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ABSTRACT 

Neuroblastoma is the third most common pediatric cancer. Dinutuximab is a recently approved 

monoclonal antibody targeting GD2, a ganglioside ubiquitously present on neuroblastoma. Recent 

studies have shown that αGD2 therapy activates PD1-PDL1 signalling, resulting in the inhibition 

of its full therapeutic potential. The PD1-PDL1 signalling axis is a cellular checkpoint that inhibits 

immune responses. The blocking of this interaction has been successful in the treatment of 

numerous cancers, including in combination with anti-GD2 therapy. The Inhibitor of apoptosis 

(IAP) proteins are commonly upregulated in cancers and prevent cell death through the inhibition 

of caspases and through the control of NF-κB activity. Smac mimetic compounds (SMCs) have 

been designed to target IAP activity, thereby promoting cancer cell death. Here, I used the SMC, 

LCL161, to improve αGD2 antibody treatment against a GD2+ syngeneic neuroblastoma mouse 

model. I found that murine cell lines NXS2 and N2a were resistant in vitro to LCL161-mediated 

apoptosis, despite expressing apoptotic components often silenced in neuroblastoma. In vivo, I 

observed a slight delay in tumour growth induced by LCL161 and I confirmed an in vivo anti-

angiogenic effect of LCL161 through ultrasound imaging and necropsy evaluation. I then 

combined LCL161 and αGD2 antibody (clone ME361-S2a) treatment and reported a delay in 

NXS2 subcutaneous tumour growth, which was further potentiated with the addition of an αPD-

L1 antibody. With optimization, there is potential for SMCs to be used in combination with αGD2 

therapy in GD2+ cancers like neuroblastoma. 
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1.0 INTRODUCTION 

My project aims to antagonize the inhibitor of apoptosis (IAP) proteins in neuroblastoma to 

improve the efficacy of an approved immunotherapy which targets GD2. An explanation of IAP 

biology, IAP antagonism, immunotherapy, αGD2 therapy, and neuroblastoma follows.   

1.1 The Inhibitors of Apoptosis 

The IAP proteins represent a group of proteins that control cell death (1,2) and act as regulators of 

the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway (3,4). The 

capabilities of the IAP family have led to their overexpression in certain diseases, such as cancers 

like neuroblastoma (NB) (5,6).   

1.1.1 Characteristics of the IAPs 

The baculovirus IAP gene family was discovered in the Cydia pomonella granulosis virus by the 

Miller group (7). Following studies reported the discovery of a mammalian IAP protein, neuronal 

IAP (NAIP), by the Korneluk group (2). Currently, there are eight proteins classified in the IAP 

family (8).   

The mammalian IAP members can be divided into three classes depending on their domain 

composition (8). All IAP proteins contain Baculovirus IAP repeat (BIR) domains which are zinc-

finger folds that are composed of conserved histidine and cysteine residues (7,9). A first sub-class 

of IAP proteins are distinguished by their C-terminal Really Interesting New Gene (RING) 

domain, which has E3-ligase activity (10,11). This class includes the following members: X-linked 

IAP (XIAP), cellular IAP 1 (cIAP1) and cIAP2, IAP-like protein 2 (ILP2), and melanoma-IAP 

(ML-IAP, also known as Livin). cIAP1 and cIAP2 also have a Caspase Recruitment Domain 

(CARD) which interacts with other CARDs to create larger protein complexes. The specific 
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purpose of the CARD domains on the IAP proteins are currently unknown (12,13). However, 

outside of IAPs, these CARD domains can be found on mitochondrial and cytoplasmic proteins 

such as caspases (14,15). 

NAIP is the sole member of a second IAP sub-class, which contains three BIR domains but no 

ligase domain. The third IAP sub-class has two members which have a single BIR domain, Apollon 

and Survivin (8).  

1.1.2 Inhibition of apoptosis 

Caspases are protease enzymes which cleave proteins to induce cell death (16). Once activated by 

cell death stimuli, initiator caspases (caspase-2, -8,, -9, -10) will form complexes to initiate the 

caspase cascade, activating executioner caspases (caspase-3, -6, -7) (17). These executioner 

caspases can then cleave other proteins related to cell structure and signalling which leads to DNA 

fragmentation and nuclear collapse and eventually cell death (18). IAP proteins can inhibit 

apoptosis and promote cell survival by targeting caspase proteins (Figure 1) (19). The BIR domains 

permit IAP proteins to bind directly to caspases. The XIAP BIR domains are capable of directly 

inhibiting both effector and initiator caspases such as caspase-3, -7, and -9 (20). The BIR3 domain 

of XIAP is capable of binding to and inhibiting inactive caspase-9 monomers, preventing active 

caspase-9 homodimer formation (21).  Comparatively, the XIAP BIR2 domain binds the active 

sites of caspase-3 and -7 to mediate their inhibition (20). The cIAP1/2 proteins can bind caspases, 

such as caspase-3 and -7, but do not inhibit their function directly due to key amino acid 

substitutions found in their BIR domains relative to the XIAP BIR domains (22). Instead, these 

IAP proteins target effector caspases for ubiquitination, which leads to their degradation (23).    
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Figure 1. Role of IAP proteins and SMCs in apoptosis and NF-kB signalling. General overview 

of how the IAP proteins and SMCs interact with signalling pathways for apoptosis, necroptosis, 

and NF-κB signalling. cIAP1 and cIAP2 will ubiquitinate NIK, preventing NIK accumulation and 

inhibiting signalling from alternative NF-кB pathway. cIAP1 and cIAP2 will also ubiquitinate 

RIP1, preventing formation of the necrosome or complex 2, inhibiting both necroptosis and 

apoptosis. As well, ubiquitinated RIP1 serves as a scaffold for the TAK1 complex to form, 

promoting signalling from canonical NF-кB pathway. XIAP is also seen inhibiting caspase-3, -7, 

and -9 activations. Not shown is XIAP dimerizing with TAK1 to activate canonical NF-κB 

signalling. Impact of SMCs are also indicated in each pathway and can be seen promoting 

alternative NF-кB signalling, necroptosis, and apoptosis pathways. Adapted from Bai et al. 2014 

(19) 
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1.1.3 Modulation of NF-κB signalling 

In addition to their roles in inhibiting apoptosis, IAP proteins are also regulators of cell signalling 

(Figure 1). The NF-кB pathway is a family of transcription factors which have roles in regulating 

important cell processes, such as cytokine production, inflammation, immune responses, and cell 

survival (24–26). Some of the target genes of the NF-кB pathway that are involved in cell death 

and immune signalling are tumor necrosis factor α (TNFα) (27), major histocompatibility complex 

1 and 2 (MHC 1 and 2) (28–30) , and programmed death receptor ligand 1 (PD-L1) (31). MHC 1 

and 2 are important for immune cell recognition of host cells and presented antigens. PD-L1 is the 

ligand for PD-1 and acts as a stop signal to certain immune cells.  The NF-кB pathway can be 

activated in two ways, canonical/classical and non-canonical/alternative signalling (24,26,32). 

These two pathways can be distinguished by their signalling components. Canonical signalling 

requires the activation of the inhibitor of кB (IкB) kinase β (IKKβ) and signals through RelA- or 

c-Rel-p50 heterodimer to mediate target gene transcription. Non-canonical signalling requires NF-

кB-inducing kinase (NIK) accumulation to activate IKKα, leading to RelB-p52 transcription factor 

heterodimer formation (24,26,32).  

Both XIAP and the cIAP1/2 proteins are capable of regulating NF-кB pathway signalling (3,4). 

The first BIR domain of XIAP binds and activates transforming growth factor β-activated kinase 

1 (TAK1), which then phosphorylates IKK. Phosphorylated IKK degrades IкB by 

phosphorylation, releasing transcription factor dimers into the nucleus for signalling. Thus, XIAP 

can promote NF-kB signalling through activation of TAK1 (3). As well, TNFα-mediated NF-кB 

signalling was found to be attenuated by loss of both cIAP1/2 proteins. Due to the functional 

redundancy of cIAP1 and cIAP2, either of these proteins are able to polyubiquinate Rip1 to permit 

recruitment of TAK1 and IKK complexes to the TNF receptor 1 (TNF-R1) signalosome (4). 
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Additionally, the cIAP1/2 proteins also play an important role in inhibiting alternative NF-кB 

signalling by degrading NIK. Degradation of NIK prevents signalling from the alternative NF-кB 

pathway by attenuating downstream activation of IKKα (4,33).  

1.2 Smac mimetic compounds 

1.2.1 Characteristics of Smac mimetic compounds 

The ability of the IAPs to play a role in cell survival and NF-кB signalling makes them important 

targets for cellular regulation (Figure 1)(19). Discovered in 2000 by the Wang lab, second 

mitochondrial activator of caspases (Smac) is an endogenous protein, which binds and inhibits 

IAP proteins, preventing caspase inhibition, and promoting programmed cell death  (34). Smac is 

sequestered in the mitochondria and, upon apoptotic stimuli, is released into the cytosol to 

antagonize IAP proteins. Its ability to target the IAPs, and how its overexpression sensitizes cells 

to other apoptotic agents, makes Smac a good candidate for drug development (19,34,35). 

Smac mimetic compounds (SMCs) have been developed to model the IAP binding motif of Smac. 

Specifically, SMCs are modelled after a four-amino acid sequence in Smac, Alanine-Valine-

Proline-Isoleucine (AVPI) (19,36). The most studied SMC is LCL161, a monomer SMC 

developed by Novartis (Figure 2). Preclinical studies have been successful in using SMCs, like 

LCL161, to treat numerous cancer models (37–43). However, limited anti-tumour responses by 

SMCs have been seen against NB cell lines (5,6,44,45). 

1.2.2 Promotion of apoptosis 

Smac and SMCs can promote apoptosis by antagonizing IAP proteins, often using an AVPI motif 

that is capable of binding distinct BIR domains (19,34,36,46). The AVPI motif can bind to BIR2 

and BIR3 of XIAP, interfering with XIAP-caspase interactions and thus permitting activation of 
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caspases (34,47). As well, the AVPI motif can bind the BIR3 domain of cIAP1/2 and cause 

autoubiquitination, decreasing cellular levels of those IAPs (46). SMC-mediated IAP antagonism 

increases the sensitivity of cells to TNFα-related cell death by two methods. Firstly, SMC-

mediated antagonism will prevent cIAP1/2-mediated inhibition of apoptosome or necrosome 

formation (48–50). Secondly, SMC will directly bind XIAP and prevent XIAP-caspase interaction, 

thus permitting caspases to activate and induce cell death (Figure 1) (34,36,47). Additionally, by 

inducing degradation of cIAP1/2, NIK accumulates and activates the alternative NF-кB pathway 

(32,51). Activated NF-кB signalling can lead to TNFα production (27). Secretion of TNFα can 

then induce cell death in the neighbouring cells as well (52,53). This has led to a potential for a 

bystander killing effect of cancer cells by SMCs, which was observed when LCL161 was used in 

combination with an oncolytic virus (41). Furthermore, SMCs have even been shown to affect 

tumour angiogenesis through the promotion of TNFα signalling. Tumour endothelial cells were 

found to be sensitive to SMC-induced TNFα production in a B16 melanoma tumour model (54). 

This ability of SMCs to induce vascular shutdown in tumours was confirmed in our lab using an 

EMT6 model (55). Thus, not only can SMCs be directly tumoricidal, but they can also inhibit 

tumour growth by inducing vascular collapse through sensitizing endothelial cells to TNFα-

induced death. This anti-angiogenic ability of SMCs could warrant their use against highly 

vascularized tumours, such as neuroblastoma (NB). However, since SMCs regulate the NF-кB 

pathway, which is important in immune signalling, they can also affect the tumour 

microenvironment in ways other than promoting vascular shutdown.   

1.2.3 Effect on the innate immune system 

Since the IAPs are  also capable of modulating NF-кB signalling, they have been studied for their 

role in regulating the innate and adaptive immune system (38,41,56,57). In certain diseases  



8 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Structure of LCL161, a monovalent SMC from Novartis. Adapted from Bai et al. 2014 

(19).  
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such as cancer, the innate and adaptive immune system is dysregulated and the IAP expression has 

been shown to be upregulated (58–60). This has made the IAP family a promising therapeutic 

target since they can be directly antagonized with SMCs. 

SMCs and IAPs can both affect the innate immune components. Studies showed that IAP 

antagonism by SMCs in human NK cells increased TNFα and interferon γ (IFNγ) production and 

cellular cytotoxicity against various cancer cell lines (61,62). Additionally,  granulocyte 

macrophage colony-stimulating factor (GM-CSF) production was found to increase in mouse 

natural killer (NK) cells treated with SMCs in the presence of the NK target cell line, Yac-1 (63). 

As well, it was found that XIAP protected cancer cells from αHer2-antibody dependent cellular 

cytotoxicity (ADCC) (64) The gene BIRC3, encoding cIAP2, was found to be upregulated in 

activated NK cells in HIV-1-infected patient samples (65). However, after TNFα signalling, NK 

cells in the tumour microenvironment had increased expression of BIRC3 and reduced expression 

of the activating receptor NKp46. This correlated with poor prognosis in patients with 

gastrointestinal stromal tumour (66). Thus, the complete role of IAP proteins in NK cells still 

requires further examination. 

Several studies have shown the IAP proteins are used to modulate the lifespan of neutrophils. A 

study reported that the loss of XIAP expression protected neutrophils from lipopolysaccharide 

(LPS)-induced death, and that neutrophils could be sensitized to LPS by the additional loss of 

cIAP1/2 proteins (67). Studies also found that neutrophil lifespan was extended through XIAP and 

cIAP protein overexpression induced by granulocyte colony-stimulating factor (68,69). However, 

in a cancer model, a SMC was shown to enable a tumoricidal function of BCG-stimulated 

neutrophils (70). 
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Studies have also shown the IAP family to regulate monocytes. There have been contested 

implications of IAP proteins and SMCs on macrophage polarization. In an infection model, the 

SMC, birinapant, was found to promote an M2 phenotype of macrophages (71). Meanwhile, 

LCL161 promoted a M1 phenotype in a cancer model (38,39). IAP proteins could mediate the 

resistance of macrophages to apoptotic stimuli (72–74) but SMCs could also lead to macrophage 

activation (38,39,75). Oddly, it was observed that cIAP1-mediated degradation of TNF receptor 

associated factor 2 (TRAF2) to be necessary for monocyte maturation to functional macrophages 

(76). Studies have also reported that SMCs could activate dendritic cells (DCs), increasing 

activation markers and MHC expression (39,63,75,77). Interestingly, a group observed that IAP 

antagonism induced maturation of myeloid DCs and reduced their capacity to cross-present 

antigen. They also observed that IAP antagonism of peripheral blood mononuclear cells (PBMCs) 

had increased capacity to prime naïve T-cells (78). 

The ability of SMCs to activate and affect polarization of antigen presenting cells (APCs), such as 

DCs and macrophages, suggests that SMCs could also contribute to generating an adaptive 

immune response.  

1.2.4 Effect on the adaptive immune system 

Studies have also found IAP proteins to regulate adaptive immune responses.  One lab, using a 

lentiviral delivery system, was able to treat tumours with cytosolic Smac protein and induce 

tumour cell death, activate DCs, reduce regulatory T-cells (Tregs) frequencies and stimulate 

cytotoxic T-lymphocytes (79,80). Another study was able to repolarize immunosuppressive 

macrophage subsets in a tumour microenvironment with SMCs. This enhanced the activity of 

exhausted CD8+ T-cells in the tumour (38). Additionally, IAP antagonism was found to have direct 

co-stimulatory effects on CD4+ and CD8+ effector T-cells. These co-stimulatory effects increased 
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interleukin-2 (IL-2), IL-4 and IFNγ cytokine production by CD4 and CD8 T-cells, proliferation of 

CD4 T-cells, and an increase in CD25 activation marker expression (63). Importantly, one study 

also concluded that in vitro treatment of T-cells had no sensitivity to SMC-mediated cell death, 

regardless of stimulation status (77). However, in contrast, a report showed that a viral infection 

model treated with LBW242 impaired control of the viral infection due to TNFα-mediated death 

of activated T-cells (81). Treg suppressive functionality was also found dependent on XIAP-

mediated stabilization of suppressor of cytokine signalling 1 (SOCS1) (82). It was also shown that 

SMC treatment decreased tumour infiltrating Treg populations while increasing CD4+ and CD8+ 

T-cell populations (80). 

Targeting the IAP family with SMCs can synergize with immunotherapies, such as checkpoint 

inhibitors (43), cancer cell vaccines (63), and oncolytic viruses (38,40,55). A partial explanation 

of the basis for this synergy is because of the ability of SMCs to increase cell cytotoxicity and 

modulate immune cell activation, antigen presentation, and T-cell stimulation. Thus, SMCs are 

being studied to further potentiate the efficacy of immunotherapies, a class of drugs that have had 

limited success in treating NB so far.  

1.3 Cancer immunotherapy 

The immune system is a powerful tool to treat cancer. Two benefits of immunotherapies are the 

antigenic specificity to target one marker effectively and the possibility to generate a memory 

response to protect against future repeat events. Immunotherapy is a broad label for biologics 

such as tumour vaccines, cytokines, adoptive cell transfers, and monoclonal antibodies (83). 

Each of these can be divided into two dichotomies: passive or active and specific or nonspecific 

(84,85). Passive immunotherapies are treatments which have intrinsic anti-tumour cytotoxicity. 

Active immunotherapies are compounds that rely on engaging the host immune system to elicit 
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their anti-tumour response. Specific immunotherapies will generate an immune response to a 

particular antigen while non-specific immunotherapies will generate an immune response to 

antigens not specifically designated. Antibody immunotherapies fall under the passive and 

specific or active and non--specific immunotherapy category, such as tumour targeting 

monoclonal antibodies or immune checkpoint blockers, respectively (84,85).  

1.3.1 Passive and specific antibody-mediated immunotherapy 

Passive and specific antibody-mediated immunotherapy involves the antibody binding the target 

cell directly and then directing immune effector components, such as complement, NK cells, or 

granulocytes, to kill the target cell (86,87). There are three main cytotoxic mechanisms an antibody 

can mediate, namely complement dependent cytotoxicity (CDC) (88–90), antibody dependent 

cellular cytotoxicity (ADCC) (91–94), and antibody dependent cellular phagocytosis (ADCP) 

(93,95,96).  

CDC occurs when the complement protein C1q binds the Fc region of antibody, which undergoes 

a conformational change and then recruits and activates a cascade of complement proteins. This 

process leads to inflammation, opsonization, and eventually cytotoxicity through the formation of 

the membrane attack complex which disrupts the cell membrane (88–90).  ADCC occurs when a 

target cell is brought into proximity of a cytotoxic cell through an antibody binding the antigen 

and an Fc receptor. Engaging the Fc receptor on the effector cell releases cytotoxic factors, such 

as granzyme B and perforin, which lyse the target cell. Typical effector cells for ADCC are NK 

cells, neutrophils, monocytes, dendritic cells, and eosinophils (91–94). ADCP occurs similarly to 

ADCC, however the target cell is instead phagocytosed by the effector cell. Phagocytosed cells 

are lysed, and then possible antigen generation and presentation can occur.  Typical effector cells 

for ADCP are monocytes, macrophages, neutrophils, and dendritic cells (93,95,96). 
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Table 1. Approved antibody therapeutics that are specific immunotherapies. Adapted and edited 

from Suzuki et al. 2015 (87) 

Scientific name 

(Commercial name) 

Target Isotype class Cancer approved for Date of FDA 

approval 

Rituximab (Rituxan) CD20 Chimeric IgG1 B-cell Non-Hodgkin’s lymphoma 1997 

Trastuzimab (Herceptin) Her2 Humanized IgG1 Breast cancer 1998 

Alemtuzumab (Campath) 

 

CD52 Humanized IgG1 B-cell chronic lymphocytic leukemia 2001 

Cetuximab (Erbitux) EGFR Chimeric IgG1 Colorectal, head and neck cancer 2004 

Catumaxomab (Removab) CD3, EpCAM Chimeric IgG2a/b Malignant ascites 2009 

Mogamulizumab (Poteligeo) CCR4 Humanized IgG1 T-cell leukemia-lymphoma 2012 

Dinutuximab (Unituxin) GD2 Chimeric IgG1 Neuroblastoma 2015 

Avelumab (Bavencio) PD-L1 Humanized IgG1 Merkel cell carcinoma 2016 
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Only antibodies with specific Fc isotype classes can bind Fc receptors on the effector components 

and mediate these immune mechanisms. Human antibody classes capable of mediating CDC are 

immunoglobulin M (IgM) and IgG, while ADCC and ADCP are only mediated by IgG antibodies 

(86).  

Currently, there are six clinically approved antibodies which function as passive and specific 

antibody-mediated immunotherapies (Table 1) (87).  

1.3.2 Active and non-specific antibody-mediated immunotherapy 

Active and non-specific antibody-mediated immunotherapy functions through pathway signalling 

modulation and typically targets immune checkpoints (84). Known as immune checkpoint 

inhibitors (ICIs), these antibodies bind either the ligand or receptor and modulate the activity of a 

signalling pathway. There are three main targets for currently approved ICIs:  programmed death 

protein-1 (PD-1), programmed death-ligand 1 (PD-L1), and cytotoxic T-lymphocyte-associated 

protein 4 (CTLA-4) (97,98). 

The PD-1 molecule, also known as CD279, functions by promoting apoptosis in antigen-specific 

T-cells while also promoting the survival of Tregs (99–102). The objective of the PD-1 signalling 

axis is to suppress immune responses and prevent autoimmunity (103,104). The PD-1 molecule is 

expressed on all T-cells during activation, but also found other immune cells such as B-cells (105), 

NK cells (106) and DCs (107). Tumour microenvironments can promote the PD-1 signalling axis 

and inappropriately suppress an effective immune response against tumour cells, causing T-cell 

exhaustion (104). Blocking the PD-1 signalling axis has been successful in increasing T-cell 

activation leading to durable cures (43,108,109). The exact function of the PD-1 signalling on 

other cell types is unknown. However, some reports suggest that PD-1 may have a suppressive 

effect on these cells which can be abrogated by antibody blocking (106). Nivolumab and 
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Pembrolizumab are αPD-1 antibodies that were approved in 2014 to treat urothelial carcinoma and 

metastatic melanoma or non-small cell lung cancer and metastatic melanoma, respectively.  

The PD-1 molecule binds to two ligands, PD-L1 (CD274) and PD-L2 (CD273). PD-L1 can be 

found in tissue cells, immune cells, and cancer cells, while the expression of PD-L2 is less 

understood (110–112) . Similar to αPD-1 therapy, PD-L1 blockade is used to stimulate the immune 

system and promote an anti-tumour response by reversing immune exhaustion. Expression of PD-

L1 can be stimulated by interferons, as the promoter region contains an interferon response 

element, and by the NF-кB pathway  (31,113). Currently, three antibody therapeutics are approved 

that target PD-L1: atezolizumab, avelumab, and durvalumab, which were approved in 2016, 2017 

and 2017 respectively. Interestingly, avelumab, a human IgG1 antibody, was found capable of also 

mediating ADCC against numerous human tumour cell lines using PBMCs and NK cells as 

effector cells (91). 

The CTLA-4 molecule (CD152) is another important immune checkpoint that is used as a target 

in immunotherapy. It is highly expressed on Tregs and is upregulated in T-cells after activation 

(114–116). If bound to CD80 or CD86 ligands, commonly found on antigen presenting cells, then 

CTLA-4 will prevent naïve T-cell priming (117,118). The exact mechanism of action for CTLA-

4 is unknown but proposed to be sequestering of T-cell co-stimulatory ligands. Studies have 

suggested that blocking CTLA-4 signalling with an antibody decreases Treg populations, prevents 

the endocytosis of activating CD80 or CD86 ligands, and promotes naïve T-cell priming. As well, 

durable responses have been measured in both preclinical (118–121) and clinical studies using 

αCTLA-4 therapy, with ipilimumab, a human antibody targeting CTLA-4, getting approval by the 

U.S. Food and Drug Administration (FDA) as a therapy for melanoma patients in 2011. 
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1.4 Neuroblastoma 

1.4.1 Characteristics of disease 

Neuroblastoma (NB) is a cancer of the peripheral nervous system. It is the third most common 

pediatric cancer and the most common extracranial solid tumour in children (122,123). NB 

tumours originate from immature cells of neuroectodermal origin. Primary tumours can be found 

anywhere along the sympathetic nervous system from the neck to pelvis area, with the most 

common location in the adrenal gland (40% of all cases and 60% of metastatic cases) (122,123).  

Unfortunately, about 66% of NB cases are only found after the cancer has metastasized. Common 

sites of metastasis for NB are: bone and bone marrow, lymph nodes, liver, orbital, skin and brain 

(122,124).   

NB has some characteristic mutations involving genes MYCN, CASP8, and BCL2. The gene MYCN 

(encoding N-Myc) is amplified in 25% of neuroblastoma cases and correlates with high-risk 

disease and poor survival. Expression of the gene CASP8 (caspase-8) is commonly silenced by 

DNA methylation or gene deletion in NB patients. As well, overexpression of BCL-2 (Bcl-2) was 

present in NB patients with unfavorable histology. There was a strong correlation of NB cases 

with MYCN amplification to also have events of CASP8 silencing (63% of examined MYCN-

amplified samples) (125) and BCL-2 overexpression (77%) (126).  

Cases of NB account for up to 6% of pediatric cancer patients and 15% of pediatric cancer patient 

deaths in the USA. Patients can be organized into three risk groups based on factors such as degree 

of cancer stage, amplification of MYCN, or age (124,127,128). Patients diagnosed with NB under 

the age of 18 months tend to undergo spontaneous remission, rendering screening of infants futile. 

Low and medium risk groups have favourable outcomes, while high risk groups have poor 

outlooks (129). Even after intense treatment plans, patients in high risk groups have a 40-66% five 
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year event free survival (122). The incidence rate of NB cases was highest in Caucasians, however 

African American and Native Americans suffered higher prevalence of high-risk disease and lower 

event-free survival. 

High-risk NB patients undergo aggressive therapy. Depending on the available healthcare 

resources, treatment plans can include surgery, chemotherapy, radiation, stem cell transplant, 

retinoic acid, and αGD2 and cytokine immunotherapy (124,130). Therapy is often broken down 

into three phases: induction, consolidation, and maintenance. The goal of the maintenance phase 

is to prevent recurrence of the disease. This stage incorporates retinoic acid therapy in combination 

with αGD2 therapy and immune-activating cytokines IL-2 and GM-CSF (123,124,130).  

Preclinical studies have investigated new therapeutics against NB cell lines, such as SMCs and 

immunotherapies.  

1.4.2 IAPs and Smac mimetics in neuroblastoma 

The IAP proteins, XIAP and survivin, were found to be overexpressed on NB biopsy samples (5). 

The study found higher BIRC4 mRNA (encoding XIAP) expression in relapsed or MYCN-

amplified tumours. There was increased XIAP protein levels, but not mRNA expression, in a 

comparison of NB cell lines (Kelly, SK-N-AS, NXS2 and C1300) and patient biopsies to mouse 

adrenal tissue (5). Another study also confirmed expression of cIAP1/2 and XIAP proteins in six 

human NB cell lines (Kelly, NB169lluc, SH-EP TET21N, SK-N-AS, SK-N-BE2-M17 and SK-N-

SH) (6).  

The chromosomal locations of notable IAPs are Xq25 for BIRC4 and 11q22 for BIRC2 (encoding 

cIAP1) and BIRC3 (cIAP2). It was shown that 11q deletions are prevalent in cases of high-risk 

NB, with an occurrence of 20-45% (131). Although events of MYCN amplification and 11q 
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deletions are both prevalent in high-risk NB patients, these events very rarely occur simultaneously 

(one case reported in 165 cases evaluated) (131). However, one should not interpret the lack of 

MYCN amplification in NB cells as deletion of BIRC2 and BIRC3 genes. A study reported cIAP1/2 

protein expression in MYCN non-amplified SK-N-AS and SK-N-SH cell lines (6). 

Studies have investigated the efficacy of SMCs in vitro or in vivo against various NB cell lines. A 

preclinical screen of pediatric cancer cell lines showed minimal sensitivity in vitro of human NB 

cell lines (NB-1643, NB-EBc1, CHLA-90, CHLA-136) to the SMC, LCL161 (132). The study 

also tested the in vivo response of the cell lines to LCL161. They observed only two of the six 

tested xenograft tumour models (NB-1771 and NB-EBc1) respond to LCL161 with significant 

delays in tumour growth (132). Other investigations that examined treating NB cell lines using 

SMCs typically include a combination with an additional therapeutic.  Studies report that SMCs 

synergize with chemotherapies in a drug class-dependent manner. They concluded that the class 

of vinca alkaloids was the most successful chemotherapy in combination with SMCs against 

human NB cell lines in vitro (5,6,133,134). Even resistance to the vinca alkaloid, vincristine, in 

relapsed neuroblastoma samples could be abrogated by LCL161 treatment (45). Typically, vinca 

alkaloids are used to prevent microtubule polymerization and impair cell division. However, a 

proposed mechanism of synergy with SMCs was the ability of vinca alkaloids to induce NF-кB 

activation (3,6). Additionally, studies found that the chemotherapy drug class of topoisomerase 

inhibitors synergized with SMC treatment to kill lung and colon adenocarcinoma models 

(135,136). They reported that engaging the RIP1 kinase through TNFα signalling led to formation 

of the necrosome complex which could enhance topoisomerase inhibitor-induced death of colon 

adenocarcinoma. Engagement of the RIP1 pathway via TNF-related apoptosis engaging ligand 



19 

 

(TRAIL) receptor-targeting antibodies was also found to synergize with SMC against NB cell lines 

(SH-EP, CHP-212, Lan-5, and SK-N-AS) and primary cultured cells (137).  

1.4.3 Neuroblastoma and immunotherapy 

Tumour microenvironments support the expression of immune checkpoints to suppress immune 

function. Studies have shown that NB tumour samples or cell lines express numerous immune 

checkpoints (PD-1 and CTLA-4) and their ligand molecules (PD-L1, CD80 and CD86) (138–142). 

PD-L1 expression in NB tumour samples has been contested in literature, with reports of 0% (143), 

14% (144), and 72% (145) samples expressing the molecule. However, αPD-L1 or αCTLA-4 

therapies were effective against NXS2 and N2a mouse models when used either in combination 

(141,146), with a tumour vaccine (140) , or with an αCD4 antibody (147). A recent study showed 

that αGD2 and IL2 therapy upregulates the expression of PD-L1 in the NB cell lines NXS2 and 

Lan-1 (109). They then showed that the combination of an αGD2 antibody with an αPD-1 antibody 

was successful in treating NXS2 tumours and increased mouse survival and cytotoxicity against 

NXS2 cells. A clinical trial is now being organized to translate using an αPD-1 and αGD2 

therapeutic combination (148). 

1.4.4 GD2 and αGD2 immunotherapy 

The most recently approved therapy for NB is dinutuximab, a monoclonal antibody that targets a 

disialoganglioside molecule called GD2 (149,150). A GD2 molecule is composed of a 

glycosphingolipid with two sialic acid moieties (Figure 3). GD2 molecules are synthesized 

following the ‘b’ pathway of ganglioside biosynthesis (151). First, a ceramide molecule is 

converted to GM3 through the additions of glucose, galactose, and N-acetylneuraminic acid 

molecules. GM3 is then converted to GD3 with the addition of another N-acetylneuraminic acid 

by GD3 synthase.  
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Figure 3. A molecule of the disialoganglioside GD2. Adapted from Horwacik et al. 2015 (152).  
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This step is thought to be the rate-limiting step of GD2 synthesis (153,154). GD3 is then converted 

to GD2 through the addition of a N-acetyl galactosamine molecule by GM2/GD2 synthase.  

GD2 is ubiquitously and highly expressed on all human neuroblastoma samples evaluated so far. 

GD2 expression is also restricted on normal tissues, typically only found on the cerebellum and 

peripheral nerves (155–158). In addition to NB, GD2 expression has been detected on other 

cancers such as, but not limited to, osteosarcoma (159), glioblastoma (160,161), breast cancer 

(162,163), melanoma (164,165), and those of neuroectodermal origin (166,167). Interestingly, 

some studies suggest that GD2 is a cancer stem cell marker that promotes tumorigenesis in 

glioblastoma and breast cancer (162,168,169). These investigations found that GD2 expression 

correlated with other cancer stem cell markers, like CD133, and that expression of GD2 was more 

common on aggressive cancer subtypes (168). The inhibition of GD3S, a proposed rate limiting 

step to GD2 synthesis, had an anti-tumour effect and decreased metastasis in a MDA-MB-231 

breast cancer tumour model (153,162). Similarly, high GD2 expression and high metastatic events 

are characteristic of NB cases. Furthermore, ‘b-type’ gangliosides, such as GD2, were seen to 

promote tumour angiogenesis in an oncogene-transformed mouse cell tumour model (170) 

However, GD2 expression was not found to be a prognostic marker for NB patients (171).  

In 2015, dinutuximab was approved for therapeutic use to treat high-risk neuroblastoma patients 

(149,150). Dinutuximab is a chimeric antibody with mouse variable regions and a human IgG1 

constant domain. Dinutuximab is also known as ch14.18. This antibody was chimerized from 

14.G2a, an IgG2a class switch variant of the antibody 14.18 (94,172). The clone 14.G2a was 

designed to reduce human anti-mouse antibody (HAMA) syndrome responses seen when treating 

with the clone 14.18. Additional clones of αGD2 antibodies are currently being studied, such as 
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3F8 (173) and ME361-S2a (174). The clone ME361-S2a is produced by the mouse hybridoma 

HB-9326 and has a mouse IgG2a domain.  

Dinutuximab mediates its anti-tumour effect of ADCC and CDC mechanisms with its Fc domain 

(149,175). Studies found that the effector cells mediating dinutuximab-ADCC to be neutrophils 

and NK cells. Thus, to improve the therapeutic efficacy, dinutuximab is given to patients in 

combination with immune-activating cytokines IL-2 and GM-CSF (176). GM-CSF activates 

neutrophils while IL-2 induces activation and proliferation of NK cells (177,178).  

There has been a disputed additional mechanism of action for αGD2 therapy. Some studies have 

shown that αGD2 antibodies can mediate a direct cytotoxic function against GD2+ cell lines from 

various cancers. A study proposed that this mechanism was dependent on isotype class, where the 

IgM class αGD2 antibody was non-cytotoxic (164) However, another study contested that the Fab 

fragments are capable of mediating cell death (174). Studies have reported that the αGD2 antibody-

mediated cytotoxicity had characteristics of both apoptosis and necroptosis (164,179,180). The 

human melanoma cell line, HTB63, had increased levels of poly (ADP-ribose) polymerase (PARP) 

cleavage after 3F8 treatment in vitro (164). In support, cell death of IMR-32 cells occurred after 

treatment with the 14G2a antibody, which could be partially rescued by the pan-caspase inhibitor 

Z-VAD-FMK. Cells treated with the 14G2a antibody also had increased levels of caspase-3 

cleavage (180). In vitro sensitivity to six chemotherapeutics (doxorubicin, etoposide, SN-38, 

paclitaxel, vinorelbine, and cixplatin) was enhanced by αGD2 antibody treatment in D18 cells 

transfected to express GD2 (181). However, it was proposed that αGD2 antibody cytotoxicity was 

mediated through anoikis, a detachment-induced cell death mechanism (179,182). Early work 

demonstrated that GD2 is important in cell adhesion (183). Furthermore, some studies used very 

high antibody concentrations (>20 μg/mL) of αGD2 antibody to achieve cell death.  However, 
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antibody-mediated cytotoxicity in suspension lymphoma cell lines using typical antibody 

concentrations (<10 μg/mL) was also shown (179). Thus, more investigation is required to fully 

understand αGD2-mediated cell death. 

1.4.5 Neuroblastoma and angiogenesis 

Targeting tumour vascularization is another approach that is being investigated for treating NB 

patients. NB is a tumour that is highly vascularized, which is represented in the mouse models as 

well (184–186). Despite having no effect on cell proliferation in vitro and no change in  vascular 

endothelial growth factor (VEGF) production, B-type gangliosides, which are overexpressed in 

NB, promote tumour vascularization in transformed cell tumour models (170). Furthermore, it was 

shown that the MYCN oncogene could down-regulate inhibitors of angiogenesis, such as activin 

A, and promote tumour vascularization in human NB cells (187,188). VEGF is a well-studied pro-

angiogenic protein in tumours. Numerous studies have reported VEGF expression in NB, but there 

is contention of it being a prognostic marker for favorable or poor survival outcomes (189–191). 

However, NB tumour xenograft growth was inhibited when VEGF signalling was blocked with an 

antibody (192). Success has also been reported in using an anti-angiogenic small molecule 

inhibitor, sunitinib, to treat preclinical models of NB tumours. Sunitinib is an inhibitor of receptor 

tyrosine kinases, such as VEGF receptor and platelet-derived growth factor (PDGF) receptors, that 

are important in tumour angiogenesis, (193,194). Preclinical studies have reported that sunitinib 

can inhibit NB tumour growth and metastasis by targeting tumour vascularization and causing 

degradation of N-Myc protein (195–197). Currently, anti-vascular therapies (such as the αVEGF 

antibody bevacizumab or the anti-angiogenic chemotherapy lenalidomide (198)) are in clinical 

trials to determine whether therapies targeting tumour angiogenesis are efficacious in treating NB 
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patients. These studies support that targeting tumour angiogenesis is a viable option to be 

investigated for treating NB tumours.  

1.5 Rationale and hypothesis 

1.5.1 Hypothesis 

I sought to improve the efficacy of αGD2 immunotherapy against NB. The approved αGD2 

therapy, dinutuximab, increases survival by 20% for high-risk NB patients, yet five-year event free 

survival still sits around 40-66% (176). Furthermore, studies have shown that NB tumour 

microenvironments are suppressive to αGD2 treatment, which could be overcome with a 

combination immunotherapy approach with ICIs (109). IAP proteins, which are a resistant factor 

to cell death and ADCC (64), are expressed in NB samples and cell lines (5,6). As well, there is 

support for combining αGD2 therapy and anti-vascular therapy, evidenced by a clinical trial 

investigating dinutuximab and lenalidomide.   

Antagonizing the IAPs with SMCs is a treatment approach that has shown synergy with 

immunotherapies such as ICIs in treating preclinical cancer models (43). SMCs can improve NK 

cytotoxicity (61,62), a main effector cell for αGD2 therapy, and antagonize the ADCC-resistant 

factor XIAP. Also, reports have shown that SMCs can sensitize tumour endothelium to TNFα-

induced apoptosis and induce vascular shutdown in the tumour microenvironment (54,55).  

 I hypothesize that LCL161 will synergize with αGD2 immunotherapy against NB, and that this 

combination could be further potentiated by combining with a third therapeutic agent, such as a 

PD-1 axis-targeting ICI. 

1.5.2 Objectives 

To test my hypothesis, I have investigated the following objectives: 
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1. Determine whether LCL161 monotherapy is effective in treating NXS2 and N2a cells  

To test whether the SMC monotherapy is effective against NB, I treated the murine NB 

cell lines, NXS2 and N2a, with LCL161 and various cytokines and cytotoxic agents in 

vitro. I established in vivo models to test if NB tumour models are sensitive to LCL161 

monotherapy. I also explored the combinations of LCL161 and anti-vascular drugs to 

potentiate anti-angiogenic effect. 

 

2. Evaluate if LCL161 and αGD2 antibody synergize to treat NXS2 cells 

After testing LCL161 as a monotherapy, I evaluated if the SMC and an αGD2 antibody 

would synergize in vivo against the GD2+ cell line, NXS2. I also acquired the antibody 

through gravity isolation from hybridoma supernatant. I then validated that the antibody 

was pure, specific, and functional before proceeding with in vivo experimentation. 

 

3. Potentiate the LCL161 and αGD2 combination with an immunotherapy that targets the 

PD-1 signalling axis 

Following completion of the LCL161 and αGD2 combination survival study, I then 

investigated if the addition of an ICI would further potentiate the therapeutic efficacy. The 

ICI used was determined with a series of survival study screens. 

 

These studies can be used to further examine the combination of LCL161 and αGD2 

treatment in NB. With optimization, there is potential for a LCL161 and αGD2 antibody 

therapy combination to improve survival in high-risk NB patients.   
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2.0 MATERIALS AND METHODS 
 

1.6 Reagents 

The SMC, LCL161, was kindly provided by Novartis (Basel, Switzerland).  

1.7 Antibodies & Stains  

Table 2. Western Blot Antibodies 

Target Clone Source Species 

CIAP1/2 RIAP1 (4) Rabbit 

XIAP RIAP3 (4) Rabbit 

PARP 9542 Cell Signalling Technology Rabbit 

TNFR1 ADI-CSA-815 Enzo Life Sciences Rabbit 

TRADD 3694 New England Bio Rabbit 

Caspase 
8 

IG12 Enzo Life Sciences Rat 

cFlip D5J1E Cell Signalling Technology Rabbit 

 

Table 3. Immunohistochemistry antibodies and stains 

Target Fluorophore Clone Company Species 

GD2 N/A 14G2a Biolegend Mouse 

Hoescht stain DAPI   N/A 

Anti-mouse  Alexa Fluor 488  Abcam  

 

Table 4. Flow cytometry antibodies and stains 

Target Fluorophore Clone 
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MHC 1 (H-2Kd/H-2Dd) Alexa Fluor 647 34-1-2S 

PD-L1 (CD274) PE-Cy7 19F.962 

CD45 PerCP-Cy5.5 30-F11 

CD3 APC/Cy7 17A2 

CD49b DX5 PE 

Zombie Violet Brilliant Violet 421  

GFP Alexa Fluor 488 FM264G 

GD2 PE 14G2a 

 

All flow antibodies are of mouse species and were purchased from Biolegend (San Diego, 

California, USA). 

 

1.8 Cell culture 

1.8.1 Cancer cell lines 

Cancer cell lines were grown at 37°C and 5% CO2 in Dulbecco’s Modified Eagle Medium 

(DMEM) or Roswell Park Memorial Institute (RPMI)-1640 media supplemented with 10% heat-

inactivated fetal calf serum (FCS), 1% penicillin streptomycin, 1% glutamine and 1% nonessential 

amino acids (Invitrogen Life Technologies, Burlington, ON, Canada). Mouse mammary 

carcinoma (EMT6) cells and αGD2 antibody-producing hybridoma (ME361-S2a/HB-9326) were 

obtained from ATCC (Manassas, Virginia, USA) Murine neuroblastoma cell lines, NXS2 and 

Neuro2a (N2a) were provided by Dr. Paul Sondel (University of Wisconsin-Madison, Madison, 

Wisconsin, USA) and ATCC, respectively. The murine lymphoma cell line Yac-1 was kindly 

provided by Dr. Seung-Hwan Lee, while RMA and RMA-S cell lines were kindly provided by Dr. 

Michele Ardolino (University of Ottawa, Ottawa, ON, Canada).  
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1.8.2 NK isolation and LAK growth protocol 

Spleens were recovered from A/J, C57BL/6J, or FVB/N mice that were >8 weeks old 

(Charles River, Wilmington, Massachusetts, USA) homogenized, and passed through a 200 μm 

mesh (Elko Filtering, Miami Gardens, Florida). Erythrocyte lysis was performed on the cell 

suspension with a 1 min incubation in 1 mL of ammonium-chloride-potassium lysis buffer (0.15 

M NH4Cl, 10 mM KHCO3, 0.1 mM Na2EDTA, pH 7.2-7.4). NK cell enrichment of splenocyte 

population was then performed by immunomagnetic selection using either the EasySep™ Mouse 

CD49b Positive Selection Kit or the EasySep™ Mouse NK Cell Isolation Kit (Stemcell, 

Vancouver, BC, Canada). NK-rich splenocyte populations were then cultured in RPMI-1640 

media supplemented with 10% FCS, 10 μM beta-mercaptoethanol, 1 % penicillin streptomycin, 

1% Non-essential amino acids (Invitrogen), 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES), and 1000 U/mL recombinant human interleukin 2 (rh-

IL2, Peprotech, Rocky Hill, New Jersey, USA) and maintained at 37°C and 5% CO2. Cells were 

plated with a starting density of 0.5 x 106 to 1 x 106 cells/mL, with passaging performed on days 

4, 6, and 7. Flow cytometry was used to confirm cell populations of >75% NK cells after 7 days 

with >95% viability. 

1.9 αGD2 antibody isolation from ME361-S2a hybridoma 

1.9.1 Supernatant collection 

ME361-S2a hybridoma was cultured following ATCC guidelines. First, the cells were 

seeded at a density of approximately 2 x 105 cells/mL. Fresh media was added to double the culture 

volume every second day until the final volume exceeded 2 L. Once the desired volume was 

achieved, the culture was further incubated for up to two weeks or until four days after the media 

turned yellow to maximize antibody yield. The media was then collected and spun at 1000 xg for 
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30 min to pellet cells. The supernatant was passed through a 0.2 μm vacuum filter cup to remove 

cell debris.  

1.9.2 Antibody isolation 

Days prior to isolation, a gravity column was assembled using 500 mL media bottles and 

50 mL Falcon tubes. A 10 mL centrifuge column (Thermofisher, Waltham, Massachusetts, USA) 

was packed with 10 mL of Protein G agarose beads (Exalpha, Shirley, Massachusetts, USA) and 

fastened at the bottom of the column. Filtered media supernatant was then diluted 1:1 with borate 

buffer (50mM sodium borate, 290mM boric acid, pH 8) and separated into 2 L fractions 

corresponding to the column volume capacity. Prior to isolation, the beads were washed with 100 

mL of borate buffer. The diluted media was then added to the column, passed through the beads, 

and collected to be re-passed. The column was washed with 50 mL of borate buffer before 12 mL 

of elution buffer (46mM citric acid, 4mM sodium citrate, pH 2.6) was added and collected into a 

Falcon tube containing 3 mL of neutralization buffer (2M Tris, pH 9.5). The beads were once again 

washed with 50 mL borate buffer before another round of antibody isolation. This process was 

repeated four times for each 2 L fraction of diluted media collected.  

Eluted antibody solution was then concentrated using Amicon Ultra-15 Centrifugal Filter 

columns with a 100 kDa molecular weight cut-off (MilliporeSigma, Burlington, Massachusetts, 

USA). After all antibody solution was passed through the columns, an additional spin with PBS 

was performed to desalt the isolated antibody. Antibody was then resuspended in sterile PBS, and 

quantified with a nanodrop reader. Antibody was then diluted to a concentration of 1.5-2 mg/mL 

in PBS, aliquoted and then froze at -20 oC. Antibody purity was analyzed via a SDS-PAGE, and 

functionality was tested with immunofluorescence and a LDH-based ADCC cytotoxicity assay. 
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1.10 Immunofluorescence 

1.10.1 Fixed-cell immunofluorescence 

Cells were plated 24-48 h prior in a Falcon Black/Clear 384 well microplate (BD 

Bioscience, San Jose, California, USA) at a density of 6 x 103 cells/well. They were fixed with 4% 

paraformaldehyde for 20 min. After washing with PBS, the cells were then permeabilized with 

0.2% Triton X-100 for 5 min. Cells were again washed before incubating with primary antibody 

at a concentration of 5 μg/mL for 1 hr. Cells were then washed with PBS then incubated with the 

secondary antibody at a concentration of 5 μg/mL for 1-2 h. DAPI was added in the last 5 min of 

incubation to a final concentration of 1 ug/mL. After a final washing, 100 μL of PBS was added 

to each well and plate was sealed to prevent evaporation before reading. Plate was analyzed by the 

Opera QEHS high throughput instrument (PerkinElmer, Waltham, Massachusetts, USA) kindly 

operated by Dr. Stephen Baird (CHEO Research Institute, Ottawa, Ontario, Canada). Data was 

then uploaded to Columbus for image hosting (www.columbus.med.uottawa.ca). 

1.10.2 Live-cell immunofluorescence  

Live cell immunofluorescence was also performed where the setup was identical to fixed-

cell immunofluorescence, but the staining procedure differed. The media was removed from the 

plate, and the primary antibody, diluted in cell media with 2% FCS, was then added. The cells 

were incubated on ice for 30 min. Next, the primary was removed, the secondary antibody, diluted 

in media with 2% FCS, was then added and cells were incubated on ice for 30 min. Cell nuclei 

were stained using 1μg/mL Hoescht 33342 (Thermo Fisher). Plate analysis then followed the 

fixed-cell immunofluorescence procedure.  

http://www.columbus.med.uottawa.ca/
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1.11 Protein analysis 

1.11.1 Protein acquisition 

Cells were grown in 6-well plates. After overnight or 24 h of treatment, cells were scraped 

over ice in PBS and collected before cell lysis in radioimmunoprecipitation assay (RIPA) buffer 

containing protease inhibitor cocktail (Roche, Mississauga, Ontario, Canada). Protein samples 

were then quantified using a Bradford protein assay (Biorad, Hercules, California, USA). Samples 

were frozen at -80oC. 

1.11.2 SDS-PAGE 

Protein samples were loaded at equivalent concentrations into a 10% polyacrylamide gel. 

The gels were run at 120V for ~1 h. Gels could then be used for Western blotting or Coomassie 

staining. For Coomassie staining, gels were incubated in 0.25% Coomassie Blue solution (50% 

methanol, 10% acetic acid, 40% water) for 2-4 h until blue. Gels were then exposed to destaining 

solution (5% methanol, 7.5% acetic acid, 87.5% water) for 4-24 h until background was clear. Gels 

were then scanned.  

1.11.3 Western blotting 

Gels were transferred to nitrocellulose membranes and blocked in Odyssey blocking buffer 

(Licor, Lincoln, Nebraska, USA). Membranes were then blotted with primary antibody overnight 

before being washed and blotted with secondary antibody for 2 h. Membranes were then scanned 

using an Odyssey infrared imaging system and ImageStudio program ver4.0 (Licor).  
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1.12 Cell viability assays 

1.12.1 AlamarBlue viability assay 

Cells were typically plated 24 h prior to treatment in a 96 well plate at densities ranging form 

1-2 x 104 cells/well. Cells were then treated with: LCL161 (Novartis), TNFα (R&D Systems, 

Minneapolis, Minnesota, USA), IFNγ (Peprotech),  IFNβ (PBL Assay Science, Piscataway, New 

Jersey, USA), TRAIL (R&D), Bcl-2 inhibitors ABT-199 and ABT-263 (sampled from 

SelleckChem, Houston, Texas, USA), caspase inhibitor Z-VAD-FMK and necroptosis inhibitor 

Necrostatin-1 (MilliporeSigma), or DMSO as vehicle control. A 7X alamarBlue solution was 

prepared by creating a 0.1% resazurin sodium salt solution in PBS (MilliporeSigma). After 24-48 

h incubation, alamarBlue was added to a 1X concentration on to wells. Cells were further incubated 

for 2-6 h until average reading was 10x that of background well. Fluorescence of plates were read 

using a Synergy HTX plate reader using Gen5 software (Biotek, Winooski, Vermont, USA). 

Calculations for % viability were performed as follows: 

 

% 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑠𝑖𝑔𝑛𝑎𝑙 − 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑

𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑠𝑖𝑔𝑛𝑎𝑙 − 𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑
∗ 100% 

% viability is calculated by normalizing experimental signal to the signal of the control condition, 

after correcting for background readings.  

 

1.12.2 Cytotoxicity assay using LDH release kit 

Cell cytotoxicity assays were completed using a lactate dehydrogenase (LDH) release kit 

(Takara Bio, Kusatsu, Shiga Prefecture, Japan) to measure LDH released from dead cells, 

following the suggested protocol. Typically, LAKs were grown for 7-8 days prior to experiment. 
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Target cells plated day of or day prior to assay at 1 x 104 cells/well in a 96-well flat bottom or v-

bottom plate. Conditions were typically plated as quadruplicates and include:  

• Spontaneous target cell release of LDH 

• Spontaneous effector cells release of LDH at each ratio 

• Maximum target cell release of LDH 

• Effector cells at different ratios to target cells 

• Media wells to measure baseline LDH in media.  

Day of assay, LAKs were washed and counted, their viability confirmed to be >90%, then added 

at the denoted ratios. In each well, media had a final serum concentration of 2.5% to minimize 

signal saturation from background LDH. Plate was spun down at 300 xg for 1 min, then incubated 

for 4-6 h in the incubator. 15-30 min prior to end of incubation, Triton X-100 was added at a final 

concentration of 2% to lyse all cells in control wells for maximum LDH release from target cells. 

At the end of incubation, the plate was spun at 300 xg for 5 min to collect cell and debris, then 50 

μL supernatant from each well was transferred to a new plate and 75 μL of reaction mixture was 

added to each well. The plate was incubated for 30 min in the dark at room temperature. The plate 

was then read at 490 nm (reaction signal) and 620 nm (accounts for signal interference by debris). 

Calculations for % cytotoxicity were performed in two steps as follows: 

𝑊𝑒𝑙𝑙 𝑆𝑖𝑔𝑛𝑎𝑙 = (490𝑛𝑚 𝑟𝑒𝑎𝑑𝑖𝑛𝑔 − 620𝑛𝑚 𝑟𝑒𝑎𝑑𝑖𝑛𝑔) − 𝐵𝑙𝑎𝑛𝑘 𝑚𝑒𝑑𝑖𝑎 𝑠𝑖𝑔𝑛𝑎𝑙 

Here, interference from cell and cell debris is accounted for in every well, and corrected for 

baseline LDH readings in the media.  

% 𝑐𝑦𝑡𝑜𝑡𝑜𝑥𝑖𝑐𝑖𝑡𝑦 =
𝐸𝑥𝑝𝑒𝑖𝑟𝑚𝑒𝑛𝑡𝑎𝑙 𝑠𝑖𝑔𝑛𝑎𝑙 − (𝑇𝑎𝑟𝑔𝑒𝑡 𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑠𝑖𝑔𝑛𝑎𝑙 + 𝐸𝑓𝑓𝑒𝑐𝑡𝑜𝑟 𝑆𝑝𝑜𝑛𝑡𝑎𝑛𝑒𝑜𝑢𝑠 𝑠𝑖𝑔𝑛𝑎𝑙)

𝑇𝑎𝑟𝑔𝑒𝑡 𝑀𝑎𝑥𝑖𝑚𝑢𝑚 𝑠𝑖𝑔𝑛𝑎𝑙 − 𝑇𝑎𝑟𝑔𝑒𝑡 𝑆𝑝𝑜𝑛𝑡𝑛𝑎𝑒𝑜𝑢𝑠 𝑠𝑖𝑔𝑛𝑎𝑙
∗ 100% 
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Next, % cytotoxicity is calculated by subtracting the spontaneous LDH releases of each cell 

compartment then normalizing to the corrected maximum target LDH release.  

 

 

1.13 In vivo models 

1.13.1 Establishing in vivo models 

All animal studies were performed following protocols approved by the Animal Care and 

Veterinary Service (ACVS, University of Ottawa). Three syngeneic models were established for 

two cell lines, NXS2 and N2a, in A/J strain of female mice that are 4-5 weeks old (Charles River). 

Cell lines were tagged with firefly luciferase (Fluc) for visualization via IVIS. For in vivo 

preparation, cells were prepared by typical lifting with trypsin. Cells were then washed once with 

PBS, counted, and resuspended in DPBS at the desired concentration. Subcutaneous (S.c.) models 

were established by injection of 100 μL of cells into the right flank of the mouse. A metastatic 

model was established by intravenous (I.v.) injection of 100 μL via the tail vein. An orthotopic 

model was established by injection into the adrenal gland, following the protocol published by 

Khanna et al. (2002), described as follows. Buprenorphine is administered four to six hours before 

surgery and the following morning. Mice are put under anesthesia with 2% isofluorane for the 

duration of procedure. Surgical site is prepared by shaving and disinfecting using chlorohexidine 

and 70% sterile alcohol. A 1 cm incision was made left side high paracostal to the abdomen to 

allow visualization of the caudal border of the spleen and the cranial tip of the left kidney. The 

spleen was displaced cranially allowing exposure of the left adrenal gland. A 27-gauge needle was 

then used to inject 10 μL of cells into the adrenal gland. Stitches and staples were used to close the 

wound, with staples being removed approximately one week later. Topical bupivacaine was 

applied to the incision site at closure and again four to six hours later.   
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Treatments commenced once tumours were palpable for the s.c. model (>100 mm3) or one week 

after tumour implantation for the orthotopic model. LCL161 was given by oral gavage (p.o.) at a 

concentration of 50-75 mg/kg. The αPD-1 clone J43 and RMP1-14, αPD-L1 clone 10F.9G2, 

αCTLA-4 clone 9H10, and αGD2 clone ME361-S2a antibodies or there isotypes were given by 

interperitoneal injection (i.p.) at 200-250 μg. Except for the αGD2 antibody which was isolated 

from the hybridoma, antibodies were purchased from Bio X Cell (Lebanon, New Hampshire, 

USA) or Leinco Technologies (Fenton, Missouri, USA). Sunitinib (SelleckChem).  was given i.p. 

at a concentration of 35 mg/kg.  

In-vivo imaging was used to monitor tumour growth, performed by Spectrum In vivo Imaging 

System (IVIS (PerkinElmer, Waltham, Massachusetts, USA)) at the Pre-Clinical Imaging Core 

(University of Ottawa) following a 10 min incubation after s.c. injection of 50 - 200 µl luciferin.  

1.13.2 Survival studies 

Survival studies were performed with endpoints determined alongside ACVS guidelines. 

S.c. tumours were measured every 2-3 days by calipers. Mice bearing s.c. tumours were deemed 

at endpoint if tumour volumes exceeded 2000 mm3 using the following equation:  

𝑉𝑜𝑙𝑢𝑚𝑒 =  
𝜋

4
(𝑤𝑖𝑑𝑡ℎ2  ∗  𝑙𝑒𝑛𝑔𝑡ℎ) 

or if they displayed characteristics of moribund or their tumours developed lesions. 

Endpoints for the i.v. and orthotopic models were displays of moribund characteristics, lesions, 

and/or internal bleeding. Upon endpoint, animals were euthanized by anaesthesia and cervical 

dislocation. 
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1.13.3 Tumour vasculature 

A necropsy evaluation was performed for most survival studies when the mice reached 

endpoint. A blind observer would evaluate the degree of angiogenesis present in the tumour, 

assessed by visible vasculature, overall blood content, and if the tumour was pressurized. This data 

was collected to estimate the therapeutic anti-vascular effect from each treatment group.  

To further examine the anti-vascular effect, ultrasound imaging was performed to evaluate 

rate of blood flow in the tumour compared to regular tissue. A Vevo 2100 Ultra High Frequency 

ultrasound (VisualSonics, Toronto, Ontario, Canada) at the Pre-Clinical Imaging Core (University 

of Ottawa) was used to visualize the rate of non-targeted microbubble (VisualSonics) flow entry 

into the tumour using nonlinear contrast imaging.  

1.14 Flow cytometry 

1.14.1 Flow cytometry preparation 

Cells were first collected and washed with phosphate buffered saline (PBS). If required, a 

Zombie viability stain was then added to cells at a 1/200 – 1/400 dilution and incubated for 20 min 

at room temperature in the dark, as per the manufacturer protocol. Cells were then washed and 

resuspended in PBS + 1% bovine serum albumin (BSA). If target cells contained an Fc region, Fc 

block was added at a 1/100 dilution and incubated for 7 min in the dark. Immediately following 

Fc block, the surface marker-targeting antibodies were added, typically at a 1/100 dilution, and 

incubated for up to 30 min at 4oC. Cells were then washed and resuspended in PBS + 1% BSA. If 

internal staining was desired, cells were fixed and permeabilized by following the FOXP3 

Fix/Perm Buffer kit (Biolegend). After permeabilization, the cells were then washed and 

resuspended in the appropriate buffer containing antibody targeting the internal markers. Cells 

were again incubated at 4oC in the dark for up to 30 min before being washed and resuspended in 



37 

 

PBS + 1% BSA, now prepared for analysis. A Fortessa flow cytometer was used to run the samples, 

with data acquired by the BD FACSDiva software (BD, San Jose, CA, USA). Data was then 

analyzed using the FlowJo software (Tree Star, Ashland, OR, USA).  

1.15 Statistical analysis 

Statistical analysis for alamarBlue results was performed using a non-parametric Kruskal-

Wallis test. If deemed significant, then multiple comparisons were performed using a Dunn’s test 

(Graphpad). Kaplan-Meier survival curves were analyzed using a logrank test. If deemed 

significant, group-to-group comparison with a Holm-Sidak analysis was performed (Sigmaplot). 
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2.0 RESULTS 

2.1 Testing murine NB cell lines in vitro sensitivity to LCL161 

SMCs have been developed to treat cancers that have a mutated apoptotic pathway. SMCs function 

by antagonizing proteins from the IAP family to promote apoptosis and activate non-canonical 

NF-κB signalling (1,60,199). These traits have allowed SMCs to reach several clinical trials (200). 

SMCs often moderate their effects through TNFα and TRAIL signalling, molecules which bind 

death receptors leading to promotion of a death signalling pathway (1,137). SMCs have also been 

found to synergize with compounds or molecules which promote cell death. Studies have shown 

SMCs synergizing with both type 1 and type 2 interferons to kill cancer cell lines (41,201,202). 

Another class of small molecule inhibitors which promote apoptosis, Bcl-2 inhibitors, was shown 

to synergize with SMCs even in SMC-resistant hepatocellular carcinoma cell lines (37). 

Furthermore, SMCs have been found to sensitize NB cancer cells to chemotherapeutic agents (5) 

and IAP expression has been correlated to chemotherapy resistance (203).  

SMCs have found limited success against NB cell lines. Most efficacy is seen when high 

concentrations of LCL161 (>10 μM) were combined with chemotherapeutics to kill human NB 

cell lines (134,204). In accordance with these results, NB cell lines have been found to silence 

expression of proteins in the apoptosis pathway (205). An example is caspase 8, which is a 

common site for promotor methylation in NB (206). However, there are means to prevent 

apoptosis other than silencing expression of required proteins. The protein cellular FADD-like IL-

1β-converting enzyme inhibitor protein (cFlip), a caspase 8 homolog which inhibits caspase 

activation by preventing death-inducing signalling complex (DISC) formation, is commonly 

upregulated in cancer cells. Studies have shown that silencing of cFlip can sensitize cancer cells, 

such as the NB cell lines GI-ME-N and SK-N-AS, to SMC treatment (205). 
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I will determine if the NB cell lines, NXS2 and N2a, are susceptible in vitro to a SMC, LCL161, 

with or without various combinations of drugs or cytotoxic cytokines. Afterwards, I will confirm 

the expression of proteins involved in apoptosis signalling. 

2.1.1 Murine NB cell lines are resistant to LCL161 and TNFα  

Both murine NB cell lines, NXS2 and N2a, were tested for their sensitivity to LCL161 with or 

without TNFα. EMT6, a murine mammary carcinoma cell line which is sensitive to LCL161 and 

TNFα, was used as a positive control. An alamarBlue assay was used to determine cell viability 

after a 24 h incubation. Using the viability assay, I observed that only the EMT6 line is sensitive 

to LCL161 and TNFα in vitro. Both NXS2 and N2a cell lines had a maximum of 15% (p<0.001) 

and 20% (p<0.0001) cell death, respectively, when treated with 5μM LCL161 and 10ng/mL TNFα 

(Figure 4), while 80% (p<0.0001) cell death was seen with EMT6.  

2.1.2 Murine NB cell lines are resistant to LCL161 with other cytotoxic compounds  

Due to the limited response of the murine NB cell lines to LCL161, I tried treating the cell lines 

with other compounds in combination to render the cell lines sensitive to SMCs. The compounds 

I tested with LCL161 were: IFNγ and IFNβ, TRAIL, chemotherapy compounds SN-38, topotecan 

and irinotecan, and Bcl-2 inhibitors ABT-199 and ABT-263. Again, an alamarBlue assay was used 

to determine cell viability 24 h after treatment. Both combinations of LCL161 and IFNβ or TRAIL 

killed 14-17% of either NXS2 (not significant (n.s.) and p<0.01) and N2a cells (n.s. and n.s.) 

(Figure 5A). This is a similar rate of cell death to that of LCL161 and TNFα combination. Overall, 

the cytotoxic compounds I tested were not very effective at killing either NXS2 or N2a cell lines, 

but LCL61 could sensitize both cells significantly to IFNβ-induced cell death (p<0.001). I did not 

observe killing of NXS2 or N2a cells by the Bcl-2 inhibitors ABT-199 and ABT-263. I only 

observed cell death responses of NXS2 and N2a to Bcl-2 inhibition at a high and clinically 
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irrelevant concentration of 20μM (Figure 5B) (207). At 20μM, ABT-199 killed 85% of NXS2 cells 

but only 15% of N2a cells, and no synergy was seen when combined with LCL161. The viability 

assay shows ABT-263 was effective against both cell lines at a concentration of 20μM. Oddly, 

when treated with a combination of ABT-263 and LCL161, NXS2 responded synergistically (97% 

cell death, p<0.05) while N2a responded antagonistically (67% cell death, p<0.05).  I also 

examined using common chemotherapeutic compounds that inhibit topoisomerases with LCL161, 

and even at high concentrations little efficacy was seen in killing the NB cell lines (Figure 5B). 

Topotecan was more effective against NXS2 cells (48% cell death) than N2a cells but had 

decreased toxicity with LCL161 (20%). NXS2 had moderate sensitivity to irinotecan (25%), and 

no synergy with LCL161 was seen. The SN-38 compound was the most effective chemotherapy 

against both cell lines (NXS2 48%, N2a 15%), but reacted antagonistically in combination with 

LCL161 (37%, 8% respectively).  

Due to the limited response of NXS2 and N2a cell lines to LCL161 treatment with cytotoxic 

compounds, I questioned whether the apoptosis signalling pathway was intact. NB cell lines have 

been reported to downregulate expression of necessary apoptotic proteins, such as TNFR type 1 

associated death domain (TRADD), caspase-8, or TNFR1 (205) . I confirmed expression of 

relevant apoptosis proteins with a Western blot. Protein samples were collected from cells 

incubated for overnight or 24 h with LCL161, TNFα, or staurosporine. EMT6, the LCL161-

sensitive cancer cell line, was used as a control. First, I confirmed expression of the IAP proteins, 

cIAP1/2 and XIAP, in the murine NB cell lines (Figure 6). Oddly, XIAP was detected at a smaller 

weight in the EMT6 cell line. TRADD, TNFR1, and caspase-8, proteins which are commonly 

silenced in NB cell lines, were found to be expressed in both NB cell lines (Figure 6). Expression 

of the caspase-8 inhibitor, cFlip, was also detected in NXS2, N2a, and EMT6 cell lines.   
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Figure 4. Murine NB cell lines are not sensitive to LCL161 and TNFa. Cells were treated for 24 h with 

5μM LCL161 and 1-10ng/mL TNFα for 24 h. Viability measured with an alamarBlue assay. DMSO 

was used as a vehicle control. Only p<0.01 is shown; ** = p<0.01; *** = p<0.001; **** = p<0.0001 

(n=2-3; Mean±SD). Cell death is only seen in the EMT6 cell line with LCL161 and TNFα 

combination. 
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2.1.3 Expression of factors involved in the apoptotic pathways in murine NB cell lines 

 

 

 

 

 

 

 

 

Figure 5. Cytotoxic cytokines and compounds do not sensitize murine NB cell lines to LCL161. 

Viability measured by alamarBlue assay. DMSO was used as a vehicle control.  A) Plated NB cells 

were treated for 24 h with cytokines at denoted concentrations with or without LCL161. Only p<0.01 is 

shown; ** = p<0.01; *** = p<0.001; **** = p<0.0001 (n=2-3; Mean±SD). B) Plated NB cells were 

treated for 24 h with cytotoxic compounds at denoted concentrations with or without LCL161. * = 

p<0.05. (n=1-2; Mean±SD).  
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In response to LCL161 treatment, cells typically degrade cIAP1/2 and, if cell death is induced, 

reduce expression of XIAP. In response to LCL161, NXS2 and EMT6 were seen to reduce cIAP1/2 

levels while N2a did not. Interestingly, cIAP1/2 downregulation did not lead to apoptotic cell death 

in NXS2. A decrease in XIAP expression was only found in the EMT6 cell line after treatment 

with LCL161 and TNFα, which coincides with the alamarBlue results showing cell death. Loss of 

full length caspase-8 was also seen in this EMT6 condition. 

Since the NXS2 and N2a cell lines were resistant to various cytotoxic compounds yet expressed 

proteins that are often silenced in NB, I questioned whether these cells could undergo apoptotic 

cell death. Staurosporine, a protein kinase inhibitor, was used as a positive control (208) to induce 

apoptosis. PARP cleavage, a hallmark of apoptosis (209), was used to detect apoptotic cell death. 

PARP cleavage was present in NXS2 and N2a samples treated with staurosporine but not LCL161 

(Figure 7).  

2.2 Testing murine NB cell lines in vivo sensitivity to LCL161 

Next, I explored the NXS2 and N2a cell lines sensitivity to LCL161 in vivo. With the in vitro 

viability assays and Western blots, I observed that the murine NB cell lines express IAP proteins 

but do not undergo apoptotic cell death in response to SMCs. However, some cell lines have 

different responses to SMC when tested in vitro and in vivo (39,132). This variable sensitivity to 

SMCs is presumably due to the range of effects SMCs could have on the tumour 

microenvironment. Reports have shown that SMCs can have various effects on immune cells like 

frequency, cytotoxicity, and activation (38,56,57,60,79,80). but also are capable of inhibiting 

angiogenesis in the tumour (55,210). Studies have shown that SMCs can reduce vascularization in 

EMT6 and B16 tumour  
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Figure 6. Apoptotic pathway components are expressed in murine NB cell lines. Western blots 

of proteins involved in the apoptotic pathway.  NB cells were treated for 24 h with or without 

LCL161 and TNFα. E7 tubulin or GAPDH proteins or total protein content used as control. 

EMT6 was used as a positive control. Relevant weights in kDa are included on the left side. 

Cell death is only seen in the EMT6 cell line with LCL161 and TNFα combination, as 

expected.  
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Figure 7. PARP cleavage in murine NB cell lines occurs with staurosporine but not LCL161. 

Western blot assessing PARP cleavage in NXS2 and N2a cell lines. Cells were treated overnight 

with LCL161, TNFα, staurosporine or Z-VAD-FMK. Total protein content used as a control. 

Relevant weights in kDa are included on the left side.  
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models by rendering tumour endothelial cells sensitive to TNFα signalling. This reduction in 

tumour vasculature resulted in tumour growth inhibition. Thus, I proceeded with in vivo testing 

NXS2 and N2a cells to fully understand the susceptibility of NB cell lines to SMCs. As well, 

establishing in vivo models of NB enables me to test potential combination treatments of SMCs 

with other compounds which act by modulating the tumour microenvironment, such as 

immunotherapies. Studies have reported that NB tumours are highly vascularized and that this 

feature could be responsible for the high metastatic rates in NB (184,185,211). Reports have been 

successful in targeting angiogenesis to extend mouse survival or kill cancer cells in preclinical NB 

models (192,195,196). As well, there are several current clinical trials testing anti-vascular 

therapy, such as the αVEGF antibody, bevacizumab, against NB (198). I will investigate whether 

NB cell lines are sensitive to LCL161 treatment in vivo and will monitor the state of vascularization 

of SMC-treated NB tumours. If LCL161 promotes vascular shutdown in the NB in vivo models, 

then I will try to potentiate this effect by combining LCL161 with an anti-vascular agent to use 

against NXS2 cells. 

2.2.1 Establishing s.c., i.v., orthotopic tumour models of NXS2 and N2a cell lines 

Before studying NB in an in vivo setting, I first had to establish tumour models that could be 

consistently reproduced and also were representative of the NB disease. I established three tumour 

models for each murine NB cell line (Figure 8). A subcutaneous (s.c.)  model, which permits better 

monitoring of tumour growth, was established with cells injected into the fatpad on the right flank 

of the mouse. An intravenous (i.v.) model, which acts as a substitute metastasis model, was 

established with cells injected through the tail vein. The orthotopic model, which best represents 

the typical NB primary tumour, was established with cells injected directly into the adrenal gland 

according to the protocol from Khanna et al. 2002 (185).   
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Figure 8.NXS2 and N2a syngeneic tumours established in s.c., i.v., and orthotopic mouse models. IVIS 

images were taken using a 1s exposure on mice incubated for 10min after a s.c. injection of 1.6mg of 

luciferin.  Tumours were imaged 7d after injection of Fluc-tagged tumour cells. 5 x105 cells injected for 

s.c. model and i.v. models. 5 x104 cells were injected for the orthotopic model. Necropsies were 

performed at endpoint.  Organs were prepared 7min into 10min incubation. Scale: p/sec/cm2/sr 
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Each model was established successfully and consistently across mice (Figure 8). NB tumours 

have a high incidence of metastasis, so I performed a necropsy evaluation complemented with 

IVIS imaging to look for cancer cells in other organs. I observed minimal metastatic events in the 

s.c. tumour model, with the most common secondary site being lungs. The i.v. model, a substitute 

metastatic model, had a very high incidence of metastasis, with cancer cells present in most organs 

tested. However, the limitation of this model is that it lacks a primary tumour site. I found the 

orthotopic model to be most realistic of the NB disease. This model begins with a primary tumour 

in the adrenal gland which then metastasizes at a high rate to numerous organs. This is similar to 

a true NB case where the majority of tumours originate in the adrenal gland and then metastasize.  

2.2.2 NXS2 s.c. tumour growth responds to LCL161 with a minor delay in growth 

After establishing the in vivo tumour models for both murine NB cell lines, I next examined their 

sensitivity to SMC monotherapy in vivo. Tumours were established in a s.c. or orthotopic model, 

then given 50 mg/kg or 75 mg/kg LCL161 p.o. four times, respectively. I observed that four 

treatments of LCL161 monotherapy was capable of slightly extending survival in mice bearing 

NXS2 tumour models. Interestingly, LCL161 monotherapy was most effective in delaying tumour 

growth in the s.c. NXS2 model (Figure 9A, p<0.07) which was also seen as the most vascularized 

tumour model. I also observed that LCL161 monotherapy was ineffective at extending survival of 

mice bearing N2a orthotopic tumours (Figure 9B), which are the least vascularized NB tumour 

model studied in my project. 

2.2.3 Anti-vascular effect of LCL161 reduces NB tumour angiogenesis 

Since mice bearing the most vascular tumour model, the NXS2 s.c. model, had the best response 

to LCL161, I performed an observational experiment to monitor any potential LCL161-mediated 
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Figure 9. LCL161 monotherapy slightly delays NXS2 s.c tumour growth. A) 5 x 105 NXS2-Fluc 

cells injected s.c. Mice were treated four times with 50mg/kg LCL161 p.o. after tumours were 

palpable. Tumour volumes were measured three times a week until endpoint. B) 5 x 104 NXS2 

and N2a Fluc-tagged cells injected into the adrenal gland. Mice were treated four times with 

75mg/kg LCL161 p.o.    
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anti-angiogenic effects. I examined NXS2 s.c. tumours at endpoint with a necropsy performed by 

a blind observer for most of my in vivo experiments. Results from these necropsy examinations 

show that LCL161-treated mice had tumours with a reduced degree of angiogenesis, including 

decreased visible vasculature and reduced overall blood content in the tumours. These observations 

support that LCL161 could have anti-vascular effects on NXS2 s.c. tumours. Interestingly, I even 

observed this vascular effect by LCL161 in tumours treated in with ICIs as well.  

Since I observed LCL161 decrease tumour angiogenesis through necropsy evaluation, I proceeded 

to confirm vasculature shutdown of LCL161 by using ultrasound imaging. Using a Vevo 2100 

ultrasound, the rate of non-targeted microbubble flow entry into the tumour was measured using 

contrast imaging in a control and a LCL161-treated mouse with a NXS2 s.c. tumour. I can model 

the perfusion rate of the selected tissue by measuring the rate of non-targeted microbubble flow 

entry. 

Using ultrasound imaging, I found that LCL161 treatment, even 24 h after given once at 75 mg/kg, 

can shut down tumour vasculature (data not shown). Although, it should be noted that only one 

mouse in each group was examined and further experimentation is required.  
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2.2.4 LCL161 and sunitinib combine to delay tumour growth of NXS2 s.c. model. 

With the ultrasound imaging experiment and necropsy evaluation, I found that LCL161 treatment 

of mice bearing NXS2 s.c. tumours induced tumour vascular shutdown.  Thus, I investigated 

whether I could potentiate this anti-angiogenic effect of LCL161 by combining LCL161 with 

sunitinib, an anti-vascular agent. Sunitinib is a clinically approved small molecule inhibitor of 

receptor tyrosine kinases, such as PDGF-receptor and VEGF-receptor (193,194,212). These two 

receptors are relevant in promoting tumour angiogenesis and growth. Following treatment 

schedules of other preclinical studies (196,213), which also considered toxicity, sunitinib was 

given i.p. for fourteen days at 35 mg/kg. LCL161 was given p.o. four times at 75 mg/kg to mice 

with NXS2 s.c. tumours. 

Here, I see that the combination of LCL161 and sunitinib is effective in delaying tumour growth 

of the NXS2 s.c. model (Figure 10). This combination significantly delayed tumour growth, as 

determined by a logrank analysis. (Figure 10B, p<0.05). However, further group-to-group analysis 

with a Holm-Sidak test proved no significance. I observed no signs of toxicity in mice receiving 

the combination treatment. The tumour growth curves best display the ability of the combination 

to elicit a delay in tumour growth. I observed minor differences in the monotherapy growth curves 

vs the control condition, with few subjects undergoing a drug response. However, all mice 

receiving the combination of LCL161 and sunitinib have right-shifted tumour volume growth 

curves, indicating a combination effect (Figure 10A). 

2.3 Testing in vivo sensitivity of NXS2 s.c. tumour model to LCL161 in combination 

with αGD2 antibody 

I have shown that NXS2 and N2A cells are resistant to LCL161 in vitro and had minimal delays 

in tumour growth in vivo This delay in tumour growth was increased by combining LCL161 with  
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Figure 10. LCL161 and sunitinib combine to delay tumour growth in NXS2 s.c. tumour model. 5 x105 

NXS2-fluc cells were injected s.c. with measurements performed three times a week. Once tumours 

were palpable, 75mg/kg LCL161 was given four times p.o. and 35mg/kg sunitinib was given fourteen 

times i.p. N=5 mice for control and combination group, while N=4 for monotherapy groups. A) 

Individual tumour volume growth curves B) Kaplan-Meier curve depicting mouse survival with 

associated treatment schedule. * = p<0.05. 
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the anti-vascular agent, sunitinib. However, I wanted to further explore SMCs against NB using a 

combination which is more clinically relevant. The most recently approved immunotherapy for 

NB is an αGD2 antibody with a reported mechanism of action of ADCC and CDC (149,150). This 

therapy led to a 20% overall increase in survival for high-risk group patients but is still being 

investigated for improvements. Some αGD2 antibody combination strategies used in clinical and 

pre-clinical studies are immune-activating cytokines (214,215), anti-vascular agents (216), and 

ICIs (109).  

I have shown that LCL161 has an anti-angiogenic role in my NXS2 tumour model, which is 

corroborated by studies reporting LCL161 can shutdown tumour vasculature. Furthermore, reports 

indicate that SMCs increase NK cytotoxicity against NK-susceptible cell lines (61,62). A study 

demonstrated that XIAP is a resistant factor used by cancer cells to inhibit ADCC (64). Thus, I 

examined whether an αGD2 antibody could synergize with LCL161 to delay tumour growth and 

increase mouse survival of an in vivo GD2+ NXS2 s.c. model.  

To study the combination of αGD2 antibody with LCL161, I first had to acquire a GD2-targeting 

antibody. The hybridoma HB-9326, which produces the mouse IgG2a αGD2 clone ME361-S2a, 

was obtained from ATCC. I had to first isolate the antibody, then verify purity and binding ability, 

then determine if it was ADCC capable. I also had to establish protocols for isolation and 

maintenance of an effector cell population that could mediate ADCC. Since it is difficult to acquire 

a suitable number of murine NK cells for experimentation, I used lymphokine activated killer cells 

(LAKs) as a substitute.  

2.3.1 SDS-PAGE of samples from antibody isolation  

I grew the ME361-S2a hybridoma to 2 L of media, then incubated for one-to-two weeks to 

maximize antibody production. The αGD2 antibody of IgG2a isotype was isolated using a gravity 



61 

 

column packed with Protein G beads. I passed the media a total of four times through the isolation 

column to maximize yield. I then took aliquots from the following steps of the isolation and 

purification process: starting media, media after column pass 1-4, wash from spin column, and 

final antibody solution. I than loaded these samples onto a polyacrylamide gel and ran sodium 

dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to visualize the antibody content 

and purity at each stage of the isolation (Figure 11). 

I performed SDS-PAGE on the antibody samples and then stained them with Coomassie Blue. The 

gel shows three distinct bands appearing at 50-55 kDa, 25kDa, and 20-25kDa (Figure 11, lanes 13 

and 14). These three sizes correspond to expected kDa weights of heavy and light chains. 

Importantly, there are no other bands significantly present in the antibody sample lanes, indicating 

the sample is pure. Furthermore, both the first and second batch of isolated antibody have identical 

band patterns indicating consistent antibody sample was produced. Post-translational 

modifications, such as glycosylation, could account for the presence of two light chain bands. 

2.3.2 Staining positive and negative murine NB cell lines using isolated antibody 

After verifying the purity of the antibody isolation with SDS-PAGE, I wanted to confirm the 

capability of the antibody to bind to its target, GD2. I performed high throughput 

immunofluorescence assay on the GD2+ (NXS2) and GD2- (N2a) NB cell lines hoping to validate 

the sensitivity and specificity of the antibody. I used the commercially available 14G2a clone as a 

positive control for these experiments. First, I attempted fixed-cell immunofluorescence. Both the 

negative and positive cell lines stained positive with both clones of αGD2 antibody (Figure 12A).  
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Figure 11. Validating purity of gravity column antibody isolation of ME361-S2a antibody by SDS-PAGE. 

Coomassie blue staining of SDS-PAGE containing samples from each fraction of antibody isolation and 

purification process. Supernatant from HB-9326 was passed through a Protein G gravity column four 

times to isolate antibody. 20μL aliquots were loaded into each well from the samples. 3μL of protein 

ladder was loaded, with kDa band sizes labelled on the right of gel. Lanes: 1. Protein ladder, 2. First 

isolation from media, 3. Second isolation from media, 4. Third isolation from media, 5. Fourth isolation 

from media, 6. Flow through from spin column from first pass, 7. Flow through from second pass, 8. 

Flow through from third pass, 9. Flow through from fourth pass, 10. Hybridoma media before isolation, 

11. Media after isolation, 12. Flow through from PBS wash of antibody isolation, 13. First attempt of 

antibody isolation, 14. Second attempt of antibody isolation. Post-translational modifications, such as 

glycosylation, could account for the presence of two light chain bands. 
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Next, I performed live-cell immunofluorescence to stain live, untouched cells. Here, only the GD2+ 

cell line stained positive, however it was at an unexpectedly low rate (Figure 12B). 

Due to the unexpected results form immunofluorescence staining, I also tried using the 

unconjugated ME361-S2a antibody for preparation in flow cytometry staining. The pre-conjugated 

and unconjugated 14G2a clones were used as a positive control. Again, the antibody was sensitive 

to only the GD2+ cell line, NXS2, and minimal N2a cells stained positive (Figure 13). Both 14G2a 

and ME361-S2a antibodies conjugated with Alexafluor-488 produced similar positive population 

sizes of about 8%. The pre-conjugated antibody stained an 18% positive population.  

Although the isolated antibody performed similar to the commercially available clone, the overall 

low rate of GD2+ cells in the cell line NXS2 was surprising. Upon repeating flow cytometry 

staining for GD2, GD2+ cells for NXS2 ranged from 10-80% of cells (data not shown). Thus, I 

attempted to optimize flow cytometry staining for GD2. A previous study suggested that GD2 

molecules were involved in anoikis and cell adhesion (183,217), so I hypothesized that the antigen 

is being destroyed or masked by staining preparation. I attempted to lift the adherent NB cell lines 

in different manners, using scraping, or low and high levels of trypsin and enzyme-free cell 

dissociation buffer, to try and minimize any potential damage of the GD2 molecule. Following 

lifting of the cells, the typical flow staining protocol was followed. Here, I observed that the 

manner of preparing cells for staining does affect the GD2+ population (Figure 14). Trypsin, being 

most harsh, seemed to damage or reduce GD2 antigen on the cell surface. The enzyme free 

dissociation buffer, regarded as a gentler approach to lifting cells, conserved more GD2 antigen 

on the cell surface. Gentle scraping with a cell scraper was also tested, which produced a high 

expression of GD2 retained on the GD2+ cell line. This trend is depicted by the histograms shifting 

more positive with the different lifting techniques.  
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Figure 12. Isolated and commercial αGD2 antibody staining are comparable by 

Immunofluorescence. High throughput immunofluorescence was performed with 5 μg/mL 

isolated ME361-S2a or commercially available 14G2a clones of GD2 specific antibody, 5 

μg/mL Alexafluor-488 secondary, and 1 μg/mL Dapi (for fixed cell) or Hoescht 33342 (for live 

cell) nuclei stain. Images were taken by Dr. Baird using an Opera QEHS high throughput 

scanner. A) Fixed-cell immunofluorescence of NXS2 and N2a cells. B) Live cell 

immunofluorescence of NXS2 and N2a cells.  Cells were cultured for 24 h prior to staining. 

Representative images are shown.  
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Figure 13. Isolated and commercial αGD2 antibody staining are comparable by flow cytometry. 

NXS2 and N2a cells were cultured for 24 h prior to staining. Cells were stained with either a flow 

cytometry 14G2a antibody, preconjugated to PE fluorophore, or incubated for 30min on ice with 

5ug/mL 14G2a unconjugated or ME361-S2a antibody, then incubated for another 30min on ice 

with Alexafluor488 secondary. Representative flow plots show staining profile for each antibody. 
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I also tested intracellular staining for GD2. Often in flow cytometry, intracellular staining is used 

against antigens that are either inconsistent or difficult to stain on the cell surface. The intracellular 

staining for GD2 was positive for both NXS2 and N2a (Figure 15A), which supports the fixed-cell 

immunofluorescence results (Figure 12A). Thus, I tested for specificity of the intracellular GD2 

staining with trying to block the binding by adding the unconjugated antibody clones 14G2a 

(isoclonal) and ME361-S2a (non-clonal). Interestingly, both unconjugated clones of αGD2 

antibody reduced the overall percent of GD2+ cells for both the NXS2 and N2a cell line (Figure 

15B).  The NXS2 cell line had an original GD2+ population of 68%, which fell to 55% and 48% 

using the 14G2a and ME361-S2a clone, respectively. For this experiment, intracellular staining of 

the N2a cell line had a 32% positive population which fell to 24% and 19%. 

2.3.3 New cell model to reliably measure GD2 expression: LCL161 does not affect expression 

of GD2 on lymphoma cells when cell death is rescued 

My previous work with validating the ME361-S2a antibody and optimizing GD2 staining has 

shown that: staining GD2 is inconsistent extracellularly, GD2 antigen is sensitive to cell 

preparation, and αGD2 antibodies are not specific to GD2 for intracellular staining. However, I 

was able to confirm that the isolated antibody, ME361-S2a, was staining similarly to the 

commercially available 14G2a clone. Before using a LCL161 and αGD2 antibody combination in 

vivo, I wanted to investigate if LCL161 would modulate GD2 expression in the GD2+ NXS2 cell 

line, but I was unable to accurately measure changes in GD2 expression. To avoid the GD2 staining 

limitations, which are related to preparation of the adherent NB cell lines, I introduced a new 

cancer model which was GD2+ but also suspension cells. RMA and RMA/S cells are murine 

lymphoma cell lines which have been reported to express GD2 molecules (218). Using flow 

cytometry, I confirmed that these cell lines express GD2 and that I could consistently stain for 
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Figure 14. Variability in GD2 staining on flow cytometry. GD2 staining is affected by different 

techniques used to lift adherent cells. After 24 h, NXS2 cells were lifted using various amounts 

of trypsin, dissociation buffer, or a scraping method. Cells were stained using a pre-conjugated 

14G2a-PE clone. The top histogram is the unstained sample, while the bar represents the 

positive population gate. The histograms underneath are NXS2 cells lifted with various methods, 

listed on the right, before staining.  
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Figure 15. Intracellular staining of GD2 specifically stains GD2+ and GD2- cell lines. 

Intracellular positive population can be reduced by unconjugated antibody addition. A) 

Both extra- and intracellular staining of GD2 on NXS2 and N2a cells with the 

preconjugated 14G2a-PE antibody and analyzed by flow cytometry.  Gates were set by 

isotype control sample, seen as lighter shade sample in histograms. B) Blocking of 

intracellular staining by unconjugated antibody clones. Cells were stained with 

preconjugated 14G2a-PE antibody after incubation with unconjugated 14G2a and ME361-

S2a clones. Percent positive population listed on right. Black bar represents positive signal. 

Representative histograms are shown for each experiment.  
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GD2 expression (data not shown). Thus, these cell lines could act as a model to investigate 

modulating GD2 expression by LCL161. 

The expression of GD2 was measured by flow cytometry 24 h after treatment with 5 μM LCL161. 

GD2 expression was increased and decreased in the RMA and RMA/S cell lines, respectively, 

(Figure 16A). However, unlike the NB cell lines, I observed that these lymphoma cell lines were 

sensitive to LCL161 with and without TNFα, as determined by an alamarBlue assay (Figure 16B). 

Thus, I rescued cell death using Necrostatin-1 and found that the change in GD2 expression 

mediated by LCL161 was negated (Figure 16A). 

2.3.4 Analysis of LAK isolation, purity, and functionality. 

I have shown the isolated αGD2 antibody, ME36-S2a, is pure and capable of specifically binding 

GD2. Before using the antibody for in vivo experiments, I must also validate if it is capable of 

mediating ADCC. To perform an ADCC experiment, I must first introduce and optimize a protocol 

for generating ADCC-capable effector cells and measuring cytotoxicity. LAKs were chosen as the 

effector population due to the ability to generate sufficient cell numbers for testing and their ability 

to mediate ADCC (219).  

I produced LAKs by growing NK cells in 1000 U/mL recombinant human-IL2. NK cells were 

isolated by magnetic separation from a homogenized mouse spleen. After seven days of culture, 

these cells were confirmed to be majority CD45+CD49b+CD3- and viable (zombie violet negative) 

by flow cytometry, as shown with representative flow diagrams (Figure 17A). Furthermore, the 

cells were capable of mediating cell cytotoxicity against the NK sensitive cell line, Yac-1, as 

measured by an LDH release assay (Figure 17B).  
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Figure 16. In vitro impact of LCL161 on GD2 expression modelled in RMA and 

RMA/S cell lines. A) Normalized MFI of GD2-PE expression on RMA and RMA/S 

Alive (Zombie Violet negative) cells after 24 h of treatment (n=1; Mean±SD). B) 

Viability was measured using an alamarBlue assay after 24 h of treatment before 

preparation for flow cytometry. Associated alamarBlue results shown and is 

representative (n=3; Mean). 
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Figure 17. LAK population is viable, of high purity, and capable of lysing cells. Splenocytes 

cultured in 1000 U/mL rh-IL2 for seven days after a negative NK cell magnetic isolation. A) 

Representative flow diagrams showing a viable LAK population of high purity. B) Killing assay 

with LAKs cocultured for four hours with Yac-1 cells. % lysis measured by an LDH release 

assay.  
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Figure 18. LAKs are sensitive to necroptosis with LCL161. Day seven cultured LAKs in 

1000U/mL rh-IL2 were treated with 5μM LCL161 and 10ng/mL TNFa for 24 h. 

Viability measured with an alamarBlue assay. Cell death rescue attempted by adding 

25μM Z-VAD-FMK and 30 μM Necrostatin-1. * = p<0.05; ** = p<0.01; *** = p<0.001; 

**** = p<0.0001. 
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2.3.5 LAKs are sensitive to LCL161 in vitro 

Next, I wanted to assess if the LAK population was sensitive to LCL161 treatment in vitro. If 

sensitive, it would prevent testing the anti-tumour efficacy of the LCL161 and αGD2 antibody 

combination in vitro. LAKs were treated with LCL161 with TNFα for 24 h, and Z-VAD-FMK or 

Necrostatin-1 was added to rescue cell death. The viability assay was performed using alamarBlue. 

LAKs were sensitive to LCL161 in vitro, undergoing necroptosis when treated with LCL161 and 

TNFα for 24 h, inducing 58% cell death (Figure 18, p<0.01). Cell death could be rescued by 

Necrostatin-1 but was further promoted by caspase inhibition using Z-VAD-FMK. Thus, I cannot 

test the in vitro efficacy of the LCL161 and αGD2 antibody combination with this model. 

2.3.6 Isolated antibody can mediate ADCC but is not directly cytotoxic. 

After verifying the capability of the antibody to bind GD2 in a specific and sensitive manner, and 

generating a suitable effector cell population, I wanted to ensure the antibody was functional and 

could also mediate ADCC. I added the isolated antibody to a final concentration of 10 μg/mL to 

LAKs in a coculture of NXS2 cells. The cells were incubated for 4 h then ADCC was measured 

using an LDH release kit. A 15% and 12% increase in cell lysis was noted in the 10:1 and 20:1 

effector to target cell conditions which had ME361-S2a isolated antibody, respectively (Figure 

20A). Unexpectedly, the cell lysis decreased to that of the control condition at the higher ratio of 

40:1. Both batches of antibody isolation, denoted αGD2 Ab 1 and 2, produced identical rates of 

cell lysis in this assay.  

Furthermore, in the literature, it has been contested that αGD2 antibodies are able to mediate 

apoptosis directly on numerous cancer types, including the NB cell line iMR-32 

(149,164,174,179,180,217,220). Thus, I investigated whether a combination of SMC and αGD2  
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Figure 19. ME361-S2a antibody is capable of mediating ADCC but is not directly 

cytotoxic. A) LAKs and NXS2 cells cocultured for 4 h with or without 10ug/mL 

ME361-S2a antibody. Cytotoxicity was measured using an LDH release kit. aGD2 Ab 1 

and 2 conditions use isolated ME361-S2a antibody from batches 1 and 2, respectively. 

Representative experiment shown (n=3; Mean±SD). B) NXS2 and N2a cell lines were 

treated for 24-48 h with a range of ME361-S2a concentrations. Viability was measured 

using an alamarBlue assay. * = p<0.05 (n=2; Mean±SD).  
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antibody treatment could synergize and cause apoptosis directly to NB cells. The cells were treated 

with ME361-S2a and LCL161, with cell viability measured after 24 h using an alamarBlue assay. 

I observed minimal cell death with the αGD2 antibody, even when used in combination with the 

apoptosis-promoting LCL161 (Figure 19B). At the highest antibody concentrations of 40 and 80 

μg/mL, some NXS2 cell death was seen (15%). However, the GD2- cell line N2a experienced 20% 

cell death (p<0.05), indicating it was probably due to reasons unspecific to GD2 binding. 

2.3.7 Dual combination of LCL161 and αGD2 antibody delays tumour growth of NXS2 in vivo  

I have shown that the antibody is of high purity, can bind GD2 specifically, and is able to mediate 

ADCC with LAKs against a GD2+ NXS2 cell line. Next, I sought to determine if the combination 

of LCL161 and αGD2 antibody would synergize in vivo against a NXS2 tumour model. NXS2-

Fluc cells were implanted s.c. and treatments were started after tumours became palpable. Mice 

received LCL161 p.o. at 75 mg/kg four times and αGD2 antibody i.p. 200 μg six times. Tumour 

volumes were measured three times a week until endpoint. I observed that the combination was 

effective in delaying tumour growth (Figure 20B). Here, the approved treatment for NB, αGD2 

immunotherapy, was the least effective treatment in delaying tumour growth against the NXS2 s.c. 

model and seemed to create a bimodal group of responders and non-responders (Figure 20A).  The 

tumour volume growth curves show that the combination group is consistently right-shifted 

compared to the control group (Figure 20A). 

2.4 Testing a triple combination to try and further potentiate αGD2 antibody and 

LCL161 combination-mediated delay in NXS2 tumour growth 

The combination of ME361-S2a and LCL161 had some effect in delaying NXS2 s.c. tumour 

growth, however it was not deemed significant upon logrank analysis. I thought to combine a third  
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Figure 20. LCL161 and aGD2 antibody combine to delay tumour growth in NXS2 s.c. tumour 

model. 5 x105 NXS2-fluc cells were injected s.c. with measurements performed three times a 

week. Once tumours were palpable, 75mg/kg LCL161 was given four times p.o. and 200μg αGD2 

or IgG isotype antibody was given six times i.p. N=5 mice for all groups. A) Individual tumour 

volume growth curves. B) Kaplan-Meier curve depicting mouse survival with associated 

treatment schedule.  
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agent to further potentiate the anti-tumour effect of this combination. Currently, there is only one 

approved immunotherapy for NB, the GD2-targeting dinutuximab. However, recent success 

occurred with combining an αGD2 antibody and an antibody targeting the PD-1 signalling axis in 

a preclinical setting (109). This study led to establishing a clinical trial for an αPD-1 and αGD2 

combination immunotherapy (148). Studies have been successful with using αCTLA-4 and αPD-

1 antibodies against NB in preclinical models (147,221). Other reports have also shown that SMCs 

synergize with αCTLA-4 and αPD-1 immunotherapies in glioblastoma and bladder cancer models 

(38,43,222). Additionally, depletion of the cIAP1 gene increased the efficacy of αPD-1 antibody 

treatments in melanoma tumour models (223).   

Here, I investigated whether LCL161 can synergize with ICIs to treat NXS2 tumour models. The 

ICI with the best anti-tumour response will be used in a triple combination with LCL161 and an 

αGD2 antibody to treat a NXS2 s.c. tumour model.  

2.4.1 LCL161 does not affect expression of MHC 1 or PD-L1 in vitro 

Since I wanted to test the potential synergy of LCL161 and other immunotherapies in treating 

murine NB cells, I first examined whether SMCs would modulate the expression of MHC 1 and 

PD-L1 on NXS2 and N2a cell lines. MHC 1 is essential for presenting antigen to stimulate an 

immune response (29). PD-L1 inhibits the action of effector immune cells (103). Both proteins 

play an important part in responding to immunotherapies. The protein expression was measured 

by flow cytometry 24 h after treating with 5 μM LCL161 and 1 ng/mL TNFα. I also treated with 

1000 U/mL IFNγ to for a control to upregulate PD-L1 and MHC 1 expression. There was no 

modulation of PD-L1 expression in NXS2 or N2a cells with LCL161 or TNFα (Figure 21A). For 

NXS2 cells, TNFα increased MHC 1 mean fluorescence intensity (MFI) by 116%, over DMSO  
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Figure 21. Expression of PD-L1 and MHC 1 on NXS2 and N2a cell lines 

responding to LCL161 in vitro.  A) Normalized MFI of PD-L1-BV711 

expression on NXS2 and N2a cells after 24 h of treatment (n=1; Mean). B) 

Normalized MFI of MHC 1-PE expression on NXS2 and N2a cells after 24 h of 

treatment (n=1; Mean).  
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control, and then the combination with LCL161 increased MHC 1 MFI by 57%. For N2a cells, a 

similar trend was observed where TNFα increased MHC 1 MFI by 27%, over DMSO control, and 

by 15% with a LCL161 combination (Figure 21B). Both cell lines responded to IFNγ by drastically 

increasing MHC 1 and PD-L1 MFI 

2.4.2 αPD-L1 antibody is the most effective ICI in combination with LCL161 against NXS2 s.c. 

model 

After confirmation that LCL161 would not impact MHC 1 or PD-L1 expression, I sought to 

determine which ICI would be most effective with LCL161 to treat the NXS2 s.c. tumour model. 

Delays in growth of NXS2 and N2a tumours has been reported with αPD-1 (109,147), αCTLA-4 

(140,221), and αPD-L1 (147,221) antibody treatments in other preclinical studies. As well, SMCs 

have been found to synergize with these immunotherapies (39,43,222). Thus, I used survival 

studies to determine which combination of ICI and LCL161 was most effective at delaying murine 

NB tumour growth. NXS2 cells were implanted s.c. and treatments were started after tumours 

became palpable. I treated with LCL161 at 50 or 75 mg/kg p.o. four times and αPD-1, αCTLA4, 

αPD-L1 antibodies at 250 μg i.p. six times. The first survival study had treatments of 50 mg/kg 

LCL161, and since responses were marginal, I increased the LCL161 concentration to 75 mg/kg 

for the second study. Tumour volumes were measured three times a week until endpoint. The first 

survival study examined αCTLA-4 clone 9H10 and αPD-1 clone J43 antibody with LCL161 

against NXS2 s.c. model. Treatments were stopped early when it was apparent that both 

combination groups were ineffective in delaying tumour growth (Figure 22A). Using a second 

survival study, I then examined the anti-tumour effect of αPD-L1 clone 10F.9G2 and αPD-1 clone 

RMP114 antibodies in combination with LCL161 against NXS2 s.c. tumours. Here, slightly  
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Figure 22. αPD-L1 antibody is the most effective ICI with LCL161 against NXS2 s.c. 

tumour model. 5 x105 NXS2-fluc cells were injected s.c. with measurements performed 

three times a week. Kaplan-Meier curve depicting mouse survival with associated 

treatment schedule. Treatments started once tumours were palpable. A) 50mg/kg 

LCL161 was given four times p.o. and 250μg of αPD1 (clone J43), αCTLA-4, or 

hamster IgG antibody per injection was given six times i.p. N=5 mice for all groups.  

B) 75mg/kg LCL161 was given four times p.o. and 250ug of αPD1 (clone RMP114), 

αPD-L1, or rat IgG antibody was given six times i.p. N=5 mice for control and αPD-L1 

+ LCL161 groups. N=4 mice for LCL161 and αPD-1+LCL161 groups.  
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improved responses were observed for both αPD1 clone RMP114 and αPD-L1 clone 10F.9G2 

combinations with LCL161 compared to the untreated condition (Figure 22B). The αPD-L1 

antibody with LCL161 combination was the most effective of the ICIs tested, and thus it was 

followed up with a survival study using monotherapy control groups. 

2.4.3 Further examination of αPD-L1 antibody and LCL161 combination in delaying NXS2 

tumour growth  

The αPD-L1 antibody was the most effective ICI in combination with LCL161 to treat the NXS2 

s.c. model. I wanted to further examine how more effective the combination was in comparison to 

either αPD-L1 or LCL161 monotherapies.  I implanted the NXS2 cells orthotopically and began 

giving treatments a week later to allow tumour establishment.  I gave LCL161 at 75 mg/kg p.o. 

four times and αPD-L1 antibodies at 250 μg i.p. six times. Mice were observed for moribund 

characteristics for designation of humane endpoints. I found that the combination group delayed 

tumour growth and increased mouse survival (Figure 23, p=0.07). Furthermore, the combination 

treatment also cured one of five mice, which was confirmed with IVIS imaging. I then rechallenged 

the mouse with N2a and NXS2 cells s.c. into right and left flank, respectively, and observed tumour 

growth only occur by N2a cells on the right flank (data not shown). Tumour cells used for 

rechallenge were not Fluc-tagged to avoid any immune memory response being non-tumour 

antigen specific.  

2.4.4 Addition of αPD-L1 antibody slightly improves LCL161 and αGD2 antibody combination 

in delaying tumour growth against NXS2 s.c. model 

I have shown delays in tumour growth with either αGD2 and αPD-L1 antibodies used in 

combination with LCL161 in treating NXS2 cells in vivo. I wanted to further potentiate the efficacy 

of these treatments by using a triple combination. Some studies have suggested that inhibiting the 
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PD-1 signalling axis is effective against preclinical NB (147), even showing synergy with αGD2 

antibody against an NXS2 model (109). Further support for using a LCL161, αPD-1 antibody and 

αGD2 antibody combination is seen with: drugs targeting tumour angiogenesis are also currently 

being researched in combination with dinutuximab (216), LCL161 has shown to promote NK 

cytotoxicity (61,62), XIAP resists ADCC (64), and LCL161 synergizes with ICIs in delaying 

tumour growth (38,43). Thus, I tested the triple combination of LCL161 with both αGD2 and αPD-

L1 antibodies. NXS2 cells were implanted s.c. and treatments were started after tumours were 

palpable. Each of 75 mg/kg LCL161 p.o., 200 μg αGD2 i.p., and 250 μg αPD-L1 i.p. were given 

four times. Tumour volumes were measured three times a week until endpoint. The triple 

combination was most successful at delaying tumour growth, deemed significant with a logrank 

comparison (Figure 24, p=0.03). However, a Holm-Sidak multiple comparison showed no 

significance amongst groups. The group receiving the triple combination treatment had the most 

right shifted growth curves versus the other treatment groups. One mouse receiving LCL161 and 

αGD2 antibody treatments had complete inhibition of tumour growth. Currently, I am 

rechallenging the mouse with NXS2 and N2a cells injected s.c. to determine if a memory immune 

response was formed. 
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Figure 23. Combination of LCL161 and αPD-L1 antibody against NXS2 orthotopic tumour 

model slightly extends mouse survival. 5 x104 NXS2-fluc cells were injected into the adrenal 

gland and given 7 d to establish before treatments. 75mg/kg LCL161 was given four times p.o. 

and 250ug of αPD-L1 or rat IgG antibody was given six times i.p. N=5 mice for all groups. 

Kaplan-Meier curve depicting mouse survival with associated treatment schedule. * = p<0.05. 
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Figure 24. Triple combination of αGD2 antibody, αPD-L1 antibody. and LCL161 further 

delays NXS2 s.c. tumour growth. 5 x105 NXS2-fluc cells were injected s.c. with 

measurements performed three times a week. Once tumours were palpable, 75mg/kg LCL161 

was given four times p.o., 200μg of αGD2 or mouse IgG antibody was given four times i.p., 

250μg of αPD-L1 or rat IgG antibody was given four times i.p. N=7 mice for all groups. A) 

Individual tumour volume growth curves. B) Kaplan-Meier curve depicting mouse survival 

with associated treatment schedule. * = p<0.05. 
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3.0 DISCUSSION 
 

3.1 Overview 

There are approximately 800 new cases of neuroblastoma (NB) diagnosed each year in the United 

States, which accounts for 6% of pediatric cancers and 15% of all pediatric cancer deaths. This is 

despite aggressive treatment approaches including surgery, chemotherapy, radiation and 

immunotherapy. (130,224).  

Immunotherapies are effective tools against cancer. Many immunotherapy strategies have already 

been investigated against NB such as: ICIs (109,140,141,221), tumour vaccinations (225), 

adoptive cell therapies (226,227), and monoclonal antibodies (156,176). In 2015, the biologic 

dinutuximab (United Therapeutics), which targets GD2, was approved for use against high-risk 

NB (149,150). However, this immunotherapy only leads to a 20% increase in two-year survival of 

high-risk patients despite having serious side effects due to the localization of GD2 on peripheral 

nerves.  Preclinical and clinical studies have focused on ways to improve αGD2 therapy, such as 

combinations with anti-vascular drugs or other immunotherapies (109).  

IAP proteins are found to be overexpressed in numerous cancer types, including some NB tumours 

and NB cell lines (5,204,205). The IAP protein family is capable of not only preventing apoptosis 

but also modulating NF-кB signalling (3,4,33). Antagonizing IAP proteins with a SMC has 

previously been found to be efficacious in combination with various immunotherapies (38,40,41). 

In the context of NB, however, SMCs have had minimal cytotoxicity (132). Here I investigated 

whether using a SMC could synergize with an approved immunotherapeutic for NB in a preclinical 

mouse model.  
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3.2   SMC as a monotherapy against NB 

3.2.1 In vitro efficacy of SMC 

I first investigated whether the SMC, LCL161, would be effective at killing murine NB cell lines 

in vitro. I found that both NXS2 and N2a cells were resistant to LCL161 and TNFα (Figure 4). 

Previous studies have investigated SMC cytotoxicity against NB cell lines and found some cell 

death responses only at a high concentration of 10 μM LCL161 (5,134). The SMC, LBW242, was 

minimally cytotoxic as a monotherapy, but LBW242, as well as other SMCs did synergize with 

various chemotherapeutics. For example, the combination of LCL161 and vincristine was able to 

abrogate vincristine-resistance in NB cell lines (CHLA-15 and CHLA-20) recovered from a patient 

(45). The Eschenburg lab also screened several chemotherapy drug classes to determine that the 

vinca alkaloid class was most effective in combination with LCL161 (204). The combination of 

LCL161 and vinca alkaloid killed the following human and de novo NB cell lines: Kelly, NB1691, 

SH-EOP, SK-N-AS, SK-NBE2-M17, SK-N-SH, HGW-1, and HGW-2 (6) Limited in vitro 

responses to two SMCs were also seen in the human NB cell lines SK-N-AS and CHP-212 (137). 

The cell lines GI-ME-N and SK-N-AS, were also found to have some sensitivity to the SMC 

AEG40730 (205). Interestingly, in this study, all NB cell lines (GI-LI-N, IMR-32, Lan-1, Lan-5, 

SHY-SY5Y, SK-NB2) that were completely resistant to the SMC AEG40730-mediated cell death 

were missing core components to the TNFα-mediated apoptosis pathway such as TNF-R1, 

caspase-8, and TRADD. The cell lines GI-ME-N, Lan-1, Lan-5, SK-N-AS, and SK-NB2 also 

expressed cFlip, a critical apoptotic resistance factor. The cell lines that showed some cell death 

in response to AEG40730 in combination with TNFα or TRAIL, GI-ME-N and SK-N-AS, were 

not missing any of the assessed apoptotic components.  However, these cell lines could also be 

further sensitized to SMCs through silencing of cFlip by siRNA (205).  
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Next, I investigated whether other apoptosis-inducing cytokines or compounds could sensitize 

NXS2 and N2a cells to LCL161. A previous study showed that knockdown of Bcl-2 by siRNA 

sensitized SMC-resistant Huh-7 and SK-Hep1 hepatocellular carcinoma cells to LCL161 (228). 

IFNγ-induced expression of caspase-8 made the human NB cell line, IMR-32, sensitive to TRAIL-

mediated apoptosis (229). As well, GI-ME-N and SK-N-AS were also susceptible to TRAIL and 

AEG40730 combination (205) When combined, chemotherapies and SMCs have been shown to 

kill several human NB cell lines in vitro, albeit when using the higher concentration of 10 μM 

LCL161 (6). My attempts at combining LCL161 with IFNγ, IFNβ, and TRAIL were unsuccessful 

at promoting cell death in NXS2 and N2a cell lines. Introducing a Bcl-2 inhibitor or various 

chemotherapies had limited response against these cell lines as well (Figure 5). This is not 

surprising as NB cell lines sensitive to Bcl-2 inhibitors are typically those with MYCN 

amplification, which is not seen in NXS2 and N2a cells. As well, the three chemotherapies that I 

tested (topotecan, irinotecan, and SN-38) were all topoisomerase inhibitors. It was observed that a 

screen of chemotherapy classes with LCL161 had marginal synergy in killing NB cell lines in vitro 

when using topoisomerase inhibitors in the human NB cell lines (6) – perhaps using vinca alkaloid 

chemotherapeutics would improve the drug responses. 

Since the cells lines that I tested were poor responders to LCL161-mediated cell death, I 

investigated whether the core components to the apoptosis pathway were intact (Figure 6). By 

western blot analysis, I found that cIAP1/2 and XIAP were expressed in both cell lines, but at a 

lower level than that of the control murine breast mammary carcinoma cell line, EMT6. However, 

a previous study reported that the level of IAP expression does not correlate with response 

sensitivity to SMCs (205) The proteins TRADD, TNFR1, and caspase-8 were all expressed in both 

NXS2 and N2a cell lines. These components are essential for apoptosis signalling and were the 
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proteins most commonly silenced in human NB cell lines resistant to SMCs (205). Although the 

core components were expressed, no PARP cleavage was seen in response to LCL161 treatment 

by NXS2 or N2a cells. Moreover, N2a cells also did not degrade cIAP1/2 proteins after addition 

of LCL161. NXS2 cells did respond to LCL161 treatment with downregulation of cIAP1/2 

proteins but still could not undergo apoptosis, as assessed by the lack of PARP cleavage, which 

only occurred in these cells following staurosporine treatment (Figure 7). PARP is a target for 

caspase cleavage and is used as an indicator for caspase activation and apoptosis (230). 

Staurosporine is capable of inducing both intrinsic and extrinsic apoptosis (208). If only the 

intrinsic apoptosis pathway is functional in these cell lines, it could account for PARP cleavage 

present in staurosporine conditions but not that of LCL161. The caspase inhibitor cFlip was also 

expressed by both murine NB cell lines and could account for the murine NB cell lines resistance 

to SMCs (205). Verification of cFlip as a resistant factor to SMCs could be achieved with specific 

knockdown by siRNA. In conclusion, the in vitro testing shows that NXS2 and N2a cells were 

resistant to induction of apoptosis by LCL161. 

3.2.2 Potentiating the anti-vascular effect of LCL161 

Next, I investigated the in vivo responses of NB to LCL161. Different sensitivities to SMCs have 

been found both in vitro and in vivo (39,132), results that have been previously published and seen 

by our lab as well. Durable cures have been achieved in transgenic multiple myeloma cell lines, 

which were resistant in vitro to LCL161 (39). The different sensitivities to LCL161 can be due to 

the reported ability of SMCs to modulate the tumour microenvironment, from the targeting of 

tumour vasculature (55,210) to the recruitment of tumour infiltrating lymphocytes (38,80,231). 

Interestingly, a study found a significant decrease in NXS2 tumour volume when the subcutaneous 

model was treated with LCL161, with or without the chemotherapeutic vincristine (5). However, 
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it should be noted that these treatments were started the day after cell injection. This could create 

a scenario of treating the cells before the tumour is fully established. In my project, the sub-

cutaneous model of NXS2 was the most responsive to LCL161 monotherapy (Figure 9A). 

Interestingly, it was also the most vascularized NB tumour that was examined. The ability of SMCs 

to target tumour vasculature should not be overlooked.  SMCs have been investigated for their 

ability to reduce the tumour vasculature, with studies showing SMC-induced destruction of 

vascular endothelium occurs in a TNFα-dependent manner (55,210). Thus, I decided to investigate 

if the ability of LCL161 to cause tumour vascular collapse could be responsible for the delay in 

tumour growth. I observed, by performing a necropsy on mice at endpoint, that tumours had 

decreased vasculature in response to LCL161 treatment. I was able to corroborate this finding with 

ultrasound imaging that showed a decreased rate of perfusion in the tumour of a mouse that 

received LCL161 (data not shown). I decided to further potentiate this anti-angiogenic effect of 

LCL161 by combining LCL161 with the anti-angiogenic drug, sunitinib. Although not currently 

being investigated against NB in the clinic, sunitinib has been approved for renal cell carcinoma 

and gastrointestinal stromal tumours (212,232). The combination of LCL161 and sunitinib was 

superior in delaying tumour growth in the NXS2 s.c. model than either treatment alone (Figure 

10). Unfortunately, it was too costly for our lab to obtain αVEGF antibody, which would have 

been a more clinically relevant and specific tool for targeting NB tumour vasculature (190–192). 

One limitation of sunitinib is that, as a kinase inhibitor, it has a broad range of effects not related 

to targeting tumour vasculature. Sunitinib has been shown to decrease Treg cell levels, reduce 

production of tumour growth factor-β and IL-10 (233) and promote a type-1 immune response in 

models of murine hepatocellular carcinoma and renal cell carcinoma (234). Sunitinib is also able 

to deplete myeloid-derived suppressor cells in a human papillomavirus-induced cancer (213). 
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Thus, there is potential for the in vivo anti-tumour response of sunitinib to be due to the down-

regulation of immunosuppressive populations (like Tregs and myeloid derived suppressor cells) 

and the promotion of anti-tumour type-1 responses. Coincidentally, SMCs have been shown to 

reduce Treg populations, with IAPs proving essential for suppressive ability of Tregs (80,235). 

Combining a SMC with αCTLA-4 antibody (a Treg-targeting therapy) has been found to be 

efficacious in delaying tumour growth by our lab (222). Thus, it should be investigated if LCL161 

is synergizing with sunitinib by targeting tumour vasculature, by inhibiting immunosuppressive 

populations, or by both mechanisms.   

Due to the vascularity of NB tumours, targeting angiogenesis is considered a viable therapeutic 

strategy (184,186,211). Currently, there are 18 clinical trials involving NB and angiogenesis 

targeting listed on the National Institute of Health website for clinical trials (198), with the most 

common agent being bevacizumab, an αVEGF antibody. MYCN amplification, a common 

mutation in NB, promotes an angiogenic tumour microenvironment (188) and induces down-

regulation of endothelial growth inhibitors like activin A (187). Sunitinib has been used to 

counteract the pro-angiogenic environment produced from MYCN amplification by degrading N-

myc (195). Sunitinib has also been shown to have anti-cancer effects in vivo and in vitro against 

NB by inhibiting cell proliferation and phosphorylation of VEGF-receptors (196).   

Overall, LCL161 can impair angiogenesis in the NXS2 s.c. tumour model and the combination 

with sunitinib can further delay tumour growth. However, sunitinib is not currently approved for 

NB nor is it in clinical trials. Thus, I decided to explore more clinically relevant therapy 

combinations with LCL161 to treat NB cells.   
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3.3 LCL161 and αGD2 antibody combination against NXS2 s.c. 

The most recent approved therapy for NB is αGD2 immunotherapy using the monoclonal antibody 

dinutuximab (149,150). This biologic has a reported mechanism of action of ADCC and CDC. 

Studies have shown that LCL161 can promote human NK cytotoxicity against rhabdomyosarcoma 

and Hodgkin’s lymphoma cell lines (61,62). XIAP was also found to be a resistant factor to αHer2-

targeting ADCC in cancer cells (64). Thus, I decided to explore the combination of LCL161 and 

αGD2 antibody against NB.  

3.3.1 Isolation and validation of GD2-targeting antibody 

I was unable to obtain the clinical grade αGD2 antibody, ch14.18 (United Therapeutics) due to its 

proprietary nature. Other hybridomas producing 14G2a or 3F8 were also unobtainable during my 

project due to proprietary constraints. However, I acquired the hybridoma HB-9326 (from ATCC) 

which produces the αGD2 antibody clone ME361-S2a of mouse isotype IgG2a. I validated the 

purity of the antibody using SDS-PAGE, with three specific bands appearing in the expected 

regions for the heavy and light chains (Figure 11).  

Interestingly, I found that the GD2 epitope for antibody staining is impacted by how the cell is 

prepared for staining. Different techniques and intensities used to lift cells modified the proportion 

of the cells positive for GD2, with trypsin being most harsh having the lowest yield and an enzyme-

free dissociation buffer or light scraping having the highest GD2+ population (Figure 14). 

Coincidentally, a study found that GD2 is involved in cell adhesion, with αGD2 antibodies able to 

prevent cell attachment or induce cell-lifting of adherent melanoma cells and the human NB cell 

line SK-N-AS (183). Interestingly, the GD2-targeting antibody, 3F8, was also found to bind the 

glycoprotein neural cell adhesion molecule (NCAM), which is involved in cell adhesion (236). 

Knockdown of the GM2-GD2 synthase, impairing GD2 synthesis, also led to increased anoikis 
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(detachment-induced apoptosis) in renal adenocarcinoma cells (182). I then tried intracellular 

staining of GD2 since extracellular staining of GD2 was affected by cell preparation. However, 

here I found the GD2- cell line, N2a, stained positive with either isolated or commercial αGD2 

antibodies (Figure 15). Interestingly, by adding unconjugated iso-clonal or non-clonal antibodies 

before intracellular staining, I could decrease the proportion of the GD2+ positive population in 

both the NXS2 and N2a cell lines. This suggests that although the αGD2 antibodies are staining a 

non-GD2 epitope incorrectly inside the cell, they are still staining a target specifically. Studies 

have stated that extracellular staining of the antibody clone 14G2a could bind to CD166/activated 

leukocyte cell adhesion molecule (ALCAM), or 3F8 could bind NCAM (179,237,238). Although 

those targets are transmembrane proteins, one source has suggested that ganglioside antibodies can 

also recognize cytosolic proteins, such as carbonic anhydrous II (239). Thus, numerous studies 

have reported αGD2 antibodies bind targets that are not GD2. This could explain the occurrence 

of a GD2+ population in the GD2- N2a cell line only during intracellular GD2 staining. Therefore, 

staining for GD2 should be thoroughly planned. One should have consideration for adherent cell 

preparation and fixation of cells or tissue, and caution should be taken to account for false-positive 

signals. Studies have reported very high rates of GD2+ cells when staining with fixed-cell 

immunohistochemistry (240,241), and very low rates of extracellular stained GD2+ cells in the 

NXS2 cell line (109).  Without appropriate precautions for GD2 staining, results could be 

misleading.  However, my isolated ME361-S2a antibody stained similarly to that of the 

commercially available 14G2a clone, suggesting the antibodies were equivalent in specificity and 

sensitivity. 

Next, I verified if the antibody was capable of mediating ADCC. Here, I observed that different 

batches of isolated ME361-S2a antibodies increase the LAK mediated-cytotoxicity compared to 
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controls (Figure 19A). The elevated cytotoxicity measurements observed when the antibody is 

present in the coculture indicates that the isolated ME361-S2a antibody is in proper conformation 

to mediate ADCC. However, αGD2 antibodies have been suggested to have other functions, which 

has been debated in the literature. Some papers claim that αGD2 antibodies, such as the ME361-

S2a clone, could directly induce apoptotic effects in cancer cells. One study found that αGD2 

antibody-mediated apoptosis to be dependent on focal adhesion kinase (FAK) dephosphorylation, 

p38 activation, and anoikis in GD2+ small cell lung cancer cell lines (SCLC) (242). The same 

group found that SCLC cell lines transfected with a GD3 synthase gene had higher expression of 

GD2 and GD3 gangliosides and increased proliferation. This increase in proliferation could then 

be abrogated by their αGD2 antibody (181).  Another group found the αGD2 antibody clone 14G2a 

could produce 20% and 50% cell death at 5μg/mL and 40μg/mL respectively, in the human NB 

cell line, IMR32 (180). They observed a significant decrease in cell attachment and an increase in 

caspase-3 after antibody treatment. Also, the tumoricidal effect of 14G2a synergized with various 

chemotherapeutics in killing IMR-32 cells The ME361-S2a clone killed 15-18% of cells in vitro 

at 5μg/mL after 24 h in a mouse lymphoma (EL-4), human NB (IMR-32), and human melanoma 

(mS) cell line (179). Interestingly, the ME361-S2a clone Fab fragments were reported to reduce 

cell proliferation and induce apoptosis in EL-4 cells after 24 h (174). However, the patent for 

ME361-S2a does not mention a mechanism of direct cell cytotoxicity (220), and the FDA approval 

for dinutuximab specifically states that there was no evidence of tumour inhibition in the absence 

of effector cells or complement proteins (149). I found that the ME361-S2a antibody was not 

capable of promoting cell death in both the N2a and NXS2 cell lines, even when used with the 

apoptotic agent LCL161 (Figure 19B). I also attempted the assay in IMR-32 cells and observed no 

response (data not shown). To confirm that the isolated ME361-S2a clone cannot promote cell 
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death, I should repeat the experiment but with using the EL-4 cell line. EL-4 cells are supposedly 

the most responsive GD2+ cell line to αGD2 antibody cytotoxicity in the literature.  Thus, although 

I had isolated a pure and specific antibody that was capable of mediating ADCC, apoptosis could 

not be induced in the available GD2+ cell models.   

3.3.2 Treating NXS2 s.c. model with a dual combination of LCL161 and αGD2 antibody. 

After successfully isolating a pure and functional αGD2 antibody, I investigated its ability to 

synergize with LCL161 in treating mice bearing NXS2 tumours. Prior to the survival study, I 

examined whether LCL161 would modulate GD2 expression on cancer cells. I used a model of 

suspension cell lines, RMA and RMA/S, to avoid the problematic staining limitations of the 

adherent NB cell lines. These murine lymphoma cell lines, RMA and RMA/S, were previously 

reported to express GD2 (218). I confirmed that these cells expressed GD2 and that the GD2 

staining was consistent (data not shown). The GD2 expression of RMA and RMA/S cell lines was 

increased and decreased, respectively, in vitro by LCL161 treatment (Figure 16A). However, I 

showed with a viability assay that these cells were sensitive to SMCs, which is not seen in NXS2 

and N2a cell lines (Figure 16B). I used Necrostatin-1 to rescue cell death and observed that the 

increase and decrease in GD2 expression modulated by LCL161 was negated. This suggests that 

the change in GD2 expression might be a response to cell death and not direct modulation by 

LCL161.   

Regulation of GD2 expression has been studied in breast cancer stem cells and cell lines. These 

studies have reported NF-кB as an activator for GD3 synthase expression through the transcription 

factor forkhead box protein C2 (FOXC2) (153,243). GD3 synthase synthesizes the GD2 precursor 

GD3 and was suggested to be a rate limiting step in the GD2 synthesis process (244). One paper 

inhibited NF-кB signalling by silencing IKKα expression or by treating with BMS-345541 and 
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found significant decreases in the expression of GD3 synthase and GD2 in breast cancer stem cells 

(245). Due to their methods, however, no conclusion can be made if it is canonical, alternative, or 

both NF-κB pathways involved in modulating GD2 expression. IKKα is involved in both NF-кB 

pathways (32) and BMS-345541 targets both IKKα and IKKβ (246). However, recently it was 

seen that TNFα could increase GD2 expression in some, but not all, breast cancer cell lines (247). 

Thus, more investigation is required to determine the true impact of SMC-mediated modulation of 

GD2 expression. Analysis of GD3 synthase expression and NF-κB activation in the RMA, RMA/S, 

NXS2 and N2a cell lines would complement my results. As well, I could repeat the previous 

studies that used a breast cancer model with a NB model to validate their findings.  

Next, I used the dual combination of αGD2 antibody and LCL161 to treat mice bearing NXS2 s.c. 

tumours. The combination treatment delayed tumour growth more than either monotherapy, but it 

was not deemed significant using logrank analysis (Figure 20). However, there is opportunity for 

SMCs and αGD2 antibody to synergize in treating NB tumours. XIAP, a target for SMCs, is a 

resistant factor to кHer2-ADCC. XIAP inhibits activation of caspases-3, -7, and -9 and suppresses 

reactive oxygen species accumulation (64). The SMC used in my project, LCL161, can antagonize 

XIAP but preferentially targets cIAP1/2. Perhaps using a SMC which better targets XIAP would 

further potentiate the combination efficacy in killing NB tumours. Additionally, the αVEGF 

antibody, bevacizumab, was found to remodel tumour vasculature and promote the anti-tumour 

effects of GD2-chimeric antigen receptor (CAR) T-cells against IMR-32 and HTLA-230 xenograft 

models (248).  CAR T-cells are T-cells with an engineered antigen receptor that recognizes a 

designated antigen (249). In support, there is also currently a clinical trial investigating 

dinutuximab and lenalidomide, which is an anti-angiogenic compound (216). These studies 

support the use of an αGD2 antibody combination with LCL161 due to the anti-vascular ability of 
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SMCs. Also, dinutuximab therapy includes a combination with IL-2, GM-CSF and retinoic acid 

(149,176). IL-2 and GM-CSF are used to stimulate NK cell and neutrophil populations. Studies 

have shown that SMCs improve target cell sensitivity to NK-mediated cytotoxicity and, in 

combination with IL-2, increase NK cytotoxicity potential in vitro using rhabdomyosarcoma and 

hepatocellular carcinoma models (61,62). As well, it was reported that neutrophil cytotoxicity and 

recruitment was promoted with the addition of a SMC against a bladder and ovarian cancer model, 

respectively (231,250). Despite the complementary features of LCL161 and αGD2 therapies, 

further work is required for the combination to create significant delays in tumour growth. 

3.4 Treating the NXS2 s.c. model with a triple combination of LCL161, αGD2 

antibody, and αPD-L1 antibody 

3.4.1 NXS2 tumour models treated with dual combination of LCL161 and ICIs 

I investigated if I could further improve the efficacy of the LCL161 and αGD2 antibody 

combination by addition of an ICI. First, I explored if SMCs would impact the expression of MHC 

or PD-L1, two molecules vital for mediating sensitivity to immunotherapies. MHC presents 

antigen to immune cells (29), while PD-L1 binds the immune checkpoint PD-1 (103). The NF-κB 

pathway regulates expression of important immune molecules such as MHC (28–30,251).  

Literature has also reported that the cytokine TNFα is capable of modulating expression of MHC 

molecules, albeit independently from NF-κB signalling (252).  However, SMCs, capable of 

modulating NF-κB signalling and inducing TNFα expression, were not found to promote MHC 

expression in a rhabdomyosarcoma cell line (61). Similarly, I observed TNFα promote expression 

of MHC on the murine NB cell lines in vitro, while LCL161 had no effect or even dampened the 

MHC expression response to TNFα (Figure 21B). NF-кB and TNFα have also been shown to 

promote PD-L1 stabilization and expression on cancer and immune cells (107,253,254). However, 



111 

 

no change in PD-L1 expression was seen on murine NB cell lines from LCL161 and TNFα 

treatment in vitro (Figure 21A). This may be because both NXS2 and N2a cell lines were found to 

express PD-L1 even when untreated, and the PD-L1 stabilization may not impact overall 

expression. However, IFNγ treatment increased expression levels of MHC 1 and PD-L1 on both 

NXS2 and N2a cell lines, indicating that the MHC 1 and PD-L1 expression could be induced in 

these cell lines. This indicates that LCL161 does not modulate the expression of MHC 1 or PD-L1 

on NXS2 and N2a cells. 

I then determined which ICI (αCTLA-4, αPD-1, or αPD-L1 antibody) synergized best with 

LCL161 in treating NXS2 s.c. tumours. The first survival study examined NXS2 tumour growth 

in mice treated with αCTLA-4 (clone 9H10) antibody or αPD-1 (clone J43) antibody in 

combination with LCL161. I observed minor delays in tumour growth (Figure 22A). The next 

survival study examined αPD-1 (clone RMP114) antibody or αPD-L1 (clone 10F.9G2) antibody 

in combination with LCL161. The RMP114 clone of αPD-1 antibody was used because it was 

found to better target NK cells than the J43 clone (Dr, Michele Ardolino, oral communication, 

January 2017). There were improved delays in tumour growth for both combinations relative to 

the first survival study. The combination of αPD-L1 antibody and LCL161 was the most 

efficacious ICI and SMC combination tested (Figure 22B). I re-examined the αPD-L1 antibody 

with LCL161 combination in treating an orthotopic NXS2 model and included the proper 

monotherapy control groups. Here, I found the combination increased mouse survival relative to 

either monotherapy or untreated groups, however it was not deemed significant by logrank analysis 

(Figure 23). Additionally, one of the five mice in the group receiving the combination treatment 

was cured. The cured mouse was rechallenged with both NXS2 and N2a s.c. tumours and only the 

N2a tumour grew, indicating an immune memory response was established.  
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Studies are investigating ICIs as a potential therapy for NB patients. Several studies report 

expressions of PD-L1 and PD-1 molecules in NB patient tumour microenvironments and that the 

presence of these molecules correlate with poor survival (142,255). Five clinical trials are currently 

studying the use of ipillimumab (αCTLA-4) or nivolumab (αPD-1) therapy in patients with NB 

(256). Previous preclinical studies have treated NXS2 and N2a tumour models with ICIs in 

combination with histone deacetylase inhibitors (257), other ICIs (221), αCD4 depletion (147) or 

αGD2 antibody (109).  However, it is not surprising that I observed a limited response to a single 

ICI and LCL161. One study reported responses in both NXS2 and N2a models only when an αPD-

1/PD-L1 antibody and αCD4 antibody combination treatment was used. They deduced that 

inhibition of the PD-1 signalling axis and all CD4+ suppressive subpopulations was required for 

achieving optimal survival responses with using ICIs against the NB tumour models. Even a 

combination of αPD-1 antibody with αCD25 antibody, an approach targets Tregs, was ineffective 

in extending mouse survival (147).  

3.4.2 NXS2 s.c. tumours treated with a triple combination of αPD-L1, αGD2 antibodies and 

LCL161 

I proceeded to use the αPD-L1 antibody to further potentiate the anti-tumour effects of the dual 

combination treatment of αGD2 antibody and LCL161. I observed the triple combination improve 

the delay in NXS2 s.c. tumour growth relative to all dual combinations tried (Figure 24). However, 

in the LCL161 and αGD2 combination treatment group, one of the seven mice did respond with a 

cure which is currently being tested for a memory response. Although the triple combination was 

not deemed to significantly extend mouse survival and delay tumour growth by multiple group 

comparison using a Holm-Sidak analysis, there is literature support to further investigate this 

combination. One study that used the anti-angiogenic biologic, bevacizumab, to improve αGD2-
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CAR T-cell efficacy in killing NB tumours also found that this combination increased the PD-L1 

expression on xenograft NB tumour cell. They suggested a third agent inhibiting the PD-1 axis 

could further improve the response (248). In support, αGD2 antibody was further improved by 

αPD-1 antibody in a NXS2 tumour model (109). Similarly, there is a current clinical trial using 

dinutuximab with nivolumab, an αPD-1 antibody, which further suggests that the approved αGD2 

immunotherapy should be combined with an ICI (148). 

3.5 Future Directions 

There are several directions that my project can take. First, more investigation into the resistance 

of NB cell lines to SMC is required. More extensive analyses of apoptosis pathways could be 

examined for the repression of existence of associated proteins in NXS2 and N2a cells. I only 

examined the components previously reported silenced in human NB cell lines which may not 

correspond to that of the murine NB cell lines. Furthermore, there could also be mutations in the 

expressed proteins which render them dysfunctional and nonresponsive to apoptotic stimuli. An 

example would be if N2a cells had a mutated cIAP1/2 protein, preventing auto-ubiquitination and 

subsequent degradation of cIAP1/2 in response to LCL161.  Next, the anti-vascular mechanism of 

LCL161 should be determined. One study found LCL161 treatment of a B16 tumour model made 

endothelial cells sensitive to TNFα-induced cell death (210). We will have to verify if the same 

mechanism is occurring in the NB model and determine the major source of TNFα production. 

One interesting combination would be to try a triple combination of sunitinib, LCL161, and αGD2 

antibody against the NXS2 tumour model. Either drug in combination with LCL161 produced 

moderate delays in NXS2 tumour growth, so a triple combination of LCL161, sunitinib, and αGD2 

antibody could be tested. Moreover, additional investigation of the dual combination of LCL161 

and αGD2 immunotherapy is required. I found that this combination was more efficacious than 
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either monotherapy in delaying tumour growth, but still not significant. Similarly, the triple 

combination, with the addition of αPD-L1, further increased the delay in tumour growth of all dual 

combinations but was still not significant. The mechanism of action for αGD2 therapy is reported 

as CDC and NK and neutrophil-mediated ADCC (149). LAKs, in vitro NK substitutes, were 

sensitive to LCL161 treatment. Thus, the other mechanisms of action could be more relevant for 

dissecting the complementary interaction of LCL161 and αGD2 therapies in murine models. Also, 

I should point out that papers showing NK and SMC synergy were using human models of cancer. 

Perhaps exploring this combination using human models would be more efficacious. Furthermore, 

the αGD2 immunotherapy, although approved for NB, was not very effective against the NXS2 

s.c. model as a monotherapy. This may be due to a variety of reasons such as the use of a different 

antibody clone, the absence of activating cytokine combinations, or the small sample sizes. My 

experimental approach could be repeated with a more clinically relevant αGD2 clone. As well, I 

could repeat the survival study with the activating cytokines such as IL-2 and GM-CSF. Some 

research has even investigated using an αGD2 antibody-IL-2 fusion immunokine against NB 

(258). A combination with LCL161 in this approach may be informative. I could also investigate 

response factors instead of additional therapeutic combinations. The αGD2 monotherapy group 

seemed to produce two populations of responders and non-responders which might refer to a 

certain immunological event occurring. By determining the immunological event responsible for 

the responder and non-responder groups, one could isolate a population form the treatment group 

which would better respond to the αGD2 antibody treatments. Similarly, it was found that clinical 

outcome to dinutuximab therapy was dependent on killer immunoglobulin-like receptor (KIR) and 

KIR ligand genotypes of patients (259).  
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3.6 Conclusion 

In summary, my work has established a broad foundation for this project to advance. I examined 

the use of LCL161 monotherapy against NB, concluding it as ineffective against murine NB cell 

lines in vitro. I demonstrated moderate delays in tumour growth in the NXS2 s.c. model using a 

combination of LCL161 and sunitinib. This finding is consistent with the known anti-vascular 

effects of LCL161. I established protocols for LAK culturing, cytotoxicity assays, and antibody 

isolation. I then tested this isolated αGD2 antibody with LCL161 against NXS2 and observed some 

efficacy in delaying tumour growth, which was further potentiated with αPD-L1 antibody. 

Subsequent work is warranted for the investigation underlying the mechanisms behind LCL161 

and αGD2 antibody effects and how these agents modulate the tumour microenvironment.  With 

the addition of the SMC, LCL161, I have further improved αGD2 antibody treatment in a NB 

model. With optimization, this could lead to a clinical trial with dinutuximab to treat GD2+ cancers 

like NB and improve overall survival.   
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