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Abstract 

An IL-12-expressing oncolytic virus-infected cell vaccine (MG1-IL12-ICV) can prolong survival 

in murine models of peritoneal carcinomatosis in an NK and CD8+ T-cell dependent manner. 

However, MG1-IL12-ICV enhances survival but does not provide durable cures in aggressive 

models of established disease suggesting the presence of immunosuppressive mechanisms. Here 

we show that MG1-IL12-ICV can generate specific anti-tumor T-cell responses and can delay 

tumor growth in prophylactic models. We further demonstrate that treatment of mice bearing 

tumors with MG1-IL12-ICV can recruit CD4+ and CD8+ T-cells and CD11c+ dendritic cells into 

the tumor microenvironment (TME) and can increase NK cell activity. Regulatory T-cells and 

myeloid derived suppressor cells do not appear to play a role in immunosuppression following 

therapy, but checkpoint molecules are upregulated. Overall, this thesis provides strong evidence 

for the favorable anti-tumor immune TME induced by MG1-IL12-ICV and provides avenues that 

can be explored to further improve outcomes with MG1-IL12-ICV. 
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1. Introduction 

1.1 Cancer 

The second leading cause of death in the world, cancer affects half of all Canadians, and accounts 

for nearly 30% of all Canadian deaths1,2. In addition to the personal trauma of being diagnosed 

with and treated for cancer, it is a significant financial burden to the health care system2. With the 

average age of the Canadian population continuing to rise, cancer-related health costs are expected 

to follow2. Hence, newer therapies that prevent recurrence after treatment and reduce duration of 

treatment and follow-up are being sought after to reduce both cancer-associated deaths and the 

burden on the healthcare system. 

With over a hundred different types identified, cancer is a broad term encompassing diseases that 

share certain characteristics (or hallmarks of cancer) including sustained proliferative signaling, 

resistance to cell death, evasion of growth suppressors, replicative immortality, ability to induce 

angiogenesis, invasion and metastasis3,4. As such, cancers can originate in a variety of organs and 

can result in localized or disseminated disease and may lead to secondary complications through 

metastasis1. Similarly, treatment for each type of cancer is different and requires emphasis on the 

immune niche present in the specific microenvironment of each tumor. 

1.1.1 Peritoneal Carcinomatosis 

Peritoneal carcinomatosis (PC) results from metastasis of abdominal cancers (including 

gastrointestinal and gynecological malignancies) throughout the lining of the peritoneal cavity, 

and is one of the major causes of terminal complications in these malignancies5–7. Locoregional 

spread of tumors throughout the abdominal cavity (without metastasis to other organs) has been 

shown to be one of the most common causes of death in recurrent gastric, colorectal and epithelial 

ovarian cancer5. Once tumor spreads throughout the peritoneal cavity, complete cytoreduction is 
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often not possible. Despite treatment with extensive chemotherapy and surgical debulking, 

presentation with PC is often considered terminal5. Therefore, novel treatments are being explored 

for the treatment of PC, including immunotherapies that have shown promise in the treatment of 

several cancers.  

In the treatment of PC, adoptive transfer of T-cells, chimeric antigen receptor T-cell (CAR T-cell) 

therapy, dendritic cell (DC) vaccines, cytokine (e.g., interleukin (IL)-15 and 18) and antibody (e.g., 

catumaxomab) infusions have all demonstrated promise in pre-clinical models and early phase 

clinical trials7–11. They demonstrate a role for natural killer (NK) cells and Cluster of 

Differentiation (CD)3+ T-cells in controlling PC, but also identify immunosuppressive 

mechanisms that hinder the efficacy of treatment10–12. For example, Katz et al. demonstrated that 

intraperitoneal (i.p.) infusion of CAR T-cells was more effective in controlling carcinoembryonic 

antigen-positive peritoneal tumors when used in combination with checkpoint inhibitors or 

antagonistic antibodies to regulatory T-cells (CD4+ forkhead box p3 (Foxp3)+; T-reg) and myeloid 

derived suppressor cells (MDSCs)11. Similarly, in a CT26 peritoneal tumor model, Ma et al. 

demonstrated that IL-18 synergized with checkpoint inhibitors to enhance survival of mice bearing 

tumors through the accumulation of CD8+ T-cells and reduction of T-regs12. By contrast, 

monotherapy with an oncolytic reovirus in an ovarian model of PC was itself sufficient to reduce 

frequency of  T-regs and MDSCs within the tumor microenvironment (TME)10. These and other 

studies demonstrate that immunotherapy is a promising tool for the treatment of PC; but a thorough 

understanding of the immune TME of individual tumors over the course of therapy is required to 

appropriately counter any immunosuppressive mechanisms that may arise. The different 

components of the TME that are relevant to this project are detailed in the following section. 
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1.2 The Immune Response to Tumors 

The interplay between tumors and immune cells crafts the tumor as it grows and dictates the TME, 

which is a delicate balance of anti and pro-tumor factors13,14. This milieu involves pro-

inflammatory immune cells like NK cells, Th1 CD4+ and cytotoxic CD8+ T-cells, Th1 

Macrophages and Bursa cells (B-cells), as well as cytokines such as interferon (IFN)-γ, tumor 

necrosis factor (TNF)-α, and IL-12 and 1813–16. Pro-tumor or immunosuppressive subsets include 

CD4+ T-regs, MDSCs, Th2 CD4+ T-cells and macrophages and cytokines such as IL-4, IL-10 and 

transforming growth factor (TGF)-β, as well as expression of checkpoint molecules like 

Programmed Death-1 (PD-1), Programmed Death Ligand 1(PD-L1), cytotoxic T-lymphocyte-

associated protein 4 (CTLA-4).13,14. 

As the tumor grows, immune-mediated editing of the tumor landscape occurs in three stages: 

elimination, equilibrium, and escape. During elimination, immune-surveillance by NK and CD8+ 

T-cells will detect (through Major Histocompatibility Complex (MHC)-I/II, Type-1 IFN response, 

Damage-Associated Molecular Patterns (DAMPs) or stress ligands (like MIC A/B) on tumor cells) 

and clear (via perforin and granzyme-B release or Fas-FasL engagement) nascent or growing 

tumors15,17–23. 

However, at this stage, some variant tumor cells may escape elimination and the tumor enters a 

state of immune-mediated dormancy. An adaptive immune response is critical for maintaining 

these tumor cells at bay, as well as IL-12 and IFN-γ production, while immunosuppressive 

elements such as IL-10 and 23 prevent complete eradication of these cells15,17,18,24,25. Interestingly, 

NK cells and type-1 IFNs have been shown to be dispensable for maintenance of equilibrium15,25.  

Eventually, tumor cells will employ several mechanisms to finally escape the immune response 

resulting in apparent and established disease16,17. Mechanisms such as loss of MHC-I expression 
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(or downregulation of immunodominant epitopes), upregulation of pro-survival molecules (like 

B-cell Lymphoma (Bcl)-2 and Signal Transducer and Activator of Transcription (STAT)-5) as 

well as increase of immunosuppressive molecules (like PD-L1 and indoleamine 2,3-dioxygenase 

(IDO)) are employed to escape the immune response (Figure 1)15,26–29. Indirectly, the tumor may 

release factors (IL10, IL-23) that promote the expansion of immunosuppressive subsets that will 

in-turn tone down the immune response and allow tumor escape17. Most importantly, however, 

these same mechanisms can be and are upregulated to escape immunotherapeutic interventions18. 

Hence, understanding the immune interplay at this stage of tumor editing either during a normal 

or an engineered immune response against the tumor is important for the design of successful 

therapeutics. 

1.2.1 Natural Killer Cells  

NK cells are sentinels of the innate immune system that are primarily responsible for immune-

surveillance30. A plethora of germline-encoded activating and inhibitory receptors on NK cells, 

attached to immunoreceptor tyrosine-based activation/inhibitor motifs (ITAM/ITIMs) allow NK 

cells to gauge targets before triggering a cytotoxic response without any prior sensitization to their 

targets30–33. NK cells can recognize “self” by detecting MHC-I through Killer Cell 

Immunoglobulin-like receptors (KIRs) on humans and Ly49 in mice preventing harm to the host’s 

cells32,34–38. Interactions of activating receptors such as NKG2D and natural cytotoxicity receptors 

(NCRs) with their cognate ligands (for example, H60, Mult-1) as well as CD27-CD70 interactions 

are also involved in triggering NK cells30,39–41. NK cells are additionally involved in antibody-

dependent cellular cytotoxicity (ADCC), where antibody-coated cells are recognized through 

FcγRIIIa (CD16), which recognizes the Fc portion of IgG1 allowing it to be involved in adaptive 

responses in conjunction with B or plasma cells42. Mechanistically, NK cells mediate cellular  
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Figure 1. The escape phase of immunoediting.  

Mechanisms that allow tumors to escape the immune response are detailed. These include evasion 

of recognition (through loss of expression of immunodominant antigens, MHC-I, calreticulin 

(phagocytosis signal) and stress-induced ligands), expression of molecules that increase resistance 

(STAT3), survival (BCL-2), immunosuppression (IDO, PD-L1, CTLA-4, CD39, etc.)  and 

angiogenesis (IL-6, M-CSF, VEGF). Tumors will also induce recruitment and expansion of 

immunosuppressive cells such as MDSCs, M2 Macrophages and regulatory T-cells, which will 

themselves express more suppressive molecules like IDO, iNOS, Arg1, IL-10 and TGF- β. Overall, 

DC, NK and CD4+ and CD8+ T-cell proliferation, maturation and activity will be suppressed 

allowing tumor escape. This can be mediated through engagement of inhibitory receptors (PD-1, 

LAG-3, CTLA-4), expression of immunosuppressive cytokines (IL-10, TGF- β), alteration of 

metabolic pathways (arginine metabolism) or direct apoptosis of these pro-inflammatory cells. 

Adapted with copyright permission from Mittal et al. 2014. 
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cytotoxicity through controlled degranulation of perforin and granzyme-B as well as the release of 

pro-inflammatory cytokines IFN-γ and TNF-related apoptosis-inducing ligand (TRAIL)30,43–47. 

NK cells play an important role in combating transformed cells30,42,48,49. A landmark study 

published in Lancet correlated inherent cytotoxicity of lymphocytes with reduced incidence of 

cancers in a cohort followed over 11 years50. Depletion and correlation studies have further 

confirmed the role of NK cells in protecting against malignant cells. Loss of MHC-I on growing 

tumor cells or the expression of stress-induced ligands can trigger NK cells into action44,49,51,52. 

Additionally, expression of p53 in early senescent tumors induces the release of NK-cell recruiting 

and activating chemo/cytokines (chemokine (C-C motif) ligand  (CCL)-2, IL-12) facilitating NK 

cell-mediated killing of tumors in the early (elimination) phase of cancer growth15,53. Furthermore, 

release of IL-12 and IL-18 by DCs and IL-2 by T-cells facilitate NK cell maturation and 

activity30,54–58. However, a switch to an immunosuppressive environment through the recruitment 

of MDSCs, T-regs, increased expression of checkpoint molecules (PD-1, T-cell immunoglobulin 

and mucin-domain containing (TIM-3))and release of suppressive molecules like TGF-β and IDO 

can lead to failure of NK cell responses and allow cancer escape31,32,59–64.  

Their intrinsic capacity to combat tumor cells without the necessity for prior sensitization have 

made NK cells a very lucrative target for immunotherapy. Additionally, an efficient innate 

response from NK cells has been shown to be necessary for the generation and activity of DCs that 

eventually prime an efficient T-cell response, which is required for immunotherapeutic 

success56,65. In fact, NK cell activation has been shown to be involved in the success of several 

therapies including that of oncolytic virotherapy, and newer therapies to further NK cell function 

and relieve NK cell immunosuppression are being investigated in addition to therapies that 

promote adaptive immune memory44,49,66–68. 
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1.2.2 Dendritic Cells 

DCs are the bridge between innate and adaptive immune responses. DCs are professional antigen 

presenting cells (APCs) responsible for generating primary adaptive responses that eventually lead 

to generation of memory69–71. DCs take up and process antigens upon encounter of damaged, 

infected, or transformed cells, and undergo maturation as they migrate to lymphoid structures. The 

uptake of antigen is promoted by NK-cell mediated killing of target cells that generate apoptotic 

blebs, which are taken up readily by infiltrating DCs30,72. Along with availability of antigens, 

presence of damage and pathogen-associated molecular patterns (D/PAMPs) and other 

adjuvanticity-increasing signals (like High Mobility Group Box-1 (HMGB-1)-mediated induction 

of Toll-Like Receptor (TLR)-4) is required for efficient recruitment of, phagocytosis by and 

activation of DCs73–76 

At lymph nodes, mature DCs will present cognate antigens on MHC-I and MHC-II to T-cell 

receptors (TCR) on CD8+ and CD4+ T-cells respectively to induce clonal expansion of antigen-

specific T-cells 77–79. In addition to antigen presentation, engagement of co-stimulatory CD28 on 

T-cells by CD80/86 on DCs is required for generation and egress of protective anti-tumor T-cells 

from lymphoid structures70,78. Expression of co-stimulatory CD80/86 on DCs and other APCs is 

dependent on the signals received by the APC during priming or initial antigen encounter. For 

example, engagement of CD40 on the surface of DCs by CD40 ligand (CD40L) expressed on 

CD4+ T-cells will induce increased expression of CD80/86 and release of copious amounts of 

immunostimulatory IL-12. This will in turn prime a robust NK and T-cell immune 

response69,70,78,80. Alternatively, an immunosuppressive environment may induce increased 

STAT3 signaling in DCs to induce tolerogenic DCs that will lead to expansion of regulatory rather 

than conventional T-cells81,82. 
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1.2.3 CD8+ T-cells 

Effector CD8+ cytotoxic T-cells play a major role in the clearance of infected or transformed 

cells78,83. A major component of immunological memory, CD8+ T-cells recognize foreign antigens 

in MHC-I complexes on target cells via the TCR and induce apoptosis48.  

However, naïve T-cells reside in lymphoid organs, and to induce effector CD8+ T-cell responses, 

presentation of cognate antigen to the TCR by DCs is required48,84–86. This induces clonal 

expansion of previously naïve CD8+ T-cells, which will then migrate to sites of infection or the 

tumor to kill cells presenting the target antigen on their surface MHC-I48,78. During this expansion 

CD8+ T-cells can proliferate every 4-6 hours (for up to 20 divisions during an acute infection)87,88. 

CD8+ T-cells induce apoptosis via production and localized release of perforin and granzymes or 

via the Fas-FasL axis, eventually activating the caspase cascade in target cells43,48. Additionally, 

CD8+ T-cells will produce cytokines to promote host defense, particularly IFN-γ, which stimulates 

both innate and adaptive immune responses48,89. The extent of expansion and duration of a CD8+ 

T-cell response is controlled by antigen exposure and usually subsides following pathogen 

clearance87,90. However, during chronic diseases continuous antigen-driven expansion is not 

observed mainly due to functional exhaustion and deletion87,91,92. After mounting a response, the 

CD8+ T-cell population will undergo contraction, with 95% of cells being eliminated. The small 

portion of cells that survive then form the memory pool of T-cells and are maintained through 

homeostatic proliferation by IL-7 and IL-1584,93–95. 

The generation of specific anti-tumor CD8+ T-cell immune response is considered an important 

target for the efficacy of immunotherapies, and hence increased efforts to enhance DC activity and 

priming of tumor-specific T-cells have been made. In fact, several immunotherapies that have 
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shown promise in clinical trials facilitate the generation of such a response and a favorable T-cell 

infiltrate is correlated with improved outcomes96–100. 

Overall, three major steps have been identified for effective cancer vaccination. First, uptake of 

immunogenic cancer-specific antigens by DCs must be facilitated by enhancing in-vivo uptake or 

by delivering antigens as part of a therapeutic vaccine such as antigen-pulsed DC vaccines78. This 

uptake must be accompanied with suitable co-stimulatory signals that may be delivered 

exogenously such as CD40 agonists or immunogenic cell death inducers78. This ensures that 

priming of CD8+ T-cells in the lymph nodes generates effector T-cell responses and does not 

promote tolerance via regulatory T-cell induction78,82,101. And finally, entry of the generated T-cell 

response into the TME must be facilitated and approaches to overcome immunosuppressive factors 

in the TME must be employed78. 

1.3 Immunosuppression in the TME 

Immunosuppression in the TME is orchestrated by a vast network of cells and cytokines. These 

include: i) regulatory CD4+ and CD8+ Foxp3+ T-cells, ii) regulatory B-cells that induce T-reg 

proliferation, iii) natural killer T-cells (NKT), iv) tumor-associated macrophages (TAMs) and 

neutrophils (TANs), v) MDSCs, vi) release of factors like IL-1, IL-6, IL-10, IL-13, reactive oxygen 

species (ROS), nitric oxides (NOs) and TGF-β and vii) upregulation of immune checkpoint 

molecules31,61,102–111. While an exhaustive review of all immunosuppressive subsets is beyond the 

scope of this project, the major factors explored in this study are detailed below. 

1.3.1 Myeloid Derived Suppressor Cells 

MDSCs are a diverse set of immature myeloid cells that can be induced by emergency 

myelopoiesis, IL-4, IL-6, Granulocyte-macrophage stimulating factor (GM-CSF), prostaglandins 

(PGEs) and cyclooxygenase-2 (COX-2)31,112. While characterization of these subsets in humans is 
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still an evolving subject, in murine models, two major subsets have been identified: Granulocytic 

MDSCs and Monocytic MDSCs (g/m-MDSCs)113. While both subsets are CD11b+ Gr-1hi, they are 

differentiated based on their expression levels of Ly6C/G113. Additionally, g-MDSCs primarily 

mediate immunosuppression through production of ROS, while m-MDSCs release arginase-1 and 

NOs102. MDSCs have also been shown to directly inhibit NK cell function through membrane-

bound TGF-β, and indirectly through the production of IL-10, which in turn downregulates IL-12 

production by macrophages in a tumor niche106,110,114. MDSCs also play a role in suppressing T-

cell responses and have been shown to induce T-regs112,115,116. Overall, increased MDSCs facilitate 

tumor escape in the final stage of tumor-editing by suppressing all cytolytic arms of the immune 

response15. 

1.3.2 CD4+ Regulatory T-cells 

Another subset involved in tumor escape is CD4+ Foxp3+ T-regs, presence of which has a negative 

impact on overall survival in patients117–120. Defined by their cardinal expression of the Foxp3 

transcription factor, regulatory CD4+ T-cells play a major role in suppressing autoreactive T-

cells121. While natural regulatory T-cells develop in the thymus, immunosuppressive IL-10 and 

TGF-β can also induce T-regs in the periphery or tumor niche122,123. In addition, expression of the 

high affinity IL-2 receptor (CD25) is considered an additional marker for T-regs, with constitutive 

activation of downstream STAT5 associated with functional fitness of these cells124. T-regs 

suppress all subsets in the TME including T-cells and DCs125. Inhibition of immune responses is 

mediated through expression of CTLA-4, glucocorticoid-induced TNF receptor (GITR), 

lymphocyte-activation gene 3 (LAG3), IL-10 and IL-35. T-regs downregulate activating co-

stimulatory molecules on DCs through CTLA-4 interactions, directly induce death of 
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conventional T-cells through granzyme-B and perforin-mediated lysis, and suppress NK cells 

through TGF-β61,126–128.  

1.3.3 PD1-PDL1 and other Checkpoint Molecules 

In addition to TCR-MHC-I interactions, T-cell activation and priming is regulated by a secondary 

set of signals mediated by interactions of co-stimulatory and inhibitory ligands129. The latter 

consist of signaling through checkpoint molecules (like PD-1, PD-L1/2, CTLA-4, LAG-3, TIM-

3) and are necessary for maintaining self-tolerance,  preventing autoimmunity and damage to tissue 

from an over-activated immune response130. In the TME, however, checkpoint upregulation is a 

tumor escape mechanism and checkpoint blockade has proven to be a successful 

immunotherapeutic option15,130–133. While different checkpoint molecules induce immune 

suppression through different signaling pathways, an overall attenuation of the cytotoxic response 

is observed upon engagement of checkpoint receptors. 

In particular, engagement of PD-1 on T-cells by its ligand PD-L1 recruits SHP2 phosphatases to 

attenuate CD28 signaling and also prevents TCR mediated Zap70 signaling inhibiting T-cell 

proliferation and activation130,134,135. Additionally, PD-L1 engagement with PD-1 on regulatory T-

cells augments their suppressive capacity136. The alternate ligand for PD-1, PD-L2 plays a similar 

role in tumor escape by inducing suppression of T-cell activation137. PD-L1 is expressed 

constitutively on a variety of tumors, but can also be upregulated on tumors and immune cells in 

the TME (like Macrophages, DCs, MDSCs and T-cells) through IFN-γ-induced Janus 

Kinase(JAK)-STAT signaling pathway130,138. In fact, correlation of PD-L1 expression with the 

extent of tumor infiltration by lymphocytes suggests a feedback loop, where a pro-inflammatory 

(IFN-γ) response induces upregulation of suppressive PD-L1 to attenuate the incoming immune 

response139. 
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1.4 Cancer Immunotherapy 

The harnessing of the patient or host’s own immune system to combat cancer through 

immunomodulating agents is termed “cancer immunotherapy”97,140. To overcome tumor-mediated 

immune escape, immunotherapies must either promote a robust boost to the faltering immune 

response or counteract the immunosuppression prevalent in the TME97. Successes of a myriad of 

immunotherapeutic approaches made cancer immunotherapy the scientific breakthrough of the 

year 2013141. Different approaches that have shown success in clinical trials include whole-cell 

based vaccines (Sipuleucel-T for the treatment of prostate cancer), checkpoint-blockade therapy 

(ipilimumab (anti-CTLA-4) and pembrolizumab (anti-PD1) for the treatment of melanoma and 

non-small cell lung cancer (NSCLC), oncolytic virotherapy (Herpes simplex virus (HSV)-1 

expressing GM-CSF for the treatment of melanoma), adoptive cellular therapy (for melanoma) 

and CAR T-cells (for the treatment of acute lymphoblastic leukemia)97,140,142–146. Attempts to 

enhance the outcome of the above therapies and the possibility of combination therapies are 

actively being explored. Of relevance to this project are oncolytic virotherapy, cytokine therapy 

and whole cell tumor vaccines. 

1.4.1 Oncolytic Virotherapy 

Oncolytic viruses (OVs) are naturally found or engineered viruses that selectively replicate in and 

kill tumor cells without affecting otherwise healthy cells. Additionally, they induce a robust anti-

viral immune response that may result in direct or indirect immune-mediated killing of cancer 

cells147–149. Following OV infection, enhanced inflammatory responses through engagement of 

TLRs and induction of immunogenic cell death (through release of HMGB-1 and ATP) synergizes 

with release of tumor-associated antigens upon viral cytolysis to activate and drive robust innate 

(NK and DC) and adaptive (T-cells) responses147,148,150–152. 
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OVs can specifically target cancer cells by utilizing surface receptors specifically or highly 

expressed on neoplastic cells and/or by exploiting defective anti-viral innate signaling in tumor 

cells147–149. Some viruses intrinsically utilize receptors that are highly expressed on tumor cells 

allowing them to specifically infect cancers, such as Measles virus which uses CD46, HSV-1, 

which uses herpesvirus entry mediator (HVEM) and poliovirus, which uses CD155147,150,153,154. 

Viruses can also be engineered or pseudo-typed to exploit receptors upregulated on cancer cells. 

Alternatively, some viruses exploit intracellular pathways for selectivity. For example, Newcastle 

Disease Virus specifically replicates in cells overexpressing the anti-apoptotic protein BCL-XL, 

and reovirus and vaccinia exploit enhanced Ras signaling147,155–157. Finally, defects in anti-viral 

type-I IFN signaling observed in many cancers provides a replicative advantage to certain OVs; 

while others can be engineered to become more susceptible to intact Type-I responses to enhance 

their safety profile in normal cells147,158.  

One such virus that is attenuated to be susceptible to Type-I IFN responses, is the Maraba MG-1 

virus, which is one of several viruses that have entered clinical trials following the success of 

Talimogene laherparepvec (HSV-1 expressing GM-CSF). 

1.4.1.1 Maraba MG1 

Originally isolated from Brazilian sandflies, the negative-stranded RNA rhabdovirus, Maraba has 

potent oncolytic properties159. Maraba is non-pathogenic in humans and serological response has 

been observed in less than 1% of humans tested160,161. In a comparison of several rhabdoviruses, 

Maraba demonstrated enhanced tumor cytotoxicity, rapid progeny production, and larger burst 

sizes: all properties that identified it as a potent oncolytic candidate159.Introducing mutations into 

the Maraba genome identified the MG1 variant consisting of mutations in the G (Glycoprotein) 

(Q242R) and M (Matrix) proteins (L123W) as a more potent oncolytic than wildtype (wt) Maraba. 
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The M protein of Maraba and other related rhabdoviruses are involved in blocking IFN-β mRNA 

transport from the nucleus to the cytoplasm, thereby preventing the anti-viral IFN-β cascade in 

infected cells159,162. The L123W mutation renders the M protein incapable of interfering with the 

IFN-β response, making MG1 more susceptible to intact type-1 IFN responses found in healthy 

cells and consequently makes MG1 selective for type-1 IFN-deficient cancer cells. This was 

similar to effects previously observed with a related rhabdovirus Vesicular Stomatitis Virus 

(VSV), where introducing a deletion in the M protein at position 51 (VSVΔ51) made the mutant 

strain sensitive to interferon signaling and therefore selective for interferon-signaling-deficient 

cancers. The Q242R mutation also attenuates the virus in healthy cells but the exact mechanisms 

are not fully understood. Interestingly, although these individual mutations did not enhance 

Maraba’s ability to kill cancer cells, the combination of these mutations (as in MG1), made Maraba 

more cytolytic to cancer cells while maintaining its safety profile in healthy cells159. Similarly, in-

vivo MG-1 has a higher maximum tolerable dose than wt Maraba, and treatment with MG1 can 

control tumor growth in athymic mice demonstrating its tumor-cytolytic properties159. In addition 

to its cytolytic potential, subsequent studies demonstrated the ability of MG1 to activate NK cells 

in-vivo through activation of conventional DCs, furthering its promise as a potent OV67. In this 

study, Zhang et al. showed that MG1 was effective in reducing lung metastasis in a B16lacZ 

model. They demonstrated that this was mediated through NK cell activation via conventional DCs 

(cDCs) and not through direct viral cytolysis, as an UV-inactivated replication-deficient MG1 was 

equally capable of reducing metastasis. Direct infection of cDC was shown to activate them to 

subsequently prime an NK cell response and depletion of DCs and NK cells abrogated the efficacy 

of MG1. They also demonstrated that structural integrity of the virus was necessary for this 

activation as longer UV inactivation of MG1 that resulted in structural damage did not provide 
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efficacy. This identified MG1 as a potent immune stimulator. Subsequently, in a prime-boost 

vaccination strategy, inclusion of tumor-peptide-encoding transgenes into MG1 demonstrated its 

ability to act as a potent boost to an adenovirus (encoding the same tumor peptide) prime, inducing 

robust specific CD8+ T-cell responses that corresponded to tumor control163. Pol et al. 

demonstrated that MG1 encoding dopachrome tautomerase (DCT) by itself was insufficient to 

prime a T-cell response but was effective in expanding pre-existing DCT-responses generated by 

an adenovirus expressing DCT, and this was effective in controlling tumor growth. This 

demonstrated that MG1-based vectors maybe ideal for therapies requiring rapid expansion of pre-

existing CD8+ T-cell responses.  

Overall, given its improved safety profile and potent oncolytic and immune-stimulating properties, 

the MG1 virus has already entered early phase clinical trials for solid tumors including melanoma 

and NSLC164,165. However, despite its apparent success, further avenues for improving the efficacy 

of MG1 are being explored. In particular, delivery in conjunction with whole cell tumor vaccines 

and the inclusion of an IL-12 expressing transgene has proven to enhance anti-tumor properties of 

MG1-based therapies66,166. 

1.4.2 Whole Cell Tumor Vaccines 

One method of priming adaptive anti-tumor responses involves the use of tumor-derived peptides 

as target antigens, delivered alongside suitable adjuvants78,167. However, high mutation rates in 

tumors may lead to downregulation of these antigens or prevent presentation of these antigens on 

MHC-I78. Furthermore, the need to target more than one neoantigen for effective cancer therapy 

has been identified, and move towards more personalized cancer vaccines are being made78,167,168. 

Successful immunotherapy is often associated with T-cell response to mutated tumor epitopes in 

both murine and clinical settings169–172. While, advances in next-generation sequencing techniques 
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has allowed identification of these mutations, more than 95% of these mutations are unique to each 

individual, making it difficult to tailor therapy suitable for a broad range of patients172. To 

overcome this barrier, whole cell tumor vaccines or tumor lysates have been used to provide an 

increased repertoire of antigens, resulting in increased efficacy173. To achieve this, autologous 

tumor cells are treated to render them non-proliferative via rapid freeze-thaw cycles, heat-shock 

or irradiation or lysed to produce tumor lysates174,175. The use of whole tumor vaccines presents 

the entire repertoire of antigens (including mutated neoantigens) of the patient’s tumors and 

precludes the need for identification or discovery of common antigens between cancer types176.  

An analysis of 173 published trials covering 3444 patients revealed that patients receiving whole 

tumor or tumor lysate-based vaccines had objective responses of 8.1% (138 of 1711), compared 

to only 3.6% (63 of 1733) in those receiving specific antigen-based therapy173. Interestingly, lack 

of difference between the use of autologous versus allogeneic cell lines suggested an increased 

role for epitope spreading in the success of these therapies over antigen-specific therapies (it is 

suggested that the chances of inducing epitope spreading may be higher with a larger initial 

multiclonal T-cell response)173,177. However, it is worth noting that this meta-analysis was 

conducted on a broad range of different therapeutics of varying levels of immunogenicity. 

Alternatively, the case against the use of allogeneic tumor cells may be made by the failure of the 

GM-CSF secreting allogeneic whole cell vaccine, GVAX, in obtaining clinical efficacy in phase 

III trials for prostate cancer, despite early promise178. Lack of sufficient relevant antigens in the 

allogeneic cell line may be attributed for this failure, but lack of sufficient adjuvanticity of the 

vaccine formulation itself or issues during commercial scale-up of vaccine production may also be 

alternative explanations78. To overcome issues with adjuvanticity, whole cell vaccines maybe 

combined with other immunotherapies. For example, treatment with a heterologous prime-boost 
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regimen consisting of GVAX (with chemotherapy to deplete T-regs) followed by boost with 

Listeria monocytogenes expressing a specific tumor antigen (mesothelin) enhanced overall 

survival of patients with pancreatic adenocarcinoma compared to patients who just received 

GVAX and chemotherapy alone179. The lack of efficacy of monotherapy with GVAX compared 

to when used in combination with other therapies suggests that more potent combinations (such as 

the prime-boost strategy) maybe required to fully avail the antigen repertoire presented by 

autologous whole cell vaccines (whether allogeneic or autologous).  

One possibility is combination with OV therapy, which appears to further potentiate whole cell 

vaccine therapy, with viral oncolysis increasing presentation of antigens and eliciting a stronger 

immune response than either therapy alone66,166,180–182. In murine models, autologous whole cell 

vaccines infected with MG1 or VSVΔ51 has shown promise in treating acute lymphoblastic 

leukemia (ALL) and melanoma, and vaccines infected with an IL-12 expressing MG1 has shown 

promise in treating PC66,166. 

1.4.3 Infected Cell Vaccines 

That immunogenicity of whole cell vaccines can be enhanced by ex-vivo infection with OVs was 

first observed in models involving oncolytic strains of the influenza A virus as early as 1967183. 

Since then several studies have demonstrated improved efficacy of whole cell vaccines infected 

with OVs in different models of cancer 66,166,182,184. Particularly, our group has demonstrated the 

enhanced efficacy of rhabdovirus-infected cell vaccines (ICV). Briefly, ICVs are prepared by 

infecting whole tumor cells ex-vivo with an OV before or after irradiation prior to delivery as a 

therapy.  

In a solid tumor model of B16F10 melanoma, Lemay et al. demonstrated that prophylactic 

vaccination with a VSVΔ51-ICV was effective in preventing tumor growth in 30% of subsequently 
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challenged mice compared to irradiated (irr) whole cells alone 182. B16F10 tumors are refractory 

to VSVΔ51 treatment unlike other more permissive tumor cell lines due to poor in-vivo infectivity. 

However, upon ex-vivo infection, as during the preparation of an ICV, high levels of infection are 

observed. This ex-vivo infection was shown to be required for efficacy of the ICV but subsequent 

replication beyond that during the preparation of ICV was shown to be redundant (a replication 

deficient VSVΔ51 was equally effective). This suggested that the ICV platform maybe ideal for 

use in models where OV therapy alone maybe ineffective. Similarly, Conrad et al. demonstrated 

that in murine models of ALL, mice vaccinated with whole cell ALL vaccines infected ex-vivo 

with MG1 was effective in protecting over 90% of mice from subsequent tumor challenge, 

suggesting the generation of adaptive responses as observed by Lemay et al.166. They further 

demonstrated that irr tumor cells when delivered alone or in conjunction with MG1 (mixed with 

cells or separately) without ex-vivo infection was not effective, further delineating that ex-vivo 

infection is critical for the efficacy of ICVs. Both studies also demonstrated the need for cellular 

integrity as infected apoptotic or necrotic cells were ineffective in providing protection.  

Interestingly, Lemay et al. observed enhanced efficacy when a VSVΔ51 expressing GM-CSF, an 

immune potentiating cytokine, was used to prepare the ICV (VSVgm-ICV), resulting in protection 

of over 95% of mice challenged with B16F10 tumors (compared to 30% without GM-CSF). 

Treatment with VSVgm-ICV lead to enhanced activation of DCs (CD86 expression) and NK and 

T-cells (CD69 expression) as early as 24 hours post-treatment and enhanced infiltration of 

activated NK and T-cells were observed when tumors were implanted in a Matrigel in vaccinated 

mice. This suggested that inclusion of immune-potentiating transgenes into the rhabdovirus may 

enhance the efficacy of ICVs in more difficult-to-treat models.  
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Similarly, Dr. Auer’s laboratory has developed an MG1 virus expressing the immune stimulating 

IL-12 cytokine, which when used in an ICV platform has been shown to be highly effective in 

models of PC, conferring better protection and tumor control than an ICV prepared with the 

parental MG1 virus66. 

1.4.4 Interleukin-12 

The potent immune stimulating cytokine, IL-12 bridges the innate and adaptive arms of the 

immune response and is a key mediator of responses against infections or cancer185. In a normal 

response to infected or transformed cells, IL-12 is produced by APCs following engagement of 

TLRs186–188. Successful recognition of IL-12 via the IL-12Rβ1 and β2 receptors will then activate 

NK and T-cells by triggering the canonical JAK-STAT-4 pathway185,189,190. Subsequent enhanced 

proliferation and upregulation of cytotoxic granules like perforin and granzyme-B in NK and T-

cells is accompanied by increased IFN-γ production, which further stimulates APCs to upregulate 

IL-12 production in a positive feedback loop186,191,192.  

IL-12 belongs to a family of cytokines that also includes IL-23, 27 and 35193–195. The only 

heterodimeric cytokine family, all members of the IL-12 family consist of two covalently bound 

subunits: a helical α-subunit, consisting of four helix bundles like those found in other type 1-

cytokines, and a β-subunit that is structurally similar to the extracellular regions of type-1 cytokine 

receptors (such as the IL-6 receptor α-chain and the ciliary neurotrophic factor receptor)186,193–199. 

In particular, IL-12 consists of IL-12p35 (35kDa) and IL-12p40 (40kDa) subunits, which are 

linked by a disulfide bond during production resulting in the release of the bioactive IL-12p70 

cytokine190,194–196. Interestingly p35 subunit transcripts have been observed in several cell types, 

but the p40 subunit is only produced by monocytes, macrophages, neutrophils and DCs, and 

therefore bioactive IL-12p70 is only produced by these cell types193,197,200. While p35 cannot be 



21 

 

secreted alone, secreted p40 homodimers have been shown to antagonize IL-12p70 activity by 

competitively binding to IL-12Rβ1 subunit186,201. However, p40 (also a component of IL-23) itself 

can also act as a chemoattractant for macrophages and has been shown to be necessary for 

migration of activated DCs (for T-cell priming) during Mycobacterium tuberculosis infection202. 

IL-12 production by DCs/Macrophages is initiated by engagement of TLRs 4,7 or 8 and production 

can be amplified following secondary signals through cytokines such as IL1β or IFN-γ and via 

direct cell-to-cell contact such as CD40-CD40L interactions186,190,203,204. On the other hand, IL-12 

production can be suppressed by type I IFNs, IL-10, TGF-β, PGE2 as well as TIM-3 and CTLA-4 

interactions59,186,190,205–207. 

Once IL-12 is released, binding of p40 to IL-12Rβ1 initiates Tyrosine kinase-2 signaling and p35 

to IL-12Rβ2 initiates JAK-2 signaling in target cells, both of which eventually lead to downstream 

phosphorylation and activation of STAT4189,193. As described before, this will then stimulate NK 

and T-cells, upregulating their cytotoxic potential and IFN-γ production186,190,191. Additionally, IL-

12 promotes differentiation of CD4+ into a Th1 phenotype, promotes IgG production from B-cells 

and augments NK cell ADCC which can synergize to eradicate tumors186,190,208,209. Although IL-

12 does not directly inhibit tumor growth, it induces release of IP-10, which has anti-angiogenic 

effects (as well as chemotactic properties). IL-12 also leads to tumor stroma destruction by 

inducing increased Fas expression on stromal cells, which can then be eliminated by infiltrating 

FasL-expressing T-cells186,210,211. Overall, IL-12 can induce a proinflammatory anti-tumor immune 

TME leading to immune-mediated control of tumor growth186.  

However, despite the potential of IL-12 and successes in animal models, systemic administration 

in various clinical trials led to disappointing results due to significant toxicities186. In addition, 

systemic repeated administration was countered by enhanced IL-10 production and a highly 
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suppressive human TME186,212. Since then, a better understanding of IL-12 therapy has been made 

and newer clinical trials with IL-12 have been initiated. Focus has shifted towards controlled 

localized or intratumoral delivery of IL-12 or use of IL-12 as a low dose adjuvant to other more 

targeted therapies such as whole cell or DC vaccines186,213. Localized delivery can be achieved via 

genetic methods such as delivery of inducible plasmids coding for IL-12 or adoptive cell therapy 

with cells containing the IL-12 gene under inducible promoters186,214–216. Alternatively, IL-12 can 

be encoded in viral vectors to promote localized and controlled but prolonged expression of IL-

12. In fact, adenovirus- and HSV-expressing IL-12 therapies are already in clinical 

trials180,186,217,218. 

1.4.5 MG1-IL12-ICV 

MG1-IL12-ICV is a promising new immunotherapy developed by our group that has shown 

success in curing murine models of PC66. MG1-IL12-ICV combines some of the promising aspects 

of the above-discussed immunotherapeutic options into one cocktail. Briefly, the MG1-IL12-ICV 

platform utilizes irr autologous whole tumor cells infected with the IL-12 expressing MG-1 virus 

to stimulate immune mediated destruction of tumors66.  

Previous reports from our group have described the design and validation of MG1-IL1266,219. 

Briefly, murine IL12 (p35 and p40 subunits connected by an elastin linker) was PCR amplified 

from pORF-mIL12 (IL12elasti (p35::p40); InvivoGen, SanDiego, CA) to introduce MluI (5’) and 

(3’) cloning sites, which was then inserted into the Maraba MG1 backbone between genes coding 

for the G and L proteins. After rescue, the recombinant MG1-IL12 virus was demonstrated to 

successfully infect and replicate in tumor cell lines and produced IL-12 upon replication.  

In a colon cancer model of PC, Alkayyal et al. demonstrated that MG1-IL12-ICV treatment 

(delivered intraperitoneally) was able to completely eradicate established CT26lacZ peritoneal 



23 

 

tumors, resulting in complete cures in over 90% of mice. This was more effective than treatment 

with irr cells, MG1-ICV, MG-1 or MG1-IL12 alone, MG1-ICV delivered in conjunction with 

recombinant IL-12, or an MG1-IL12-ICV prepared with a replication deficient MG1-IL12. This 

suggested that delivery of a replication-competent MG1-IL12 in the ICV platform was necessary 

to cure PC models of established disease. Mice cured of peritoneal disease in the CT26lacZ model 

developed long-lasting adaptive immunity and rejected subsequent challenge with CT26lacZ 

tumors. 

Mechanistically, Alkayyal et al. demonstrated that intravenous (i.v.) delivery of MG1-IL12-ICV 

increased IL-12 and IFN-γ production in lung homogenates and enhanced recruitment of NK cells 

(but not T-cells) to the lung66. Splenic NK cells from the MG1-IL12-ICV treated mice were also 

more effective at killing target YAC-1 cells ex-vivo, suggesting that NK cells are primary 

mediators of MG1-IL12-ICV efficacy. Subsequently, in a B16F10 lung metastasis model, reduced 

lung metastases were observed in MG1-IL12-ICV vaccinated mice compared to mice receiving 

irr cells or MG1-ICV. Similarly, in a PC model of B16F10 tumors, enhanced recruitment of 

activated NK cells to the peritoneal cavity was observed, and these cells were able to preferentially 

reject RMA-S tumor cells in an RMA/RMA-S in-vivo cytotoxicity assay. Subsequent studies 

revealed that NK cell activation and recruitment was, in part, mediated by the release of IP-10 

from DCs upon treatment with MG1-IL12-ICV. Finally, although these results indicated that NK 

cells maybe the primary drivers of ICV efficacy, depletion of CD8+ T-cells also abrogated the 

efficacy of MG1-IL12-ICV, suggesting a crucial role for adaptive immunity that is yet to be fully 

elucidated. 

A schematic of the known mechanisms of action of MG1-IL12-ICV is shown in Figure 2. 
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Figure 2 Proposed mechanisms of action of MG1-IL12-ICV. 

Upon delivery MG1-IL12-ICV produces MG1-IL12 viral particles, IL-12 and releases tumor-

associated antigens. IL-12 increases NK cell activity and IFN-ɣ production, and primes DCs to 

upregulate IP-10 production, which is a chemoattractant for both NK and T-cells. IL-12 may also 

induce a Th1 phenotype in CD4 T-cells. MG1-IL12 released from the ICV will also infect tumor 

cells and DCs in-vivo. This activates DCs and induces release of IFNα, which will further prime 

NK cells. Finally, viral infection of tumors will result in immunogenic cell death induced by viral 

cytolysis and immune-mediated destruction. Subsequent release of D/PAMPs and tumor-

associated antigens will further drive the innate and adaptive immune responses. IL12: Interleukin-

12; ICV: Infected Cell Vaccine; NK: Natural Killer; IFN: Interferon; DC: Dendritic cells; 

D/PAMPs: Damage/Pathogen-associated molecular patterns; TAA: Tumor-associated antigens; 

IP-10: IFN-γ-Inducible Protein 10.  
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1.5 Rationale and Hypothesis 

1.5.1 Rationale 

In a CT26lacZ model of PC, treatment with MG1-IL12-ICV confers over 90% survival efficacy 

in mice bearing syngeneic peritoneal tumors66,219. However, in more difficult-to-treat models of 

established peritoneal disease (CT26 wt, B16F10 and MC38), MG1-IL12-ICV increases median 

survival but does not provide long-term durable cures, suggesting that further investigation into 

the barriers to efficacy of treatment with MG1-IL12-ICV is warranted.  

While the first report on MG1-IL12-ICV detailed the necessity of NK-cell recruitment for efficacy 

of this vaccine, depletion of CD8+ T-cells in the model also abrogated its efficacy, suggesting that 

the adaptive immune response is also critically involved. In fact, mice that are cured of tumors 

following MG1-IL12-ICV treatment demonstrate long-lived specific anti-tumor immunity and 

reject subsequent tumor challenges. We therefore investigated the generation of CD8+ T-cell 

responses following vaccination with MG1-IL12-ICV, and whether this response can be enhanced 

using a prime-boost vaccination strategy (in our case, irr cells followed by MG1-IL12-ICV) that 

has been shown to generate strong target-specific T-cell responses in other models of pathogens 

and cancer including unpublished work done by our collaborators Oliver Varette and Dr. Jean-

Simon Diallo in models of ICV179,180,220–222.  

Furthermore, the lack of durable cures despite the generation of a strong anti-tumor immune 

response suggests the presence of immunosuppressive mechanisms in tumors of the peritoneal 

cavity that may develop over the course of MG1-IL12-ICV therapy. This also suggested that 

enhanced NK cell activity resulting from MG1-IL12-ICV treatment may become less effective as 

the tumor progresses or is insufficient to control tumor growth. Therefore, to better understand the 

effects of MG1-IL12-ICV and to improve its efficacy, we sought to investigate the nature of 
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immune responses generated upon treatment with MG1-IL12-ICV and any anti-tumor or 

immunosuppressive mechanisms that develop in the TME of established peritoneal tumors during 

ICV treatment. 

1.5.2 Hypothesis and Research Objective 

Hypothesis: Anti-tumor immune responses generated by MG1-IL12-ICV is hindered by 

immunosuppressive mechanisms established in the peritoneal TME over the course of therapy. 

Overall Research Objective: To elucidate the nature of immune responses to MG1-IL12-ICV 

treatment generated in the peritoneal TME to identify an evidence-based approach for enhancing 

efficacy of MG1-IL12-ICV by utilizing combination therapies to augment anti-tumor immune 

responses or to limit immunosuppressive elements. 

Research Objectives 

1. Investigate the nature of anti-tumor CD8+ T-cell responses generated upon vaccination with 

MG1-IL12-ICV. 

2. Examine the TME of progressing peritoneal tumors after treatment with MG1-IL12-ICV to 

identify anti-tumor and immunosuppressive mechanisms generated over the course of MG1-

IL12-ICV therapy. 
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2. Methods 

2.1 Cells and Viruses 

B16F10 (murine melanoma), CT26 (murine colon carcinoma), Vero (monkey kidney) and YAC-1 

(murine lymphoblast) cell lines were obtained from American Type Culture Collection (Manassas, 

VA). MC38 (murine colon adenocarcinoma) and B16-OVA were gifts from Dr. John Bell and 

laboratory (Ottawa Hospital Research Institute, Ottawa, ON). Cell lines were maintained in 

HyClone™ Dulbecco’s Modified Eagle’s Media (DMEM; GE healthcare, Mississauga, ON, CA) 

supplemented with 10% fetal bovine serum (FBS; Sigma-Aldrich, St Louis, MO). Cell lines were 

regularly checked for mycoplasma contamination using Hoescht-staining and/or e-MycoTM 

VALiD Mycoplasma PCR Detection Kit (iNtRON Biotechnology, Sangdaewon-Dong, South 

Korea). 

Primary murine cells were harvested from spleens using mechanical dissociation or from tumors 

using Miltenyi’s Murine Tumor Dissociation kit (Miltenyi Biotec, Bergisch Gladbach, Germany) 

following manufacturer’s protocol. Primary cells from spleen, peritoneal cavity wash and tumors 

were then treated with Ammonia Chloride Potassium (ACK)-lysis buffer to remove red blood cells 

and maintained in HyClone™ Roswell Park Memorial Institute (RPMI) medium (GE healthcare) 

supplemented with 10% FBS (Sigma-Aldrich). Cells from peripheral blood were treated twice 

with ACK-lysis buffer and then maintained in RPMI containing 10% FBS, 1% Non-Essential 

Amino Acids; 1% HEPES; and 0.5mM 2-β-mercaptoethanol) for ex-vivo analysis. 

All cells, when cultured, were maintained at 37oC with 5% CO2. 
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Viruses (MG1, MG1-GFP and MG1-IL12) were propagated from seed stocks in Vero cells and 

viral titers were obtained via plaque assays using previously published methods223. The Maraba 

MG-1 platform is a patented product of Turnstone Biologics (New York, NY). 

2.2 Animals 

Female C57Bl/6 mice were obtained from Charles River Laboratories (Wilmington, MA) and were 

housed at the University of Ottawa Animal Care and Veterinary Service (ACVS) facilities 

(Ottawa, ON) in specific pathogen-free conditions. Animals were between 6-10 weeks of age at 

study initiation. Animal studies complied with the Canadian Council on Animal Care guidelines 

and were approved by the University of Ottawa Animal Research Ethics Board. 

2.3 Infected Cell Vaccine 

Cell lines were harvested and washed twice with Phosphate Buffered Saline (PBS; Corning, 

Manassas, VA), and then resuspended in DMEM at 5 x 107 cells/mL (± 10%). Cells were then 

irradiated (X-ray) for 60 gray before infection with MG-1 or MG1-IL12 at a Multiplicity of 

Infection (MOI) of 10, for 2 hours in rotation before i.p. delivery (5 x 106 cells; 5 x107 plaque 

forming units (pfu) of virus/ mouse) or subsequent in-vitro analysis. Irradiated cells (irr) were 

prepared similarly without the infection step. 

2.4 Viral Cytotoxicity 

Cytotoxicity was measured by Alamar Blue (Resazurin sodium salt; Sigma-Aldrich, St Louis, MO) 

assay using a modified previously published protocol67. Briefly, cells were infected with different 

MOIs (0.1 -10) of MG1 or MG1-IL12 for 24 hours before addition of Alamar Blue. Viability of 

cells was measured by conversion of resazurin to resorufin over the next four hours, measured by 

change in absorbance at 570nm. Viability relative to mock-infected cells are reported. 
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2.5 Murine Models 

For prophylactic models, C57Bl/6 mice were vaccinated with two doses of irr cells, MG1-ICV or 

MG1-IL12-ICV given one week apart. For heterologous prime-boost vaccination strategy, mice 

were given irr cells followed by MG1-IL12-ICV one week later. One week following second 

vaccination dose, animals were challenged with syngeneic 1x105 cells subcutaneously (sc.) in the 

flank and monitored for tumor outgrowth. Mice were end-pointed when tumor volume (0.5 x 

length x width2) exceeded 1625 mm3. 

For therapeutic models, C57Bl/6 mice were implanted with 1 x 105 cells i.p. and treated with six 

bi-weekly doses of irr cells, MG1-ICV, MG1-IL12-ICV starting 5 days post-tumor implantation. 

To test heterologous prime-boost vaccination strategy in a therapeutic model, mice were implanted 

with tumors and treated starting 3 days post-tumor implantation. Mice were monitored for 

respiratory distress and peritoneal distension and end-pointed when extensive respiratory distress 

or abdominal distension was observed as indicated by trained personnel or ACVS technicians. 

To characterize immune subsets, C57Bl/6 mice were implanted with B16F10 or B16-OVA tumors 

(1 x 105) i.p. as described in the therapeutic model. A group of mice were treated with three doses 

of vaccination and sacrificed 15 days post tumor implantation, and the other group of mice were 

treated with five doses of vaccination and sacrificed 20 days post tumor implantation to asses early 

and late stages of treatment (Schedule A; refer to Figure 10). Alternatively, in another model, mice 

were sacrificed 18 hours after the first, third and sixth vaccination dose to study efficacy of 

successive vaccination doses (Schedule B, refer to Figures 20). 
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2.6 In-vivo cytotoxic T-lymphocyte (CTL) assay 

In-vivo cytotoxic T-lymphocyte (CTL) assay was performed using a modified protocol as 

described elsewhere224. Briefly, splenocytes from naïve animals were labeled with Cell Trace 

Violet (CTV) or carboxyfluorescein succinimidyl ester (CFSE) (ThermoFisher Scientific, 

Waltham, MA), and then peptide-pulsed with a H2kb-restricted tumor antigen peptide p15E 

(KSPWFTTL; MBL International, Woburn, MA) or left unloaded, before i.v. delivery into 

vaccinated mice. Eighteen hours after injection, spleens from recipient mice were obtained and 

specific lysis of p15E-loaded splenocytes was calculated as described elsewhere224. First, ratio of 

non-peptide-loaded cells to peptide-loaded cells was calculated for each sample. Then, percent 

specific lysis was calculated = [1-(Average of Naïve Mice Ratio/Experimental Mice ratio)] x 100. 

The same vaccination schedule was used as for prophylactic models; in-vivo CTL was performed 

on the same day as tumors would otherwise be implanted in vaccinated mice.  

2.7 Ex-vivo Peptide Stimulation 

Isolated cells were stimulated ex-vivo with H2kb-restricted peptides (10 μg/mL; VSV N protein 

peptide (VSVn): RGYVYQGL; ovalbumin (OVA) peptide: SIINFEKL) for 6 hours; 5 hours in 

the presence of BD GolgiPlug protein transport inhibitor containing brefeldin A (Becton Dickinson 

(BD), Franklin Lakes, NJ). Subsequently, cells were washed and stained using Fixable Viability 

Stain 510 (BD) and treated with Purified Rat Anti-Mouse CD16/CD32 (Mouse BD Fc Block™) 

(BD). Cells were then stained for extracellular markers (CD45, CD3 and/or CD8) as indicated for 

flow cytometry. For intracellular IFN-γ staining, cells were fixed and permeabilized using BD 

Cytofix/Cytoperm™ (BD) following the manufacturer’s protocol. 
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2.8 Immune Cell Profiling 

To characterize immune subsets, single-cell suspension of isolated cells from spleens, peritoneal 

cavity wash and tumors (where available) were obtained as described in Section 2.1 (Cells and 

Viruses) following treatment of animals with schedule A or B described under Section 2.5 (Murine 

Models). Cells were then stained with Fixable Viability Stain 510 (BD), treated with Purified Rat 

Anti-Mouse CD16/CD32 (Mouse BD Fc Block™) (BD), and then stained with extracellular 

markers. For intracellular IFN-γ staining, cells were fixed and permeabilized using BD 

Cytofix/Cytoperm™ (BD) following the manufacturer’s protocol. Where required, cells were 

stained for intranuclear Foxp3 using eBioscience™ Foxp3 / Transcription Factor Staining Buffer 

Set (ThermoFisher Scientific) following manufacturer’s protocols. A detailed list of antibodies can 

be found in Appendix A. 

2.8.1 NK Cell Responsiveness 

To study NK cell responsiveness to target YAC-1 cells, isolated cells were co-cultured with target 

YAC-1 cells at a 3:1 cell: YAC-1 ratio. Cells were co-cultured at 37oC 5% CO2 in the presence of 

anti-CD107a antibody (BD) and BD GolgiStop™ Protein Transport Inhibitor (containing 

Monensin) for 4 hours before being stained for extracellular and intracellular (IFN-γ) markers, as 

described above. 

2.8.2 Phagocytosis Assay 

To study phagocytosis and antigen processing, splenic cells were co-cultured with DQ-Ovalbumin 

(DQ-OVA; ThermoFisher Scientific) for 1 hour before staining for extracellular markers as 

described above. 
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2.8.3 Hematoxylin and Eosin Staining 

Harvested tumors were fixed in 10% buffered formalin for 24-72 hours and stored in 70% ethanol. 

Fixed tumors were then paraffin embedded by the University of Ottawa Histology Core Facility. 

Formalin-fixed paraffin-embedded (FFPE) tumors were then stained using standard hematoxylin 

and eosin (H&E) staining protocols.  

2.9 NanoString Gene Expression Analysis of Formalin-fixed Paraffin-Embedded Tumors 

Tumor tissue from FFPE B16F10 peritoneal tumors from animals treated according to schedule A 

were micro-dissected using AVENIO Millisect System (Roche, Basel, Switzerland). RNA was 

then extracted using RecoverAll™ Total Nucleic Acid Isolation Kit for FFPE (ThermoFisher 

Scientific). RNA was then analyzed using NanoString’s nCounter PanCancer Immune Profiling 

Panel (Mouse) (NanoString Technologies, Seattle, WA) following manufacturer’s protocols. 

Briefly, extracted RNA was hybridized with capture and reporter probe-sets for nCounter XT 

CodeSet Gene Expression Assay for PanCancer Immune Profiling Panel (Mouse) before analysis 

on an nCounter Dx Analysis System (NanoString Technologies) at the University of Ottawa Heart 

Institutes’ Cardiometabolic microRNA Laboratory. 

Data analysis, data quality checks and normalization were carried out using NanoString’s nSolver 

Analysis Software (Version 3.0 or 4.0) following recommended guidelines as described 

elsewhere225. Heat maps, volcano plots, cell type scores and individual gene’s fold 

up/downregulation was prepared using nSolver. Upregulated pathways were identified using Gene 

Ontology Consortium’s Enrichment Analysis Tool by using genes that were at least 2 log2 fold 

upregulated with p<0.05 (Benjamin-Yukateli)226. Housekeeping genes used for this analysis is 

listed in Appendix B. 
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2.10 Data and Statistical Analysis 

Data is presented as Mean ± Standard Deviation (SD). All statistical analyses were performed 

using GraphPad Prism 5.0 software (GraphPad Software, San Diego, CA). Where samples were 

found to be non-parametric (using Kolmogorov-Smirnov test (with Dallal-Wilkinson-Lilliefor P-

value) or D’Agostino and Pearson omnibus normality test), Kruskal Wallis with Dunn’s Post-test 

was used. Otherwise, a one-way analysis of variance (ANOVA) with Bonferroni Post-test was 

conducted, with p<0.05 considered to be statistically significant. Alamar blue cytotoxicity and 

in-vivo CTL specific lysis values were calculated using Microsoft Excel (Microsoft, Redmond, 

WA). 

Survival analyses were performed according to the Kaplan–Meier method using the Mantel-Cox 

log-rank test by Graph Pad Prism 5.0. Differences were found to be statistically significant when 

p-values were below the significance level of 0.05 after it was adjusted using Bonferroni correction 

for multiple comparisons (by dividing significance level (0.05) by the number of comparisons 

made in each survival curve; i.e., if five comparisons were made, p<0.01 was considered 

significant). Flow cytometry was performed at the University of Ottawa’s Flow Cytometry Core 

Facility using the BD LSR Fortessa (BD) or BD Celesta (BD) Flow Cytometers. Analysis of flow 

data was conducted using FlowJo v10 (FlowJo, LLC, Ashland, OR). 
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3. Results 

3.1 MG1 and MG1-IL12 demonstrate similar cytotoxicity in different solid tumor cell lines. 

The first step in characterizing the immune response to MG1-IL12-ICV was to establish that the 

inherent infectivity and cytotoxicity induced by the parental MG1 virus was similar to that of the 

engineered MG1-IL12 virus in different solid tumor cell lines. To this end, different cell lines 

(CT26lacZ, CT26 wt, B16F10 and MC38) were infected with different multiplicities of infection 

(0.001, 0.01, 0.1, 1 and 10) for 24 hours before addition of and fluorometric analyses of 

metabolized Alamar Blue. Cytotoxicity of both MG1 and MG1-IL12 was equivalent in all cell 

lines although CT26lacZ was more sensitive to viral oncolysis at lower MOIs (Figure 3). However, 

viral cytotoxicity was equivalent at the MOI (10) at which the ICV is prepared, similar to what we 

have previously reported66. 
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Figure 3. MG1-IL12 exhibits similar viral cytotoxicity to MG1 in different solid tumor cell 

lines.  

Different solid tumor cell lines (CT26lacZ, CT26 wild type, B16F10 ad MC38) were infected with 

different MOIs of MG1 or MG1-IL12 for 24 hours before addition of Alamar Blue. Fluorescence 

of metabolized Alamar Blue was monitored for up to 6 hours. Viability of infected cells relative 

to uninfected controls for each cell line is plotted. Date representative of three technical replicates. 

Mean ± SD is presented. wt: wildtype; IL:Interleukin 
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3.2 A heterologous prime-boost vaccination regimen (irradiated cells followed by MG1-

IL12-ICV) generates cell-mediated anti-tumor immunity and delays tumor-growth. 

3.2.1 Vaccination with irradiated cells, MG1-IL12-ICV or a heterologous prime-boost delays 

tumor growth in a prophylactic subcutaneous model. 

Having established similar viral toxicity across different tumour models, I next utilized a 

prophylactic vaccination strategy similar to that utilized by Chantal et al. to determine if 

vaccination with MG1-IL12-ICV is able to generate anti-tumor memory responses. The 

prophylactic model allowed us to focus on the ICV’s effects on the adaptive immune response 

while avoiding potential drawbacks of an immunosuppressive TME known to be present in 

established tumors. Briefly, mice were vaccinated i.p. with two doses of irr tumor cells or MG1-

IL12-ICV 7 days apart; or were vaccinated with one dose of irr cells followed by vaccination with 

one dose of MG1-IL12-ICV (heterologous prime-boost) (Figure 4a). Vaccinated or untreated mice 

were then challenged with 1x105 B16F10 wt cells sc. to monitor tumor outgrowth. Vaccination 

with two doses of irr cells (median survival: 38 days) and MG1-IL12-ICV (median survival: 32.5 

days) modestly delayed tumor growth compared to non-vaccinated animals but this did not reach 

statistical significance (median survival: 27 days; Figures 4b and c). However, a heterologous 

prime-boost combination provided the best protection (median survival: 48.5 days, Media vs 

Prime-boost, p=0.0008, Mantel-Cox Log-Rank Test with Bonferroni correction for multiple 

comparisons). The three vaccination groups were, however, not found to be statistically 

significantly different than each other. 
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Figure 4. Priming animals with irradiated cells prior to vaccination with MG1-IL12-ICV 

delays tumor growth and improves survival in a B16F10 model. 

a) C57Bl/6 mice were vaccinated i.p. with two vaccinations one week apart as shown, before 1x105 

B16F10 subcutaneous challenge. b) Tumor volumes over time are shown. Number of mice that 

eventually grew tumors are indicated in parenthesis. c) Corresponding survival curves are shown. 

Statistical significance was calculated using Mantel Cox Log Rank Test with Bonferroni 

correction. Data is pooled from two separate experiments. **p<0.002. i.p.: intraperitoneal; sc.: 

subcutaneous 
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3.2.2 A heterologous prime-boost in a B16-OVA model generates H2kb-SIINFEKL specific 

CD8+ T-cells. 

To allow correlation of CD8+ T-cell responses to a delay in tumor growth, we utilized the B16-

OVA model, which allows identification of SIINFEKL (an immunodominant OVA peptide)-

specific CD8+ T-cell responses (Figure 5a). Interestingly, in the B16-OVA model, vaccination 

with irr cells did not delay tumor growth (median survival: 22 vs 20 days). As previously observed, 

both MG1-IL12-ICV (median survival: 54 days) and heterologous combination (median survival 

not reached) provided a survival benefit compared to media-treated and irr cells (p<0.008, 

Mantel-Cox Log-Rank Test with Bonferroni correction; Figure 5b and c). 

To correlate the observed delays in tumor growth with the generation of a specific anti-tumor 

immune response, we performed saphenous bleeds on days 13 and 20 post-first vaccination and 

measured the CD8+ T-cell response following ex-vivo stimulation with H2kb-restricted SIINFEKL 

or VSVn peptide (Figure 6a). No detectable anti-tumor CD8+ immune response was detected 13 

days following the first vaccination However, a robust anti-viral immune response was detected 

in both MG1-IL12-ICV vaccinated and heterologous vaccinated mice (p<0.05, one-way analysis 

of variance; Figure 6b). Similar results were obtained when saphenous bleeds were stimulated ex-

vivo seven days post-first vaccination and 20 days post-first vaccination (six days post-challenge) 

(data not shown). 

At the latter timepoint (20 days post-first vaccination), saphenous bleeds were also stained with 

H2kb-SIINFEKL tetramers alongside CD3 and CD4 surface stains (a CD8 antibody clone that did 

not interfere with tetramer staining was not available at the time). We observed the generation of  
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Figure 5. Priming animals with irradiated cells prior to vaccination with MG1-IL12-ICV 

delays tumor growth and improves survival in a B16-OVA model. 

a) C57Bl/6 mice were vaccinated i.p. with two vaccinations one week apart as shown, before 1x105 

B16-OVA subcutaneous challenge. b) Tumor volumes over time are shown. Number of mice with 

growing tumors is indicated in parenthesis. b) Corresponding survival curves are presented. 

Statistical significance was calculated using Mantel Cox Log Rank Test with Bonferroni 

correction. *p<0.01. i.p.: intraperitoneal; sc.: subcutaneous 
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Figure 6. A heterologous prime-boost generates SIINFEKL-reactive CD3+ CD4- T-cells and 

a robust anti-viral T-cell response. 

a) C57Bl/6 mice were vaccinated i.p. with two vaccinations one week apart as shown, before 1x105 

B16-OVA subcutaneous challenge. Blood from the saphenous vein was then collected 13 and 20 

days post-first vaccination. b) For day 13, saphenous blood cells were incubated ex-vivo with 

H2kb-restricted SIINFEKL or VSVn peptides and cells stained for intracellular IFN-γ production. 

Percentage of CD8+ T-cells positive for IFN-γ upon ex-vivo stimulation is plotted. Significance 

was calculated using a one-way analysis of variance with Bonferroni post-test. c) For day 20, cells 

were stained with H2Kb-SIINFEKL specific tetramers. Percentage of CD3+ CD4- T-cells that were 

SIINFEKL tetramer positive is plotted. Mean ± SD. DMSO: Dimethyl sulfoxide; IFN-γ: Interferon-

γ. *p<0.05, **p<0.01, ***p<0.001.  
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anti-tumor H2kb-SIINFEKL tetramer positive CD3+ CD4- cells in two out of five mice that were 

vaccinated with the heterologous combination (1.7% ± 1.6%, not significant, Kruskal Wallis with 

Dunn’s Post-test) but not in any of the other groups (Figure 6c). However, no correlation could be 

identified between mice that generated a T-cell response and those that delayed tumor outgrowth. 

At this stage, my ex-vivo experiments suggested that MG1-IL12-ICV was able to generate a 

modest anti-tumor CD8+ T-cell response when administered in a prime-boost model. However, 

this was in contradiction with the significant delay in tumor growth observed in our models. We 

therefore wanted to investigate whether a more robust T-cell response could be observed in-vivo, 

particularly if our ex-vivo assays were not sensitive enough to detect the T-cell response being 

generated. We therefore sought to investigate CD8+ T-cell responses in-vivo using an in-vivo CTL 

assay.  

3.2.3 Heterologous prime-boost generates CD8+ T-cell-mediated anti-tumor immunity as 

evidenced by an in-vivo cytotoxic T-cell assay. 

Unpublished work from our collaborators in the CT26 wt model had demonstrated that in prime-

boost models of ICV, significant responses to a tumor-associated retroviral antigen, gp-70, can be 

observed using the in-vivo CTL assay in Balb/c mice. We therefore similarly chose to investigate 

CD8+ T-cell responses to the p15E retroviral antigen. p15E, derived from the p15E transmembrane 

protein of the murine leukemia virus (MuLV), is an endogenous retroviral antigen constitutively 

expressed in C57Bl/6 mice (and overexpressed in H2b haplotype syngeneic tumors like B16 

melanoma)227–230. CTLs against p15E have been shown to reduce pulmonary metastasis of B16 

tumors and is often used to determine tumor-specific T-cell responses against several C57Bl/6 

syngeneic tumors227–229. Briefly, spleens from naïve mice were labeled with fluorescent dyes and 

then pulsed with a tumor-associated H2kb-restricted p15E peptide or left unloaded. A 1:1 mixture 
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of tumor-peptide loaded and unloaded splenocytes were then delivered i.v. to vaccinated mice one-

week post vaccination (following the same vaccination schedule as in Figure 5a). Spleens of 

vaccinated mice were then isolated 24 hours post injection, and preferential killing of tumor-

peptide loaded splenocytes was analyzed by calculating percent specific lysis. A representative 

flow plot demonstrating the two labeled populations is shown in Figure 7a. Again, while all three 

vaccination strategies delayed tumor growth in the B16F10 model, only the heterologous 

combination was able to generate a robust specific anti-tumor CD8+ T-cell response as measured 

by the CTL assay (65.6% ± 30.2%; compared to media: 0.4 ± 0.4 %, irr: 0%, and MG1-IL12-ICV: 

10.8 ± 2.1%; Figure 7b). Heterologous vaccination was significantly better than vaccination with 

irr cells (p<0.05, Kruskal Wallis with Dunn’s Post-test) in generating a T-cell response, further 

corroborating ex-vivo findings that the prime-boost vaccination strategy was best at generating 

adaptive immune responses. 

Overall, my investigations in Aim 1 revealed evidence from 2 models and 3 assays that vaccination 

with MG1-IL12-ICV is able to delay tumor growth and generates, albeit modest, specific anti-

tumor CD8+ T-cell responses, particularly when administered in a prime-boost vaccination 

regimen. I therefore began working on Aim 2 which sought to better understand the pro- and anti-

tumor immune responses generated in the TME of progressing peritoneal tumors over the course 

of MG1-IL12-ICV therapy, to identify barriers to efficacy and avenues that can be explored to 

enhance outcomes in treatment-averse models. 
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Figure 7. A heterologous prime-boost vaccination strategy generates strong anti-tumor 

responses. 

C57Bl/6 mice were vaccinated as described in Figure 4a before i.v. injection of labeled splenocytes 

from naïve mice loaded with (labeled with CTV) or without p15E (labeled with CFSE) tumor 

peptide. 24 hours post-injection of labeled splenocytes, spleens from recipient mice were analyzed 

for p15E specific killing. a) Representative flow plot of labeled cells from spleen of naïve mice 

and b) scatter plots of percent specific lysis are presented. Statistical significance was calculated 

using Kruskal Wallis with Dunn’s Post-test. Mean ± SD., CTV: Cell Trace Violet; CFSE: 

carboxyfluorescein succinimidyl ester. *p<0.05 
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3.3 MG1-IL-12-ICV increases survival in models of peritoneal carcinomatosis. 

3.3.1 Treatment with multiple doses of MG1-IL-12-ICV increases median survival in models of 

peritoneal carcinomatosis 

In a rapidly growing model of PC, where 1x105 B16F10 cells are implanted intraperitoneally, 

treatment with six doses of MG1-IL12-ICV starting 5 days post-tumor implantation delays tumor 

growth and increases median survival of mice (25 days) compared to mice treated with vehicle (15 

days (p<0.0002, Mantel-Cox Log-Rank Test with Bonferroni correction)), irr cells (16 days 

(p<0.0002)) or MG1-ICV (19 days (p<0.002)) following the same dosing schedule (Figure 8a and 

b). Despite significant improvements in median survival, no treatment strategy provided durable 

cures. Data was pooled with B16F10 PC survival analysis experiments conducted previously in 

Dr. Rebecca Auer’s laboratory by Dr. Almohanad Alkayyal.  

In a similar model of PC, where 1x105 MC38 cells are implanted intraperitoneally, treatment with 

MG1-IL12-ICV 5 days post-tumor implantation delays tumor growth and increases median 

survival of mice (23 days) compared to mice treated with vehicle (16 days (p<0.002, Mantel-Cox 

Log-Rank Test with Bonferroni correction); Figure 8a and c) or irr cells (16 days (p<0.002)). 

Similarly, no durable cures were obtained. 

3.3.2 A heterologous prime-boost strategy is not effective in treating peritoneal carcinomatosis. 

Given that a heterologous combination was most effective in generating a CD8+ T cell response in 

non-tumor bearing mice and delaying tumour outgrowth upon subsequent challenge (indicating 

memory responses), we postulated that a heterologous combination may similarly stimulate 

immune response and provide protection in tumour bearing animals. To accommodate for the 

dosing schedule of a prime-boost vaccination strategy and given that mice receiving irr cells have  
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Figure 8. Treatment with MG1-IL12-ICV increases median survival of mice bearing 

peritoneal tumors. 

a) 1x105 B16F10 or MC38 cells were seeded in the peritoneal cavity of C57Bl/6 mice before 

treatment with six biweekly doses of the indicated vaccines. Survival curve of mice bearing b) 

B16F10 or c) MC38 tumors are shown. Statistical significance was calculated using Mantel Cox 

Log Rank Test with Bonferroni correction **p<0.002, ***p<0.0002. Data pooled from several 

experiments.  
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a median survival of 16 days, we began treatment earlier, 3 days post tumor-implantation (Figure 

9a). Initiating treatment earlier in the B16F10 PC model with repeated dosing with MG1-IL12-

ICV (median survival: 46 days, p<0.002, Mantel-Cox Log-Rank test with Bonferroni correction; 

Figure 9b) provided survival benefit when compared to both the heterologous prime-boost (median 

survival: 18 days) and vehicle control (median survival: 17 days), and the latter two were not 

significantly different. Since my primary goal was to better understand the efficacy of the vaccine 

in the context of tumour bearing animals, subsequent studies were conducted using multi-dose 

strategy in the late treatment models of established disease. 

3.4 Treatment with MG1-IL12-ICV increases immune infiltrates into the tumor 

The previous studies suggested that despite an initial control of tumour growth, multi-dose MG1-

IL12-ICV is ultimately unable to confer long term protection. To better understand this 

phenomenon and the relative immune response to the multi-dose strategy, I sought to characterize 

the immune infiltrates present in the peritoneal cavity and the tumour itself following 

administration of three (15 days post-tumor implantation) and five doses (20 days post-tumor 

implantation) of ICV respectively. These timepoints were chosen as they correspond to the median 

survival of vehicle-treated mice and MG1-ICV-treated mice respectively.  

Additionally, tumors were also fixed in formalin and paraffin embedded for use in gene expression 

analysis and immunohistochemistry. Treatment schedule and H&E staining of representative 

tumors for each treatment groups are presented (Figure 10 a and b). H&E staining revealed 

increased infiltration of lymphocytes (or lymphocyte-like cellular structures) into the tumor of 

mice treated with MG1-IL12-ICV. Mice treated with MG1-IL12-ICV were also found to have 

reduced tumor burden when sacrificed 15 days and 20 days post tumor implantation (Appendix 

C). Tumors up to a maximum of 1 gram were collected for flow cytometry; some residual tumor  
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Figure 9. Repeated dosing with MG1-IL12-ICV provides greater protection than 

heterologous prime-boost in peritoneal tumor bearing animals. 

a) 1x105 B16F10 cells were seeded in the peritoneal cavity of C57Bl/6 mice before treatment with 

six biweekly doses of MG1-IL12-ICV or a heterologous prime-boost consisting of irradiated cells 

3 days post-tumor implantation followed by MG1-IL12-ICV a week later (indicated in purple) as 

described in the schedule above. b) Survival curves for the different treatments are shown. 

Statistical significance was calculated using Mantel Cox Log Rank Test with Bonferroni 

correction. **p<0.002. 
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Figure 10. Treatment with MG1-IL12-ICV increases immune infiltrates into established 

B16F10 tumors. 

C57Bl/6 mice were injected i.p. with 1x105 B16F10 cells before receiving three or five bi-weekly 

doses of infected cell vaccines or irradiated cells starting five days post-tumor implantation. a) 

Treatment schedule and timing of sacrifice and analysis is shown. Spleen, peritoneal cavity wash 

and tumors were collected and analyzed by flow cytometry. Tumors were also fixed in formalin 

and paraffin embedded for subsequent analysis. b) Hematoxylin and Eosin (H&E) staining of 

representative tumors harvested 15 days post-tumor implantation and treated with three doses of 

vehicle, MG1-ICV or MG1-IL12-ICV showing immune infiltrates is presented. Arrow points to 

cellular structures indicative of immune infiltration in MG1-ICV or MG1-IL12-ICV treated 

tumors. FFPE: Formalin-fixed paraffin-embedded. i.p.: intraperitoneally 
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tissue could not be resected, and tumor tissue collected for fixing and paraffin-embedding was 

not weighed as matched normal tissue was collected in tandem. 

3.4.1 MG1-IL12-ICV treatment increases CD11c+ dendritic cells, CD8+ and CD4+ T-cells in the 

tumor microenvironment 

We employed multi-parameter flow cytometric analysis to further investigate the nature of the 

immune infiltrates we observed by H&E. Using gating strategies similar to the one detailed in 

Figure 11, we characterized a number of immune cell subsets including DCs, T-cells, MDSCs and 

T-regs. These studies revealed an increased presence of immune infiltrates (CD45+) in the 

peritoneal cavity and tumors of mice treated with MG1-IL12-ICV, and the subsets present 

indicated the presence of a pro-inflammatory TME. One of my primary interests was in 

characterizing the T-cell response and the steps leading to the generation of a T-cell response; 

these analyses are outlined below beginning with recruitment of DCs (CD11c+). 

3.4.1.1 Dendritic Cells 

The recruitment of DCs represents a critical first step in the generation of an adaptive T-cell 

response. Flow cytometric analysis of CD45+ cells revealed that there was an increased proportion 

of CD11c+ cells as a percentage of CD45+ cells in the peritoneal cavity wash at day 15 (11.7% ± 

2.2%, p<0.05, Kruskal-Wallis with Dunn’s Post Test) compared to vehicle-treated (8.2 ± 2.9%) 

mice (Figure 12a). Similarly, an increase in the total number of CD11c+ cells in the peritoneal 

cavity was observed in MG1-IL12-ICV-treated mice at both day 15 (9.5x105 ± 4.7x105 cells) and 

day 20 (1.3x106 ± 1.0x106 cells) compared to vehicle-treated mice (3.9x105 ± 3.9x105, p<0.01 

Kruskal-Wallis with Dunn’s Post Test Figure 13a). Although not statistically significant, DC 

infiltration into the tumor in MG1-IL12-ICV treated mice (14.2% ± 6.3% of CD45+) was higher  
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Figure 11. Gating strategy for flow cytometric analysis of immune infiltrates in the peritoneal 

cavity and tumors 

A representative gating strategy for flow cytometric analysis is presented. For all analysis, cells 

were initially identified by FSC-A and SSC-A, and then gated on singlets (FSC-H vs FSC-A), live 

cells (unstained by BV510 fluorescing fixable viability stain), and then on CD45+ cells. Subsequent 

analysis depended on subsets being analyzed. Here we present analysis of CD3+, CD4+ and CD8+ 

T-cells and CD11c+ dendritic cells. FSC: Forward Scatter; SSC: Side Scatter; A: area; H: height. 

BV: Brilliant Violet. 
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Figure 12. MG1-IL12-ICV increases the proportion of CD11c+ dendritic cells and CD8+ 

and CD4+ T-cells in the TME. 

Scatter plots depicting proportion of a) CD11c+ dendritic cells and b) CD3+, CD8+ and CD4+ 

T-cells as a percentage of CD45+ cells in the tumor and peritoneal cavity wash as determined by 

flow cytometry is presented. Mice were treated according to the schedule in figure 10, and 

peritoneal cavity wash and tumor were analyzed by flow cytometry after 15 and 20 days post-

tumor implantation. Statistical analysis was conducted using Kruskal Wallis with Dunn’s Post-

test. Results from three pooled experiments. Mean ± SD *p<0.05 **p<0.01 ***p<0.001. D20 

refers to end-point on day 20. 
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Figure 13 MG1-IL12-ICV increases total number of CD11c+ Dendritic Cells  and CD8+ and 

CD4+ T-cells in the TME. 

Scatter plots depicting total number of a) CD11c+ Dendritic Cells and b) CD3+, CD8+ and CD4+ 

T-cells in the peritoneal cavity wash and number of cells per gram of tumor are presented. Mice 

were treated according to the schedule in figure 10, and peritoneal cavity wash and tumor were 

analyzed by flow cytometry after 15 and 20 days post-tumor implantation. Statistical analysis was 

conducted using Kruskal Wallis with Dunn’s Post-test. Results from three pooled experiments. 

Mean ± SD *p<0.05 **p<0.01 
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than in other groups at day 15, and total number of CD11c+ cells per gram of tumor was also 

higher at both timepoints in MG1-IL12-ICV-treated mice. 

3.4.1.2 T-Cells 

Upon investigation, I observed that the increase in DCs within the peritoneal cavity and tumour 

following vaccination was associated with a significant infiltration of CD3+ T-cells into the TME 

of MG1-IL12-ICV-treated mice, comprising on average 45.0 ± 13.5% of the CD45+ cells in the 

tumor compared to only 11.1 ± 10.1% in untreated tumors (p<0.001, Kruskal-Wallis with Dunn’s 

Post-test, Figure 12b). In contrast, treatment with irr cells or MG1-ICV alone had less than 20% 

T-cells as a proportion of CD45+ cells. The relative increase in T-cell infiltration (31.4 ± 17.3 %) 

was maintained at day 20 compared to MG1-ICV. Similarly, although not statistically significant, 

the total number of T-cells per gram of tumor tissue was higher in MG1-IL12-ICV treated animals 

at both time points (Figure 13b). Increased T-cell infiltration into the peritoneal cavity of MG1-

IL12-ICV treated mice was also observed at both day 15 (3.4x106 ± 2.0x106 cells) and day 20 

(3.5x106 ± 1.9x106 cells) (p<0.01, Kruskal-Wallis with Dunn’s Post-Test, Figure 13b). The 

proportion of CD45+ cells at day 15 that were CD3+ was also higher (41.3 ± 9.5%) in the peritoneal 

cavity of MG1-IL12-ICV-treated mice compared to mice in all other treatment groups. 

Examination of the relative proportion of CD4+ and CD8+ T-cell infiltrates revealed an enhanced 

infiltration of both subsets. In particular, there was a significant increase in the proportion of CD8+ 

CD3+ T-cells in the tumor (20.1 ± 7.7%) following vaccination with MG1-IL12-ICV when 

compared to vehicle-treated tumors (6.0 ± 8.3%, p<0.001 Kruskal-Wallis with Dunn’s Post-Test). 

Interestingly, we did not observe an increase in the proportion of this subset in the peritoneal cavity 

in any group at any time point examined, but the total number of CD3+ CD8+ T-cells was higher 

in MG1-IL12-ICV treated-mice at both timepoints compared to vehicle-treated mice (day 15: 
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1.3x106±9.5x105 (p<0.01); day 20: 1.3 x106 ±7.7 x105 (p<0.05) compared to vehicle-treated mice 

(3.3 x105 ±2.0 x105; Kruskal-Wallis with Dunn’s Post-test). 

CD4+ T-cell infiltration was similarly increased albeit more pronounced in both the peritoneal 

cavity and in the tumors, with proportion of CD4+ infiltrates into the tumor of MG1-IL12-ICV-

treated mice (20.6 ± 7.2%) being significantly higher than both vehicle-treated (3.7 ± 2.4; p<0.001) 

and MG1-ICV-treated (6.5 ± 4.7%; p<0.05) mice (Kruskal-Wallis with Dunn’s Post-test) at day 

15. In contrast to our observation of the CD3+ CD8+ subset, proportion of infiltrating CD45+ cells 

that were CD4+ in the peritoneal cavity following MG1-IL12-ICV treatment was significantly 

higher than in all other groups. The total number of CD4+ T-cells were also subsequently higher 

in MG1-IL12-ICV-treated mice at both timepoints (day 15: 1.9x106±1.1 x106 (p<0.01); day 20: 

1.7 x106 ±8.8 x105, p<0.05) compared to vehicle-treated mice (4.2 x105 ±2.5 x105; Kruskal-Wallis 

with Dunn’s Post-test). 

Importantly, although the total number of both CD8+ and CD4+ T-cells at day 20 were similar to 

those observed at day 15, the proportion of CD45+ cells that were CD8+ or CD4+ was lower at the 

later timepoint suggesting the infiltration of other subsets, such as immunosuppressive cells that 

may infiltrate the TME at later timepoints to counter the proinflammatory environment. 

3.4.2 MG1-IL12-ICV decreases the presence of MDSCs and does not alter the CD8:T-reg ratio. 

Recruitment of immunosuppressive cells may be one potential mechanism responsible for 

dampening the initial immune response, therefore I sought to identify whether known 

immunosuppressive subsets were being recruited in response to MG1-IL12-ICV vaccination. 

Unexpectedly, MG1-IL12-ICV treatment resulted in a significant reduction in the proportion of 

MDSCs (CD11b+ Gr1hi) present in the TME (7.1 ± 6.2%) compared to vehicle-treated tumors (24.1 

± 9.8%), and the reduction was maintained later in therapy (p<0.05, Kruskal-Wallis with Dunn’s 
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Post-test, Figure 14a and b). Although not significant similar trends were also observed in the 

peritoneal cavity (Figure 14b). The total number of MDSCs were also not significantly different 

between the groups, although a higher number of MDSCs per gram of tumor was observed in 

MG1-ICV-treated mice, suggesting that these subsets may play a role in suppressing the efficacy 

of MG1-ICV (Figure 14c).  

I also observed that despite modest increases in presence of regulatory CD4+ Foxp3+ T-cells in the 

tumour following vaccination with MG1-IL12-ICV, there was no significant change in the 

CD8:T-reg ratio, a more reliable indicator of immune suppression. In MG1-IL12-ICV treated 

tumors there were 1.6 ± 0.6% T-regs compared to 0.5±0.4% in vehicle-treated tumors (p<0.05, 

Kruskal Wallis with Dunn’s Post-test, Figure 15). Similarly, no significant change in the 

CD8:T-reg ratio was observed in the peritoneal cavity despite increases in the number of T-regs in 

MG1-IL12-ICV-treated mice at the later timepoint. These results suggest that the efficacy of MG1-

IL12-ICV is not being abrogated due to the increased presence of these suppressive cells in the 

TME.  

3.5 Gene expression profile of formalin-fixed paraffin-embedded tumors from MG1-IL12-

ICV treated mice reveal an inflamed immune signature 

To enable a greater level of immune characterization and to identify relevant immunological 

changes, RNA was obtained from micro-dissected FFPE tumors and analyzed using the 

NanoString Immune Profiling Gene Expression Panel as described in Section 2.9 (Figure 16). This 

approach allows us to quantitate the relative differences in immune related transcripts present 

across time points and treatment methods in an unbiased manner. Therefore, selected MG1-IL12-

ICV-treated tumors resected at early and late timepoints (15 and 20 days post tumor-implantation) 

and vehicle-treated tumors resected at day 15 were analyzed to identify additional factors that may  
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Figure 14. MG1-IL12-ICV decreases presence of CD11b+ Gr-1hi MDSCs in the TME 

a) Representative dot plot showing gating for CD11b+ Gr-1hi cells. b) Scatter plots depicting 

proportion of CD11b+ Gr-1hi cells as a percentage of CD45+ cells in the tumor and peritoneal cavity 

wash as determined by flow cytometry. c) Scatter plots depicting total number of CD11b+ Gr-1hi 

cells in the peritoneal cavity and per gram of tumor are presented. Mice were treated according to 

the schedule in figure 10, and peritoneal cavity wash and tumor were analyzed by flow cytometry 

after 15 and 20 days post-tumor implantation. Statistical analysis was conducted using Kruskal 

Wallis with Dunn’s Post-test. Results from two pooled experiments. Mean ± SD *p<0.05 MDSC: 

Myeloid Derived Suppressor Cells 
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Figure 15. MG1-IL12-ICV increases the presence of CD4+ Foxp3+ T-regs in the tumor but 

does not alter the CD8:T-reg ratio. 

a) Representative gating strategy for CD4+ Foxp3+ T-regs is shown. Scatter plots depicting b) 

proportion of CD4+ Foxp3+ cells as a percentage of CD45+ cells and c) total number of CD4+ 

Foxp3+ cells in the tumor and peritoneal cavity wash as determined by flow cytometry. d) Scatter 

plots depicting the ratio of CD8+ T-cell: CD4+ Foxp3+. Mice were treated according to the schedule 

in figure 10, and peritoneal cavity wash and tumor were analyzed by flow cytometry after 15 and 

20 days post-tumor implantation. Statistical analysis was conducted using Kruskal Wallis with 

Dunn’s Post-test. Results from two pooled experiments. Mean ± SD *p<0.05 
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Figure 16. MG1-IL12-ICV treatment results in an increase in transcripts involved in 

antigen processing and presentation and NK and T-cell responses. 

a) Representative pictures of FFPE sections stained with H&E used as reference to identify tumor 

tissue and corresponding unstained serial section used for microdissection (and subsequent RNA 

isolation) are shown. Selected tumor area is highlighted in green. Milling path of micro-dissector 

corresponding to the selected area is shown in red. Non-tumor tissue left on FFPE serial section 

after microdissection is also shown.  

b) Heatmap of gene expression of micro-dissected FFPE tumors from mice treated with MG1-

IL12-ICV (or vehicle) and sacrificed 15 or 20 days after tumor implantation reveals increased 

presence of immune-related genes in MG1-IL12-ICV-treated tumors. Z-Euclidean average 

distance was used to calculate fold change. 

c)Volcano plots demonstrate that MG1-IL12-ICV-treated tumors extracted 15 days or 20 days 

post-tumor implantation have similar gene expression profiles to each other but different to that of 

vehicle-treated tumors. –log10 (p-value) vs log2 (fold change) is plotted. 

d) Gene Ontology (GO) analysis of genes upregulated in MG1-IL12-ICV-treated tumors extracted 

15 days post-tumor implantation revealed upregulation of pathways involved in antigen processing 

and presentation and NK and T-cell chemotaxis. Fold enrichment of the top 10 highly upregulated 

pathways identified via GO analysis are shown. 
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be contributing to the efficacy of treatment, and those that may be playing a role in suppressing 

the induced immune response. Representative pictures of FFPE serial sections micro-dissected for 

tumor tissue for subsequent RNA extraction is shown in Figure 16a. Consistent with our flow 

cytometric phenotyping, this approach revealed significant enrichment of pro-inflammatory 

immune associated genes in the MG1-IL12-ICV-treated tumors at both early and late time-points 

compared to vehicle treated tumors (Figure 16b and d), suggesting that MG1-IL12-ICV can heat 

up the TME and break immune privilege of established tumors. We also expected to identify 

transcriptional differences between tumors resected at early and late time-points, but no significant 

differences were observed between these two time-points in MG1-IL12-ICV-treated tumors 

(Figure 16c). 

3.5.1 Genes involved in antigen processing and presentation and NK and T-cell chemotaxis were 

upregulated in MG1-IL12-ICV-treated tumors. 

Gene ontology analysis of genes that were significantly upregulated (2 log2 fold change, Benjamin 

Yukateli, p<0.05) in MG1-IL12-ICV treated tumors resected at day 15 relative to vehicle-treated 

tumors were analyzed against the Mus musculus genome to identify pathways that were highly 

upregulated. The top 10 pathways with the highest fold change include pathways involved in 

antigen processing and presentation of both exogenous and endogenous antigens, as well as those 

involved in T-cell and NK cell chemotaxis, and regulation of IL-18, which is known to synergize 

with IL-12 in regulating efficacy (Figure 16d). 

3.5.2 Gene correlation analysis identifies T-cells and cytotoxic cells as significantly upregulated 

in MG1-IL12-ICV-treated tumors. 

NanoString “Cell Scores” are obtained by correlating expression of genes that are specific to 

certain cell types to predict and identify the presence of these cells within the tumor231. Gene 
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expression levels of two (or more) genes that can serve as specific markers for a cell type should 

theoretically be perfectly correlated (i.e. a slope of 1 is obtained when gene expression levels are 

plotted). By evaluating gene expression of cell type-specific marker genes within experimental 

samples, we can evaluate how significant these correlations are and whether cell type abundance 

can be reliably predicted using solely gene expression data. In our data set, T-cell and cytotoxic 

cell-specific gene markers were significantly correlated, and both subsets were found to be more 

abundant in MG1-IL12-ICV-treated tumors than in vehicle-treated tumors (Figure 17a). Sample 

gene expression correlation data for genes associated with cytotoxic cells, such as genes coding 

for granzyme-A/B (Gzma/b) and perforin (Prf1) is shown in Figure 17b, demonstrating that 

correlations were close to 1, and that these markers can reliably predict presence of cytotoxic cells. 

Taken together, the flow phenotyping, gene expression analysis and presence of tumour specific 

CD8+ T cell responses in vaccinated animals suggest that MG1-IL12-ICV generates a robust anti-

tumour response. However, the survival experiments suggest that this response is ultimately 

ineffective in controlling tumour growth, a finding which cannot be attributed to changes in major 

immunosuppressive cell populations.  

3.6 Immune checkpoint regulators are upregulated following MG1-IL12-ICV therapy 

3.6.1 PD-L1 expression is upregulated on CD45+ immune infiltrates in the peritoneal cavity. 

Given that MG1-IL12-ICV creates a favorable pro-inflammatory immune response but is unable 

to control tumour growth, I next sought to examine whether the T-cells themselves were 

intrinsically impaired by investigating changes in the expression of checkpoint molecules. Mice 

were treated as in Figure 10, and peritoneal cavity wash and tumors were analyzed for PD-L1 and 

PD-L2 expression. PD-L1 expression on CD45+ subsets in the peritoneal cavity and in tumors 

were upregulated in MG1-IL12-ICV-treated animals at day 20 (Figure 18). On average, 43.4 ±  
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Figure 17. Gene expression data reveals increased abundance of T-cells and cytotoxic cells 

in MG1-IL12-ICV-treated tumors. 

a) Box and Whisker plots of NanoString Cell Scores for T-cells and cytotoxic cells are presented. 

Median is represented by the horizontal line in the middle of the box; the edges of the box represent 

the first and third quartiles and the tails represent 1.5 times the interquartile range. b) Correlation 

of normalized gene expression data for genes specific to cytotoxic cells is presented. A strong 

correlation with a slope close to 1 indicates that candidate genes are specific to a cell type and is 

stably expressed. 
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Figure 18. Temporal increases in the expression of PD-L1 on CD45+ cells in the TME is 

observed with repeated treatment with MG1-IL12-ICV 

a) Representative dot plots showing PD-L1 expression on CD45+ subsets in the peritoneal cavity 

are presented. Scatter dot plots of b) percentage of and c) total number of cells of CD45+ cells that 

are PD-L1+ is shown. Statistical analysis was conducted using Kruskal Wallis with Dunn’s Post-

test. Mean ± SD.  *p<0.05 **p<0.01 ***p<0.001. PD-L1: Programmed Death Ligand 1.  
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23.4% of CD45+ subsets was PD-L1+ in MG1-IL12-ICV treated tumors at day 20 compared to 

only 10.0 ± 6.6% in MG1-IL12-ICV treated tumors at day 15 (Figure 18b). Similarly, increased 

number of PD-L1+ CD45+ cells per gram of tumor were observed at day 20 in MG1-IL12-ICV-

treated mice, although this was not statistically significant (Figure 18c). In the peritoneal cavity, 

38.7 ± 4.1% of CD45+ cells were PD-L1+ at day 20, while only 18.5 ± 2.7% were PD-L1+ in the 

peritoneal at day 15 (Figure 18b). However, the total number of CD45+ cells in the peritoneal 

cavity that were PD-L1+ was higher in MG1-IL12-ICV treated mice at both day 15 

(1.7x106±7.3x105, p<0.05) and day 20 (3.9 x106 ±2.0x106, p<0.001) compared to vehicle-treated 

mice (4.4x105±3.4x105) suggesting that these mechanisms may have been initiated early on during 

treatment (Kruskal-Wallis with Dunn’s Post-test). No such changes in PD-L2 expression was 

observed (data not shown). 

3.6.2 Gene expression of other checkpoint molecules are also upregulated in MG1-IL12-ICV-

treated tumors. 

While flow analysis pointed to PD-L1 as a viable target, gene expression analysis of other known 

checkpoints including (PD-L1, PD-1, CTLA-4, Tim-3, Lag3, 2B5, CD160 and IL1R8) revealed 

that these were also upregulated in MG1-IL12-ICV-treated tumors compared to untreated tumors 

(Figure 19). Interestingly, PD-L2 gene expression was only modestly upregulated (no change was 

observed in flow data; not shown). This suggests that single checkpoint blockade may not enhance 

efficacy of MG1-IL12-ICV, as they maybe compensated for by other checkpoints. 

3.7 Enhanced NK cell activation is reduced following successive ICV treatment 

Given that efficacy of MG1-IL12-ICV appears to disappear later in therapy, we began to 

investigate cellular responses within 18 hrs of vaccination following the first, third and sixth dose 

of ICV (Figure 20a). Although, my project has focused on the adaptive response, I now sought to  
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Figure 19. Gene expression of several checkpoint molecules are upregulated in MG1-IL12-

ICV treated tumors. 

Box and Whisker plots of gene expression of PD-L1, PD-1, PD-L2, CTLA-4, Tim-3, Lag 3, 

CD160, 2B4 and IL1R8 in MG1-IL12-ICV-treated (isolated 15 or 20 days post-tumor 

implantation) or untreated tumors are presented. Median is represented by the horizontal line in 

the middle of the box; the edges of the box represent the first and third quartiles and the tails 

represent 1.5 times the interquartile range. 
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Figure 20. MG1-IL12-ICV increases CD69 expression on NK cells but this activation 

diminishes after multiple doses of ICV 

C57Bl/6 mice were implanted with B16-OVA tumors before receiving 1, 3 or 6 doses of vehicle, 

MG1-ICV or MG1-IL12-ICV before sacrifice and analysis of cellular responses. a) Treatment 

regimen is shown. b) CD69 expression on CD45+ NK1.1+ cells were examined in spleen and 

peritoneal cavity wash cells 18hrs post each dose of ICV by flow cytometry. Statistical analysis 

was conducted using Kruskal Wallis with Dunn’s Post-test. Mean ± SD. DC: dendritic cell; NK: 

natural killer cells. i.p. intraperitoneal *p<0.05, **p<0.01.   
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investigate NK cell responses, which have previously been shown to drive ICV efficacy, and 

determine if NK cell responses are similarly diminished over the course of therapy. Additionally, 

we utilized the B16-OVA cell line to enable identification of tumor-specific T-cell responses and 

investigated splenic DC activation as well. 

3.7.1 Increased CD69 expression on NK cells induced by MG1-IL12-ICV is reduced following 

successive doses. 

Cells from spleen or peritoneal cavity wash of B16-OVA tumor-bearing mice receiving MG1-

IL12-ICV, MG1-ICV or vehicle were isolated after the first, third and sixth dose and stained for 

NK cell phenotype markers and CD69 (Figure 20a). Both MG1-ICV and MG1-IL12-ICV induced 

CD69 expression on nearly 100% of NK cells found in the spleen (p<0.05) and peritoneal cavity 

wash (p<0.01) after the first dose (Kruskal-Wallis, with Dunn’s Post-Test, Figure 20b). However, 

this activation was completely abrogated after the third (28.9 ± 3.7%, p<0.01) and sixth dose (34.0 

± 7.4%, p<0.05) in the spleen in MG1-IL12-ICV treated mice (Kruskal-Wallis, with Dunn’s Post-

Test). CD69 downregulation was also observed in MG1-ICV treated mice after dose 3. Since 

MG1-ICV treated mice and vehicle-treated mice do not survive to the sixth dose, only MG1-IL12-

ICV treated data is available for the sixth dose.  

Downregulation of NK cell CD69 expression is also observed in the peritoneal cavity, with 74.0 

± 6.3% of NK cells that were CD69+ after the third dose, and 62.0 ± 12.5 % were CD69+ after the 

sixth dose. Activation after the sixth dose of MG1-IL12-ICV was significantly lower than after the 

first dose of MG1-IL12-ICV in the peritoneal cavity (p<0.01, Kruskal-Wallis with Dunn’s Post-

test), suggesting that NK cell responses are diminished over the course of therapy. Since CD69 is 

a surrogate marker for activation, we then investigated responsiveness of NK cells by co-culturing 

with target YAC-1 cells to better understand the nature of NK cell dysfunction following therapy. 
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3.7.2 Enhanced responsiveness of NK cells to target YAC-1 cells is reduced following successive 

doses of ICV. 

Cells were harvested as above and then co-cultured with target YAC-1 cells at a 3:1 effector: target 

ratio, and IFN-γ production and degranulation by NK cells was measured (Figure 21a). IFN-γ 

production from NK cells was increased in cells isolated from MG1-IL12-ICV-treated mice after 

the first dose in both the spleen (28.3 ± 6.5%) and peritoneal cavity (25.8 ± 8.7%) compared to 

cells from vehicle-treated mice (spleen, 0.5 ± 0.3 (p<0.001); peritoneal cavity wash, 0.7% ± 0.8 

(p<0.01)) (Kruskal-Wallis with Dunn’s Post-test, Figure 21b). Similar to CD69 expression, IFN-γ 

expression was abrogated in the spleen after the first dose. In the peritoneal cavity, IFN-γ 

production was increased after the third dose of MG1-IL12-ICV in response to YAC-1 cells (43.1 

± 13.4%), but this was abrogated after the sixth dose. Interestingly, increased degranulation 

(CD107a expression), upon YAC-1 co-culture, was maintained in cells obtained from the spleen 

and peritoneal cavity after each dose of MG1-IL12-ICV. In the peritoneal cavity, degranulation of 

NK cells from MG1-IL12-ICV-treated mice was higher than those from the peritoneal cavity of 

vehicle-treated mice, particularly after the third dose (MG1-IL12-ICV: 61.7 ± 8.9% vs Vehicle: 

10.1 ± 7.7%, p<0.01, Kruskal-Wallis with Dunn’s Post-test). Overall, this suggests that MG1-

IL12-ICV is more effective at activating NK cells and maintaining this activation than MG1-ICV, 

as we have previously reported. But, more importantly, this reveals that subsequent doses of ICVs 

are not as effective as early doses in activating NK cell responses and may identify why MG1-

IL12-ICV does not provide durable cures despite early tumor control. 

3.8 Early splenic dendritic cell activation is abrogated after the first dose of ICV 

Given that activation of innate responses maybe abrogated after successive doses, I utilized a 

similar treatment schedule to investigate DCs from spleens of treated mice after each dose of ICV.  
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Figure 21. Early doses of MG1-IL12-ICV increases responsiveness of NK Cells to target 

YAC-1 cells. 

a) Representative flow plots for gating of NK cells and IFN-γ production and CD107a surface 

expression with and without YAC-1 cells are shown. b) Scatter plots of NK cell responsiveness 

(CD107a and IFN-γ expression) after multiple doses of MG1-IL12-ICV in the spleen and 

peritoneal wash after co-culture with target YAC-1 cells  (Target: Effector ratio of 1:3) for 4 hrs 

in the presence of Golgi Transport Inhibitor (Monensin) and anti-CD107a antibody before staining 

for surface markers and intracellular IFN-y is shown. Statistical analysis was conducted using 

Kruskal Wallis with Dunn’s Post-test. Mean ± SD. IFN: Inteferon * p<0.05 ** p<0.01 ***p<0.001. 
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Splenocytes were harvested from B16-OVA tumor bearing mice receiving vehicle, MG1-ICV or 

MG1-IL12-ICV after the first, third and sixth dose of ICV and incubated for 1 hr with DQ-OVA. 

Fluorescence of the normally quenched fluorophore increases following phagocytosis and 

processing enabling direct quantification of the antigen processing capacity by flow cytometry. 

Despite the increase in DCs found in the TME, no significant difference in DQ-OVA phagocytosis 

was observed between the groups after different doses of ICV suggesting that their intrinsic 

phagocytic capabilities may not be enhanced by MG1- or MG1-IL12-ICV. However, DQ-OVA 

phagocytosis and processing was lower in MG1-IL12-ICV groups after the third (31.0±2.2%, 

p<0.01) and sixth (42.9 ± 6.4%, p<0.05) doses of ICV, compared to the first dose of MG1-IL12-

ICV (62.2±3.5%) (Kruskal-Wallis with Dunn’s Post-test, Figure 22). In addition to antigen uptake 

and presentation by DCs activation of T cells requires engagement of co-stimulatory molecules 

such as CD86. Interestingly, CD86 expression on CD11c+ dendritic cells from MG1-IL12-ICV-

treated mice (59.0±4.9%, p<0.01) and MG1-ICV-treated mice (56.1±4.4, p<0.05) was 

significantly higher than in vehicle-treated mice (1.0±0.2%; Kruskal-Wallis with Dunn’s Post-test; 

Figure 22). However, activation was completely abrogated when cells were harvested after the 

third and sixth doses. These findings suggest that activated DCs are present in the spleen at least 

at early time-points and may be involved in generating specific T-cell responses. 

3.9 MG1-IL12-ICV induces anti-tumor and anti-viral CD8+ T-cell responses 

3.9.1 MG1-IL12-ICV generates H2kb-SIINFEKL Tetramer+ CD8+ T-cells 

Provided that we could detect an increase in DC infiltration, antigen uptake and activation, I next 

sought to determine whether this response was associated with an anti-tumour T-cell response in 

MG1-IL12-ICV vaccinated animals. Using a tetramer containing the immunodominant epitope of 

ovalbumin (H2kb-SIINFEKL tetramer) we assessed the presence of tumour targeting CD8+ T cells  
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Figure 22. Enhanced activation of splenic DCs by ICV is abrogated after the first dose. 

CD86 expression and DQ-OVA phagocytosis and processing after 1 hr of co-culture with DQ-

OVA was measured by flow cytometry. a) Representative flow plots and b) scatter plots depicting 

CD86 expression or DQ-OVA expression in CD11c+ cells is shown. Kruskal Wallis with Dunn’s 

Post-test. Mean ± SD. * p<0.05 ** p<0.01 ***p<0.001 
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present in the spleen and peritoneal cavity after the third dose of treatment (13 days following 

tumour implantation) as shown in Figure 23. Notably, MG1-IL12-ICV vaccination resulted in 0.41 

± 0.21 % (spleen) and 0.26 ± 0.26% (peritoneal cavity) H2kb- SIINFEKL tetramer+ compared to 

only 0.08 ± 0.09% (spleen) and 0.13 ± 0.18% (peritoneal cavity) in vehicle-treated mice (p<0.05, 

Kruskal-Wallis with Dunn’s Post-test, Figure 23b) indicating the presence of specific anti-tumour 

response. However, since tetramer staining does not capture the functionality of these tumor 

reactive cells we next sought to address this. 

3.9.2 Ex-vivo stimulation with a viral peptide induces robust IFN-γ production from CD8+ T-

cells from mice treated with MG1-IL12-ICV 

To test functionality, we directly stimulated cells ex-vivo with H2kb- restricted SIINFEKL or 

VSVn peptides before analysis of IFN-γ production (Figure 24 a). As expected, a robust anti-viral 

VSVn response was detected in cells obtained from the spleen and peritoneal cavity of mice 

vaccinated with either MG1-ICV or MG1-IL12-ICV. In particular, in the peritoneal cavity, MG1-

ICV induced 34.4 ±8.6 % and MG1-IL12-ICV induced 46.6 ± 4.1% IFN-γ production from CD8+ 

T-cells when stimulated ex-vivo with VSVn (Figure 24b). Interestingly, no detectable response to 

SIINFEKL was observed when stimulated ex-vivo suggesting that the tetramer positive cells may 

likely be non-functional and therefore ineffective in clearing tumour at this time point. 
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Figure 23. Repeated dosing with MG1-IL12-ICV generates tumor specific CD8+ T-cells 

a) Representative scatter plot for tetramer staining is shown. b) Scatter plot showing H2Kb-OVA 

(SIINFEKL) tetramer positive cells as a percentage of CD8+ T-cells in spleen and peritoneal cavity 

of mice bearing B16-OVA tumors and treated with 3 doses of ICV (13 days post infection). 

Kruskal Wallis with Dunn’s Post-test. Mean ± SD *p<0.05 
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Figure 24. Treatment with MG1-IL12-ICV generates a robust anti-viral CD8+ T-cell 

response 

Cells from spleen and peritoneal cavity of treated mice were stimulated with H2kb-restricted 

peptides (SIINFEKL, VSVn or DMSO) for 6 hrs with Brefeldin A (for 5 hr) before staining for 

IFN-γ.  a) Representative flow plots of IFN-y expression in CD8+ T-cells upon ex-vivo stimulation 

with the indicated stimuli is shown. b) Scatter plot showing percentage of CD8+ T-cells positive 

for IFN-γ. Kruskal Wallis with Dunn’s Post-test. Mean ± SD. IFN: Inteferon * p<0.05, **p<0.01 
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4. Discussion 

Oncolytic virotherapy, whole cell tumor vaccines and cytokine-therapy are three promising 

therapeutic options for the treatment of cancer. All three approaches have proven to be effective 

in pre-clinical models and several have been shown to have efficacy in clinical trials. However, as 

discussed before, these therapies have limitations when delivered as single therapy. In contrast, 

MG1-IL12-ICV combines the potent oncolytic properties of the Maraba MG-1 oncolytic virus 

with a personalized antigen repertoire of autologous whole cell vaccines and the immune-

stimulating properties of IL-12 all in a single therapy66. Previously, our group has shown MG1-

IL12-ICV to be a promising approach for the treatment of PC and provides better tumor control 

when compared to treatment with MG1 or MG1-IL12 virus alone, irr autologous tumor cells alone, 

MG1-ICV alone or MG1-ICV delivered simultaneously with recombinant IL-12. 

MG-1 can preferentially infect and kill cancer cells leaving normal tissue unaffected, while 

inducing a robust anti-viral and anti-tumor immune response67,159. However, the degree to which 

MG-1 can infect and replicate in different tumor types is variable, and infectivity of tumors in-vivo 

is significantly lower than observed in-vitro182. Ex-vivo infection of tumors, as during the 

preparation of ICVs, can overcome this barrier by enhancing infection and replication of viruses 

in tumors and allowing in-vivo replication and transgene expression upon delivery182. In fact, 

efficacy of MG1-IL12-ICV is abrogated when a replication deficient MG1-IL-12 virus is used219. 

Rhabdovirus (MG-1 and the closely related VSVΔ51) based-ICVs have proven to be effective in 

leukemic and solid tumor models (such as B16F10) but limitations exist166,182. The inclusion of 

the potent IL-12 cytokine transgene into the MG-1 backbone further potentiates the efficacy of the 

ICV platform, with complete cures observed in the CT26lacZ model of PC66. However, limited 
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efficacy in more resistant tumor models, suggested that a more thorough investigation into the 

nature of this vaccine was warranted. 

Our initial investigation of MG1-IL12-ICV revealed an essential role for the enhanced activation 

of innate compartments of the immune system (including NK and DCs). This finding was not 

surprising given the known role of IL-12 as a regulator of NK cell activity186. However, during 

these investigations we observed that depletion of CD8+ T-cells impaired vaccine efficacy, 

suggesting an involvement for the adaptive arms of the immune response66,219. However, the nature 

of this response was not elucidated. Additionally, although the IL-12 expressing vaccine can 

control tumor growth at early stages in treatment-refractory models (such as B16F10), long-term 

durable cures have rarely been achieved. This suggests that immunosuppressive mechanisms in 

the TME of MG1-IL12-ICV-treated animals may arise over the course of therapy. Alternatively, 

mechanisms that render the vaccine ineffective may also be playing a role. 

My work undertaken during this thesis has contributed significantly to our understanding of the 

nature of CD8+ T-cell responses generated in response to MG1-IL12-ICV therapy, and their role 

in providing protection in mice bearing established peritoneal tumors. Furthermore, an exhaustive 

analysis of the TME revealed that MG1-IL12-ICV was indeed effective in creating a robust pro-

inflammatory environment within the TME, while preventing the expansion of 

immunosuppressive cell types such as MDSCs. However, increased presence of checkpoint 

molecules was observed in the TME. This suggested a potential avenue to explore for additional 

combination therapies that could synergize with MG1-IL12-ICV. In addition, these studies 

determined that successive doses with MG1-IL12-ICV also results in attenuated innate responses 

which may also contribute to reduced vaccine efficacy. 
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4.1 Delayed tumor growth following prime-boost vaccination is not dependent on anti-tumor 

CD8+ T-cell responses. 

Generation of a robust adaptive immune response, particularly a CD8+ T-cell response, has been 

shown to be required for the efficacy of cancer therapies in both pre-clinical and clinical studies96–

100. Previously, depletion of CD8+ T-cells in mice bearing peritoneal B16F10 tumors rendered 

treatment with MG1-IL12-ICV ineffective. However, the nature of the role of CD8+ T-cells in the 

efficacy of MG1-IL12-ICV was not elucidated.  

To avoid the potential impact of the known immunosuppressive TME present in established 

tumors, we elected to utilize a tumor naïve (or prophylactic treatment model) to better understand 

how MG1-IL12-ICV can prime adaptive immune responses on its own. To this end, I vaccinated 

mice with two doses of irr B16F10 cells or MG1-IL12-ICV or a heterologous combination of irr 

cells followed by MG1-IL12-ICV (prime-boost) before implanting syngeneic B16F10 tumors sc. 

one week post-second vaccination (Figure 4). In this context, we observed that whole cell 

autologous tumor vaccines could delay tumor growth regardless of adjuvanticity. However, the 

prime-boost vaccination strategy was the best at delaying tumor growth in a subset of mice, 

suggesting greater potency in generating an adaptive immune response. Interestingly, vaccination 

controlled tumor growth in only a subset of mice and most mice eventually grew out tumors. 

Although the delayed tumor growth may be attributed to the cancer cells undergoing the three 

stages of cancer immunoediting (elimination, equilibrium, and escape) at different rates, 

eventually evading all anti-tumor mechanisms, it is unclear which mechanisms are at play15. This 

also suggests that protective immune responses generated by these vaccines can be improved as 

they are currently unable to completely eradicate tumor growth. 
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Confirming the generation of an adaptive response in prime-boost animals, an in-vivo CTL assay 

showed that H2kb-restricted p15E tumor antigen loaded splenocytes were preferentially killed in 

mice receiving the heterologous regimen and somewhat in mice treated with two doses of MG1-

IL12-ICV. Since the splenocytes were loaded with H2kb-restricted peptides, it suggests that the 

killing would primarily be mediated by CD8+ T-cells that can recognize the p15E peptide being 

presented on MHC-I on the loaded splenocytes. This insinuated that perhaps delayed tumor 

outgrowth is not directly co-related with the generation of a CD8+ T-cell response, as both MG1-

IL12-ICV and irr cells-treated mice also delayed tumor outgrowth.  

In a B16-OVA model, where MG1-IL12-ICV and heterologous prime-boost provide similar 

protection against tumor growth in naïve animals, the presence of modest levels of tumor-reactive 

CD8+ T-cells was observed in peripheral blood of heterologous-treated mice. However, no 

correlation could be observed with mice that delayed or rejected tumor growth and those that 

exhibited a measurable anti-tumor CD8+ T-cell response. This suggested that other adaptive 

mechanisms such as a CD4+ T-cell response may be playing a role in generating protective 

responses. 

In fact, several studies have demonstrated that CD4+ T-cells can reject tumor growth in a CD8+ T-

cell independent manner232–234. Using transgenic MataHari and Marilyn murine models, each 

containing pure populations of antigen-specific CD8+ and CD4+ T-cell, respectively, Perez-diez et 

al. demonstrated that CD4+ T-cells were more effective at controlling tumors in-vivo than 

corresponding CD8+ T-cells despite limited indication of in-vitro cytotoxicity232. CD8+ T-cell 

independent CD4+ T-cell mediated tumor control has been posited to synergize with NK cells, 

NKT cells or macrophages in different studies in both MHC-II-dependent and independent 

manners232,233,235. While the role of CD4+ T-cells in our solid tumor prophylactic models have not 
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been elucidated, more studies in this regard is warranted considering findings suggesting that a 

CD8+ T-cell response may aid but does not directly correlate with tumor growth delays when 

treated with ICVs. In fact, a recent unpublished study on ICVs in prophylactic leukemia models 

has demonstrated that depletion of CD4+ T-cells significantly abrogates the efficacy of vaccines 

(more than the depletion of CD8+ T-cells), and depletion of both T-cell subsets completely 

abrogated the efficacy236. Similarly, Labbe et al. demonstrated that in an IL-12 expressing 

leukemia vaccine, efficacy was primarily mediated by CD4+ T-cells, and that depletion of CD8+ 

T-cells alone did not abrogate efficacy237. 

Alternatively, persisting activated NK cells at time of tumor challenge or innate cells exhibiting 

memory-like features or synergizing with adaptive responses may play a role in controlling tumor 

growth in these models. It has been previously demonstrated that cytokine-induced memory-like 

NK cells can persist in-vivo for extended periods and maintain their enhanced cytotoxic 

potential238–240. Jing et al. demonstrated that IL-12/15/18-preactivated NK cells underwent rapid 

proliferation at sites of tumor challenge utilizing IL-2 produced by CD4+ T-cells240. Since, our 

tumor challenge is only 7 days post-vaccination, it can be posited that a pre-activated NK cell pool 

may contribute to vaccine efficacy. Furthermore, Bouwer et al. showed that efficacy of their DC 

vaccination strategy was dependent on NK cell IFN-γ production during challenge, and our 

vaccination may similarly be dependent on heightened NK cell responses. Another study 

demonstrated that after vaccination, host DCs were able to continuously generate tumor-reactive 

NK cells leading to long term NK-cell mediated protection against tumor challenge without the 

generation of a memory pool of NK cells68,241. Whether similar mechanisms maybe present in our 

models is not known and future studies to evaluate these possibilities are required. 
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However, it must be noted that our assays are targeted at detecting CD8+ T-cell responses to a 

specific antigenic epitope in both the in-vivo CTL and ex-vivo peptide stimulation assays. While 

T-cell assays targeting these epitopes may be of high predictive value in therapeutic strategies 

encoding these specific TAAs, it may not be the ideal platform or have the sensitivity to detect 

anti-tumor immune responses generated by a whole cell tumor vaccine. This is particularly 

important, given the target of whole cell vaccines to elicit a T-cell response to a variety of 

neoantigens, which may or may not contain the epitope being tested for. To overcome this issue, 

ex-vivo stimulation with IFN-γ-treated whole tumor cells may allow detection of both CD4+ and 

CD8+ T-cell responses in peripheral blood of vaccinated mice. However, depletion of CD4+ and 

CD8+ T-cell subsets during vaccination and after tumor implantation may be the ideal way to 

quantify the contribution of different adaptive subsets to the delay of tumor growth in these models. 

While this model provides an exciting tool for the exploration of adaptive responses generated by 

ICV platforms (allowing us to avoid an established immunosuppressive TME and the engagement 

of an enhanced innate response), it became gradually clear that treatment successes observed in 

the prophylactic model does not translate to successes in a therapeutic model. In particular, while 

irr cells alone were able to protect in a prophylactic subcutaneous tumor model, it shows no 

efficacy in a therapeutic model with mice containing established peritoneal tumors.  

 This was further established when the heterologous prime-boost vaccination strategy was 

used to treat a therapeutic B16F10 model of PC. Despite the ability to generate enhanced CD8+ 

T-cell responses and to delay tumor growth in prophylactic models, the heterologous prime-boost 

strategy performed significantly worse than repeated dosing with MG1-IL12-ICV. This also 

suggested that a heightened CD8+ T-cell response may not be sufficient to improve outcomes in 

our models of established disease. Further corroborating this, MG1-IL12-ICV was shown to have 
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better efficacy in models of established peritoneal disease when compared to a prime-boost 

vaccination strategy previously described by Pol et al., consisting of a DCT-encoded adenovirus 

prime followed by a DCT-encoded MG1 boost (a therapeutic strategy currently in clinical trials) 

163,219.  

Therefore, we then sought to investigate the TME of established peritoneal tumors over the course 

of MG1-IL12-ICV therapy to garner a better understanding of the immune responses generated 

upon treatment and to rationally identify targets to enhance efficacy of MG1-IL12-ICV in difficult-

to-treat models. 

4.2 MG1-IL12-ICV induces a pro-inflammatory tumor microenvironment in a model of 

peritoneal carcinomatosis 

We have established that in PC models of B16F10 and MC38 PC tumors, MG1-IL12-ICV can 

control tumor growth and increase survival of mice bearing established peritoneal tumors; however 

long term durable cures are not obtained. Given that NK and CD8+ T-cells are required for efficacy 

of MG1-IL12-ICV, we sought to investigate the complex interplay between pro and anti-tumor 

immune subsets in mice bearing peritoneal tumors66. Since an analysis of MG1-IL12-ICV’s ability 

to engage NK cells has previously been reported, here we sought to investigate the contribution of 

other immune subsets with a particular emphasis on the generation of a T-cell response including 

the role of DCs, further our understanding of NK cell responses over the course of therapy, and 

elucidate how immunosuppressive elements (MDSCs, T-regs and checkpoints) may eventually 

allow tumor escape66,219. 
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4.2.1 MG1-IL12-ICV increases presence of DCs in the peritoneal cavity and upregulates 

pathways involved in antigen processing and presentation. 

The importance of phenotypically active DC subsets in promoting both adaptive and innate 

responses to mediate tumor control has been previously discussed70,77,242–245. In addition to their 

oncolytic properties, successful OVs are potent activators of DCs, increasing their ability to 

process and present antigens to T-cells and to activate other immune cells in the TME9,246,247. In 

fact, efficacy of some OV-based vaccines have been entirely attributed to their ability to activate 

DCs irrespective of oncolytic properties, such as the Modified Vaccinia Ankara, the inactivated 

form of which can promote anti-tumor immunity through activation of CD103+ DCs when 

delivered intratumorally248,249. Both MG-1 and the related VSV-Δ51 have been previously 

demonstrated to augment adaptive and innate responses through DC-dependent pathways67,250. 

Similarly, we previously reported that NK cell activation and recruitment following MG1-IL12-

ICV treatment was mediated in part by release of IP-10 from DCs66. 

Here, I have shown that MG1-IL12-ICV therapy can recruit and maintains an increased presence 

of DCs in the peritoneal cavity and tumors of B16F10 tumor-bearing mice and that the APC 

repertoire within MG1-IL12-ICV-treated tumors are actively involved in antigen-processing 

pathways. Additionally, although not statistically significant, there were more CD103+ CD11c+ 

cells (DCs involved in cross-presentation and priming of CD8+ T-cell responses; data not shown) 

in the tumors of MG1-IL12-ICV or MG1-ICV-treated tumors compared to irr cells-treated or 

untreated tumors. 

Overall, these findings suggest an increased presence of APCs in the TME of MG1-IL12-ICV-

treated animals. However, this does not indicate whether these DCs or APCs that take up antigen 

in the peritoneal cavity can prime anti-tumor T-cells in secondary lymphoid organs. DCs that take 
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up antigens must mature as they make their way to lymph nodes or the spleen, increasing their 

surface expression of activation molecules CD80 and CD86, antigen presenting MHC-I and MHC-

II and downregulating phagocytic receptors70,78,251. This maturation allows DCs to present cognate 

antigen to T-cells alongside necessary co-stimulation (CD80/86) that is recognized by CD28 on 

T-cells to promote conventionally activated T-cells70,78. To this end, we investigated phagocytic 

capability of and CD86 expression on splenic DCs of MG1- or MG1-IL12-ICV treated animals 

after successive doses of ICV. Nearly 100% of splenic DCs were activated (CD86+) after the first 

dose of MG1 or MG1-IL12-ICV treatment, but this activation returned to basal levels after the 

third and sixth dose of ICV. This suggested that priming of T-cell responses may take place early 

on during therapy, and that successive vaccinations may not play a role in priming T-cell 

responses. Since IFN-γ-producing anti-viral T-cell responses could be detected at later time-points, 

it can be posited that the activated splenic DCs were priming conventional (mostly against viral 

epitopes) and not regulatory T-cells (as CD86 may also engage CTLA-4 on T-cells to induce 

tolerance)252,253. 

Whether the ongoing presence and activity of DC/APCs in the peritoneal cavity at later timepoints 

has any role in generating a T-cell response in draining lymph nodes to neoantigens that may arise 

as the tumor evolves was not addressed. However, given the lack of co-stimulatory molecule CD86 

in splenic DCs, it can be posited that similar activation levels are present in DCs in the lymph 

nodes, and clonal expansion of T-cells reactive to neoepitopes may not take place later in therapy. 

In an alternate interpretation of the data, the lack of CD86 on DCs later in therapy may play a 

positive role in maintaining a pro-inflammatory environment by preventing tolerogenic DCs from 

inducing regulatory T-cells later in therapy. Activation of DCs in the spleen early on in therapy 

maybe attributed to the increased recognition of DAMPs and PAMPs (viral RNA, apoptotic blebs, 
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etc.). Transgene expression of IL-12 and subsequent upregulation of IFN-γ on NK and T-cells may 

also play a role in activating DCs. The lack of activation after later doses may be attributed to rapid 

neutralization of virus leading to loss of efficacy of ICVs after multiple doses or a reduced 

sensitivity to IL-12 after prolonged exposure to the cytokine. This is addressed in more details in 

section 4.2.4. 

4.2.2 MG1-IL12-ICV breaks immune privilege of B16F10 tumors and recruits tumor and virus-

reactive T-cells into the TME. 

A primary goal of OV-mediated cancer therapy is to generate anti-tumor adaptive responses249,254. 

This includes priming of antigen-specific T-cell responses by DCs, followed by appropriate 

chemotaxis to sites of tumor and metastasis, and finally tumor infiltration by these T-cells to drive 

adaptive control of tumors254. A recent update on talimogene laherparepvec (HSV expressing GM-

CSF) demonstrated that patients responding to intratumoral OV treatment in synergy with 

checkpoint blockade had increased CD8+ T-cell responses, and that clinical response rates were 

not associated with baseline CD8+ T-cell levels (indicating that a pre-existing immunity was not 

required)255. MG1 and VSVΔ51-based pre-clinical studies have shown similar results, where 

increased specific adaptive responses correlated with tumor control163,250. 

With MG1-IL12-ICV therapy, we observed increased presence of both CD4+ and CD8+ T-cells in 

tumors of treated-mice after ICV-treatment, suggesting that MG1-IL12-ICV can break immune 

privilege of B16F10 tumors, effectively making them immunologically “hot” tumors. Increased 

presence of CD4+ and CD8+ T-cells in the peritoneal cavity was also observed. Visually, when 

H&E stained sections of MG1-IL12-ICV treated tumors are analyzed, lymphocyte-like cells are 

observed within the tumor boundary of MG1-IL12-ICV-treated tumors (Figure 10) as well as the 

formation of tertiary lymphoid structures surrounding the tumor bed (not shown). A similar profile 



107 

 

was not observed in untreated or MG1-ICV-treated tumors. In effect, this showed that MG1-IL12-

ICV treatment primed and recruited both CD4+ and CD8+ T-cell arms of the immune response. 

MG1-IL12-ICV treatment can also activate T-cells (indicated by CD69 expression) in tumor-naïve 

animals (data not shown), suggesting that T-cells may also be more activated following therapy. 

Furthermore, gene expression analysis of MG1-IL12-ICV-treated tumors at early and late stages 

of treatment revealed upregulation of genes involved in T-cell and NK-cell chemotaxis, further 

confirming that MG1-IL12-ICV can induce and recruit an adaptive response to the TME. Further 

corroborating flow cytometry data, NanoString Cell Score analysis (correlating cell-specific 

expression of genes to predict cell presence) revealed an increase in T-cell and cytotoxic cell (T-

cell and NK cell) subsets within the tumors. At later timepoints, although the proportion of CD3+ 

T-cells (as a percentage of CD45+) in the tumor and peritoneal cavity was higher in MG1-IL12-

ICV-treated tumors than MG1-ICV-treated tumors, proportions were lower than those observed at 

early timepoints. However, total number of T-cells present in the TME of MG1-IL12-ICV treated 

mice was maintained at later timepoints suggesting an ongoing T-cell response. 

However, despite this robust influx of allegedly-specific T-cells into the tumor and peritoneal 

cavity, mice treated with MG1-IL12-ICV still succumbed to disease. Given our earlier findings 

suggesting that MG1-IL12-ICV therapy maybe more potent at generating anti-viral and not anti-

tumor immune responses, we investigated specificity of the CD8+ T-cells generated upon ICV 

therapy. Utilizing the B16-OVA model we showed that MG1-IL12-ICV treatment generated 

tumor-specific CD8+ T-cells using SIINFEKL-tetramer staining. Ex-vivo peptide stimulation, 

however, indicated a robust response to viral peptides and minimal responses to SIINFEKL 

peptide. Since MG1-IL12-ICV is a whole cell vaccine, the generation of a modest anti-tumor 

reactive T-cell repertoire is not wholly unexpected, as it is more likely to contribute to the 
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generation of a wide array of tumor antigen-specific T-cells as opposed to a large number of T-

cells to one antigen. Anti-tumor activity of these cells is expected to in turn induce epitope-

spreading to increase the CD8+ T-cell arsenal specific to the tumor. Assays that use whole tumor 

cells as ex-vivo stimulation may serve as a better indicator of T-cell responses (for both CD4+ and 

CD8+ T-cells) and may give us a more accurate representation of the adaptive repertoire upon ICV 

therapy.  

It has been previously posited that the balance between anti-viral and anti-tumor adaptive 

responses is key to the success of OV therapy, so as to allow sufficient replication of viruses 

without skewing the immune response away from the tumor249. It is well established that detection 

by pattern recognition receptors (PRR) of virus-associated PAMPs is key for the activation of 

inflammasomes through stimulator of interferon genes (STING), myeloid differentiation primary 

response 88 (MYD88), etc256–258. The signaling cascade eventually leads to the release of cytokines 

including IFN-γ, IL-6 and IL-12 that create a pro-inflammatory microenvironment at the site of 

OV infection. Viral oncolysis and subsequent release of DAMPs and immunogenic cell death 

markers further drive APC maturation and the induction of cellular immune responses, including 

adaptive responses to the virus and the tumor246,256,259. As viral infection overtakes the cellular 

machinery of tumors, increased presentation of OV epitopes on tumor MHC-I and MHC-II will 

further allow even anti-viral T-cells to efficiently kill tumor cells249,256. To this end, we checked 

for viral remnants in our FFPE tumors after three doses of vaccination but did not observe any 

viral signature through IHC or PCR using MG1-specific primers (data not shown). This may 

suggest limited viral infection of OVs later in therapy, or that any virally infected tumors have 

already been eliminated providing another explanation for the reduced tumor burden in MG1-

IL12-ICV treated animals. Furthermore, it has recently been posited that anti-viral CD4+ T-cells 
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(as may be present in the peritoneal cavity of ICV-treated animals) can promote cross-presentation 

of tumor antigens to CD8+ T-cells by activating DCs through CD40-CD40L interactions and can 

also provide T-cell help to both anti-viral and anti-tumor CD8+ T-cells through the release of IFN-

γ, TNF-α and IL-2256,260. We have previously demonstrated that CD4+ T-cell depletion does not 

abrogate the efficacy of ICVs; but it is possible that loss of Th1 help may be compensated for by 

depletion of regulatory CD4+ T-cells, and a more thorough investigation into the nature of CD4+ 

T-cell responses in MG1-IL12-ICV therapy is warranted. 

Here, our experiments suggest that MG1-IL12-ICV can generate tumor-specific CD8+ T-cell 

responses and breaks tumor immune privilege by inducing infiltration of both CD4+ and CD8+ T-

cells. A robust anti-viral response was also observed and the contribution of the balance between 

anti-tumor and anti-viral adaptive responses in the efficacy of this promising vaccine may require 

further study. Given that we identified a robust pro-inflammatory environment, we then sought to 

identify mechanisms by which these responses are attenuated by immunosuppressive elements. 

4.2.3 Increased expression of checkpoint molecules and not MDSCs or regulatory T-cells 

contribute to immunosuppression. 

The final hurdle to OV-based therapies is overcoming immunosuppression in the TME. MDSCs, 

regulatory T-cells or TAMs have all been implicated in immunosuppression through direct cell-

mediated effects or through the release of immunosuppressive cytokines like IL-10, TGF-β or 

PGE2 
102,111,254,261. Finally, checkpoint molecules on both tumor and immune cells can dampen the 

anti-tumor responses generated after OV therapy and may induce an immunosuppressed or 

exhaustive phenotype. OVs have been tailored to directly deplete MDSCs, convert M2 to M1 

macrophages, and have been shown to synergize with checkpoint inhibitors to potentiate tumor 

control249,254,262–264.  
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Here, we have showed that in the TME of MG1-IL12-ICV-treated mice there is a significant 

decrease in the proportion of MDSCs and this is maintained later in therapy. It is worth noting that 

the levels of MDSCs in tumors of MG1-ICV treated mice was higher than that in MG1-IL12-ICV 

treated mice and these levels were similar at later timepoints. While the reduced proportion of 

MDSCs may be a result of increased influx of other pro-inflammatory subsets, previous studies 

have shown a direct effect of IL-12 in regulating MDSC activity. Steding et al. demonstrated that 

IL-12 therapy induced maturation of MDSCs and reduced their ability to suppress T-cell 

responses265. They also demonstrated that MDSCs expressed IL-12Rβ1 and 2, and that direct 

engagement of IL-12 was responsible for this effect265. Although, we have not directly assessed 

the suppressive nature of these subsets in our model, it can be hypothesized that due to their 

reduced proportions and the ability of IL-12 to reduce MDSC suppression, these subsets are not 

major immunosuppressive players in our model. Investigating regulatory T-cells, we found modest 

increases in the presence of these subsets in tumors of MG1-IL12-ICV treated animals, but the 

CD8: T-reg ratio was not altered between the different groups or over the course of therapy. Cao 

et al. demonstrated that IL-12 inhibited tumor-induced regulatory T-cell proliferation via indirect 

mechanisms, in part, mediated by the IFN-γ signaling axis266.  Overall, this suggested that these 

suppressive cell types may not be major players in driving immunosuppression in response to 

MG1-IL12-ICV therapy. 

We then investigated immune checkpoints in the TME and observed increased expression of PD-

L1 but not PD-L2 on immune subsets later on during therapy. Preliminary investigations revealed 

increased presence of CD11b+ F4/80+ macrophages that were PD-L1+ in the peritoneal cavity of 

MG1-IL12-ICV-treated mice (data not shown) suggesting that suppressive macrophages may be 

playing a role in mediating checkpoint inhibition of immune responses. Increased expression of 
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PD-L1 later in therapy indicated that PD1-PD-L1 axis maybe increasingly engaged later during 

ICV therapy to mediate immunosuppression. However, it is widely known that checkpoint 

molecules, including PD-1 and PD-L1, are upregulated in response to stimulatory signals (and 

hence associated with activation) in addition to being driven by oncogenic pathways130,138,267–269. 

Since a proinflammatory TME is observed in MG1-IL12-ICV treated tumors, we checked gene 

expression of several widely reported checkpoint molecules in MG1-IL12-ICV-treated FFPE 

tumors at early and late timepoints during therapy, and observed increases in PD-L1, PD-1, CTLA-

4, Tim-3, 2B4, CD160, Lag3 and IL-1R8. Similar to our flow data, we did not observe significant 

increases PD-L2 gene expression. It is worth noting that our flow data was specific to surface 

expression of these molecules on immune cells, but our gene expression data is based on all cells 

present in the tumors. Increased expression of checkpoint-related genes in tumors at day 15 

suggests that at the transcriptional level, tumors and tumor-infiltrating cells may already have 

entered an immunosuppressive state early during treatment. 

This also suggested that although use of checkpoint inhibitors have been shown to synergize with 

OVs and other immunotherapies in mediating tumor control, single checkpoint blockade may not 

be sufficient to enhance efficacy of our immune-stimulating ICV therapy, as other checkpoints 

may compensate for this loss of inhibition. In fact, Shim et al. demonstrated a similar phenomenon, 

where monoclonal antibodies against PD-1 and TIM-3 (both of which were upregulated upon 

therapy) did not enhance survival of mice bearing B16 melanoma tumors when treated with 

VSV270. However, this contrasts with others who have demonstrated increased synergy of OVs 

with checkpoint blockade. Whether checkpoint blockade can enhance therapeutic efficacy of ICVs 

can only be confirmed when these therapies are compared to head-to-head in our models. In fact, 

previous unpublished studies in our laboratory revealed that PD-1 blockade modestly enhanced 
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survival of B16F10 bearing mice treated with MG1-IL12-ICV but durable cures were again not 

obtained, suggesting that our model maybe refractory to single checkpoint blockade as observed 

by Shin et al. 

Overall, our investigations revealed that lack of durable cures in MG1-IL12-ICV treated mice may 

not be mediated by MDSCs or regulatory T-cells. There is evidence showing increased presence 

of checkpoint molecules but whether they play a role in attenuating the pro-inflammatory 

responses induced by MG1-IL12-ICV and whether they are valid combination therapy targets is 

not known. 

4.2.4 Reduction in NK cell activity and responsiveness after multiple doses of ICV may identify a 

possible mechanism for loss of ICV efficacy. 

The efficacy of MG1-IL12-ICV has been shown to be dependent on the recruitment and activation 

of NK cells. Given our improved understanding of the evolving immune TME in response to MG1-

IL12-ICV therapy, we then sought to determine if the enhanced NK cell responses previously 

reported were maintained later during therapy and whether subsequent loss of NK cell activity 

could contribute to a lack of durable cures.  

We observed that both MG1- and MG1-IL12-ICV therapy upregulated CD69 expression on NK 

cells in the spleen and peritoneal cavity after the first dose. CD69 is an early marker of NK and T-

cell activation and can be upregulated following a variety of signals including the recognition of 

viral particles and through cytokine-dependent mechanisms271–273. In the peritoneal cavity, after 

the third dose MG1-IL12-ICV induced higher NK cell activation than MG1-ICV, but activation 

declined over the course of therapy. This suggested that both therapies were able to induce NK 

cell activation but MG1-IL12-ICV is better at maintaining this response, at least in the site of tumor 

progression. Although not as potent as IFN-α, IL-15 or 18, IL-12 can induce significant CD69 
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expression on NK cells; in-vivo IL-12 may further synergize with other cytokines in enhancing 

and maintaining CD69 expression on NK cells273–275. Return of CD69 expression to basal levels 

in the spleen after the first dose suggested that systemic activation is lost after the first exposure to 

therapy. Since CD69 is an early marker of NK cell activation, we expected that each successive 

dose of ICV should be able to equally activate NK cells inducing high levels of CD69. Contrary 

to expectations, subsequent doses were not as effective at inducing NK cell activation as the first 

dose. Whether this is because an activated (but CD69-) NK cell repertoire is already present, or if 

NK cells have entered a non-responsive state is not known. Investigating NK cell maturity or other 

NK cell activation markers that persist longer after activation (like killer cell lectin-like receptor 

G1(KLRG-1)) may inform the dynamics of NK cell activation following ICV therapy276.  

Alternatively, assessment of NK cell function may be more informative. To this end, we quantified 

IFN-γ production and degranulation of NK cells following ex-vivo co-culture with target YAC-1 

cells. We observed increased IFN-γ production from NK cells isolated from spleen or peritoneal 

cavity of mice treated with MG1-IL12-ICV compared to cells from MG1-ICV-treated mice. The 

canonical function of IL-12 is to induce rapid IFN-γ release from NK cells, and this data suggests 

that inclusion of IL-12 transgene into MG1 potentiates NK cell activity in-vivo. However, cells 

isolated from the spleen after the third and sixth dose and cells from the peritoneal cavity after the 

sixth dose showed no IFN-γ production following co-culture, suggesting a similar downregulation 

of NK activity as observed with CD69 expression. This suggests a functional anergy present at 

later stages of treatment and indicates a lack of efficacy of latter doses of ICV. Contrastingly, 

however, enhanced degranulation of NK cells isolated from MG1- or MG1-IL12-ICV treated mice 

was maintained over the course of therapy. Vahlne et al. previously demonstrated that upon YAC 

co-culture, NK cells exhibiting a mature phenotype (CD11bhi CD27lo) were more likely to produce 
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IFN-γ and immature cells (CD11blo CD27hi)  were more likely to degranulate, and those exhibiting 

intermediate phenotypes performing both functions equally effectively277. If this can be taken as 

an indication of what may be happening in-vivo, it would suggest that activated and mature NK 

cells are no longer present at later stages of treatment and may provide an explanation for why 

MG1-IL12-ICV does not provide durable cures.  

Overall, our findings suggest that NK cells from MG1-IL12-ICV-treated animals are more active 

and more responsive than those from MG1-ICV treated animals, further confirming previously 

reported findings. The complete abrogation of IFN-γ production after later doses and gradual 

decline in activation over the course of therapy suggests that NK cells may have entered an 

exhausted or immunosuppressed phenotype or that ICVs are no longer able to induce activation of 

immature NK cells. Alternatively, this suggests that humoral or cellular anti-viral responses 

generated after early vaccination doses may render subsequent doses of ICV ineffective. This may 

be mediated by immediate neutralization of the virus after ICV delivery before replication, 

transgene expression or infection of tumors can take place, effectively eliminating any possibility 

for innate activation as may be observed with early doses. Future experiments designed to test 

whether NK cells, after repeated dosing with MG1-IL12-ICV, can be activated with an unrelated 

NK cell-stimulant may shed light as to whether NK cells have entered a suppressed phenotype or 

MG1-IL12-ICV is no longer engaging the immune response due to rapid clearance. 

4.3 Conclusion 

This project provides a robust understanding of the immune responses generated upon treatment 

with MG1-IL12-ICV. A better understanding of the complex immune interplay that leads to 

generation of anti-tumor responses and those present in the TME of established tumors during 

MG1-IL12-ICV therapy will allow us to rationally identify potential changes to dosing regimens, 
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consider avenues for combination therapies and explore additional opportunities to enhance 

efficacy of MG1-IL12-ICV as a standalone therapy. 

Briefly, we have showed that while MG1-IL12-ICV can delay tumor growth when used as a 

prophylactic vaccination, a heterologous combination of irradiated cells and MG1-IL12-ICV is 

most effective in generating anti-tumor CTL responses that contributes to delayed tumor growth. 

We have also identified that generation of specific anti-tumor CD8+ T-cells does not solely predict 

delayed tumor growth in prophylactic models and identified the need to explore other components 

of the adaptive response that may be engaged during treatment with MG1-IL12-ICV.  

We have shown that MG1-IL12-ICV can enhance survival of mice bearing aggressive peritoneal 

tumors but does not provide long term durable cures. This is mediated by an enhance pro-

inflammatory TME generated upon MG1-IL12-ICV therapy that includes recruitment of DCs, 

generation of tumor and virus reactive T-cells and enhanced activation of NK cells. We have also 

identified that MG1-IL12-ICV treatment is not hindered by MDSCs and CD4+ T-regulatory cells, 

but maybe affected by increased expression of checkpoint molecules at later stages of therapy. 

And finally, we found that early doses of MG1-IL12-ICV effectively engages and activates innate 

cells, but subsequent doses are ineffective in this regard.  

Overall, we demonstrate that MG1-IL12-ICV is a promising new therapeutic avenue for treatment 

of PC, and maybe effective in other models of cancer. We have furthered our understanding of this 

immune-stimulating therapy taking it one step closer to the clinic. 

  



116 

 

References 

1. WHO | Cancer. WHO (World Health Organization, 2018). 

2. Canadian Cancer Society’s Advisory Committee on Cancer Statistics & Canadian Cancer 

Society’s Advisory Committee on Cancer Statistics. Canadian Cancer Statistics. (2017). 

3. Hanahan, D. & Weinberg, R. A. Hallmarks of cancer: the next generation. Cell 144, 646–

74 (2011). 

4. Hanahan, D. & Weinberg, R. A. The hallmarks of cancer. Cell 100, 57–70 (2000). 

5. Coccolini, F. et al. Peritoneal carcinomatosis. World J. Gastroenterol. 19, 6979–94 

(2013). 

6. Aoyagi, T., Terracina, K. P., Raza, A. & Takabe, K. Current treatment options for colon 

cancer peritoneal carcinomatosis. World J. Gastroenterol. 20, 12493–500 (2014). 

7. Morano, W. F. et al. Intraperitoneal immunotherapy: historical perspectives and modern 

therapy. Cancer Gene Ther. 23, 373–381 (2016). 

8. Koneru, M., Purdon, T. J., Spriggs, D., Koneru, S. & Brentjens, R. J. IL-12 secreting 

tumor-targeted chimeric antigen receptor T cells eradicate ovarian tumors in vivo. 

Oncoimmunology 4, e994446 (2015). 

9. Gujar, S. A., Marcato, P., Pan, D. & Lee, P. W. K. Reovirus Virotherapy Overrides Tumor 

Antigen Presentation Evasion and Promotes Protective Antitumor Immunity. Mol. Cancer 

Ther. 9, 2924–2933 (2010). 

10. Gujar, S. et al. Multifaceted Therapeutic Targeting of Ovarian Peritoneal Carcinomatosis 



117 

 

Through Virus-induced Immunomodulation. Mol. Ther. 21, 338–347 (2013). 

11. Katz, S. C. et al. Regional CAR-T cell infusions for peritoneal carcinomatosis are superior 

to systemic delivery. Cancer Gene Ther. 23, 142–148 (2016). 

12. Ma, Z. et al. Augmentation of Immune Checkpoint Cancer Immunotherapy with IL18. 

Clin. Cancer Res. 22, 2969–2980 (2016). 

13. Taube, J. M. et al. Implications of the tumor immune microenvironment for staging and 

therapeutics. Mod. Pathol. 31, 214–234 (2018). 

14. Ostrand-Rosenberg, S. Immune surveillance: a balance between protumor and antitumor 

immunity. Curr. Opin. Genet. Dev. 18, 11–8 (2008). 

15. Mittal, D., Gubin, M. M., Schreiber, R. D. & Smyth, M. J. New insights into cancer 

immunoediting and its three component phases--elimination, equilibrium and escape. 

Curr. Opin. Immunol. 27, 16–25 (2014). 

16. Zitvogel, L., Tesniere, A. & Kroemer, G. Cancer despite immunosurveillance: 

immunoselection and immunosubversion. Nat. Rev. Immunol. 6, 715–727 (2006). 

17. Schreiber, R. D., Old, L. J. & Smyth, M. J. Cancer immunoediting: Integrating 

immunity’s roles in cancer suppression and promotion. Science 331, 1565–1570 (2011). 

18. Dunn, G. P., Old, L. J. & Schreiber, R. D. The immunobiology of cancer 

immunosurveillance and immunoediting. Immunity 21, 137–48 (2004). 

19. Diamond, M. S. et al. Type I interferon is selectively required by dendritic cells for 

immune rejection of tumors. J. Exp. Med. 208, 1989–2003 (2011). 

20. Smyth, M. J. et al. Perforin-mediated cytotoxicity is critical for surveillance of 



118 

 

spontaneous lymphoma. J. Exp. Med. 192, 755–60 (2000). 

21. Kaplan, D. H. et al. Demonstration of an interferon gamma-dependent tumor surveillance 

system in immunocompetent mice. Proc. Natl. Acad. Sci. U. S. A. 95, 7556–7561 (1998). 

22. Shankaran, V. et al. IFNgamma and lymphocytes prevent primary tumour development 

and shape tumour immunogenicity. Nature 410, 1107–1111 (2001). 

23. Guerra, N. et al. NKG2D-Deficient Mice Are Defective in Tumor Surveillance in Models 

of Spontaneous Malignancy. Immunity 28, 571–580 (2008). 

24. Teng, M. W. L. et al. Opposing roles for IL-23 and IL-12 in maintaining occult cancer in 

an equilibrium state. Cancer Res. 72, 3987–96 (2012). 

25. Koebel, C. M. et al. Adaptive immunity maintains occult cancer in an equilibrium state. 

Nature 450, 903–907 (2007). 

26. Restifo, N. P. et al. Loss of functional beta 2-microglobulin in metastatic melanomas from 

five patients receiving immunotherapy. J. Natl. Cancer Inst. 88, 100–8 (1996). 

27. Uyttenhove, C. et al. Evidence for a tumoral immune resistance mechanism based on 

tryptophan degradation by indoleamine 2,3-dioxygenase. Nat. Med. 9, 1269–1274 (2003). 

28. Khong, H. T., Wang, Q. J. & Rosenberg, S. A. Identification of multiple antigens 

recognized by tumor-infiltrating lymphocytes from a single patient: tumor escape by 

antigen loss and loss of MHC expression. J. Immunother. 27, 184–90 

29. Dong, H. et al. Erratum: Tumor-associated B7-H1 promotes T-cell apoptosis: A potential 

mechanism of immune evasion. Nat. Med. 8, 793–800 (2002). 

30. Vivier, E., Tomasello, E., Baratin, M., Walzer, T. & Ugolini, S. Functions of natural killer 



119 

 

cells. Nature Immunology 9, 503–510 (2008). 

31. Angka, L. et al. Dysfunctional natural killer cells in the aftermath of cancer surgery. Int. J. 

Mol. Sci. 18, 1787 (2017). 

32. Guillerey, C., Huntington, N. D. & Smyth, M. J. Targeting natural killer cells in cancer 

immunotherapy. Nat. Immunol. 17, 1025–1036 (2016). 

33. Lanier, L. L. Up on the tightrope: natural killer cell activation and inhibition. Nat. 

Immunol. 9, 495–502 (2008). 

34. Raulet, D. H. & Vance, R. E. Self-tolerance of natural killer cells. Nat. Rev. Immunol. 6, 

520–531 (2006). 

35. Ljunggren, H. G. et al. Molecular analysis of H-2-deficient lymphoma lines. Distinct 

defects in biosynthesis and association of MHC class I heavy chains and beta 2-

microglobulin observed in cells with increased sensitivity to NK cell lysis. J. Immunol. 

142, 2911–7 (1989). 

36. Yokoyama, W. M. Natural killer cell receptors specific for major histocompatibility 

complex class I molecules. Proc. Natl. Acad. Sci. U. S. A. 92, 3081–5 (1995). 

37. Hanke, T. et al. Direct assessment of MHC class I binding by seven Ly49 inhibitory NK 

cell receptors. Immunity 11, 67–77 (1999). 

38. Shifrin, N., Raulet, D. H. & Ardolino, M. NK cell self tolerance, responsiveness and 

missing self recognition. Semin. Immunol. 26, 138–144 (2014). 

39. Kelly, J. M. et al. Induction of tumor-specific T cell memory by NK cell–mediated tumor 

rejection. Nat. Immunol. 3, 83–90 (2002). 



120 

 

40. Diefenbach, A., Jensen, E. R., Jamieson, A. M. & Raulet, D. H. Rae1 and H60 ligands of 

the NKG2D receptor stimulate tumour immunity. Nature 413, 165–171 (2001). 

41. Diefenbach, A., Hsia, J. K., Hsiung, M.-Y. B. & Raulet, D. H. A novel ligand for the 

NKG2D receptor activates NK cells and macrophages and induces tumor immunity. Eur. 

J. Immunol. 33, 381–391 (2003). 

42. Wang, W., Erbe, A. K., Hank, J. A., Morris, Z. S. & Sondel, P. M. NK Cell-Mediated 

Antibody-Dependent Cellular Cytotoxicity in Cancer Immunotherapy. Front. Immunol. 6, 

368 (2015). 

43. Voskoboinik, I., Dunstone, M. A., Baran, K., Whisstock, J. C. & Trapani, J. A. Perforin: 

structure, function, and role in human immunopathology. Immunol. Rev. 235, 35–54 

(2010). 

44. Ljunggren, H.-G. & Malmberg, K.-J. Prospects for the use of NK cells in immunotherapy 

of human cancer. Nat. Rev. Immunol. 7, 329–339 (2007). 

45. Lelaidier, M. et al. TRAIL-mediated killing of acute lymphoblastic leukemia by 

plasmacytoid dendritic cell-activated natural killer cells. Oncotarget 6, 29440–55 (2015). 

46. Martín-Fontecha, A. et al. Induced recruitment of NK cells to lymph nodes provides IFN-

γ for TH1 priming. Nat. Immunol. 5, 1260–1265 (2004). 

47. Fehniger, T. A. et al. Acquisition of Murine NK Cell Cytotoxicity Requires the 

Translation of a Pre-existing Pool of Granzyme B and Perforin mRNAs. Immunity 26, 

798–811 (2007). 

48. Murphy, K. Janeway’s Immunobiology. (Garland Science, 2012). 



121 

 

49. Fang, F. & Xiao, W. NK cell-based immunotherapy for cancer. Semin. Immunol. 31, 37–

54 (2017). 

50. Imai, K., Matsuyama, S., Miyake, S., Suga, K. & Nakachi, K. Natural cytotoxic activity of 

peripheral-blood lymphocytes and cancer incidence: an 11-year follow-up study of a 

general population. Lancet 356, 1795–1799 (2000). 

51. Kärre, K., Ljunggren, H. G., Piontek, G. & Kiessling, R. Selective rejection of H–2-

deficient lymphoma variants suggests alternative immune defence strategy. Nature 319, 

675–678 (1986). 

52. Bauer, S. et al. Activation of NK cells and T cells by NKG2D, a receptor for stress-

inducible MICA. Science 285, 727–9 (1999). 

53. Iannello, A., Thompson, T. W., Ardolino, M., Lowe, S. W. & Raulet, D. H. p53-

dependent chemokine production by senescent tumor cells supports NKG2D-dependent 

tumor elimination by natural killer cells. J. Exp. Med. 210, 2057–69 (2013). 

54. Fehniger, T. A. et al. CD56bright natural killer cells are present in human lymph nodes 

and are activated by T cell-derived IL-2: a potential new link between adaptive and innate 

immunity. Blood 101, 3052–3057 (2003). 

55. Ferlazzo, G. & Münz, C. NK cell compartments and their activation by dendritic cells. J. 

Immunol. 172, 1333–9 (2004). 

56. Gerosa, F. et al. Reciprocal activating interaction between natural killer cells and dendritic 

cells. J. Exp. Med. 195, 327–33 (2002). 

57. Guillerey, C. & Smyth, M. J. NK cells and cancer immunoediting. Curr. Top. Microbiol. 



122 

 

Immunol. 395, 115–145 (2016). 

58. Dalod, M. et al. Interferon alpha/beta and interleukin 12 responses to viral infections: 

pathways regulating dendritic cell cytokine expression in vivo. J. Exp. Med. 195, 517–28 

(2002). 

59. Bellone, G., Aste-Amezaga, M., Trinchieri, G. & Rodeck, U. Regulation of NK cell 

functions by TGF-beta 1. J. Immunol. 155, (1995). 

60. Viel, S. et al. TGF-β inhibits the activation and functions of NK cells by repressing the 

mTOR pathway. Sci. Signal. 9, (2016). 

61. Smyth, M. J. et al. CD4+CD25+ T regulatory cells suppress NK cell-mediated 

immunotherapy of cancer. J. Immunol. 176, 1582–7 (2006). 

62. Ndhlovu, L. C. et al. Tim-3 marks human natural killer cell maturation and suppresses 

cell-mediated cytotoxicity. Blood 119, 3734–3743 (2012). 

63. Liu, Y. et al. Increased expression of programmed cell death protein 1 on NK cells 

inhibits NK-cell-mediated anti-tumor function and indicates poor prognosis in digestive 

cancers. Oncogene 36, 6143–6153 (2017). 

64. Kai, S. et al. Inhibition of indoleamine 2,3-dioxygenase suppresses NK cell activity and 

accelerates tumor growth. J. Exp. Ther. Oncol. 3, 336–45 

65. Liu, C. et al. Plasmacytoid dendritic cells induce NK cell–dependent, tumor antigen–

specific T cell cross-priming and tumor regression in mice. J. Clin. Invest. 118, 1165–75 

(2008). 

66. Alkayyal, A. A. et al. NK-Cell Recruitment Is Necessary for Eradication of Peritoneal 



123 

 

Carcinomatosis with an IL12-Expressing Maraba Virus Cellular Vaccine. Cancer 

Immunol. Res. 5, 211–221 (2017). 

67. Zhang, J. et al. Maraba MG1 virus enhances natural killer cell function via conventional 

dendritic cells to reduce postoperative metastatic disease. in Molecular Therapy 22, 1320–

1332 (Nature Publishing Group, 2014). 

68. Bouwer, A. L. et al. NK cells are required for dendritic cell-based immunotherapy at the 

time of tumor challenge. J. Immunol. 192, 2514–21 (2014). 

69. Banchereau, J. et al. Immunobiology of Dendritic Cells. Annu. Rev. Immunol. 18, 767–

811 (2000). 

70. Timmerman, MD, J. M. & Levy, MD, R. Dendritic Cell Vaccines For Cancer 

Immunotherapy. Annu. Rev. Med. 50, 507–529 (1999). 

71. Albert, M. L., Sauter, B. & Bhardwaj, N. Dendritic cells acquire antigen from apoptotic 

cells and induce class I-restricted CTLs. Nature 392, 86–89 (1998). 

72. Wu, J. & Lanier, L. L. Natural Killer Cells and Cancer. Adv. Cancer Res. 90, 127–156 

(2003). 

73. Kroemer, G., Galluzzi, L., Kepp, O. & Zitvogel, L. Immunogenic Cell Death in Cancer 

Therapy. Annu. Rev. Immunol. 31, 51–72 (2013). 

74. Maxhimer, J. B. et al. Radioprotection in normal tissue and delayed tumor growth by 

blockade of CD47 signaling. Sci. Transl. Med. 1, 3ra7 (2009). 

75. Apetoh, L. et al. Toll-like receptor 4–dependent contribution of the immune system to 

anticancer chemotherapy and radiotherapy. Nat. Med. 13, 1050–1059 (2007). 



124 

 

76. Elliott, M. R. et al. Nucleotides released by apoptotic cells act as a find-me signal to 

promote phagocytic clearance. Nature 461, 282–286 (2009). 

77. Benencia, F., Sprague, L., McGinty, J., Pate, M. & Muccioli, M. Dendritic cells the tumor 

microenvironment and the challenges for an effective antitumor vaccination. J. Biomed. 

Biotechnol. 2012, 425476 (2012). 

78. Mellman, I., Coukos, G. & Dranoff, G. Cancer immunotherapy comes of age. Nature 480, 

480–9 (2011). 

79. Hickman, H. D. et al. Direct priming of antiviral CD8+ T cells in the peripheral 

interfollicular region of lymph nodes. Nat Immunol 9, 155–165 (2008). 

80. Koch, F. et al. High level IL-12 production by murine dendritic cells: upregulation via 

MHC class II and CD40 molecules and downregulation by IL-4 and IL-10. J. Exp. Med. 

184, 741–6 (1996). 

81. Cheng, F. et al. A critical role for Stat3 signaling in immune tolerance. Immunity 19, 425–

36 (2003). 

82. Steinman, R. M., Hawiger, D. & Nussenzweig, M. C. Tolerogenic Dendritic Cells. Annu. 

Rev. Immunol. 21, 685–711 (2003). 

83. Tscharke, D. C., Croft, N. P., Doherty, P. C. & La Gruta, N. L. Sizing up the key 

determinants of the CD8(+) T cell response. Nat. Rev. Immunol. 15, 705–716 (2015). 

84. Harty, J. T. & Badovinac, V. P. Shaping and reshaping CD8+ T-cell memory. Nat. Rev. 

Immunol. 8, 107–119 (2008). 

85. Huang, A. Y. et al. Role of bone marrow-derived cells in presenting MHC class I-



125 

 

restricted tumor antigens. Science 264, 961–5 (1994). 

86. Jung, S. et al. In vivo depletion of CD11c+ dendritic cells abrogates priming of CD8+ T 

cells by exogenous cell-associated antigens. Immunity 17, 211–20 (2002). 

87. Kaech, S. M., Wherry, E. J. & Ahmed, R. Effector and memory T-cell differentiation: 

implications for vaccine development. Nat. Rev. Immunol. 2, 251–262 (2002). 

88. Cui, W. & Kaech, S. M. Generation of effector CD8+ T cells and their conversion to 

memory T cells. Immunol. Rev. 236, 151–66 (2010). 

89. Schroder, K., Hertzog, P. J., Ravasi, T. & Hume, D. A. Interferon-gamma: an overview of 

signals, mechanisms and functions. J. Leukoc. Biol. 75, 163–189 (2004). 

90. Wherry, E. J., Puorro, K. A., Porgador, A. & Eisenlohr, L. C. The induction of virus-

specific CTL as a function of increasing epitope expression: responses rise steadily until 

excessively high levels of epitope are attained. J. Immunol. 163, 3735–45 (1999). 

91. Wherry, E. J., Blattman, J. N., Murali-Krishna, K., van der Most, R. & Ahmed, R. Viral 

persistence alters CD8 T-cell immunodominance and tissue distribution and results in 

distinct stages of functional impairment. J. Virol. 77, 4911–27 (2003). 

92. Zajac, A. J. et al. Viral immune evasion due to persistence of activated T cells without 

effector function. J. Exp. Med. 188, 2205–13 (1998). 

93. Schluns, K. S., Kieper, W. C., Jameson, S. C. & Lefrançois, L. Interleukin-7 mediates the 

homeostasis of naïve and memory CD8 T cells in vivo. Nat. Immunol. 1, 426–432 (2000). 

94. Zhang, X., Sun, S., Hwang, I., Tough, D. F. & Sprent, J. Potent and selective stimulation 

of memory-phenotype CD8+ T cells in vivo by IL-15. Immunity 8, 591–9 (1998). 



126 

 

95. Ku, C. C., Murakami, M., Sakamoto, A., Kappler, J. & Marrack, P. Control of 

homeostasis of CD8+ memory T cells by opposing cytokines. Science 288, 675–8 (2000). 

96. Schwartzentruber, D. J. et al. gp100 Peptide Vaccine and Interleukin-2 in Patients with 

Advanced Melanoma. N. Engl. J. Med. 364, 2119–2127 (2011). 

97. Sharma, P., Wagner, K., Wolchok, J. D. & Allison, J. P. Novel cancer immunotherapy 

agents with survival benefit: recent successes and next steps. Nat. Rev. Cancer 11, 805–12 

(2011). 

98. Wang, M., Yin, B., Wang, H. Y. & Wang, R.-F. Current advances in T-cell-based cancer 

immunotherapy. Immunotherapy 6, 1265–78 (2014). 

99. Hadrup, S., Donia, M. & Thor Straten, P. Effector CD4 and CD8 T cells and their role in 

the tumor microenvironment. Cancer Microenviron. 6, 123–33 (2013). 

100. Melero, I., Rouzaut, A., Motz, G. T. & Coukos, G. T-cell and NK-cell infiltration into 

solid tumors: A key limiting factor for efficacious cancer immunotherapy. Cancer Discov. 

4, 522–526 (2014). 

101. Darrasse-Jèze, G. et al. Feedback control of regulatory T cell homeostasis by dendritic 

cells in vivo. J. Exp. Med. 206, 1853–1862 (2009). 

102. Zou, W. Immunosuppressive networks in the tumour environment and their therapeutic 

relevance. Nat. Rev. Cancer 5, 263–274 (2005). 

103. Fridlender, Z. G. et al. Polarization of Tumor-Associated Neutrophil Phenotype by TGF-

β: ‘N1’ versus ‘N2’ TAN. Cancer Cell 16, 183–194 (2009). 

104. Kang, Y.-J. et al. An increased level of IL-6 suppresses NK cell activity in peritoneal fluid 



127 

 

of patients with endometriosis via regulation of SHP-2 expression. Hum. Reprod. 29, 

2176–2189 (2014). 

105. Kusmartsev, S., Nefedova, Y., Yoder, D. & Gabrilovich, D. I. Antigen-specific inhibition 

of CD8+ T cell response by immature myeloid cells in cancer is mediated by reactive 

oxygen species. J. Immunol. 172, 989–99 (2004). 

106. Stiff, A. et al. Nitric Oxide Production by Myeloid-Derived Suppressor Cells Plays a Role 

in Impairing Fc Receptor-Mediated Natural Killer Cell Function. Clin. Cancer Res. 24, 

1891–1904 (2018). 

107. Saigusa, S. et al. Low serum interleukin-13 levels correlate with poorer prognoses for 

colorectal cancer patients. Int. Surg. 99, 223–9 (2014). 

108. Hoechst, B. et al. Myeloid derived suppressor cells inhibit natural killer cells in patients 

with hepatocellular carcinoma via the NKp30 receptor. Hepatology 50, 799–807 (2009). 

109. Rudensky, A. Y. Regulatory T cells and Foxp3. Immunol. Rev. 241, 260–8 (2011). 

110. Li, H., Han, Y., Guo, Q., Zhang, M. & Cao, X. Cancer-expanded myeloid-derived 

suppressor cells induce anergy of NK cells through membrane-bound TGF-beta 1. J. 

Immunol. 182, 240–9 (2009). 

111. Okła, K. et al. Tumor-Associated Macrophages and Myeloid-Derived Suppressor Cells as 

Immunosuppressive Mechanism in Ovarian Cancer Patients: Progress and Challenges. Int. 

Rev. Immunol. 35, 372–385 (2016). 

112. Gabrilovich, D. I. & Nagaraj, S. Myeloid-derived suppressor cells as regulators of the 

immune system. Nat. Rev. Immunol. 9, 162–74 (2009). 



128 

 

113. Youn, J.-I., Nagaraj, S., Collazo, M. & Gabrilovich, D. I. Subsets of myeloid-derived 

suppressor cells in tumor-bearing mice. J. Immunol. 181, 5791–802 (2008). 

114. Sinha, P., Clements, V. K., Bunt, S. K., Albelda, S. M. & Ostrand-Rosenberg, S. Cross-

talk between myeloid-derived suppressor cells and macrophages subverts tumor immunity 

toward a type 2 response. J. Immunol. 179, 977–83 (2007). 

115. Movahedi, K. et al. Identification of discrete tumor-induced myeloid-derived suppressor 

cell subpopulations with distinct T cell-suppressive activity. Blood 111, 4233–4244 

(2008). 

116. Huang, B. et al. Gr-1 + CD115 + Immature Myeloid Suppressor Cells Mediate the 

Development of Tumor-Induced T Regulatory Cells and T-Cell Anergy in Tumor-Bearing 

Host. Cancer Res. 66, 1123–1131 (2006). 

117. Shang, B., Liu, Y., Jiang, S. & Liu, Y. Prognostic value of tumor-infiltrating FoxP3+ 

regulatory T cells in cancers: a systematic review and meta-analysis. Sci. Rep. 5, 15179 

(2015). 

118. Kotsakis, A. et al. Prognostic value of circulating regulatory T cell subsets in untreated 

non-small cell lung cancer patients. Sci. Rep. 6, 39247 (2016). 

119. Perrone, G. et al. Intratumoural FOXP3-positive regulatory T cells are associated with 

adverse prognosis in radically resected gastric cancer. Eur. J. Cancer 44, 1875–1882 

(2008). 

120. Bates, G. J. et al. Quantification of Regulatory T Cells Enables the Identification of High-

Risk Breast Cancer Patients and Those at Risk of Late Relapse. J. Clin. Oncol. 24, 5373–



129 

 

5380 (2006). 

121. Fontenot, J. D. et al. Regulatory T Cell Lineage Specification by the Forkhead 

Transcription Factor Foxp3 CD25 is highly expressed on both activated CD4 + and. 

Immunity 22, 329–341 (2005). 

122. Lindau, D., Gielen, P., Kroesen, M., Wesseling, P. & Adema, G. J. The 

immunosuppressive tumour network: myeloid-derived suppressor cells, regulatory T cells 

and natural killer T cells. Immunology 138, 105–15 (2013). 

123. Chen, W. et al. Conversion of Peripheral CD4 + CD25 − Naive T Cells to CD4 + CD25 + 

Regulatory T Cells by TGF-β Induction of Transcription Factor Foxp3. J. Exp. Med. 198, 

1875–1886 (2003). 

124. Malek, T. R. & Castro, I. Interleukin-2 receptor signaling: at the interface between 

tolerance and immunity. Immunity 33, 153–65 (2010). 

125. Tanaka, A. & Sakaguchi, S. Regulatory T cells in cancer immunotherapy. Cell Res. 27, 

109–118 (2017). 

126. Cao, X. et al. Granzyme B and Perforin Are Important for Regulatory T Cell-Mediated 

Suppression of Tumor Clearance. Immunity 27, 635–646 (2007). 

127. Gondek, D. C., Lu, L.-F., Quezada, S. A., Sakaguchi, S. & Noelle, R. J. Cutting edge: 

contact-mediated suppression by CD4+CD25+ regulatory cells involves a granzyme B-

dependent, perforin-independent mechanism. J. Immunol. 174, 1783–6 (2005). 

128. Oderup, C., Cederbom, L., Makowska, A., Cilio, C. M. & Ivars, F. Cytotoxic T 

lymphocyte antigen-4-dependent down-modulation of costimulatory molecules on 



130 

 

dendritic cells in CD4+ CD25+ regulatory T-cell-mediated suppression. Immunology 118, 

240–249 (2006). 

129. Chen, L. & Flies, D. B. Molecular mechanisms of T cell co-stimulation and co-inhibition. 

Nat. Rev. Immunol. 13, 227–242 (2013). 

130. Pardoll, D. M. The blockade of immune checkpoints in cancer immunotherapy. Nat. Rev. 

Cancer 12, 252–64 (2012). 

131. Brahmer, J. R. et al. Phase I Study of Single-Agent Anti–Programmed Death-1 (MDX-

1106) in Refractory Solid Tumors: Safety, Clinical Activity, Pharmacodynamics, and 

Immunologic Correlates. J. Clin. Oncol. 28, 3167–3175 (2010). 

132. Brahmer, J. R. et al. Safety and Activity of Anti–PD-L1 Antibody in Patients with 

Advanced Cancer. N. Engl. J. Med. 366, 2455–2465 (2012). 

133. Topalian, S. L. et al. Safety, Activity, and Immune Correlates of Anti–PD-1 Antibody in 

Cancer. N. Engl. J. Med. 366, 2443–2454 (2012). 

134. Hui, E. et al. T cell costimulatory receptor CD28 is a primary target for PD-1-mediated 

inhibition. Science 355, 1428–1433 (2017). 

135. Sheppard, K.-A. et al. PD-1 inhibits T-cell receptor induced phosphorylation of the 

ZAP70/CD3ζ signalosome and downstream signaling to PKCθ. FEBS Lett. 574, 37–41 

(2004). 

136. Francisco, L. M. et al. PD-L1 regulates the development, maintenance, and function of 

induced regulatory T cells. J. Exp. Med. 206, 3015–3029 (2009). 

137. Latchman, Y. et al. PD-L2 is a second ligand for PD-1 and inhibits T cell activation. Nat. 



131 

 

Immunol. 2, 261–268 (2001). 

138. Garcia-Diaz, A. et al. Interferon Receptor Signaling Pathways Regulating PD-L1 and PD-

L2 Expression. Cell Rep. 19, 1189–1201 (2017). 

139. Taube, J. M. et al. Colocalization of inflammatory response with B7-h1 expression in 

human melanocytic lesions supports an adaptive resistance mechanism of immune escape. 

Sci. Transl. Med. 4, 127ra37 (2012). 

140. Farkona, S., Diamandis, E. P. & Blasutig, I. M. Cancer immunotherapy: the beginning of 

the end of cancer? BMC Med. 14, 73 (2016). 

141. Couzin-Frankel, J. Breakthrough of the year 2013. Cancer immunotherapy. Science 342, 

1432–3 (2013). 

142. Hodi, F. S. et al. Improved Survival with Ipilimumab in Patients with Metastatic 

Melanoma. N. Engl. J. Med. 363, 711–723 (2010). 

143. Lim, S. H. et al. Pembrolizumab for the treatment of non-small cell lung cancer. Expert 

Opin. Biol. Ther. 16, 397–406 (2016). 

144. Lee, D. W. et al. T cells expressing CD19 chimeric antigen receptors for acute 

lymphoblastic leukaemia in children and young adults: a phase 1 dose-escalation trial. 

Lancet 385, 517–528 (2015). 

145. Rosenberg, S. A. & Dudley, M. E. Adoptive cell therapy for the treatment of patients with 

metastatic melanoma. Curr. Opin. Immunol. 21, 233–40 (2009). 

146. Yaddanapudi, K., Mitchell, R. A. & Eaton, J. W. Cancer vaccines: Looking to the future. 

Oncoimmunology 2, e23403 (2013). 



132 

 

147. Kaufman, H. L., Kohlhapp, F. J. & Zloza, A. Oncolytic viruses: a new class of 

immunotherapy drugs. Nat. Rev. Drug Discov. 14, 642–662 (2015). 

148. Chiocca, E. A. & Rabkin, S. D. Oncolytic viruses and their application to cancer 

immunotherapy. Cancer Immunol. Res. 2, 295–300 (2014). 

149. Russell, S. J., Peng, K.-W. & Bell, J. C. Oncolytic virotherapy. Nat. Biotechnol. 30, 658–

70 (2012). 

150. Jhawar, S. R. et al. Oncolytic Viruses-Natural and Genetically Engineered Cancer 

Immunotherapies. Front. Oncol. 7, 202 (2017). 

151. Liikanen, I. et al. Oncolytic Adenovirus With Temozolomide Induces Autophagy and 

Antitumor Immune Responses in Cancer Patients. Mol. Ther. 21, 1212–1223 (2013). 

152. Inoue, H. & Tani, K. Multimodal immunogenic cancer cell death as a consequence of 

anticancer cytotoxic treatments. Cell Death Differ. 21, 39–49 (2014). 

153. Dörig, R. E., Marcil, A., Chopra, A. & Richardson, C. D. The human CD46 molecule is a 

receptor for measles virus (Edmonston strain). Cell 75, 295–305 (1993). 

154. Yu, Z. et al. Enhanced Nectin-1 Expression and Herpes Oncolytic Sensitivity in Highly 

Migratory and Invasive Carcinoma. Clin. Cancer Res. 11, 4889–4897 (2005). 

155. Parato, K. A. et al. The Oncolytic Poxvirus JX-594 Selectively Replicates in and Destroys 

Cancer Cells Driven by Genetic Pathways Commonly Activated in Cancers. Mol. Ther. 

20, 749–758 (2012). 

156. Mansour, M., Palese, P. & Zamarin, D. Oncolytic Specificity of Newcastle Disease Virus 

Is Mediated by Selectivity for Apoptosis-Resistant Cells. J. Virol. 85, 6015–6023 (2011). 



133 

 

157. Strong, J. E., Coffey, M. C., Tang, D., Sabinin, P. & Lee, P. W. The molecular basis of 

viral oncolysis: usurpation of the Ras signaling pathway by reovirus. EMBO J. 17, 3351–

3362 (1998). 

158. Bell, J. C. et al. Exploiting tumor-specific defects in the interferon pathway with a 

previously unknown oncolytic virus. Nat. Med. 6, 821–825 (2000). 

159. Brun, J. et al. Identification of genetically modified Maraba virus as an oncolytic 

rhabdovirus. Mol. Ther. 18, 1440–1449 (2010). 

160. Hummel, J. et al. Maraba virus-vectored cancer vaccines represent a safe and novel 

therapeutic option for cats. Sci. Rep. 7, 15738 (2017). 

161. Tesh, R. B., da Rosa, J. F. T., da Rosa, A. P. A. T., Main, A. J. & Herve, J. P. Carajas and 

Maraba Viruses, Two New Vesiculoviruses Isolated from Phlebotomine Sand Flies in 

Brazil *. Am. J. Trop. Med. Hyg. 33, 999–1006 (1984). 

162. Stojdl, D. F. et al. VSV strains with defects in their ability to shutdown innate immunity 

are potent systemic anti-cancer agents. Cancer Cell 4, 263–75 (2003). 

163. Pol, J. G. et al. Maraba virus as a potent oncolytic vaccine vector. Mol. Ther. 22, 420–9 

(2014). 

164. MG1 Maraba/MAGE-A3, With and Without Adenovirus Vaccine, With Transgenic 

MAGE-A3 Insertion in Patients With Incurable MAGE-A3-Expressing Solid Tumours - 

Full Text View - ClinicalTrials.gov. Available at: 

https://www.clinicaltrials.gov/ct2/show/NCT02285816?term=maraba&rank=1. 

(Accessed: 22nd April 2018) 



134 

 

165. Oncolytic MG1-MAGEA3 With Ad-MAGEA3 Vaccine in Combination With 

Pembrolizumab for Non-Small Cell Lung Cancer Patients - Full Text View - 

ClinicalTrials.gov. Available at: 

https://www.clinicaltrials.gov/ct2/show/NCT02879760?term=maraba&rank=2. 

(Accessed: 22nd April 2018) 

166. Conrad, D. P. et al. Leukemia cell-rhabdovirus vaccine: personalized immunotherapy for 

acute lymphoblastic leukemia. Clin. Cancer Res. 19, 3832–43 (2013). 

167. Hu, Z., Ott, P. A. & Wu, C. J. Towards personalized, tumour-specific, therapeutic 

vaccines for cancer. Nat. Rev. Immunol. 18, 168–182 (2017). 

168. Britten, C. M. et al. The regulatory landscape for actively personalized cancer 

immunotherapies. Nat. Biotechnol. 31, 880–882 (2013). 

169. Lennerz, V. et al. The response of autologous T cells to a human melanoma is dominated 

by mutated neoantigens. Proc. Natl. Acad. Sci. 102, 16013–16018 (2005). 

170. Lauss, M. et al. Mutational and putative neoantigen load predict clinical benefit of 

adoptive T cell therapy in melanoma. Nat. Commun. 8, 1738 (2017). 

171. van Rooij, N. et al. Tumor Exome Analysis Reveals Neoantigen-Specific T-Cell 

Reactivity in an Ipilimumab-Responsive Melanoma. J. Clin. Oncol. 31, e439–e442 

(2013). 

172. Castle, J. C. et al. Exploiting the mutanome for tumor vaccination. Cancer Res. 72, 1081–

91 (2012). 

173. Neller, M. A., López, J. A. & Schmidt, C. W. Antigens for cancer immunotherapy. 



135 

 

Seminars in Immunology 20, 286–295 (2008). 

174. Chiang, C. L.-L., Coukos, G. & Kandalaft, L. E. Whole Tumor Antigen Vaccines: Where 

Are We? Vaccines 3, 344–72 (2015). 

175. Chiang, C. L.-L., Benencia, F. & Coukos, G. Whole tumor antigen vaccines. Semin. 

Immunol. 22, 132–143 (2010). 

176. Keenan, B. P. & Jaffee, E. M. Whole cell vaccines--past progress and future strategies. 

Semin. Oncol. 39, 276–86 (2012). 

177. Butterfield, L. H. et al. Determinant spreading associated with clinical response in 

dendritic cell-based immunotherapy for malignant melanoma. Clin. Cancer Res. 9, 998–

1008 (2003). 

178. Copier, J. & Dalgleish, A. Whole-cell vaccines: A failure or a success waiting to happen? 

Curr. Opin. Mol. Ther. 12, 14–20 (2010). 

179. Le, D. T. et al. Safety and Survival With GVAX Pancreas Prime and Listeria 

Monocytogenes –Expressing Mesothelin (CRS-207) Boost Vaccines for Metastatic 

Pancreatic Cancer. J. Clin. Oncol. 33, 1325–1333 (2015). 

180. Bauer, D. F. et al. Effect of HSV-IL12 Loaded Tumor Cell-Based Vaccination in a Mouse 

Model of High-Grade Neuroblastoma. J. Immunol. Res. 2016, 1–10 (2016). 

181. Schirrmacher, V. et al. Human tumor cell modification by virus infection: an efficient and 

safe way to produce cancer vaccine with pleiotropic immune stimulatory properties when 

using Newcastle disease virus. Gene Ther. 6, 63–73 (1999). 

182. Lemay, C. G. et al. Harnessing oncolytic virus-mediated antitumor immunity in an 



136 

 

infected cell vaccine. Mol. Ther. 20, 1791–1799 (2012). 

183. Lindenmann, J. & Klein, P. A. Viral oncolysis: increased immunogenicity of host cell 

antigen associated with influenza virus. J. Exp. Med. 126, 93–108 (1967). 

184. Ockert, D. et al. Newcastle disease virus-infected intact autologous tumor cell vaccine for 

adjuvant active specific immunotherapy of resected colorectal carcinoma. Clin. Cancer 

Res. 2, 21–8 (1996). 

185. Tugues, S. et al. New insights into IL-12-mediated tumor suppression. Cell Death Differ. 

22, 237–46 (2015). 

186. Lasek, W., Zagożdżon, R. & Jakobisiak, M. Interleukin 12: still a promising candidate for 

tumor immunotherapy? Cancer Immunol. Immunother. 63, 419–35 (2014). 

187. Schulz, O. et al. CD40 triggering of heterodimeric IL-12 p70 production by dendritic cells 

in vivo requires a microbial priming signal. Immunity 13, 453–62 (2000). 

188. Heufler, C. et al. Interleukin-12 is produced by dendritic cells and mediates T helper 1 

development as well as interferon-γ production by T helper 1 cells. Eur. J. Immunol. 26, 

659–668 (1996). 

189. Thierfelder, W. E. et al. Requirement for Stat4 in interleukin-12-mediated responses of 

natural killer and T cells. Nature 382, 171–174 (1996). 

190. Trinchieri, G. Interleukin-12 and the regulation of innate resistance and adaptive 

immunity. Nat. Rev. Immunol. 3, 133–146 (2003). 

191. Zeh, H. J., Hurd, S., Storkus, W. J. & Lotze, M. T. Interleukin-12 promotes the 

proliferation and cytolytic maturation of immune effectors: implications for the 



137 

 

immunotherapy of cancer. J. Immunother. Emphasis Tumor Immunol. 14, 155–61 (1993). 

192. Ma, X. et al. The interleukin 12 p40 gene promoter is primed by interferon gamma in 

monocytic cells. J. Exp. Med. 183, 147–57 (1996). 

193. Trinchieri, G., Pflanz, S. & Kastelein, R. A. The IL-12 family of heterodimeric cytokines: 

new players in the regulation of T cell responses. Immunity 19, 641–4 (2003). 

194. Vignali, D. A. A. & Kuchroo, V. K. IL-12 family cytokines: immunological playmakers. 

Nat. Immunol. 13, 722–8 (2012). 

195. Sun, L., He, C., Nair, L., Yeung, J. & Egwuagu, C. E. Interleukin 12 (IL-12) family 

cytokines: Role in immune pathogenesis and treatment of CNS autoimmune disease. 

Cytokine 75, 249–55 (2015). 

196. Kobayashi, M. et al. Identification and purification of natural killer cell stimulatory factor 

(NKSF), a cytokine with multiple biologic effects on human lymphocytes. J. Exp. Med. 

170, 827–45 (1989). 

197. Hamza, T., Barnett, J. B. & Li, B. Interleukin 12 a key immunoregulatory cytokine in 

infection applications. Int. J. Mol. Sci. 11, 789–806 (2010). 

198. Merberg, D. M., Wolf, S. F. & Clark, S. C. Sequence similarity between NKSF and the 

IL-6/G-CSF family. Immunol. Today 13, 77–78 (1992). 

199. Gearing, D. P. & Cosman, D. Homology of the p40 subunit of natural killer cell 

stimulatory factor (NKSF) with the extracellular domain of the interleukin-6 receptor. Cell 

66, 9–10 (1991). 

200. D’Andrea, A. et al. Production of natural killer cell stimulatory factor (interleukin 12) by 



138 

 

peripheral blood mononuclear cells. J. Exp. Med. 176, 1387–98 (1992). 

201. Ling, P. et al. Human IL-12 p40 homodimer binds to the IL-12 receptor but does not 

mediate biologic activity. J. Immunol. 154, 116–27 (1995). 

202. Khader, S. A. et al. Interleukin 12p40 is required for dendritic cell migration and T cell 

priming after Mycobacterium tuberculosis infection. J. Exp. Med. 203, 1805–1815 (2006). 

203. Kelsall, B. L., Stüber, E., Neurath, M. & Strober, W. Interleukin-12 production by 

dendritic cells. The role of CD40-CD40L interactions in Th1 T-cell responses. Ann. N. Y. 

Acad. Sci. 795, 116–26 (1996). 

204. Wesa, A. K. & Galy, A. IL-1 beta induces dendritic cells to produce IL-12. Int. Immunol. 

13, 1053–61 (2001). 

205. Zhang, Y. et al. Tim-3 Negatively Regulates IL-12 Expression by Monocytes in HCV 

Infection. PLoS One 6, e19664 (2011). 

206. McRae, B. L., Semnani, R. T., Hayes, M. P. & van Seventer, G. A. Type I IFNs inhibit 

human dendritic cell IL-12 production and Th1 cell development. J. Immunol. 160, 4298–

304 (1998). 

207. Mitsuhashi, M., Liu, J., Cao, S., Shi, X. & Ma, X. Regulation of interleukin-12 gene 

expression and its anti-tumor activities by prostaglandin E 2 derived from mammary 

carcinomas. J. Leukoc. Biol. 76, 322–332 (2004). 

208. Waldmann, T. A. Cytokines in Cancer Immunotherapy. Cold Spring Harb. Perspect. Biol. 

a028472 (2017). doi:10.1101/cshperspect.a028472 

209. Parihar, R., Dierksheide, J., Hu, Y. & Carson, W. E. IL-12 enhances the natural killer cell 



139 

 

cytokine response to Ab-coated tumor cells. J. Clin. Invest. 110, 983–992 (2002). 

210. Angiolillo, A. L., Sgadari, C. & Tosato, G. A role for the interferon-inducible protein 10 

in inhibition of angiogenesis by interleukin-12. Ann. N. Y. Acad. Sci. 795, 158–67 (1996). 

211. Kerkar, S. P. et al. Collapse of the Tumor Stroma is Triggered by IL-12 Induction of Fas. 

Mol. Ther. 21, 1369–1377 (2013). 

212. Portielje, J. E. A. et al. Repeated administrations of interleukin (IL)-12 are associated with 

persistently elevated plasma levels of IL-10 and declining IFN-gamma, tumor necrosis 

factor-alpha, IL-6, and IL-8 responses. Clin. Cancer Res. 9, 76–83 (2003). 

213. Vaccination of Patients With Breast Cancer With Dendritic Cell/Tumor Fusions and IL-

12. clinicaltrials.gov 12/1/2009 (2009). Available at: 

https://clinicaltrials.gov/ct2/show/NCT00622401. (Accessed: 3rd June 2018) 

214. Zhang, L. et al. Tumor-Infiltrating Lymphocytes Genetically Engineered with an 

Inducible Gene Encoding Interleukin-12 for the Immunotherapy of Metastatic Melanoma. 

Clin. Cancer Res. 21, 2278–2288 (2015). 

215. Mahvi, D. M. et al. Intratumoral injection of IL-12 plasmid DNA – results of a phase I/IB 

clinical trial. Cancer Gene Ther. 14, 717–723 (2007). 

216. Anwer, K., Barnes, M. N., Fewell, J., Lewis, D. H. & Alvarez, R. D. Phase-I clinical trial 

of IL-12 plasmid/lipopolymer complexes for the treatment of recurrent ovarian cancer. 

Gene Ther. 17, 360–369 (2010). 

217. Genetically Engineered HSV-1 Phase 1 Study for the Treatment of Recurrent Malignant 

Glioma - Full Text View - ClinicalTrials.gov. Available at: 



140 

 

https://clinicaltrials.gov/ct2/show/NCT02062827?term=Interleukin-

12&cond=HSV&rank=1. (Accessed: 3rd June 2018) 

218. Safety Study of Adenovirus Vector Engineered to Express hIL-12 in Combination With 

Activator Ligand to Treat Melanoma - Full Text View - ClinicalTrials.gov. Available at: 

https://clinicaltrials.gov/ct2/show/NCT01397708. (Accessed: 3rd June 2018) 

219. Alkayyal, A., Bell, J. & Auer, R. Exploiting the Antitumor Immune Response Using IL-12 

Armed Oncolytic MG1 Virus In An Infected Cell Vaccine - University of Ottawa. (2016). 

220. Baldwin, S. L. et al. Protection against tuberculosis with homologous or heterologous 

protein/vector vaccine approaches is not dependent on CD8+ T cells. J. Immunol. 191, 

2514–25 (2013). 

221. Andersen, B. M. & Ohlfest, J. R. Increasing the efficacy of tumor cell vaccines by 

enhancing cross priming. Cancer Lett. 325, 155–64 (2012). 

222. Xiang, B. et al. Prime-Boost Immunization Eliminates Metastatic Colorectal Cancer by 

Producing High-Avidity Effector CD8+ T Cells. J. Immunol. 198, 3507–3514 (2017). 

223. Diallo, J. S., Vähä-Koskela, M., Le Boeuf, F. & Bell, J. Propagation, purification, and in 

vivo testing of oncolytic vesicular stomatitis virus strains. Methods Mol. Biol. 797, 127–

140 (2012). 

224. Durward, M., Harms, J. & Splitter, G. Antigen specific killing assay using CFSE labeled 

target cells. J. Vis. Exp. (2010). doi:10.3791/2250 

225. Rhodes, M. et al. Using the PanCancer Immune Profiling Advanced Analysis Module. 

(2015). 



141 

 

226. Gene Ontology Consortium | Gene Ontology Consortium. Available at: 

http://www.geneontology.org/. (Accessed: 7th May 2018) 

227. Zeh, H. J., Perry-Lalley, D., Dudley, M. E., Rosenberg, S. A. & Yang, J. C. High avidity 

CTLs for two self-antigens demonstrate superior in vitro and in vivo antitumor efficacy. J. 

Immunol. 162, 989–94 (1999). 

228. Kershaw, M. H. et al. Immunization against endogenous retroviral tumor-associated 

antigens. Cancer Res. 61, 7920–4 (2001). 

229. Overwijk, W. W. & Restifo, N. P. B16 as a mouse model for human melanoma. Curr. 

Protoc. Immunol. Chapter 20, Unit 20.1 (2001). 

230. Bronte, V. et al. Effective genetic vaccination with a widely shared endogenous retroviral 

tumor antigen requires CD40 stimulation during tumor rejection phase. J. Immunol. 171, 

6396–405 (2003). 

231. Danaher, P. et al. Gene expression markers of Tumor Infiltrating Leukocytes. J. 

Immunother. cancer 5, 18 (2017). 

232. Perez-Diez, A. et al. CD4 cells can be more efficient at tumor rejection than CD8 cells. 

Blood 109, 5346–54 (2007). 

233. Hong, C. et al. CD4+ T cells in the absence of the CD8+ cytotoxic T cells are critical and 

sufficient for NKT cell-dependent tumor rejection. J. Immunol. 177, 6747–57 (2006). 

234. Andreasson, K., Eriksson, M., Tegerstedt, K., Ramqvist, T. & Dalianis, T. CD4+ and 

CD8+ T cells can act separately in tumour rejection after immunization with murine 

pneumotropic virus chimeric Her2/neu virus-like particles. PLoS One 5, e11580 (2010). 



142 

 

235. Corthay, A. et al. Primary Antitumor Immune Response Mediated by CD4+ T Cells. 

Immunity 22, 371–383 (2005). 

236. Dempster, H., Bell, J. & Kekre, N. Characterization of the Anti-Tumour Immune 

Response Following Treatment With an Infected Leukemia Cell Vaccine. (University of 

Ottawa, 2017). 

237. Labbe, A. et al. IL-12 immunotherapy of murine leukaemia: comparison of systemic 

versus gene modified cell therapy. J. Cell. Mol. Med. 13, 1962–1976 (2009). 

238. Adams, N. M. et al. NK Cell Responses Redefine Immunological Memory. J. Immunol. 

197, 2963–2970 (2016). 

239. Cooper, M. A. et al. Cytokine-induced memory-like natural killer cells. Proc. Natl. Acad. 

Sci. U. S. A. 106, 1915–9 (2009). 

240. Ni, J., Miller, M., Stojanovic, A., Garbi, N. & Cerwenka, A. Sustained effector function of 

IL-12/15/18-preactivated NK cells against established tumors. J. Exp. Med. 209, 2351–65 

(2012). 

241. Shimizu, K. & Fujii, S. DC therapy induces long-term NK reactivity to tumors via host 

DC. Eur. J. Immunol. 39, 457–468 (2009). 

242. Banchereau, J. & Palucka, A. K. Dendritic cells as therapeutic vaccines against cancer. 

Nat. Rev. Immunol. 5, 296–306 (2005). 

243. Zelenay, S. et al. The dendritic cell receptor DNGR-1 controls endocytic handling of 

necrotic cell antigens to favor cross-priming of CTLs in virus-infected mice. J. Clin. 

Invest. 122, 1615–27 (2012). 



143 

 

244. Broz, M. L. et al. Dissecting the tumor myeloid compartment reveals rare activating 

antigen-presenting cells critical for T cell immunity. Cancer Cell 26, 638–52 (2014). 

245. Spranger, S., Dai, D., Horton, B. & Gajewski, T. F. Tumor-Residing Batf3 Dendritic Cells 

Are Required for Effector T Cell Trafficking and Adoptive T Cell Therapy. Cancer Cell 

31, 711–723.e4 (2017). 

246. Gujar, S. A. & Lee, P. W. K. Oncolytic Virus-Mediated Reversal of Impaired Tumor 

Antigen Presentation. Front. Oncol. 4, 77 (2014). 

247. Kim, Y. et al. Dendritic Cells in Oncolytic Virus-Based Anti-Cancer Therapy. Viruses 7, 

6506–25 (2015). 

248. Dai, P. et al. Intratumoral delivery of inactivated modified vaccinia virus Ankara (iMVA) 

induces systemic antitumor immunity via STING and Batf3-dependent dendritic cells. Sci. 

Immunol. 2, eaal1713 (2017). 

249. Bommareddy, P. K., Shettigar, M. & Kaufman, H. L. Integrating oncolytic viruses in 

combination cancer immunotherapy. Nat. Rev. Immunol. 1 (2018). doi:10.1038/s41577-

018-0014-6 

250. Boudreau, J. E. et al. Recombinant Vesicular Stomatitis Virus Transduction of Dendritic 

Cells Enhances Their Ability to Prime Innate and Adaptive Antitumor Immunity. Mol. 

Ther. 17, 1465–1472 (2009). 

251. Park, J.-J. et al. B7-H1/CD80 interaction is required for the induction and maintenance of 

peripheral T-cell tolerance. Blood 116, 1291–1298 (2010). 

252. Albert, M. L., Jegathesan, M. & Darnell, R. B. Dendritic cell maturation is required for the 



144 

 

cross-tolerization of CD8+ T cells. Nat. Immunol. 2, 1010–1017 (2001). 

253. Reis e Sousa, C. Dendritic cells in a mature age. Nat. Rev. Immunol. 6, 476–483 (2006). 

254. Twumasi-Boateng, K., Pettigrew, J. L., Kwok, Y. Y. E., Bell, J. C. & Nelson, B. H. 

Oncolytic viruses as engineering platforms for combination immunotherapy. Nat. Rev. 

Cancer 1 (2018). doi:10.1038/s41568-018-0009-4 

255. Ribas, A. et al. Oncolytic Virotherapy Promotes Intratumoral T Cell Infiltration and 

Improves Anti-PD-1 Immunotherapy. Cell 170, 1109–1119.e10 (2017). 

256. Gujar, S., Pol, J. G., Kim, Y., Lee, P. W. & Kroemer, G. Antitumor Benefits of Antiviral 

Immunity: An Underappreciated Aspect of Oncolytic Virotherapies. Trends Immunol. 39, 

209–221 (2018). 

257. Brown, M. C. et al. Cancer immunotherapy with recombinant poliovirus induces IFN-

dominant activation of dendritic cells and tumor antigen-specific CTLs. Sci. Transl. Med. 

9, eaan4220 (2017). 

258. Wang, F. et al. S6K-STING interaction regulates cytosolic DNA–mediated activation of 

the transcription factor IRF3. Nat. Immunol. 17, 514–522 (2016). 

259. Donnelly, O. G. et al. Measles virus causes immunogenic cell death in human melanoma. 

Gene Ther. 20, 7–15 (2013). 

260. Swain, S. L., McKinstry, K. K. & Strutt, T. M. Expanding roles for CD4+ T cells in 

immunity to viruses. Nat. Rev. Immunol. 12, 136–148 (2012). 

261. Rabinovich, G. A., Gabrilovich, D. & Sotomayor, E. M. Immunosuppressive Strategies 

that are Mediated by Tumor Cells. Annu. Rev. Immunol 25, 267–96 (2007). 



145 

 

262. Bourgeois-Daigneault, M.-C. et al. Neoadjuvant oncolytic virotherapy before surgery 

sensitizes triple-negative breast cancer to immune checkpoint therapy. Sci. Transl. Med. 

10, eaao1641 (2018). 

263. Clements, D. R., Kim, Y., Gujar, S. A. & Lee, P. W. All that glitters is not gold: the need 

to consider desirable and undesirable immune aspects of oncolytic virus therapy. 

Oncoimmunology 5, e1057674 (2016). 

264. Hou, W., Sampath, P., Rojas, J. J. & Thorne, S. H. Oncolytic Virus-Mediated Targeting of 

PGE2 in the Tumor Alters the Immune Status and Sensitizes Established and Resistant 

Tumors to Immunotherapy. Cancer Cell 30, 108–119 (2016). 

265. Steding, C. E. et al. The role of interleukin-12 on modulating myeloid-derived suppressor 

cells, increasing overall survival and reducing metastasis. Immunology 133, 221–38 

(2011). 

266. Cao, X. et al. Interleukin 12 stimulates IFN-gamma-mediated inhibition of tumor-induced 

regulatory T-cell proliferation and enhances tumor clearance. Cancer Res. 69, 8700–9 

(2009). 

267. Mimura, K. et al. PD-L1 expression is mainly regulated by interferon gamma associated 

with JAK-STAT pathway in gastric cancer. Cancer Sci. 109, 43–53 (2018). 

268. Stojanovic, A., Fiegler, N., Brunner-Weinzierl, M. & Cerwenka, A. CTLA-4 is expressed 

by activated mouse NK cells and inhibits NK Cell IFN-γ production in response to mature 

dendritic cells. J. Immunol. 192, 4184–91 (2014). 

269. Rudd, C. E., Taylor, A. & Schneider, H. CD28 and CTLA-4 coreceptor expression and 



146 

 

signal transduction. Immunol. Rev. 229, 12–26 (2009). 

270. Shim, K. G. et al. Inhibitory Receptors Induced by VSV Viroimmunotherapy Are Not 

Necessarily Targets for Improving Treatment Efficacy. Mol. Ther. 25, 962–975 (2017). 

271. Borrego, F., Peña, J. & Solana, R. Regulation of CD69 expression on human natural killer 

cells: differential involvement of protein kinase C and protein tyrosine kinases. Eur. J. 

Immunol. 23, 1039–1043 (1993). 

272. Borrego, F., Robertson, M. J., Ritz, J., Peña, J. & Solana, R. CD69 is a stimulatory 

receptor for natural killer cell and its cytotoxic effect is blocked by CD94 inhibitory 

receptor. Immunology 97, 159–65 (1999). 

273. Ferlazzo, G. et al. Distinct roles of IL-12 and IL-15 in human natural killer cell activation 

by dendritic cells from secondary lymphoid organs. Proc. Natl. Acad. Sci. 101, 16606–

16611 (2004). 

274. Lin, S.-J., Chao, H.-C. & Kuo, M.-L. The Effect of Interleukin-12 and Interleukin-15 on 

CD69 Expression of T-Lymphocytes and Natural Killer Cells from Umbilical Cord Blood. 

Neonatology 78, 181–185 (2000). 

275. Gerosa, F. et al. Differential Effects of Tyrosine Kinase Inhibition in CD69 Antigen 

Expression and Lytic Activity Induced by rIL-2, rIL-12, and rIFN-α in Human NK Cells. 

Cell. Immunol. 150, 382–390 (1993). 

276. Fogel, L. A., Sun, M. M., Geurs, T. L., Carayannopoulos, L. N. & French, A. R. Markers 

of nonselective and specific NK cell activation. J. Immunol. 190, 6269–76 (2013). 

277. Vahlne, G., Becker, S., Brodin, P. & Johansson, M. H. IFN-gamma production and 



147 

 

degranulation are differentially regulated in response to stimulation in murine natural 

killer cells. Scand. J. Immunol. 67, 1–11 (2008). 

  



148 

 

Appendix 

Appendix A: List of antibodies and tetramers 

Fluorochrome-conjugated antibody Company 

AF647 CD8 Clone KTI5 MBL 

APC IFN gamma Clone XMG1.2  eBioscience 

BV421 CD103 Clone M290 BD Biosciences 

BV421 CD107a Clone ID4B BD Biosciences 

BV421 CD11c Clone N418 BD Biosciences 

BV421 CD25 Clone 3C7 BD Biosciences 

BV421 CD273 Clone TY25 BD Biosciences 

BV421 CD279 Clone J43 BD Biosciences 

BV421 CD69 Clone H1.2F3  BD Biosciences 

BV421 F4/80 Clone T45-2342 BD Biosciences 

BV421 IL-10 Clone JES5-IGE3 BD Biosciences 

BV510 CD3e Clone 145-2c11 BD Biosciences 

BV650 CD11b Clone M1/70 BD Biosciences 

BV650 CD69 Clone H1.2F3 BD Biosciences 

BV711 CD86 Clone GL1 BD Biosciences 

BV711 F4/80 Clone T45-2342 BD Biosciences 

BV786 CD11b Clone M1/70 BD Biosciences 

BV786 CD274 Clone M1H5 BD Biosciences 

BV786 CD4 Clone RM4-5 BD Biosciences 

FITC CD45.2 Clone 104 BD Biosciences 

PE CD152 (CTLA4) Clone UC10-4F10-11 BD Biosciences 

PE CD273 Clone TY25 BD Biosciences 

PE CD4 Clone RM4-5 BD Biosciences 

PE CD40 Clone 3123 BD Biosciences 

PE OVA tetramer MBL 

PE Tim3 Clone SDi2/Tim-3 BD Biosciences 

PeCF594 CD11c Clone HL3 BD Biosciences 

PeCF594 NK1.1 Clone PK136 BD Biosciences 

Pe-Cy5 FoxP3 Clone FJK-165 eBioscience 

Pe-Cy5 Ly-6G (Gr-1) Clone RB6-8C5 eBioscience 

Pe-Cy7 CD19 Clone ID3 BD Biosciences 

Pe-Cy7 CD27 Clone LG.3A6 BD Biosciences 

PE-Cy7 CD3e Clone 145-2C11 eBioscience 

PE-Cy7 Granzyme B Clone NGZB eBioscience 
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PerCP-Cy5.5 CD3 Clone UCHT1 BD Biosciences 

PerCP-Cy5.5 CD45.2 Clone 104 BD Biosciences 

PerCP-Cy5.5 CD8 alpha Clone 53-6.7 BD Biosciences 

PerCP-Cy5.5 MHCII (IA/IE) Clone M5/114.15.2 BD Biosciences 
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Appendix B: List of Housekeeping Genes used for Normalization of NanoString Data 

Gene Name 

1. Eif2b4 

2. Tbp 

3. Eef1g 

4. Nubp1 

5. Sdha 

6. Sap130 

7. Edc3 

8. Hdac3 

9. Rpl19 

10. Oaz1 

11. Abcf1 

12. Ppia 

13. Gusb 

14. G6pdx 

15. Polr1b 

16. Polr2a 

17. Sf3a3 
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Appendix C: Weight of B16F10 tumors collected for flow cytometry 

 

B16F10 tumors collected for immune profiling were weighed (maximum collected 1.0 gram). 

Data from three separate experiments. 
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