success in achieving long 

lasting remissions. One main reason for this is the immune escape of small populations 

of cancer cells that can lead to relapse. Novel treatments based on immunotherapy could 

be more advantageous as they aim to train the patient’s immune system to recognize and 

kill cancer cells. Unfortunately, not all patients respond to immunotherapy. For example, 

treatment with immune checkpoint inhibitors (ICI) shows best results for melanoma 

cases, considering that 22.2% of patients receiving a combination of two ICIs achieve a 

complete response [231]. Lack of patient response to ICIs may be attributed to tumors 

not expressing immune checkpoints or simply not being infiltrated with T cells [232]. 

Therefore, in order to maximize the odds of success, it would be beneficial to combine 

immunotherapies targeting different mechanisms used by cancers for immune escape. 

OVs have previously shown synergy with cancer immunotherapy [233]. Despite 

being effective in some cancer types, MG1 was inefficient in controlling disseminated 

ALL in mice [196]. Strikingly, when mice with early disseminated ALL were treated 

with 3 weekly doses of virus-infected and ɣ-irradiated L1210 cells (L1210-ICV), 50% of 

animals survived long-term after challenge with viable L1210 cells [196]. When this 

same ICV was given to naïve mice before challenge with ALL (prophylactic 

vaccination), over 90% of the mice subsequently rejected the tumor. This is suggesting 

that the ICV has a great potential in becoming a personalized treatment option. 

Personalized vaccines have a promising therapeutic perspective because they can expose 

cancer neo-antigens that prime the patients’ immune system in recognizing and targeting 

the malignant tissue [234].  

In this thesis, I explore the efficacy and mechanisms of ICV in two murine 

leukemia models, ALL (L1210) and AML (C1498). Since prophylactic vaccination was 

very efficient for the ALL model, the same ICV formulation and regiment in a different 

blood cancer model was attempted. Although we could reproduce previous findings of 

the ALL model and show rejection of the tumor in the majority of mice (Figure 3.1), 
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survival for the AML was poor by comparison (Figure 3.2). One main difference 

between the models was susceptibility to OV infection, with C1498 cells being much 

less viable compared to L1210 after an 18 hour-long MG1 infection (Figure 3.4). Rapid 

loss in viability was previously shown in C1498 using a different OV [184]. Performing 

a time course experiment on viability after infection demonstrated that C1498 cells were 

well infected and remained viable after 6 hours of infection (Figure 3.6). Since previous 

findings showed that apoptotic and necrotic cells make less effective vaccines [196], 

comparing a C1498-ICV infected for 18 hours (necrotic) and a C1498-ICV infected for 

6 hours (viable) was relevant in the context of our prophylactic model. Indeed, our data 

revealed that mice pre-immunized with a more viable C1498-ICV was able to modestly 

improved their survival after challenge with viable C1498 cells (Figure 3.7), 

highlighting the fact that the viability of the in vitro infected leukemia cells partly 

contributes to the protective effect of ICV. 

While differences in the susceptibility of cancer cell lines to virus infection were 

previously reported [235], the reasons for this are not always clear. To understand and 

explain the high susceptibility of C1498 cells to rhabdovirus infection, we decided to 

characterize the transcriptomic profiles of L1210 and C1498 cells lines before and after 

MG1 infection using RNA sequencing. Our transcriptomic analysis of L1210 and C1498 

leukemia cells revealed several striking differences. First, we determined that C1498 

cells fail to induce an anti-viral state through type I IFN signaling (or IRF3 activity) 

upon infection with virus (Figure 3.8). The opposite is true for L1210 cells that seem to 

respond to in vitro virus infection by upregulating type I IFN and ISGs, like other cancer 

cell lines. We believe that the inability of C1498 cells to induce an antiviral state could 

be a possible explanation for their susceptibility to OVs leading to rapid decrease in cell 

viability after MG1 infection. Although this experiment revealed striking results, it could 

benefit from the inclusion of additional controls. First, it is important to control for the 

effect of the vehicle. Namely, virus preps were reconstituted in DPBS which was used to 

infect the cells. While DPBS is not known to have any physiological effect on cells this 

control is nevertheless important to account for accidental contamination of the vehicle. 

Secondly, while we are sequencing infected cells, the in vivo ICV prep also contains an 

irradiation step. To account for irradiation and to get a better understanding of the 
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transcriptomic state of ICV cells in vivo, additional samples that include irradiation must 

be sequenced with RNA-seq. 

Because transcriptome sequencing provides a global overview of gene 

expression, we have also looked for factors which may affect the immunogenicity of our 

ICV models. Interestingly, all mouse cancer models, with the exception of C1498 cells, 

upregulated MHC class I and PD-L1 genes (Figure 3.10 and Figure 3.11). Since 

interferon is known to upregulate both MHC class I and PD-L1 [236], lack of such 

upregulation in C1498 cells can be caused by the absence of interferon upon viral 

infection in this model. Nevertheless, both L1210 and C1498 cells are expressing MHC I 

molecules to a level that is comparable to other cancer and normal cells.  

Next, we showed that L1210 cells produce several pro-inflammatory cytokines 

upon viral infection, namely TNF-α (Figure 3.9). It has been previously shown that 

TNF-α pro-inflammatory cytokine often contributes in controlling the growth of 

malignant cells when highly present in tumour microenvironment [237]. Besides L1210 

cells, TNF-α expression is induced in all murine cancer cell lines after MG1 infection 

but not in C1498 cells (Figure 3.9A and B, top). In fact, MG1-infected C1498 cells are 

not producing many other pro-inflammatory Cxcl cytokines and Ccl chemokines 

involved in activation and recruitment of leukocytes in an inflammatory state. For 

instance, we showed at both transcriptome and protein level that L1210 cells but not 

C1498 cells upregulate the expression of the chemotactic Ccl5 (RANTES) 

cytokine/chemokine upon MG1 infection (Figure 3.9A and C). It is commonly known 

that Ccl5 recruits granulocytes and T cells to inflammatory sites and promotes activation 

of NK cells in cooperation with IL-2 and IFN-ɣ produced by activated lymphocytes 

[238]. We consider that the weak protective effect from AML progression in C1498-ICV 

pre-immunized mice could be partially attributed to the insignificant production of 

chemotactic cytokines/chemokines like Ccl5 in vivo. This could possibly result in a 

limited recruitment or activation of various immune cell populations in the proximity of 

the administered ICV, making the encounter of host immune system with leukemia-

specific antigens less probable.  
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Another immunogenic feature that L1210 cells acquire after MG1 infection is 

enhanced expression of CD40 (Figure 3.11A and B), which was shown to be beneficial 

for the treatment outcome of childhood B cell ALL [218]. Moreover, a study analyzing 

the immunogenicity of several isolated L1210 sub-clones determined that sub-clones 

that lacked or lost expression of CD40 and B7 molecules were tumorigenic and capable 

of establishing leukemia in vivo. [239]. The fact that MG1 infection induces the 

expression of CD40 on the surface of the entire L1210 cell population could also 

contribute to their incredible potential as an ICV to generate a robust immune response 

against murine ALL. 

Our data also clearly indicates that L1210 cells highly upregulate PD-L1 and PD-

1 upon MG1 infection (Figure 3.11A). It has been recently demonstrated that when the 

suppressive ligand (PD-L1) and the suppressive receptor (PD-1) are both highly 

expressed on the same cancer cell, they are likely to interact with each other in cis [219]. 

This implies that cancer cell-intrinsic PD-L1 is unable to interact in trans with healthy T 

cell-intrinsic PD-1, resulting in repression of the canonical PD-1/PD-L1 inhibitory 

signaling. Therefore, it is possible that the co-expression of PD-1 and PD-L1 on L1210 

cells upon infection (Figure 3.11B) actually contributes to the immunogenicity of the 

vaccine and partially to its protective effect against murine ALL in the context of our 

prophylactic model.  

Interestingly, the RNA sequencing data shows that unlike MG1-infected L1210 

cells, C1498 cells express PD-L1 at detectable levels prior to infection (Figure 3.11A). 

Thus, the poor prophylactic efficacy of C1498-ICV of immunized C57BL/6 mice could 

be attributed to this immune suppressing phenotype, whereby C1498 render the 

cytotoxic T cells anergic and tolerant to C1498-specific antigens due to the PD-L1 

expression. On the same note, a research team showed that PD-L1 expression increases 

significantly on C1498 cells after in vivo inoculation and provided compelling evidence 

that C1498 cells prevent the formation of a strong immune response against AML by 

promoting PD-1/PD-L1 inhibitory signalling [146]. Moreover, our data indicates that 

MG1 infection also boosts the expression of CTLA-4, another inhibitory receptor on 

C1498 cells (Figure 3.11A), which can induce T cell tolerance [138] by outcompeting 
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the stimulatory T cell co-receptor CD28 on T cell subsets for the CD80/86 ligands on 

activated APCs [136, 137]. A study that was characterizing the in vivo CD8+ T cell 

response induced by C1498/B7-1 cells in a subcutaneous model showed that mice have a 

delayed C1498/B7-1 tumour growth and an overall increased tumour-free survival after 

blocking CTLA-4 in vivo [240]. 

In the light of these findings, we set to characterize the in vivo efficacy of 

C1498-ICV when pre-immunizations are combined with an in vivo blockade of 

checkpoints CTLA-4 and PD-L1. Our data shows that pre-immunizing mice with viable 

C1498-ICV-6h while blocking PD-L1 and CTLA-4 leads to an overall better survival 

outcome (40%) after C1498 challenge compared to unimmunized mice and even to 

animals that received C1498-ICV-6h pre-treatment in absence of PD-L1 and CTLA-4 

inhibition (Figure 3.11C). These results generally outline that in vitro infection of 

C1498 cells with MG1 in the process of ICV preparation does not sufficiently enhance 

the immunogenicity of the vaccine, but its protective efficacy and ability to generate a 

stronger anti-tumour immunity could be improved with the use of checkpoint inhibitors.  

Overall, our mining of RNA sequencing data revealed several immunogenic 

features of L1210-ICV and mechanisms of immune evasion employed by C1498 cells. 

To better understand the implication of L1210-ICV and/or C1498-ICV pre-

immunizations in the anti-tumour immune response priming in vivo, we decided to 

assess the level of splenic cDC maturation and T cell activation after immunization. We 

determined that both DBA/2 and C57BL/6 mice immunized with one dose of L1210-

ICV and C1498-ICV respectively, induce the expression of CD86 co-stimulatory ligand 

on cDC population (Figure 3.13A and C). This implies that pre-immunization with 

either L1210-ICV or C1498-ICV induces maturation of cDC population which could 

interact with CD28 stimulatory T cell co-receptor and theoretically contribute to 

generation and proliferation of virus- and/or leukemia-specific CD8+ T cells. Our flow 

cytometry data suggests that splenic T cell populations of both unimmunized DBA/2 and 

C57BL/6 mice show high levels of CD28 expression that did not seem to change after 

administration of one dose of either L1210-ICV or C1498-ICV correspondingly (Figure 

3.13 B and D). This result is in agreement with current literature, as CD28 protein is 
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highly abundant on the surface of resting CD4+ and 50% of CD8+ T cells [241]. This 

means that signaling via CD28-CD80/86 is likely regulated at the level of the co-

stimulatory ligand CD80/86 expression on cDCs upon activation rather than at the level 

of the T cell co-receptor. It would have been valuable to assess the expression of CTLA-

4 inhibitory co-receptor on splenic CD4+ T cells after ICV, since it is typically 

upregulated in T cells only upon activation [242]. The CTLA-4 inhibitory receptor binds 

the CD80/86 co-stimulatory ligands on APCs with a higher affinity than CD28 

stimulatory T cell co-receptor, thus disrupting the T cell co-stimulatory signal 

transduction and inducing T cell tolerance [243]. Altogether, our results showing an 

increase in CD86+ cDCs frequency are encouraging, but perhaps insufficient to affirm 

that a long-lasting cytotoxic T cell response is actually induced after immunization with 

either L1210-ICV or C1498-ICV. However, we can speculate that the inability of 

C1498-ICV to generate strong anti-tumour immunity could be due to a significant 

induction of CTLA-4 on helper T cells as a result of vaccination. We were also unable to 

define the implication the CD86+ cDC in priming of the leukemia-specific immune 

response after immunization with ICV. The data from a follow-up experiment showed 

that the expression of CD86 on cDCs was induced at a similar level in both DBA/2 and 

C57BL/6 pre-immunized with MG1 virus alone (not shown). This implies that the virus 

in ICV is responsible for the increase in splenic CD86+ cDCs in both models 

The in vivo expression of CD40 stimulatory co-receptor on cDCs and induction 

of CD40L co-stimulatory ligand on helper T cell population was also characterized in 

context of immunization with both L1210-ICV and C1498-ICV. In murine systems, DCs 

normally upregulate the level of CD40 expression upon encountering certain pathogens 

[169, 244]. Surprisingly, our data revealed that the expression of CD40 stimulatory co-

receptor did not change significantly in either DBA/2 or C57BL/6 mice after 

immunization with L1210-ICV or C1498-ICV respectively (Figure 3.14A and C and 

Supplementary Figure 8). Nevertheless, other studies determined that the expression of 

the stimulatory co-receptor CD40 tends to be low and constitutive on the surface of both 

activated and inactivated DCs [245], which seems to support our observations. It is 

commonly known however, that the interaction between the constitutively expressed 

CD40 receptor on cDCs and the CD40L ligand expressed on CD4+ T cells exclusively 
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upon activation is critical to the formation of an effective and long-lasting cytotoxic T 

cell response [230]. Our general understanding is that the formation of a CTL response 

against vaccines and tumours depends on antigen cross-presentation [246]. The TCR of 

a naïve CD8+ T cell clone recognizing an antigen loaded on the DCs’ MHC I become 

cytotoxic with co-stimulation. However, the antigen-specific CD8+ T cells are rendered 

tolerant when not receiving corresponding CD4+ T cell-derived help signals during 

priming [226, 227]. Help is relayed to cytotoxic T cells via the interaction of CD40L on 

the activated CD4+ T cells and CD40 receptor on DCs [228, 229]. This interaction is 

known to maintain activity and survival of the effector and memory CD8+ T cells as 

well [230]. It was repeatedly demonstrated that C1498.SIY leukemia cells induce 

peripheral tolerance in mice by disrupting the accumulation of antigen-specific cytotoxic 

T cells when administered IV. This research team also showed that the antigen-specific 

T cell tolerance established in AML-bearing mice can be resolved when treating with 

agonistic anti-CD40 antibodies [223]. Our results show that administration of L1210-

ICV but not C1498-ICV induces the expression of CD40L on CD4+ T cell population 

(Figure 3.13B and D and Supplementary Figure 8). This means that the inability of 

C1498-ICV to induce strong anti-tumour immunity in vivo is because MG1 pre-infection 

seems unable to overcome the ability of these leukemia cells to establish T cell 

tolerance. An important caveat of this experiment is the different mouse backgrounds 

from which the respective leukemia models come from. Different genetic backgrounds 

have different immune systems which affects the interplay between anti-tumor immune 

response and antiviral response. To account for this, tumor models from the same 

background need to be used, for example comparing C1498 to EL4. 

 

 

Future directions and addressing shortcomings 
 

Several of our observations regarding the success of ICV as an immunotherapy 

in targeting leukemia can be further explored with additional experiments. Although we 

showed that C1498 cells do not respond to viral infection by not producing IFN-β, it has 

not been yet tested whether they can respond to type I IFN. Answering this question 
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could be important, considering that mouse immune cells may respond to the 

rhabdovirus contained in every administered ICV dose by producing IFN in vivo. In this 

scenario, the potential IFN signaling in a paracrine manner could induce changes in the 

phenotype of C1498 cells that may be worth exploring. 

Pre-treatment of C1498 cells with interferon and looking at ISG production and 

resistance to viral infection can help answer this question. Another question is whether 

C1498 cells only fail to produce interferon during dsRNA virus infection or also after 

encountering DNA viruses. Since different receptors recognize different patterns, we 

could transfect C1498 cells with immunogenic HT-DNA and assess the production of 

interferon and ISGs. This could potentially tell us if the defect in the antiviral response 

signalling is at the level of pattern recognition or in the downstream phosphorylation 

cascade that leads to IRF3 activation and transcription of interferon and ISGs.  

The next important unresolved question is defining the implication of interferon 

signalling and pro-inflammatory cytokines production to the success of L1210-ICV in 

generating robust anti-tumour immunity. One way of addressing this is to create L1210 

knockouts for IFNAR, IRF3 and other genes involved in the interferon pathway. This 

way we will be able to produce ICVs using the corresponding L1210 cell knockouts and 

attribute the role of type I IFN signaling in the immunogenicity and efficacy of the 

vaccine in vivo. A simpler way to approach this question is to compare the phenotype 

and/or in vivo efficacy of the L1210-ICV with a vaccine in which L1210 cells are pre-

treated in vitro with either recombinant IFN-β or TNF-α. Similarly, the implication of 

CD40 upregulation observed on L1210 cells upon MG1 infection can be defined by 

comparing the protective efficacy of the L1210-ICV with an ICV prepared by using 

L1210 cells in which CD40 gene is knocked out with Crispr/Cas9 or knocked down with 

siRNA.  

It is also important to further explore the in vivo immune response induced after 

immunization with L1210-ICV and/or C1498-ICV. Previous work done in our lab 

showed that in vivo depletion of the CD4+ T cell subset prior L1210-ICV immunizations 

significantly diminished the survival of mice [197], implying that T cell help is essential 

for the ICV to establish a robust anti-tumour immune response. Interestingly, our results 

highlight the ability of L1210-ICV (but not C1498-ICV) to induce CD40L expression on 
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CD4+ T cells shortly after vaccine administration (Figure 3.13B and D). A follow up 

experiment blocking CD40/CD40L signaling would tell us if CD40L expression on CD4 

T cells is critical in inducing anti-L1210 immune response during ICV. Among other 

things, cytokine signaling has been implicated in upregulating CD40L on CD4 T cells 

[247]. Evaluating serum cytokine profiles after ICV treatment would tell us which 

cytokines are induced after L1210-ICV but not C1498-ICV. This short list can then be 

screened by co-administering recombinant forms of these cytokines with C1498-ICV, 

assessing possible changes in CD40L expression along with potential improvements in 

survival. The cytokines which improve the immunogenicity of C1498-ICV can then be 

cloned into this cell line using a viral vector to determine if their expression can improve 

the prophylactic efficacy of the C1498-ICV in vivo.  
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Supplementary Figure 1: The gating strategy employed in the data analysis from in 

vitro infectivity/viability experiments.  

The complete gating strategy is showed for a representative C1498 – infected sample. 5 ˣ 

106 C1498 cells were infected with MG1-eGFP virus at MOI of 10 in 5 ml of cRPMI 

media for 17 hours at 37°C, 5% CO2 The cells were then washed 10 ml of PBS (1500 

RPM, 5 minutes), resuspended in 500 µl of PBS and exposed to 30-Gy radiation for 1 

hour. The cells were stained with 5 µl of a 1:500 diluted PI viability dye and the 

intensity of the GFP and PI signal were immediately acquired using BD Celesta. Data 

was analyzed using FlowJo software. To determine the amount of infected and life cells, 

we first gated out cell debris that is identified as FSC-Alow and SSC-Alow, then the 

doublets were eliminated using the FSC-A and FSC-H.  
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Supplementary Figure 2: The gating strategy employed in the data analysis from the 

MHC I expression assessment experiments on leukemia cell lines.  

1 ˣ 106 cells C1498 cells were stimulated with 50U of IFN-ɣ at 37°C, 5% CO2 in 1 ml of 

cRPMI media. After 16 hours, cells were washed in PBS (1500 RPM, 5 minutes) and 

incubated in 10 µl of diluted (1:20, in PBS) FVS510 viability dye for 20 minutes in the 

dark at RT. Then the cells were washed in PBS (1500 RPM, 5 minutes) and incubated in 

25 µl of diluted (1:100, in FACS buffer) Rat Anti-mouse CD16/CD32 solution for 15 

minutes at 4°C in the dark. Then cells were stained with 25 µl of either diluted (1:100, in 

FACS buffer) an isotype control or MHC I – FITC monoclonal antibodies for 25 

minutes in the dark at 4°C. Lastly, the samples were fixed in 200 µl of 1% PFA and ran 

through the BD LSR Fortessa. FlowJo software was used for data analysis. First, 

doublets were excluded on the FSC-A vs FSC-H plots, following the elimination of cell 

debris that was identified as FSC-Alow and SSC-Alow. The population of live cells, 

identified as BV510-, was used to determine the MHC I – expressing cells as being 

FITC+ along the SSC-A axis.  

(A) An example of a complete gating strategy is shown for an IFN-ɣ - stimulated C1498 

cells stained with an isotype control antibody, along with  

(B) a single dot plot of an IFN-ɣ - stimulated C1498 sample stained with an antibody 

with binding specificity to the murine MHC I complex.  
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Supplementary Figure 3: The gating strategy employed in the data analysis from the 

experiments assessing the expression of MHC II, CD40 and CD86 on murine leukemia 

cell lines.  

1 ˣ 106 L1210 cells were infected with MG1 virus at MOI of 10 for 17 hours in 1 ml of 

cRPMI at 37°C, 5% CO2. The infected cells were washed with PBS (1500 RPM, 5 

minutes), resuspended in 100 µl of PBS and exposed to 30-Gy for about an hour. Each 

sample was stained with 10 µl of diluted (1:20, in PBS) for 20 minutes in a dark place at 

RT. The cells were washed with PBS (1500 RPM, 5 minutes) and incubated in 25 µl of 

diluted (1:100, in FACS buffer) Rat Anti-mouse CD16/CD32 (Cat#: 553142, BD 

Biosciences) solution for 15 minutes at 4°C in the dark. Next, the cells were incubated in 

25 µl of a master mix in which MHC II – PerC-Cy 5.5, CD86 – APC-Cy7 and CD40 – 

PE-CF594 monoclonal antibodies were diluted 1:100 in FACS buffer. After 25 minutes 

of incubation at 4°C in the dark, each sample was washed with FACS buffer (1500 

RPM, 5 minutes) and fixed in 200 µl of 1% PFA. The data was acquired using the BD 

LSR Fortessa and the data was analysed using FlowJo software. First, cell debris identified 

as FSC-A low and SSC-A low was eliminated from the analysis, following the exclusion of the 

doublets on the FSC-A vs FSC-H plots. The population of live cells, identified as BV510-, was 

used to determine the MHC II+, CD40+ and CD86+ L1210 cells along the SSC-A axis.  
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Supplementary Figure 4: The gating strategy employed in the data analysis from the 

experiment assessing the expression of PD-1 and PD-L1 on L1210 cells after MG1 

infection in vitro.  

L1210 cells were uninfected (C) or (A) infected with MG1 virus at MOI of 10 

for 18 hours in cRPMI at 37°C, 5% CO2. The infected leukemia cells were washed once 

with PBS (1500 RPM, 5 minutes) and resuspended in 100 µl (per 1 × 106 cells). The 

sample was stained with 50 µl of diluted (1:165, in PBS) FVS510 viability dye for 20 

minutes in the dark and then incubated in 25 µl of diluted (1:100, in FACS buffer) Rat 

Anti-mouse CD16/CD32 solution for 5 minutes at 4°C in the dark. The sample was 

stained with PD-1 (BD Biosciences) and PD-L1 (BD Biosciences) monoclonal 

antibodies, both diluted (1:100) in Brilliant stain buffer with a total staining volume of 

25 µl. Then the sample was washed in 150 µl of FACS buffer (1500 RPM, 5 minutes) 

and fixed in 200 µl of 1% PFA. The data was acquired using the BD LSR Fortessa. The 

PD-1+ and PD-L1+ leukemia cells were identified after eliminating cell debris (FSC-A 

vs SSC-A), doublets (FSC-A vs FSC-H) and dead cells (FSC-A vs BV510 positive). 

FlowJo software was used for data analysis. (B) L1210-MG1 FMO samples were used 

for each marker to set the positive gates for PD-1 and PD-L1.  
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Supplementary Figure 5: The gating strategy employed in the data analysis from the 

experiments assessing the in vivo maturation of splenic cDCs after administration of one 

dose of L1210-ICV. 

A naïve DBA/2 mouse was immunized with one dose of L1210-ICV. After 24 hours, the 

spleen was processed and 1 ˣ 106 of spleenocytes were stained with diluted (1:165, in 

PBS) FVS510 viability dye for 25 minutes at 4°C in the dark. The cells were washed 

with PBS (500g, 5 minutes) and incubated in 50 µl of diluted (1:100, in FACS buffer) 

Rat Anti-mouse CD16/CD32 solution for 15 minutes at 4°C in the dark. The cells were 

resuspended in 25 µl of a master mix in which MHC II – FITC, CD11c – PE, CD103 – 

BV421, CD11b – APC-Cy7, CD40 – BV784, CD86 – APC and/or CD70 – APC, CD19 

– PE-Cy7, GR1 – PE-Cy7, CD3e – PE-Cy7 and F4/80 – PE-Cy7 monoclonal antibodies 

were diluted 1:100 in FACS buffer. The cells were incubated for 25 minutes at 4°C in 

the dark. The samples were washed with FACS buffer (500g, 5 minutes) and fixed in 

200 µl of 1% PFA. The data was acquired using the BD LSR Fortessa and FlowJo 

software was used for data analysis. Cell debris (FSC-A low and SSC-A low), doublets 

(FSC-A vs FSC-H) and dead cells (FSC-A vs BV510 positive) were eliminated from 

each samples in both flow panels. The cDC population was identified in the first panel 

as MHC II high, CD11c high after eliminating PE-Cy7+ cell populations from the analysis. 

The expression of CD40 and/or CD70 and CD86 were determined the cDC population 

as a whole.  
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Supplementary Figure 6: The gating strategy employed in the data analysis from the 

experiments assessing the in vivo activation of splenic T cells after administration of one 

dose of L1210-ICV. 

A naïve DBA/2 mouse was immunized with one dose of L1210-ICV. After 1 hour, the 

spleen was processed and 1 ˣ 106 of spleenocytes were stained with diluted (1:165, in 

PBS) FVS510 viability dye for 25 minutes at 4°C in the dark. The cells were washed 

PBS (500g, 5 minutes) and incubated in 50 µl of diluted (1:100, in FACS buffer) Rat 

Anti-mouse CD16/CD32 solution for 15 minutes at 4°C in the dark. The spleenocytes 

were resuspended in 25 µl of a master mix in which CD3e – PE-Cy7, CD8ɑ – PerCP-Cy 

5.5, CD28 – BV786, CD40L – APC, CD69 – FITC and CD137 – PE monoclonal 

antibodies were diluted 1:100 in FACS buffer. The cells were incubated for 25 minutes 

at 4°C in the dark. The samples were washed with FACS buffer (500g, 5 minutes) and 

fixed in 200 µl of 1% PFA. The data was acquired using the BD LSR Fortessa and 

FlowJo software was used for data analysis. Cell debris (FSC-A low and SSC-A low), 

doublets (FSC-A vs FSC-H) and dead cells (FSC-A vs BV510 positive) were eliminated 

from each samples in both flow panels. The CD8+ and CD4+ T cell subsets were 

identified in the second panel as CD3e+, CD8ɑ+ and CD3+, CD8ɑ- respectively. The 

expression of CD28, CD40L, CD69 and CD137 was then determined individually for 

both T cell subsets.  
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Supplementary Figure 7: Changes in frequency and counts of live splenic cDCs after 

immunization of (A, B) DBA/2 mice with one dose of L1210-ICV-18h and (C, D) 

C57BL/6 mice with one dose of C1498-ICV-6h. 

Naïve DBA/2 (n=5) and C57BL/6 (n=3) mice were treated with one dose of L1210-

ICV-18h and C1498-ICV-6h respectively. The spleens of the immunized mice, along 

with the spleens of unimmunized DBA/2 (n=5) and C57BL/6 (n=3) mice were collected 

24 hours later. The harvested spleenocytes from both immunized and unimmunized 

animals were stained for (B, D) CD28 receptor on CD8+ T cell sub-population and for 

its CD86 ligand (A, C) on cDC subsets to determine changes in their levels of 

expression.  A difference in the levels of CD86+ cDC population was detected in both 

ICV-immunized DBA/2 mice (p<0.05) and C57BL/6 mice (p<0.05). The statistics were 

obtained after performing and a non-parametric, unpaired t test using the tools from 

GraphPad Prism. 
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Supplementary Figure 8: Changes in CD40/40L expression of cDC and CD4+ T cell 

populations after immunization with (A) L1210-ICV-18h and (B) C1498-ICV-6h. 

Naïve DBA/2 (n=5) and C57BL/6 (n=3) mice were treated with one dose of L1210-

ICV-18h and C1498-ICV-6h respectively. The spleens of the immunized mice, along 

with the spleens of unimmunized DBA/2 (n=5) and C57BL/6 (n=3) mice were collected 

1h, 4h, 24h or 72h later. The harvested spleenocytes from both immunized and 

unimmunized animals were stained for CD40L ligand on CD4+ T cell sub-population 

and for its receptor CD40 expressed on cDCs. The cDCs and T cells were stained in two 

separate panels (see the subparagraph 2.8.5 in the Materials and Methods section) and 

the data was acquired using LSR Fortessa.  
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Supplementary Figure 9: Changes in the expression of CD69 and CD137 on splenic T 

cell subsets in (A) DBA/2 and (B) C57BL/6 mice after immunization with one dose of 

L1210-ICV-18h and C1498-ICV-6h respectively 

Naïve DBA/2 (n=5) and C57BL/6 (n=3) mice were treated with one dose of L1210-

ICV-18h and C1498-ICV-6h respectively. The spleens of the immunized mice, along 

with the spleens of unimmunized DBA/2 (n=5) and C57BL/6 (n=3) mice were collected 

1h, 4h, 24h and/or 72h later. The harvested spleenocytes from both immunized and 

unimmunized animals were stained for CD69 and CD137 expression on CD8ɑ+ T cell 

subsets (see the subparagraph 2.8.5 in the Materials and Methods section for more 

details on this experiment) The data was acquired using LSR Fortessa while GraphPad 

Prism was used to represent the data.  
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Supplementary Figure 10: Gating strategy for identifying the activated CD8+ T cells 

from the saphenous blood of C1498-ICV-6h immunized C57BL/6  

Naïve C57BL/6 mice were either untreated or treated with irradiated C1498 cells, 

C1409-ICV-18h or C1498-ICV-6h. A week after the first treatment mice were saph 

bleed and assayed for IFN-ɣ and TNFα expression levels on CD8ɑ+ T cell population. 

Results were acquired using LSR Fortessa and are shown as percent CD8ɑ+ T cells that 

are positive for both IFN-ɣ and TNFα. 

 

 

 

 

 

 

 

 

 

 

 

 


