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Abstract 

Despite the success of CAR-T cells in the treatment of haematological malignancies, similar 
success has not been achieved in solid tumours, such as neuroblastoma, where high-risk 
disease yields poor survival outcomes. The immunosuppressive tumour microenvironment in 
neuroblastoma impedes CAR-T cell trafficking and persistence for effective anti-tumour 
response. Radiotherapy, a standard cancer treatment, can potentially enhance CAR-T cell 
therapy against neuroblastoma via immune-mediated effects. These effects depend on a 
regulated form of cell death (immunogenic cell death), which requires an intact immune 
system for an effective anti-tumour response. This study aimed to assess the effect of 

radiation on CAR-T cell activity against neuroblastoma within an intact immune system. 

An in vitro radiosensitivity screen of TH-MYCN transgenic mouse models of high-risk 
neuroblastoma showed varying radiosensitivity based on the expression of known 
immunogenic cell death markers and cell viability, making them suitable models for 
investigating radiotherapy and CAR-T cell combinations. The anti-B7-H3 ScFv 376.96, which 
targets B7-H3 expressing neuroblastoma and cross-reacts with human and mouse B7-H3, 
was evaluated as a CAR candidate. While optimisations improved initial CAR expression, lack 
of sustained expression and functionality made the 376.96 CAR unsuitable for this study. An 
alternative CAR, HuK666, targeting GD2, showed stable expression and sustained 
functionality in vitro. Irradiation of GD2+ targets with 2Gy or 8Gy did not enhance CAR-T cell 
functionality compared to controls but induced T-cell subset changes within the CAR 
population. These results suggest that radiation affects HuK666 CAR functionality. Further 
studies are needed to optimise the radiation regimen to determine whether this improves 
CAR-T cell treatment efficacy against neuroblastoma. 
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Impact Statement 

This thesis aimed to investigate the potential of radiation to improve CAR-T cell function 
against the solid tumour neuroblastoma. Neuroblastoma is the most common extracranial 
solid tumour, which has seen improved survival outcomes through advancements in 
treatments like anti-GD2 antibody therapy. Still, patients with high-risk disease have a poor 
prognosis, with disease relapse a common occurrence. 

The results in chapter three describe determining the range of radiosensitivity of the widely 
used TH-MYCN mouse models of high-risk neuroblastoma, which has not been previously 
reported in the literature. The utilisation of these immunocompetent tumour models allows 

the immune-mediated effects of radiation on CAR efficacy to be thoroughly evaluated and 
for more effective assessment of on-target off-tumour treatment toxicities known for CAR 
therapy.  

Effective evaluation of CAR therapy in an immunocompetent setting requires mouse CAR-T 
cells to prevent immune-mediated rejection by the host. The technical challenges in mouse 
CAR-T cell production have resulted in them not being widely used for preclinical evaluation 
of CAR therapies. The results in chapter four describe the optimisations performed to 
generate the anti-B7-H3 CAR 376.96, a CAR candidate to utilise within this project due to its 
reported cross-reactivity between mouse and human B7-H3. Optimisations performed 
improved CAR expression. However, the expression was transient, and CAR functionality 
was short-lived, making this CAR unsuitable for long-term evaluation of CAR therapy, which 
is imperative for CAR therapy success. These results contradict those of Du et al., who 
reported in vitro and in vivo efficacy of 376.96 mouse CAR-T cells (1).  

The results in chapter five describe the evaluation of an alternative anti-GD2 CAR, Huk666, 
which showed stable CAR expression and sustained CAR functionality in response to GD2+ 
targets. In vitro, evaluation of HuK666 mouse CAR-T cells against an irradiated GD2+ 9464D 

TH-MYCN neuroblastoma model revealed no additive effect of radiation on CAR functionality 
compared with controls. As immune-mediated effects of radiation are dependent on factors 
such as dose strength and exposure time, further optimisations in radiation regimens may 
better elucidate the effects of radiation on CAR functionality against neuroblastoma and its 
potential to be translated into the clinic to improve survival outcomes for patients with high-
risk disease. 
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Findings presented in this thesis have been communicated within the wider scientific 
community through poster presentations at national and international conferences. This has 
allowed increased awareness and support for the potential of radiotherapy in improving CAR-
T cell success in solid tumours like neuroblastoma.  
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EphA2 - Ephrin Type-A Receptor 2 

ER - Endoplasmic Reticulum 

E:T - Effector:Target 

FAP - Fibroblast Activation Protein 

FBS - Foetal Bovine Serum 

FcR - Fc Receptor 

FDA - US Food and Drug Administration 

FMO - Fluroescence Minus One 

GEMM - Genetically Engineered Mouse Model 

GFP - Green Fluorescent Protein 

GM-CSF - Granulocyte-Macrophage Colony-Stimulating Factor 

GPC2 - Glypican-2 

GVHD - Graft-Versus-Host-Disease 

Gy - Gray 

hB7-H3 - Human B7-H3 
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hb-FGF - Human Basic Fibroblast Growth Factor 

h-EGF - Human-Epidermal Growth Factor 

HIF-1α - Hypoxia-Inducible Factor-1 Alpha 

HMGB1 - High Mobility Group Box 1 

hNIS - Human Sodium Iodide Symporter 

HSC - Haematopoietic Stem Cell 

HSP - Heat Shock Protein 

HSV1tk - Herpes Simplex Virus Thymidine Kinase 1 

IC50 - Half-Maximal Inhibitory Concentration 

ICANS - Immune-Effector Cell Associated Neurotoxicity Syndrome 

ICB - Immune Checkpoint Blockade 

ICD - Immunogenic Cell Death 

ICDR-index - ICD-related index 

IDT - Integrated DNA Technologies 

IFN - Interferon 

Ig - Immunoglobulin 

IL - Interleukin 

IL-13Ra2 - IL-13 Receptor Subunit Alpha-2 

IMDM - Iscove's Modified Dulbecco's Medium 

IMRT - Intensity Modulated Radiation Therapy 

INRGSS - International Neuroblastoma Risk Group Staging System 

INSS - International Neuroblastoma Staging System 
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IT - Immunotherapy 

IVM - Intravital Imaging 

LAG-3 - Lymphocyte-Activation Gene-3 

LB - Luria-Bertani 

LET - Linear Energy Transfer 

LNP - Lipid Nanoparticle 

LTR - Long Terminal Repeats 

Luc - Luciferase 

mAb - Monoclonal Antibody 

mB7-H3 - Mouse B7-H3 

mCD3 - Mouse CD3 

MCL - Mantle Cell Lymphoma 

MDSC - Myeloid-Derived Suppressor Cell 

MHC - Major Histocompatibility Complex 

MIBG - Metaiodobenzylguanidine 

MIP1⍺ - Macrophage Inflammatory Protein-1 Alpha 

MMLV - Moloney Murine Leukaemia Virus 

mNIS - Mouse Sodium Iodide Symporter 

MOA - Mechanism of action 

MOI - Multiplicity of Infection 

mRNA - Messenger RNA 

mtDNA - Mitochondrial DNA 
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MTT - 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NaClO4 - Sodium Percholate 

NEAA - Non-Essential Amino Acids 

NET - Noradrenaline Transporter 

NIS - Sodium Iodide Symporter 

NK - Natural Killer 

NMA - Non-Myeloablative 

NSCLC - Non-Small Cell Lung Cancer 

NSG - NOD Scid Gamma 

ORF - Open Reading Frame 

PBMC - Peripheral Blood Mononuclear Cell 

PBS - Phosphate-Buffered Saline 

PCR - Polymerase Chain Reaction 

PD-1 - Programmed Death 1 

PD-L1 - Programmed Death-Ligand 1 

PDX - Patient-Derived Xenograft 

PET - Positron Emission Tomography 

PFS - Progression Free Survival 

Pheonix.Eco - Pheonix Ecotropic 

PHOX2B - Paired-Like Homeobox 2B 

PT - Proton Therapy 

RBC - Red Blood Cell 
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rhB7-H3 - Recombinant Human B7-H3 

ROS - Reactive Oxygen Species 

RPMI - Roswell Park Memorial Institute 

RT - Radiotherapy 

SARRP - Small Animal Radiation Research Platform 

ScFv - Single-Chain Variable Fragment 

SCID - Severe Combined Immunodeficiency Disease 

sLeA - sialyl Lewis-A 

SOC - Super Optimal Culture 

SPECT - Single Photon Emission Computed Tomography 

TA - Tumour Antigen 

TAA - Tumour-Associated Antigen 

TAM - Tumour-Associated Macrophage 

TanCAR - Tandem CAR 

TBE - Tris-Borate-EDTA 

TBI - Total Body Irradiation 

TCR - T-Cell Receptor 

TCR-T - T-Cell Receptor-Engineered T-Cell 

TGF - Transforming Growth Factor 

TGFβ - Tumour Growth Factor Beta 

TH-MYCN - Tyrosine-Hydroxylase-MYCN 

TIGIT - T-cell Immunoreceptor with Ig and ITIM Domains 
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TIL - Tumour-Infiltrating Lymphocytes 

TIM-3 - T-Cell Immunoglobulin and Mucin-Domain-Containing-3 

TLR - Toll-Like Receptor 

TME - Tumour Microenvironment 

TNP - Anti-2,4,6-trinitrophenol 

TRAIL - TNF-Related Apoptosis-Inducing Ligand 

Treg - Regulatory T-Cell 

TSA - Tumour-Specific Antigen 

ULA - Ultra-Low Attachment 

VAC - Vincristine Sulfate, Adriamycin and Cyclophosphamide 

VEGF - Vascular Epidermal Growth Factor 
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Chapter 1 Introduction 
1.1 Childhood Cancers 

In the paediatric population, childhood cancers are rare, accounting for 2% of all cancer 
cases in Western countries (2). The majority of childhood cancers diagnosed are leukaemias, 
followed by solid tumours, of which the most prevalent include neuroblastoma, soft-tissue 
sarcoma, Wilms tumour, bone tumours, and retinoblastomas (2).  

Advances in diagnosis and treatment have greatly improved survival rates for childhood 
cancers since the 1960s, with the five-year survival rate being greater than 75% (2,3). 
However, childhood solid tumours pose additional challenges that need to be overcome to 
improve patient survival. For instance, treating CNS malignancies can result in normal tissue 
damage due to proximity to the malignancy, resulting in major developmental impairments 
(2).  

The treatment outcomes of childhood tumours differ greatly from those of adult cancers, 
which are mainly carcinomas. Adult cancers are more a product of the accumulation of 
somatic mutations paired with a decline in DNA repair mechanisms over time, resulting in 
cancers with a higher mutational burden (4,5). In contrast, childhood cancers occur mostly 
during development, resulting in dysregulation that can lead to tumorigenesis (6,7). Thus, 
childhood cancers have a lower mutational burden with fewer somatic mutations than adult 
cancers. This lower mutational burden of childhood cancers poses additional challenges for 
treatment, as it reduces the pool of targets available for developing new therapies, such as 
within the context of immunotherapies. Additionally, childhood cancers are defined as 
“immunologically cold” tumours which may impact the response to immunotherapy, which is 
an important avenue in cancer treatment, as discussed in section 1.3 in further detail (8).  

 

1.2 Neuroblastoma 

Neuroblastoma (neuroblastoma) is an extracranial tumour that is the most commonly found 
solid tumour in childhood. The prevalence of this disease accounts for 15% of all childhood 
cancer-related deaths (9). neuroblastoma is commonly diagnosed in children under 10 years 
of age, with a median age of 18 months at diagnosis (10). While there are no geographical 
variations that contribute to the global prevalence of neuroblastoma, the disease is more 
common in boys than in girls (9).   
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neuroblastoma is a heterogeneous neuroendocrine tumour that clinically arises as a primary 
tumour of the sympathetic nervous system, with most cases occurring in the adrenal glands, 
with additional sites of origin, including the neck, chest, and pelvis (9). neuroblastoma is a 
product of disordered development, in which aberrant expression and regulation of proteins 
involved in development drive the onset of malignancy (2). neuroblastoma originates from the 
neural-crest-derived precursor cells of the sympathoadrenal cell lineage (2). These cells are 
important for neural crest development, which is imperative for embryonic and adult 
development (2). The heterogeneity of the disease is mirrored in patient survival, with long-
term survival in low-risk disease being greater than 95% but less than 50% in high-risk 
patients (10). 

 

1.2.1 Genetic predisposition 

There have been reports of familial neuroblastoma and the contribution of environmental 
factors (e.g. prenatal exposure to alcohol and phenobarbital) to disease risk; however, most 
neuroblastoma cases occur sporadically (9). Genetic abnormalities have also been 
associated with neuroblastoma. First, germline mutations have been reported in the 
anaplastic lymphoma kinase (ALK) gene, with gain-of-function mutations in this tyrosine 
kinase implicated in cases of hereditary neuroblastoma (11). Second, the paired-like 
homeobox 2B (PHOX2B) gene has also been implicated in familial cases of neuroblastoma. 
PHOX2B is imperative for the development of the autonomic nervous system, and germline 
mutations in this gene are linked to cases of familial neuroblastoma and in approximately 4% 
of spontaneous neuroblastoma cases (10,12). Additional chromosomal abnormalities, such 
as deletions on chromosomes 1p and 11q and gain-of-function mutations on chromosome 
17q, have also been implicated in neuroblastoma (9,10).  

The most notable genetic abnormality implicated in neuroblastoma is the amplification of the 
transcription factor MYCN, which has been found in 25-35% of neuroblastoma cases (9). 
MYCN belongs to a family of genes that function as key transcription factors for a range of 
cell processes, ranging from cell proliferation to differentiation, and has been implicated as 
an oncogenic driver in many cancer types, including neuroblastoma (13,14). In 
neuroblastoma, MYCN amplification has been associated with poor prognosis irrespective 
of age and disease stage (15).  
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1.2.2 Clinical Presentation and Diagnosis 

The clinical presentation of neuroblastoma varies, as it is affected by the site of tumour origin, 
disease progression, and the occurrence of any paraneoplastic syndrome. Upon diagnosis, 
neuroblastoma can be staged using two different systems. First, the International 
Neuroblastoma Risk Group Staging System (INRGSS) stages the disease based on imaging 
tests (such as CT, MRI or MiBG scans), and the INRGSS stage can be determined before the 
start of treatment (16). Alternatively, the International Neuroblastoma Staging System (INSS) 

may be utilised to stage the disease based on the tumour resection performed surgically 
(9,17). The choice of either diagnostic criterion is dependent on disease progression, such as 
the use of INRGSS over INSS for staging for patients in whom surgery is not plausible.  

The use of INRGSS and INSS and additional prognostic factors, such as genetic 
predisposition, allows patients to be risk stratified, ranging from low-, intermediate-, to high-
risk disease (9). 50% of patients are found to have localised disease, and about 35% of 
patients are found to have metastatic disease that has spread to lymph nodes at the time of 
diagnosis (9). Patients with low-risk disease have an excellent prognosis with surgery alone, 
although additional chemotherapy may be used if required. Intermediate-risk disease is 
primarily treated with surgery and chemotherapy; however, prognosis is highly dependent on 
the histological and biological features of the tumour (9). Even though high-risk 
neuroblastoma patients are responsive to chemotherapy, long-term survival is less than 40% 
in this group, and considering that nearly 50% of diagnosed cases are high-risk, current work 
is ongoing to determine additional treatment options, such as the use of biologic agents (18).   

 

1.2.3 High-Risk neuroblastoma 

Patients with high-risk neuroblastoma show progressive metastatic disease, which requires 
a multimodal treatment approach. Currently, patients with high-risk disease receive induction 
chemotherapy followed by surgical resection and radiotherapy at the primary tumour site to 
achieve local control, with neuroblastoma being one of the most radiosensitive childhood 
solid tumours (9). Subsequently, myeloablative chemotherapy is administered concurrently 
with Autologous haematopoietic stem cell transplantation (AHSCT) (9,19). This treatment 
regimen results in increased survival in some patients; however, less than 40% of patients 
show long-term survival without relapse (20,21). The addition of maintenance therapy, which 
usually includes anti-GD2 monotherapy, has been found to improve survival; however, 
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disease relapse still occurs with this regimen, with less than 10% of patients surviving disease 
recurrence (9,19). The treatment regimen for surviving patients has severe side effects, 
including infertility, neurological toxicity, and secondary malignancy (9,19). Thus, there is a 
need for improved treatment options that can increase the quality of life for patients.  

1.3 Cancer Immunotherapy 

Cancer is a disease of the genome in which inherited or acquired initial variants in DNA are 
followed by further mutations that accumulate over time, resulting in tumour development 

and progression (22). Such mutations can give rise to tumour antigens that the immune 
system can recognise as “non-self” and lead to an anti-tumour immune response (23,24). 
This immune surveillance, carried out by both non-specific (innate immunity) and specific 
(adaptive immunity) immune cells, allows them to infiltrate into the tumour microenvironment 
(TME) and contribute to the modulation of tumour progression (25,26). Therefore, effective 
immune responses can eradicate cancer cells; however, cancer cells have evolved 
adaptations such as defects in antigen presentation machinery and recruitment of 
immunosuppressive cells to escape immune surveillance and diminish the anti-tumour 
immune response (27,28). Immunotherapy is a breakthrough that has revolutionised the field 
of cancer treatment by developing therapies that allow us to boost the natural defences of 
the immune system to eliminate these cancer cells.  

 

1.3.1 Antibody Therapy 

Our understanding of antibodies stems as early as 1890, when there was an understanding 
that the factors present in the serum protected against infections (29). The experiments 
performed by Nobel Prize winners Emil von Behring and Shibasaburo Kitasato resulted in the 
concept of humoral immunity, in which it was proposed that a mediator in the blood was 
capable of neutralising foreign antigens (30). These mediators were later identified as 
antibodies, followed by the identification of plasma B cells as the producers of antibodies 
(31). In 1957, Frank Burnet proposed the clonal selection theory, in which antibody specificity 
is a product of clonal selection and not B cells adapting to antigens (32,33). Gustav Nossal 
and Joshua Lederberg subsequently confirmed that antibodies produced by B-cells show 
antigen specificity (34). 

Upon binding to target antigens, antibodies exert an array of effector functions. These 
functions can be exerted through direct antigen-antibody interactions, neutralising or 
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activating targets, and through effector mechanisms mediated by the Crystallisable Fraction 
(Fc) portion (35). Antibodies exist in five different isotypes, with Immunoglobulin G (IgG) being 
the most common in clinical use. Engagement of the Fc portion through cognate Fc receptors 
expressed on immune cells allows a host of effector functions to be exerted to remove cancer 
cells. Effector functions to remove cancer cells include antibody-dependent cellular 
cytotoxicity (ADCC), complement-dependent cytotoxicity (CDC), and antibody-dependent 
cellular phagocytosis (ADCP), amongst other effects (35). The antibody structure and 
examples of iterations currently being developed for cancer treatment are summarised in 
Figure 1.1. 

 

 

 

 

 

 

 

 

 
Figure 1.1 IgG Structure and derivatives 

Antibody therapies mostly utilise the a) human IgG structure that consists of two pairs of identical light and heavy 

chains. The light chain consists of a variable (VL) and a constant domain (CL). The heavy chain is comprised of one 

variable (VH) and three constant (CH
1-3) domains. The antigen-binding fragment (Fab) is made up of two antigen-

binding sites, of which complementarity-determining regions (CDRs) within the VH and VL chains confer antigen 

specificity to one antigen with high affinity. The hinge region joins the Fab region to the crystallisable fraction (Fc) 
region, which defines the Ig isotype based on the heavy chain isoforms (IgA, IgD, IgE, IgG, or IgM), and mediates 
Fc effector functions through Fc receptors expressed on effector cells, like immune cells. Antibodies have been 

engineered to confer specificity for one antigen, as b) monoclonal antibodies or multiple antigens, such as c) 

bispecific antibodies or e) BiTEs. Antibodies can also be conjugated to payloads such as anti-cancer agents to 

provide more targeted drug delivery, as d) ADCs. For a more comprehensive list of antibody engineering for 

oncology use, see Herrera et al (52). Figure created using Biorender. 

a. 

b. c. 

d. e. 
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1.3.2 Monoclonal Antibodies  

Monoclonal Antibodies (mAbs) are produced by B cells and can detect specific antigens 
expressed on cells. In 1975, Köhler and Milstein introduced the hybridoma technique, which 
involves fusing B cells from an immunised animal with myeloma cells, and has allowed the 
large-scale production of pure mAbs (36). This has greatly enhanced mAb use in basic 
research through diagnostic techniques, such as immunohistochemistry and flow cytometry, 

and for clinical use (37,38). Initial development of mAbs was found to be immunogenic in 
humans due to their mouse origin. However, the progress in recombinant DNA techniques 
has enabled the generation of engineered antibodies that range from being chimeric (made 
of human and murine origins), humanised (human in nature except for the antigen-binding 
site), and fully human (39). 

In 1997, the US Food and Drug Administration (FDA) approved the first mAb for cancer 
treatment, rituximab, which recognises the pan B cell antigen CD20. Rituximab was 
developed soon after findings showing treatment efficacy in targeting CD20 in lymphoma 
(40). Initial clinical trials revealed the promise of rituximab; however, it was later revealed that 
its efficacy as a monotherapy for front-line use was limited (41–43). That being said, the 
combination of rituximab with CHOP-based chemotherapy (cyclophosphamide, doxorubicin, 
vincristine, and prednisolone), and the use of rituximab as maintenance therapy have been 
found to greatly improve survival in patients with CD20+ B cell lymphomas (44).    

Antibody therapy has also been clinically evaluated against a range of targets in paediatric 
solid tumours. Examples of these targets include growth factors, growth factor receptors, 
and cell death receptors, such as vascular epidermal growth factor (VEGF) and TNF-related 
apoptosis-inducing ligand (TRAIL) (45–47). While these therapies have shown tolerability in 
patients, variable clinical responses have been observed with the use of antibody therapy 
alone. A great success of antibody therapy has been observed with anti-GD2, which has 
been used across a range of solid tumours that overexpress this antigen, including 
neuroblastoma and sarcoma (47,48). In neuroblastoma,  anti-GD2 therapy has shown great 
success, as discussed further in section 1.6.  
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1.3.3 Bispecific Antibodies 

Advancements in antibody engineering have resulted in the production of antibodies that 
target more than one antigen (bispecific antibodies). This allows for more mechanisms of 
action (MOA) beyond those of mAbs. Examples of these MOAs include antibodies that can 
simultaneously target two tumour antigens, which mitigates the risk of antigen escape (49). 
Bispecifics have also been developed to target receptor tyrosine kinases, such as HER2 and 

HER3, resulting in the inhibition of tumour signalling (50). Antibodies have also been 
developed to shuttle across the blood brain barrier by targeting receptors mediating 
transcytosis through one antigen binding site and utilising the other antigen binding site to 
bind to tumour antigens for brain tumours (51). However, the most promising use of bispecific 
antibodies comes from engineering them to have specificity for tumour antigens and immune-
activating receptors, such as CD3 on T-cells and CD16 on natural killer (NK)-cells (51,52). 
This allows immune cells non-specific to cancer cells to be redirected to kill tumour cells. To 
date, ten have received regulatory approval for cancer treatment by the FDA, of which seven 
and four of them have received regulatory approval for haematological malignancies and solid 
cancers, respectively (53). Blinatumomab is an example of a bispecific antibody approved for 
paediatric and adult acute lymphocytic leukaemia (ALL) (53). It is composed of two single-
chain variable fragments (ScFv) targeting CD3 (T-cell binder) and CD19 (B cell binder), which 
are joined by a linker and termed a bispecific T-cell engager (BiTE) (53,54). Ongoing research 
has evaluated anti-GD2-CD3 bispecific antibodies in neuroblastoma (53). A limited phase I/II 
trial of an anti-GD2-CD3 bispecific in patients with refractory/recurrent neuroblastoma and 
osteosarcoma [NCT02173093] revealed drug tolerability with evidence of post-treatment 
endogenous immune responses (55,56). 

 

1.3.4 Antibody Drug Conjugates 

Antibodies can be conjugated to cytotoxic drugs (payloads), such as chemotherapy agents 
or radioisotopes. These are termed as antibody drug conjugates (ADCs). ADCs provide a 
more targeted approach to the delivery of therapeutic drugs because of the targeted 
specificity provided by the antibody for target cells and the delivery of the toxic drug it is 
conjugated to (39). Typically, these are chemotherapeutic drugs such as DNA intercalators 
or microtubule disrupters (39). The cytotoxic payload is released from the ADC through 
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cleavage of the drug from the antibody after endocytosis (39). This minimises the risk of 
damage to non-target cells.  

An important consideration in the development of ADCs is linking the drug conjugate to an 
antibody. This is because the choice of the linker determines the amount of drug that can be 
conjugated to the antibody. The most commonly used amino acid is lysine, which has over 
80 sites on IgG (the most commonly used isoform for ADCs) (39). In contrast, the amino acid 
cysteine has 16 pairs in one IgG molecule (38). As a result, the choice of amino acid residues 
for conjugation will impact the drug-to-antibody ratio, which will influence the 
pharmacokinetic and pharmacodynamic properties of the drug.  

Several ADCs are currently in clinical use for cancer treatment, with 13 approved by the FDA 
thus far, which target acute myeloid leukaemia (AML) and lymphomas, to solid tumours, such 
as breast and lung cancer, as shown in Table 1.1 (57). Gemtuzumab ozogamicin (Mylotarg) 
is a humanised anti-CD33 mAb conjugated to N-acetyl gamma calicheamicin, an enediyne 
antibiotic that induces double-stranded DNA (dsDNA) breaks resulting in cell death (57). This 
ADC is used in the treatment of adult and paediatric AML, in which improvements have been 
seen in event-free survival when used in combination with chemotherapy; however, toxicity 
has been observed, such as hepatotoxicity and myelosuppression (57,58). Another approved 
ADC example is inotuzumab ozogamicin (Besponsa) for adult and paediatric 
relapsed/refractory ALL. Besponsa consists of an anti-CD22 mAb targeting B cells and is 
conjugated to the chemotherapy drug N-acetyl gamma calicheamicin (57). Clinical evaluation 
of Besponsa has shown improved survival, but trials are ongoing to evaluate lower doses of 
the drug in reducing the treatment-associated hepatotoxicity observed (59,60).  

The use of ADCs, in which radioisotopes are conjugated to mAbs, is also used for cancer 
treatment. There has been a clinical evaluation of the treatment efficacy of anti-tenascin and 
anti-chondroitin proteoglycan sulfate Me1 antibodies radiolabelled with Iodine-131 (131I) 
against central nervous system (CNS) solid tumours and CNS metastases (61). Kramer et al. 
reported the use of 131I-anti-GD2 and 131I-anti-B7-H3 antibodies as part of a multimodal 

therapeutic approach in a phase I trial for patients with recurrent neuroblastoma metastatic 
to the CNS. Of the 21 patients treated, 17 were found to be disease-free at the end of the 
study (mean of 33 months since CNS relapse) and found the treatment to be well tolerated, 
suggesting the potential for improved survival and quality of life with this therapeutic 
approach (62). An anti-B7-H3 mAb, 8H9 conjugated to iodine 124 (124I), was evaluated against 
diffuse intrinsic pontine glioma (DIPG) (63). Souweidance et al. evaluated the safety of 124I-
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omburtamab (124I-8H9) therapy in 37 patients with DIPG (64). Although there was 
intratumoural targeted delivery of 124I-8H9 with minimal systemic radiation exposure, no 
significant clinical improvement was observed (64).  

Additional payloads are currently being evaluated for ADCs in neuroblastoma. Shusterman 
et al. evaluated the use of anti-GD2 mAb conjugated to IL-2 (hu14.18-IL2) in patients with 
relapsed/refractory neuroblastoma, showing a complete response (CR) rate of 21.7% in 
patients whose disease was evaluated by MiBG scan and/or bone marrow histology, whereas 
those with bulky disease did not show any response (65). A subsequent study performed by 
Shusterman et al. evaluated the use of hu14.18-IL2 in combination with GM-CSF and 
isotretinoin (13-cis retinoic acid) in patients with relapsed/refractory neuroblastoma and 

reported a similar response rate, suggesting no enhanced therapeutic efficacy of hu14.18-IL2 
in multimodal treatment compared to that of a single agent (65).  
 

Table 1.1 FDA-approved ADC drugs for cancer treatment 

Name (Trade 

Name) 
Antibody Target  

(Antibody Trade 

Name) 

Payload Approved Use(s) 

Gemtuzumab 
Ozogamicin 

(Mylotarg) 

CD33 (Gemtuzumab) Calicheamicin Acute Myeloid Leukaemia 

Brentuximab 
Vedotin 

(Adcetris) 

CD30 (Brentuximab) Monomethyl 
auristatin E 

Hodgkin’s Lymphoma, 
Anaplastic Large Cell 
Lymphoma 

Trastuzumab 
Emtansine 

(Kadcyla) 

HER2 (Trastuzumab) Mertansine Breast Cancer 

Inotuzumab 
Ozogamicin 

(Besponsa) 

CD22 (Inotuzumab) Calicheamicin Acute Lymphoblastic 
Leukaemia 
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Moxetumomab 
Pasudotox 

(Lumoxiti) 

CD22 
(Moxetumomab) 

Pseudomonas 
exotoxin A 

Hairy Cell Leukaemia 

Polatuzumab 
Vedotin 

(Polivy) 

CD79b (Polatuzumab) Monomethyl 
auristatin E 

Diffuse Large B-cell 
Lymphoma 

Enfortumab 
Vedotin 

(Padcev) 

Nectin-4 (Enfortumab) Monomethyl 
auristatin E 

Urothelial Cancer 

Trastuzumab 
Deruxtecan 

(Enhertu) 

HER2 (Trastuzumab) Deruxtecan Breast Cancer 

Sacituzumab 
Govitecan 

(Trodelvy) 

TROP2 (Sacituzumab) SN-38 Breast Cancer and 

Urothelial Cancer 

Disitamab Vedotin 

(Aidixi) 

HER2 (Disitamab) Monomethyl 
auristatin E 

Gastric Cancer and 
Urothelial Cancer 

Loncastuximab 
Tesirine 

(Zynlonta) 

CD19 
(Loncastuximab) 

PBD SG3199 Diffuse Large B-cell 
Lymphoma 

Tisotumab 
Vedotin 

(Tivdak) 

TF (Tisotumab) Monomethyl 
auristatin E 

Cervical Cancer 
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Mirvetuximab 
Soravtansine 

(Elahere) 

FR⍺	(Mirvetuximab)	 DM4 Ovarian Cancer 

 

1.3.5 Immune checkpoint therapy 

Antibody technology has also been applied to target the immune system, rather than tumour 
antigens. The most prominent example is immune checkpoint blockade (ICB). T-cells in 
cancer often serve as useful prognostic biomarkers for assessing clinical outcomes in 
patients (66). However, T-cells infiltrating the tumour commonly exhibit a phenotype 
associated with exhaustion owing to the consistent antigen stimulation they receive (67). T-
cell exhaustion is observed in chronic diseases such as cancer and viral infections (67). A key 
feature of exhausted T-cells is the expression of immunosuppressive receptors (68,69). 
Examples of immune checkpoints include programmed cell death 1/ligand-1 (PD-1/PD-L1), 
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and Lymphocyte-activation gene 3 
(LAG-3) (67,68). The expression of these markers in T-cells is associated with poor anti-
tumour activity, lack of effector functionality, and proliferative capacity (70). Table 1.2 details 
the immune checkpoint inhibitors approved by the FDA for multiple cancer types (71) 

 

Table 1.2 FDA-approved immune checkpoint inhibitors 

Name (Trade Name) Target 

Ipilimumab (Yervoy) CTLA-4 

Nivolumab (Opdivo) PD-1 

Pembrolizumab (Keytruda) PD-1 

Atezolizumab (Tecentriq) PD-L1 

Avelumab (Bavencio) PD-L1 

Durvalumab (Imfinzi) PD-L1 



 34 

Cemiplimab (Libtayo) PD-1 

Dostarlimab (Jemperli) PD-1 

Tremelimumab (Imjudo) CTLA-4 

Relatlimab (Opdualag) LAG-3 

Toripalimab (Loqtorz) PD-1 

Retifanlimab (Zynyz) PD-1 

Tislelizumab (Tevimbra) PD-1 

 

1.3.5.1 PD-1 

PD-1 is one of the most common immune checkpoints. It is a transmembrane protein 
receptor of the CD28 family with two ligands from the B7 family: PD-L1 (B7-H1/CD274) and 
PD-L2 (B7-DC/CD273) (67). Originally, PD-1 was considered a regulator of apoptosis, but it 
has now been identified as a key immunosuppressive receptor expressed on T-cells (72). In 
T-cells, PD-1 expression is induced and maintained by TCR stimulation, but modulation 
through cytokines and other signals also occurs (67). PD-1 plays a role in preventing immune 
system hyperactivation; however, tumour cells have evolved to hijack this mechanism to 
evade detection and inhibit antigen-specific tumour responses (67).  

Anti-PD-1 targeted antibody therapy allows the reversal of PD-1 blockade, thus preventing 
its activation by its cognate ligands and reinvigorating exhausted T cell responses. PD-1 
therapy has shown improved clinical outcomes in a range of cancers, with pembrolizumab 
being the first PD-1 inhibitor approved in 2014 for melanoma (73). This was based on the 
findings of the KEYNOTE-001 study, which revealed improved clinical outcomes in patients 
with advanced melanoma who had previously failed treatment with ipilimumab (anti-CTLA-4 
mAb) and a BRAF inhibitor (74). Subsequent follow-ups of patients in this study revealed that 
the drug was well tolerated, with a median overall survival of 45% (75). Subsequently, 
additional anti-PD-1 therapies were developed and approved for a range of adult cancers 
(73). The discovery of PD-1 and CTLA-4 and their therapeutic potential resulted in James 
Allison and Tasuku Honjo receiving the Nobel Prize in Physiology and Medicine in 2018.  
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1.3.5.2 CTLA-4 

CTLA-4 is an immune checkpoint molecule belonging to the Ig superfamily and is 
constitutively expressed on T-cells and regulatory T-cells (Tregs). While homologous to CD28 
and binding to the same B7 ligands, B7-1 (CD80) and B7-2 (CD86), CTLA-4 inhibits T-cell 
activation upon binding to CD80/86. Compared to CD28, CTLA-4 has higher avidity and 
affinity for CD80/86, which causes its downregulation upon binding (76,77). Additionally, 
CTLA-4 switches off antigen-presenting cells once bound to its ligands to modulate the 
immune response (78). Reducing CD28-mediated signalling during antigen presentation 
increases the threshold for T-cell activation, thus preventing immune responses to weak 
antigens, such as tumour antigens (79).  

Anti-CTLA-4 antibody therapies have shown success in treating solid tumours, with the first 
approved CTLA-4 inhibitor, ipilimumab, providing improved overall survival in metastatic 
melanoma. However, a phase III clinical trial comparing ipilimumab and anti-PD1 nivolumab 
revealed that nivolumab led to better survival (6.9 months Progression-Free Survival (PFS) 
and response rates (44%) than ipilimumab (19% response rate and 2.8 months PFS) in 
metastatic melanoma patients (80). Moreover, the combined use of both antibodies resulted 
in even higher response rates (58%) and survival (11.5 months PFS) (80). Additionally, anti-
CTLA-4 blockade has shown increased patient survival compared to conventional 
chemotherapies in other cancers, including renal cell carcinoma, squamous cell carcinoma 
and non-small cell lung cancer.(79) 

 

1.3.5.3 Additional Checkpoint inhibitors 

While PD-1 and CTLA-4 are the main foci of immune checkpoint therapy, additional 
checkpoint molecules that contribute to T-cell exhaustion have been identified. Examples 
include Lymphocyte-activation gene-3 (LAG-3), T-cell immunoglobulin and mucin-domain-
containing-3 (TIM-3), T-cell immunoreceptor with Ig and ITIM domains (TIGIT), and B7-H3 
(CD276) (8,81) . The identification of these proteins and their contribution to T-cell dysfunction 
in the TME will improve treatment options to prevent T-cell exhaustion, either by introducing 
them as antibodies or by using adoptive cell therapy.  
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The success of immune checkpoint therapy highlights the importance of understanding the 
mechanics of the immune system and how better treatments can be developed to mount an 
effective anti-tumour immune response.  

 

1.3.5.4 The use of ICB in paediatric cancer 

The success of using ICB in adult cancers has not been recapitulated in paediatric diseases. 
The low mutational burden seen in paediatric cancers reduces the likelihood of the host 
immune system recognising “foreign” tumour antigens (82). Additionally, paediatric tumours 
are considered more “immunologically cold”, with lower numbers of tumour-infiltrating 
lymphocytes (TILs) and an immunosuppressive TME, which limits T-cell trafficking (83). 
Additionally, many paediatric tumours lack the expression of checkpoint markers such as 
PD-1, PD-L1, and PD-L2, hindering the success of ICB in paediatric cancers (84). Paediatric 
disease occurs in a young population with a less developed immune system, which may 
hinder the mounting of a robust anti-tumour immune response (83).  

Studies have reported the overexpression of PD-L1 in tumour and metastatic bone marrow 
samples obtained from patients with high-risk neuroblastoma and its association with poor 
prognosis (82,85). Ehlert et al. reported that two high-risk neuroblastoma patients treated 
with a combination of nivolumab and dinutuximab after failing front-line therapy showed a 
good clinical response (86). Ongoing clinical trials are evaluating the use of ICB therapy 
(nivolumab and ipilimumab) in patients with neuroblastoma (82). 

The use of anti-CTLA-4 therapy has been limited to paediatric cancers. In the first report 
published on the use of ipilimumab in solid tumours in paediatric patients, some durable 
tumour regression was observed, but no major clinical response was seen with immune-
related toxicities similar to those seen in adults (87). The use of nivolumab in combination 
with ipilimumab was assessed in a phase I/II trial in paediatric patients with 
relapsed/refractory solid tumours of ewing sarcoma, rhabdomyosarcoma, and 
osteosarcoma. While the treatment was found to be tolerable, there was limited clinical 
response observed in patients; however, durable partial responses were observed in two 
patients that were maintained for 36 months after the end of the study (88).  
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1.3.6 Cancer Vaccines 

Since the discovery of the smallpox vaccine by Edward Jenner in 1979, our understanding 
and utilisation of vaccines have greatly evolved in the field of immunology (89). Vaccines can 
induce an immune response to a foreign antigen, forming a memory response that leads to 
a faster secondary response upon antigen re-exposure. In the field of cancer immunotherapy, 
vaccines have been developed as an alternative way to boost the anti-tumour immune 
response to active immunotherapy options used for different cancer types (90). 

Cancer vaccines utilise tumour antigens (TAs), which are either tumour-associated or tumour-
specific. Tumour-associated antigens (TAAs) are expressed in both normal and tumour 
tissues; however, TAA expression tends to be higher in tumour tissues (90). Tumour-specific 
antigens (TSAs) or neoantigens are expressed only by cancer cells and are absent in normal 
tissues (90). TSAs were found to elicit a stronger immune response due to their restricted 
expression (91). Additionally, mutations in tumour cells can alter peptide amino acid 
sequences, leading to the formation of patient-specific neoantigens that can be utilised for 
cancer vaccine development (90). However, this vaccination method is associated with high 
production costs, which hinders its frequent use in cancer vaccine development (91). 

 

1.3.6.1 Types of Cancer Vaccines 

Cancer vaccines can be broadly grouped into three major types based on the antigens used: 
cellular, peptide/protein, and genetic.   

Peptide/protein vaccines are composed of TAAs, TSAs, cancer germline antigens, or virus-
specific antigens (90). The use of such antigens allows the generation of T-cells that are TAA-
specific to mount an effective immune response. The limitation of epitopes for potential 

vaccine targets has been found to hinder the success of these vaccines, as well as the weaker 
immunogenicity of tumour antigens and the occurrence of immune evasion, such as 
downregulation of MHC expression (92). Peptide vaccines also allow the inclusion of 
synthetic peptides; however, this requires ensuring that the selected immunogens can elicit 
the desired immune response (92). Moreover, CD8+ T-cells generated using protein-based 
vaccines are less effective than those generated using other vaccines (90,93).  

Genetic vaccines consist of DNA and mRNA, which encode TAs from proteins and peptides 
to induce an anti-tumour immune response and a subsequent memory response (90). DNA 
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vaccines enter antigen-presenting cells (APCs), which are transcribed and translated into 
TAs, which then undergo antigen processing and are presented as peptide-MHC complexes, 
thereby activating a specific immune response (94). These vaccines can also deliver multiple 
genes simultaneously using this method of delivery, thus bolstering the immunogenicity of 
the generated anti-tumour immune response (90). mRNA vaccines work similarly to DNA 
vaccines, with the advantage that transcription is not necessary, and thus mRNA encoding 
TAs are further involved in the process of antigen presentation via MHC complexes (94). The 
biggest challenge for the use of DNA and mRNA vaccines is their delivery into the cell, with 
challenges such as penetrating the cell membrane and processing through endocytic 
pathways before being released into the cell for subsequent antigen presentation (95).  

The delivery of DNA, mRNA, and peptides may also occur through the use of either lipid 
nanoparticles (LNPs) to directly stimulate the immune system, or through the use of a vector 
such as an attenuated virus or bacteria to prevent degradation and further stimulate the 
immune response (95).   

Clinical trials evaluating DNA vaccines have not shown significant success owing to their 
poor immunogenicity (96). Attempts to overcome this obstacle through approaches such as 
codon optimisation and the development of multi-epitope sequences to increase 
immunogenicity have resulted in little success (96–98). The use of RNA- and peptide-based 
vaccines has shown similar results; thus, these continue to be great challenges in developing 
vaccines for cancer treatment (99).   

Cellular vaccines involve the use of whole tumour cells and dendritic cell vaccines. The use 
of whole-tumour cell vaccines entails the use of killed cancer cells, with the target not needing 
to be identified beforehand and can be non-specific in cancer targeting (90). Dendritic cell 
(DC) vaccines utilise autologous patient-derived DCs preloaded with peptide antigens or 
transfected with antigen genes (100). DC vaccines have been shown to improve survival in 
AML patients (101). The clinical success of DC vaccines was observed with the approval of 
the first DC cancer vaccine, Sipuleucel-T (Provenge), in 2010 (90).  The sipuleucel-T vaccine 

has been used to treat prostate cancer by pulsing patient DCs with TAA, prostatic acid 
phosphatase expressed in prostate cancer, and granulocyte-macrophage colony-stimulating 
factor (GM-CSF) (102). Treatment with sipuleucel-T showed an improved survival benefit of 
25.8 months compared to 21.7 months with placebo (102). These results resulted in the 
approval of sipuleucel-T against hormone-refractory prostate cancer. However, whether the 
benefits provided are sufficient to outweigh the cost of production remains controversial (90).  
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While there have been developments in cancer vaccines, their use alone as monotherapy 
may not be sufficient to eradicate cancer. Recent studies have reported improved treatment 
responses by combining cancer vaccines with other therapies such as cytokines, 
radiotherapy, and ICB (103).  

The evolution of cancer vaccines has largely focused on adult cancers, with a limited 
evolution in paediatric cancers (104). In a phase I trial, Krishnadas et al. evaluated the use of 
the chemotherapeutic agent decitabine to upregulate cancer-testis antigen expression, 
followed by administration of a DC vaccine targeting the cancer-testis antigens MAGE-A1, 
MAGE-A3, and NY-ESO in patients with refractory/relapsed neuroblastoma and sarcoma 
(105). Only one patient was reported to have a complete response with a disease-free survival 
of 3.5 years post-treatment (105). Moreover, there is currently an ongoing phase I trial 
evaluating the use of a GM-CSF based cell vaccine (GVAX) in combination with ICB for 
neuroblastoma (NCT04239040). 

 

1.3.7 Adoptive T-cell therapy 

While the use of antibody therapy, ICB, and cancer vaccines bolsters tumour-infiltrating 
lymphocytes (TILs) in situ, adoptive cell therapy (ACT) aims to do this through ex vivo 
expansion and/or genetic modification of immune cells, which are introduced into the patient 
to bolster the anti-tumour immune response. Clinically, several types of ACTs have been 
evaluated, including TILs, endogenous T-cell receptor-engineered T-cells (TCR-T), and 
chimeric antigen receptor (CAR) T-cells. 

 

1.3.7.1 Tumour infiltrating lymphocytes  

The first study that uncovered the therapeutic potential of TILs was performed by Rosenberg 
et al. in 1987. TILs were isolated from different murine tumours, expanded in vitro with the 
cytokine interleukin-2 (IL-2), and were shown to exhibit anti-tumour activity in vivo when 

infused back into tumour-bearing mice (106). Moreover, they found that the therapeutic effect 
of TILs was enhanced when administered in combination with IL-2 (107). Subsequently, the 
first clinical trial to evaluate TILs was performed in patients with metastatic melanoma. 
Tumour regression was observed in approximately 50% of patients with the combination 
therapy of TILs with IL-2. In this study the clinical response observed was short-lived, lasting 
for up to 13 months (108). However, the preconditioning of patients with a non-myeloablative 
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(NMA) lymphodepletion chemotherapy regimen of two days of cyclophosphamide (60 mg/kg) 
followed by five days of fludarabine (25 mg/m2) before infusion of TIL therapy produced a 
more prolonged anti-tumour response, with over 50% of patients with metastatic melanoma 
showing a clinical response (109). Moreover, the clinical response could be further improved 
by the addition of total body irradiation (TBI) to the NMA chemotherapy regimen (110,111). 
The success of TIL therapy for melanoma has recently resulted in the approval of the first TIL 
therapy (Lifileucel) by the FDA in 2024 for patients with unresectable or metastatic melanoma 
(112). TIL therapy has also been evaluated in a range of other solid tumours such as cervical 
cancer, non-small cell lung cancer (NSCLC), breast cancer, and cholangiocarcinoma, with 
varied clinical benefits (113).  

TIL therapy provides low toxicity because TILs come from the patients themselves without 
any gene modification. However, for a durable anti-tumour response to be achieved, effector 
T-cells with anti-tumour activity are required to be present within the tumour (113). As a result, 
differences between immunologically cold and hot tumours limit the feasibility of TIL therapy, 
with an immunosuppressive tumour microenvironment being the main obstacle to overcome 
(113). TILs are also found to have a short survival time in vivo, and thus work is ongoing to 

improve the survival and tumour-homing of TILs after reinfusion into patients. (113). 

 

1.3.7.2 T-cell receptor engineered T-cells 

The advent of genetic engineering of immune cells has allowed the development of additional 
ACT therapies that enhance T-cell tumour specificity and effector functions. One method is 
to engineer T-cells to express a new tumour antigen-specific TCR (TCR-T). This allows T-
cells to be redirected against tumour-specific antigens (114). This provides an advantage 
over antibody therapies as TCRs are MHC-restricted and thus able to recognise intracellular 

antigens, increasing the range of tumour-specific antigens to target and limiting the risk of 
on-target off-tumour toxicity. However, antigen selection is imperative for targeted therapies 
to ensure therapeutic efficacy and safe treatment. Clinical trials evaluating TCR-T therapies 
against tumour antigens such as MART-1, gp100, and CEA showed some clinical benefit, 
but severe toxicity was reported because of low antigen expression in normal tissues (114). 
The first clinical trial evaluating MART-1-specific TCR-T cells in melanoma patients showed 
that the clinical response was only seen in two out of the 17 patients in the trial (115). 
Moreover, a recent clinical trial with a different TCR for MART-1 showed similar severe 
toxicities and patient death, resulting in the early termination of the study (116).  
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The occurrence of off-target off-tumour toxicities or cross-reactivity has also been a 
challenge in the development of effective TCR-T therapies. TCR-T cells targeting the cancer 
testis antigen MAGE-A3 were found to be cross-reactive, resulting in the death of four 
patients (117). Engineered TCR-T cells were also found to recognise a peptide from TITIN , a 
muscle protein, leading to fatal toxicity against cardiac tissue (117). Therefore, it is imperative 
to ensure that TCR cross-reactivity is assessed at the preclinical level, especially concerning 
TCR sequences modified to enhance affinity (114).  

While some TCR-T therapies have shown the issues detailed above, there has been success 
with the use of other antigens, such as the cancer testis antigen, NY-ESO-1. Across five 
clinical trials assessing TCR-T cells targeting NY-ESO-1 in 107 patients, an average clinical 
response rate of 47% was observed, without any major toxicities (114). While the clinical 
response has been promising, antigen expression of NY-ESO-1 is still limited in metastatic 
cancers, and tumour expression tends to be heterogeneous (114). This seems to suggest 
that the affinity of these TCR-T cells has to be optimised to try and better address 
heterogeneous antigen expression in the tumour while minimising the occurrence of on-
tumour off-target toxicity,  

While the success of TCR-T therapies has been seen against solid tumours, MHC restriction 
constrains the use of this therapy, as TCRs need to be matched to the patient’s MHC 
haplotype. Moreover, MHC downregulation is a common immunoevasion mechanism 
observed in tumours, resulting in the escape of tumour cells from TCR-T-engineered cells. 
The use of TCR-T therapies in combination with other therapeutic options, such as ICB, may 
address these obstacles (114).  

 

1.3.8 CAR-T cells 

Another method of genetically engineering T-cells is through the expression of chimeric 
antigen receptors (CARs) that allow the targeting of tumour antigens that are not MHC-
resistant and can mimic TCR activation in an MHC-independent manner. Since its inception 
in the 1980s, CAR-T cell design has evolved into multiple generations and has been utilised 
for other immune cells as well.   
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1.3.8.1 Evolution of CAR-T cells  

The concept of CARs emerged in 1987 by Kurosawa et al. who combined the variable regions 
of an anti-phosphorylcholine antibody with TCR-derived constant regions (118). The 
expression of these anti-phosphorylcholine chimeric receptors in murine T-cell lymphoma 
EL4 cells resulted in calcium influx upon exposure to phosphorylcholine-positive bacteria, 
suggesting that the generated chimeric receptor could lead to T-cell activation in response 
to antigens (118). Subsequent work performed in 1989 by Gross, Waks, and Eshhar involved 

generating a chimeric T-cell receptor like Kurosawa et al. against anti-2,4,6-trinitrophenol 
(TNP), which showed antigen recognition in an MHC-independent manner (119). Murine 
MD.45 cytotoxic T lymphocyte hybridoma cells were generated to express the anti-TNP 
chimeric TCR and were shown to bind to the TNP antigen, resulting in T-cell activation via 
production of IL-2 and killing of target cells (119).  

To generate these double-chain heterodimeric TCRs, co-transduction was performed with 
two separate retroviral vectors, which resulted in a low transduction efficiency. To circumvent 
this issue, Eshhar et al. designed what is now known as a prototype for first-generation CARs. 
A single-chain chimeric receptor was developed in which a single-chain variable fragment 
(ScFv) was fused to a lymphocyte intracellular signalling domain from either CD3ζ or FcϵRIγ 
(120). The ScFv is derived from a monoclonal antibody and shows the same binding affinity 
and specificity as the parental antibody. These chimeric antigen receptors could 
independently transduce T-cell signals in the absence of a conventional TCR complex, 
allowing non-MHC-restricted T-cell activation upon antigen binding. (120,121). 

 

1.3.8.2 CAR Structure  

The structure of a CAR comprises of an antigen binding domain (ScFv) followed by a linker 
or hinge region that is connected to intracellular domains consisting of co-stimulatory 
endodomains and a CD3ζ subunit. Intracellular domains of first-generation CARs comprise 
of only the CD3ζ subunit, whereas second- or third-generation CARs have the addition of 
one or two co-stimulatory domains, respectively. First-generation CARs exhibit evidence of 
signalling with the CD3ζ domain, providing an activation signal one. However, these CAR-T 
cells are found to become anergic, with failed persistence in the preclinical and clinical setting 
(121–123). The inclusion of a co-stimulatory endodomain (traditionally CD28 or 4-1BB) in 
second-generation CARs showed CAR-T cell persistence in vivo and clinical success due to 
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providing signal two as required in traditional TCR activation (121,124). The first-, second-, 
and third-generation CAR structures are shown in Figure 1.2.  

 

 

 

 

 

 

 

 

 
Figure 1.2 CAR Structure 

Chimeric Antigen Receptors (CARs) have evolved into multiple generations since It’s inception over the past 30 

years. First generation CARs consist of an antigen binding domain, which consists of an SvFv (blue) targeting a 

specific antigen, which is fused to a hinge and transmembrane domain fused to a CD3ζ signalling domain (green). 

Second and third generation CARs have the same structure with the addition of co-stimulatory domains (for 

example, CD28 and 41-BB). Second generation CARs have one co-stimulatory domain (red), whilst third 

generation CARs have two co-stimulatory domains (red and yellow). Figure created using Biorender. 

 

1.4 CAR-T cell success in haematological malignancies  

CAR-T cell therapy has shown great success in treating haematological malignancies, such 
as leukaemia, lymphomas, and plasma cell malignancies. In haematological malignancies, T-
cells being found in the circulatory system under homeostatic conditions means that 
trafficking to tumour cells does not pose as a challenge as it is in solid tumours. The use of 
anti-CD19 CAR-T cells has been successful in the field of CAR therapy. CD19 is a protein 
found to be expressed on B-lineage cells and identified to be an appropriate target for 
treating B-cell derived leukaemia, and the use of immunoglobulin replacement therapy to 
replace the non-malignant B-cell population mitigates the risk of therapy to patients 
(121,125). Second-generation CD19 CARs with either CD28 or 4-1BB costimulatory domains 
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have shown clinical success in patients with acute lymphoblastic leukaemia (ALL), diffuse 
large B-cell lymphoma (DLBCL), and mantle cell lymphoma (MCL) (126–131).  

The use of anti-CD19 CAR therapy in three patients with chronic lymphocytic leukaemia (CLL) 
by Carl June and colleagues achieved a complete or partial response with CAR-T cell 
expansion in patients seen up to 1000 times, with functional CARs seen for at least six 
months post-infusion (132,133). The first paediatric patient to receive CAR-T cell therapy was 
in 2012, with CD19 CAR therapy being used to treat ALL (134). In response to treatment, one 
patient developed severe side effects such as cytokine release syndrome (CRS) and acute 
respiratory distress syndrome (ARDS) (134). However, treatment with the anti-IL6 antibody 
tocilizumab alleviated CRS, and the patient continued to be cancer-free 13 years after 
treatment, while the other patient relapsed with CD19 negative disease (134). The clinical 
success of CAR-T cell therapy has led to the approval of many CAR therapies by the FDA for 
the treatment of these diseases, as shown in Table 1.3 (135).  

 

Table 1.3 FDA Approved CAR T-cell therapies 

Name (Trade Name) Target Approved Use(s) 

Idecabtagene vicleucel 

(Abecma) 

BCMA Multiple Myeloma 

Obecabtagene 
autoleucel 

(Aucatzyl) 

CD19 B-cell ALL 

Lisocabtagene 
maraleucel 

(Breyanzi) 

CD19 Follicular lymphoma, Large B-cell lymphoma, MCL 
and CLL 

 

Ciltacabtagene 
autoleucel 

(Carvykti) 

BCMA Multiple myeloma 

Tisagenlecleuce 

(Kymriah) 

CD19 B-Cell ALL, DLBCL and follicular lymphoma 

Brexucabtagene 

Autoleucel 

CD19 B-Cell ALL and MCL 
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(Tecartus) 

Axicabtagene ciloleucel 

(Yescarta) 

CD19 Large B-cell lymphoma and follicular lymphoma 

 

Although CAR therapy has shown clinical success as a cancer treatment, patients undergoing 
this therapy are known to experience severe toxicities. The two most common side effects 
of this therapy are cytokine release syndrome (CRS) and immune-effector cell-associated 
neurotoxicity syndrome (ICANS).  

CRS is driven by proinflammatory cytokines, such as IL-1 and IL-6, which result in a range of 
symptoms from fever and hypotension to other systemic symptoms (121). The approval of 
the anti-IL-6 antibody tocilizumab by the FDA mitigates the risk of CRS and neurotoxicity, 
along with other alternative treatments such as anakinra (IL-1 receptor antagonist) and 
siltuximab (anti-IL-6 mAb) (121,136). The occurrence of CRS has been suggested as likely 
due to the activation of monocytes and macrophages, which in murine models of CRS were 
found to be primary sources of IL-1 and IL-6 (137,138). Depletion of monocytes or IL-6 

receptor blockade was found to prevent CRS; CRS and neurotoxicity were abrogated by the 
use of the IL-1 receptor antagonist anakinra (138). On-target off-tumour occurrence may 
contribute to CD19-CAR T cell therapy-associated neurotoxicity with CD19, which is also 
commonly expressed in brain mural cells (139). Additionally, other factors can also affect the 
severe side effects of CAR-T therapy, including pretreatment tumour burden, CAR-T cell dose 
administered, and intensity of the lymphodepletion regimen before CAR-T cell infusion (121).  

Better mitigation of these side effects may occur with time as clinicians gain more experience. 
The use of biomarkers may allow better monitoring of clinical response and, in turn, better 
mitigate the risk of these severe toxicities with IFNγ, IL-13 and MIP1⍺	having shown potential 
in predicting CRS in paediatric ALL patients treated with anti-CD19 CAR therapy (140). 
Moreover, improvements in CAR design are ongoing to identify factors that may block CRS-
associated signalling, such as IL-6, IL-1, and GM-CSF, amongst other approaches (141).  

1.5 Challenges hindering CAR-T cell success in solid tumours 

To date, the success of haematological malignancies has yet to be seen against solid 
tumours. The challenges that CAR-T cell therapy needs to overcome in achieving success 
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against solid tumours are detailed below. Examples of these challenges include appropriate 
antigen selection, overcoming hostile TME, antigen escape, and immunosuppression. 

 

1.5.1 Antigen selection and escape 

Most solid tumours do not express tumour-specific antigens. As a result, antigen selection 
for targeted therapies, including CAR therapy, has focused on tumour-associated antigens, 
in which an antigen is highly expressed on tumour cells with restricted expression in normal 

tissues. However, this does lead to a potential risk of on-target off-tumour toxicity. Solid 
tumours also show a high degree of tumour antigen heterogeneity, and CAR-T cell 
susceptibility is dependent on targeting highly expressed antigens across most tumour cells. 
This poses an additional challenge for CAR-T therapy in paediatric cancers because of their 
low mutational burden, which restricts the antigens available to target using CAR therapy. 

Antigen density is also found to be an important factor affecting CAR therapy, with CAR-T 
cells exposed to cells with lower antigen density resulting in diminished cytokine production 
and anti-tumour responses (142–144). Moreover, antigen escape has been reported in both 
preclinical and clinical settings. While CD19 CAR therapy has shown complete remission in 
many patients, patients relapse after treatment with the emergence of CD19 negative tumour 
cells, allowing tumours to evade CAR-mediated recognition and clearance even in the 
presence of CAR-T cell persistence (145,146). In solid tumours, antigen loss has been 
described as downregulation of the antigen EGFRvIII in five out of seven patients after one 
dose during a trial assessing an anti-EGFRvIII CAR against glioblastoma (147).  

To overcome the hurdle of antigen heterogeneity and mitigate antigen escape, improvements 
in CAR design have been considered. Multi-specific CAR-T cell therapy, in which T-cells are 
engineered to express two CARs is being investigated and includes generating bicistronic 
CARs, tandem CARs (TanCAR), or LoopCARs (148). The development of TanCAR targeting 
IL-13 receptor subunit alpha-2 (IL-13Ra2) and ephrin type-A receptor 2 (EphA2) was found 
to be effective against both in vitro and in vivo models of glioblastoma with greater 
functionality than single CAR-T cells (149). Other CAR engineering methods that limit CAR-T 
cell activation to the tumour site have also been investigated. Examples of this include 
modifying the affinity of antigen binding of the CAR and using “switchable” CAR-T cells, 
which are found to only be active in the presence of an exogenous stimulus or “switch” (150). 
Examples of a “switch” may include small molecules that bind to the CAR’s costimulatory 
domain or an antibody that bridges the CAR to the antigen of interest (151–153). CARs may 
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also be designed to include an inhibitory peptide which reversibly blocks the ScFv, keeping 
the CAR in an off-state until reaching the TME, in which local conditions (e.g. hypoxic 
conditions or secreted proteases) lead to cleavage of the peptide, allowing CAR activation 
upon antigen binding (151).  

There has also been targeting of cancer stem cells, which are closely related to tumour 
heterogeneity, thus potentially overcoming the hurdle of tumour heterogeneity. CD133 is a 
tumour stem cell marker found overexpressed in many solid tumours, with an association of 
CD133+ tumour infiltrating cells driving intra-tumoural heterogeneity in multiple aggressive 
cancers, and thus being considered as a potential antigen target for CAR therapy for solid 
cancers (150,154,155). 

 

1.5.2 T-cell trafficking 

In haematological malignancies, tumour cells are easily targeted by CAR-T cells within the 
blood, lymph nodes, and bone marrow because immune cell migration normally occurs at 
these sites within the body. However, for solid tumours, CAR-T cells are required to migrate 
to the tumour sites, where they have to extravasate from blood vessels and infiltrate into the 
tumour itself to exert their anti-tumour activity (156,157). This is challenging, as many solid 
tumours tend to be sparse in tumour-infiltrating lymphocytes, and mechanisms of tumour 
exclusions are exerted by tumours, making it difficult for CAR-T cells to easily infiltrate into 
the tumour. Intra-tumoural infusion of CAR-T cells may circumvent this issue, but this is not 
widely used for metastatic tumour types, and responses seen with this method have been 
limited (156).  

The tumour vasculature tends to be misaligned and disorderly as a result of being derived 
from mature vascular beds rather than from endothelial precursor cells that develop into 
normal vasculature (158,159). As a result, the poorly structured network of vessels 
surrounding the tumour tends to have suboptimal blood flow (160). Poor blood flow reaching 
the tumour through this vasculature creates a poorly oxygenated TME that may also be acidic 
and hypoxic. As a result, even if CAR T-cells can extravasate and infiltrate the TME, hostile 
conditions make CAR T-cell persistence difficult.   

CAR strategies have addressed ways in which CAR-T cell trafficking can be promoted in the 
TME. Expression profiles of chemokines in the TME have been analysed to determine which 
chemokine axis can be exploited to promote T-cell infiltration (148). CXCR2-modified GDPC3 
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CAR-T cells were found to improve trafficking and anti-tumour efficacy compared to non-
modified CAR-T cell controls in a hepatocellular carcinoma model (161). Other chemokine-
modified CAR-T cells have been investigated in other solid tumours such as glioblastoma 
(CXCR1/CXCR2) and NSCLC (CCR2B) (162,163).  

Fibroblast activation protein (FAP), a protease of cancer-associated fibroblasts (CAFs), is 
overexpressed in many solid tumours (164). FAP’s role in remodelling the extracellular matrix 
(ECM) and promoting immunosuppression limits CAR-T cell tumour infiltration (165). The use 
of FAP-CAR-T cells has been evaluated against a range of solid tumours, showing increased 
homing and robust anti-tumour responses (165).  

The poor trafficking of CAR-T cells into the tumour also creates a challenge in demonstrating 
CAR-T cell infiltration into the tumour site, as it requires the detection of both T-cells and 
CAR expression (156). Many approaches have been utilised to monitor CAR-T cell trafficking 
in vivo, such as radiolabeling CAR-T cells before injection and detecting CAR transgenes by 

quantitative polymerase chain reaction (qPCR) with varying success (156). However, these 
methods of detection do not adequately address the issues of cellular density and localisation 
of CAR-T cells within the tumour microenvironment, which is important for better assessment 
of clinical response (156). The co-expression of imaging reporter genes, such as the human 
sodium iodide symporter (hNIS) and herpes simplex virus thymidine kinase 1 (HSV1tk), by 
CAR-T cells, may provide a non-invasive method for CAR-T cell imaging in preclinical and 
clinical settings to better assess CAR-T cell trafficking and therapy response, especially in 
metastatic disease (166,167). These imaging reporter genes are compatible with commonly 
used clinical radiotracers, such as technetium-99m pertechnetate (99mTcO4

-), allowing high-
resolution SPECT/CT imaging, which is routinely used in clinics (166,167).  

 

1.5.3 Hostile TME 

Even if CAR-T cells are successfully trafficked into solid tumours, CAR-T cells encounter a 
hostile TME, which diminishes their ability to function and persist. Solid tumours are strongly 
infiltrated by a mix of different cell types, which support tumour cell survival and growth while 
inhibiting the anti-tumour immune response (168). Prominent types of immune suppressor 
cells are found in the TME, including Tregs, myeloid-derived suppressor cells (MDSCs), and 
tumour-associated macrophages (TAMs), which facilitate tumour growth and proliferation by 
producing growth factors, cytokines, and chemokines, including VEGF, IL-4, IL-10, and 
TGFβ, and immune checkpoint molecules, such as CTLA-4 and PD-1, to promote tumour cell 
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survival while diminishing anti-tumour immunity (169–171). Solid tumours are also known to 
have high adenosine levels and reactive oxygen species (ROS), which are known to disrupt 
T-cell responses (170). Cancer-associated fibroblasts (CAFs) are commonly found in the 
TME, and their expression of FAP greatly influences the immunosuppressive TME and release 
of ECM proteins, making T-cell infiltration more challenging (171).  

Paediatric solid tumours are “immunologically cold” with an immunosuppressive TME, 
creating barriers to successful CAR-T cell functionality and persistence. Various strategies 
have been proposed to overcome these limitations. Examples include CAR-T cells 
engineered to express enzymes that degrade the ECM or secrete proinflammatory cytokines 
to modify the TME and improve proinflammatory immune cell recruitment and function (170). 
The combined use of CAR-T cells and TME modulators has also been investigated, including 
checkpoint inhibitors in combination with CAR-T cells (170).  

 

1.6 Immunotherapy for neuroblastoma 

Neuroblastoma has shown success in immunotherapy for childhood solid tumours. 
Disialoganglioside GD2 is commonly expressed in neuroblastoma cells, making it a promising 
therapeutic target for immunotherapy (172). Moreover, the restricted expression of GD2 in 
healthy tissues, which is limited to peripheral nerves and melanocytes, also limits the 
potential toxicity of on-target off-tumour effects (48). The function of GD2 in neuroblastoma 
is unclear, but it may play a regulatory role in cell proliferation, adhesion, and invasion (48).  
 
Before any development of immunotherapy intervention, treatment for high-risk 
neuroblastoma was focused largely on a multimodal approach consisting of surgery, 
radiotherapy, and chemotherapy (20,21). AHSCT was also utilised based on the 
aggressiveness of the chemotherapy regimen administered to the patients (20,21). While this 
approach improved survival outcomes, 40% of patients had a 5-year survival rate without 
relapse, with relapsed disease rarely being cured (20,21). During the 1980s, two murine anti-
GD2 mAbs were identified: 14.18 and 3F8 (48,172) . These mAbs recognise GD2 in a range 
of cancers, including neuroblastoma (48). Preclinical studies have revealed that anti-GD2 
antibodies are effective with antibody-dependent cytotoxicity (ADCC) and complement-
dependent cytotoxicity (CDC), proposed as major mechanisms of action (48). Subsequent 
clinical evaluation of these antibodies and humanised versions generated showed clinical 
response in non-bulky disease (48,173,174). Following this, a large randomised trial by The 
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Children’s Oncology Group (COG) evaluated the anti-GD2 mAb, dinituximab (chimeric 
version of the 14.18 mAb), in combination with GM-CSF, IL-2, and cis-retinoic acid compared 
to cis-retinoic treatment alone. These treatment options were evaluated in children with high-
risk neuroblastoma as a maintenance therapy after receiving induction chemotherapy and 
AHSCT.  Patients receiving anti-GD2 therapy showed a better clinical response with 
improved event-free survival (EFS) and overall survival after study completion and after 
almost a ten-year follow-up (175,176). This study resulted in the approval of dinituximab for 
use in childhood cancer by the FDA and became the first mAb approved specifically for 
paediatric solid tumours (20). Similar anti-GD2 antibodies have been used clinically. 
Dinituximab-beta has been approved for clinical use in Europe, and naxitamab (humanised 
mAb of 3F8) was recently approved by the FDA for relapsed or refractory neuroblastoma 
disease limited to the bone or bone marrow (20).  

The exact mechanisms of action of anti-GD2 antibodies are not thoroughly understood, with 
ADCC and CDC demonstrated in vitro, and may also have some direct anti-tumour effects 

(48,177). In clinical use, the use of anti-GD2 mAbs has shown neurotoxicity to be a common 
occurrence, in which neuropathic pain occurs due to on-target off-tumour effects against 
GD2 expressed on peripheral nerves (173,174). In the anti-tumour response, ADCC is 
considered to be the main mechanism of action, with neurotoxicity considered to occur 
through CDC (48). Maintaining an anti-tumour response while reducing neuropathic pain can 
occur through changes in the Fc group, resulting in an attenuated CDC response (48,178).  

Clinical evaluation of anti-GD2 antibodies against neuroblastoma continues. Evaluation of 
anti-GD2 mAb in combination with chemotherapy in a COG trial against relapsed, refractory 
neuroblastoma revealed that chemoimmunotherapy was effective in patients, especially 
those with chemorefractory disease, with significant disease regression (179). Therefore, the 
use of anti-GD2 mAb in combination with chemotherapy has become a standard therapeutic 
approach for patients with relapsed or refractory disease, and as part of induction 
chemotherapy for patients with newly diagnosed disease (180,181). Anti-GD2 antibodies are 
also being evaluated in other forms, such as radiolabelled antibodies or conjugated with IL-
2, with varied clinical responses (48,62,182).  

Even with the advent of anti-GD2 antibody therapy in neuroblastoma treatment improving 
clinical outcomes in patients, disease relapse still occurs even after receiving this therapy 
(175,176,179,181). Patients with relapse also show decreased GD2 expression, suggesting 
mechanisms of antigen escape by the tumour cells in response to anti-GD2 therapy 



 51 

(176,183). As mentioned above, the use of anti-GD2 treatment can cause severe 
neurotoxicity with neuropathic pain due to the binding of anti-GD2 mAb on GD2 expressed 
on nerve fibres (178,184). As a result, anti-GD2 mAb is administered at much lower doses 
than those approved for antibody therapies for other cancers (20). Even at low doses, patients 
require narcotics and analgesics to mitigate neurotoxicity (20). Due to these challenges, 
additional TAA are required to target neuroblastoma through immunotherapy as well as to 
develop better anti-GD2 therapies such as CAR-T cells that may overcome the challenges of 
tumour cell resistance, antigen escape, and reducing neurotoxicity, as seen with anti-GD2 
antibody therapies.  

Adoptive cell therapies, such as CAR-T cell therapy, have been explored for use in relapsed 
and refractory disease, with most neuroblastoma trials focusing on targeting GD2. The first 
trial targeting paediatric cancers with CAR-T cell therapy was performed using a first-
generation anti-GD2 CAR against neuroblastoma (185,186). The anti-GD2 CAR used in this 
trial had the same ScFv as dinituximab with no costimulatory endodomains (185,186). In 
patients with high-risk neuroblastoma, the CAR was found to mediate several clinical 
responses, with persistence beyond six weeks associated with improved clinical outcomes 
(186). Moreover, no on-target off-tumour neurotoxicity was reported even though patients 
had peripheral nerves positive for GD2 (186). However, preclinical evaluation of the same 
anti-GD2 binder as a second-generation has revealed less promising results with the 
occurrence of tonic signalling and T-cell exhaustion augmented with a CD28 endodomain 
compared to a 41-BB endodomain (187). Heczey et al. evaluated the use of a third-generation 
anti-GD2 CAR with a 14.18 binder and CD28/OX40 costimulation in relapsed/refractory 
neuroblastoma patients and showed poor clinical response even in combination with PD-1 
blockade (188). The use of alternative anti-GD2 binders has shown improved clinical 
outcomes. The evaluation of a second-generation anti-GD2 CAR, which used K666 ScFv in 
a phase one trial against relapsed/refractory neuroblastoma showed more favourable clinical 
responses with dose-dependent anti-tumour activity and no occurrence of neuropathy (189). 

The evaluation of a third-generation anti-GD2 CAR with the 14.18 ScFv, CD28, and 41-BB 
endodomains was evaluated in a phase one trial in 27 patients with high-risk disease and 
showed promising clinical outcomes with no dose-limiting toxic effects reported and nine 
patients having a complete response (190).  
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1.6.1 Other immunotherapy targets in neuroblastoma 

Beyond GD2, other targets have been identified for developing new immunotherapies against 
neuroblastoma that may improve clinical outcomes for patients. B7-H3 (CD276) is a 
checkpoint molecule overexpressed in neuroblastoma and other paediatric solid tumours, 
with restricted expression in normal tissues. It is a member of the B7 family, with PD-L1 being 
its closest relative, based on 30% homology (191). The role of B7-H3 is poorly understood 
and has been implicated in immunomodulation and pro-tumoural effects (191). Targeting of 

B7-H3 dates back to 2001 with the development of a mAb named 8H9 before the 
identification of its target being B7-H3 (192,193). This antibody is now being developed as a 
radio-conjugate (omburtomab) for use in neuroblastoma patients where the disease has 
spread to the CNS alongside other primary CNS malignancies (62,64,194). MGA271 
(enoblituzumab) is an anti-B7-H3 mAb that has been developed and is currently under clinical 
evaluation for solid tumours, including neuroblastoma [NCT02982941] (195). Anti-B7-H3 
CAR-T cells have shown promise in preclinical models of paediatric cancer and reached 
clinical evaluation for patients with neuroblastoma amongst other non-CNS solid tumours 
[NCT04483778] (1,196) 

Anaplastic lymphoma kinase (ALK) is a receptor tyrosine kinase that is either mutated or 
overexpressed in some neuroblastoma patients. ALK is expressed in neuroblastoma cells, 
resulting in the development of anti-ALK ADCs and CAR-T cells, which have been evaluated 
in preclinical studies (143,197). Glypican-2 (GPC2) is a glycoprotein that plays a varied role 
in growth factor signalling and cancer growth and is highly expressed in neuroblastoma, with 
restricted expression in normal tissues (198). Anti-GPC2 CARs have shown anti-tumour 
activity in a human xenograft mouse model (199). However, for both GPC2 and ALK, low 
antigen density is a challenge in developing effective therapies against these targets; thus, 
the response to these therapies may not be as effective as that with highly expressed 
antigens such as GD2. Other additional targets that have been identified in neuroblastoma 
for immunotherapy development include NCAM, L1CAM and cancer testis antigens, 
including NY-ESO-1 and PRAME (20).  

Preclinical evaluation of immunotherapies, including CAR-T cells, has largely focused on the 
use of immunodeficient mice, which do not reveal the cross-talk between immune cells and 
tumour cells, a factor that greatly influences the treatment efficacy of CAR-T cells. Moreover, 
within these models, the evaluation of known CAR toxicities such as CRS is limited. As a 
result, better preclinical in vivo evaluation is required for CAR-T cells, especially in the context 
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of how the use of other therapies in combination with CAR-T cells, such as radiation, may 
address the hurdles facing CAR-T cell success in solid tumours such as T-cell infiltration and 
persistence within the TME. 
 

1.7 Animal models for neuroblastoma immunotherapy evaluation 

The successful clinical translation of immunotherapy, including CAR-T cell therapy, requires 
the use of preclinical animal models consisting of established tumours, as observed in 

patients with both tumour and immune cells known to be found in the TME. CAR-T cell 
evaluation using in vivo models allows us to better address the clinical challenges of CAR-T 
cell therapy by assessing important parameters that currently limit CAR-T cell success in 
solid tumours, such as CAR-T cell trafficking and persistence within the TME and therapy-
related toxicity. Two main types of animal models are utilised for CAR-T cell evaluation: 
immunocompromised (xenograft) and immunocompetent models.  
 
In mice, haematological malignancies are usually modelled by injecting tumour cells 
systematically (intravenous or intracardiac injection). However, for solid tumours, tumour cells 
may be injected subcutaneously (allowing easy harvest of tumour tissues), orthotopically (for 
a more representative environment for tumour engraftment), or systemically (to model tumour 
invasion or metastatic disease). Figure 1.3 describes the four commonly used murine cancer 
models for immunotherapy evaluation.  
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Figure 1.3 Preclinical Murine Cancer Models 

Preclinical murine models used for cancer research broadly exist as four main types. First, xenograft mouse 
models involve the use of patient-derived tumour samples or human cancer cell line models, which are engrafted 

into immunocompromised (grey) mice. Second, syngeneic mouse models involve the use of tumours that have 

developed from immunocompetent (blue) inbred mouse strains, which are grown in vitro, followed by the 

implantation of these tumour cells into genetically identical immunocompetent inbred mouse strains. Third, 
genetically engineered mouse models (GEMMs) are established through typically genetically controlled 
expression of oncogenic drivers or inactivation of tumour suppressor genes in immunocompetent mice, leading 
to the generation of spontaneous tumour formation. Finally, humanised mouse models involve establishing 
aspects of the human immune system in immunocompromised mice through a PBMC or HSC transplant, followed 

by tumour cell implantation in these mice, leading to the generation of humanised (red) mice. Figure created using 

Biorender. 

 

1.7.1 Immunocompromised (xenograft) models 

Xenograft models are most commonly utilised in the preclinical evaluation of CAR-T cells. 
Many CAR-T cell products undergoing clinical evaluation have been preclinically evaluated 
in immunocompromised models, reporting in vivo tumour efficacy, including CARs targeting 

haematological malignancies (for example, CD19) and solid tumours (e.g. EGFRvIII, and 
mesothelin). Typically, most in vivo studies are performed using NOD/Scid/Gamma (NSG) 
mice, which lack functional T-, B-, and NK cells and have diminished DC function (200). 
Athymic nude mice with defects in T-cell development have also been used for CAR-T cell 
evaluation (201). Immunocompromised mice are typically engrafted with either a human 



 55 

cancer cell line or patient-derived xenograft (PDX) models derived from clinical tumour 
samples (202). Once established, tumours are treated with human T-cells transduced with 
CARs to determine the efficacy of in vivo CAR-T cells. The advantage of utilising these models 
is that human tumours can be established without the risk of rejection of non-autologous 
tumours by the murine host, allowing for better understanding of the biology of human 
tumours (202). Immunocompromised mice are not depleted of all immune cells, allowing the 
presence of an endogenous immune response. MDSCs were found to expand in response 
to LPS stimulation and tumours in nude mice, suggesting some tumour-induced immunity is 
mediated by the myeloid compartment (203). After CAR infusion, myeloid cells in SCID-beige 

mice were found to produce IL-1, IL-6, and nitric oxide, leading to tumour-unrelated activity 
reduction, weight loss, and mortality, thus serving as a model for CRS, which is a known 
CAR-T cell toxicity (137). The targeting of MDSCs in these models enhances CAR T-cell anti-
tumour  activity, as reported by Long et al. using all-trans retinoic acid in sarcomas (204). 
However, the presence of these immune compartments is not sufficient for thorough CAR-T 
cell evaluation, considering that an intact immune system plays a role in tumour development 
and CAR-T cell function regulation.  
 
Immunocompromised models are commonly used to evaluate CAR-T cells in neuroblastoma. 
CAR-T cell evaluation typically occurs in a subcutaneous or orthotopic tumour model in 
athymic nude or severe combined immunodeficiency disease (SCID) mice. The use of the 
orthotopic model requires tumoural injection into the adrenal gland fat pad, which can be 
technically challenging with the need for surgery to inject into the adrenal gland. Examples of 
commonly used human neuroblastoma cell line models for preclinical evaluation using NSG 
mice include SK-N-SH, SH-SY5Y, LAN-1 and LAN-5 (205).  
 

1.7.2 Immunocompetent models 

In contrast to immunocompromised models, immunocompetent models provide a more 
representative approach to immunotherapy evaluation. This is because of the presence of an 
intact immune system within these models, which is important considering the crosstalk 
between immune cells and the TME. Moreover, immunotherapeutic applications, including 
CAR-T cells, are also influenced by the immune system and, in turn, affect the anti-tumour  
immune response. These models also allow preconditioning regimens to be used clinically 
for immunotherapy, such as lymphodepletion with radiation or chemotherapy, and evaluation 
of combination therapy to be recapitulated in preclinical settings (202). Immunocompetent 
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models tend to exist in three main types: syngeneic, humanised, and genetically engineered 
mouse models (GEMMs), which are discussed further below. 

 

1.7.3 Syngeneic tumour models 

Syngeneic tumour models are immunocompetent models established by injecting 
histocompatible (syngeneic) tumour cells into an immunocompetent host, which typically 
includes common mouse strains such as C57BL/6 (202). In these models, solid tumours are 

typically established subcutaneously, or orthotopically using tumour implantation into a 
relevant organ to produce a more representative TME (202).  

The first syngeneic model for neuroblastoma, C1300-NB, was established from 
spontaneously occurring spinal cord tumours in A/J mice, and showed more local disease 
(206). Subsequent clonal models from C1300-NB have also been derived, such as TBJ-NB 
and NSX2, which display more rapid tumour growth and metastatic disease (206–208). These 
models have immune and histological characteristics that are similar to those of human 
neuroblastoma, resulting in their use in the evaluation of immune-based therapeutic 
approaches (205,208–210). Moreover, syngeneic mouse models are highly reproducible and 
affordable for preclinical evaluations (205). However, these models are not representative of 
human neuroblastoma because of their differing biological and genetic alterations, and 
because they do not arise from embryogenesis as human neuroblastoma does (207).  

 

1.7.4 Genetically engineered mouse models  

Genetically engineered mouse models (GEMM) have an advantage over syngeneic mouse 
models because they provide a system of in situ tumour growth, allowing us to see how the 

endogenous anti-tumour response co-evolves with tumour progression. Tumour GEMMs are 
typically established through the genetically controlled expression of oncogenic drivers or 
disabling tumour suppressor genes in target tissues under specific conditions (202,211). 
GEMMs provide the ability to study endogenous anti-tumour T-cells, including the effects of 
T-cell exhaustion as a result of continuous antigen exposure starting from early tumour 
initiation (202). This allows a better understanding of the endogenous anti-tumour response 
before any immunotherapeutic intervention for preclinical evaluation.  
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In neuroblastoma, the best-defined GEMM is the TH-MYCN GEMM model. The importance 
of MYCN as an oncogenic driver in neuroblastoma development led to the creation of 
transgenic mice overexpressing N-myc neural crest cell lineage cells under the control of the 
rat tyrosine hydroxylase (TH) gene promoter (212,213). Subsequently, TH-MYCN transgenic 
mice developed spontaneous neuroblastoma tumours that closely resembled human 
neuroblastoma in histology, pathology, and tumour localisation (213). Moreover, the 
heterogeneity observed in human neuroblastoma is also present in these tumours, with a 
tumour consisting of both adrenergic and mesenchymal cell populations (205). However, the 
tumours were absent in the adrenal glands of TH-MYCN (a common location of human 
neuroblastoma tumours). Moreover, MYCN overexpression in this model did not lead to 
metastatic disease, as seen in human neuroblastoma, with no metastases observed in typical 
neuroblastoma metastatic sites, such as bones, bone marrow, or liver (205,214). Tumour 
penetrance in the TH-MYCN transgenic mouse has been found to show some strain 
differences, with a higher frequency of tumours arising from the 129/SvJ background 
compared to other genetic strains such as C57BL/6, with no clear understanding of these 
strain-specific differences (213,214). Nonetheless, the close modelling of human 
neuroblastoma achieved using this GEM model has resulted in its widespread use in the field 
of neuroblastoma, including for evaluating immunotherapeutic approaches (205).  

For immunotherapy evaluation using the TH-MYCN GEMM model, 9464D is widely used for 
this purpose (215–217). The 9464D tumour model was generated from spontaneous tumours 

arising in TH-MYCN transgenic mice on a C57BL/6 background and now exists as an 

immortalised cell line (218). The characteristics of this model are similar to those of human 

neuroblastoma, with endogenous GD2 expression and low MHC-I levels (219).  However, 

prolonged in vitro culture results in loss of GD2 expression (220). Orthotopic 9464D tumours 

are more aggressive than those in conventional subcutaneous models (221). Moreover, 

recently reported clonal cell lines have been derived from 9464D, which shows metastatic 

disease with organ-specific metastasis, such as in the bone and liver, which is frequently 

reported in high-risk neuroblastoma patients (222). This allows greater translational value from 

these models as primary tumours in many patients with neuroblastoma are located within the 

adrenal glands (18).  

Activating mutations in the ALK oncogene and the overexpression of the epigenetic regulator 
LIN28B are also associated with neuroblastoma development. Attempts have been made to 
generate mouse models expressing ALK F1174L (the most common ALK mutation in 
neuroblastoma) or overexpressing LIN42B in the sympathetic lineage, resulting in 
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neuroblastoma tumour formation (223,224). However, studies have indicated that these 
mutations alone are not enough to model neuroblastoma, with increased tumourigenicity 
seen when overexpression of ALK mutants or LIN28B is combined with MYCN 
overexpression, as seen with the generation of TH-MYCN/ALKF1174 mice (205,225,226). 
Similar to the TH-MYCN model, the metastatic spread of the disease, as observed in patients, 
was absent in this model (205). 

Recent progress made by Louis Chesler et al. at the Institute of Cancer Research, London, 

has resulted in the generation of TH-MYCN allograft lines of neuroblastoma. On the 129/SvJ 

background, TH-MYCN alone did not lead to penetrant tumours. The crossing of TH-MYCN 

mice with TH-ALK1174 mice  led to potentiation of the oncogenic effects of MYCN, leading to 

TH-MYCN-ALK transgenic 129/SvJ mice that develop highly aggressive and penetrant 

tumours (225). A chemo-naive allograft line,  129NS1,  was produced through generational in 

vivo passages of a spontaneous tumour arising from TH-MYCN-ALK transgenic mice in the 

129/SvJ genetic background. This serial in vivo passaging of this tumour generated a 

neurosphere cell line, which recapitulates the histological and pathological aspects of human 

neuroblastoma. To model a treatment-refractory state of the disease, the TAM6 allograft line 

was generated using the same process as that used for the 129NS1 line (227). However, the 

mice underwent multiple cycles of vincristine sulfate, adriamycin, and cyclophosphamide 

(VAC) treatment, resulting in the development of chemoresistance (227). This study builds on 

the initial work by Yogev et al., who demonstrated that the administration of cyclophosphamide 

to TH-MYCN transgenic mice on a 129/SvJ background produced in vivo modelling of 

chemoresistance with genomic changes characteristic of chemoresistant human 

neuroblastoma (228). Figure 1.4 describes the generation of murine allograft models of 

neuroblastoma.  

 

 

 

 

 

 

 



 59 

 

 

 

 

 

 
Figure 1.4 Generation of TH-MYCN murine allograft models 

The TH-MYCN transgenic mouse model is a widely used model for high-risk neuroblastoma and has been used to 

generate murine allograft tumour models that recapitulate features of human neuroblastoma. The murine allograft 

models are generated through in vitro propagation of spontaneous neuroblastoma tumours that arise in TH-MYCN 
transgenic mice. The tumour cells propagated in vitro are then implanted into immunocompetent mice. The 

developed tumour is then dissociated and reimplanted for multiple in vivo passages. This leads to the generation 

of a murine allograft model in which neuroblastoma tumours generated recapitulate histological and pathological 
aspects of human neuroblastoma. Figure created using Biorender. 

 

1.7.5 Humanised mouse models 

The use of PDXs to model human-originated cancers relies on the use of 
immunocompromised models. To circumvent this hurdle, mice with humanised immune 
systems have been investigated as potential cancer models. Generating humanised models 
requires that mice be injected with human peripheral blood mononuclear cells (PBMCs) or 
haematopoietic stem cells (HSCs) into immunodeficient mice to reconstitute the human 
immune system (229). An alternative approach may involve the implantation of the foetal 

thymus, foetal liver, and foetal liver HSCs that promote the development of human 
lymphocytes (229). Mouse strains can also be engineered with MHC molecules and human 
cytokines (e.g. GM-CSF, and M-CSF) to support the engraftment of human haematopoietic 
cells (e.g. mouse strains such as NSG/NRG-SGM3) (229).  

Although some success has been reported in generating humanised models for CAR-T cell 
evaluation of targets such as CD19, to date, no reports have been published on the 
successful generation of humanised models of neuroblastoma (202,205). Cohn et al. reported 
the generation of a mouse-human neural crest chimaera as an neuroblastoma model. In this 
model, human neural crest cells carrying the associated genetically altered neuroblastoma 
oncogenes MYCN and ALK were injected into a mouse embryo (230). This resulted in the 
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development of human neuroblastoma in immunocompetent mice, which had more 
heterogeneous cell populations resembling the primary tumours observed in patients with 
neuroblastoma (230). Developed human neuroblastoma tumours are infiltrated by mouse 
immune cells, resulting in a potent anti-tumour host response (230). However, tumours have 
been found to exert immunosuppressive effects, such as promoting Treg infiltration and 
expressing immunosuppressive molecules such as PD-L1, as immunoevasion methods 
(230).  

 

1.8 Radiotherapy 

1.8.1 History of Radiotherapy  

The use of ionising radiation in cancer treatment dates back to the 19th century, soon after 
the description of X-rays by Wilhelm Conrad Roentgen in 1895 (231). Following this discovery, 
the use of X-rays in cancer treatment was shortly followed by clinical reports of treatment 
success for cancers ranging from gastric carcinoma to skin cancers and sarcomas (231). 
However, the limited penetration of these early X-rays limited their curative success in most 
tumours. 

Following the discovery of X-rays, the field of radiotherapy grew exponentially by the end of 
the 19th century with the discovery of radium by Marie and Pierre Curie in 1898, and into the 
20th century, Antoine-Henri Becquerel discovered that uranium salts emitted radioactivity 

(231). This led to the notion that radioactive elements could be used to treat cancers, which 

in turn led to the advent of internal radiation therapy or brachytherapy. Brachytherapy causes 

less damage to the skin and surrounding tissues and better penetration into the tumour than 

externally applied X-rays. The subsequent use of radium was expedited for oncology; 

however, the hazards of radioactivity were slow to gain worldwide traction, with known 

examples of radiation toxicity such as the death of Marie Curie and her daughter Irene from 

secondary haematopoietic disorders due to radiation poisoning (231).  

In the modern age, the field of radiation oncology has developed significantly, serving as a 
cornerstone in cancer treatment (231). X-rays, gamma rays, and charged particles are widely 
used in cancer treatment (232). The mode of delivery may also differ between external beam 
therapy, brachytherapy, and systemic radiation therapy using radioactive substances  (232).  
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1.8.2 Radiotherapy dose-fractionation 

Radiotherapy aims to kill cancer cells while limiting damage to surrounding normal tissues. 
The doses of radiotherapy used to treat cancers vary greatly, from 20-50 Gy in childhood 
cancers to 60–80 Gy in adult cancers, such as prostate cancer (233–235). Considering this 
large range of radiation dose, if patients were to receive this one large dose, this would lead 
to substantial damage to the surrounding tissues and risk of life for the patient. However, if 
the total dose the patient receives is divided into smaller doses given over time, then normal 

tissues can recover between doses, while cancer cells are found to recover less quickly and 
die. As a result, fractionated radiotherapy has become standard clinical practice (236,237).  

The process of dividing the total dose into smaller doses is known as dose fractionation, 
where each small dose provided by the total dose is referred to as a fraction. The dose of 
radiotherapy is measured in gray units (Gy), with one Gy representing the absorption of one 
joule of ionising radiation per kilogram of matter (238). In addition to determining the dose 
fractionation for treatment, the time between fractions is also important, as cancer cells may 
recover and repopulate quickly if radiotherapy is not delivered within sufficient time (239). 
Additionally, the time between fraction delivery must ensure that while cancer cells do not 
recover, normal cells do  so (73). As a result, a major challenge in utilising RT in the clinic is 
determining the optimal total dose, dose per fraction, and treatment time that is optimal for 
cancer treatment efficacy. 

 

1.8.3 The Six “R’s” of Radiotherapy  

The effective use of radiotherapy for cancer treatment, especially concerning fractionation, is 
defined by the guiding principles known as the “R’s” of radiotherapy (Figure 1.5). These 
principles emphasise the key factors that need to be considered when determining the 
optimal treatment plan for the patient. Five “R’s” were initially proposed: repair, repopulation, 
reoxygenation, reassortment, and radiosensitivity (240,241). Moreover, a sixth “R” has been 
proposed: reactivation of the host immune response (242). 

First, repair refers to the ability of irradiated cells to recover from radiation-induced DNA 
damage, which is central to the way RT works (see Section 1.8.6) (240,241). Repopulation 
refers to the ability of cells to recover and proliferate between fractionation doses (240,241). 
Third, reoxygenation refers to how radiosensitivity increases in well-oxygenated tissues, with 
radiotherapy found to kill cells that are well-oxygenated most effectively (240,241). Fourth, 
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reassortment refers to how the cell stage during the cell cycle affects radiosensitivity. Cells 
undergoing mitosis are the most radiosensitive, whereas cells in S phase are radioresistant 
(240,241). With multiple doses, the ability of radiation to kill more cells increases as the cells 
progress through the cell cycle. Fifth, radiosensitivity refers to how the response to radiation 
differs based on tumour cell heterogeneity and thus helps to determine which tumours would 
show therapeutic benefit with radiation (240,241). Owing to the growing number of reports 
on how radiation induces immunogenicity, a sixth R of radiotherapy, which reactivates the 
host immune response has been proposed (242). The efficacy of radiation is influenced by 
the potency of the anti-tumour immune response induced by radiation (discussed in further 
detail in Section 1.8.7). Therefore, it is important to consider the effect of the radiation 
regimen utilised in the clinic on the induced anti-tumour immune response and its effect on 
therapeutic efficacy.  

 

 

 

 

 

 

 

 
 

 

Figure 1.5 The Six R's of Radiotherapy 

The effective use of radiotherapy in cancer treatment is defined by six guiding principles which need to be 
considered to determine the optimal treatment plan for patients.  

 

1.8.4 Paediatric Radiotherapy 

Advances in planning systems, imaging tools, and protocols for radiation treatment have 
broadened the techniques for delivering radiotherapy in a more targeted format across 
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different delivery modes, as mentioned above. Historically, radiotherapy has focused on adult 
cancer treatments; it has also become an important standard of care for the treatment of 
childhood cancers. Great achievements have empowered the use of radiotherapy for 
childhood cancers. In 1919, Dr. Harvey Cushing pioneered the use of postoperative 
radiotherapy for medulloblastoma (243). This was followed by the recognition of the need for 
craniospinal irradiation in medulloblastoma (244). RT is the standard treatment for paediatric 
cancers, with approximately one-third of paediatric cancer patients receiving radiotherapy 
(245). However, the use of RT varies based on tumour type and risk category.  

Compared to the treatment of adult cancers, the use of RT in children requires additional 
measures to be considered. Examples include interventions required to obtain guardian 
consent by addressing parental fear and anxiety (246). Reproducible delivery of RT to the 
child is dependent on the child’s willingness to cooperate with treatment or to be 
anaesthetised and immobilised during treatment. This may be done using immobilisation 
techniques such as playing music during treatment to soothe the child (246).  

 

1.8.5 RT use in neuroblastoma 

Historically, RT has been a widely used treatment for neuroblastoma, with studies in the early 
1990s showing the benefit of RT in providing tumour control in high-risk neuroblastoma due 
to the tumour cells being radiosensitive (247). However, the occurrence of late toxicities 
observed with treatment, including growth and developmental failures, has since diminished 
its use from 60% in 1973-1976 to 25% in 2005-2008 (245,248).  

External Beam radiotherapy (EBRT) is an important component in the treatment of 
neuroblastoma, with its use now typically focusing on the treatment of any residual primary 
tumour present after surgical resection and any metastatic sites that persist after 
chemotherapy for high-risk neuroblastoma (249). Several studies have confirmed that the use 
of RT in neuroblastoma is beneficial for local disease control and the prevention of relapse 
(249–254). Effective local disease control was seen by Gatcombe et al. in 34 high-risk 
neuroblastoma patients who underwent radiation dose escalation between 2001-2007 (253). 
The total dose that was used in these patients ranged between 21-24Gy at 1.5-1.8 Gy per 
day after induction chemotherapy and surgery and revealed excellent local disease control 
with a 3-year local control rate of 94% (253).  
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Casey et al. reported effective local disease control in 246 high-risk neuroblastoma patients 
that received a total dose of 21Gy (1.5Gy twice per day) to the primary tumour between 2000-
2014 (254). This RT regimen reduced local relapse rates to 7.1% and 9.8% at two and five 
years post treatment, respectively (254). These studies have shown that RT can provide 
therapeutic benefits to high-risk neuroblastoma patients at a dose of ≥ 21 Gy at the primary 
tumour to produce favourable disease control outcomes. This is also in line with the dose 
recommended by the International Society of Pediatric Oncology-Pediatric Oncology in 
Developing Countries (SIOP-PODC) of  21Gy for both the primary tumour and residual bone 
metastases at the end of consolidation therapy (255). However, it is important to note that 
this proposal of a fixed dose (21Gy) for all patients is not a consensus across the field, with 
proposals of higher doses (36-40Gy) for patients with residual disease only and a two-part 
treatment in which 21Gy is delivered before tumour resection, followed by another course of 
RT (up to 36Gy) to target the residual tumour (256).  

Previously, RT treatment regimens included total body irradiation (TBI), which was shown to 
cause serious toxicities later on, resulting in limited use in neuroblastoma treatment; largely 
now the focus is on the use of external beam therapy. The advances made in RT techniques 
have opened an avenue for the greater use of RT within neuroblastoma treatment in providing 
more targeted doses to the tumour while reducing RT exposure to normal tissues and 
subsequent treatment toxicity.  

 

1.8.5.1 Intensity Modulated Radiation Therapy 

Intensity modulated radiation therapy (IMRT) is a radiotherapy technique that, with the aid of 
computer programs, calculates and delivers radiation directly to the tumour from different 
angles due to the ability of a radiation beam to be separated into multiple smaller beams 
(257). This provides patients with the ability to receive higher radiation doses that more 
effectively target cancer cells while limiting radiation damage to surrounding healthy tissues 
and organs. The use of IMRT in neuroblastoma treatment has been shown to improve the 
distribution of the radiation dose provided and protect surrounding organs more effectively 
than conformal 3D dimensional based RT (252,258).  
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1.8.5.2 Proton Therapy 

Proton therapy (PT) is a recently developed radiation therapy modality which utilises protons 
rather than traditional photon-based radiation, such as X-rays and γ-radiation (259). A 
comparison between PT and IMRT in high-risk neuroblastoma patients treated between 
2005-2010 by Hattangadi et al. showed that, while IMRT and PT showed comparable 
targeting of the tumour, PT was more effective in sparing the surrounding normal tissue (260). 
Moreover, 45 high-risk neuroblastoma patients retrospectively studied by Hill-Kayser et al., 

who between 2010-2015 received PT to the primary tumour or metastatic sites, saw a 5-year 
local disease control of up to 97% and a 5-year survival rate of up to 80% without any long-
term hepatic or renal toxicity (261).  A similar study by Bagley et al. revealed that 18 high-risk 
neuroblastoma patients treated with PT had a 5-year local disease control rate of 87% and a 
5-year overall survival rate of 94% (262). 

 

1.8.5.3 Metaiodobenzylguanidine 

Metaiodobenzylguanidine (MIBG) has become a staple for neuroblastoma diagnosis and 
therapy. MIBG is a functional analogue of the neurotransmitter noradrenaline with high affinity 
and specificity for the noradrenaline transporter (NET) (263,264). As neuroblastoma originates 
from the sympathoadrenal cells of the adrenal medulla and the sympathetic nervous system, 
neuroblastoma tumours express NET receptors and are naturally expressed in the developed 
sympathetic nervous system throughout the body (263,264). MIBG can utilise these NET 
receptors, allowing them to accumulate in neuroblastoma tumours and other normal tissues 
expressing NET receptors when labelled with radioisotopes such as Iodine-123 (123I) and 
Iodine-131 (131I) (265–267).  

MIBG was originally developed in 1980 for imaging of adrenal medullary tissues and tumours 
associated with it, such as pheochromocytoma (268–270). However, by 1984, it was shown 
to be an effective imaging modality for neuroblastoma (266,267). MIBG’s ability to be labelled 
with 123I has established its use in becoming essential for radionucleotide diagnostic imaging 
in neuroblastoma from initial diagnosis, assessing treatment response and monitoring for 
disease progression or recurrence, with over 90% of neuroblastoma tumours exhibiting 
visible uptake of MIBG (263). The use of MIBG treatment allows a more concentrated dose 
of radiation to be delivered with limited toxicity to surrounding tissues compared with the use 
of EBRT (263). For non-MIBG-avid tumours, alternative nucleotide imaging techniques, such 
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as fluorine 18 (18F) and technetium 99m-methylene diphosphonate (99mTc-MDP), are used 
(271).  

MIBG is also found to be radiolabelled with 131I and shown to be of therapeutic benefit for 
patients with refractory or relapsed and high-risk neuroblastoma. A phase II trial of 131I-MIBG 
treatment in 164 patients with refractory neuroblastoma showed an overall response rate of 
36% (272). Moreover, it helped identify additional patients who would benefit most from 131I-
MIBG treatment based on age, previous treatment history, and disease being local to only 
soft tissue or bone marrow (272). Additional studies have evaluated the therapeutic benefits 
of multiple doses of 131I-MIBG. This is because single-dose 131I-MIBG treatment was found to 
be dose dependent, suggesting that multiple doses of 131I-MIBG may increase the tolerated 
dose in the patient while still reducing side effects and maximising therapeutic benefit (264). 
Several studies have shown that multiple doses of 131I-MIBG have the highest response rate 
with the first dose, which then varies with subsequent doses, with an overall response rate 
of up to 39% (273–275). Thus, it is still unclear whether high-risk neuroblastoma patients 
would benefit more from the use of multiple doses of 131I-MIBG than from a single dose.  

 Due to the variable response observed with 131I-MIBG as a monotherapy, studies have also 
looked at increasing therapeutic benefits in combination with chemotherapy regimens and 
AHSCT. It has been reported that the use of 131I-MIBG in combination with cisplatin, 
cyclophosphamide, topotecan, and melphalan has shown varying clinical response rates 
from 27% to 80%, with side effects reported to be similar to that of chemotherapy treatment 
alone (264). A phase II study of 50 patients evaluated the use of 131I-MIBG in combination 
therapy that included carboplatin, etoposide, melphalan (CEM), AHSCT, and EBRT. Even with 
this aggressive therapy regimen, the response rate was 10% in patients with refractory and 
relapsed neuroblastoma disease, with a 20% 3-year event-free survival (EFS) (276). 
Moreover, a higher response rate was observed in patients who underwent this treatment 
after showing a response to induction therapy (276). This potentially suggests that 131I-MIBG 
may be more effective as early treatment in high-risk neuroblastoma compared to being 

utilised at the end as salvage therapy after poor response to prior treatment. A high response 
rate was observed with 131I-MIBG treatment before chemotherapy in treatment-naïve patients 
with high-risk neuroblastoma, suggesting that the early use of 131I-MIBG may have a greater 
effect on disease control (277,278).  
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1.8.6 The Biological Effects of Radiation 

Radiation therapy uses low and high linear energy transfer (LET) radiation to kill cancer cells 
while minimising off-target effects and toxicity. LET is a unit of measurement that describes 
the energy transmitted by a radiation source to tissues as it passes through (279). X-rays and 
gamma rays are examples of low LET radiation, which are widely used in cancer treatment 
and lead to relatively less biological damage, especially to the surrounding normal tissues, 
compared to high LET radiation, such as alpha particles and heavy ions, such as carbon 

(279,280).  Therefore, low LETs radiation continues to be the most commonly used treatment 
for cancer because high LET radiation can lead to lower cell survival and long-term health 
risks by inducing greater genomic instability and significant inflammatory responses (281). In 
addition to LET, the effectiveness of radiation therapy depends on the total dose, dose 
fractionation, and radiosensitivity of the targeted cancer. Thus, the use of this therapy differs 
greatly across the field of radio-oncology (279).  

Radiation induces DNA damage through double- and single-strand DNA breaks, leading to 
cell death if not repaired. This occurs either through the direct induction of DNA breaks or 
indirectly via cell stress, resulting in the release of free radicals, which subsequently cause 
DNA damage (279). For low LETs such as gamma rays, cell death is mostly induced via 
indirect effects. Compared to normal cells, cancer cells have compromised DNA repair 
mechanisms due to genetic instability and thus are less able to repair DNA breaks in response 
to radiation, leading to cell death (282,283). Moreover, the ability of ionising radiation to 
induce additional chromosomal instability increases cancer cell sensitisation, which may lead 
to cell death (284).  

The downstream effects of radiation on DNA damage influence its therapeutic efficacy based 
on the type of induced cell death and its downstream effects. Ionising radiation is commonly 
found to induce cell death that is programmed (apoptosis), or a product of aberrant cell 
division (mitotic catastrophe) (285). Ionising radiation may cause other types of cell death. 
First, necrosis may occur, in which cell swelling occurs because of breakdown of the cell 
membrane (285). Second, senescence may occur, in which cell cycle arrest occurs with cells 
remaining viable but unable to proliferate (285). Finally, autophagy occurs in the form of 
cellular self-digestion via autophagic/lysosomal compartments of the cell (285). 
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1.8.7 Radiation induces immunogenicity 

In 1979, radiation was reported to activate the immune response, in which the anti-tumour 
response to radiotherapy diminished in the absence of T-cells in a murine fibrosarcoma 
model (286). Over the last two decades, it has been clarified that the effects of radiation on 
inducing cell death are not the only mechanisms in achieving treatment efficacy. The ability 
of radiation to induce an anti-tumour immune response not only at the local irradiated site 
but also at non-irradiated distant lesions (the abscopal effect) indicates that radiation has 

multifaceted effects (287,288).  

Extensive preclinical studies have demonstrated that oxidative stressors, such as reactive 
oxygen species (ROS) generated by radiation, can induce an endoplasmic reticulum (ER) 
stress response that can induce a regulated form of cell death known as Immunogenic Cell 
Death (ICD), which results in the activation of the immune response (289–291). ICD is induced 
not only by radiotherapy but also by certain chemotherapeutic agents, oncolytic viruses, 
among others (292,293). ICD induction occurs via certain cell death pathways known to elicit 
immunogenicity (Apoptosis, Necroptosis and Pyroptosis) (294,295). However, not all 
anticancer therapies induce cell death that elicits ICD. There is evidence that radiotherapy 
can elicit cell death, such as apoptosis, in an immunogenic manner, resulting in ICD induction 
(296). When cells succumb to ICD in response to radiation, this is characterised by the release 
of key danger-associated molecular patterns (DAMPs) that lead to the subsequent activation 
of the anti-tumour immune response, as shown in Figure 1.6.  
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Figure 1.6 Immune mediated effects of radiation 

Radiotherapy leads to cell death in tumour cells, in which cell stress occurs, mediated by increased levels of 
reactive oxygen species (ROS) and endoplasmic reticulum (ER) stress. This, in turn, leads to the release of danger 
associated molecular patterns (DAMPs) that can lead to immunogenic cell death (ICD). Key DAMPs implicated in 
ICD include those expressed on the cell surface (e.g. calreticulin), passively released (e.g. HMGB1) or secreted 
(e.g. ATP) by the dying tumour cells. These DAMPs signal through multiple pattern recognition receptors (PRRs) 
on innate cells such as macrophages and DCs, which in turn leads to T-cell activation and induces an anti-tumour 

immune response.  

 

1.8.7.1 Calreticulin 

In the pre-apoptotic stage, tumour cells are found to expose calreticulin (CRT) on the plasma 

membrane. CRT is a soluble protein found in the ER lumen that serves many functions, 
including chaperone activity, regulation of calcium homeostasis, signalling, and antigen 
loading on major histocompatibility complex (MHC) class I molecules. CRT serves as an “eat 
me” signal through its interaction with CD91 receptors expressed on phagocytes, thus 
allowing dead cells to be engulfed efficiently (295).  CRT exposure on the cell surface allows 
the uptake of cancer cells by dendritic cells (DCs), thus allowing subsequent tumour antigen 
cross-presentation, leading to the activation of T-cell specific anti-tumour responses 
(297,298).    
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1.8.7.2 ATP 

During ICD, the release of extracellular ATP (EC-ATP) from dying cells has multiple functions 
(293). Upon binding ATP to the purinergic metabotropic receptor P2RY2, ATP acts as a 
chemoattractant, resulting in the recruitment of antigen-presenting cells (APCs), which aids 
in the activation of the anti-tumour immune response (299). In parallel, ATP interacts with the 
P2RX7 receptor expressed on APCs, resulting in the activation of these innate myeloid cells 
and the promotion of a pro-inflammatory innate immune response by activation of the NLRP3 

inflammasome and, in turn, secretion of the pro-inflammatory cytokine IL-1β (300).  

It has been noted that the effects of ATP through P2RY2 and P2RX7 receptors can be 
compromised in the presence of overexpression of ectonucleotides CD39 and CD73, which 
degrade EC-ATP (301). As the immunogenicity of ATP is dependent on the induction of 
autophagy, followed by its release during apoptosis, the depletion of autophagy factors, such 
as ATG5 and ATG7, can become limiting factors for ATP’s immune-mediated effects in ICD 
(302,303). 

 

1.8.7.3 HMGB1 

The passive release of the non-histone chromatin-binding nuclear protein, high mobility 
group box 1 (HMGB1), is also a key hallmark of ICD. The post-apoptotic release of HMGB1 
has been found to have various immunostimulatory effects through its binding to innate Toll-
like receptors (TLRs). HMGB1 binding to TLR4 expressed on DCs stimulates efficient antigen 
processing and cross-presentation of tumour antigens from dying cancer cells  (300,304). 
Using HMGB1-depleted tumour cells or HMGB1 depletion by antibodies in a tumour 
vaccination mouse model compromised the ability of the mice to resist tumourigenesis. 

Moreover, breast cancer patients with the TLR4 loss-of-function allele, which prevents 
HMGB1 from binding to TLR4, are more prone to relapse after radiotherapy or chemotherapy 
(304). HMGB1 may also potentially synergise with ATP to induce the release of the pro-
inflammatory cytokine IL-1β by DCs, and depletion of HMGB1 by antibody treatment 
abrogates the ability of DCs to produce IL-1β in response to dying tumour cells (300).  
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1.8.7.4 Other Notable DAMPs 

Other DAMPs have also been implicated in ICD, including exposure to Heat Shock Proteins 
(HSPs) and Type I IFN production by dying cells. HSPs are highly conserved proteins that 
function as chaperones for other cellular proteins (305). Exposure to HSPs, such as HSP90 
and HSP70, during cell death has been found to increase tumour cell immunogenicity and 
aid tumour clearance in vivo (295,306). In RT-induced ICD, type I Interferons (IFNs) released 

by dying cancer cells have been reported to occur via the cGAS/STING pathway in response 
to mitochondrial DNA (mtDNA) release (307,308). This release of Type I IFNs was found to 
aid in DC maturation and upregulation of MHC-I molecules on DCs for subsequent cross-
presentation of tumour antigens for T-cell activation for the anti-tumour response (309,310).  
Type I IFNs also have additional broad immunostimulatory effects, such as stimulating the 
expression and release of IFN-stimulated genes and signalling through its cognate IFN-⍺ and 
IFN-β receptors on cancer cells (311). 

 

1.8.8 Radiotherapy’s effect on the TME 

The TME of solid tumours, such as neuroblastoma, is known to aid immune evasion of cancer 
cells due to the development of immunosuppressive mechanisms. These features of 
immunosuppression occur in response to adaptations to genomic stressors, such as reactive 
oxygen species (ROS) generated by RT. This, in turn, allows for the inhibition of anti-tumour 
immunity within the TME. Below are just a few examples of the effects of RT on the TME. 

Immunosuppressive TMEs are found to exhibit hypoxia. This is a condition in which the 
oxygen demand is greater than its availability within the TME and is considered a key hallmark 
of cancer. Although hypoxia is detrimental to both normal and cancer cells, cancer cells have 
evolved through genetic changes and adaptations to survive and thrive in such an 
environment. Radiation exposure induces the expression of transcription factor hypoxia-
inducible factor-1 alpha (HIF-1α), which is critical for regulating hypoxic responses in cells 
(312). Under normal oxygen conditions, HIF-1α is degraded. However, under hypoxic 
conditions, it translocates to the nucleus and induces gene expression, which promotes 
angiogenesis, metabolic adaptation, and cell survival (313,314). Additionally, HIF-1α has 
been found to promote the production of immunosuppressive cells such as Tregs, MDSCs, 
and disabled DCs within the TME (315–317). HIF-1α also inhibits the intracellular adenosine 
kinase, which prevents the rephosphorylation of adenosine to AMP, leading to increased 
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levels of intracellular adenosine. Hypoxic tumours are characterised by increased levels of 
adenosine and the expression of ectonucleotidases CD39 and CD73, which are involved in 
the conversion of adenosine from ATP/ADP (318,319). This adenosine accumulation within 
the TME leads to negative regulation of the anti-tumour immune response (301,318–320). 
Adenosine induction by RT may not be performed through HIF-1α but also directly, as shown 
in preclinical breast cancer models (321). 

Within the TME, a major cell type is CAFs, which can influence the treatment response of the 
tumour due to their crosstalk with both cancer and immune cells. These interactions between 
CAFs and tumour cells have been shown to drive tumour progression, whereas interactions 
with immune cells, such as NK cells, have been found to reduce NK-mediated killing of 
cancer cells (322,323). CAFs are radioresistant and express FAP in response to RT (324). FAP 
expression is not limited to CAFs but can also be found in tumour cells and is a membrane 
peptidase that is involved in extracellular matrix remodelling (325). FAP-expressing CAFs 
have been found to promote immunosuppression, which may inhibit T cell-mediated 
cytotoxicity within the TME (326). 

Transforming growth factor beta (TGF-β), a member of the TGF-β superfamily, is a well-
characterised cytokine that acts as both a tumour suppressor and promoter in the TME (327). 
TGF-β is an important immunosuppressive cytokine secreted into the TME in its inactive form, 
which is transformed into its active form via proteolytic processing, thereby enabling its 
effects upon binding to its cognate receptor (328). RT-induced ROS production has been 
reported to result in the activation of TGF-β from its inactive form and to mediate 
immunosuppression, which diminishes the anti-tumour immune response and thus 
contributes to tumour progression (329–331). The combination of RT and TGF-β blockade 
has been shown to reverse immunosuppression and bolster systemic immunity at both 
irradiated and distant metastatic sites in preclinical breast cancer models (332).  

 

1.9 Irradiation and Immunotherapy 

While RT has been found to induce ICD, it is important to note that the occurrence of ICD 
and its corresponding immunogenicity based on released DAMPs can differ greatly owing to 
differences in radiation modality and dosing schedule, including both the dose and 
occurrence of fractionation (333). Additionally, the type and progression stage of the tumour 
being treated impacts the TME and thus the immunogenicity of the anti-tumour response that 
may occur following RT, with reports of both immunosuppressive and immunostimulatory 
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effects induced by RT on the TME (334). Therefore, one strategy for enhancing RT’s 
immunostimulatory effects of RT is to use it in combination with other therapeutic modalities 
such as immunotherapy (IT), which has been of great interest. Additionally, the 
immunostimulatory effects induced by RT aid in more effective T-cell infiltration into the TME, 
which is required for the optimal efficacy of immunotherapeutic agents.  

 

1.9.1 ICB-RT Combination 

One of the first experimentally tested IT-RT combinations was the use of anti-cytotoxic T-
lymphocyte associated protein 4 (anti-CTLA-4) in combination with RT in a 4T1 mouse 
mammary carcinoma model (335). A single 12Gy dose was found to delay tumour growth in 
the presence or absence of the anti-CTLA4 antibody 9H10 (335). However, RT in combination 
with 9H10 significantly increased survival by inhibiting CD8+ T cell-mediated lung metastasis 
(335). Clinical translation of anti-CTLA4 in combination with RT in patients with melanoma 
and NSCLC has shown clinical benefits (336,337). It is important to note that the synergistic 
effect of IT and RT is influenced by the optimisation of the radiation regimen used. The use 
of fractionated (8Gy x 3) and not a single dose (20Gy x 1) RT was found to optimally synergise 
with immune checkpoint blockade (ICB) to enhance the anti-tumour response and induce an 
immune-mediated abscopal effect in a TS/A mouse breast carcinoma model (338). A 
combination of RT with other ICB agents, including PD-1 or PD-L1, has also been assessed 
and shown preclinical and clinical efficacy (339–342). Additionally, multiple IT agents have 
been clinically investigated in combination with RT for various types of cancers (343). 

  

1.9.2 ACT-RT Combination 

The potential of using RT in combination with ACT is that RT can help promote a pro-
inflammatory TME that may enhance ACT infiltration into the TME and allow it to function and 
persist. ACT therapy options include tumour-infiltrating lymphocytes (TILs), engineered T cell 
receptors (TCR-T), and CAR-T cells.  

Preclinical and clinical studies have shown that preconditioning regimens encompassing 
chemotherapy and/or RT increase engraftment, persistence, and functionality of TILs (344–
346). TBI before treatment with ACT has been shown to promote TME changes, such as 
immune cell extravasation that promotes tumour recognition by naive T-cells and by tumour-
specific TCR-T-cells (345,347,348). However, lymphocyte extravasation promoted by TBI 



 74 

may lead to dysregulation of donor-derived T-cell trafficking, leading to potential off-target 
effects that promote graft-versus-host disease (GVHD) (349). It is important to note that TIL 
follow-up studies in patients have shown that the use of TBI as a preconditioning regimen 
did not increase the complete response rate or overall survival, but was found to introduce 
clinical toxicity compared to the use of a chemotherapeutic-based preconditioning regimen 
for successful adoptive transfer (345,350). Therefore, the use of TBI as a conditioning therapy 
before TIL therapy should be considered with caution.  

 

1.9.3 CAR-RT Combination 

The use of RT in combination with CAR-T cells is an emerging interest, and a growing number 
of studies have investigated this combination both preclinically and clinically (351,352). One 
of the earliest studies examining CAR-T cells in combination with RT against cancer was 
conducted by Weiss et al. in 2018 (143). The authors previously reported the upregulation of 
NKG2D in gliomas upon radiation and investigated the use of local RT in orthotopic 
glioblastoma models positive for NKG2D using anti-NKG2D mouse CAR-T cells (353,354). 
Seven days after tumour implantation, a single dose of 4Gy was delivered locally to the 
tumour, followed by anti-NKG2D CAR-T cell injections on days five, seven and ten after 
tumour implantation (353). RT alone did not improve the patient survival. However, in the 
combination treatment group, RT increased anti-NKG2D CAR-T cell activity, with prolonged 
survival, reduced tumour volume, and increased long-term survival (353). The proposed 
mechanism for this enhanced CAR activity in vitro is that prior irradiation of glioma cells 
followed by subsequent co-culture with CAR-T cells results in increased cytolysis and IFN-γ 
production (353). Additionally, they observed increased IFN-γ expression in tumour-
infiltrating CAR-T cells in vivo (353).  

In immunocompetent mouse glioblastoma models, the use of a single 5 Gy whole-body 
radiation (WBI) before treatment with anti-GD2 CAR-T cells enhanced the anti-tumour 
response and survival compared to CAR-T cell treatment alone (355). Subsequent tumour 
rechallenge in surviving mice revealed that only mice treated with WBI and GD2 CAR-T cells 
were able to suppress tumour growth, suggesting the formation of antigen-specific T-cell 
memory (355).  Moreover, the use of focal 5Gy radiation at the tumour, followed by GD2 CAR-
T cell infusion, resulted in a complete anti-tumour response compared to CAR-T cell 
treatment alone (355). This curative anti-tumour effect was not evident with CAR-T cell 
infusion, followed by WBI (355). Through the use of high-resolution intravital imaging (IVM), 
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the authors concluded that the success of this combination therapy is aided by RT inducing 
CAR-T cell accumulation and extravasation from the vasculature throughout the tumour 
stroma, thus promoting rapid CAR-T cell proliferation and sustained CAR response within the 
TME (355). The use of focal RT in combination with CAR-T cells showing therapeutic efficacy 
also suggests that potential lymphodepletion performed through WBI or chemical induction 
before CAR-T cell infusion may not be needed, and thus does not compromise the 
therapeutic effect of CAR-T cell functionality (355).  

In a sialyl Lewis-A+ (sLeA+) pancreatic mouse model, DeSelm et al. reported that the use of a 
single low dose of 2Gy RT was able to sensitise tumour cells to CAR therapy, and this 
combination therapy upregulated the sensitivity of both sLeA+ and sLeA– tumour cells to 
TRAIL-mediated death (356). RNA sequencing analysis revealed that anti-sLeA CAR-T cells 
produce TRAIL upon engagement by sLeA+ tumour cells and, in turn, remove sLeA- tumour 
cells in a TRAIL-dependent manner due to priming by RT (356). Considering that 
heterogeneity in antigen expression hinders CAR-T cell success, RT allows for tumour 
sensitisation and enables CAR-T cells to mitigate the escape of antigen-negative tumour cells 
(356). The mechanism by which RT promotes tumour sensitisation to CAR-T cells may involve 
the activation of both innate and adaptive immunity (such as CD4+ effector T cells), with 
NKG2D expressing immune cells involved in tumour control and, in turn, turning the TME 
more proinflammatory for CAR-T cell infiltration (357). Both the use of systemic and localised 
RT was found to sensitise the tumour to CAR-T cell killing and lead to an overall similar anti-
tumour response. This suggests that this combination therapy may clinically provide the 
opportunity to use RT to sensitise local and systemic diseases that show varied antigen 
heterogeneity (356). However, it is important to note that the preclinical mouse model utilised 
NSG mice with human CAR-T cells; thus, it is unclear whether these findings are applicable 
in the presence of an intact immune system with the use of mouse CAR-T cells. 

Clinical reports have described the use of RT as a bridging therapy before CAR-T cell infusion 
(351). Patients with relapsed/refractory diffuse large B-cell lymphoma (DLBCL) underwent 

bridging radiation treatment before receiving anti-CD19 CAR-T cells (Axicabtagene ciloleucel) 
(358). Bridging radiation treatment consisted of receiving 2-4Gy per session, with a median 
total dose of up to 20Gy (total dose range- 6-36.5Gy) (358). A subset of patients received 
concurrent chemotherapy (fludarabine/cyclophosphamide) (358). The results of this study 
suggest that RT provides sufficient disease control with no disease progression before CAR-
T cell infusion (358). Moreover, RT did not reveal any obvious toxicity after CAR treatment, 
with 27% of the patients developing cytokine release syndrome (CRS) (358). Other clinical 
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studies have reported the use of RT as a bridging treatment before CAR-T cell therapy to 
improve clinical outcomes, including a reduction in tumour load, treatment toxicity, and 
improvement in the curative effect of CAR therapy (351).  

The limited studies published thus far have shown that the use of RT to improve CAR-T cell 
efficacy in cancer treatment is promising. However, radiation dose, fractionation, and timing 
are important parameters to optimise to enhance CAR-T cell efficacy.  Most studies 
published thus far have largely focused on adult cancer. Thus, there is a greater need to 
determine if this combination therapy is effective in childhood solid tumours, such as 
neuroblastoma. 

 

1.10 RT in combination with CAR-T cell against neuroblastoma 

To date, there has been limited work within the field that has looked at CAR-T cells in 
combination with RT against neuroblastoma. 

In 2023, Sodji et al. evaluated the in vitro effects of radiation on the viability and functionality 
of anti-GD2 human CAR-T cells (359). Low doses of 1-6Gy of the radionucleotides actinium-
225 (225Ac) or lutetium177 (177Lu) resulted in dose-dependent anti-GD2 CAR-T cell death with 
both radionucleotides, and 177Lu was found to be less cytotoxic than 225Ac (359). The radiation 
delivered by these radionucleotides was found to enhance the cytotoxic activity of anti-GD2 
CAR-T cells against GD2 expressing human neuroblastoma line, CHLA-20, compared to non-
irradiated GD2 CAR-T cells (359). Moreover, radiation-induced enhancement of GD2 CAR-T 
cells did not affect the expression of exhaustion (PD-1) or activation markers (CD69 and 
NKG2D) (359). These results suggested that targeted radiation provided by radionucleotides 
may enhance CAR activity in a dose-dependent manner (359). 

In 2024, Sodji et al. built upon their previous work by utilising the radionucleotide 177Lu to 
evaluate the effect of low dose radiation on anti-GD2 CAR-T cells in a model of localised 
neuroblastoma in immunodeficient NRG mice (360). Tumour-bearing mice received a low 
dose of radiation (1.8Gy or 3.6Gy) delivered by 177Lu followed by anti-GD2 CAR-T cell 
infusions nine days later (360). A low dose of either 1.8Gy or 3.6Gy in combination with anti-
GD2 CAR infusion resulted in a robust treatment response with survival greater than that seen 
with CAR-T or radiation treatment alone groups (360). Use of 1.8Gy within the combination 
treatment compared to 3.6Gy produced 100% response rate with the former dose compared 
to 62.5% with the latter dose (360). Their results suggest that the delivery of RT before CAR 
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treatment enhances T-cell infiltration, with 1.8Gy tumour irradiation improving the infiltration 
of anti-GD2 CAR-T cells into the TME (360). In vitro experiments have revealed that tumour 
irradiation enhances the polyfunctionality of CD8+ anti-GD2 CAR-T cells, and low-dose 
radiation may enhance the expression of the death receptor Fas, potentially allowing CAR-T-
independent killing by GD2-CAR T-cells, thus further potentiating the anti-tumour response 
(360). At the time of writing, this published study has not been certified by peer review, and 
thus findings should be approached with caution.  

Ansari et al. evaluated the use of EBRT in combination with anti-B7-H3 CAR-T cells in 
immunodeficient NRG neuroblastoma tumour-bearing mice in 2024 (142). The mice had 

either local and/or disseminated disease, with tumours in the flank receiving 5Gy, while a 
1.75Gy total body irradiation dose was used to target the metastatic tumours (361). B7-H3 
CAR-T cells were injected one day after the radiation treatment (361). In mice with only a 
single flank tumour, ERBT in combination with B7-H3 CAR-T cells resulted in a disease-free 
survival past 130 days compared to a median survival of 82 days in the B7-H3 CAR-T 
treatment alone group (361). Moreover, in mice with disseminated metastases, the 
combination therapy of EBRT and CAR-T cells resulted in survival for 72 days, with two mice 
surviving until day 103, whereas in the CAR-T alone treatment group, mice did not survive 
past day 42 (361). This preliminary study provides encouraging results regarding the use of 
radiation in combination with CAR-T cells in the treatment of neuroblastoma. However, 
additional studies are needed to further evaluate this and its potential in the clinical setting.  

It is important to note that these studies utilised immunodeficient mice bearing human 
neurblastoma cell-line derived tumour models (SK-NA-S, CHLA-20 and SY5Y)  (199–201). As 
a result, it is difficult to fully evaluate the potential of radiation in combination with CAR-T 
cells, knowing that an intact immune system is required for the immune-mediated effects of 
RT, and to evaluate the toxicity associated with CAR-T cells, considering its potential off-
tumour on-target effects. As a result, it is imperative to utilise murine-based neuroblastoma 
models such as the TH-MYCN murine allograft models that recapitulate the characteristics 
of human neuroblastoma and can be utilised to evaluate treatment efficacy in 
immunocompetent mice.   
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1.11 Aims and Objectives  

As detailed above, RT has great potential to overcome the major obstacles that hinder CAR-
T cell success in neuroblastoma. As a result, this thesis aims to investigate the effect of 
radiation on CAR-T cell functionality against neuroblastoma within the context of an intact 
immune system, using TH-MYCN models of high-risk neuroblastoma, using mouse CAR-T 
cells. To achieve this, I sought to address the following aims. 

1) Determination of the radiosensitivity of TH-MYCN mouse models of high-risk 
neuroblastoma. This will be done by developing an in vitro radiosensitivity screen that 
assesses both immune- and non-immune-mediated effects of radiation to determine 
the presence of radiosensitivity and its range across the screened models. 
 

2) Evaluation of a mouse CAR candidate for use in combination with RT. This will be 
done by assessing the parameters of mouse CAR-T cell production that allow the in 
vitro expansion of CAR with stable expression. Moreover, I will assess the in vitro 

functionality of CAR-T cells in terms of their cytotoxicity and CAR expansion in 
response to the antigen.  
 

3) Evaluation of the effect of radiation on CAR-T cell functionality. This will be done by 
in vitro evaluation of CAR-T cell functionality against irradiated TH-MYCN models of 
high-risk neuroblastoma by assessing the parameters of cytotoxicity and CAR 
expansion.  
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Chapter 2 Materials & Methods 
2.1 Materials 

Media and solutions requiring sterilisation were prepared in sterile environments or 
autoclaved before use. 

2.1.1 Reagents  
 

Table 2.1 Buffers and growth media for molecular biology use 

Reagent  Ingredients 

LB Media (1L) 10g Tryptone, 5g Yeast Extract, 5g NaCl 

LB Agar (1L) 
10g Tryptone, 5g Yeast Extract, 5g NaCl, 15g 

Agar 

1xTBE Buffer  (1L) 
0.13M Tris base (pH 7.6), 45mM boric acid (pH 

8.3) and 2.5mM EDTA 
 

Table 2.2 Buffers for ELISA and flow cytometry use 

Reagent  Ingredients 

Flow Cytometry Wash buffer (0.5L) 
10x PBS (0.1L), Sterile dH2O (0.9L), 0.5% BSA 

(2.5g) 

ELISA Wash Buffer (1L) 1x PBS (1L), 0.5% Tween 20 

 

Table 2.3 Media and buffers for tissue culture use 

Cell Line 

Media  
Reagent 

Source (Catalogue 

Number) 
Concentration 

Mouse 
Neurosphere 

Media 

DMEM/F12 Gibco (31331093) - 

Foetal Bovine Serum (FBS) 
Gibco (batch 

dependent) 
15% 
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β-mercaptoethanol Gibco (21985023) 0.05mM 

Human-Epidermal Growth 
Factor (h-EGF) 

Peprotech (AF-100-15) 0.01μg/ml 

Human Basic Fibroblast 

Growth Factor (hb-FGF) 

Peprotech (AF-100-

18B) 
0.015μg/ml 

B27 
Thermofisher 

(17504044) 
1x 

Puromycin (selection 

pressure for hB7-H3 and 
mCherry subclones) 

InvivoGen (ant-pr-1) 2μg/ml 

9464D Media 

DMEM Glutamax Gibco (41965039) - 

FBS 
Gibco (batch 
dependent) 

10% 

Non-Essential Amino 

Acids (NEAA) 

Sigma-Aldrich (M7145-

100ML) 
1% 

Sodium Pyruvate Hyclone (11501871) 1mM 

Complete RPMI 

(cRPMI) 

RPMI Sigma (R8758-500ML) - 

FBS 
Gibco (batch 

dependent) 
10% 

L-Glutamate Sigma (G7513) 2mM 

Complete 

IMDM (cIMDM) 

IMDM Sigma (I3390-500ML) - 

FBS 
Gibco (batch 

dependent) 
10% 

L-Glutamate Sigma (G7513) 2mM 

Ammonium chloride 
(NH4Cl) 

213330 (Sigma) 1.5M 
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10x Red Blood 
Cell (RBC) Lysis 

Buffer 

Sodium Bicarbonate 

(NaHCO3) 
S5761 (Sigma) 0.1M 

Ethylenediaminetetraacetic 
acid 

(EDTA) 

E4884 (Sigma) 0.01M 

dH20 - 

Adjust to pH 7.4 as 

needed with sodium 

hydroxide (NaOH) or 
hydrochloric acid (HCI). 

 

2.2 Methods 

2.2.1 Molecular Biology Techniques 

2.2.1.1 Plasmid Design 

All plasmids in this thesis used the established SFG γ-retroviral vector, which is a γ-retroviral 
vector used widely for retroviral transduction.  

SFG is a double-stranded DNA vector containing a gene of interest, which can be used for 
the transient or stable transfection of cell lines through the co-expression of viral packaging 
and envelope proteins. The vectors generated for the experiments performed within this 
thesis were used to transfect the HEK293-based cell packaging cell line, Phoenix Ecotropic 
(Phoenix Eco) (362). The Phoenix Eco cell line is a second-generation retrovirus producer cell 
line that expresses structural and replication proteins (Gag/Pol) and an ecotropic envelope 
glycoprotein (Env) specific to dividing rat and mouse cells (362,363). As a result, retrovirus 
production only requires the addition of the transfer plasmid containing the gene of interest 
(364). The retrovirus produced was used for subsequent retroviral transductions of mouse 
splenocytes or cell lines as required. 

The SFG γ-retroviral vector contains a Moloney murine leukaemia virus (MMLV) Ψ signal 
peptide, required for instigating cells to package the gene of interest into viral particles (365). 
The plasmid also encompasses an open reading frame (ORF) downstream from a EF1⍺ 
promoter, which drives expression of the gene of interest. Long terminal repeats (LTRs) are 
also present within the plasmid, which are essential for initiating DNA synthesis and regulating 
viral gene transcription (365,366). Within the constructs used, the ampicillin resistance gene 
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was included for the positive selection of transformed colonies grown on ampicillin-positive 
bacterial agar plates.  

A refined version of the SFG vector has been used in this project, which has been augmented 
with a scaffold attachment region and a chromatin insulator to improve transgene expression 
(366). Figure 2.1 details the constructs used within this thesis. 

 

 
Figure 2.1 Maps of plasmid constructs 

Plasmids were constructed using restriction enzymes and HiFi cloning. A schematic of the plasmid constructs and 

structure of the second-generation CARs, HuK666.h28z and 376.96.m28z is shown. Constructs, where shown, 

included signal peptide, c-myc epitope tag (EQKLISEEDL), Furin (RRKR) linker, SGSG linker and T2A peptide 
sequences. mNIS mouse sodium iodide symporter; hNIS human sodium  iodide symporter. Figure created using 

Biorender.  

 

2.2.1.1.1 GD2 CAR  

The SFG.huk666GD2-hCD28tm-hCD28z (HuK666.h28z) is a second-generation CAR 
previously evaluated in a phase one clinical trial (NCT02761915) for patients with 
neuroblastoma targeting the disialoganglioside, GD2 (189) . The ORF of this construct 
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contains an anti-GD2 CAR and RQR8 (Figure 2.1). RQR8 is a sort/suicide gene which can be 
utilised to assess CAR transduction efficiency by flow cytometry (367).  

 

2.2.1.1.2 Anti-B7H3 CAR  

The SFG.376.96.mCD8STKTM.mCD28z (376.96.m28z) is a second-generation anti-B7-H3 
CAR (Figure 2.1). The construct consists of the anti-B7-H3 ScFv, 376.96, with murinised CD3 
and CD28 endodomains. The ScFv is derived from the anti-B7-H3 monoclonal antibody 
(mAb), 376.96 and has been assessed for CAR-T cell therapy within the literature and shown 
to be cross-reactive to human and mouse B7-H3 (1,368). A c-myc epitope tag is also within 
the ORF to allow CAR detection by flow cytometry. 

 

2.2.1.1.3 NIS with a human c-myc epitope tag 

An SFG γ-retroviral vector was generated encoding the CAR, the sodium iodide symporter 
(NIS) and a human c-myc epitope tag fused to the C-terminus sequence of the NIS (Figure 
2.1).  

The SFG.376.96.mCD8STKTM.mCD28z (produced by Alicia Vitali and Dr Jennifer Frosch, 
UCL) was used as the vector plasmid to generate these constructs. The sequence of the 
376.96 CAR sequence was replaced with the human NIS (hNIS) or mouse NIS (mNIS) 
sequences with a c-myc epitope tag at the C-terminus end of the sequence. The intracellular 
epitope tag included within the constructs allows detection of the NIS, which is a type 1 
transmembrane protein, resulting in the transmembrane domain on the C-terminus being 
intracellular (166,369).  

The plasmids of mNIS and hNIS with a c-myc tag were constructed through excision of the 
CAR from the 376.96.m28z plasmid using MluI (ThermoFisher, #FD0564) and NcoI 
(ThermoFisher, #FD0574) restriction digest enzymes (see section 2.2.1.4). The larger 
fragment generated was then ligated with mNIS or hNIS gene blocks designed and ordered 
from Integrated DNA Technologies (IDT) using HiFi cloning (section 2.2.1.5). 
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2.2.1.1.4 anti-hB7-H3 CAR with Sodium Iodide Symporter (NIS) 

The SFG.376.96.mCD8STKTM.mCD28z was also used to generate bicistronic constructs, in 
which the ORF contains the second generation anti-hB7-H3 CAR, 376.96.mCD28z with the 
mNIS or hNIS fused with an intracellular c-myc epitope tag (Figure 2.1). The two genes are 
separated by a furin linker, SGSG linker and 2A peptide sequence for efficient cleavage 
between transgenes (370).   

The generation of these plasmids entailed the creation of an intermediate plasmid. This was 

generated through the linearisation of the 376.96.m28z plasmid with restriction digest 
enzymes, NcoI (ThermoFisher, #FD0574) and EcoRI (ThermoFisher, #FD0274). PCR 
amplification was then performed with the digested products to generate multiple amplified 
fragments, which were then annealed via HiFi cloning to generate this intermediate plasmid 
(section 2.2.1.5 for further details).  This intermediate plasmid of 376.96.m28z with no c-myc 
tag was then digested using restriction enzymes BsgI (NEB, #R0559S) and MIuI (NEB, 
#R3198S) (see section 2.2.1.4). The digested fragment generated was annealed with mNIS 
or hNIS gene blocks (IDT) using HiFi cloning (section 2.2.1.5) creating the 376.96.m28z.mNIS 
and 376.96.m28z.hNIS bicistronic constructs. 

 

2.2.1.2 Cloning of the human and mouse NIS with and without 
376.96.mCD28z 

2.2.1.2.1 PCR amplification of SFG.376.96.mCD8STKTM.mCD28z 

The SFG.376.96.mCD8STKTM.mCD28z contains a c-myc epitope tag following the signal 
peptide within the CAR sequence (Figure 2.1). This was removed by generating new 
fragments via PCR to form an intermediate plasmid, which would subsequently be used to 
form the 376.96 CAR with mNIS or hNIS constructs. To generate this intermediate plasmid, 
376.96.m28z was linearised through the use of restriction digest enzymes, NcoI 
(ThermoFisher, #FD0574) and EcoRI (ThermoFisher, #FD0274) (see section 2.2.1.4). A 
phusion high-fidelity DNA polymerase kit (New England BioLabs, E2621S) was used for the 
PCR amplification reactions of SFG.376.96.mCD8STKTM.mCD28z to generate this altered 
vector plasmid.  The PCR reactions were performed in 50μl reaction volumes containing, 2μl 
Phusion DNA polymerase, 10μl 5x Phusion HF buffer, 1μl 10mM dNTPs, 2.5μl 10mM forward 
primers, 2.5μl 10mM reverse primers, 60ng of template DNA and 29.6μl of nuclease-free 
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water (nf-H20). The reaction was set up on ice and placed into the Bio-Rad T100 
thermocycler. The primers and thermocycler conditions utilised are listed in Table 2.4-2.5. 

 

Table 2.4 Primer sequences for the construction of intermediate plasmid 

Template Name Sequences 

376.96.m28z 

ScFv  

F1 5’- GACCATCCTCTAGACTGCCAACTTC -3’ 

R1 5’- CTTCCTCGAGTCCGGTACTCCCAGGCAC -3’ 

376.96.m28z 

CAR Domains 

F2 5’- GAGTACCGGACTCGAGGAAGTCCAACTCGTCGAG -3’ 

R2 5’- GGACTAATCCGAAACAGTATCGAACGCGTTTAGCGTG -3’ 

Scaffold 
Attachment 

Region to LTRs 

F3 
5’-CGATACTGTTTCGGATTAGTCCAATTTGTTAAAGACAGGATATCAG 

-3’ 

R3 5’- CCCAGTCACGACGTTGTAAAACGAC -3’ 

 

Table 2.5 Phusion PCR reaction setup 

PCR reaction stage Temperature (°C) Time (seconds) 

Initial Denaturation 98 60 

35 Cycles 

98 10 

based on primer size 30 

72 based on PCR product size 

Final extension 72 600 

Hold 4 - 
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2.2.1.3 Purification of PCR products 

PCR products were purified using a PCR and DNA clean-up kit (New England BioLabs, 
T1030L) under the manufacturer's instructions. 

 

2.2.1.4 Digestion of vector plasmids and purification of digest 

Vector plasmids were digested with a range of restriction enzymes at 37°C as per the 
manufacturer’s instructions. The success of the restriction digest was confirmed by 
separating the digested fragments on a 1-1.5% agarose gel by gel electrophoresis to confirm 
expected band sizes against a 1kb DNA ladder (NEB, N3232S), or a 100bp DNA ladder 
(Meridian Bioscience, BIO-33056) under a UV gel imager. Required bands for downstream 
cloning were extracted using a scalpel and purified using Wizard SV Gel and PCR Clean-up 
System (Promega, A9280), following the manufacturer’s instructions. 

 

2.2.1.5 HiFi Cloning  

Ligation of PCR products or digested bands with designed gene blocks (Integrated DNA 
Technologies) was performed using the NEBuilder HiFi DNA Assembly master mix (NEB, 
E2621S). The ratio of insert: vector was dependent on the number of fragments needed to 
assemble, and so was done following the manufacturer's guidelines for performing HiFi 
cloning. In line with the manufacturer’s instructions, 20μl reaction volumes were used, 
containing digested vector and gene block as required in pmol for the reaction(s), 10μl 
NEBuilder HiFi DNA Assembly master mix, and nuclease-free water. The reaction tubes were 
then incubated in a Bio-Rad T100 thermocycler at 50°C for 15 minutes or 50 minutes for the 
assembly of 2-3 or 4-6 fragments, respectively.  

 

2.2.1.6 Transformation of E.coli bacteria 

Generated HiFi or plasmid DNA were used to transform competent E. coli cells through heat 
shock. For this process, NEB 5-alpha Competent E. coli (NEB, C2987H) stored at -70°C as 
single-use 50μl aliquots were 
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 thawed on ice. To the thawed bacteria, 2μl of chilled HiFi product was added. After gently 
mixing, the mixture was incubated on ice for 10 minutes. The mixture was then placed in a 
heat block at 42°C for 30 seconds. After heat shock, a further incubation on ice was 
performed for 2 minutes. 250μl Super Optimal Culture (SOC) (NEB, B90205) was added to 
the mixture, which was then incubated for 30 minutes at 37°C and 250rpm in a bacterial 
shaker. After incubation, the mixture was used to streak pre-warmed ampicillin selection agar 
plates, which were then incubated overnight at 37°C. 

 

2.2.1.7 Selection of bacterial colonies 

The success of the bacterial transformation was confirmed by the presence of colonies on 
ampicillin selection agar plates. Single colonies were selected from these plates for further 
evaluation to confirm if the desired plasmid construct had been generated from the colonies 
selected. 

 

2.2.1.8 Purification and quantification of DNA preps 

Individual colonies selected from ampicillin selection plates were grown overnight in 5ml 
bacterial cultures containing ampicillin at 37°C and 250rpm in a bacterial shaker. Plasmid 
DNA was then extracted using 3ml of these overnight bacterial cultures using the miniprep 
plasmid purification kit (NEB, T1010S). This was done as per the manufacturer's instructions. 
Purified DNA was quantified using a spectrophotometer (Nanodrop ND1000) set to record 
dsDNA at the 260/280nm wavelength.  

 

2.2.1.9 Plasmid Sequencing 

The sequence of plasmids purified was confirmed using Sanger sequencing. Samples were 
prepared as required with corresponding primers and sent for sequencing to Genewiz, 
Azenta Life Sciences (Hope End, Takeley, Essex CM22 6TA, United Kingdom). To confirm 
the plasmid sequence, the sequencing files provided by Genewiz were aligned against the 
expected plasmid construct on SnapGene v5 (Dotmatics) to verify that the sequence of 
generated constructs was correct.  
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2.2.1.10 Large-scale plasmid preparation 

Large-scale plasmid purification was performed as and when required. For midiprep, 150ml 
LB agar culture with ampicillin was inoculated with transformed bacteria and incubated 
overnight at 37°C at 250rpm in a bacterial shaker. The midiprep was purified using the 
NucleoBond Xtra Midi EF kit (Macherey-Ngael, 740420.50). For maxiprep, 300ml LB agar 
with ampicillin was inoculated with transformed bacteria and incubated overnight at 37°C at 
250rpm in a bacterial shaker. The bacterial culture was purified using the NucleoBond Xtra 

Maxi EF kit (Macherey-Ngael, 740424.50). Both types of large-scale plasmid preparation 
were performed under the manufacturer’s instructions. Sequences of the purified plasmids 
were confirmed via Sanger sequencing as detailed above in section 2.2.1.9. 

 

2.2.2  Tissue Culture  

Table 2.6 details the cell lines and culturing media used to grow the cells for subsequent in 
vitro experiments discussed within this thesis.  

All mouse cell lines used except BW5 are TH-MYCN transgenic lines established from 
spontaneous neuroblastoma tumours cultured ex vivo and propagated in vitro to establish 
cell lines (213,218).  

For cell culture, reagents were prewarmed to 37°C where required, before use unless 
otherwise stated. For in vitro propagation, cells were grown in appropriate volumes of cell 
media until the desired confluency was reached to perform subsequent passaging of cells. 

 

Table 2.6 Cell lines used for in vitro experiments 

Cell Line Species Origin Source Culture Media 

129NS1 Mouse (129/SvJ 

genetic background 
(371)) 

Gift from Louis Chesler 
(Institute of Cancer 

Research) Mouse Neuropshere 
Media 

129NS1-4B 

(GFP+Luc+) 

Generated by Sophie 

Munnings-Tomes 
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(University College 

London) 

129NS1-4B hB7-H3+ 

Generated by Farah Alam 

(University College 
London) 

TAM6 

Gift from Louis Chesler 

(Institute of Cancer 
Research) 

TAM6 hB7-H3+ 

mCherry+ 

Generated by Arika Feils 
& Amy Erbe-Gurel 

(University of Wisconsin-

Madison) 

9464D WT 

Mouse (C57BL/6 
genetic background) 

Gift from Paul Sondel 

(University of Wisconsin-

Madison) 

9464D Media 
9464D hB7-H3+ 

mCherry+ 

9464D GD2+ 

BW5 

Mouse (T-Cell 

Lymphoma on AKR/J 

genetic background) 

ATCC (TIB-47) cRPMI 

SupT1 WT GFP+Luc+ 
Human (T-Cell 

Lymphoma) 

Generated by Rivani 
Shah and Henrike Muller 

(University College 

London) 

cRPMI 
SupT1 hB7-H3+ 

GFP+Luc+ 

Phoenix Eco 
Human (epithelial 

cells) 
ATCC (CRL-3214)  

cIMDM Pheonix Eco 

376.96.m28z 
Producer Cell Line 

Human (epithelial 
cells) 

Generated by Courtney 

Himsworth and Carla 
Batiste (University 

College London) 
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2.2.3 Preparation of cells for in vitro experiments  

All cells were prepared as required for in vitro experiments into single-cell suspension. Unless 
otherwise stated, all centrifugation steps were performed at 300 x g for 5 minutes at room 

temperature. All dissociation steps were performed with 3-5ml of accutase or trypsin for 5 
minutes at room temperature, unless otherwise stated. 

 

2.2.3.1 129NS1 and TAM6 lines 

129NS1 and TAM6 lines grow as spheroids in suspension. The cells were grown in T25-T75 
cm2 flasks until the desired confluency of 80% was reached and transferred from the flask 
into a 50ml falcon and centrifuged. After centrifugation, the cells underwent a PBS wash with 
centrifugation. After the PBS wash, cells underwent cell dissociation treatment with accutase 
using a p1000 single-channel pipette and then incubated as required. The accutase treatment 
was neutralised with neurosphere media (Table 2.3) and centrifuged. The cells were then 
resuspended in fresh neurosphere media using a p1000 single-channel pipette and counted 
via trypan blue exclusion. 

 

2.2.3.2 9464D WT and 9464D GD2+ 

9464D and 9464D GD2+ are adherent cell lines and were grown in T175cm2 flasks until 
desired 80% confluency was reached. Media was discarded from the tissue culture flasks 
that cells were cultured in and washed with PBS followed by cell dissociation with trypsin. 
9464D media (Table 2.3) was added to neutralise trypsin, and the cell suspension was 
transferred into a 50ml falcon and centrifuged. After centrifugation, the cell pellet was 
resuspended in 9464D media and counted via trypan blue exclusion using the Countess 
(ThermoFisher).   

 

2.2.3.3 9464D hB7H3+ mCherry+ 

9464D hB7H3+ mCherry+  was a mixed adherent cell line and grown in T175cm2 flasks until 
desired 80% confluency is reached. Due to being a mxied adherent cell line, media containing 
the suspension cells was first transferred into a 50ml falcon. Adherent cells within the flask 
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underwent dissociation treatment with trypsin. The trypsin was neutralised with 9464D media. 
Subsequently, the cells were transferred to the same 50ml falcon containing the suspension 
cells and centrifuged. Post centrifugation, the cell pellet was resuspended in 9464D media 
and counted via a Countess flow cytometer.  

 

2.2.3.4 SupT1 Cell lines 

SupT1 cell lines are suspension cell lines and grown in T75cm2 flasks until desired confluency 
of 80% is reached. Media containing the suspension cells was transferred into a 50ml falcon 
and centrifuged. After centrifugation, the cell pellet was resuspended in cRPMI media (Table 
2.3) and counted via trypan blue using a Countess cell counter.  

 

2.2.3.5 Pheonix Eco Lines 

Pheonix Eco lines are adherent cell lines and were grown in T175cm2 flasks until desired 
confluency of 80% is reached. Media was discarded from the flasks that cells were cultured 
in and washed with PBS. The cells underwent trypsin treatment for cell dissociation. cIMDM 
media (Table 2.3) was added to neutralise trypsin followed by centrifugation. After 
centrifugation, the cells were resuspended in fresh media and counted via trypan blue 
exclusion using a Countess cell counter. 

 

2.2.4 Irradiation of cells for in vitro assays 

Irradiation of cells was performed using a Cs137 sealed source irradiator (model IBL 437C) at 
Great Ormond Institute of Child Health. Cells requiring irradiation were prepared as a single 
cell suspension into 15ml falcon centrifuge tubes and placed into a centrifuge holder. The 
centrifuge holder containing the cells was placed into a canister and placed inside the 
irradiator. The calculated dose (Gy) required for irradiation, was converted to seconds; this 
was based on the most recent dosimetry measurements recorded for the source. The 
irradiator was then initiated, and cells were irradiated for the required time for the dose 
selected. Upon completion of irradiation treatment, cells were transported as required for 
downstream use for in vitro experiments. Sham-irradiated (0Gy) controls were treated in the 
same manner as irradiated controls for standardisation.   
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2.2.5 In vitro radiosensitivity screen 

To assess the radiosensitivity of the cell lines in response to single dose radiation within this 
thesis, an in vitro radiosensitivity screen was performed to investigate markers of 
immunogenic cell death (ICD) and cell viability as indicators of radiosensitisation. The ICD 
markers assessed within this work were: Extracellular ATP (EC-ATP), Extracellular HMGB1 
(EC-HMGB1) and calreticulin (CRT). 

 

2.2.5.1 Extracellular ATP release time course 

Cells were processed into single cell suspensions and irradiated at the required single doses 
ranging from 0Gy to 30Gy (see section 2.2.4 for further details). Cells were then plated at 
100μl into 96-well clear flat bottom white plates at 20x103 per well. Cell culture media was 
added as required for each timepoint to be measured, with 50ul per well for the 24 hour 
timepoint, and 90μl per well for the 48 and 72 hour timepoint plates, respectively. Media only 
wells were also included in all the timepoint plates, with 150μl and 190μl per well added to 
the 24 hours and 48-72 hours plates, respectively. The 48 and 72 hours timepoint plates were 
incubated at 37°C and 5% CO2.  

RealTime-Glo EC-ATP substrate (Promega, #GA5010) was reconstituted at 4x in neurosphere 
media for 20-30 minutes and protected from light. To the 24 hour timepoint plates, the 
substrate was added at 40μl per well. To allow the mixing of the substrate with cells, the 
plates were mixed for 30-60 seconds on an orbital shaker at 300-500rpm, protected from 
light. The plates were then incubated at 37°C and 5% CO2 and taken out as required for 
luminescence readings to measure EC-ATP release on the plate reader. The readings were 
taken on a SpectraMax plate reader (Molecular Devices) using the luminescence settings, 
with the emission wavelength at 578nm.  

For the 48 and 72 hour timepoints, five hours prior to readings being taken, EC-ATP substrate 
was constituted at 20x in neurosphere media for 20-30 minutes and protected from light. 
After reconstitution, to the required timepoint plate, the substrate was added at 10μl per well. 
The plates were mixed for 30-60 seconds on an orbital shaker at 300-500rpm, protected from 
light. The plates were then incubated at 37°C and 5% CO2 and taken out as required for 
luminescence readings to measure EC-ATP release on the plate reader as done with the 24 
hour timepoint plate(s). Results were corrected against the media only wells and plotted using 
GraphPad Prism v10. 
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2.2.5.2 Extracellular HMGB1 release time course 

Target cell lines were prepared into a single-cell suspension and irradiated as outlined in 
section 2.2.4, at a range of doses or sham-irradiated (0Gy). Post irradiation, cells were plated 
at 20x103 in 80μl volume per well into a 96-well clear flat bottom luminescence plate. The 
cells were incubated at 37°C and 5% CO2 until 24 hours post irradiation. To quantify the 
concentration of EC-HMGB1 release post irradiation, an eight-point mouse HMGB1 (Abcam, 
ab255799) a 2.5 fold serial dilution range to make a standard curve was added to the plates 

at 80ul per well. The EC-HMGB1 release was performed using the Lumit HMGB1 
Immunoassay kit (Promega, CS3030B01). The luminescence released was recorded using a 
SpectraMax plate reader (Molecular Devices) using the luminescence settings, with the 
emission wavelength at 578nm. The readings exported were then corrected against media 
only controls and interpolated against the HMGB1 standard curve. Results were plotted using 
GraphPad Prism v10.  

 

2.2.5.3 Calreticulin expression time course 

Target cell lines were prepared into a single cell suspension as described in section 2.2.3. 
After cells were in a single cell suspension, they were either irradiated at 30Gy as described 
in section 2.2.4, or sham-irradiated (0Gy). Post irradiation, cells were plated at 60x103 in 200ul 
volume per well into 96-well flat bottom plate(s) to measure calreticulin expression, 18, 24, 
and 48 hours post irradiation. The plates were incubated at 37°C and 5% CO2 until required 
for each timepoint measurement.  

For flow cytometric analysis of calreticulin, cells were processed into single-cell suspension 
followed by treatment with mouse Fc block to prevent non-specific binding of flow cytometry 

antibodies via the Fc Receptors (FcR) (372). Cells were incubated with either calreticulin or 
isotype control antibodies followed by Annexin V staining. Viability dye DAPI was added just 
before samples were read on the flow cytometer, Cytoflex (Beckman Coulter). Table 2.6 
details the antibodies used for these experiments. 

 

2.2.5.4 Measurement of cell viability via MTT assay 

Cells were processed into single-cell suspension and irradiated at the required single doses 
ranging from 0 Gy (sham-irradiated) to 30 Gy (see section 2.2.4 for further details). Cells were 
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then plated at 100μl per well into 96 well clear flat bottom plates at 20x103 per well. Cell 
culture media was added to ensure that the total volume was 200μl per well, including wells 
for the media only controls. Plates were set up for the following time points: 24, 48, and 72 
hours post irradiation. The plates were incubated at 37°C and 5% CO2 until required for each 
timepoint reading. 

For each timepoint reading, stock MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide)) (Sigma-Aldrich, #M2128-250MG) was diluted to a working concentration of 
500μg/ml. The plate required for the time point reading was centrifuged at 800 × g for 2 
minutes. After centrifugation, 150μl media per well was aspirated, discarded, and replaced 

with 150μl per well of PBS. The plate was then centrifuged as described previously. After 
centrifugation, the supernatant was removed from the wells. 80μl of 500μg/ml MTT was 
added per well and the plate was incubated for 1 hour and 15 minutes at 37°C and 5% CO2. 
After incubation, the samples were centrifuged as previously described. The MTT was then 
aspirated from each well and discarded. 48μl DMSO was added to each well to dissolve the 
yellow tetrazolium salt formed, into purple formazan crystals produced by the metabolically 
active cells. Absorbance was measured using a SpectraMax plate reader (Molecular Devices) 
at 570 nm. Absorbance readings were corrected against media-only controls, normalised 
against the negative control (0 Gy), and plotted using GraphPad Prism v10. 

 

2.2.5.4.1 IC50 calculations 

The half maximal inhibitory radiation dose (IC50) values were calculated for the target cell lines 
screened to provide a summary of the radiosensitivity of the TH-MYCN transgenic lines 
screened. The IC50 values were calculated by taking averages of the normalised cell viability 
results across the whole 72 hour MTT time course for each radiation dose condition. The 

results were then analysed using non-linear regression on GraphPad Prism v10 to calculate 
the IC50 value based on the Y-intercept. 

 

2.2.6 Gammaretroviral production 

All retroviral transductions were performed within this thesis using the SFG retroviral vector 
as described in section 2.2.1.1. The retrovirus was produced by transient transfection of the 
HEK293-based cell packaging cell line, Phoenix Eco, in which the addition of the transfer 
vector is only required for virus production, thus negating the need for additional helper 
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plasmids to generate high-titre virus (see section 2.2.1.1 for further details). The use of 
Phoenix Eco to transduce mouse primary lymphocytes has been cited within the literature 
(373), and thus utilised within this body of work. 

 

2.2.6.1 Virus Production via Pheonix.Ecotropic  

Pheonix Eco was processed into single-cell suspension as described in section 2.2.3.5. 
Based on the cell count, the cell concentration was adjusted to 3x106/ml. On a 100mm tissue 
culture treated plate, 11ml of cIMDM was added with 3x106 Pheonix Eco cells. The cells were 
left to adhere at 37°C and 5% CO2 overnight until 70-80% cell confluency was reached.  

Upon reaching the desired cell confluency, the cells were transfected as follows. 470μl of 
plain IMDM was gently mixed with 30μl of gene juice (Sigma Aldrich, #70967) and incubated 
at RT for 5 minutes. Post incubation, 4.68μg of the transfer plasmid was added to the media 
and gene juice mixture and incubated for 15 minutes at RT. The transfection mixture was 
then added to the cells drop-wise and evenly distributed. The cells were then incubated at 
37°C and 5% CO2 for collection of the 48 and 72 hour virus harvests. At 48 hours post-
transfection, the supernatant was aspirated from the plate and stored at 4°C. 10ml of cIMDM 
was added to the plate and incubated at 37°C and 5% CO2 for a further 24 hours for the 72 
hour harvest to be collected. The 72 hour harvest was collected and combined with the 48 
hour harvest. The supernatant is then centrifuged at 500 x g x 5 mins to remove any cellular 
debris. The harvest is then snap-frozen into 5ml aliquots. The aliquots are sorted at -70°C for 
storage until required.  

 

2.2.6.2 Virus Concentration using Retro-X  

Viral transductions were also performed with up concentrated virus to yield more high-titer 
virus. For this, virus production was performed in the same way as stated in the previous 
section 2.2.6.1. However, the 48 and 72-hour virus harvests were not snap-frozen and stored 
but incubated with Retro-X concentrator (Takara, #631456) overnight at 4°C per the 
manufacturer’s instructions. After overnight incubation, the mixture underwent centrifugation 
at 1500 x g x 45 minutes at 4°C. Post centrifugation, the supernatant was slowly discarded, 

and the virus pellet was resuspended in 1 in 100th of the original volume in cRPMI. The virus 
was snap-frozen into 100μl-500μl aliquots and stored at -70°C until required. 
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2.2.7 Generation of mouse CAR-T cells 

The generation of mouse CAR-T cells for subsequent assessment of in vitro CAR functionality 

required the use of spleens from healthy 6-8 week old mice. Spleens were obtained from 
mice either on the inbred strains of 129/SvJ or C57BL/6. This was done through approved 
schedule one methods per UK Home Office guidelines under the project licence 
(PP5675666), and individual licence (I12957935). 

All centrifugation steps were performed at 400 x g x 5 minutes x room temperature unless 
otherwise stated. 

 

2.2.7.1 Splenocyte harvest and stimulation 

Spleens were obtained from healthy 6-8 week old mice by euthanising them through CO2 

asphyxiation, followed by a confirmation of death following Home Office Guidelines. The 
spleens were removed from the mice and placed into 15ml falcons containing sterile PBS on 
ice and transported back to appropriate sterile tissue culture facilities. 

To remove the PBS, the spleen was transferred in, the solution was filtered through a 40μM 
cell strainer. The cell strainer containing the spleen was then placed in the well of a 6-well 
plate. 1m of 1x ACK lysis buffer was used to macerate the spleen with a 5ml syringe plunger. 
The cell suspension of the macerated spleen is filtered through the strainer to get any 
remaining cells present on the strainer. The cell suspension was then mixed with 9ml of fresh 
PBS and centrifuged. 

After centrifugation, the cell pellet was resuspended in 10ml PBS and centrifuged to remove 
any residual ACK lysis buffer. After centrifugation, the cells were resuspended in 5ml of 
cRPMI and counted through trypan blue exclusion. Based on the cell count, cRPMI was 
added to achieve a cell concentration of 1x106/ml.  

Splenocytes were stimulated for 24 hours with mCD3/mCD28 dynabeads (Gibco, #11452D) 
and human interleukin-2 (IL-2) (Proleukin) at 50U/ml. The mCD3/mCD28 dynabeads were 
added according to the manufacturer’s instructions. Based on volume, the splenocytes were 
cultured in the appropriate tissue-culture treated well plate(s) or flask(s) at 37°C and 5% CO2 
for 24 hours. Where required for some experiments, splenocytes were alternatively stimulated 
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for 24 hours with Concanalvin-A (Sigma-Aldrich, C2010) and mouse interleukin-7 (Peprotech, 
217-17) at 2μg/ml and 0.001μg/ml, respectively.  

 

2.2.7.2 Splenocyte transduction 

For splenocyte transduction, the cells were transduced with γ-gammaretrovirus that was 
produced as described in section 2.2.6. Splenocyte transduction required the use of 
retronectin-coated plates prepared the day before transduction. For each well of transduction 
in a non-tissue cultured treated 24-well plate, 8μg of retronectin (Takara, T100B) was required 
for 500μl of PBS. Once the required wells were coated, the plate was sealed with parafilm 
and left to coat overnight at 4°C. Before transduction, the retronectin solution was transferred 
into sterile 50ml conical centrifuge falcons and stored at -20°C for further reuse and then 
discarded. 

Post 24 hour incubation of harvested splenocytes, the cells were prepared for transduction. 
The cells were centrifuged and resuspended in new cRPMI. After performing a cell count, the 
desired cell concentration of 3x106/ml was achieved with cRPMI with the addition of 200U/ml 
of hIL-2. To each well of the retronectin coated 24 well plate, 500μl of cells were added 
(1.5x106 per well). To these wells, the appropriate volume of thawed retroviral supernatant 
was dispensed to achieve a final well volume of 2ml and 50U/ml hIL-2 concentration. For the 
untransduced wells, the appropriate volume of cRPMI was added to standardise the well 
volume. The plate was then centrifuged at 1000 x g x 40 minutes at 32°C with low acceleration 
and brake. The cells were incubated with the virus for three days and expanded as required 
for downstream in vitro use. 

 

2.2.7.3 Mouse CAR-T Cell Expansion 

72 hours post-transduction, transduced splenocytes were transferred from the retronectin-
coated plates into 15ml conical centrifuge tubes. Where mCD3/mCD28 dynabeads were 
used for splenocyte stimulation, these were removed from the cell suspension through the 
use of a DynaMag Magnet (Thermofisher, #12301D). The cells were then centrifuged and 
resuspended in fresh cRPMI. Subsequent cell counts were performed to adjust cell 
concentration to 1-2x106/ml for expansion with cRPMI supplemented with 50U/ml hIL-2, 
5ng/ml hIL-7 (Peprotech, #200-07) and 10ng/ml hIL-15 (Peprotech, #200-15). The cells were 
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transferred into the appropriate plate(s) or flask(s) as required and expanded in this manner 
every two to three days until required for experimental use. 

Where required for some experiments comparing cytokine stimulation conditions (chapter 
four), additional cytokine culturing conditions were used during mouse CAR-T cell expansion. 
These conditions included expansion with hIL-2 (50U/ml) or with hIL-7 (10ng/ml) and hIL-15 
(10ng/ml).  

 

2.2.8 Assessment of transduction efficiency 

The transduction efficiency of mouse CAR-T cells was initially assessed on day four post-
transduction. Subsequent checks were performed on day seven and nine in relation to 
assessing the stability of CAR expression during in vitro expansion.  

Transduction efficiency was assessed by flow cytometry. The cells were processed into 
single-cell suspension and processed for flow cytometry as detailed in section 2.2.12. Table 
2.7 details antibodies used in assessing transduction efficiencies. 

 

2.2.8.1 The detection of 376.96.m28z CAR by flow cytometry 

The detection of the 376.96.m28z CAR was done through indirect staining of the CAR itself. 
This involved a primary incubation with the recombinant human B7-H3, (rhB7-H3) His tagged 
protein (R&D Biosystems, 2318-B3) for 30 minutes at 4°C followed by surface staining with 
anti-histidine fluorochrome-conjugated antibody for 30 minutes at 4°C. 

 

2.2.8.2 The detection of HuK666.h28z CAR by flow cytometry 

The detection of the HuK666.h28z CAR was performed through RQR8 coexpressed with the 
CAR within the retroviral construct. RQR8 is a marker that combines target epitopes from 
both CD34 and CD20 antigens, which allows measurement of CAR transduction efficiencies 
where direct staining of CAR is not possible (367). RQR8 was directly stained with an anti-
hCD34 fluorochrome-conjugated antibody as detailed in Table 2.7. 

 



 99 

 

2.2.9 Assessment of in vitro CAR functionality  

Assessing CAR-T cell functionality in vitro primarily focused on looking at tumour cell lysis 
and proliferation as indications of CAR-T cells causing tumour regression upon antigen 
stimulation. Within this thesis, in vitro CAR-T functionality was assessed via plate-bound 

antigen-based assays and co-cultures with antigen-positive target cells.  

The use of antigen-positive target cells in co-cultures with CAR-T cells indicates the presence 
of anti-tumour activity exhibited by these T cells. These co-cultures allow additional readouts 
of CAR-T cell functionality, including tumour cell lysis by luciferase, cytokine release and 
ascertaining changes in T-cell phenotype by flow cytometry.  

These assays were performed at days four to five post CAR-T cell transduction unless 
otherwise stated, and adjusted for transduction efficiency alongside the use of untransduced 
controls. These assays involved the addition of 50x103 per well of CAR-T cells and targets at 
an effector:target ratio of 1:1 unless otherwise stated. 

 

2.2.9.1 Plate-bound rhB7-H3 antigen-based assay  

The plate-bound antigen-based assays performed used recombinant human B7-H3 tag (Anti-

hB7-H3) protein (R&D systems, #2318-B3). The assay required a coating of non-tissue 
culture-treated 96-well flat-bottom plates with anti-histidine (anti-His) protein (Thermofisher, 
#PA1-983B) followed by coating with anti-hB7-H3. 

The coating of wells was performed first with 100ul per well of 10μg/ml anti-His protein in 
PBS. The wells were left to coat overnight at 4°C. Subsequently, the wells were washed twice 
with PBS. The wells were then coated with 100μl per well of 25μg/ml anti-hB7-H3-His protein 
in PBS and left to coat overnight at 4°C. 

The inclusion of anti-mCD3 as a positive control within this assay also required coating wells 
with anti-mCD3 (ThermoFisher, #16-0031-82 (Clone 145-2C11)). Wells were coated with 
100μl per well of 1μg/ml of anti-mCD3 in PBS and left to coat overnight at 4°C. 

For this assay, CAR-T cells used were at day seven post transduction and stained with Cell 
Trace Violet (CTV) (ThermoFisher, #C34557) following the manufacturer’s instructions. 
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The coated wells were washed with PBS, and CAR-T cells were added in 100μl per well 
(adjusted for transduction efficiency). Untransduced T-cells were added at the same volume 
and cell number following transduction efficiency adjustment. 100μl per well of media was 
added to wells, and the plate(s) were incubated as required at 37°C and 5% CO2 until defined 
functional endpoints to assess CAR-T functionality in response to antigen stimulation by 
ELISA (section 2.2.12) and flow cytometry (section 2.2.13). 

 

2.2.9.2 Co-Culture with SupT1s 

Co-cultures were performed to assess CAR-T cell functionality against SupT1 WT cell lines 
(see Table 2.6 for further details on these cell lines). These were performed in 96-well round 
bottom plates in which targets were added at 100μl per well, followed by the addition of 100μl 
per well of CAR-T cells (adjusted for transduction efficiency) alongside untransduced T-cell 
controls. The plate(s) were then incubated at 37°C and 5% CO2. CAR-T cell functionality was 
determined at defined endpoints by luminescence, cytokine release and flow cytometry. 

 

2.2.9.3 Co-Culture with adherent antigen-positive targets 

Co-cultures of CAR-T cells with adherent antigen-positive targets were done so either with 
non-irradiated or irradiated targets at effector:target ratio of 1:1, as part of investigating the 
effects of single-dose radiation on CAR-T cell functionality.  

For these co-cultures, antigen-positive targets were processed into a single-cell suspension 
and irradiated or sham-irradiated (0Gy) as described in section 2.2.4. The cells were labelled 
with Carboxyfluorescein succinimidyl ester (CFSE) (ThermoFisher, #C34554) under the 
manufacturer’s instructions and plated alongside non-irradiated controls into 96-well flat 
bottom plates at 200μl per well at 50x103 per well and incubated for 24 hours at 37°C and 
5% CO2. After this 24-hour incubation, the plates were centrifuged at 300 x g x 5 mins, and 
100μl per well was discarded and replaced with 100μl per well of CAR T-cells labelled with 
CTV. 

The CAR-T cells were added at 50x103 per well with adjustment for transduction efficiency. 
Untransduced T-cell controls were also added in line with transduction efficiency adjustment. 
Co-cultures were incubated at 37°C and 5% CO2, and CAR-T cell functionality was 
investigated at defined endpoints by cytokine release and flow cytometry. 
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2.2.10 Assessment of tumour cell lysis by luciferase  

One way to assess tumour cell lysis as a functional readout of CAR-T cell activity was by 
utilising luciferase. Target cells were virally transduced to express the luciferase gene. This 
allowed the addition of luciferin, which generates a luminescence signal to assess tumour 
cell viability compared to controls in a high-throughput way.  

This type of functional readout was performed as required, with co-cultures performed with 

luciferase+ target cells at effector:target ratio of 1:1. To perform this readout, D-luciferin was 
added to co-cultures at a concentration of 15mg/ml. This was followed by a five minute 
incubation at room temperature in the dark. Readings were then obtained from wells via the 
SpectraMax plate reader  (Molecular Devices) using the luminescence settings, with the 
emission wavelength at 578nm.  

Results were corrected against media-only controls, normalised against target-only 
conditions, and plotted using GraphPad Prism v10. 

 

2.2.11 Measuring cytokine release by ELISA 

Enzyme-linked immunosorption assays (ELISAs) were used to measure the concentration of 
the inflammatory cytokines produced by CAR-T cells in response to antigen stimulation. 
Mouse IL-2 and IFN-y (mIL-2 and mIFN-γ, respectively) ELISAs were performed for this. 

To perform these ELISAs, 100-150μl per well of supernatant was collected from co-cultures 
at defined endpoints and frozen at -20°C in 96-well  round bottom plates until required. The 
ELISAs performed used the mIL-2 (Biolegend, 431004) and mIFN-y (Biolegend, 430804) kits. 
The  ELISAs were performed following the manufacturer’s instructions. 

To perform the ELISAs, supernatants were thawed at room temperature and centrifuged at 
300 x g x 5 minutes. The supernatants were added as required for sample dilution using 

assay diluent. Upon completion of the ELISA using 2NH2SO4, absorbance readings were read 
at 450nm and 540nm on a SpectraMax plate reader (Molecular Devices).  

The results were analysed through absorbance reading and blank corrections. Standard 
curves and interpolation of the unknown samples were performed using Microsoft Excel and 
corrected for the sample dilution factor used. 
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2.2.12 Flow cytometry 

Flow Cytometry is a technique that allows the detection of targets of interest through 
antibodies conjugated with fluorophores. The use of these flow cytometry antibodies enables 
measurement of the expression of cell markers of interest. As a result, a range of functional 
readouts can be obtained for T-cell assays, ranging from CAR expression, proliferation and 
T-cell memory phenotyping, alongside determining tumour cell lysis. 

All flow cytometry experiments were performed using either the BD LSR II or the Beckman 

Coulter Cytoflex with data acquisition through FACSDiva and CytExpert software, 
respectively. Data Analysis was performed using FlowJo v10 (Treestar). All flow antibodies 
used in flow cytometry experiments are listed below in Table 2.7. Centrifugation steps were 
performed at 800 x g x 2 minutes x 4°C unless otherwise stated. 

To perform flow cytometry, cells were first processed into single-cell suspension as required 
and transferred either into flow cytometry tubes or round bottom 96-well plate(s). Cells were 
washed with PBS and centrifuged. Post centrifugation, the supernatant was discarded, and 
cells were stained with viability dye as required in PBS for ten minutes at RT in the dark, 
followed by a PBS wash. Cells were then incubated with mouse Fc Block (Invitrogen, 14-
0161-82) for five to ten minutes at 4°C. Surface antibody staining was performed per sample 
in 100μl PBS with the appropriate antibodies (see Table 2.7) and mixed before a 30 to 45 
minute incubation at 4°C.  

Where compensation was required, compensation beads or cells were stained individually 
with each fluorescently conjugated antibody of interest alongside any fluorescent minus one 
(FMO) controls required.  

Upon completion of surface antibody staining, a final PBS wash was performed, and cells 
were resuspended in PBS and run through the flow cytometer. The data obtained was then 
analysed on the FlowJo v10 software. 

Samples that could not be recorded on a cytometer upon completion of staining were 
resuspended in 100μl fixation buffer (Biolegend, #42080) for 10 to 15 minutes at 4°C followed 
by a PBS wash. Cells were then stored at 4°C in PBS for a maximum of 48 hours to be 
recorded on the flow cytometer during this period.  
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Table 2.7 Antibodies for flow cytometry experiments 

Antibody  Clone Supplier Flurochrome Dilution 

Anti-mouse CD16/CD32  93 Invitrogen - 1 in 500 

DAPI - - - 1 in 200 

Fixable Viability Dye eFluor™ 780 - Invitrogen APC/Cy7 1 in 1000 

Ghost Red e780 Viability Dye - 
Cytek 
Bioscience 

APC/Cy7 1 in 1000 

Annexin V - APC Thermofisher 1 in 50 

Mouse IgG2a, κ Isotype Ctrl MOPC-173 Biolegend APC 1 in 100 

Mouse IgG1 ĸ Isotype Control MOPC-21 PE Biolegend 1 in 50 

Rat IgG2a, κ Isotype Ctrl RTK2758 Biolegend PE 1 in 100 

c-Myc 9E10 Biolegend PE, AF647 1 in 100 

Anti-His J095G46 Biolegend PE, APC 1 in 100 

Calreticulin FMC 75 PE Abcam 1 in 133 

Anti-human CD34 QBEnd10 
Biotechne 
(R&D 

Systems) 

APC 1 in 100 

Anti-human GD2 14G2a Biolegend PE, APC 1 in 100 

Anti-mouse B7-H3 MIH32 
BD 

Biosciences 

PE 1 in 100 

Anti-mouse CD3 17A2 Biolegend 
PE,APC,FITC, 

BV605, AF700 

1 in 300 

Anti-mouse CD4 GK1.5 Biolegend BV510 1 in 500 

Anti-mouse CD8 53-6.7 Biolegend BV711 1 in 500 

Anti-mouse CD62L MEL-14 Biolegend  BV510- 1 in 500 
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Anti-mouse CD44 IM7 Biolegend PE/Cy7 1 in 500 

 

2.2.12.1 Determining Memory T-Cell Phenotype  

Phenotyping of memory mouse T-cells was determined by the expression of mCD44 and 
mCD62L, which are among the markers cited in the literature for identifying memory T-cell 

phenotypes (374). The differential expression of mCD44 and mCD62L allows identification of 
T-cell populations as follows: naïve (CD62LhiCD44lo), effector (CD62LloCD44lo), central 
memory (CD62LhiCD44hi), and effector memory (CD62LloCD44hi) (374). Naïve T-cells (TNaive) 
have not yet encountered their specific antigen, while effector T-cells (TEffector) exert effector 
functions in response to antigen recognition. Effector memory (TEffector Memory) cells home to 
tissues and can rapidly exert effector functions upon antigen rechallenge (374). Central 
memory (TCentral Memory) T-cells contribute to central immunosurveillance; upon antigen 
rechallenge, they differentiate into effector cells and expand, increasing the pool of effector 
cells available to mount an immune response (374). Table 2.8 lists the panel used to 
determine T-cell memory phenotype during flow cytometric analysis.. 

 

Table 2.8 Panel for determining the mouse T-cell memory phenotype 

 mCD44 mCD62L 

TNaive - + 

TCentral Memory + + 

TEffector Memory + - 

TEffector - - 

 

2.2.13 Evaluating the in vitro functionality of NIS 

To assess the in vitro functionality of the NIS+ mouse CAR-T cells, radionucleotide uptake 
assays were performed using Technetium-99m pertechnetate (99mTcO4

−). This is a radiotracer 
widely used in the clinic and compatible with NIS (166). The addition of the competitive 
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inhibitor, sodium perchlorate (NaClO4), determines the specificity of NIS functionality 
observed in the presence of this inhibitor (166). 

All centrifugation and incubation steps were performed at 300 x g x 5 minutes and 37°C and 
5% CO2, respectively, unless otherwise stated.  

 

2.2.13.1 99mTcO4
- uptake assay 

The NIS+ Mouse CAR-T cells were evaluated for NIS functionality at days four to five post-
transduction and the cell number was adjusted for transduction efficiency. Mouse CAR-T 
cells in culture were centrifuged, resuspended in PBS and counted via trypan blue exclusion. 
Based on the cell concentration, cells were prepared as required for the uptake assay. 
0.5x106 cells were required per mouse spleen in triplicate for conditions with and without the 
addition of the inhibitor, NaClO4. Thus, 3x106 cells were needed for these conditions per 
mouse spleen. The cells were then centrifuged and resuspended to a cell concentration of 
1x106/ml of which 500μl was added to six 1.5ml microcentrifuge tubes.  

To the inhibitor controls, 50μl of 0.1M NaClO4 was added, and alongside the non-inhibitor 
controls, incubated for 30 minutes, with samples inverted every 10 to 15 minutes. During this 
incubation, 99mTcO4

− was measured just before use using a dosimeter (Veenstra Instruments 
dose calibrator) and diluted as required with PBS to a final concentration of 0.02MBq/μl. 
Upon completion of treatment with NaClO4, 0.1MBq of 99mTcO4

− was added per sample and 
incubated for 30 minutes. During this incubation,  tubes were inverted every 10 to 15 minutes. 
After treatment with 99mTcO4

−, the samples were centrifuged, and the supernatant was 
transferred to the corresponding scintillation tubes. The cells were then washed with 1ml of 
ice-cold PBS and centrifuged. Post centrifugation, the supernatant was transferred into the 
corresponding scintillation tubes as done for the previous step. All eppendorfs and 

scintillation tubes containing the cell pellet and supernatant, respectively, were loaded onto 
the gamma counter. Overnight automated readings were obtained from the samples. Data 
was exported when the dead time was less than 30%. This is when stable readings are 
provided for further analysis (375). The results exported from the gamma counter were 
corrected against media controls and analysed to provide the sum percentage of Tc99m 
uptake retained by the cells across all technical and biological replicates, in the presence or 
absence of NaClO4.  
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2.2.14 Neurosphere growth assays  

The TH-MYCN mouse transgenic lines, 129NS1 and TAM6 WT investigated within this thesis, 
propagate as spheroids in vitro. To utilise these models to investigate in vitro the effect of T-

cell trafficking into the tumour spheroid, optimisations were required to determine the 
suitability of these in vitro co-cultures with these models. Seeding density growth assays 
were utilised to determine the seeding density and viability of the tumour spheroids. 

To perform these assays, the TH-MYCN mouse transgenic luciferase+ chemotherapy-naïve 
lines, 129NS1-4B and 129NS1-4B hB7-H3+ were processed into single-cell suspensions as 
detailed in section 2.2.3.1. To 96-well ultra-low attachment (ULA) plate(s), cells were added 
at 3000, 4000 and 5000 per well in 200μl volume. Plate(s) were established in this manner for 
endpoint readings of 24, 48 and 72 hours post-seeding. 

 

2.2.14.1 Neurosphere diameter measurements 

To assess neurosphere growth through diameter changes for each time point, well images 
were taken at 4x magnification using a brightfield microscope for each seeding density. The 
neurosphere diameter was then measured on ImageJ. A scale bar was generated from 
measurements of a hemocytometer image with known measurements. The scale bar 
generated provided pixel-to-micron conversion, allowing neurosphere diameter 
measurements as required in microns. 

 

2.2.14.2 Assessing neurosphere viability 

As 129NS-14B and 129NS1-4B hB7-H3+ are luciferase positive, cell viability of the cells 
during the spheroid forming assay was determined through the use of luciferin. For each 
timepoint reading, stock D-luciferin (PerkinElmer, 122799) was diluted to 30mg/ml using 
neurosphere media (Table 2.3) and added at 10μl per well. The plate(s) were incubated for 
five minutes at 37°C and 5% CO2. Luminescence readings were then obtained from the plates 
using a Tecan Infinite 200Pro plate reader (Tecan Life Sciences) using the luminescence 
settings, with the integration time and settle time set at 1000ms and 100ms, respectively.  
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2.2.14.3 Determining neurosphere cell number  

To estimate the cell number of the spheroids within these seeding density growth assays, 
eight-point standard curves were set up on day zero of the assay with known cell numbers. 
At the 24 hour timepoint, luminescence readings were obtained from these standard curves. 
In GraphPad Prism v10, Non-linear regression was used to interpolate the unknown 
luminescence readings for each seeding density and determine cell numbers for the 
neurospheres at 24-, 48- and 72 hours post seeding.  

 

2.2.15 Statistical analysis  

Statistical analysis was performed using GraphPad Prism v10. The statistical tests chosen 
were based on the assumption that the data showed normal distribution with parametric tests 
selected to evaluate statistical differences between groups. For the in vitro assays shown, 
one-way ANOVA or two-way ANOVA was used with Turkey multiple comparisons to compare 
between groups as all the assays performed included comparisons between three or more 
groups.  
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Chapter 3  In vitro radiosensitivity of TH-MYCN 

mouse models of neuroblastoma  
3.1 Introduction 

Assessing the in vivo treatment efficacy in preclinical mouse neuroblastoma has largely 
focused on the use of widely used tyrosine-hydroxylase-MYCN (TH-MYCN) transgenic 
models for high-risk neuroblastoma (213,376). These genetically engineered mouse models 

show targeted overexpression of the human MYCN gene (one of the main oncogenic drivers 
of neuroblastoma) within neural crest cells, under the control of the rat tyrosine hydroxylase 
promoter (213). This results in the spontaneous development of aggressive tumours, which 
have pathological and clinical features similar to those of human neuroblastoma (376). As a 
result, these were deemed highly suitable tumour models for evaluation in this project.  

As discussed in the introduction on TH-MYCN models, the 9464D model has been the most 
widely characterised in the literature compared with the recently developed mouse allograft 
models on the 129/SvJ genetic background (129NS1 and TAM6 WT). All three models were 
evaluated within this thesis. To utilise these models to investigate the effect of radiation on 
CAR-T cell functionality, the first step was to determine the in vitro radiosensitivity of the 
cancer cells of the individual models due to limited findings published in this field. The 
experiments in this chapter aimed to determine which single-dose radiation should be 
considered further when evaluating its potential therapeutic effect on CAR-T cell functionality 
in subsequent in vitro and in vivo experiments. Because of the number of models considered 
to determine the most suitable to evaluate the treatment efficacy of radiation in combination 
with CAR-T cells, an in vitro screen was developed to determine the radiosensitivity of these 

models. 

As discussed in the Introduction (see section 1.8.7), the immune-mediated effects of radiation 
are thought to depend on the occurrence of immunogenic cell death (ICD). Within the 
literature, multiple markers have been determined as indicators of ICD of which three are 
considered the main hallmarks to consider: Extracellular ATP (EC-ATP), calreticulin (CRT), 
and HMGB1 (298,377). The roles of these ICD hallmarks have been further explained in the 
Introduction (see section 1.8.7.1-1.8.7.3). An in vitro radiosensitivity screen was performed 
to evaluate the expression of the ICD markers EC-ATP, calreticulin, and EC-HMGB1 in 
response to a range of low (2Gy) to high (30Gy) single-dose radiation from a 137Cs source. 
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The use of a range of single-dose radiation allows us to assess the radiosensitivity of these 
models, which has not yet been well defined in the literature.  

The overall aim of the radiosensitivity screen was to evaluate the effect of radiation on the 
three TH-MYCN models in terms of the effects of immunogenic cell death and cell viability. 
To determine cell viability, MTT assays were utilised. The use of a range of single-dose 
radiation within this in vitro screen allows simpler evaluation than fractionated regimens and 
is potentially more relevant for subsequent clinical translation on the most suitable radiation 
doses to be considered in combination with CAR therapy. The results in this chapter describe 
the in vitro radiosensitivity of TH-MYCN models of high-risk neuroblastoma in the 129/SvJ 

and C57BL/6 genetic mouse backgrounds. Radiosensitivity is defined by immune (ICD 
markers) and non-immune mediated effects (cell viability) induced by radiation.  

 

3.1.1 The TH-MYCN lines screened for in vitro radiosensitivity  

As mentioned in the previous section, the TH-MYCN models of high-risk neuroblastoma 
evaluated in this thesis exist in two different mouse genetic strains: 129/SvJ and C57BL/6.  

The TH-MYCN C57BL/6 model, 9464D, is the most characterised within the literature. The 
model was generated from spontaneous tumours arising in TH-MYCN transgenic mice on a 
C57BL/6 background and now exists as an immortalised cell line (218). This model has been 
characterised as akin to human neuroblastoma, with endogenous GD2 and low levels of 
MHC-1 (219). However, prolonged in vitro culturing has led to a loss of GD2 expression, thus 
resulting in the need for subsequent creation of 9464D models overexpressing GD2 (220).  

TH-MYCN-ALK allograft lines of neuroblastoma on the 129/SvJ background were recently 
developed by Louis Chesler and colleagues at The Institute of Cancer Research, London, as 
described in the Introduction (see section 1.7.4). The generation of the chemo-naïve 129NS1 
and chemo-resistance TAM6 allograft lines provides evaluation of radiation in combination 
with CAR therapy against both treatment-naïve and treatmen-refractory disease. This 
provides the potential for clinical translation of the efficacy of this combination therapy 
against modelling of different neuroblastoma treatment states.  

Both 129NS1 and TAM6 provide certain advantages over established adherent TH-MYCN 
tumour cell lines, such as 9464D. These allograft neurosphere lines exist in vitro as spheroids 

(date not shown). This improves the applicability of in vitro and in vivo findings for evaluating 
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CAR-T cell therapy in terms of assessing tumour infiltration and antigen expression. The 
129NS1 and TAM6 are also short-lived primary cell lines developed within our own labs. This 
provides an advantage over established cell lines like 9464D which have been transferred 
through multiple labs and known to acquire multiple adaptations as a result of prolonged in 
vitro culturing.  

Subclones generated from the parental lines 129NS1, TAM6 WT, and 9464D WT expressing 
hB7-H3+ were also included in this in vitro radiosensitivity screen. This is due to the interest 
in investigating CAR candidates targeting hB7-H3+ within this project, because B7-H3+ is a 
promising target for the targeted treatment of neuroblastoma, as discussed in the 
Introduction (see section 1.6.1). The generation of the 129NS1 expressing hB7-H3+ (129NS1-
4B hB7-H3+) was generated by me through viral transduction of the parental 129NS1-4B line 
(129NS1 line expressing luciferase generated by Sophie Munnings-Tomes) with hB7-H3+ 
retrovirus generated by the transient transfection of 293Ts. Subsequent bulk-sorting of the 
transduced cells yielded a 129NS1 allograft line positive for both luciferase and hB7-H3.  
Table 3.1 summarises the cell lines evaluated within this radiosensitivity screen. 

 

Table 3.1 Cells lines evaluated for in vitro radiosensitivity screen 

Cell Line Species Origin 

129NS1 

Mouse (129/SvJ genetic background) 

129NS1-4B (GFP+Luc+) 

129NS1-4B hB7-H3+ 

TAM6 

TAM6 hB7-H3+ mCherry+ 

9464D WT 

Mouse (C57BL/6 genetic background) 
9464D hB7-H3+ mCherry+ 
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3.2 Results 

3.2.1 EC-ATP levels  in response to single-dose radiation 

To investigate EC-ATP levels in response to radiation, TH-MYCN neuroblastoma lines were 
irradiated with a range of single-dose radiation. EC-ATP levels were measured by 
luminescence over a 72 hour time course post irradiation. The premise of this assay is that 
dying cells release EC-ATP, which is a substrate required for the oxidation of luciferin to oxy-
luciferin by luciferase (378,379). Owing to the addition of luciferase and luciferin to these cells, 
luciferase+ lines (129NS1-4B and 129NS1-4B hB7-H3+) derived from the parental line 129NS1 
were excluded from these assays as endogenous expression of luciferase by these lines 
would create background light emission. Maximal EC-ATP levels were measured from known 
concentrations of ATP (Figure 8.1). However, due to the instability of ATP, the standard curve 
could not be utilised to determine the concentration of EC-ATP release for these timecourse 
assays.  

In response to single-dose radiation, the TH-MYCN lines on the 129/SvJ genetic strain 
(129NS1 and TAM6) showed similar results with no upregulation of EC-ATP levels in response 
to single-dose radiation compared to the non-irradiated (0Gy) control. For both the 129NS1 
and TAM6 lines, consistent EC-ATP levels were observed in the non-irradiated control, which 
became most apparent at 48 and 72 hours post irradiation. The reason for this high 
background is unknown; thus, data should be interpreted with caution. The chemo-naïve 
129NS1 line showed no dose-dependent increase in EC-ATP over the 72 hour time course. 
The diminished EC-ATP levels seen at doses greater than 5Gy may suggest that radiation 
induces a protective effect in the cells, resulting in lower EC-ATP levels, as evidenced by the 

lower luminescence readings observed compared to the 0Gy control (Figure 3.1a). In 
response to radiation, the highest EC-ATP levels were observed with 2Gy from 48 hours post 
irradiation, followed by 5Gy. However, similar to higher radiation doses, the EC-ATP levels 
were still found to be no higher than 0Gy across all time points (Figure 3.1a) 

The chemoresistant TAM6 WT (Figure 3.1b), similar to 129NS1, showed no upregulation of 
EC-ATP levels in a dose-dependent manner compared to the non-irradiated control. 
However, there was a trend observed with EC-ATP levels peaking at 48 hours before 
diminishing at 72 hours post irradiation compared to the non-irradiated control, which 
suggests that EC-ATP levels are time-dependent (Figure 3.1b). These results suggest that 
radiation has no effect on increasing EC-ATP levels and thus trends observed of EC-ATP 
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levels over time within the radiation group are likley not to be directly related. TAM6 hB7-H3+ 
mCherry+. in line with TAM6 WT showed diminished EC-ATP levels at 48 and 72 hours post 
irradiation compared to the non-irradiated control for doses greater than 2Gy (Figure 3.1c). 
EC-ATP levels were upregulated at 72 hours post irradiation with 2Gy compared to those in 
the non-irradiated control (Figure 3.1c).  

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3.1 129NS1 and TAM6 lines do not show increase in EC-ATP levels in response to single-
dose radiation 

TH-MYCN mouse allograft lines a) 129NS1, b) TAM6 WT, and c) TAM6 hB7-H3+ mCherry+ were irradiated with a 

range of single dose of γ-radiation using a 137Cs source. The irradiated single-cell suspensions were plated at 

20x103 per well to assess EC-ATP release in real-time over a 72-hour time course. The luminescence readings 

obtained at 24, 48, and 72-hour post treatment are shown. Each treatment condition included three technical 
replicates with the standard deviation is shown. The results are representative of two independent experiments 
(N=2). 

The 9464D lines were also evaluated for EC-ATP levels in the same manner as the other TH-
MYCN transgenic lines mentioned in the previous section. Similar to the 129NS1 and TAM6 
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lines, EC-ATP levels were not upregulated in response to radiation compared to the non-
irradiated control for 9464D lines (Figure 3.2). For both 9464D WT (Figure 3.2a) and 9464D 
hB7-H3+ mCherry+ (Figure 3.2b), EC-ATP levels were relatively low at 24 hours post 
irradiation, before being upregulated at 48 and 72 hours post irradiation. However, this 
upregulation did not occur in a dose-dependent manner and was not greater than that 
observed in the non-irradiated control. The levels of EC-ATP levels across the investigated 
radiation doses were relatively comparable (Figure 3.2). 

 

 

 

 

 
 

 

 

Figure 3.2 9464D cell lines do not show increase in EC-ATP levels in response to single-dose 
radiation 

TH-MYCN cell lines: a) 9464D WT and b) 9464D hB7-H3+ mCherry+ were irradiated with a range of single-dose γ-

radiation using a 137Cs source. The irradiated single-cell suspensions were plated at 20x103 per well to assess 
EC-ATP levels in real-time over a 72-hour time course. Luminescence readings obtained 24, 48, and 72 hour post 
treatment are shown. Each treatment condition included three technical replicates, with the standard deviation 
shown. The results shown are from one independent experiment (N=1).  

Within the context of these luminescence-based assays, EC-ATP upregulation was not 
observed in response to radiation across any of the TH-MYCN lines screened, and no dose-
dependent differences were observed. This may be due to technical limitations of this assay 
to measure EC-ATP as discussed in section 3.7 of this chapter. Alternative methods of 
measuring EC-ATP levels in response to radiation in a high-throughput manner may need to 
be considered for in vitro investigations of these TH-MYCN models. 
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3.2.2 Expression of calreticulin in response to radiation 

Next, I sought to determine whether the ICD marker calreticulin was upregulated in response 
to radiation. The premise of the assay is that dying cells release calreticulin, which can be 
detected using techniques such as flow cytometry and western blotting (380). The TH-MYCN 
mouse neuroblastoma lines were either non-irradiated (0Gy) or irradiated with a single dose 
of 30Gy. Calreticulin expression was measured by flow cytometry at 18 , 48 and 72 hours 

post irradiation and the gating strategy used is shown in Figure 3.3.  

 

 

 

 

 

 
 

 

Figure 3.3 Gating strategy for measuring calreticulin expression in response to single-dose 
radiation 

TH-MYCN mouse neuroblastoma lines of 129NS1, TAM6 and 9464D and their derivatives were either sham-

irradiated (0Gy), or irradiated with a single-dose of 30Gy via a 137Cs source. The irradiated single-cell suspensions 

were plated at 60x103 per well. Ecto-calreticulin expression was measured 18, 24, and 48 hours post treatment 
by flow cytometry. The representative FACS plots show the gating strategy utilised to measure calreticulin (CRT) 
expression by flow cytometry against the isotype control on gated single cells. 

 

3.2.2.1 Calreticulin upregulation in 129NS1 lines 

In response to single-dose radiation, the chemo-naïve 129NS1 lines showed upregulation of 
calreticulin (Figure 3.4) compared to the non-irradiated controls. For 129NS1 (Figure 3.4a), 
129NS1-4B (Figure 3.4b), and 129NS1-4B hB7-H3+ (Figure 3.4c), calreticulin expression was 
upregulated at 18 hours post irradiation. Moreover, the upregulated expression was 
sustained at later time points of 24 and 48 hours post irradiation across all three lines (Figure 
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3.4). The magnitude of calreticulin expression was found to be similar across 129NS1 and 
the subclone lines 129NS1-4B and 129NS1-4B hB7-H3+. This suggests that the subclone 
behaviour in terms of radiation response for calreticulin expression is in line with that of its 
parental line, 129NS1.  

 

 

 

 

 

 

 

 

 

 
Figure 3.4 The chemo-naïve 129NS1 lines show upregulation in ecto-calreticulin expression in 
response to single-dose radiation 

TH-MYCN mouse neuroblastoma lines, a) 129NS1, b) 129NS1–4B, and c) 129NS1–4B hB7-H3+ were either non-

irradiated (0Gy), or irradiated with a single-dose of 30Gy via a 137Cs source. The irradiated single-cell suspensions 

were plated at 60x103 per well. Ecto-calreticulin expression was measured 18, 24, and 48-hr post treatment by 
flow cytometry. Each treatment condition includes three technical replicates, with the standard deviation shown. 
The results shown are from one independent experiment (N=1). 

 

3.2.2.2 Calreticulin upregulation in TAM6 lines 

In response to radiation in the TAM6 lines, variable results in the upregulation of calreticulin 
expression were observed. Both TAM6 WT (Figure 3.5a) and the subclone line TAM6 WT 
hB7-H3+ mCherry+ showed upregulation in calreticulin expression compared to the non-
irradiated control at 0Gy. However, for TAM6 WT, this was most pronounced at 48 hours 
post irradiation compared to the non-irradiated control (Figure 3.5a). In contrast, TAM6 hB7-
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H3+ mCherry+ cells showed a trend of upregulated calreticulin expression compared to the 
non-irradiated control cells in a time-dependent manner (Figure 3.5b). The magnitude of 
calreticulin expression seen between the two differed, with lower expression of calreticulin 
seen for TAM6 hB7-H3+ mCherry+ than for TAM6 WT (Figure 3.5). The observed differences 
may be due to subclone heterogeneity compared to the mixed clonal heterogeneity of TAM6 
WT.  

 

 

 

 

 

 
Figure 3.5 TAM6 hB7-H3+ mCherry+ shows early upregulation in ecto-calreticulin expression in 
response to single-dose radiation but not TAM6 WT 

Mouse neuroblastoma TH-MYCN allograft lines, a) TAM6 WT, and b) TAM6 hB7-H3+ mCherry+ were either non-

irradiated (0Gy) or irradiated with a single-dose of 30Gy via a 137Cs source. The irradiated single-cell suspensions 

were plated at 60x103 per well. Ecto-calreticulin expression was measured 18, 24, and 48 hours post-treatment 
by flow cytometry. Each treatment condition includes three technical replicates, with the standard deviation 
shown. The results shown are from one independent experiment (N=1). 

 

3.2.2.3 Calreticulin upregulation in 9464D lines 

When evaluating calreticulin expression in response to radiation, variable responses were 
observed between the 9464D WT and 9464D hB7-H3+ mCherry+ cells. 9464D WT showed 
minimal upregulation of calreticulin expression compared to the non-irradiated control that 
was not sustained in a time-dependent manner (Figure 3.6a). However, for 9464D hB7-H3+ 
mCherry+ cells, radiation did not upregulate calreticulin expression compared to the non-
irradiated control (Figure 3.6b). This trend was sustained across all time points post-treatment 
(Figure 3.6b). The differences observed between 9464D WT and 9464D hB7-H3+ mCherry+ 

may be a result of subclone heterogeneity. Further experimental repeats will determine the 
significance of these results.  

a. b. 

18 24 48
0

10

20

30

40

50

60

Hours Post Treatment

C
al

re
tic

ul
in

 E
xp

re
ss

io
n 

(%
)

TAM6 hB7-H3+ mCherry+

0Gy

30Gy 

18 24 48
0

10

20

30

40

50

60

Hours Post Treatment

C
al

re
tic

ul
in

 E
xp

re
ss

io
n 

(%
)

TAM6 WT



 117 

 

 

Figure 3.6 Ecto-calreticulin expression is upregulated in 9464D WT but not 9464D hB7-H3+ 
mCherry+ in response to single-dose radiation 

TH-MYCN cell lines, a) 9464D WT, and b) 9464D hB7-H3+ mCherry+ were either non-irradiated (0Gy), or irradiated 

with a single-dose of 30Gy via a 137Cs source. The irradiated single-cell suspensions were plated at 60x103 per 
well. Using flow cytometry, ecto-calreticulin expression was measured 18-, 24-, and 48 hours post-treatment. 
Each treatment condition includes three technical replicates, with the standard deviation shown. The results 
shown are from one independent experiment (N=1). 

 

3.2.3 Radiation-induced EC-HMGB1 release  

To complete the screening of the main ICD markers for radiation, I looked to measure EC-
HMGB1 release. To measure EC-HMGB1 release, 129NS1, TAM6 WT, and 9464D WT were 
irradiated in response to a range of single-dose radiation alongside a non-irradiated control 
and positive control of doxorubicin. EC-HMGB1 release was measured 24 hours post-
treatment via luminescence, along with a standard curve of known concentrations of mouse 
EC-HMGB1. Luminescence readings obtained from TH-MYCN lines were extrapolated using 
a standard curve to quantify the concentration of EC-HMGB1 released in response to 
treatment.  

 

3.2.3.1 Variable EC-HMGB1 release in response to radiation 

As shown in Figure 3.7, in response to radiation, EC-HMGB1 release was found to be similar 
across all three cell lines compared to non-irradiated controls. The EC-HMGB1 release 
response did not differ in a dose-dependent manner. These results suggest that EC-HMGB1 
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is not found to be upregulated in response to radiation at 24 hours post treatment. The 
addition of additional time points would confirm whether dose-dependent differences in EC-
HMGB1 would be observed at later time points.  

 

 

 

 

 

 

 
Figure 3.7 The TH-MYCN mouse cell lines did not show upregulation of EC-HMGB1 release in 
response to single-dose radiation 

Mouse neuroblastoma TH-MYCN cell lines, 129NS1 (black), TAM6 WT (pink), and 9464D WT (teal) were irradiated 

with a range of single-dose γ-radiation using a 137Cs source or treated with positive control, 25μM doxorubicin. 

The irradiated single-cell suspensions were plated at 20x103 per well, to assess EC-HMGB1 release 24 hours post 
treatment by luminescence. The results shown were extrapolated using a mouse HMGB1 standard curve. Each 
treatment condition included four technical replicates, with the standard deviation shown. The results shown are 
from one independent experiment (N=1).  

 

3.2.4 Neurosphere growth assay optimisations 

Because of the variable results observed for the ICD expression dataset for these TH-MYCN 
mouse neuroblastoma cell lines, I also assessed the radiosensitivity of these cell lines in terms 
of cell viability to determine any additive effect of single-dose radiation in the absence of 
immune-mediated effects via ICD. However, before being able to investigate cell viability in 
response to radiation, I sought to perform some neurosphere growth optimisation assays 
(Figure 3.8) to evaluate growth characteristics and determine the viability of these TH-MYCN 
cell lines on the 129/SvJ background before any radiation treatment, as they were found to 
grow as spheroids in nature with necrotic dense centres. To perform these growth 
optimisation assays, chemo-naïve lines 129NS1-4B and 129NS1-4B hB7-H3+ were evaluated 
for spheroid-forming assays performed over three days. These lines also showed similar 
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growth characteristics to the TAM6 lines. These were also better suited for assessing cell 
viability by luminescence because they were luciferase-expressing. 

 
 

Figure 3.8 Schematic of neurosphere growth assay 

Mouse neuroblastoma TH-MYCN luciferase+ cell lines (129NS1-4B and 129NS1-4B hB7-H3+) were plated as 

single-cell suspensions at varying seeding densities per well in 96-well ultra-low attachment plate(s) at day zero. 
The formed neurospheres were grown for three days. The formed neurosphere were assessed every 24 hours 
over the course of a three day spheroid forming assay for changes in neurosphere diameter and cell viability. 
Representative brightfield images taken at 4x magnification are shown of spheroid growth over the course of the 
three day spheroid forming assay. Figure created using Biorender. 

 

3.2.4.1 Neurosphere diameter as an indicator of neurosphere growth 

The first step was to determine whether neurospheres formed over a three-day spheroid 
forming assay were growing based on changes in neurosphere diameter. On day zero, 
129NS1-4B (Figure 3.9a) and 129NS1-4B hB7-H3+ (Figure 3.9b) cells were plated at densities 
of 3000, 4000, and 5000 per well in a 96-well plate format. Neurosphere diameters were 
measured from well images taken at established time points on days one–three post seeding. 
Neurosphere diameters were found to increase over three days in a time-dependent manner 
for both 129NS1-4B (Figure 3.9a) and 129NS1-4B hB7-H3+ (Figure 3.9b). A general trend was 
seen of neuropshere diameter increasing in a manner dependent on seeding density and 
time.  
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Figure 3.9 129NS1 and 129NS1-4B hB7-H3+ increase in neurosphere diameter when grown as 
single spheroids 

Mouse neuroblastoma TH-MYCN luciferase+ cell lines a) 129NS1-4B and b) 129NS1-4B hB7-H3+ were plated as 

single-cell suspensions at 3000 (black), 4000 (pink), and 5000 (teal) per well in 96-well ultra-low attachment 

plate(s). The diameter of the spheroids was measured every 24 hours over three days post-seeding. For each 24 
hour timepoint, brightfield images of the spheroids were taken and used to measure the diameter of the spheres 
using ImageJ. The results shown are of one independent experiment (N=1). 

 

3.2.4.2 Neurospheres are viable as single grown spheroids 

Alongside the neurosphere diameter changes, I also sought to determine the cell viability 
within neurospheres at each timepoint. This is important in ensuring that tumour cells are 
viable before the use of radiation to evaluate CAR-T cell functionality in subsequent in vitro 
co-culture experiments. 

These three-day spheroid-forming assays were performed in the same way as described in 
the previous section (section 3.4.1) with 129NS1 and 129NS1-4B hB7-H3+. Both of these 
lines were luciferase+, and viability was assessed using luminescence via the addition of 
luciferin. Luminescence emitted by the viable luciferase+ cells was measured as an indicator 
of cell viability. For the three day sphere-forming assay, 129NS1-4B (Figure 3.10a) and 
129NS1 4B-hB7-H3+ (Figure 3.10b) were found to be viable across the three seeding 
densities. The luminescence levels were found to increase across the three seeding densities 
in a time-dependent manner for both cell lines, suggesting cells are viable during this assay 
(Figure 3.10). The level of luminescence was found to be similar across all three seeding 
densities at the three time points evaluated (Figure 3.10). Large variability in luminescence 
readings, as shown by the error bars, was observed across the two cell lines on day three 
post seeding (Figure 3.10). The variability observed may be due to the heterogeneity of the 
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spheroid sizes seen. Overall, these results suggest that the neurospheres are viable 
throughout the three-day sphere-forming assay across the three seeding densities evaluated.  

 

 
Figure 3.10 129NS1 and 129NS1-4B hB7-H3+ are viable when grown as single spheroids 

Mouse neuroblastoma TH-MYCN luciferase+ cell lines, a) 129NS1-4B and b) 129NS1-4B hB7-H3+ were plated 

as single-cell suspensions at 3000 (black), 4000 (pink), and 5000 (teal) per well in a 96-well ultra-low attachment 
plate(s). The viability of the spheroids formed was measured every 24 hours for three days post-seeding. Viability 

was measured by luminescence using luciferin. The results shown are representative of two independent 
experiments (N=2). 

 

3.2.4.3 Estimating cell number using a standard curve 

Having established that the neurosphere lines are able to form spheroids which are growing 
and consist of viable cells based in terms of increasing neurosphere diameter and 

luminescence by luciferase, there is a need to determine and define the cell number of the 
spheroids formed during these growth-forming assays. This is important for determining the 
corresponding effector: target (E:T) ratio to define when performing co-cultures to assess the 
effect of radiation on CAR-T cell functionality against these mouse neuroblastoma lines.  

To determine cell number, the sphere forming assays were performed as previously 
mentioned (section 3.4.1) with 129NS1-4B and 129NS1-4B hB7-H3+. However, on day zero 
of the assay, standard curves of known cell numbers were plated and luminescence readings 
were measured from the plated cells one day post seeding as formed spheres. Standard 
curves were then used to interpolate the luminescence readings obtained from the spheres 
plated at different seeding densities to estimate the cell numbers throughout the assay.  
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Figure 3.11 shows that the results vary between the two lines. 129NS1-4B hB7-H3+ (Figure 
3.11b) showed the hypothesised trend of increasing cell number in line with neurosphere 
growth over the three days across the three seeding densities. However, on day three, there 
was a large variability in the results, as evidenced by the large error bars, especially for 
seeding densities of 4000 and 5000 (Figure 3.11b). One of the reasons for this might be the 
extrapolation of data points outside the range of the standard curve.  

Similar to 129NS1-4B hB7-H3+, 129NS1 showed a clear trend of increasing cell number in a 
time-dependent manner for initial seeding of 3000 to 4000 cells per well. However, great 
variability was seen at three days post-seeding across the three seeding densities. The lack 
of an expected trend of increasing cell numbers in line with the trends of neurosphere 
diameter and viability over time might be due to the technical difficulties in extrapolating cell 
numbers based on a standard curve. Based on the results across the two lines, 3000 cells 
per well is the number for forming neurospheres that will be viable and with sufficient target 
cell numbers at three days post-seeding to perform co-cultures to ascertain the effect of 
radiation on CAR-T cell functionality. As these seeding densities have only been performed 
with 129NS1 and 129NS1-4B hB7-H3+ cells, further experiments need to be performed to 
evaluate whether these findings are observed in other mouse neuroblastoma models of 
interest, such as the 9464D and TAM6 lines.  

 
Figure 3.11 The cell number of spheroids can be extrapolated using standard curves 

Mouse neuroblastoma TH-MYCN luciferase+ cell lines, a) 129NS1-4B and b) 129NS1-4B hB7-H3+ were plated as 

single-cell suspensions at 3000 (black), 4000 (pink), and 5000 (teal) per well in a 96-well ultra-low attachment 
plate(s). The viability of the spheroids formed was measured every 24 hours for three days post-seeding. Viability 

was measured by luminescence. The cell numbers were interpolated from a standard curve of known cell 
numbers. The results shown are of one independent experiment (N=1). 
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3.2.5 The effect of single dose radiation on in vitro cell viability  

Assessing the radiosensitivity of TH-MYCN neuroblastoma lines was not solely based on the 
expression of ICD markers, as mentioned in the introduction of this chapter. It is also 
imperative to determine the radiosensitivity in terms of cell viability in response to single-dose 
radiation. This was done to ascertain whether, in the absence of ICD, single-dose radiation 
resulted in cell death by decreasing cell viability. To evaluate cell viability in response to 
radiation, I assessed cell viability using the MTT assay compared to clonogenic assays 
because of the limitations, as discussed further in section 3.3. 

The assays were performed with cells irradiated at a range of single-dose radiation using a 
137Cs source, and MTT readouts were performed every 24 hours post treatment over a 72 
hour time course. The MTT assay assesses mitochondrial activity as an indicator of cell 
viability. This is based on the conversion of MTT into insoluble formazan crystals by 
mitochondrial dehydrogenase in living cells, which provides a colourimetric change that can 
be measured using absorbance. In parallel to the MTT assays, well images were taken to 
ascertain if the MTT results were indicative of the phenotype of the cells. Well images are 
shown for 129NS1 (Figure 3.13) and TAM6 WT (Figure 3.15), but not for 9464D WT. This is 
because the contrast of the bright field image was not strong enough to discern changes in 
cell growth for 9464D WT (data not shown).  

 

3.2.5.1 Cell viability of 129NS1 lines is affected by radiation 

For the chemo-naive lines 129NSI (Figure 3.12a), 129NS1-4B (Figure 3.12b), and 129NS1-4B 
hB7-H3+ (Figure 3.12c), cell viability was reduced in response to single-dose radiation. For all 
three lines, all doses of radiation reduced cell viability from 24 hours to 72 hours post 
irradiation (Figure 3.12). Recovery of cell viability was not observed for doses greater than 
10Gy at 48-72 hours post irradiation (Figure 3.12). Results at 5Gy in cell recovery differed 
across the three lines, with 129NS1 showing potential recovery at 72 hours, whereas 
subclones 129NS1-4B and 129NS1-4B hB7-H3+ showed little cell recovery. This may be the 
result of subclones being more sensitive to radiation with little cell recovery for doses higher 
than 5Gy compared to the parental 129NS1 line.  

All three lines were sensitive to the lowest dose of 2Gy in reducing cell viability. However, this 
effect was sustained only until 48 hours post radiation, with recovery in cell viability observed 
at 72 hours post irradiation. This suggests that 2Gy induces a rapid irradiation effect; 
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however, a sufficient number of cells survived and proliferated within 72 hours, resulting in 
the recovery of cell viability (Figure 3.12). It is essential to note that the sample variation 
observed within this dataset (Figure 3.12) may be attributed to technical issues associated 
with the MTT assay, such as inconsistencies in pipetting accuracy, formazan crystal 
solubilisation, and variations in spectrophotometer settings (381).  

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.12 Cell viability of the 129NS1 lines is affected in response to single-dose radiation 

Mouse neuroblastoma TH-MYCN allograft lines, a) 129NS1, b) 129NS1 – 4B, and c) 129NS1 – 4B hB7-H3+ were 

irradiated with a range of single dose γ-radiation using a 137Cs source. The irradiated single-cell suspensions were 

plated at 20x103 per well to assess cell viability using MTT every 24 hours within a 72-hour time course. The 
results were normalised against the negative control, 0Gy and are shown as a percentage of cell viability. Each 
treatment condition includes three technical replicates with the standard deviation shown. The results are 
representative of two independent experiments (N=2). 
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The well images of 129NS1 (Figure 3.13) taken in parallel with the MTT assay (Figure 3.12a) 
supported each other. As observed with the MTT assay, all doses of radiation caused cell 
death with fewer and smaller spheroids compared to the non-irradiated control at 0Gy (Figure 
3.13). Moreover, this effect of cell death was sustained in a time-dependent manner at doses 
of 10-30Gy (Figure 3.13). As observed in the MTT assay (Figure 3.12), cell death induced by 
lower doses of 2-5Gy was not sustained, and recovery of cell growth was observed at 48 and 
72  hours post irradiation (Figure 3.13). This suggests that the effect of doses lower than 5Gy 
on 129NS1 is short-lived which may be due to these lower doses leading to a cytostatic effect 
or being cytotoxic to a minority of cells whlist the surviving cells recover and increase over 
time. 

 
Figure 3.13 129NS1 is sensitive to radiation with evidence of cell death in response to a range 
of single dose radiation 

The mouse neuroblastoma TH-MYCN allograft line 129NS1 was irradiated with a single dose of γ radiation using 

a 137Cs source. The irradiated single-cell suspensions were plated at 20x103 per well to assess cell viability using 
the MTT assay. Over the course of 72 hours, prior to the use of these plates for MTT readout every 24 hours, 
brightfield images were taken of wells at 4x magnification to assess the visual effect of irradiation on the cells. 
The results are representative of two independent experiments (N=2).  
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(Figure 3.14b) showed a decrease in cell viability in response to doses evaluated from 5-30Gy. 
In response to the lowest dose of 2Gy evaluated, a decrease in cell viability was observed in 
TAM6 WT at 72 hours post irradiation. The viability of TAM6 hB7-H3+ mCherry+ cells did not 
appear to be affected by 2Gy throughout the time course (Figure 3.14b). Doses above 10Gy 
were more effective in decreasing cell viability at 48 hours post irradiation onwards for both 
TAM6 lines (Figure 3.14). Compared to TAM6 WT, TAM6 hB7-H3+ mCherry+ showed an earlier 
onset of cell viability reduction with higher doses of 20-30Gy from 48 hours post irradiation 
(Figure 3.14).  

Like the 129NS1 lines, TAM6 lines are susceptible to radiation in terms of decreasing cell 
viability, with TAM6 WT more so than the subclone line TAM6 hB7-H3+ mCherry+ (Figure 3.14). 
However, this effect is found to be more delayed than with the 129NS1 lines (Figure 3.12), with 
the effect of radiation seen on cell viability from 48 hours post irradiation onwards as opposed 
to 24 hours post irradiation (Figure 3.14). Doses above 5Gy were found to have an effect on 
decreasing cell viability (Figure 3.14). Because of the delayed effect of decreasing cell viability 
seen with these TAM6 lines, additional time points beyond 72 hours would be informative in 
determining how sustained this effect is in decreasing cell viability.  

 

 
Figure 3.14 The TAM6 lines are more radioresistant, with a slower effect on cell viability seen in 
response to single-dose radiation 

Mouse TH-MYCN allograft lines: a) TAM6 WT, and b) TAM6 hB7-H3+ mCherry+ were irradiated with a range of 

single dose γ-radiation using a 137Cs source. The irradiated single-cell suspensions were plated at 20x103 per well 
to assess cell viability using MTT every 24hr, within a 72-hour time course. The results were normalised against 
the negative control (0 Gy) and are shown as a percentage of cell viability. Each treatment condition includes three 
technical replicates within the same experiment, with the standard deviation shown. The results shown are 
representative of two independent experiments (N=2).  
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The well images of TAM6 WT support the findings from the MTT results (Figure 3.14), with 
the radiation having a delayed and reduced effect on decreasing cell viability (Figure 3.15). 
Moreover, with the well images, it was harder to determine any of the effects of radiation on 
the cells compared to the non-irradiated control, as these cells seemed to be more 
radioresistant than the 129NS1 lines. The clearest effect within the images is the smaller 
spheroid formation as seen as compared to the non-irradiated control (Figure 3.15). 

 

Figure 3.15 TAM6 WT appears radioresistant, with some evidence of cell death in response to 
radiation 

TAM6 WT was irradiated with a range of single dose γ-radiation using a 137Cs source. The irradiated single-cell 

suspensions were plated at 20x103 per well to assess cell viability using the MTT assay. Over a 72 hour 
timecourse, brightfield images were taken at 4x magnification to assess the visual effect of irradiation on the cells. 
The results shown are of the same experiment and are representative of two independent experiments (N=2).  

 

3.2.5.3 Cell viability of 9464D lines vary in response to radiation 

In response to single dose radiation for the 9464D lines, the results varied between the 
parental 9464D WT (Figure 3.16a) and the subclone line 9464D hB7-H3+ mCherry+ (Figure 
3.16b). Both 9464D WT and 9464D hB7-H3+ mCherry+ cells showed little decrease in cell 
viability in response to doses of 2-5Gy across the time course. Similar to the TAM6 lines, the 
9464D lines showed a delayed response in decreasing cell viability in response to radiation. 
9464D WT (Figure 3.16a) showed a decrease in cell viability in response to 10-30Gy from 48 
hours post radiation onwards. This effect was most prominent for doses between 15-30Gy 
(Figure 3.16). Similar to 9464D WT cells, 9464D hB7-H3+ mCherry+ cells showed a decrease 
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in cell viability in response to doses greater than 5Gy. However, the reduction in cell viability 
was most pronounced at 72 hours post irradiation. The results show a large variation in the 
technical replicates shown and thus are not suitable for statistical analysis of differences 
between conditions to confirm the trends seen.  
 

 

Figure 3.16 Cell viability of the 9464D lines is less affected by single-dose radiation 

TH-MYCN cell lines, a) 9464D WT and b) 9464D hB7-H3+ mCherry+ were irradiated with a range of single dose γ-

radiation using a 137Cs source. The irradiated single-cell suspensions were plated at 20x103 per well in a 96-well 
flat-bottom attachment plate(s) to assess cell viability using MTT every 24 hours within a 72-hour time course. 
The results were normalised against the negative control (0Gy) and shown as a percentage of cell viability. Each 
treatment condition includes three technical replicates, with the standard deviation shown. The results shown are 
representative of two independent experiments (N=2).  

 

3.2.6 Cell viability of TH-MYCN lines vary in in vitro radiosensitivity 

The results of the MTT assay, discussed in section 3.2.5 describe the effect of radiation on 
in vitro cell viability across the TH-MYCN mouse neuroblastoma models screened. Figure 
3.17 provides a summary of this dataset. The half-maximal inhibitory radiation dose (IC50) was 
determined for 24, 48 and 72 hours post treatment for all cell lines screened, using the MTT 

results described in section 3.2.5. The mean of those calculated IC50 values is shown in Figure 
3.17 and shows that the screened neuroblastoma lines vary in radiosensitivity. As 
hypothesised, chemo-naïve lines 129NS1, 129NS1-4B, and 129NS1-4B hB7-H3+ seemed to 
be radiosensitive with an IC50 range of 1.7-2.4 Gy suggesting that a low dose of 2Gy will affect 
cell viability (Figure 3.17). The chemoresistant TAM6 WT and TAM6 hB7-H3+ mCherry+ were 
found to have a higher IC50 between 17-20Gy, indicating that, compared to the 129NS1 lines, 
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higher doses of radiation are required for radiation-induced cell death. The 9464D lines were 
found to be the most radioresistant, with IC50 found to be between 41-48Gy. This suggests 
that doses above 40Gy are required for any immediate effect of radiation-induced cell death 
(Figure 3.17). 

 

 

 

 

 

 

 

 

 
Figure 3.17 The TH-MYCN lines of neuroblastoma vary in radiosensitivity in vitro 

Mouse neuroblastoma TH-MYCN lines were irradiated at a range of single dose γ-radiation using a 137Cs source. 

The irradiated single-cell suspensions were plated at 20x103 per well in a 96-well flat-bottom attachment plate(s) 
to assess cell viability using MTT every 24 hours within a 72-hour time course. The data were normalised against 
the negative control, 0Gy, and analysed through non-linear regression to ascertain the IC50 at 24 hour intervals 
throughout the 72 hour time course. The table displays the average of these calculated IC50 values.. The results 

shown are from one independent experiment (N=1). 

 

3.3 Discussion 

As little is known about the radiosensitivity of TH-MYCN mouse neuroblastoma models 
(129NS1, TAM6, and 9464D) within the literature, an in vitro radiosensitivity screen was 

developed to ascertain the effects of single-dose radiation on these models of interest. The 
in vitro radiosensitivity screen focused on examining both the immune and non-immune 
mediated effects of radiation. The immune-mediated effects of radiation involved screening 
of the key markers of immunogenic cell death: EC-ATP, EC-HMGB1, and calreticulin. In 



 130 

response to a range of single-dose radiation doses, variable results were observed for these 
ICD markers across the screened TH-MYCN lines. 

The results of the EC-ATP time course revealed that in response to a range of single-dose 
radiation, no upregulation in EC-ATP was observed across all the cell lines screened except 
TAM6 hB7-H3+ mCherry+; further experiments are required to ascertain the statistical 
significance of these findings. Within the literature, the measurement of EC-ATP in response 
to ICD has been mostly defined by the use of luminescence-based assays as performed 
above (380). However, a consideration that needs to be taken into account with the use of 
these assays is that EC-ATP levels  may be diminished by the expression of ATP-degrading 
ectonucleotidases, CD39 and CD73 expressed by cancer cells (382,383). This may lead to 
false observations of no discernible differences in EC-ATP levels in response to radiation 
compared with non-irradiated controls. The expression of these ecto-nucleotidases has not 
been well defined in the literature within the screened mouse neuroblastoma lines; therefore, 
further investigation is required. If the expression of ecto-nucleotidases is confirmed in these 
mouse neuroblastoma lines, their confounding effect on EC-ATP levels can be confirmed by 
performing these luminescence-based assays in the presence of neutralising anti-
CD39/CD73 antibodies. A non-luminescence-based assay can be used to measure ATP 
release. Intracellular staining of ATP-containing vesicles can be performed using the 
fluorochrome quinacrine, which turns green in the presence of ATP (384). This allows 
quantitative measurement of ATP release via flow cytometry or fluorescence microscopy 
(384,385). However, fluorochrome labelling and subsequent flow analysis of spheroids have 
not been optimised, and may be problematic for use in these TH-MYCN primary lines. 

The results of calreticulin expression data revealed that radiation can induce upregulation of 
this marker in the 129NS1, TAM6, and 9464D lines. However, differences were observed in 
the response of subclones of TAM6 and 9464D to their corresponding parental lines, with 
diminished or no upregulation, respectively. This response may have been due to the 
subclones used to generate these lines. Both TAM6 hB7-H3+ mCherry+ and 9464D hB7-H3+ 

mCherry+ cells were generated via viral transduction. This could result in differences in cell 
biology compared to the parental lines, resulting in varied calreticulin expression in response 
to radiation (386,387). No discernible differences were observed in EC-HMGB1 release 
across the screened TH-MYCN cell lines. It may be that the release of EC-HMGB1 is time-
dependent; therefore, additional work to perform the time course at later time points may 
allow any differences in EC-HMGB1 release in a dose- and time-dependent manner to be 
seen. 
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To ascertain the non-immune mediated effect of radiation, I evaluated this using an MTT 
assay. Within the field of radiation, the clonogenic assay has been established as the gold 
standard for assessing cell survival in response to radiation inducers in vitro. The assay, 
developed in 1956 by Theodore Puck and Philip Marcus, assesses radiosensitivity based on 
the ability of a tumour cell to retain the ability to form a colony, usually within two weeks (388). 
While the assay is considered a staple for assessing radiosensitivity, it has its disadvantages. 
The assay itself is quite time-consuming, as the readouts of the assay usually occur two 
weeks post irradiation (389,390). This makes the assay less suitable when looking for a high-
throughput method for assessing multiple cancer cell lines simultaneously. Moreover, the 

assay has been well established for 2D-based cell culture, but less so for more biologically 
relevant 3D tumour spheroid lines, such as the 129NS1 and TAM6 neuroblastoma lines 
(390,391). 

Due to the drawbacks of the clonogenic assay mentioned above, the effect of radiation on 
cell viability was assessed using the MTT assay. This assay assesses mitochondrial activity 
as an indicator of cell viability (389,392). This process is based on the conversion of MTT into 
insoluble formazan crystals by mitochondrial dehydrogenase in living cells (392). This can be 
measured using a spectrophotometer, allowing the quantification of cell viability. The MTT 
assay also provides the additional benefit of being adaptable to the 96-well plate format 
compared with the classical clonogenic assay, allowing a more desired high-throughput 
approach to assess multiple tumour cell lines in a short-term assay. The results of the MTT 
assay showed a wide range of radiosensitivity across the TH-MYCN lines screened, which 
provides the opportunity to evaluate CAR-T functionality against a range of treatment-
sensitive neuroblastoma models when evaluating the effect of radiation on CAR-T 
functionality against these models.  

The results of the neurosphere growth optimisation assays also provided further 
understanding of the use of neurosphere lines 129NS1 and TAM6 in subsequent co-cultures 
to evaluate CAR-T cell functionality. The results revealed that the neurospheres grew and 
were viable over three days. The use of standard curves allows cell numbers to be 
extrapolated to determine the appropriate effector: target ratios to evaluate the effect of 
radiation on CAR-T functionality against these models of interest.  

The results of this chapter have confirmed that the screened mouse neuroblastoma models 
are responsive to radiation, and this is dose- and time-dependent. This suggests that these 



 132 

models are suitable for evaluating the effect of radiation on CAR-T functionality in 
neuroblastoma.  
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Chapter 4  Evaluate CAR candidate for investigating 

the effect of radiation on antigen-specific T-cells. 
4.1 Introduction 

This project aimed to elucidate the impact of radiation on CAR-T cell functionality in 
neuroblastoma. Having established that TH-MYCN transgenic models of high-risk 
neuroblastoma exhibit varying degrees of radiosensitivity, thus rendering them suitable 
models for evaluating this combination therapy in vitro and in vivo, the next aim of this project 

was to identify an appropriate CAR candidate for targeting these models of high-risk 
neuroblastoma. 

For neuroblastoma, immunotherapy has largely focused on targeting disialoganglioside GD2 
with an anti-GD2 antibody therapy, dinutuximab, the only approved therapy in the clinic. Even 
though this has improved survival outcomes, relapse still occurs among patients with high-
risk disease; thus, alternative candidates are currently being evaluated to improve survival 
outcomes in these patients (20). One candidate of interest is B7-H3, a cell surface protein 
that is highly expressed in a range of solid tumours, including neuroblastoma, with restricted 
expression in healthy tissues (191,393). B7-H3 belongs to the B7 family, which are cell 
surface ligands or receptors involved in regulating immune responses through their 
interaction with cognate receptors or ligands expressed on immune cells (394). B7-H3 is a 
highly conserved protein across different species, including mice. In humans, there are two 
main splicing isoforms of B7-H3 (hB7-H3): 2Ig-B7-H3 and 4Ig-B7-H3, the latter of which is 
more commonly expressed in human tissues and cell lines (394,395). Murine B7-H3 (mB7-
H3) is expressed on chromosome 9 and exists as one isoform (2Ig-B7-H3) with 88% 
sequence similarity to hB7-H3 (396).  

Recent advances have been made in the development of anti-B7-H3 immunotherapies. This 
includes the evaluation of B7-H3 in formats ranging from monoclonal antibody therapies to 
CAR-T cells. Regarding CAR-T cell therapies, the literature has highlighted a few anti-B7-H3 
ScFvs that are being developed, showing efficacy against a range of solid tumours 
(1,196,397–399). However, the in vivo evaluation of CAR-T therapies has largely focused on 
the use of immunodeficient mice to evaluate against cell line-based or patient-derived 
xenograft models. Therefore, a thorough evaluation of the therapy cannot be performed 
within the immunodeficient setting, considering the potential off-target effects associated 
with CAR therapy. 
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To fully investigate the effect of radiation on CAR-T cell functionality, this project aimed to 
utilise a fully immunocompetent setting to effectively evaluate treatment efficacy, accounting 
for the immune-mediated effects of radiation and potential off-target effects of CAR-T cell 
therapy. This would provide a greater translation of preclinical findings compared with the 
use of immunodeficient models. As a result of this, I sought to identify a B7-H3 candidate 
reported to be cross-reactive to mouse and human B7-H3, of which 376.96 has been 
reported to be so (1).  

 

4.1.1 376.96 

According to the literature, the development of 376.96 dates back to 1982. Imai et al. 
immunised mice with the human melanoma cell line COLO 38, resulting in the secretion of 
an IgG2a monoclonal antibody 376.96S from a hybridoma (400). At the time, the target to 
which it was bound was unknown, but it was later identified as B7-H3. Since its discovery, 
376.96 has been evaluated as a monotherapy or in combination with other treatments against 
solid tumours, such as ovarian and pancreatic cancer (368,401–403). 376.96 has also been 
evaluated as CAR-T cell therapy against solid tumours, showing both in vitro and in vivo 
efficacy (1,404–407). While most of the evaluation of 376.96 has been within human CAR-T 
cells, in 2019, Du et al. reported 376.96 cross-reactivity to both human and mouse B7-H3 (1). 
376.96 mAb was found to be cross-reactive to both mB7-H3 overexpressed on Raji Cells 
and endogenously expressed mB7-H3 on bone-marrow-derived dendritic cells (BMDCs) 
from C57BL/6 mice (1). They subsequently generated 376.96 mouse CAR-T cells with murine 
CD28-CD3z and 4-1BB-CD3z endodomains and showed in vitro cytotoxicity, with further 
evaluation in immunocompetent orthotopic murine PDAC models showing transient tumour 
shrinkage and no evident toxicity (1). Because of these reported findings on cross-reactivity 

of 376.96 to mB7-H3, and its evaluation in immunocompetent mice, I was interested in 
evaluating the potential of this CAR candidate for use in this project.  

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                               

4.2 Results 

4.2.1 Structure of 376.96.m28z 

The SFG.376.96.mCD8STKTM.mCD28z (376.96.m28z) is a second generation anti-B7-H3 

CAR. As shown in Figure 4.1a, the CAR construct consists of the anti-B7-H3 ScFv, 376.96 

with a mouse CD8⍺ hinge and transmembrane domain, and mouse CD28-CD3ζ 
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endodomains. The design and molecular cloning to produce this construct were performed by 

Dr. Jennifer Frosch and Alice Vitali, respectively. Transduction efficiency of 376.96.m28z was 

initially assessed using the c-myc epitope tag included in the CAR construct. However, owing 

to the work that was performed in generating 376.96.m28z.NIS constructs (see section 4.3), 

transduction efficiency was assessed using rhB7-H3-His tag protein to indirectly stain for the 

CAR using an anti-His fluorophore-conjugated antibody (Figure 4.1b). Thus, indirect CAR 

detection by flow cytometry allowed CAR expression to be compared between the 

376.96.m28z and 376.96.m28z.NIS constructs. 

 

 
Figure 4.1 Structure of 376.96.m28z and its detection by flow cytometry 

376.96.m28z is a second-generation anti-B7-H3 CAR with its structure shown in a). The main detection method 

for 376.96.m28z has been using b) a B7-H3-His tag recombinant protein followed by an anti-his fluorophore 

conjugated antibody. This allows indirect CAR detection using by flow cytometry. Figure created using Biorender. 

 

4.2.2 Transiently produced 376.96.m28z retrovirus induces poor CAR 

expression 

One of the established methods for CAR-T cell production is viral transduction. Human CAR-
T cell production methods include both retroviral and lentiviral transduction (408). However, 
for mouse CAR-T cells, retroviral transduction continues to be the most commonly used 
method because of the incompatibility of lentiviral vectors with murine T cell biology (409).  

Retrovirus generation for mouse CAR-T cell production involves transient transfection of the 
human epithelial cell line HEK293T with viral packaging and envelope genes to generate 

a. b. 
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retroviral particles for subsequent T-cell transduction. The viral envelope is imperative for 
defining the tropism required to bind to the target cells and infect them. Therefore, the 
packaging 293T cell line Phoenix Ecotropic (Phoenix.Eco) was used in this project. The 
Phoenix.Eco cell line stably expresses viral packaging genes and envelope with tropism to 
mouse cells via a mouse-specific ecotropic receptor. This ensures greater transduction 
success of mouse T-cells compared to non-specific viral envelope proteins, such as VSV-G 
(410). The use of a packaging cell line means that only the transfer plasmid comprising LTRs 
and the gene of interest is required in the transfection for retrovirus production because of 
their stable expression of viral packaging and envelope proteins (410). Consequently, I opted 
to generate 376.96.m28z mouse CAR T-cells using retrovirus produced from the Phoenix.Eco 
cell line.  

First, I sought to determine if 376.96.m28z mouse CAR-T cells could be generated using 
unconcentrated (neat) and concentrated retroviruses produced by transient transfection of 
Phoenix.Eco cells. Splenocytes from 129/SvJ mice were transduced with neat or 
concentrated retroviruses at increasing multiplicity of infection (MOI).  Retroviral titrations 
were performed on 293T cells to calculate the viral titer to determine MOI. CAR transduction 
success was determined by the co-expression of the c-myc epitope tag by flow cytometry. 
Compared to untransduced, retroviruses produced by the transient transfection of 
Phoenix.Eco cells yielded poor transduction efficiency, with little shift in the c-myc positive 
population (Figure 4.2a). This shift was not greatly improved by the use of concentrated 
retroviruses at increasing MOIs (Figure 4.2a). As Figure 4.2b shows, the quantified 
transduction efficiency seen across the three mouse spleens shows that even using 
concentrated retrovirus at the highest MOI of 20 yielded a negligible increase in CAR 
expression compared to unconcentrated retrovirus, with the expression still less than ten 
percent. 
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Figure 4.2 Transiently produced 376.96.m28z retrovirus induces poor CAR expression 

Retrovirus produced from the transient transfection of Pheonix.Eco cells was used to generate 376.96.m28z CAR-

T cells from 129/SvJ female spleens. Transduction was performed with unconcentrated (neat) or concentrated 
retrovirus at selected MOIs. Three days post transduction, CAR expression was assessed by flow cytometry using 

the c-myc epitope tag, with a) showing c-myc expression in a histogram plot of one mouse spleen, and b) showing 

the quantified percentage of CAR expression with n of 3 (N=3). The error bars shown represent the standard 
deviation. 

 

4.2.3 A producer cell line improves CAR expression 

Due to the suboptimal transduction efficiency of CAR expression observed with the use of 
retroviruses produced by the transient transfection of Phoenix.Eco, further investigations 

were conducted to evaluate methods for improving CAR expression through the generation 
of high-titre retroviruses using a retroviral producer cell line. A retroviral producer cell line is 
established through viral transduction of producer cells such as Phoenix Eco to stably 
integrate the transfer gene of interest, resulting in continuous production of a high-level titre 
of retroviral particles expressing the gene of interest. The advantage of a producer cell line is 
that it eliminates the need for transient transfection for retrovirus production and allows 
selection of clones with very high levels of expression. The retroviral titre produced through 
transient transfection is influenced by various factors, such as transfection method, viability 
of 293Ts, and quality of plasmid preparations utilised (410).  

A producer cell line was generated by Courtney Himsworth and Carla Batiste through viral 
transduction of the Phoenix Eco cell line with 376.96.m28z retrovirus generated by the 
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transient transfection of 293Ts. Subsequent single-cell clonal selection of the transduced 
cells and evaluation of the retrovirus produced yielded a 376.96.m28z producer cell line clone 
that was propagated, and its retrovirus was utilised to enhance expression of generated 
376.96.m28z mouse CAR-T cells. 

To ascertain whether the retrovirus produced from the producer cell line enhanced CAR 
transduction efficiency compared to that of the transiently produced retrovirus, 376.96.m28z 
mouse CAR-T cells were generated via retroviral transduction using retrovirus from the 
transient transfection of Phoenix.Eco and 376.96.m28z producer cell line. Concurrently with 
the generation of mouse CAR-T cells, the retrovirus was also used to transduce the cell line 
BW5 as a quality control measure for the produced retrovirus. In BW5 cells, retroviruses 
produced from both transient transfection and the producer cell line exhibited a similar shift 
in CAR expression, as demonstrated in Figure 4.3a, indicating that both retroviruses can 
infect cells and induce CAR expression with comparable success. However, when evaluating 
these retroviruses for mouse CAR-T cell transduction, transient transfection resulted in a poor 
shift in CAR expression (Figure 4.3b). Conversely, utilising retroviruses from the producer cell 
line improved transduction efficiency, as evidenced by a greater shift in CAR expression 
(Figure 4.3b). Analysis of CAR expression across three independent mouse spleens, as 
illustrated in Figure 4.3c, revealed that CAR expression was significantly enhanced using 
retrovirus from a producer cell line compared to retrovirus generated from transient 
transfection, with the difference being statistically significant. 
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Figure 4.3 CAR expression is improved using retrovirus produced by a 376.96.m28z producer 
cell line 

Retrovirus from the transient transfection of Phoenix.Eco cells or Phoenix.Eco producer cell line was used to 
generate 376.96.m28z CAR-T cells from 129/SvJ female spleens alongside the cell line control, BW5. 
Transduction was performed with unconcentrated (neat) retrovirus. Three days post transduction, CAR expression 
was assessed by flow cytometry using recombinant rhB7-H3-His followed by anti-his staining. His expression is 

shown as an indicator of CAR expression for a) BW5. CAR expression is also shown for b) one mouse spleen and 

c) the percentage of CAR expression shown with n of 3 (N=3). The error bars shown represent the standard 

deviation. Statistical analysis was performed using an unpaired t-test. ****<0.0001. 

 

4.2.4 CAR expression is not sustained during in vitro expansion 

Human CAR-T cell manufacturing for clinical practice typically ranges from seven to fourteen 
days for in vitro expansion to allow sufficient proliferation to provide the required therapeutic 
doses for infusion to patients. In line with this, I focused on evaluating this period of in vitro 
expansion for mouse CAR-T cells to be in line with human CAR-T manufacturing processes 
and to further expand CAR-T cell numbers for use in subsequent in vitro and in vivo CAR 

evaluations. For human CAR manufacturing, patient blood is obtained via leukapheresis, 
which is then enriched for T cells (411). However, for mouse CAR-T cell production, the 
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source of T cells is mainly mouse spleens; thus, a limited number is obtained after enrichment 
for T cells for CAR T-cell production. Therefore, it is important to improve CAR expression 
and the in vitro expansion of mouse CAR-T cells. 

Within the literature, mouse CAR-T cell expansion in vitro has ranged from seven to fourteen 

days (373,412,413). As a result, an in vitro expansion of 376.96.m28z mouse CAR-T cells 
were compared to untransduced cells over a six day expansion period. Previous results 
showing CAR expression in sections 4.2.2 to 4.2.3 involved the use of concanavalin A and 
mouse IL-7 for prior stimulation before viral transduction. CAR expression is enhanced by T-
cell specific mitogenic stimulation, such as anti-mouse CD3/CD28 dynabeads (373,414,415). 
Lanitis and colleagues reported improved proliferation in CD3+ mouse T-cells using anti-
CD3/CD28 compared to concanavalin A with hIL-2/IL-7 for their development of a primary 
murine T cell retroviral transduction and expansion protocol (412).    

Prior stimulation with anti-mouse CD3/CD28 dynabeads enhanced 376.96.m28z expression 
in a statistically significant manner compared with stimulation with concanavalin A and mouse 
IL-7 (Figure 4.4a). This trend was found to be consistent at later timepoints of five and six 
days post transduction. However, irrespective of the stimulation method used, CAR 
expression was not sustained during the six days with hIL-2 expansion. Both showed a 
decreasing trend in CAR expression throughout the expansion period.  

Aside from differences in CAR expression, neither stimulation method used yielded any 
statistically significant differences in total cell viability (Figure 4.4b-c). This was observed in 
both untransduced T cells (Figure 4.4b) and 376.96.m28z mouse CAR-T cells (Figure 4.4c), 
with viable cells observed, irrespective of the stimulation method used. Looking at changes 
in fold change for total cell expansion, both stimulation methods showed similar levels of 
two-fold change in total T-cell expansion at three days post transduction. This total cell count 
fold change was sustained at six days post transduction for 376.96.m28z CAR T-cells, but 

decreased for untransduced T-cells that underwent stimulation with concanavalin A and hIL-
7 (Figure 4.4d). 

Due to the enhancement in CAR expression with anti-CD3/CD28 dynabead stimulation, this 
was established as the method of T-cell stimulation for subsequent experiments performed 
to generate mouse CAR-T cells. However, irrespective of the stimulation method used, CAR 
expression decreased throughout the expansion period. Thus, it was important to determine 
how to improve the CAR expression stability during this expansion period by evaluating the 
cytokines used for mouse CAR-T cell expansion. 
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Figure 4.4 CAR expression is not sustained during in vitro expansion 

129/SvJ spleens were used to generate 376.96.m28z mouse CAR-T cells using retrovirus produced by a P.Eco 
producer cell line. Splenocytes were stimulated either with concanavalin A (ConA) and mIL-7 or mCD3/mCD28 

dynabeads for transduction. Cells were expanded over seven days post transduction with hIL-2. a) CAR 

expression was assessed during expansion by flow cytometry. During the expansion period, viability counts were 

obtained for b) untransduced and c) 376.96.m28z CAR-T cells. Cell counts are shown as fold change for d) 

untransduced and e) 376.96.m28z CAR-T cells. The error bars shown represent the standard deviation with an n 
of three (N=3). Statistical analysis was performed using two-way ANOVA. ***<0.0002, ****<0.0001. 

 

4.2.5 The effect of hIL-2,hIL-7 and hIL-15 expansion on CAR expression 

The use of hIL-2 for CAR-T cell expansion has been well established for many years because 
of its role in promoting the proliferation and survival of T-cells (416–418). However, expansion 
with hIL-2 has been reported to result in the terminal differentiation of T cells, expansion of 
Tregs, and T-cell exhaustion, which may inhibit the required anti-tumour response desired by 
CAR-T cells (416–418). Studies have been conducted to enhance CAR expansion by 
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replacing or combining hIL-2 with additional cytokines such as hIL-7 and hIL-15, which have 
been reported to improve survival, increase efficacy and preserve a more naïve/central 
memory phenotype (418–420). This may enhance the functional properties of mouse CAR-T 
cells and improve their in vivo persistence against tumours (412,413). Lanitis et al. reported 
a 26-fold expansion with anti-VEGFR-2 murine CAR-T cells expanded with hIL-2 followed by 
hIL-7/hIL-15, compared to a 9-fold expansion with hIL-2 alone at nine days post-expansion 
(412). Furthermore, expansion was sustained with hIL-7/15 for at least fourteen days, 
whereas hIL-2 alone resulted in a plateau after seven days of expansion (412). The use of 
hIL-7 and hIL-15 in mouse CAR-T cell expansion was corroborated by Hayder et al., who 

demonstrated that functional anti-mB7-H3 mouse CAR-T cells expand with hIL-2 combined 
with hIL-7 and hIL-15 (413).  

Considering the importance of the cytokines used during T-cell expansion, it is imperative to 
determine the optimal cytokine conditions which may maintain a stable CAR population with 
no deleterious effects on cell viability and expansion. To evaluate the effect of various 
cytokine conditions utilised during in vitro T-cell expansion and to determine if observations 
are specific for particular binders in the CAR, alongside the generation of 376.96.m28z mouse 
CAR-T cells, eGFP mouse T cells, and ALK.h28z mouse CAR-T cells were employed as 
additional non-CAR and CAR controls to assess the stability of target gene expression during 
the expansion period under different combinations of cytokines. 

eGFP+ T cells and CAR-T cells were generated and expanded for a ten day expansion period 
under three distinct cytokine growth conditions. At the point of splenocyte harvest, rest 
before transduction, and at the point of transduction, IL-2 was added to promote T-cell 
proliferation and survival. Three days post transduction, three different cytokine conditions 
were utilised during the expansion period of ten days (“hIL-2 alone”, “hIL-7 with hIL-15”, and 
“hIL-2 with hIL-7 and hIL-15”) as shown in Figure 4.5a. T-cells were supplemented on days 
three, six, and nine post transduction with the different cytokine conditions evaluated (Figure 
4.5a). The stability of the target gene expression was subsequently measured throughout the 
in vitro expansion period using flow cytometry. 

 

4.2.5.1 376.96.m28z Expansion 

Figure 4.5b shows histogram plots of 376.96.m28z CAR expression from one independent 
mouse spleen compared with untransduced cells during the in vitro expansion period. At day 
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four post transduction, significant CAR expression was observed across all three cytokine 
growth conditions compared to the untransduced control (Figure 4.5b). However, by day 
seven and ten post transduction, CAR expression was greatly diminished across all cytokine 
growth conditions (Figure 4.5b). 

Upon analysis of the percentage of CAR expression across three independent mouse spleens 
(Figure 4.5c), alterations in the cytokine growth conditions resulted in comparable levels of 
initially high CAR expression at day three post transduction, which was subsequently 
reduced by day seven and ten post transduction in a time dependent manner. The CAR gMFI 
results presented in Figure 4.5c correspond to the CAR expression percentage results shown 
in the same Figure, with CAR gMFI decreasing over the course of the expansion period in a 
time-dependent manner and without significant differences in CAR gMFI among the three 
different cytokine growth conditions assessed. This observation suggests that changes in 
cytokine conditions do not appear to lead to any improvement in the stability of 376.96.m28z 
CAR expression. 
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Figure 4.5 Changes in cytokine expansion conditions does not lead to stable 376.96.m28z 
expression 

376.96.m28z CAR T-cells were generated from 129/SvJ spleens. Cells were expanded for 10 days post 

transduction using different cytokine combinations as shown in a) to improve T-cell expansion. CAR expression 

was evaluated by flow cytometry with b) histogram plots showing expression in one independent over the course 

of expansion. For three independent donors, c) CAR expression and d) gMFI is shown. The error bars shown in 
the graphs represents the standard deviation with an n of three (N=3). Statistical analysis was performed using 
two-way ANOVA. ns<non-significant. 
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4.2.5.2 ALK.h28z Expansion 

To assess the stability of the CAR control, expansion of ALK.h28z (plasmid construct 
designed by Henrike Muller), under different cytokine conditions, as described in Section 
4.2.5 was assessed. The construct includes the epitope marker RQR8 and it’s co-expression 
was used as an indication of expression from the integrated viral expression cassette. Figure 
4.6a shows histogram plots showing CAR expression across T-cells derived from one 
representative mouse spleen, revealing a similar shift in CAR expression across all three 

individual cytokine growth conditions with no discernible differences in CAR expression at 
days three and seven post transduction. At day ten post transduction, CAR expression was 
found to diminish across all three cytokine growth conditions assessed (Figure 4.6a).   

Looking at the RQR8 expression across three independent mouse spleens in Figure 4.6b,  
expression was similar across the three cytokine conditions at days three and day seven post 
transduction, with expression marginally higher at day seven post transduction. However, at 
day ten post transduction, RQR8 expression decreased across all three cytokine conditions 
compared to early expansion time points, with the greatest decrease observed in CARs 
expanded under “hIL-7 with hIL-15” and “hIL-2 with hIL-7 and hIL-15”, showing similar lower 
levels of RQR8 expression compared to “hIL-2 alone”. 

Across three independent mouse spleens, the combination of “hIL-2 with hIL-7 and hIL-15” 
induced a  higher increase in RQR8 gMFI compared to expansion with “hIL-2 alone” or “hIL-
7 with hIL-15” at day four post transduction (Figure 4.6c). By day seven post transduction, 
gMFI of RQR8 was greatly reduced across all three cytokine conditions, but recovered by 
day ten post transduction (Figure 4.6c). “hIL-2 with hIL-7 and hIL-15” showed higher recovery 
in gMFI than expansion with “hIL-2 alone” or  “hIL-7 with hIL-15” (Figure 4.6c). However, 
additional studies are required to confirm the statistical significance of these results.    

Compared to 376.96.m28z CAR-T cells, ALK.h28z mouse CAR-T cells showed greater 
stability based on expression of the co-expressed RQR8 gene in response to all cytokine 
conditions. This may be due to the differences in design between the two CARs. Further 
investigation is warranted to better understand the differences between constructs, which 
may explain the inherent differences in the stability of CAR expression. 
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Figure 4.6 Changes in cytokine conditions does not lead to differential differences in ALK.h28z 
expression 

ALK.h28z CAR T-cells were generated from 129/SvJ spleens. Cells were expanded for 10 days post transduction 
using different cytokine combinations of hIL-2, hIL-7 and hIL-15 to improve T-cell expansion. CAR marker, RQR8 

expression was evaluated by flow cytometry with a) histogram plots showing expression in one independent 

donor over the course of expansion. For three independent donors, b) CAR expression and c) gMFI is shown. The 

error bars shown represent the standard deviation with an n of three (N=3). Statistical analysis was performed 
using two-way ANOVA. ns<non-significant, *<0.0332. 

 

4.2.5.3 eGFP Expansion 

The stability of the expression of the non-CAR control, eGFP+ T-cells, was assessed by 
observing GFP expression over a ten-day expansion period. A similar shift in eGFP 
expression was observed across the three independent cytokine expansion conditions 
compared with the untransduced control (Figure 4.7a). Moreover, eGFP expression remained 
stable at day seven and ten post transduction, with similar expression levels across all 
cytokine growth conditions (Figure 4.7a).   
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 Across three independent mouse spleens in Figure 4.7b, relatively similar eGFP expression 
was observed across the three different cytokine growth conditions, with relatively similar 
and stable eGFP expression levels seen from day four to ten post transduction, suggesting 
no discernible differences in eGFP expression under the three different cytokine conditions 
evaluated. These observations appeared to be true when examining the gMFI of eGFP+ T-
cells over the course of the expansion period (Figure 4.7c). The gMFI was relatively similar 
under all three cytokine conditions over the course of the expansion period (Figure 4.7c). 
However, a higher eGFP gMFI was seen at day four post transduction, which was then found 
to drop and stabilise at days seven and ten post transduction (Figure 4.7c).   

 These findings suggest that changes in cytokine conditions do not seem to increase CAR or 
eGFP expression or the corresponding gMFI. The potential transient CAR expression seen of 
376.96.m28z, compared to the relatively stable eGFP and ALK.h28z may be an inherent 
phenotype of this CAR, which requires further investigation to better understand its cause. 
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Figure 4.7 Changes in cytokine conditions does not lead to differential differences in eGFP 
expression 

eGFP+ T-cells were generated from 129/SvJ spleens. Cells were expanded for 10 days post transduction using 

different cytokine combinations of hIL-2, hIL-7 and hIL-15 to improve T-cell expansion. GFP expression was 

evaluated by flow cytometry with a) histogram plots showing expression in one independent donor over the course 

of expansion. For three independent donors, b) CAR expression and c) gMFI is shown The error bars shown 

represent the standard deviation with an n of three (N=3). Statistical analysis was performed using two-way 
ANOVA. ns<non-significant, **<0.0021. 
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Assessment of the effects of different cytokine growth conditions did not yield a stable 
376.96.m28z CAR+ population compared with CAR and non-CAR controls of ALK.h28z and 
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were assessed for the generated 376.96. m28z and ALK.h28z CAR-T cells and eGFP+ mouse 
T-cells over the ten day expansion period post transduction under these different cytokine 
growth conditions, as described in section 4.2.5. it is important to note that total cell viability 
and total cell fold expansion was assessed in response to cytokine growth conditions for 
these experiments and T-cell expansion would have been a more informative readout to 
better evaulate the effect of cytokine growth condtions on mouse CAR-T cell expansion.  

As shown in Figure 4.8, the three individual cytokine growth conditions showed high total cell 
viability, which was stable over the course of the ten day expansion period. This was the case 
for both untransduced (Figure 4.8a) and eGFP+ T cells (Figure 4.8d). Similar results were 
observed for the total cell viability with 376.96.m28z (Figure 4.8b), and ALK.h28z (Figure 4.8c) 
mouse CAR-T cells. However, total cell viability slightly improved with culturing under hIL-7 
with hIL-15, or hIL-2 with hIL-7 and hIL-15 compared to hIL-2 alone (Figure 4.8b-c). 
Moreover, culturing of 376.96.m28z and ALK.h28z CAR-T cells in hIL-2 alone resulted in 
reduced total cell viability by day nine post transduction compared to culturing in IL-7 with 
hIL-15 and hIL-2 with hIL-7 and hIL-15 (Figure 4.8b-c).    

Regrading total cell fold expansion, untransduced splenocytes show little discernible 
difference in total cell fold expansion across the three different cytokine growth conditions 
(Figure 4.8a). However, for eGFP+ T-cells, hIL-2 alone appeared to yield marginally poorer 
total cell fold expansion compared to growth conditions with hIL-7 and hIL-15 alone or in 
combination with hIL-2, with decreasing total cell fold expansion in a time dependent manner 
(Figure 4.8d). This trend is mirrored with 376.96.m28z and ALK.h28z mouse CAR-T cells 
(Figure 4.8b-c), where culturing cells with hIL-2 alone resulted in a decrease in total cell 
growth over the course of the expansion period compared to culturing in hIL-7 with 15 and 
hIL-2 combined with hIL-7 and hIL-15.     

Culturing ALK.h28z mouse CAR-T cells under either hIL-7 with hIL-15 or hIL-2 with hIL-7 and 
hIL-15 yielded similar total cell fold changes over the expansion period with little expansion 
(Figure 4.8c). However, the total cell fold change increased in a time dependent manner for 

376.96.m28z mouse CAR-T cells (Figure 4.8b). Culturing under hIL-7 with hIL-15 or hIL-2 with 
hIL-7 and hIL-15 yielded between a two to three fold change difference, suggesting that 
under these two cytokine growth conditions, total cell expansion occurs (Figure 4.8b).   

These results suggested that expansion with hIL-2 alone may lead to reduced total cell 
viability and poor total cell expansion. However, culturing under hIL-7 with hIL-15 or hIL-2 
with hIL-7 and hIL-15 seemed to sustain total cell viability and maintain or increase total cell 



 150 

expansion during the expansion period. Based on these results, subsequent expansion of 
the generated mouse CAR-T cells was performed using hIL-2 combined with hIL-7 and hIL-
15.     

Figure 8.2 in the appendix presents an alternative visualisation of Figure 4.8, illustrating 
changes in cell viability and cell counts within each expansion condition throughout the 
expansion period. 
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Figure 4.8 Use of hIL-7 and hIL-15 improves total cell viability and cell count 

Two CARs (376.96.m28z and ALK.h28z) and eGFP+ T-cells were generated from 129/SvJ spleens. Cells were 
expanded for 10 days post transduction. Different cytokine compositions of hIL-2,hIL-7 and hIL-15 were used to 

improve T-cell expansion. Cell counts and viability counts were measured to evaluate expansion for a) 

untransduced b) 376.96.m28z c) ALK.h28z and d) GFP. The error bars shown represent the standard deviation 
with an n of three (N=3). Statistical analysis was performed using two-way ANOVA. ns<non-significant, *<0.0332, 
**<0.0021. 
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4.2.7 Transient CAR expression is not due to pseudotransduction 

Investigating changes in cytokine growth conditions led to improved viability and expansion 
of generated mouse CAR-T cells. However, in CAR and non-CAR controls, ALK.h28z and 
eGFP showed relatively stable expression, whilst 376.96.m28z cells exhibited only transient 
CAR expression. Therefore, it is important to determine if this phenomenon with the 376 CAR 
occurs due to unstable integration of the CAR gene within the mouse T-cell genome, referred 
to as pseudotransduction.  

Pseudotransduction involves the passive transfer of genetic material or proteins without any 
stable integration of the transgene within the target cell genome, resulting in transient 
expression of target genes and proteins. This phenomenon has been cited in the literature in 
the context of viral vectors. In 2004, Nash and Lever reported deficiencies when using eGFP 
lentiviral vectors, such as those in the absence of HIV-1 packaging signals (421). The use of 
such vectors could induce GFP expression within transduced 293T cells by day three post 
transduction, which was then found to be abrogated by day seven, compared to stable 
expression seen at day seven with the use of GFP vectors containing the HIV packaging 
signal (421). Haas et al. reported similar findings of transient GFP expression in both 
transduced 293Ts and CD34+ cells over the course of a fourteen day expansion using 
lentiviral vector supernatants defective in key elements, such as integrase (422). In human 
CAR-T cell manufacturing, pseudotransduction has been reported by Ghassemi et al., where 
non-activated CD19+ CARs showed no abrogation of CAR expression when treated with 
integrase and reverse transcriptase inhibitors during the lentiviral transduction process, 
compared to activated T-cells (411). Subsequent evaluation of these pseudo-transduced 
CAR-T cells showed no sustained effector functionality against CD19-expressing target cells, 
resulting in the absence of long-term persistence of the CAR-T cells (411).    

To determine whether generated 376.96.m28z mouse CAR-T cells exhibited 
pseudotransduction, 376.96.m28z mouse CAR-T cells were generated individually from 
retroviral preparations derived from transient transfections of Pheonix.Eco cells, and the 
376.96.m28z Pheonix.Eco producer cell line. This was to ensure that the retrovirus used 
accounted for all the factors which might have contributed to the transient CAR expression 
observed thus far. Additionally, GFP+ mouse T-cells were generated as a control to determine 
whether this was a 376.96.m28z specific phenomenon. Moreover, GFP is a cytoplasmic 
protein and 376.96.m28z CAR is a membrane protein. As a result, if pseudotransduction 
occurred with 376.96.m28z CAR, then this may occur through the transfer of CAR proteins 
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from the vector envelope during viral fusion, as membrane proteins expressed in packaging 
cells are known to be incorporated into the viral envelope (411). 

To determine if pseudotransduction was occurring, at the point of transduction, mouse T-
cells were treated with reverse transcriptase and integrase inhibitors, saquinavir and 
raltegravir, respectively.  These inhibitors prevent retroviral DNA from integrating into the T 
cell genome and generate new viral progeny for viral amplification. Moreover, additional non-
treated and DMSO as treatment controls were included. After transduction, the cells were 
expanded for seven days during which CAR and eGFP expression were confirmed by flow 
cytometry. 

Histogram plots for one representative spleen in Figure 4.9a show that the generated eGFP+ 
T cells had complete abrogation in expression with saquinavir and raltegravir treatment 
compared to DMSO and non-treated controls at day four post transduction (Figure 4.9a). 
These results were also sustained by day seven post transduction, suggesting that the eGFP+ 
transgene was stably integrated within the cell genome, thus not exhibiting 
pseudotransduction. Looking at the combined results of eGFP expression across three 
independent mouse spleens in Figure 4.9b, complete abrogation of eGFP expression was 
observed at day three and seven post transduction with saquinavir and raltegravir treatment. 
eGFP+ T cells, either non-treated or treated with DMSO showed similar levels of eGFP 
expression at day three and seven post transduction, suggesting stable eGFP expression.   

When looking at 376.96.m28z generated mouse CAR-T cells, histogram plots for one 
representative mouse spleen show stable integration of the transgene was occurring with 
complete abrogation of CAR expression with saquinavir and raltegravir treatment compared 
to DMSO and non-treated controls (Figure 4.9 c-f.). This was found to be the case for CAR-
T cells generated using retrovirus from a producer cell line (Figure 4.9 c-d.), and the transient 
transfection of Phoenix.Eco cells (Figure 4.9 e-f.) This trend was also sustained on day seven 
post transduction using both retrovirus preparations (Figure 4.9 c and f). Looking at CAR 
expression across three independent mouse spleens, CAR expression was seen to be similar 

across both non-treated and DMSO control, suggesting DMSO was an appropriate treatment 
control for this experiment (Figure 4.9 d and f). However, CAR expression was found to still 
decrease from day four to seven post transduction across both the non-treated and DMSO 
controls (Figure 4.9 d and f) and across both retroviral preparations used. This suggests that 
the transient CAR expression observed is not due to pseudotransduction, with complete 
abrogation of CAR expression observed with saquinavir and raltegravir treatment.   
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These findings warrant further investigation to elucidate the cause of the transient in vitro 
CAR expression observed during expansion. While CAR expression during in vitro expansion 

was not stable, the intact functionality and expansion of the 376.96.m28z CAR in response 
to antigen exposure may circumvent this and, thus, still be a suitable CAR candidate for 
evaluation in combination with single dose radiation. The subsequent step was to evaluate 
the in vitro functionality of 376.96.m28z mouse CAR-T cells.  
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Figure 4.9 Transient in vitro CAR expression is not due to pseudotransduction 

129/SvJ spleens were used to generate 376.96.m28z mouse CAR-T cells using retrovirus produced from transient 
transfection of P.Eco cells or P.Eco producer cell line alongside eGFP as a control. Transduction was performed 
with conditions including treatment with DMSO and Raltegravir & Saquinavir. In vitro expansion occurred for seven 

days during which CAR and eGFP expression was measured by flow cytometry. Histogram plots show a) GFP 

expression for one donor and b) the percentage of expression across all three donors. Histogram plots and 

percentage of CAR expression are also shown with transductions performed using c) retrovirus from producer 

cell line and e) retrovirus produced from transient transfection. The error bars shown represent the standard 
deviation with an n of three (N=3). Statistical analysis was performed using two-way ANOVA. **<0.0021, 
****<0.0001. 
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4.2.8 376.96.m28z shows short term in vitro cytotoxicity against targets  

To ascertain the functionality of mouse CAR-T cells in vitro, 376.96.m28z mouse CAR-T cells 
were generated and expanded. At day seven post transduction, CAR functionality was 
assessed in an antigen-bound hB7-H3+ stimulation assay and against GFP+Luc+ target cells 
that were either negative for hB7-H3 (SupT1 WT) or positive for hB7-H3 (SupT1 hB7-H3+). 

During the in vitro expansion period, generated 376.96.m28z mouse CAR-T cells continued 

to show a decreasing trend in CAR expression. Figure 4.10a shows that over the course of a 
fourteen day expansion period, CAR expression decreased in a time-dependent manner, 
even though, as established in section 4.2.7, there is no evidence of pseudotransduction 
leading to the working assumption that the CAR transgene is stably integrated within the 
genome of successfully transduced cells.  Figure 8.3a in the appendix shows representative 
flow plots for CAR expression over the fourteen day expansion period. 

A key method for assessing CAR functionality is the ability to kill cells in an antigen-
dependent manner. In the SupT1 co-culture performed with 376.96.m82 mouse CAR-T cells, 
this was assessed in two ways. First, I used a luciferase killing assay readout (Figure 4.10b-
c.). Second, I examined target cell viability (Figure 4.10d-e.) by flow cytometry. For target cell 
vaibility assessed by flow cytometry, representative flow plots are shown in Figure 8.3b-c in 
the appendix. Both readouts were normalised against the target cell alone and quantified as 
a percentage of target cell viability.   

At day one post co-culture at a 1:1 E:T ratio, 376.96.m28z CAR-T cells were found to kill 
SupT1 hB7-H3+ cells in a statistically significant manner compared to untransduced T cells. 
Moreover, 376.96.m28z killing was antigen-specific, with no target cell killing observed 
against the antigen negative control, SupT WT (Figure 4.10b). This response was sustained 
at day three post co-culture, with a further decrease in target cell killing by the CAR against 
SupT1 hB7-H3+ cells (Figure 4.10c).   

The target cell viability results obtained from flow cytometry mirrored the same trend as that 
of the luciferase killing assay results. 376.96.m28z CAR-T cell activity resulted in a significant 
reduction in target cell viability against SupT1 hB7-H3+ in an antigen-dependent manner 
compared with untransduced T cells (Figure 4.10d). This effect was sustained at six days 
post co-culture in a statistically significant manner (Figure 4.10e). 
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Figure 4.10 376.96.m28z shows short-term in vitro cytotoxicity regarding target cell killing 

129/SvJ Spleens were used to generate 376.96.m28z mouse CAR-T cells and expanded in vitro for fourteen days. 

CAR expression was assessed by flow cytometry shown in a). At seven days post transduction, 376.96.m28z 

functionality was assessed in a co-culture with GFP+Luc+ target cells, SupT1 WT and SupT1 hB7-H3+. At b) day 

one and c) day three post commencement of co-culture, tumour cell viability was assessed by luminescence. 

Target cell viability was assessed by flow cytometry as well at d) day three and e) day six post co-culture. The 
error bars shown represent the standard deviation with an n of three (N=3). Statistical analysis was performed 
using one-way ANOVA. *<0.0332, **<0.0021, ****<0.0001. 
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4.2.9 376.96.m28z shows short term antigen-dependent cytokine release   

In vitro CAR-T functionality was also assessed by cytokine release, as it reflects activation 

status of the CAR and, in turn, the cytotoxicity of CAR-T cells in targeting tumour cells, as 
cytokine release forms part of the anti-tumour response (423). IL-2 and IFN-γ are key 

cytokines measured when determining CAR efficacy through cytokine release. IL-2 and IFN-
γ are critical for enhancing CAR functionality through their roles in T cell activation, 

proliferation, and immune response mediation (423,424). Thus, both released mIL-2 and 
mIFN-γ were measured via ELISA as indicators of 376.96.m28z CAR functionality. Cytokine 

release was evaluated 24 hours after the commencement of the stimulation assay using plate 
bound antigen and SupT1 co-cultures, which were performed to evaluate 376.96.m28z 
mouse CAR-T cell functionality.   

Using the antigen bound assay, 376.96.m28z cells showed antigen-dependent release of 
mIL-2 (Figure 4.11a) and mIFN-γ (Figure 4.11b) compared with untransduced T cells. This 

was found to be statistically significant compared with the unstimulated and anti-His controls, 
affirming the release of mIL-2 and mIFN-γ by 376.96.m28z, which occurred in response to 

the antigen. Similarly, in the SupT1 co-culture at an effector to target ratio of 1:1 and with 
supernatant collected for ELISA at 24 hours of co-culture, 376.96.m28z CARs showed mIL-
2 (Figure 4.11c) and mIFN-γ (Figure 4.11d) release in an antigen-dependent manner. Release 

of mIL-2 and mIFN-γ was observed in response to SupT1 hB7-H3+ by 376.96.m28z CAR-T 

cells compared to untransduced controls. These results confirmed that 376.96.m28z is a 
functional CAR, with target cell killing and cytokine release occurring in an antigen-dependent 
manner, both in the format of an antigen plate-bound assay (Figure 4.11 a-b) and against 
antigen-expressing target cells (Figure 4.11 c-d). 
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Figure 4.11 376.96.m28z shows short-term in vitro cytotoxicity regarding cytokine release 

129/SvJ Spleens were used to generate 376.96.m28z mouse CAR-T cells  and expanded in vitro for seven days. 

CAR expression was assessed by flow cytometry shown in a). At seven days post transduction, 376.96.m28z 
functionality was assessed in an antigen-bound stimulation assay and co-culture with GFP+Luc+ target cells, 

SupT1 WT and SupT1 hB7-H3+. 24 hours post commencement of assays, mIL-2 and mIFN-γ cytokine release 

was measured for a-b) antigen stimulation assay and c-d) SupT1 co-culture. The error bars shown represent the 
standard deviation with an n of three (N=3). Statistical analysis was performed using two-way ANOVA. **<0.0021, 
***<0.0002, ****<0.0001. 
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A key factor determining CAR-T cell success is the ability of the CAR to expand in response 
to the antigen and thus be able to show persistence against cancer cells to mount an effective 
anti-tumour response (425). Therefore, CAR-T cell expansion is imperative as a key factor in 

assessing CAR-T cell functionality. For both the plate-bound antigen stimulation assay and 
SupT1 co-cultures, cell expansion was evaluated for 376.96.m28z mouse CAR-T cells by 
flow cytometry, where the CAR fold expansion was calculated against CAR alone in both 
assays performed individually based on gated mCD3+CAR+ cell counts. 

SupT1 WT SupT1 hB7-H3+
0

3000

6000

9000

12000

15000

Co-Culture Conditions

m
IF

N
-γ

 [p
g/

m
l]

SupT1 Co-Culture
✱✱

✱✱

376.96.m28z

Untransduced

a. b. 

c. d. 

Unstimulated His Alone rhB7-H3 + His mCD3
0

10000

20000

30000

40000

Co-Culture Conditions

m
IL

-2
 [p

g/
m

l]
Antigen Stimulation Assay

✱✱✱

✱✱✱

✱✱✱

Unstimulated His Alone rhB7-H3 + His mCD3
0

50000

100000

150000

200000

250000

Co-Culture Conditions

m
IF

N
-γ

 [p
g/

m
l]

Antigen Stimulation Assay

Untransduced

376.96.m28z
✱✱✱✱

✱✱✱✱

✱✱✱✱

SupT1 WT SupT1 hB7-H3+
0

150

300

450

600

Co-Culture Conditions

m
IL

-2
 [p

g/
m

l]

SupT1 Co-Culture

✱✱

✱✱✱✱



 160 

Histogram plots shown in Figure 4.12a of one independent mouse spleen revealed that for 
the plate-bound antigen stimulation assay, no shift in CAR expression was observed from 
day three to day six after commencement of the antigen plate bound assay, with only the 
positive control, mCD3 stimulation, inducing any shift in CAR expansion. This was also the 
case across three independent mouse spleens, as shown in Figure 4.12b. CAR fold 
expansion in response to the antigen was found to be similar between day three and day six 
post commencement of co-culture. Moreover, CAR expansion was observed between day 
three to day six in response to the positive control, mCD3+, suggesting potential non-specific 
CAR activation that occurs directly through the TCR (Figure 4.12b). 

Similar to the antigen plate bound assay, against the SupT1 hB7-H3+ target cells, no shift in 
CAR expression was observed in the histogram plots shown in Figure 4.12c from day three 
to day six after the commencement of co-culture. CAR expression against SupT1 hB7-H3+ 
target cells was similar to that observed with CAR alone and against antigen-negative SupT1 
WT (Figure 4.12c). When examining the CAR fold expansion across three independent mouse 
spleens, 376.96.m28z showed no CAR expansion from day three to day six after the 
commencement of the co-culture (Figure 4.12d). CAR fold expansion observed on day six in 
response to SupT1 hB7-H3+ was comparable to that of SupT1 WT, suggesting that no CAR 
fold expansion occurred in an antigen-dependent manner (Figure 4.12d). 

In vitro evaluation of 376.96.m28z revealed that short-term CAR functionality was observed, 

with target cell killing and cytokine release occurring in an antigen-dependent manner. 
However, CAR expansion was not observed in response to either plate-bound B7-H3 or B7-
H3+ targets, rendering this CAR unsuitable for assessing key functional parameters for 
evaluating the efficacy of CAR-T cell therapy concerning CAR-T cell persistence against 
antigen-positive tumour cells.     
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Figure 4.12 376.96.m28z does not expand in response to antigen in vitro 

129/SvJ Spleens were used to generate 376.96.m28z mouse CAR-T cells and expanded in vitro for fourteen days. 
At seven days post-transduction, 376.96.m28z functionality was assessed in an antigen-bound stimulation assay 
and co-culture with GFP+Luc+ target cells, SupT1 WT and SupT1 hB7-H3+. At days three and six post-
commencement of the assays, CAR expression was assessed by flow cytometry. CAR expression is shown for 

one independent donor as histogram plots for a) antigen stimulation assay and c) SupT1 co-culture. mCD3+CAR+ 

fold expansion is shown for three independent donors for b) antigen stimulation assay and d) SupT1 co-culture. 

mCD3+CAR+ fold expansion was corrected against unstimulated mCD3+CAR-T cells for b) and mCD3+CAR-T cells 

alone for d). The error bars shown represent the standard deviation with an n of three (N=3). Statistical analysis 
was performed using One-Way ANOVA. ns< non-significant. 
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4.3 Generation of 376.96.m28z.NIS mouse CAR-T cells 

One of the major barriers to CAR-T efficacy in solid tumours is effective infiltration and 
persistence within the immunosuppressive tumour microenvironment (TME) (426–428). To 

effectively investigate whether radiation allows CAR-T cells to overcome this barrier in 

neuroblastoma, better imaging modalities are required to address this question and to allow 

robust in vivo monitoring of CAR-T cell trafficking. Of the array of imaging modalities to 

consider, the use of the human sodium iodide symporter (NIS) is an emerging interest for in 

vivo imaging of CAR-T cells (429,430). hNIS is a transmembrane protein part of the sodium-

dependent transporter family, which is involved in the co-transport of sodium and iodide ions 

within the thyroid gland and has limited expression in other parts of the body, such as the 

stomach (431–433). Within the clinical setting, hNIS has been utilised for diagnostic and 

therapeutic purposes owing to its ability to mediate the uptake of commonly used 

radioisotopes, such as technetium-99m pertechnetate (99mTCO4
-) (434).  

hNIS is an ideal candidate because it is non-immunogenic; it is only functional in living cells 

and not internalised upon substrate uptake (434). Moreover, the compatibility of hNIS with 

SPECT/CT imaging also provides improved image resolution in animals compared to 

alternatives, such as bioluminescence (BLI) based imaging using luciferase (166). Because 

of this, there is interest to see if hNIS can be utilised to investigate whether radiotherapy 

promotes CAR-T cell trafficking into the tumour. It would also allow further questions of CAR-

T cell kinetics to be addressed, considering the potential of off-tumour cytotoxicity associated 

with CAR-T therapy (435). 

The benefit of hNIS expressing CAR-T cells has only been shown in immunodeficient mice in 

vivo (166,436). However, this project aimed to use mouse CAR-T cells in conjugation with 

radiation in immunocompetent mice. The use of hNIS may lead to the occurrence of a non-

self antigen immune response, which may confound any immune-mediated effects elicited by 

radiation on CAR-T cell efficacy. As a result, I evaluated both the hNIS and mNIS in vitro for 

NIS functionality. These results would indicate if mNIS functionality is comparable to that of 

hNIS for use in CAR-T cell imaging.  

For the in vitro comparison of mNIS and hNIS, four types of constructs were generated using 

the SFG γ-retroviral vector (see section 2.2.1.1). Two of the constructs consisted of the NIS 

(mNIS or hNIS) with an intracellular c-myc epitope tag at the C-terminus as described in Figure 

2.1 in Chapter 2. This is because hNIS has a validated detection method using flow cytometry, 

but not mNIS (166). There is no validated detection of mNIS by flow cytometry; detection by 

alternative methods such as western blotting has proved to be less robust (Dr. Gilbert 
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Fruhwirth, KCL, internal communication). Therefore, a c-myc epitope tag was added to 

standardise the detection of NIS across the two species types. Moreover, the purpose of 

generating these constructs was to allow in vitro evaluation of NIS functionality through 
99mTCO4

- uptake assays to determine whether NIS functionality is affected by CAR co-

expression.  

The other two γ-retroviral constructs contained the second-generation anti-hB7-H3 murinised 

CAR (376.96.m28z) at the 5’ end, followed by the NIS (mNIS or hNIS) sequence, and the c-

myc epitope tag at the  3’ end (Figure 2.1). The transgenes were separated by a furin cleavage 

site, SGSG linker, and T2A peptide sequence (Figure 2.1). This allows for the efficient 

cleavage of the expression of more than one transgene within this multicistronic construct 

(166,437). The use of the intracellular c-myc epitope tag resulted in difficulties in confirming 
NIS expression in transduced cell lines and CAR-T cells. Due to this, 376.96.m28z CAR 
protein expression was used as a measure of NIS transcript expression, as both transgenes 
are transcribed from a single transcript. NIS expression was also confirmed using 99mTCO4

- 

uptake assays to confirm NIS functionality. 

 

4.3.1 Transiently produced retrovirus yields poor 376.96.m28z.NIS 

expression 

Whlie NIS has been co-expressed with human CAR-T cells, this has not been done with 
mouse CAR-T cells thus far within the literature. Therefore, it was important to first determine 
the expression of 376.96.m28z.NIS mouse CAR-T cells using a retrovirus generated from the 

transient transfection of Pheonix.Eco cells. Expression was compared between the 
generated 376.96m28z.mNIS and 376.96.m28z.hNIS mouse CAR-T cells. This is because the 
use of hNIS within CAR-T cells has been documented in the literature; however, little is known 
about the use of mNIS for CAR-T tracking (166). As a result, both 376.96.m28z.mNIS and 
376.96.m28z.hNIS mouse CAR-T cells were generated. The subsequent in vitro evaluation of 
NIS functionality would confirm the most appropriate one to co-express with the 
376.96.m28z CAR for in vivo evaluation. 

Using retroviral preparations from transient transfection of Pheonix.Eco cells, 
376.96.m28z.mNIS and 376.96.m28z.hNIS mouse CAR-T cells were generated. BW5 cells 
were transduced with the retroviral preparations as a cell line control. Three days post-
transduction, the transduced BW5 cells were assessed for CAR expression, as shown in the 
histogram plot in Figure 4.13a. Successful transduction with the retroviruses was observed 
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with a shift in CAR expression in BW5 cells transduced with 376.96.m28z.mNIS and 
376.96.m28z.hNIS compared to untransduced. Moreover, a significant shift in CAR 
expression was seen with 376.96.m28z.mNIS, compared to 376.96.m28z.hNIS (Figure 
4.13a).  

Although BW5 showed successful transduction with the retroviral preparations, no CAR 
expression was observed with the transduction of mouse primary T-cells using 
unconcentrated neat retrovial supernatant. Figure 4.13b shows a histogram plot of CAR 
expression for one independent mouse spleen, with no discernible shift in CAR expression 
seen for both generated 376.96.m28z.mNIS and 376.96.m28z.hNIS mouse CAR-T cells 
compared to untransduced. Figure 4.13b shows the quantified CAR expression across three 
independent mouse spleens between 376.96.m28z.hNIS and 376.96.m28z.mNIS, with no 
CAR expression seen for 376.96.m82z.hNIS, and less than 4% CAR expression observed for 
376.96.m28z.mNIS.  

The results revealed that retroviruses generated from transient transfection of Pheonix.Eco 
cells induced poor co-expression of CAR and NIS in mouse primary T cells. Therefore, it was 
imperative to optimise retroviral preparations to improve the expression of 376.96.m28z.NIS 
mouse CAR-T cells. However, before performing these optimisations, I first determined if the 
functionality of mNIS and hNIS was comparable and then determined which construct is 
taken forward to further optimise mouse CAR-T generation for subsequent in vivo studies to 

be performed.  
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Figure 4.13 Transiently produced retrovirus yields poor 376.96.m28z.NIS expression 

Retrovirus produced from transient transfection of P.Eco cells was used to generate 376.96.m28z.mNIS and 
376.96.m28z.hNIS CAR-T cells from 129/SvJ female spleens. Transduction was performed with unconcentrated 

(neat) retrovirus. Three days post transduction, CAR expression was assessed by flow cytometry using the rhB7-

H3-His tag protein, with a) showing CAR expression in a histogram plot on cell line control, BW5, and b) showing 
CAR expression for one donor in histogram plot and the quantified percentage of CAR expression with n of 3 
(N=3). The error bars shown represent the standard deviation. 

 

4.3.2 Similar mNIS and hNIS functionality in Tc99m uptake. 

An imperative step in generating 376.96.m28z.NIS mouse CAR-T cells require in vitro 
validation of NIS function. Moreover, as literature has largely focused on the use of hNIS in 
mouse CAR-T cells, it is important to validate the use of mNIS, which is an ideal candidate 
for use in immunocompetent settings. In vitro validation of NIS has largely focused on the 

use of technetium-99m pertechnetate (99mTcO4
-) uptake assays. 99mTcO4

- is a widely used 
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clinical radiotracer that is compatible with NIS and is used for in vitro validation to confirm 
NIS functionality (166). Moreover, the inclusion of the competitive inhibitor, sodium 
perchlorate (NaClO4), confirms that 99mTcO4

- uptake is due to NIS functionality (166).  

Because of the initial poor transduction efficiencies observed in the generated 
376.96.m28z.mNIS and 376.96.m28z.hNIS mouse CAR-T cells, the 99mTcO4

- uptake assay 
was performed with BW5 cells, which were successfully transduced and expressed 
376.96.m8z.mNIS and 376.96.m28z.hNIS constructs as determined by staining for CAR 
expression, as shown in Figure 4.14a. After confirmation of expression by flow cytometry, 
BW5 cells were normalised for transduction efficiency based on CAR expression, and a 

99mTcO4
- uptake assay comparing the functionality between mNIS and hNIS within these 

constructs was performed. Both transduced BW5 376.96.m28z.hNIS and 376.96.m28z.mNIS 
showed similar levels of 99mTcO4

- uptake in the absence of the competitive inhibitor NaClO4. 
Moreover, complete abrogation of 99mTcO4

- uptake was observed in the presence of NaClO4, 

suggesting that 99mTcO4
- uptake was due to the expression of hNIS and mNIS (Figure 4.14b).  

These findings suggested that mNIS is similar in function to hNIS, and thus, subsequent 
optimisations were focused on improving the transduction efficiencies of the generated 
376.96.m28z.mNIS mouse CAR-T cells.  
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Figure 4.14 376.96.m28z.mNIS and 376.96.m28z function show Tc99m uptake 

BW5 transduced with 376.96.m28z.mNIS and 376.96.m28z.hNIS were used to evaluate NIS functionality in a 

Tc99m uptake assay. a) CAR expression was confirmed by flow cytometry to determine transduction efficiency. 
Cell lines were adjusted for transduction efficiency and tested for NIS functionality using Tc99m in the presence 
and absence of inhibitor NaCIO4. Gamma emission was measured and analysed to determine relative Tc99m 

uptake as shown in b). The data shown is from one independent experiment (N=1).  

 

4.3.3 Concentrating producer cell line dervied retrovirus improves 

transduction efficiency. 

As seen with 376.96.m28z CAR-T production in section 4.2.3, the use of a producer cell line 
was found to improve CAR expression. Therefore, I generated a producer cell through viral 
transduction of Phoenix.Eco cells using 376.96.m28z.mNIS retrovirus that was generated 
from the transient transfection of 293Ts. The generated producer cell line was propagated in 
vitro, and the retrovirus generated in its unconcentrated (neat) and concentrated form was 

used to generate 376.96.m28z.mNIS mouse CAR-T cells, and CAR expression were 
assessed over the course of a fourteen day in vitro expansion period.  

Figure 4.15a shows CAR expression from one independent mouse spleen as histogram plots 
over the course of a fourteen day expansion period. Mouse T-cell transduction with a 
concentrated retrovirus yielded a greater CAR expression at days four and seven post 
transduction compared to the use of neat retrovirus. However, from day four to day fourteen 
post transduction, the CAR expression was diminished, with CAR expression becoming 
undetectable by day fourteen post transduction. This trend was mirrored when looking at the 
percentage of CAR expression across three independent mouse spleens (Figure 4.15b). 
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Concentrated retrovirus greatly improved CAR expression compared to the use of neat 
retrovirus. However, both mouse CAR-T cells generated using neat or concentrated 
retroviruses showed a declining CAR expression trend over the course of the expansion 
period. Similar to the percentage of CAR expression, Figure 4.15c shows that even with gMFI, 
there was no stability in CAR expression with mouse CAR-T cells generated from neat or 
concentrated retroviruses, showing a declining trend of gMFI over the course of the 
expansion period.  

Figure 4.15d confirmed that cell viability over the course of the expansion period was 
relatively stable for both mouse CAR-T cells generated using neat or concentrated retrovirus 
when observed at days five and seven post transduction to confirm whether T-cell viability 
was a factor contributing to the decreasing CAR population. No discernible differences were 
observed in T-cell growth when looking at fold change under both conditions of mouse CAR-
T cells generated using neat or concentrated retrovirus (Figure 4.15d). Fold changes in cell 
expansion remained relatively similar on day four post transduction (Figure 4.15d). However, 
fold change in cell expansion decreased slightly for mouse CAR T- cells generated using neat 
retrovirus (Figure 4.15d). However, overlapping error bars across all conditions make it 
difficult to determine any discernible differences observed in T-cell expansion (Figure 4.15d).  
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Figure 4.15 Concentrating producer cell line derived retrovirus improves transduction efficiency 

129/SvJ Spleens were used to generate 376.96.m28z.mNIS mouse CAR-T cells using retrovirus produced from 
P.Eco producer cell line. Transductions were performed with either unconcentrated (neat) or concentrated 

retrovirus and a) histogram plots show CAR expression by flow cytometry over a 14 day in vitro expansion for one 

donor.  b) CAR expression and c) gMFI shown for three independent donors, with d) cell viability and e) cell counts 

measured during this expansion period. The error bars shown represent the standard deviation with an n of three 
(N=3). Statistical analysis was performed using two-way ANOVA. ns< nonsignificant, *<0.0332,**<0.0021, 
***<0.0002, ****<0.0001. 
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4.3.4 Transient in vitro 376.96.m28z.mNIS CAR expression is not due to 

pseudotransduction. 

As described in Section 4.2.7, the trend in the transient in vitro expression of 376.96.m28z 

mouse CAR-T cells were also seen with 376.96.m28z.mNIS mouse CAR-T cells. As a result, 
I looked to determine that the transient expression of 376.96.m28z mouse CAR-T cells were 
potentially due to pseudotransduction, and I also sought to establish if this was also the case 
with 376.96.m28z.mNIS generated mouse CAR-T cells.  

The investigation of 376.96.m28z.mNIS mouse CAR-T cells for pseudotransduction was 
performed in the same manner as done so with 376.96.m28z mouse CAR-T cells in section 
4.2.7. 376.96.m28z.mNIS mouse CAR-T cells were generated using retroviral preparations 
sourced from the transient transfection of Phoenix.Eco cells and the 376.96.m28z.mNIS 
producer cell line. This was done to account for any differences in retroviral preparations 
contributing to transient CAR expression. To investigate the occurrence of 
pseudotransduction, T-cells were treated with integrase and reverse transcriptase inhibitors 
(Raltegravir & Saquinavir), along with DMSO and non-treated controls. CAR expression was 
measured by flow cytometry over the course of a seven day in vitro expansion period to 
determine CAR expression stability.  

Figure 4.16a shows the histogram plots of CAR expression for one representative mouse 
spleen generated using retroviral preparations from the 376.96.m28z.mNIS producer cell line. 
At both day four and day seven post transduction, there was complete abrogation of CAR 
expression in response to Raltegravir & Saquinavir treatment compared to both DMSO and 
no treatment controls. This suggests that transient co-expression of 376.96.m28z and mNIS 
are not due to a lack of stable integration of the transgenes within the mouse T-cell genome, 
confirming the absence of pseudotransduction to explain this phenomenon. CAR expression 
was transient, with a decline in CAR expression seen between day four and seven post 
transduction in both DMSO and non-treated controls (Figure 4.16a).  

These results were confirmed across three independent mouse spleens (Figure 4.16b), where 
CAR expression was measured across the different treatment conditions, showing similar 
CAR expression between no-treatment and DMSO control. CAR expression was highest at 
day four post transduction and was diminished by day seven post transduction across both 
controls. Complete abrogation in CAR expression was seen at both days four and seven post 
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transduction with Raltegravir & Saquinavir, confirming that pseudotransduction is not the 
cause of this transient expression of transgenes. 

376.96.m28z.mNIS mouse CAR-T cells generated from retroviruses by transient transfection 
of Pheonix.Eco cells showed similar results (Figure 4.16c-d). Compared to the producer cell 
line, retrovirus derived from the transient transfection of Pheonix.Eco cells showed lower CAR 
expression across DMSO and no-treatment controls (Figure 4.16c). CAR expression was not 
sustained by day seven post transduction (Figure 4.16c). In response to Raltegravir & 
Saquinavir treatment, complete abrogation of CAR expression was observed across the 
length of the expansion period. This confirms that the transient CAR expression observed 
was not due to pseudotranslocation. These results were confirmed across three independent 
mouse spleens (Figure 4.16d). The results of these experiments confirmed that transgenes 
were stably integrated within the CAR-T cell genome irrespective of the retroviral preparation 
used, and were not the cause of this transient CAR expression. Further investigation is 
required to determine the cause of this transient expression phenomenon.  
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Figure 4.16 Transient in vitro 376.96.m28z.mNIS CAR expression is not due to 
pseudotransduction 

129/SvJ Spleens were used to generate 376.96.m28z.mNIS mouse CAR-T cells using retrovirus produced from 

transient transfection of P.Eco cells or P.Eco producer cell line. Transduction was performed with treatment of 
DMSO and Raltegravir & Saquinavir and CAR-T cells underwent in vitro expansion for seven days. At days four 
and seven post transduction, CAR expression was assessed by flow cytometry. Histogram plots of one donor 
and the combined percentage of CAR expression of three donors are shown with transductions performed using 

a-b) retrovirus from producer cell line and c-d) retrovirus produced from transient transfection, respectively. The 

error bars shown represent the standard deviation with an n of three (N=3). Statistical analysis was performed 
using two-way ANOVA. **<0.0021, ****<0.0001. 

 

4.3.5 376.96.m28z.mNIS CAR-T cell functionality is impaired in vitro 

Whlist the expression of 376.96.m28z.mNIS was found to be transient during in vitro 

expansion, I sought to determine if the CAR-T cells were functional and that CAR functionality 
was not impacted by the co-expression of the mNIS. To determine whether the co-
expression of mNIS affects 376.96.m28z CAR functionality, 376.96m28z.mNIS and 
376.96.m28z mouse CAR-T cells were generated. At three days post transduction, a co-
culture was performed at an E:T ratio of 1:1 with luciferase+ SupT1 cells either expressing 
B7-H3+ (SupT1 hB7-H3+) or not (SupT1 WT).  
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CAR-T cell functionality was assessed by looking at the target cell killing by luimincense 
because the targets were luciferase+

. At day one post co-culture, both 376.96.m28z and 
376.96,m28z.mNIS showed CAR-T cell killing in an antigen-specific manner against SupT1 
hB7-H3+. The 376.96.m28z CAR-T cells showed a significant reduction in target cell killing 
compared to the response to SupT1 WT (Figure 4.17a). However, 376.96.m28z.mNIS CAR-
T cells showed target cell killing, but this was not statistically significant compared to its 
response to the antigen negative control, SupT1 WT (Figure 4.17a). The target cell viability 
observed between 376.96.m28z and 376.96.m28z.mNIS was not similar, suggesting that 
mNIS co-expression affects CAR functionality when compared to CAR alone (Figure 4.17a).  

CAR-T cell functionality was also assessed on day three post co-culture, where 376.96.m28z 
showed antigen-specific target cell control with retained levels of target cell viability as seen 
at day one post co-culture compared to the antigen negative control (Figure 4.17b). However, 
target cell killing with the 376.69.m28z.mNIS mouse CAR-T cell killing was not comparable 
to that of 376.96.m28z, with levels of target cell viability comparable to the antigen negative, 
SupT1 (Figure 4.17b). This suggests that inclusion of mNIS within the construct inhibits CAR 
functionality either because of a direct effect on the CAR or through affecting levels of CAR 
expression. Target cell viability was also found to increase from day one post co-culture 
(Figure 4.17a), showing impaired CAR ability, resulting in target cell outgrowth. (Figure 4.17b). 

Alongside assessing whether mNIS co-expression affected CAR function, it was also 
important to determine whether mNIS functionality was affected by CAR expression. 
376.96.m28z.mNIS mouse CAR-T cells were generated from three independent mouse 
spleens and underwent a Tc99m uptake assay, four days post transduction (Figure 4.17c). 
The mNIS functionality was found to be affected, with Tc99m uptake being no different from 
that of the untransduced control (Figure 4.17c). Moreover, Tc99m uptake was not found to 
be specific to mNIS, with similar levels of uptake seen in the presence or absence of the 
competitive inhibitor, sodium percholate (NaClO4) (Figure 4.17c). The results of these 
experiments revealed that 376.96.m28z.mNIS mouse CAR-T cells show impaired CAR and 

mNIS functionality and are thus unsuitable in their current iteration as a modality for 
monitoring the effect of single dose radiation on the long term effects of CAR-T cell therapy 
in vivo. 
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Figure 4.17 376.96.m28z.mNIS CAR-T functionality is impaired in vitro 

129/SvJ Spleens were used to generate 376.96.m28z.mNIS mouse CAR-T cells. At three days post transduction, 
CAR-T cell functionality was assessed in a co-culture with luciferase+ targets, SupT1 WT and SupT1 hB7-H3+. 

Target cell killing was assessed by luminescence at a) day one and b) day three post co-culture commencement. 

At day four post transduction, NIS functionality was assessed of CAR-T cells in a c) Tc99m uptake assay. The 

error bars shown represent the standard deviation with an n of three (N=3). Statistical analysis was performed 
using two-way ANOVA. ns<non-significant, *<0.0332,**<0.0021, ***<0.0002, ****<0.0001. 

 

4.4 Discussion 

4.4.1 Generation of 376.96.m28z mouse CAR-T cells  

To assess the effect of single-dose radiation on CAR-T cell therapy within a fully 
immunocompetent setting, an ideal CAR candidate was required to target the TH-MYCN 
models of high-risk neuroblastoma of interest that were evaluated for radiosensitivity within 
this project. The development of CAR-T therapy for neuroblastoma has been largely focused 
on GD2. However, other candidates have shown to be of interest, including anti-B7-H3 ScFv, 
376.96, which has shown in vivo efficacy as a CAR therapy in immunocompetent mice using 

orthotopic PDAC models (1). Thus, I was interested in further validating the use of 376.96 as 

a. b. 

c. 

Untransduced 376.96.m28z.mNIS
0

1

2

3

4

5

Conditions

Re
la

tiv
e 

Tc
99

m
 U

pt
ak

e 
(%

)

Tc99m Uptake Assay

Without NaClO4

With NaClO4

ns

Untransduced 376.96.m28z 376.96.m28z.mNIS
 

0

30

60

90

120

150

Co-Culture Conditions

Ta
rg

et
 C

el
l V

ia
bi

lit
y 

(%
)

Day 1

✱✱✱✱ ✱

✱✱✱✱

Untransduced 376.96.m28z 376.96.m28z.mNIS
 

0

30

60

90

120

150

Co-Culture Conditions

Ta
rg

et
 C

el
l V

ia
bi

lit
y 

(%
)

Day 3

SupT1 WT

SupT1 hB7-H3+

✱✱

✱✱✱

ns



 175 

a fully murinised mouse CAR-T cell to evaluate the effect of single dose radiation on 
improving CAR-T cell efficacy against neuroblastoma. 

The utilisation of retrovirus derived from transient transfection of Pheonix.Eco cells resulted 
in the production of 376.96.m28z mouse CAR-T cells, which exhibited suboptimal CAR 
expression levels (Figure 4.2). However, the use of high-titre retrovirus from a generated 
producer cell line greatly improved CAR expression (Figure 4.3). After improving CAR 
expression, it is important to assess the stability of CAR expression during the in vitro 
expansion period. Expansion of mouse CAR-T cells is important because of the need for a 
sufficient number of mouse CAR-T cells for in vitro and in vivo evaluation. Mouse spleens 

provide a limited source of T-cells compared with the large number of PBMCs obtained from 
human blood for CAR-T cell manufacturing.  

Within the literature, there have been varying methods in the production of mouse CAR-T 
cells with varying periods of expansion that range from four to up to fourteen days of 
expansion (1,373,412,413). During the in vitro expansion, 376.96.m28z CAR expression was 
found to be transient, which was unexpected. Du et al. reported the use of generated anti-
B7H3 (376.96) mouse CAR-T cells six to seven days post-transduction for subsequent 
experiments, but did not report the stability of CAR expression during this expansion period 
(1).  

Because of this transient CAR expression, it is imperative to optimise different parameters of 
mouse CAR-T cell production to determine how the stability of CAR expression could be 
improved. Recent publications in the field have reported the use of more T-cell directed 
stimulation prior to retroviral transduction (373). T-cell activation is important, especially with 
the need for dividing cells required for successful retroviral transduction (373). The use of 
anti-mouse CD3 and CD28 dynabeads was found to improve CAR expression over non-
specific T-cell specific activation with conA and mIL-7, with no adverse effects on cell viability 

and expansion observed (Figure 4.4). However, irrespective of the stimulation method used, 
CAR expression remained transient during the in vitro expansion period.  

Previous in vitro expansion of mouse CAR-T cells focused on using hIL-2, but recent studies 
have highlighted improved T-cell expansion with hIL-7 and hIL-15 compared to hIL-2 alone. 
The choice of cytokines for mouse CAR-T cells has been highlighted in the literature as 
imperative for sustained T-cell proliferation, survival, and intact effector functions. Total cell 
viability and fold expansion were improved with hIL-7 and hIL-15 compared to hIL-2 alone 
for 376.96.m28z mouse CAR-T cells (Figure 4.5). However, irrespective of the cytokine 
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combination used for expansion, CAR expression was transient. Evaluation of these cytokine 
growth conditions for additional CAR and non-CAR controls (ALK.h28z and eGFP, 
respectively) showed relatively stable expression compared with 376.96.m28z mouse CAR-
T cells (Figure 4.5-4.7), suggesting that this transient expression is an inherent phenomenon 
of the 376.96.m28z mouse CAR-T cells.  

With improved parameters of mouse CAR-T cell production and the continued observation 
of transient 376.96.m28z CAR expression, I sought to determine whether stable integration 
of the CAR transgene occurred within the cell genome. Treatment with reverse transcriptase 
and integrase inhibitors (saquinavir and raltegravir) resulted in complete abrogation of CAR 
expression compared to DMSO and non-treated controls, confirming that 
pseudotransduction was not the cause of this transient CAR expression (Figure 4.9). This 
was found to be the case with both the use of retroviral preparations from transient 
transfection of Pheonix.Eco cells and from the producer cell line, confirming that differences 
in retroviral preparations did not contribute to the transient CAR expression observed (Figure 
4.9). The reason for this transient 376.96.m28z CAR expression during in vitro expansion 

warrants further investigation of the CAR construct to determine the cause of this transient 
CAR expression. Even though there was a lack of stable CAR expression, I tested the 
376.96.m28z CAR functionality to determine whether it is for subsequent CAR evaluation 
studies in conjugation with radiation. Even though there is a limited expansion period, CAR 
expansion upon antigen exposure may circumvent the decrease in CAR expression seen 
during the expansion period. Functional evaluation of 376.96.m28z mouse CAR-T cells 
showed short-term cytotoxicity (Figures 4.10-11) with no CAR expansion in response to both 
plate-bound antigen and antigen-expressing target cells (Figure 4.12). Failure of the 
376.96.m28z CAR to expand in response to antigen makes it unsuitable as a CAR candidate 
for subsequent evaluation to assess the effect of single-dose radiation on CAR functionality. 
Thus, an alternative CAR candidate is required for this project. 

Difficulties encountered in generating a functional 376.96.m28z mouse CAR-T cell warrant 
further investigation in CAR design, which may explain the failure of sustained CAR 
expression and functionality in response to antigen. Du et al. generated 376.96.m28z mouse 
CAR-T cells and reported short-term in vitro cytotoxicity with cytokine release and target cell 
killing, which I could also confirm (1). However, Du et al. have not reported long-term CAR 
persistence, which is imperative for CAR efficacy both in vitro and in vivo (1). In vivo evaluation 

of the 376.96.m28z CAR was based on tumour control, with no adverse toxicity. However, 
no findings on the CAR population within the immune compartment were reported between 
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the non-transduced  and mB7-H3 CAR treatment groups (1). Haydar and colleagues have 
recently reported on the sustained in vitro and in vivo activity of fully murnised B7-H3 mouse 
CAR-T cells against glioma models using an ScFV derived from the mB7-H3 specific 
monoclonal antibody, m276 (413). A comparison between the m276 CAR and 376.96 CAR 
may confirm whether the 376.96 ScFv in question is the reason for the short-lived CAR 
functionality. 

 

4.4.2 Evaluation of the 376.96.m28z.mNIS mouse CAR-T cells  

To better evaluate the effects of single-dose radiation on CAR-T cell persistence, there is 
interest in generating mouse CAR-T cells co-expressing the NIS, with hNIS showing robust 
in vivo CAR-T cell tracking in immunodeficient mice (166). The compatibility of NIS with 
readily available radioisotopes, such as 99mTCO4

- with SPECT/CT also provides improved 

image resolution compared to other alternatives, such as bioluminescence imaging (166).To 
evaluate the long-term effects of single-dose radiation on CAR-T cell therapy in vivo, I looked 

to evaluate the co-expression of NIS with 376.96.m28z mouse CAR-T cells. The NIS has been 
assessed as a modality for monitoring human CAR-T cells in immunodeficient mice. 
Moreover, this evaluation has largely used the hNIS, with no published findings thus far on 
the use of the mNIS for CAR-T tracking in vivo. Thus, I wanted to incorporate the use of NIS 
within the immunocompetent setting to better evaluate the long-term effects of CAR-T cell 
therapy and determine if mNIS shows similar functionality to hNIS to co-express with the 
376.96.m28z CAR. 

Similar to the generation of 376.96.m28z mouse CAR-T cells, poor CAR expression was 
observed with the use of retrovirus from transient transfection of Phoenix.Eco cells (Figure 
4.13). This was observed with both 376.96.m28z.NIS bicistronic constructs, including either 
the mNIS or hNIS. Thus, I sought to optimise the retroviral production method to improve 
CAR expression. However, before doing this, I compared the in vitro functionality of hNIS and 

mNIS and found they were comparable. To allow the evaluation of these mouse CAR-T cells 
within a fully immunocompetent setting, I wanted to ensure that all components were fully 
murinised to prevent any confounding variables on the occurrence of the results. Evaluation 
of these bicistronic constructs using transduced BW5 cells revealed comparable Tc99m 
uptake between mNIS and hNIS (Figure 4.14), and thus I opted to optimise on improving the 
production of 376.96.m28z.mNIS mouse CAR-T cells.  
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The generation of the 376.96.m28z.mNIS Phoenix.Eco producer cell improved CAR 
expression of the 376.96.m28z.mNIS mouse CAR-T cells (Figure 4.15). The subsequent 
concentration of this producer cell line derived retrovirus further enhanced CAR expression 
(Figure 4.15). However, the expression was transient throughout the in vitro expansion period 
and not due to pseudotransduction (Figure 4.16). No abrogation of CAR expression occurred 
in response to reverse transcriptase or integrase inhibitors compared to DMSO and non-
treatment controls (Figure 4.16). Even with this transient expression, I wanted to determine 
whether CAR and mNIS functionality were affected when co-expressed on mouse CAR-T 
cells. I found that CAR functionality was impaired when assessed in a short term in vitro co-

culture with B7-H3+ targets. Moroever, 376.96.m28z.mNIS mouse CAR-T cells also showed 
impaired Tc99m uptake (Figure 4.17). The Impaired functionality of both CAR and mNIS 
suggests the constraints of retroviral construct size in generating mouse CAR-T cells co-
expressing both transgenes. Further studies are required to determine how to improve the 
co-expression of CAR and NIS in mouse CAR-T cells.  
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Chapter 5 Determine whether radiation improves the 

activation of antigen-specific T-cells. 
5.1 Introduction 

As determined in Chapter 4, the anti-B7-H3 CAR, 376.96.m28z proved to be an unsuitable 
CAR candidate for evaluating the effect of single dose radiation on CAR-T cell functionality 
due to its inability to expand in response to antigen. Thus, an alternative CAR candidate was 
required for evaluation, and I focused on the most studied tumour-associated antigen (TAA) 
in neuroblastoma, GD2. 

 

5.1.1 GD2 

GD2 is highly expressed in neuroblastoma, and its role is linked to tumour immune evasion 
(172,438). The success of the anti-GD2 monoclonal therapy dinituximab, based on the 14.18 
monoclonal antibody, paved the way to focus on the generation of anti-GD2 CAR-T cells, 
with one of the first CAR-T products to be tested within children being a first-generation anti-
GD2 CAR based on the 14.18 binder (438–440). Subsequent iterations in anti-GD2 CARs 
have been developed and evaluated within the literature, both in preclinical and clinical 
settings, with varying degrees of success (189,366,438,440–442).  

In collaboration with Pule and colleagues, we generated a second generation humanised 
anti-GD2 CAR (HuK666.h28z) derived from the monoclonal anti-GD2 antibody, K666. This 
CAR showed effective in vitro cytotoxicity and sustained proliferation against GD2 expressing 
neuroblastoma line, LAN-1 (366). Moreover, successful elimination of GD2 expressing CT26 
tumours by HuK666.h28z mouse CAR-T cells was seen in wild type Balb/c mice (366).  The 
choice of focusing on Huk666.h28z for this project is further bolstered by the CAR being 
currently under clinical evaluation. Results reported by Straathof and colleagues from a phase 
one study in relapsed/refractory neuroblastoma patients treated with the HuK666.h28z 
showed disease regression without inducing on-target-off tumour toxicity (189). Thus, I 
looked to generate HuK666.h28z mouse CAR-T cells and evaluate in vitro its potential as a 

CAR candidate in combination with single dose radiation.  
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5.2 Results 

5.2.1 Structure of HuK666.h28z 

The SFG.RQR8.HuK666.hCD28TM.hCD28z (HuK666.h28z) is a second generation anti-GD2 
CAR (366). As shown in Figure 5.1a, this CAR construct consists of the anti-GD2 ScFv, 
HuK666, with a human IgG1 CH2-CH3 hinge domain followed by a human CD28 
transmembrane domain. The signalling endodomains of the CAR consist of the hCD28 and 
the hCD3ζ (Figure 5.1a). The CAR construct also includes co-expression of RQR8, an 
epitope-based marker used for CAR detection (Figure 5.1b). This 136 amino-acid protein 
consists of CD34 and CD20 antigens recognised by the anti-CD34 antibody, QBEnd10 and 
by mAb, Rituximab, respectively (367). Its susceptibility to rituximab provides a clinical safety 

switch to render lysis of CAR-T cells if required in the event of cytotxicity (367).  

 

 

 

 

 

 
 

Figure 5.1 Structure of HuK666.h28z 

HuK666.h28z is a second-generation anti-GD2 CAR with its structure shown in a). The main detection method for 

HuK666.h28z is through the detection of the co-expressed b) RQR8, an epitope-based marker composed of 

target antigens from CD20 and CD34 antigens. RQR8 detection using a fluorophore-conjugated anti-CD34 
antibody determines the detection of the co-expressed CAR by flow cytometry. Figure created using Biorender. 

HuK666.h28z in vitro expression in mouse T cells is stable compared to 376.96.m28z 

irrespective of mouse genetic strain used. To first confirm the suitability of HuK666.h28z as 
an alternative CAR candidate, both the HuK666.h28z and 376.96.m28z mouse CAR-T cells 
were generated and evaulated for expression by flow cytometry over the course of a seven 
day in vitro expansion period. Both CARs were generated on the 129/SvJ and C57BL/6 
background to confirm if CAR expression is affected by differences in genetic mouse strain 
considering that the mouse neuroblastoma models evaulated within this project exist both 

a. b. 
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on the 129/SvJ (129N21 and TAM6) and C57BL/6 (9464D) background. Thus, it was 
imperative to confirm CAR transduction efficiency could be utilised for experimental use 
irrespective of the mouse genetic strain used to generate the CAR-T cells.  

When looking at CAR expression for both CAR candidates on the 129/SvJ background 
across three independent mouse spleens (Figure 5.2a), CAR expression for both 
376.96.m28z and HuK666.h28z is initially higher at day three post transduction, but is found 
to decrease by day seven post transduction in a statistically significant manner. When looking 
at CAR gMFI (Figure 5.2b), 376.96.m28z mirrors the same decrease in gMFI from day three 
to day seven post transduction as seen with CAR expression (Figure 5.2a). However, gMFI 
was found to be relatively stable between day three and day seven post transduction for 
HuK666.h28z, suggesting potentially that CAR expression is stable compared to 
376.96.m28z.  

Comparison on the C57BL/6 genetic background (Figure 5.2c-d) mirrored the same results 
as on the 129/SvJ background. CAR expression for both generated 376.96.m28z and 
Huk666.h28z mouse CAR-T cells decreases from day three to day four post transduction 
(Figure 5.2c). However, CAR gMFI for generated HuK666.h28z mouse CAR-T cells was stable 
over the course of the expansion period compared to the generated 376.96.m28z mouse 
CAR-T cells (Figure 5.2d). These results confirmed that not only were HuK666.h28z mouse 
CAR-T cells successfully generated, but they also showed potentially stable CAR expression 
based on gMFI compared to 376.96.m28z mouse CAR-T cells across two different mouse 
genetic strains, and thus, potentially could be evaluated further to assess the effect of single-
dose radiation on CAR functionality.  

Figure 8.4 in the appendix displays representative flow cytometry plots of CAR expression 
for 376.96.m28z and HuK666.h28z during the seven-day expansion period in both 129/SvJ 
and C57BL/6 mouse strains.  
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Figure 5.2 HuK666.h28z in vitro expression is stable compared to 376.96.m28z irrespective of mouse 
genetic background 

376.96.m28z and huK666.h28z CAR-T cells were generated from 129/SvJ and C57BL/6 female spleens. Mouse 

CAR-T cells were expanded for seven days in vitro with CAR and RQR8 expression assessed by flow cytometry. 

a) Expression and b) gMFI of CARs generated on the 129/SvJ background at days three and seven post 

transduction. c) Expression and d) gMFI is shown of CARs generated on the C57BL/6 background at days four 

and seven post transduction. The error bars shown represent the standard deviation with n of three (N=3). 
Statistical analysis was performed using one-way ANOVA. ns<non-significant, *<0.0021, **<0.0021, ****<0.0001. 

 

5.2.2 T-Cell subsets change during mouse CAR in vitro expansion. 

During the in vitro mouse CAR-T cell expansion phase post transduction, changes in T-cell 
subsets were also assessed over the course of a seven day expansion period by flow 
cytometry across three independent mouse spleens on the C57BL/6 background. Figure 5.3a 
shows that from day four to day seven post transduction, the CD8:CD4 ratio increased in a 
statistically significant manner across both untransduced and the generated 376.96.m28z 
and HuK666.h28z mouse CAR-T cells. Changes in the TEM:TCM ratio were also determined by 
flow cytometry, with only 376.96.m28z and HuK666.h28z mouse CAR-T cells showing an 
increase in the TEM:TCM ratio in a time dependent manner, but not found to be a statistically 
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significant trend for 376.96.m28z CAR-T cells due to high biological variability (Figure 5.3b). 
The high biological variability seen for untransduced T-cells between day four and day seven 
post transduction, meant it was hard to discern if there was a statistically significant shift in 
the TEM:TCM ratio over the seven day in vitro expansion period  (Figure 5.3b). 

These results suggest that in response to the T-cell specific mitogenic stimulation (CD3/CD28 
dynabeads) prior to viral transduction and subsequent T-cell expansion post transduction 
with hIL-2 in combination with hIL-7 and hIL-15 seems to show a shift to a more CD8+ and 
TEM

+ T-cell population for mouse CAR-T cells. These observations towards a more CD8+ T-
cell and TEM population have been cited within the literature with the use of T-cell specific 

mitogenic stimulation, such as the use of CD3/CD28 dynabeads (443). However, it is 
important to note that the use of hIL-7 and hIL-15 has been shown to lead to a better 
preservation of Tcm compared to T-cell expansion with IL-2 alone  (412,443).  

Figure 8.5 in the appendix displays representative flow cytometry plots of T-cell susbet 
changes for 376.96.m28z and HuK666.h28z during the seven-day expansion period. 

 

 

 

 

 

 

 
Figure 5.3 T-cell subsets change during in vitro expansion 

Untransduced, 376.96.m28z and huK666.h28z CAR-T cells were generated from C57BL/6 female spleens. Cells 

were expanded for seven days in vitro and T-cell subsets were assessed by flow cytometry at days 4 and 7 post-

transduction. Proportion of mCD3+mCD8+ and mCD3+mCD4+ is shown in a). Proportion of TEM 

(mCD3+mCD44+mCD62L-) and TCM (mCD3+mCD44+mCD62L+)  is shown in b). The error bars shown represent 
the standard deviation with n of three (N=3). Statistical analysis was performed using two-way ANOVA. ns<non-

significant, **<0.0002, ****<0.0001. 
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5.2.3 TH-MYCN tumour models may vary in the expression of mB7-H3 

and GD2. 

To compare 376.96.m28z and HuK666.h28z CAR functionality against the TH-MYCN 
neuroblastoma models of interest within this project, it was important to determine the 
expression of both mB7-H3 and GD2 on these tumour models. Of the TH-MYCN models of 
interest evaluated, little is known about the mB7-H3 and GD2 expression, and thus it was 
imperative to confirm. mB7-H3 and GD2 antigen expression was assessed by flow cytometry 
during in vitro propagation of these TH-MYCN lines and corrected against the isotype control. 
Antigen expression was assessed on the following TH-MYCN lines of interest: 9464D WT, 
9464D-GD2, 129NS1 and TAM6 WT.  

Figure 5.4a shows the greatest mB7-H3 expression to be seen in 9464D WT and 9464D-GD2 
lines followed by 129NS1 and TAM6 WT. Moreover, mB7-H3 gMFI was found to be the 
highest in 9464D WT. 9464D-GD2, 129NS1 and TAM6 WT showing relatively similarily lower 
levels of gMFI compared to 9464D WT. Compared to mB7-H3 expression, GD2 expression 
was found to vary across the lines screened. Figure 5.4b shows the greatest expression in 
GD2 in 9464D-GD2 and TAM6 WT followed by 129NS1. However, a complete absence of 
GD2 expression is seen with 9464D WT. GD2 gMFI in Figure 5.4b mirrors this trend with the 
highest gMFI of GD2 seen with 9464D-GD2 followed by TAM6 WT and 129NS1, with no GD2 
gMFI seen with 9464D WT.  

The absence of GD2 expression in 9464D WT confirms what has been reported in literature. 
The 9464D tumour model was generated from spontaneous tumours arising in TH-MYCN 
transgenic mice on the C57BL/6 background and turned into an immortalised cell line (218). 
Characteristics of this model were shown to be akin to human neuroblastoma, with 

endogenous expression of GD2 and low levels of MHC-I (219). However, prolonged in vitro 
culturing has resulted in a loss of GD2 expression (220). Thus, an 9464D line was generated 
to overexpress GD2 to compensate for the loss of antigen expression (216). Based on the 
varied expression of mB7-H3 and GD2 seen across the models, 9464D WT and 9464D-GD2 
were initially chosen to assess CAR functionality due to being the highest expressing in GD2 
and mB7-H3 to allow better assessment of CAR functionality in the presence of single dose 
radiation. 
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Figure 5.4 TH-MYCN tumour models may vary in expression of mB7-H3 and GD2 

TH-MYCN mouse neuroblastoma cell lines were (9464D WT, 9464D-GD2, 129NS1 and TAM6 WT) were assessed 

for expression and gMFI quantified by flow cytometry for a-b) mB7-H3 and c-d) GD2 corrected against isotype 

controls (dashed black line). FACS plots and quantified gMFI represent one independent experiment (N=1). 

 

5.2.4 The effect of single-dose radiation on in vitro CAR functionality 

To evaulate the effect of single dose radiation on CAR functionality, target cells, 9464D-WT 
and 9464D-GD2 were either irradiated 24 hours prior to the start of the co-culture with a low 
dose of 2Gy and high dose of 8Gy alongside a non-irradated treatment control. 376.96.m28z 
and HuK666.h28z mouse CAR-T cells were then introduced for the commencement of the in 
vitro co-culture 24 hours post target cell irradiation at a1:1 E:T ratio.  

 

5.2.4.1 HuK666.h28z shows greater cytokine release than 376.96.m28z 

Release of mIL-2 and mIFN-γ was assessed 24 hours after the commencement of the co-
culture by ELISA. In response to 9464D WT, no discernible difference was seen in mIFN-γ 
release between 376.96.m28z and HuK666.h28z compared to untransduced (Figure 5.5a). 
For 376.96.m28z, no discernible differences were seen in mIFN-γ release against non-

9464D WT 9464D-GD2 129NS1 TAM6 WT
0

1×106

2×106

3×106

4×106

5×106

Cell Lines

gM
FI

GD2

9464D WT 9464D-GD2 129NS1 TAM6 WT
0

1×105

2×105

3×105

4×105

Cell Lines

gM
FI

mB7-H3

9464D WT 

9464D-GD2 

129NS1 

TAM6 WT 

G
D

2 

9464D WT 

9464D-GD2 

129NS1 

TAM6 WT 

m
B7

-H
3 

a. b. 

c. d. 



 186 

irradiated and 2Gy and 8Gy irradiated targets (Figure 5.5a). However, when looking at mIFN-
γ release in response to 9464D-GD2, HuK666.h28z showed a statistically significant increase 
in cytokine release compared to untransduced and 376.96.m28z exhibiting that the cytokine 
release was occurring in an antigen-dependent manner (Figure 5.5b). However, no 
differences in mIFN-γ release were seen in a dose dependent manner, with similar levels of 
cytokine release between non-irradiated and 2Gy treatment. 8Gy treatment may have 
induced a lower mIFN-γ release based on the mean, but further experimental repeats are 
required to confirm this due to the large variation in results seen for this treatment condition 
(Figure 5.5b). 

For the mIL-2 results, 9464D WT results were similar to those seen with the mIFN-γ results. 
No discernible differences in cytokine release were seen between 376.96.m28z and 
HuK666.h28z compared to untransduced (Figure 5.5c). Moreover, no discernible differences 
were seen between non-irradiated and irradiated conditions (Figure 5.5c). In response to 
9464D-GD2, HuK666.h28z was found to release mIL-2 in an antigen dependent manner 
compared to untransduced and 376.96.m28z (Figure 5.5d). However, no dose-dependent 
differences in mIL-2 release were seen with 2Gy and 8Gy treatment compared to non-
irradiated (Figure 5.5d). Additional experimental repeats may allow elucidation of any dose 
dependent differences in cytokine release, considering the overlapping error bars across the 
co-culturing conditions seen (Figure 5.5d). The cytokine results confirm HuK666.h28z 
cytotoxicity is occurring in terms of cytokine release in an antigen-dependent manner. 
However, no dose-dependent differences in cytokine release occurred with targets irradiated 
for 24 hours.  
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Figure 5.5 Radiation does not enhance in vitro Huk666.h28z CAR-T cell cytotoxicity in cytokine release 

Untransduced, 376.96.m28z and huK666.h28z CAR-T cells were assessed for cytotoxicity against 9464D WT and 

9464D-GD2. The co-culture was performed 24 hours post irradiation treatment of target cells. mIL-2 and mIFN-γ 
cytokine release was assessed by ELISA, 24 hours post commencement of co-culture. mIFN-γ release is shown 

for a) 9464D WT and b) 9464D-GD2. mIL-2 release is shown for c) 9464D WT and d) 9464D-GD2. The error bars 

shown represent the standard deviation with n of three (N=3). Statistical analysis was performed using one-way 
ANOVA. *<0.0332, **<0.0021, ****<0.0001. 

 

5.2.4.2 HuK666.h28z show cytotoxicity compared to 376.96.m28z in 

response to target. 

Alongside looking at cytokine release 24 hours post commencement of co-culture, target cell 
killing was also assessed at 72 hours post commencement of co-culture by flow cytometry 
to allow accurate determination of changes in target cell numbers (Figure 5.6). For 9464D 
WT, target cell killing by 376.96.m28z was not occurring in antigen-dependent manner, with 
the results seen across all co-culture conditions to be similar to that of the HuK666.h28z CAR 
and untransduced (Figure 5.6a). Target cell viability was only found to decrease in a dose 
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dependent manner; however, no additive antigen dependent effect on target cell viability was 
seen in response to 376.96.m28z compared to HuK666.h28z and untransduced (Figure 5.7a).  

In response to 9464D-GD2, HuK666.h28z showed antigen-dependent killing compared to 
untransduced and 376.96.m8z mouse CAR-T cells. Effective tumour control by HuK666.h28z 
was seen with non-irradiated and 2Gy irradiated targets (Figure 5.6b). Whlist HuK666.h28z 
showed effective target cell killing compared to untransduced in a statistically significant 
manner, complete tumour control observed at non-irradiated and 2Gy was not seen at 8Gy 
with viable target cells still present, suggesting some radioresistant cells have survived 
(Figure 5.6b). HuK666.h28z shows CAR expression in response to antigen, but radiation 
shows no additive effect of this. 

 

 
Figure 5.6 Radiation does not enhance in vitro huK666.h28z target cell killing against 9464D-
GD2 

Untransduced, 376.96.m28z and huK666.h28z CAR-T cells were assessed for cytotoxicity against 9464D WT and 

9464D-GD2. The co-culture was performed 24 hours post irradiation treatment of target cells. Target cell viability 
was assessed by flow cytometry 72 hours post commencement of co-culture. Target cell counts were normalised 

against target cells alone to determine target cell viability for a) 9464D WT and b) 9464D-GD2.  The error bars 

shown represent the standard deviation with n of three (N=3). Statistical analysis was performed using one-way 
ANOVA. ns<non-significant, ****<0.0001. 

 

Given the inability of 376.96.m28z to proliferate in response to antigen, as detailed in section 
4.2.10, it was crucial to confirm that Huk666.h28z did not exhibit the same limitation. This 
confirmation was necessary to ensure its suitability for assessing the long-term effectiveness 
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of the co-culture with irradiated 9464D WT and 9464D-GD2, CAR expansion was assessed 
by flow cytometry. Fold changes in percentage of CAR expression and gMFI were analysed 
against CAR alone. Fold CAR expansion was determined on the normalisation of CAR+ cell 
counts across co-culturing conditions against CAR+ cell count in CAR-T cell alone conditions. 

Against 9464D WT, 376.96.m28z failed to show any CAR expansion compared to CAR alone 
(Figure 5.7a-b). Both HuK666.h28z and 376.96.m28z showed similar levels of fold change in 
CAR expression and CAR gMFI across, irrespective of irradiation or not (Figure 5.7a-b). These 
results confirm what has been previously seen with 376.96.m28z in that it does not expand 
in response to antigen. Compared to 376.96.m28z, HuK666.h28z does show expansion in 
antigen-dependent manner (Figure 5.7c-d). In response to 9464D-GD2, Huk666.h28z was 
found to show up to 30 fold CAR expansion compared to 376.96.m28z, but no additive effect 
was seen in expansion with either 2Gy or 8Gy irradiated compared to non-irradiated targets 
(Figure 5.7c). 

While changes were seen in CAR fold expression, no fold change was seen in CAR MFI for 
Huk666.h28z across all co-culture conditions compared to CAR alone (Figure 5.7d). 
Nonetheless, these results confirm that HuK666.h28z, compared to 376.96.m28z can 
successfully expand in response to the target; however, no additive effect is seen with targets 
irradiated at 2Gy or 8Gy for 24 hours. Thus, further work is required to optimise the radiation 
treatment conditions of target cells to better evaluate the effect of singe dose radiation on 
HuK666.h28z functionality. 
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Figure 5.7 Radiation does not enhance in vitro huK666.h28z CAR expansion against 9464D-GD2 

Untransduced, 376.96.m28z and huK666.h28z CAR-T cells were assessed for CAR expansion against 9464D WT 
and 9464D-GD2. The co-culture was performed 24 hours post irradiation treatment of target cells. CAR 
expression was assessed by flow cytometry 72 hours post commencement of co-culture. CAR T-cell counts were 

normalised against CAR T-cells alone controls to determine changes in CAR expression and gMFI. CAR 

expression and gMFI for co-cultures against 9464D WT and 9464D-GD2 are shown in a) to b) and c) to d), 
respectively. The error bars shown represent the standard deviation with n of three (N=3). Statistical analysis was 
performed using one-way ANOVA. ns<non-significant, *<0.0332, **<0.0021. 
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population, CD8:CD4 ratio was found to increase in response to 9464D-GD2 compared to 
CAR alone (Figure 5.8a). Moreover, the changes were occurring in an antigen-dependent 
manner with no changes in CD8:CD4 ratio against 9464D WT compared to CAR alone 
observed (Figure 5.8a). CD8:CD4 ratio was found to increase in response to irradiated targets 
in a dose-dependent manner, suggesting that within the HuK666.h28z population, targets 
irradiated with a higher single dose of irradiation induce a shift towards more CD8+ than CD4+ 
T-cells (Figure 5.8a).   

Changes in the TEM:TCM ratio were also observed within the HuK666.h28z CAR-T cell 
population in an antigen-dependent manner (Figure 5.8b). No changes in TEM:TCM ratio were 
observed in response to 9464D WT irrespective of target cell irradiation (Figure 5.8b). 
However, in response to 9464D-GD2, the TEM:TCM ratio was found to increase in a dose-
dependent manner, with a higher dose of 8Gy irradiation treatment inducing the largest 
change in TEM:TCM compared to 2Gy irradiated and non-irradiated 9464D-GD2 (Figure 5.8b). 
These results seem to suggest that, potentially in response to a higher dose of 8Gy irradiation 
of targets, HuK666.h28z mouse CAR-T cells show a shift towards a more CD8+ and TEM cell 
subset. Further work would be required to determine the exact functional effects this has on 
the long term efficacy of the HuK666.h28z CAR.  

Representative flow plots for the data shown in figure 5.8 can be seen in figure 8.6 in the 
appendix. 

 

 

 

 

 
 

Figure 5.8 Radiation induces in vitro changes in HuK666.h28z CD8:CD4 and TEM:TCM ratios in 
response to antigen 

Untransduced and huK666.h28z CAR-T cells were assessed for CAR expansion against 9464D WT and 9464D-

GD2. The Co-culture was performed 24 hours post irradiation treatment of target cells. CAR expression was 
assessed by flow cytometry 72 hours post commencement of co-culture. The proportion of mCD3+CAR+mCD8+ 

and mCD3+CAR+mCD4+ is shown in a). Proportion of TEM (mCD3+CAR+mCD44+mCD62L-) and TCM 
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(mCD3+CAR+mCD44+mCD62L+)  is shown in b). The error bars shown represent the standard deviation with n of 

three (N=3). Statistical analysis was performed using one-way ANOVA. **<0.0332, ***<0.002, ****<0.0001. 

 

5.2.5 Radiation may induce changes in antigen expression 

Alongside determining the effects of single dose radiation on HuK666.h28z CAR functionality, 
the effect of single dose radiation on the antigen expression of 9464D-GD2 was also 
assessed by flow cytometry, 72 hours post commencement of co-culture. GD2 and mB7-H3 
expression was analysed on target cell alone conditions. The gating strategy used to measure 
expression of GD2 and mB7-H3 for 9464D-GD2 is shown in Figure 5.9. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.9 Gating strategy for measuring antigen expression in response to single-dose 
radiation 

9464D-GD2 was non-irradiated or irradiated with single dose radiation for a co-culture with CAR-T cells performed   
24 hours post irradiation. Co-culture was analysed by flow cytometry 72 hours post-culture commencement, 
including staining for antigen expression on conditions with target cells 9464D-GD2 alone. The representative 
FACS plots show the gating strategy utilised to determine GD2 and mB7-H3 expression by flow cytometry on 
gated viable single cells against the isotype control. 
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Looking at the percentage of antigen expression, mB7-H3 expression was found to decrease 
in response to radiation in a dose-dependent manner (Figure 5.10a). However, GD2 antigen 
expression was found to increase in a dose dependent manner (Figure 5.10a). Moreover, 
looking at changes in antigen gMFI, mB7-H3 was found similarly to the percentage of antigen 
expression to decrease in a dose-dependent manner (Figure 5.10b). GD2 gMFI was also 
found to decrease in a dose dependent manner as well (Figure 5.10b). Further experimental 
repeats are required to confirm the significance of these results and whether the increase in 
GD2 antigen expression seen provides any additive effect on Huk666.h28z functionality. 

 

 

 

 

 

 
Figure 5.10 Radiation may induce changes in antigen expression in vitro 

9464D-GD2 was non-irradiated or irradiated with single dose radiation for a co-culture with CAR-T cells performed 
24 hours post irradiation. Co-culture was analysed by flow cytometry 72 hours post-culture commencement, 
including staining for antigen expression on conditions with target cells, 9464D-GD2 alone. Across the co-culture 

conditions, mB7-H3 and GD2 expression is shown as a) percentage and b) MFI on Live+ cells. Each condition 

contains three technical repeats with the errors showing the standard deviation. Results shown are of one 
independent experiment (N=1). 
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HuK666.h28z, as an alternative CAR candidate to utilise to investigate the effect of single 
dose radiation on CAR functionality. Within the literature, HuK666.h28z has been reported to 
show sustained in vitro cytotoxicity and in vivo efficacy within an immunocompetent mouse 
model (366). Moreover, its ongoing current evaluation within clinical trials against refractory 
neuroblastoma further bolsters the translational value in understanding if single-dose 
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Evaluation of in vitro production of Huk666.h28z CAR-T cells against 376.96.m28z CAR-T 
cells on both the 129/SvJ and C57BL/6 mouse genetic background revealed comparable 
levels of CAR expression, which decreased over the course of a seven day expansion period 
as observed previously with 376.96.m82z. While the CAR gMFI was found to decrease for 
376.96.m28z CAR-T cells over the seven day expansion, HuK666.h28z CAR gMFI was found 
to be relatively stable over the course of the expansion period, suggesting stable CAR 
expression and thus potential in its ability to be evaluated in vitro against irradiated TH-MYCN 

models of neuroblastoma. 

mB7-H3 and GD2 expression across the TH-MYCN models of neuroblastoma was shown to 
vary. Due to this, the 9464D models were selected to assess the functionality of HuK666.h28z 
against 376.96.m28z, with the high GD2 expression of 9464D-GD2 providing a clearer 
assessment of HuK666.h28z functionality. Moreover, the 9464D models propagate as a 
monolayer in vitro compared to the spheroid forming 129NS1 and TAM6 WT lines. Due to 
this, further technical optimisations were still required for use of 129NS1 and TAM6 WT 
compared to the use of 9464D lines for evaluating CAR functionality against in vitro. 

For assessing CAR functionality against 9464D target lines, irradiation was performed on 
targets at low dose of 2Gy and high dose of 8Gy. This is due to evidence of radiation dose 
strength affecting CAR functionality, such as through increased tumour sensitisation to CAR-
T cell killing (444). The in vitro evaluation of single dose radiation on CAR functionality was 

performed with 9464D target lines irradiated at a low dose of 2Gy and high dose of 8Gy, 24 
hours prior to the addition of CAR-T cells. Both a low and high dose were chosen for this in 
vitro CAR evaluation due to dose strength and timing greatly affecting CAR functionality. 
Within the literature, dose strength and timing have been found to influence changes in the 

TME through increasing tumour sensitisation and increased tumour cell death, leading to 
increased CAR-T functionality (356,445). However, 9464D has not been evaluated with 
radiation in combination CAR-T cells within the literature, thus, we initially looked to evaluate 
CAR-T functionality in this manner. 

In vitro assessment of HuK666.h28z mouse CAR-T cells revealed effective cytotoxicity with 
both mIL-2 and mIFN-γ release in an antigen-dependent manner against 9464D-GD2. 
Effective anti-tumour activity was also seen with antigen-dependent tumour cell killing. 
Moreover, Huk666.h28z showed significant CAR fold expansion, showing its ability to expand 
in response to antigen which 376.96.m28z failed to do. However, while Huk666.h28z showed 
effective CAR functionality; no dose-dependent changes were seen in response to targets 
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irradiated at 2Gy and 8Gy compared to non-irradiated. As the effects of radiation on CAR 
functionality are greatly affected by dose strength and timing, further work is required to 
optimise the radiation regime to further elucidate how radiation dose and timing may affect 
Huk666.h28z CAR functionality.   

In vitro assessment of HuK666.h28z mouse CAR-T cells revealed single dose radiation 
induced changes in the T-cell subsets. In a dose dependent manner, an increase in both the 
CD8:CD4 and TEM:TCM ratio was observed in response to irradiated targets. These 
observations are supported within the literature where radiation has been found to influence 
dynamics of the T-cell population, with an increase in both CD8+ T-cells and effector memory 

T-cell populations resulting in an effective anti-tumour response (446,447). Further in vitro 
and in vivo evaluation, looking at the long term CAR-T cell activity, would reveal if these 
changes in CD8:CD4 and TEM:TCM ratios are maintained and lead to a sustained anti-tumour 
response by the Huk666.h28z mouse CAR-T cells.  

The ability of radiation to alter the TME is known to be imperative in the success of 
immunotherapy. Within this TME remodelling, there have been reports of radiation increasing 
antigen expression, which may further bolster antigen-mediated tumour killing (353,354,448–
450) As a result, I looked to evaluate any changes in mB7-H3 and GD2 antigen expression 
on the irradiated 9464D-GD2 line that may aid in bolstering the CAR response. In response 
to single dose radiation, antigen expression of GD2 but not of mB7-H3 was found to increase 
in a dose-dependent manner (Figure 5.9a). These are preliminary results, and thus further 
work is required to elucidate HuK666.h28z CAR efficacy against irradiated targets with 
varying levels of GD2 expression to determine if radiation enhances antigen expression and 
further bolsters the CAR response.   

B7-H3 expression has been noted to increase in response to radiation across a range of 
tumour cell lines by Wang and colleagues (448). However, this was looking at hB7-H3 antigen 

expression across human target cell line models. Thus, further validation of these preliminary 
results is required to determine if mB7-H3 antigen expression is found to increase in response 
to radiation or not. Previous evaluation of the 376.96.m28z CAR in chapter four showed short 
term effective tumour control against the hB7-H3 expressing SupT1 targets. However, 
evaluation of the 376.96.m28z against the mB7-H3 expressing 9464D lines showed 
ineffective anti-tumour control and cytotoxicity, with responses found to be similar to those 
of untransduced cells. These results seem to suggest that potentially 376.96.m28z mouse 
CAR may not be crossreactive to both mB7-H3 and hB7-H3 as has been reported by Du and 
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colleagues (1). Further work is required to confirm these findings with evaluation of the 
376.96.m28z against overexpressing mB7-H3 and hB7-H3 targets to determine if antigen 
density is not a limiting factor in CAR efficacy, and thus may explain differences in responses 
observed. 

In summary, the findings of this chapter have confirmed the use of the anti-GD2 HuK666.h28z 
as an alternative CAR to the 376.96.m28z to evaluate in combination with single dose 
radiation. Initial evaluation of the Huk666.h28z against irradiated the 9464D model showed 
effective CAR functionality with radiation inducing changes in T-cells subsets within the CAR 
population. Further in vitro work is required to optimise the radiation regimen in terms of use 

of dose and timing schedule to effectively evaluate the effect of single dose radiation on the 
anti-CAR response, both short term and long term, to effectively evaluate this combination 
therapy within an immunocompetent model.  
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Chapter 6 Discussion 

This thesis aimed to investigate the effects of radiation on CAR-T cell function against 
neuroblastoma within the context of an intact immune system. I sought to address this by 
aiming to 1) determine the radiosensitivity of TH-MYCN models of high-risk neuroblastoma, 
2) evaluate a mouse CAR candidate for use in this project, and 3) examine whether a single 
dose of radiation affects CAR-T cell functionality. The achievements of these aims are 
summarised below.  

1) I confirmed that TH-MYCN mouse models of high-risk neuroblastoma (129NS1, TAM6, 
and 9464D) vary in radiosensitivity. The range of radiosensitivity of these models has not 

been previously reported in the literature. The models' responses varied in the immune-
mediated effects of radiation, which focused on screening key markers of immunogenic 
cell death (298,377). Moreover, the use of the MTT assay to assess non-immune-mediated 
effects of radiation revealed that models show variation in radiosensitivity. This provides 
an opportunity to evaluate CAR-T functionality in various models that vary in treatment 
sensitivity.  
 

2) After establishing the tumour models of interest to be radiosensitive, I evaluated the anti-
B7-H3 CAR, 376.96.m28z, as a CAR candidate for use in this project because of the 
published literature describing its cross-reactivity between hB7-H3 and mB7-H3 and its 
in vivo efficacy against an immunocompetent model by Du et al. (1). CAR expression was 
found to be poor, requiring optimisation of the mouse CAR-T cell production protocol, 
which greatly improved CAR expression. However, in vitro expansion revealed that CAR 
expression was transient, a phenomenon inherently specific to 376.96.m28z compared to 
CAR and non-CAR controls, with pseudotransduction not being a cause of this. In vitro 

CAR-T functionality against B7-H3 plate-bound and B7-H3 cell targets revealed only 
short-term cytotoxicity mediated by CAR-T cells with no CAR-T cell expansion. As a result, 
376.96.m28z was found unsuitable for evaluating CAR-T cell functionality with radiation 
against neuroblastoma in vitro and in vivo. Optimisations were also performed to generate 
mouse CAR-T cells co-expressing the reporter gene NIS with 376.96.m28z to provide a 
more detailed in vivo evaluation of this combination therapy in real time using SPECT/PET 

imaging (166). Protocol optimisations were performed to improve the initial poor 
transduction efficiency; however, in vitro assessment revealed that both CAR and NIS 
functionality are impaired when co-expressed on mouse CAR-T cells.  
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3) The anti-GD2 CAR, Huk666.h28z, was evaluated as an alternative to the 376.96.m28z 
CAR. HuK666.h28z mouse CAR-T cells showed stable CAR expression, which was 
sufficient for use in downstream in vitro and in vivo assessments with radiation. Evaluation 
of the HuK666.h28z CAR against the 9464D model revealed effective tumour control and 
mIL-2 and mIFN-γ release in an antigen-dependent manner compared to the 376.96.m28z 
CAR. Moreover, HuK666.h28z CAR showed significant expansion in an antigen-
dependent manner, making this CAR suitable for assessing the long-term effects of 
radiation on CAR functionality. The use of targets irradiated at either a low dose of 2Gy or 
a high dose of 8Gy revealed no dose-dependent differences in the HuK666.h28z CAR 

functionality, with results similar to those of non-irradiated targets. However, T-cell 
subsets were found to vary in both the CD8+:CD4+ and TEM:TCM ratios within the 
Huk666.h28z CAR population in a dose-dependent manner, which may contribute to the 
observed anti-tumour response. 

 

6.1 Determining the radiosensitivity of the TH-MYCN models of high risk 

neuroblastoma 

This project focused on using TH-MYCN mouse models of high-risk neuroblastoma (129NS1, 
TAM6, and 9464D) to evaluate the efficacy of radiation in combination with CAR-T therapy. 
Within the field, TH-MYCN models have been used to assess in vivo treatment efficacy in 

preclinical settings (213,216,376). Moreover, these models provide the ability to evaluate CAR 
efficacy in an immunocompetent setting (213,376). This is imperative considering that CAR-
T preclinical in vivo evaluation is largely performed within an immunodeficient setting (451). 
Thus, the current system is insufficient for assessing the on-target-off-tumour side effects 
associated with this therapy.  

Little is known about the radiosensitivity of TH-MYCN models of high-risk neuroblastoma; 
therefore, I sought to develop an in vitro radiosensitivity screen to establish if models were 

susceptible to radiation in terms of assessing both immune and non-immune mediated 
effects of radiation. I opted to perform this screening in response to a range of single-dose 
radiation doses, considering that the effects of radiation are affected by dose and 
fractionation. The optimal radiation regimen for optimal therapeutic benefit is an important 
question that should be addressed in the future, after establishing radiosensitivity. 

Assessing the immune-mediated effects of radiation was centred on immunogenic cell death 
(ICD). ICD has been implicated in anti-tumour effects elicited by modalities such as 
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radiotherapy, which induce cell stress (380,452). The release of DAMPs induced by this 
regulated form of cell death can result in the activation of CD8+ T cell adaptive responses 
(380,452). This, in turn, would result in an enhanced anti-tumour effect when combined with 
CAR-T cell therapy. Multiple hallmarks of ICD have been mentioned within the field, but I 
looked to focus on three that have a particular emphasis in the literature: Calreticulin, EC-
ATP and EC-HMGB1 (295,380). Assessing these markers in vitro across the TH-MYCN 
models of interest revealed varied levels of upregulation across the models, with calreticulin 

being the only marker upregulated by radiation across the three models (Chapter 3).   

As radiation-induced ICD is influenced by the radiation source, dose, fractionation, and 
exposure time, it is difficult to conclude from these results that TH-MYCN models of 

neuroblastoma exhibit ICD in vitro (Chapter 3). The absence of upregulation of the other ICD 

markers suggests that further work is required to confirm whether these ICD markers are 
upregulated in response to radiation in TH-MYCN neuroblastoma models. The occurrence of 
ICD also depends on the timing and nature of cell death, with not all ICD inducers activating 
the same stress response, thus eliciting the same molecular signal (292). The mechanisms 
and efficacy of ICD induction can vary in vitro and in vivo due to the presence of TME, immune 

cell interactions, and various signalling molecules, which differ between cell-based and 
tumour-based models (292). To address these potential differences, it is important to 
translate these in vitro findings in vivo by confirming the assessment of ICD markers. It would 
also be prudent to determine the occurrence of cell death, considering that ICD is highly 
related to the detection of DNA damage and the subsequent occurrence of cell stress 
response, being imperative for the occurrence of this regulated form of cell death 
(295,380,453). Within the literature, the interest in ICD in neuroblastoma is supported by Hong 
et al., who recently reported on the development of a prognostic prediction tool based on the 
occurrence of ICD in neuroblastoma (454). Through analysis of multi-omics data from 1244 
NB samples and 16 scRNA-seq datasets, they reported on an ICD-related index (ICDR-index) 
that can identify different neuroblastoma risk subtypes, and the identification of the ELAVL3 
gene, which encodes an RNA-binding protein (HuC), was found to be overexpressed in high-
risk neuroblastoma and be a potential target for ICD-based therapeutic strategies in 
neuroblastoma patients (454).  

As mentioned above, because of the multiple factors affecting the successful measurement 
of ICD markers in vitro, I also measured the effect of radiation on cell viability using an MTT 

assay (Chapter 3). This high-throughput approach, compared with the use of traditional 

clonogenic assays for measuring radiotoxicity, revealed that the TH-MYCN models vary 
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greatly in radiosensitivity based on the IC50 calculated (Chapter 3). This has not been 

previously reported in the literature; thus, it provides a framework in which models differ in 
treatment resistance, mirroring differences in treatment responsiveness seen within the 
clinical setting. As a result, this range of treatment sensitivity allows for better evaluation of 
the effect of radiation on CAR-T functionality against neuroblastoma.  

 

6.2 Evaluation of the 376.96.m28z CAR  

This project focused on evaluating the effect of radiation on CAR functionality within the 
context of an intact immune system. Hence, I sought to identify a CAR candidate targeting a 
known TAA of neuroblastoma that could be evaluated for CAR-T therapy in TH-MYCN 
tumour-bearing immunocompetent mice. The findings reported by Du et al. for anti-B7-H3 

ScFv 376.96, showed cross-reactivity to both mouse and human B7-H3 with functionality in 
both human and mouse CAR-T cells, which led me to evaluate this CAR within the scope of 
this project (1).   

Production of 376.96.m28z mouse CAR-T cells proved challenging. Initially, poor CAR 
expression was observed, which was improved through extensive protocol optimisation 

(Chapter 4). First, CAR expression was improved using the retroviral producer cell line 

Phoenix.Eco. The use of producer cell lines has been well established in the literature 
because of their ability to develop high-titre viral supernatants and reduce the risk of 
contamination with helper viruses (373,412,455,455,456). This is also important not just 
within the preclinical setting but also in the clinical setting to reduce variability in retrovirus 
production as part of ensuring that the quality and safety standards of treatment are 
maintained for patients (457).   

Second, CAR expression was found to improve further through the use of anti-CD3/CD28 

Dynabeads compared to concanavalin-A and mIL-7 (Chapter 4). This is important 

considering that retroviruses require proliferating cells; thus, the choice of the T-cell 
stimulation method used for mouse CAR-T cell production is an important factor to consider 
(373,458). The choice of anti-CD3/CD28 dynabeads for mouse CAR-T cell production is 
supported in the literature (373,412,459,460). Lanitis et al. reported that for their mouse CAR-
T cell production protocol, mouse T-cell stimulation with anti-CD3/CD28 beads resulted in 
more activated and proliferating cells compared to other commonly used methods of T-cell 
stimulation (Concanavalin A, and plate-immobilised anti-CD3 with soluble anti-CD28 
antibody) (412). Third, the evaluation of cytokine growth conditions during mouse CAR-T cell 
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expansion revealed that hIL-7 and hIL-15 are advantageous compared to hIL-2 expansion 

alone (Chapter 4).  The expansion of therapeutic T-cell products, including CAR-T cells, 

commonly uses hIL-2 (461). However, repeated hIL-2 expansion can potentially lead to T-cell 
exhaustion, hindering the anti-tumour  response (461,462). hIL-7 and hIL-15 have been 
reported to promote a more central memory T-cell population, thus allowing more effective 
tumour control and T-cell persistence (419,420,463). This has largely been shown with human 
CAR-T cells; however, recent publications on mouse CAR-T cells have reported functional 
mouse CAR-T cells under in vitro expansion with IL-7 and IL-15, (1,412,413,464). Thus, the 
choice of IL-7 and IL-15 for mouse CAR-T cell expansion in this project is supported by the 
literature. 

The aforementioned protocol optimisations improved the initial 376.96.m28z CAR expression 
post transduction. However, CAR expression was found to be transient during the in vitro 

expansion period (Chapter 4). In the literature, the commonly used mouse CAR-T cell 

expansion period is shorter than that of human CAR-T cells. This may be due to inherent 
differences in T-cell biology between species; mouse T-cells have been found to be more 
sensitive to activation signals, and culture conditions have found to more so impact their 
proliferation and persistence in vitro compared to human T-cells (412,465). Mouse CAR-T 
cells have been used for downstream in vitro and in vivo analysis after four to seven days 

post-transduction . The authors of these papers have not reported on the stability of CAR 
expression throughout the in vitro expansion period, but only prior to their use in subsequent 
in vitro and in vivo experiments. Therefore, it is unclear how stable CAR expression is for 
these mouse CAR-T cell constructs reported in the literature. Within the studies evaulating 
mouse CAR-T cells, findings on the long term engraftment of mouse CAR-T cells in immune 
competent hosts is limited resulting in a lack of overall support in the literature for the long 
term effector function of mouse CAR-T cells generated using the standard retroviral 
apparoaches as reported in the field (366,411,412).  

After confirming stable integration of the CAR transgene (Chapter 4), 376.96.m28z mouse 

CAR-T cells revealed short-lived functionality, rendering this CAR unsuitable for use in this 

project (Chapter 4). My findings contradict the in vitro efficacy of the 376.96 mouse CAR 

reported by Du et al. . Du et al. reported that 376.96 generated mouse CAR-T cells with both 
CD28ζ and 4-1BBζ murine endodomains showed effective tumour control in vitro against 

mB7-H3+ engineered Raji cells with IL-2 and IFN-γ release in an antigen-dependent manner 
. Within the co-cultures performed with SupT1 cells expressing hB7-H3, I observed the short-

term functionality of the 376.96.m28z mouse CAR-T cells (Chapter 4) but not against the 
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mB7-H3+ endogenously expressing 9464D model (Chapter 5). This suggests that 376.96 

ScFV may not be cross-reactive to both hB7-H3 and mB7-H3, as reported by Du et al. . This 
difference may be due to the binding affinity of 376.96 ScFv, which is higher for hB7-H3 than 
for mB7-H3 (1). Thus, 376.96.m28z mouse CAR efficacy may only be seen against 
overexpressing mB7-H3 antigen on tumour cells, considering that Du et al. engineered mB7-
H3+ Raji cells to demonstrate in vitro efficacy of 376.96.m28z mouse CAR-T cells compared 
to the range of endogenously expressed hB7-H3 human PDAC cell lines used to evaluate 
376.96 human CAR-T cell in vitro efficacy (1). Irrespective of the use of hB7-H3+ or mB7-H3+ 

expressing target cells, no CAR expansion was observed in response to the antigen 

(Chapters 4-5). Du et al. reported only 376.96 human CAR activity for proliferation and not 

376.96 mouse CARs (1). Thus, it is difficult to corroborate these results due to the lack of 
published findings.  

 

6.3 Coexpression of NIS with 376.96.m28z CAR 

Effective infiltration and persistence within the immunosuppressive TME are imperative for 
CAR-T cell success in solid tumours (170,427,466). Within the preclinical in vivo setting, this 

parameter has commonly been assessed using endpoint readings, such as flow cytometry 
and bioluminescence-based imaging (BLI) (467,468). However, recent developments have 
shown improved imaging-based modalities focused on engineering T-cells to express 
reporter genes that allow for more robust in vivo monitoring of CAR-T cells, which may also 
provide more effective clinical monitoring of treatment efficacy and reduce the risk of adverse 
effects in preclinical and clinical settings (167,469). In this project, I was interested in 
incorporating this by focusing on the inclusion of the reporter gene, the Sodium Iodide 
Symporter (NIS), within mouse CAR-T cells. This would allow for more effective in vivo 
monitoring of the effect of radiation on CAR-T cell localisation and assessment of CAR-T cell 
viability and proliferation over prolonged periods.   

NIS is an iodide transporter expressed naturally in organs, such as the stomach and salivary 
glands. It is a reporter gene that is non-immunogenic and compatible with multiple PET (124I 
and 18F) and SPECT (123I and 99Tcm) radionucleotides currently in clinical use 
(166,167,469,470). However, it is considered non-immunogenic and functional only within 

living cells, making it an ideal reporter gene for co-expression with CAR-T cells 
(166,167,469,470). CAR-T cells have been successfully tracked within mouse models using 
clinically available SPECT (Tc99m) and PET (18F-BF4-) radiotracers with no effect on anti-tumour  
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activity (166,470). However, the in vivo evaluation of hNIS has been performed in 
immunodeficient mice using human CAR-T cells (166,470). This does not allow a thorough 
evaluation of CAR-T efficacy, considering the absence of an intact immune system. I 
evaluated the generation of NIS co-expressed with 376.96.m28z mouse CAR-T cells and 
determined their potential for in vivo assessment of the effect of radiation on CAR-T efficacy. 

To prevent the occurrence of non-immunogenic effects through the use of hNIS in 
immunocompetent mice, evaluation of 376.96.m28z co-expressing mNIS or hNIS was 
performed to determine whether the functionality of mNIS was comparable to that of hNIS 
and thus suitable for use in vivo. 

In vitro detection of hNIS has been validated through the use of commercially available anti-

hNIS fluorophore-conjugated antibodies, but not for mNIS, with alternative methods of 
detection, such as western blotting, providing variable results (166). Therefore, I incorporated 
an intracellular c-myc epitope tag to the C-terminus of mNIS and hNIS to standardise 
detection between the two species by flow cytometry. The inclusion of the c-myc epitope tag 
at the C-terminus was due to potential interference with NIS functionality, where the c-myc 
epitope tag was expressed at the N-terminus (471). However, unforeseen technical difficulties 
were encountered in detecting the intracellular c-myc epitope tag via flow cytometry. Thus, 
only CAR expression was measured and used as a surrogate marker for NIS expression, 
which was justified because the bicistronic construct was created by incorporating a 2A 
peptide, which is known to aid the co-expression of multiple genes with relatively equal 
expression (472). NIS functionality was also assessed using Tc99m uptake assays to confirm 
the expression of the reporter gene in transduced cells. 

An initial production of 376.96.m28z.NIS mouse CAR-T cells yielded poor transduction 

efficiency and thus required further optimisation (Chapter 4). In vitro mNIS functionality was 

found to be comparable to that of hNIS in a Tc99m in vitro uptake assay with transduced BW5 
cells; thus, protocol optimisation was performed on 376.96.m28z.mNIS mouse CAR-T cells 

(Chapter 4). The generation of the 376.96.m28z.mNIS producer cell line and concentration 

of retrovirus produced greatly improved the transduction efficiency of the generated mouse 

CAR-T cells (Chapter 4). However, similar to 376.96.m28z mouse CAR-T cells, transgene 

expression was not stable during in vitro expansion, even though there was stable transgene 

integration within the T-cell genome (Chapter 4). Subsequent in vitro evaluation of 

376.96.m28z.mNIS mouse CAR-T cells against hB7-H3+ SupT1s suggested that mNIS co-
expression impaired CAR-T cell functionality. Moreover, mNIS functionality was limited in 

376.96.m28z.mNIS mouse CAR-T cells within a Tc99m in vitro uptake assay (Chapter 4).  
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The difficulty in generating functional 376.96.m28z.mNIS mouse CAR-T cells may be due to 
the constraints that the retroviral system poses for mouse T-cell transduction. Retroviral 
vectors provide a limited capacity of 8-10kb, which can restrict the inclusion of multiple 
transgenes within the vector design (473). The mNIS transgene is quite large, resulting in the 
generation of the construct size of 376.96.m28z.mNIS plasmid being 9.8Kb. Within the 
lentiviral system, this construct size may have circumvented the issues of the expression of 
these genes using a multicistronic construct. However, the incompatibility of murine T cells 
with HIV has led to a consistent preference for the use of γ-retroviruses in the generation of 
mouse CAR-T cells within the literature (474,475).  

A way to overcome this issue of vector size constraints with γ-retroviruses could be to 
separate the mNIS and CAR onto separate plasmid constructs and generate 
376.96.m28z.mNIS via double transduction using retroviruses produced separately, 
expressing mNIS and CAR, respectively. However, this may result in a mixed population of 
cells differing in the expression of mNIS and CAR, affecting transduction efficiency and 
downstream use in in vitro and in vivo experiments. These results reveal that the use of the 

γ-retroviral system limits the success of generating mNIS-co-expressing CAR-T cells owing 
to the vector size constraints of this system. Alternative transduction methods may potentially 
overcome this issue, such as CRISPR/Cas9 (476). However, these studies have largely 
focused on human CAR-T cells; therefore, further studies are required to determine their 
suitability for generating mouse CAR-T cells (477–479).  

 

6.4 The effect of single dose radiation on CAR-T functionality 

Because of the shortcomings of the 376.96.m28z CAR, it was unsuitable for use in this 
project, requiring an alternative CAR to be evaluated. The anti-GD2 CAR HuK666.h28z was 
evaluated based on previous literature showing its in vitro functionality and in vivo efficacy 

against an immunocompetent CT26 tumour model (366,480). Moreover, the HuK666.h28z 
CAR is currently under clinical evaluation, bolstering the choice of evaluating this CAR 
candidate in combination with radiation for this project (189). Compared to 376.96.m28z 
mouse CAR-T cells, HuK666.h28z mouse CAR-T cells showed stable CAR expression based 

on stable CAR gMFI during the in vitro expansion period post transduction (Chapter 5). This 

was found in both mouse CAR-T cells generated on the 129/SvJ and C57BL/6 backgrounds 

(Chapter 5). The reason for the comparison between the two genetic strains was imperative 

to confirm comparable CAR expression across the two mouse genetic backgrounds, 
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considering that the TH-MYCN models of neuroblastoma of interest within this project exist 
both on the 129/SvJ (129NS1 and TAM6 WT) and C57BL/6 (9464D) backgrounds.  

The lack of stability observed in the percentage of HuK666.h28z CAR-T cell population may 
be due to biological and environmental factors that affect in vitro mouse T cell expansion. 
Inherent differences in the human and murine immune systems may result in mouse T-cells 
being more sensitive during in vitro culturing. Mouse T-cells may be more sensitive to 

activation-induced cell death via T cell-specific mitogenic stimulation, as required for 
successful retroviral transduction (455,481,482). Additionally, the differentiation state of T 
cells also plays a crucial role in their expansion capabilities. HuK666.h28z mouse CAR-T cells 

showed a bias towards TEM cells throughout the in vitro expansion period (Chapter 5). 

Changes in T cell metabolism, such as mitochondrial function and glycolytic activity, can also 
influence cell expansion (483,484). Considering these factors, further protocol optimisations 
could be considered to determine if this improves the expansion of CAR-T cells post-
transduction. 

Having established that Huk666.h28z mouse CAR-T cells displayed stable CAR expression, 
I next evaluated the effect of single-dose radiation on CAR-T cell functionality in a co-culture 
with irradiated target cells. GD2 and mB7-H3 expression was observed in all TH-MYCN 

neuroblastoma models of interest within this project (Chapter 5). As 129NS1 and TAM6 WT 

exist as spheroids during in vitro propagation, they were considered more suitable for CAR-
T evaluation in vitro because they are more representative of the tumour growth observed in 

vivo. Optimisations were performed to determine the appropriate seeding densities to form 

viable spheroids for use in downstream co-cultures to evaluate CAR-T functionality (Chapter 

3). However, further optimisations were still required for performing co-cultures with these 

neurosphere lines to evaluate CAR functionality; due to the time constraints of this project, I 
focused on performing CAR evaluation with 9464D, which has been utilised to assess 
immunotherapeutic agents in vitro and in vivo within the literature (215–217).  

The co-culture results revealed that HuK666.h28z mouse CAR-T cells exhibited CAR 
functionality with sustained tumour control and mIL-2 and mIFN-γ release in an antigen-
dependent manner. Moreover, HuK666.h28z mouse CAR-T cells exhibited expansion in an 
antigen-dependent manner, making them suitable for use in this project. CAR expansion is 
imperative for CAR-T cell success in the clinic, to investigate the long-term effects of CAR-T 
therapy in combination with radiation. In response to either 2Gy or 8Gy irradiation of 9464D 
targets, radiation did not lead to changes in CAR-T functionality compared to the non-



 206 

irradiated control. However, this may be due to the radiation regimen used, as dose strength, 
exposure time, and dose fractionation can significantly affect immunotherapeutic responses 
(485). Therefore, optimising the radiation regimen used to evaluate CAR-T functionality may 
further elucidate the in vitro effect of radiation on CAR-T functionality. While changes in CAR-
T functionality were not observed against the irradiated targets, changes in T-cell subsets 
were observed within the HuK666.h28z CAR population, showing a more CD8+ and TEM

+ bias 

in a dose-dependent manner (Chapter 5). These promising results indicate that examining 

the effect of radiation on in vitro CAR-T cell therapy against neuroblastoma warrants further 

investigation, and how this translates further in both in vitro and in vivo settings.  

Within the wider literature, there is limited work published thus far evaluating the effect of 
radiation on immunotherapy in neuroblastoma. Within an immunocompetent setting, 9464D 
has been used for immunotherapy in combination with radiation. Voeller et al. reported a 

single dose of 12Gy either alone or in combination with hu14.18 IL-2 immunocytokine (IC), a 

fusion protein consisting of hu14.18. anti-GD2 mAb and IL-2 to be ineffective in inducing 

complete tumour regression or slowed tumour growth in 9464D-GD2 tumour-bearing mice 

(216). However, the addition of immunotherapeutics, anti-CTLA-4, anti-CD40, and CpG, to the 

radiation and hu14.18 IL-2 IC regimen resulted in significant tumour control with complete 

tumour regression in four out of five mice (216). The authors labelled this multi-agent innate 

and adaptive immunotherapy regimen as “CAIR”. Evaluation of this CAIR regimen was 

performed further by  Zebertavage et al. to determine the translational potential of this CAIR 

regimen and to determine the regimen components necessary for the anti-tumour efficacy 

response observed against 9464D-GD2 tumour bearing mice. The results revealed that the 

efficacy of the CAIR regimen in exhibiting tumour control and prolonging survival in tumour-

bearing mice was lost if either the single 12Gy RT dose or IC was absent, but efficacy was 

retained in the absence of any one of the anti-CTLA-4, anti-CD40, or CpG agents. Moreover, 

the CAIR regimen showed anti-tumour activity against distant small tumours in a dual-flank 

model, suggesting the potential of this combination in treating metastases; however, further 

investigation is warranted to determine its clinical potential for neuroblastoma patients. These 

results suggest that to harness the effectiveness of combination therapy, consideration needs 

to be given to appropriate immunotherapeutic approaches that engage both innate and 

adaptive immune responses. The work performed in this thesis builds on the use of RT against 

9464D beyond the reported use of 12Gy alone and contributes to our understanding of the 

effect of single-dose radiation on the model and how response differs based on dose strength. 

As discussed in further detail in the section 1.10, the use of radiotherapy in combination with 
CAR-T cells against neuroblastoma is also limited and has largely focused on the use of 



 207 

immunodeficient mice, and thus does not provide information on key factors such as CAR-T 
toxicity. Sodji et al. reported the use of targeted radiation through 1–6 Gy of the 
radionucleotides actinium-225 (225Ac) or lutetium177 (177Lu), leading to dose-dependent anti-
GD2 CAR-T cell killing and enhanced cytotoxicity with no effect on CAR-T-cell exhaustion or 
activation in vitro (359). Moreover, evaluation of low dose 177Lu (1.8Gy or 3.6Gy) on anti-GD2 
CAR-T cells against immunodeficient neuroblastoma tumour-bearing mice led to a robust 
treatment response with greater survival in the combination group compared to CAR-T or RT 
treatment alone groups, with 1.8Gy dose leading to a better response than 3.6Gy (360). 
Moreover, the authors also reported the importance of RT introduction prior to CAR-T cell 

treatment, which enhanced T-cell infiltration into the TME (360). However, it is important to 
note that this study has not been certified by peer review; thus, the findings should be 
interpreted with caution. The work presented in this project has not shown that radiation 
enhances anti-GD2 CAR-T cell-dependent killing in a dose-dependent manner, as reported 
by Sodji et al. This may be due to further work required to optimise the radiotherapy regimen 
to evaluate whether the radiation dose enhances CAR-T cell functionality, as reported by 
Sodji et al.  

The effect of radiation on anti-B7-H3 CAR-T cells against neuroblastoma has also been 
reported in the field, as discussed in section 1.10. Ansari et al. evaluated ERBT in combination 
with anti-B7-H3 CAR-T cells in immunodeficient neuroblastoma tumour-bearing mice (361). 
Findings from this preliminary study revealed that RT in combination with B7-H3 CAR-T cells 
prolonged disease survival compared to CAR-T treatment alone in both single-flank tumours 
and in mice with disseminated metastases (361). These findings suggest the potential for the 
evaluation of RT in combination with anti-B7-H3 CAR-T cells against neuroblastoma; 
however, further work is warranted to determine the potential for clinical translation for 
neuroblastoma treatment.  

 

6.5 Future Directions 

In summary, the work presented in this project has confirmed the use of TH-MYCN mouse 
models of high-risk neuroblastoma to evaluate the effect of radiation on CAR-T functionality 
in the presence of an intact immune system. Finding a suitable CAR candidate to evaluate 
within the immunocompetent setting for this project has proven to be challenging while 
addressing the technical challenges in generating mouse CAR-T cells with stable CAR 
expression. However, the anti-GD2 CAR HuK666.h28z has shown promising results, with 
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radiation found to induce changes in the CAR population in the in vitro CAR functional 
assessment performed within this project thus far.  

Further work is required to build on the findings of this project. First, the effect of radiation 
on CAR-T functionality is greatly affected by dose strength, fractionation, and exposure time. 
Thus, further work is required to optimise the radiation regimen used to evaluate CAR-T 
functionality against neuroblastoma in vitro and in vivo. Second, generate HuK666.h28z with 

murinised endodomains and evaluate its in vitro CAR functionality. For in vivo evaluation in 
immunocompetent tumour-bearing mice, a fully murinised CAR is optimal to prevent CAR 
rejection by the host immune system. Finally, evaluate the in vivo radiosensitivity of the TH-

MYCN models of neuroblastoma with optimised radiation regimens to evaluate the effect of 
this combination therapy using the Small Animal Radiation Research Platform (SARRP) to 
provide targeted radiotherapy (486). 

This project focused on the use of gamma radiation from a 137Cs source. To translate this 
work into a clinical setting, further studies should focus on combining CAR-T therapy with 
MiBG (487). These preclinical findings would inform on how MiBG in combination with CAR-
T cells can be utilised to improve the survival of patients with neuroblastoma. 
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Chapter 8 Appendix 

The ORF sequences of plasmids generated for this project were expressed in the SFG vector. 
Listed below is the ORF sequences for each plasmid from 5’ to 3’ end. 

 

8.1 SFG.hNIS_Myc Tag 

SFG_5’- 
ATGGAAGCAGTAGAGACAGGAGAGAGACCCACCTTTGGCGCCTGGGATTATGGAGTGTTCGCACT

GATGCTCCTCGTTAGCACCGGGATTGGGCTGTGGGTTGGCTTGGCCAGGGGTGGCCAACGCAGC
GCTGAAGACTTCTTTACTGGCGGTAGGCGCCTTGCGGCTCTCCCTGTTGGGCTGTCTCTGAGCGCT

TCCTTCATGTCCGCTGTGCAAGTGCTCGGCGTGCCATCAGAGGCATATAGATACGGACTTAAATTC

CTGTGGATGTGTCTTGGCCAGCTGCTCAATTCCGTTTTGACCGCTTTGCTGTTCATGCCAGTGTTTT
ATCGGCTTGGTCTGACCAGCACATACGAATACCTCGAAATGCGGTTCTCAAGAGCGGTTCGCCTTT

GCGGTACACTTCAGTATATCGTAGCCACTATGCTGTATACTGGTATAGTGATTTATGCCCCCGCGCT
CATTCTGAATCAAGTGACAGGTTTGGATATTTGGGCTAGTCTGCTGTCTACCGGTATTATCTGTACCT

TCTATACCGCAGTCGGTGGCATGAAGGCCGTGGTGTGGACTGATGTCTTTCAAGTCGTAGTGATGC
TTTCTGGTTTCTGGGTGGTCCTGGCAAGGGGTGTCATGTTGGTGGGCGGACCCCGTCAAGTCCTCA

CGCTTGCGCAGAATCATTCACGCATTAACCTGATGGACTTTAATCCTGATCCCCGGTCCCGTTATAC

ATTTTGGACCTTCGTGGTTGGCGGAACACTGGTGTGGTTGAGTATGTATGGAGTTAATCAAGCCCAA
GTCCAACGATATGTTGCCTGCAGAACCGAGAAACAGGCTAAACTGGCCCTGCTTATTAACCAAGTA

GGCCTGTTTCTGATAGTCTCAAGTGCAGCCTGTTGTGGAATTGTCATGTTTGTATTTTACACCGATTG
TGATCCATTGCTCCTGGGGCGAATTTCCGCTCCAGACCAATACATGCCCCTGCTCGTTCTGGACAT

TTTCGAGGATCTGCCAGGTGTTCCAGGGCTGTTCCTGGCCTGTGCCTACTCTGGAACCCTCTCCAC
AGCCTCTACATCAATCAACGCTATGGCGGCTGTGACAGTCGAGGATCTGATAAAACCCCGACTGCG

TAGCCTGGCACCTAGAAAACTTGTAATAATTTCTAAGGGCCTTTCACTCATATATGGCAGTGCGTGC
CTGACCGTAGCTGCGCTGAGTAGTCTCCTGGGTGGTGGGGTGCTGCAAGGAAGTTTCACAGTGAT

GGGAGTTATCAGCGGGCCTCTGCTCGGCGCTTTTATTCTCGGCATGTTCCTTCCGGCCTGCAATAC

ACCCGGCGTTCTGGCAGGATTGGGTGCTGGCCTGGCCCTGTCACTTTGGGTGGCGCTGGGTGCTA
CACTGTACCCACCCTCTGAGCAAACCATGCGGGTATTGCCAAGTAGTGCTGCTAGATGCGTGGCC

CTGAGCGTAAACGCCAGCGGTCTTCTCGATCCTGCACTCTTGCCTGCTAACGACTCAAGCAGGGC
CCCATCATCCGGGATGGATGCGTCTCGCCCCGCACTTGCTGACTCATTTTACGCAATATCATACCT

GTATTACGGAGCTCTGGGCACGCTCACTACCGTACTGTGTGGCGCTCTGATCAGTTGCCTCACAGG
TCCTACTAAGAGAAGTACCCTTGCTCCCGGTCTGCTTTGGTGGGATCTGGCTCGGCAGACCGCGTC

TGTGGCACCTAAGGAAGAAGTGGCAATACTTGACGACAACCTGGTGAAGGGACCTGAGGAACTCC

CCACTGGCAACAAGAAACCCCCAGGGTTCCTGCCAACCAACGAGGATAGGCTCTTCTTTCTGGGTC
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AGAAGGAACTTGAAGGTGCCGGTTCCTGGACTCCCTGTGTGGGTCATGACGGCGGCAGAGACCAA

CAGGAGACCAATCTCGAGCAAAAACTTATCTCTGAAGAGGACCTCTAA – SFG_3’ 

 

8.2 SFG.mNIS_Myc Tag 

 SFG_5’–
ATGGAGGGAGCTGAGGCCGGGGCTAGGGCCACCTTTGGTCCTTGGGACTACGGAGTATTTGCCAC

TATGCTTCTGGTTTCTACCGGAATTGGACTCTGGGTTGGACTCGCTCGAGGCGGTCAACGATCCGC
TGACGATTTCTTCACCGGGGGCCGACAGTTGGCTGCAGTGCCCGTCGGGCTTTCTCTCGCAGCTA

GTTTCATGAGTGCAGTTCAGGTGCTTGGCGTGCCCGCTGAAGCTGCTCGATACGGGCTCAAATTCC
TGTGGATGTGCGTGGGGCAACTGCTGAATTCTCTGCTCACAGCATTGCTGTTTCTTCCAATTTTTTAC

AGACTCGGGCTTACCTCAACATATCAGTATTTGGAACTGAGATTTTCTCGCGCTGTTAGATTGTGCG
GGACACTTCAATACCTTGTTGCTACTATGTTGTACACAGGCATTGTTATTTACGCACCTGCCCTGATT

TTGAATCAAGTCACAGGACTGGATATTTGGGCATCACTGCTTTCTACAGGGATAATATGCACCCTGT

ACACAACAGTAGGCGGCATGAAGGCTGTAGTTTGGACCGACGTTTTCCAGGTGGTAGTAATGCTCG
TTGGCTTTTGGGTAATACTGGCCAGAGGCGTTATGTTGATGGGTGGGCCTTGGAACGTGCTTTCACT

CGCCCAAAACCATAGCCGGATAAACCTCATGGATTTTGACCCCGACCCTCGCAGCCGGTATACATT
CTGGACATTTGTTGTTGGTGGTTCTCTTGTTTGGCTTTCCATGTATGGTGTGAATCAGGCACAGGTC

CAGAGATACGTGGCATGTCATACCGAGAGAAAAGCAAAACTTGCCCTCCTTGTAAACCAACTGGGT
CTCTTCCTGATTGTTGCAAGCGCAGCTTGTTGCGGAATCGTCATGTTTGTGTACTATAAAGACTGCG

ACCCCCTTTTGACAGGGCGAATTGCTGCTCCCGACCAATACATGCCCCTTCTTGTATTGGATATCTT

TGAAGATTTGCCTGGCGTACCAGGCCTGTTTCTTGCTTGTGCTTATAGCGGAACCCTGTCCACAGC
CTCAACTAGCATTAATGCTATGGCAGCTGTAACCGTTGAGGATCTTATTAAACCCCGCATGCCTTCT

CTTGCTCCCCGAAAACTTGTTTTTATTTCAAAGGGGCTTAGCTTCATTTACGGGTCCACCTGCCTGA
CAGTGGCCGCCCTCTCATCTTTGTTGGGCGGTGGGGTTTTGCAGGGGTCCTTCACAGTAATGGGC

GTCATATCAGGTCCTCTCCTGGGCGCCTTCACCCTTGGCATGCTTCTTCCCGCATGCAATACCCCT
GGGGTCCTCAGTGGGTTGACCGCCGGTTTGGCTGTGAGTCTCTGGGTCGCTGTCGGGGCTACCTT

GTATCCACCTGGGGAACAAACAATGGGGGTTCTTCCTACCAGTGCTGCTGGATGCACTAATGCCTC
CGTCCTTCCCTCTCCCCCTGGCGCAGCCAATACCAGCCGAGGGATTCCAAGTAGTGGTATGGACT

CAGGACGCCCTGCTTTTGCCGACACCTTTTACGCTGTGTCCTACCTGTACTATGGAGCTCTTGGGA

CCCTGACCACTATGCTGTGTGGGGCCCTTATCTCCTACTTGACTGGACCAACCAAGCGCTCAAGCT
TGGGGCCCGGACTGTTGTGGTGGGACTTGGCCAGGCAGACAGCCAGTGTGGCACCCAAAGAGGA

CACCACTACTTTGGAGGACTCACTCGTCAAAGGGCCTGAAGACATCCCCGCCGCCACAAAAAAAC
CCCCAGGCTTTCGGCCTGAGGCAGAGACACACCCACTGTACCTTGGACACGATGTGGAAACCAAC

CTGGAGCAAAAACTTATCTCTGAAGAGGACCTCTA - SFG 3’ 
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8.3 376.96.m28z.hNIS 

SFG_5’-
ATGGAGACCGACACACTGCTTCTGTGGGTGCTTCTGCTCTGGGTGCCTGGGAGTACCGGACTCGA

GGAAGTCCAACTCGTCGAGTCAGGGGGAGGTTTGGTCAAGCCCGGGGGTAGCCTCAAGCTCTCAT
GCGAAGCATCCCGATTCACTTTTAGCTCCTACGCTATGAGCTGGGTTAGGCAGACTCCTGAGAAGA

GATTGGAATGGGTTGCAGCAATTAGCGGGGGTGGTCGGTATACCTACTATCCTGATAGTATGAAGG
GAAGATTTACGATCTCCCGAGACAATGCCAAGAACTTTCTGTATCTGCAAATGAGCTCTCTGCGGTC

TGAGGATACGGCTATGTATTACTGCGCTCGACATTACGATGGGTATTTGGACTATTGGGGTCAAGGG
ACAACGCTTACAGTCTCAAGTGGTGGGGGAGGTTCTGGGGGCGGCGGTTCAGGGGGAGGGGGCT

CCGACATCGTCATGACGCAGAGTCACAAGTTTATGTCAACCAGCATTGGTGCTCGGGTTTCCATCA
CATGCAAAGCCTCTCAAGACGTAAGGACTGCCGTCGCCTGGTATCAGCAAAAACCTGGCCAAAGC

CCCAAACTTCTGATATACAGTGCTAGTTACCGATACACGGGTGTCCCTGACCGATTTACCGGTAGC

GGGTCCGGTACTGATTTTACTTTTACCATCTCTAGCGTACAGGCCGAGGATCTTGCGGTGTATTATT
GTCAGCAACATTATGGAACTCCTCCTTGGACATTCGGAGGAGGCACAAAACTTGAAATTAAATgcGG

CCGCTCAACTACCACAAAACCAGTCTTGCGAACACCTAGTCCTGTGCACCCCACAGGAACATCTCA
ACCCCAACGACCTGAAGACTGTAGGCCAAGGGGGAGCGTGAAAGGAACAGGTCTCGACTTCGCAT

GTGACATTTATATTTGGGCCCCACTTGCCGGAATCTGTGTTGCCCTGCTCCTTTCACTCATCATCAC
CTTGATTTGTTACAATTCACGCAGAAACCGGCTTCTCCAGTCCGACTACATGAATATGACTCCCAGG

CGCCCCGGACTGACCCGGAAGCCCTATCAACCATACGCACCTGCTCGCGACTTTGCCGCATACCG

CCCTAGAGCAAAATTTTCTCGATCTGCTGAGACTGCCGCAAACCTTCAAGATCCTAATCAACTTTAC
AATGAGCTCAACCTTGGACGCCGAGAAGAGTACGACGTCCTGGAGAAGAAACGCGCTAGAGACCC

TGAAATGGGAGGCAAACAACAGCGAAGACGGAATCCACAGGAAGGGGTATATAATGCACTTCAAAA
GGACAAAATGGCTGAGGCCTATAGCGAAATAGGCACAAAAGGTGAACGCAGGCGAGGAAAAGGAC

ATGACGGGCTTTATCAAGGGCTGAGCACCGCCACAAAGGACACATACGATGCTCTGCACATGCAAA
CCCTTGCACCACGCCGCAGGAAGCGCAGTGGATCCGGCGAGGGAAGGGGAAGCTTGTTGACATG

TGGTGACGTAGAGGAGAACCCAGGTCCTATGGAAGCAGTAGAGACAGGAGAGAGACCCACCTTTG
GCGCCTGGGATTATGGAGTGTTCGCACTGATGCTCCTCGTTAGCACCGGGATTGGGCTGTGGGTT

GGCTTGGCCAGGGGTGGCCAACGCAGCGCTGAAGACTTCTTTACTGGCGGTAGGCGCCTTGCGG

CTCTCCCTGTTGGGCTGTCTCTGAGCGCTTCCTTCATGTCCGCTGTGCAAGTGCTCGGCGTGCCAT
CAGAGGCATATAGATACGGACTTAAATTCCTGTGGATGTGTCTTGGCCAGCTGCTCAATTCCGTTTT

GACCGCTTTGCTGTTCATGCCAGTGTTTTATCGGCTTGGTCTGACCAGCACATACGAATACCTCGAA
ATGCGGTTCTCAAGAGCGGTTCGCCTTTGCGGTACACTTCAGTATATCGTAGCCACTATGCTGTATA

CTGGTATAGTGATTTATGCCCCCGCGCTCATTCTGAATCAAGTGACAGGTTTGGATATTTGGGCTAG
TCTGCTGTCTACCGGTATTATCTGTACCTTCTATACCGCAGTCGGTGGCATGAAGGCCGTGGTGTG

GACTGATGTCTTTCAAGTCGTAGTGATGCTTTCTGGTTTCTGGGTGGTCCTGGCAAGGGGTGTCATG

TTGGTGGGCGGACCCCGTCAAGTCCTCACGCTTGCGCAGAATCATTCACGCATTAACCTGATGGAC
TTTAATCCTGATCCCCGGTCCCGTTATACATTTTGGACCTTCGTGGTTGGCGGAACACTGGTGTGGT

TGAGTATGTATGGAGTTAATCAAGCCCAAGTCCAACGATATGTTGCCTGCAGAACCGAGAAACAGG
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CTAAACTGGCCCTGCTTATTAACCAAGTAGGCCTGTTTCTGATAGTCTCAAGTGCAGCCTGTTGTGG

AATTGTCATGTTTGTATTTTACACCGATTGTGATCCATTGCTCCTGGGGCGAATTTCCGCTCCAGACC
AATACATGCCCCTGCTCGTTCTGGACATTTTCGAGGATCTGCCAGGTGTTCCAGGGCTGTTCCTGG

CCTGTGCCTACTCTGGAACCCTCTCCACAGCCTCTACATCAATCAACGCTATGGCGGCTGTGACAG
TCGAGGATCTGATAAAACCCCGACTGCGTAGCCTGGCACCTAGAAAACTTGTAATAATTTCTAAGGG

CCTTTCACTCATATATGGCAGTGCGTGCCTGACCGTAGCTGCGCTGAGTAGTCTCCTGGGTGGTGG
GGTGCTGCAAGGAAGTTTCACAGTGATGGGAGTTATCAGCGGGCCTCTGCTCGGCGCTTTTATTCT

CGGCATGTTCCTTCCGGCCTGCAATACACCCGGCGTTCTGGCAGGATTGGGTGCTGGCCTGGCCC

TGTCACTTTGGGTGGCGCTGGGTGCTACACTGTACCCACCCTCTGAGCAAACCATGCGGGTATTGC
CAAGTAGTGCTGCTAGATGCGTGGCCCTGAGCGTAAACGCCAGCGGTCTTCTCGATCCTGCACTCT

TGCCTGCTAACGACTCAAGCAGGGCCCCATCATCCGGGATGGATGCGTCTCGCCCCGCACTTGCT
GACTCATTTTACGCAATATCATACCTGTATTACGGAGCTCTGGGCACGCTCACTACCGTACTGTGTG

GCGCTCTGATCAGTTGCCTCACAGGTCCTACTAAGAGAAGTACCCTTGCTCCCGGTCTGCTTTGGT
GGGATCTGGCTCGGCAGACCGCGTCTGTGGCACCTAAGGAAGAAGTGGCAATACTTGACGACAAC

CTGGTGAAGGGACCTGAGGAACTCCCCACTGGCAACAAGAAACCCCCAGGGTTCCTGCCAACCAA
CGAGGATAGGCTCTTCTTTCTGGGTCAGAAGGAACTTGAAGGTGCCGGTTCCTGGACTCCCTGTGT

GGGTCATGACGGCGGCAGAGACCAACAGGAGACCAATCTCGAGCAAAAACTTATCTCTGAAGAGG

ACCTCTAA - SFG_3’ 

 

8.4 376.96.m28z.mNIS 

SFG_5’-

ATGGAGACCGACACACTGCTTCTGTGGGTGCTTCTGCTCTGGGTGCCTGGGAGTACCGGACTCGA
GGAAGTCCAACTCGTCGAGTCAGGGGGAGGTTTGGTCAAGCCCGGGGGTAGCCTCAAGCTCTCAT

GCGAAGCATCCCGATTCACTTTTAGCTCCTACGCTATGAGCTGGGTTAGGCAGACTCCTGAGAAGA
GATTGGAATGGGTTGCAGCAATTAGCGGGGGTGGTCGGTATACCTACTATCCTGATAGTATGAAGG

GAAGATTTACGATCTCCCGAGACAATGCCAAGAACTTTCTGTATCTGCAAATGAGCTCTCTGCGGTC
TGAGGATACGGCTATGTATTACTGCGCTCGACATTACGATGGGTATTTGGACTATTGGGGTCAAGGG

ACAACGCTTACAGTCTCAAGTGGTGGGGGAGGTTCTGGGGGCGGCGGTTCAGGGGGAGGGGGCT

CCGACATCGTCATGACGCAGAGTCACAAGTTTATGTCAACCAGCATTGGTGCTCGGGTTTCCATCA
CATGCAAAGCCTCTCAAGACGTAAGGACTGCCGTCGCCTGGTATCAGCAAAAACCTGGCCAAAGC

CCCAAACTTCTGATATACAGTGCTAGTTACCGATACACGGGTGTCCCTGACCGATTTACCGGTAGC
GGGTCCGGTACTGATTTTACTTTTACCATCTCTAGCGTACAGGCCGAGGATCTTGCGGTGTATTATT

GTCAGCAACATTATGGAACTCCTCCTTGGACATTCGGAGGAGGCACAAAACTTGAAATTAAATgcGG
CCGCTCAACTACCACAAAACCAGTCTTGCGAACACCTAGTCCTGTGCACCCCACAGGAACATCTCA

ACCCCAACGACCTGAAGACTGTAGGCCAAGGGGGAGCGTGAAAGGAACAGGTCTCGACTTCGCAT

GTGACATTTATATTTGGGCCCCACTTGCCGGAATCTGTGTTGCCCTGCTCCTTTCACTCATCATCAC
CTTGATTTGTTACAATTCACGCAGAAACCGGCTTCTCCAGTCCGACTACATGAATATGACTCCCAGG
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CGCCCCGGACTGACCCGGAAGCCCTATCAACCATACGCACCTGCTCGCGACTTTGCCGCATACCG

CCCTAGAGCAAAATTTTCTCGATCTGCTGAGACTGCCGCAAACCTTCAAGATCCTAATCAACTTTAC
AATGAGCTCAACCTTGGACGCCGAGAAGAGTACGACGTCCTGGAGAAGAAACGCGCTAGAGACCC

TGAAATGGGAGGCAAACAACAGCGAAGACGGAATCCACAGGAAGGGGTATATAATGCACTTCAAAA
GGACAAAATGGCTGAGGCCTATAGCGAAATAGGCACAAAAGGTGAACGCAGGCGAGGAAAAGGAC

ATGACGGGCTTATCAAGGGCTGAGCACCGCCACAAAGGACACATACGATGCTCTGCACATGCAAA
CCCTTGCACCACGCCGCAGGAAGCGCAGTGGATCCGGCGAGGGAAGGGGAAGCTTGTTGACATG

TGGTGACGTAGAGGAGAACCCAGGTCCTATGGAGGGAGCTGAGGCCGGGGCTAGGGCCACCTTT

GGTCCTTGGGACTACGGAGTATTTGCCACTATGCTTCTGGTTTCTACCGGAATTGGACTCTGGGTTG
GACTCGCTCGAGGCGGTCAACGATCCGCTGACGATTTCTTCACCGGGGGCCGACAGTTGGCTGCA

GTGCCCGTCGGGCTTTCTCTCGCAGCTAGTTTCATGAGTGCAGTTCAGGTGCTTGGCGTGCCCGCT
GAAGCTGCTCGATACGGGCTCAAATTCCTGTGGATGTGCGTGGGGCAACTGCTGAATTCTCTGCTC

ACAGCATTGCTGTTTCTTCCAATTTTTTACAGACTCGGGCTTACCTCAACATATCAGTATTTGGAACT
GAGATTTTCTCGCGCTGTTAGATTGTGCGGGACACTTCAATACCTTGTTGCTACTATGTTGTACACAG

GCATTGTTATTTACGCACCTGCCCTGATTTTGAATCAAGTCACAGGACTGGATATTTGGGCATCACT
GCTTTCTACAGGGATAATATGCACCCTGTACACAACAGTAGGCGGCATGAAGGCTGTAGTTTGGAC

CGACGTTTTCCAGGTGGTAGTAATGCTCGTTGGCTTTTGGGTAATACTGGCCAGAGGCGTTATGTTG

ATGGGTGGGCCTTGGAACGTGCTTTCACTCGCCCAAAACCATAGCCGGATAAACCTCATGGATTTT
GACCCCGACCCTCGCAGCCGGTATACATTCTGGACATTTGTTGTTGGTGGTTCTCTTGTTTGGCTTT

CCATGTATGGTGTGAATCAGGCACAGGTCCAGAGATACGTGGCATGTCATACCGAGAGAAAAGCAA
AACTTGCCCTCCTTGTAAACCAACTGGGTCTCTTCCTGATTGTTGCAAGCGCAGCTTGTTGCGGAAT

CGTCATGTTTGTGTACTATAAAGACTGCGACCCCCTTTTGACAGGGCGAATTGCTGCTCCCGACCA
ATACATGCCCCTTCTTGTATTGGATATCTTTGAAGATTTGCCTGGCGTACCAGGCCTGTTTCTTGCTT

GTGCTTATAGCGGAACCCTGTCCACAGCCTCAACTAGCATTAATGCTATGGCAGCTGTAACCGTTG

AGGATCTTATTAAACCCCGCATGCCTTCTCTTGCTCCCCGAAAACTTGTTTTTATTTCAAAGGGGCTT
AGCTTCATTTACGGGTCCACCTGCCTGACAGTGGCCGCCCTCTCATCTTTGTTGGGCGGTGGGGTT

TTGCAGGGGTCCTTCACAGTAATGGGCGTCATATCAGGTCCTCTCCTGGGCGCCTTCACCCTTGGC
ATGCTTCTTCCCGCATGCAATACCCCTGGGGTCCTCAGTGGGTTGACCGCCGGTTTGGCTGTGAGT

CTCTGGGTCGCTGTCGGGGCTACCTTGTATCCACCTGGGGAACAAACAATGGGGGTTCTTCCTACC
AGTGCTGCTGGATGCACTAATGCCTCCGTCCTTCCCTCTCCCCCTGGCGCAGCCAATACCAGCCG

AGGGATTCCAAGTAGTGGTATGGACTCAGGACGCCCTGCTTTTGCCGACACCTTTTACGCTGTGTC
CTACCTGTACTATGGAGCTCTTGGGACCCTGACCACTATGCTGTGTGGGGCCCTTATCTCCTACTTG

ACTGGACCAACCAAGCGCTCAAGCTTGGGGCCCGGACTGTTGTGGTGGGACTTGGCCAGGCAGA

CAGCCAGTGTGGCACCCAAAGAGGACACCACTACTTTGGAGGACTCACTCGTCAAAGGGCCTGAA
GACATCCCCGCCGCCACAAAAAAACCCCCAGGCTTTCGGCCTGAGGCAGAGACACACCCACTGTA

CCTTGGACACGATGTGGAAACCAACCTGGAGCAAAAACTTATCTCTGAAGAGGACCTCTAA -SFG_3’ 
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8.5 Use of an ATP standard for quantifying EC-ATP release  

 

 
Figure 8.1 Use of ATP standard for quantifying EC-ATP release 

ATP standard prepared at known concentrations was added to 96-well plates. Luminescence readings were 
obtained three hours post incubation of ATP standards at 37°C and 5% CO2. Each standard curve point includes 
two technical replicates with the standard deviation shown. The results shown are of one independent experiment 
(N=1). 
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8.6 Use of hIL-7 and hIL-15 for T-cell expansion improves viability and 

cell count. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8.2 Use of hIL-7 and hIL-15 improves total cell viability and cell count 

Two CARs (376.96.m28z and ALK.h28z) and eGFP+ T-cells were generated from 129/SvJ spleens. Cells were 

expanded for 10 days post transduction. Different cytokine compositions of hIL-2,hIL-7 and hIL-15 were used to 

improve T-cell expansion. Cell counts and viability counts were measured to evaluate T-cell expansion for a) 

untransduced b) 376.96.m28z c) ALK.h28z and d) eGFP. The error bars shown represent the standard deviation 

with an n of three (N=3). Statistical analysis was performed using two-way ANOVA. *<0.0332, **<0.0021. 
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8.7 376.96.m28z shows short-term target cell killing 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 8.3 376.96.m28z shows short-term target cell killing 

129/SvJ spleens were used to generate 376.96.m28z mouse CAR-T cells, which were expanded in vitro for 

fourteen days. CAR expression was evaluated by flow cytometry, with a) representative flow plots showing CAR 

expression on Live+mCD3+ cells. Seven days post transduction, the functionality of 376.96.m28z CAR-T cells, 
along with untransduced controls, was assessed in a co-culture with GFP+Luc+ target cells (SupT1 WT and SupT1 
hB7-H3+) at a 1:1 E:T ratio. On days three and six after initiating co-culture, target cell viability was determined by 

flow cytometry. Representative flow plots illustrate Live+ cell populations of b) untransduced and c) 376.96.m28z 

CAR-T cells co-cultured with SupT1 WT and SupT1 hB7-H3+ (N=3). 
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8.8 HuK666.h28z in vitro expression remains stable compared to 

376.96.m28z regardless of mouse genetic background. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 8.4 HuK666.h28z in vitro expression is stable compared to 376.96.m28z irrespective of 
mouse genetic background 

376.96.m28z and huK666.h28z CAR-T cells were generated from 129/SvJ and C57BL/6 female spleens. Mouse 
CAR-T cells were expanded for seven days in vitro with CAR expression assessed by flow cytometry for 

376.96.m28z and huk666.h28z, respectively. Representative flow plots are shown of expression of generated 

CAR-T cells on the 129/SvJ and C57BL/6 mouse genetic background for a) HuK666.h28z and b) 376.96.m28z. 
CAR expression on the 129/SvJ genetic mouse background is shown for days three and day seven post 

transduction. CAR expression on the C57BL/6 genetic mouse background is shown for days four and day seven 
post transduction. CAR expression is shown on Live+mCD3+ single cells (N=3).  
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8.9 T-cell subsets change during in vitro expansion 

 

 

 

 

 

 

 

 

 

 
 

Figure 8.5 T-cell subsets change during in vitro expansion 

Untransduced, 376.96.m28z and huK666.h28z CAR-T cells were generated from C57BL/6 female spleens. Cells 

were expanded for seven days in vitro and T-cell subsets were assessed by flow cytometry on days four and 
seven post-transduction. For the generated 376.96.m28z and HuK666.h28z CAR-T cells, representative flow plots 

are shown for a) the proportions of mCD3+mCD8+ and mCD3+mCD4+, and b) the proportion of TEM 

(mCD3+mCD44+mCD62L-) and TCM (mCD3+mCD44+mCD62L+) N=3. 
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8.10 Radiation affects CD4:CD8 and TEM:TCM ratio in response to radiation 
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Figure 8.6 Radiation induces in vitro changes in HuK666.h28z CD8:CD4 and TEM: TCM ratios in 
response to antigen 

Untransduced and HuK666.h28z CAR-T cells were assessed for CAR expansion against 9464D WT and 9464D-

GD2. The co-culture was performed 24 hours post irradiation treatment of target cells. CAR expression was 
assessed by flow cytometry 72 hours post commencement of co-culture. Representative flow plots are shown of 
mCD3+CAR+mCD8+ and mCD3+CAR+mCD4+ against 9464D WT and 9464D-GD2 under co-culture conditions of 

a) T-cells alone, b) Non-irradiated targets, c) targets irradiated with 2Gy and d) targets irradiated with 8Gy. 

Representative flow plots are shown of TEM (mCD3+CAR+mCD44+mCD62L-) and TCM 

(mCD3+CAR+mCD44+mCD62L+) against 9464D WT and 9464D-GD2 under co-culture conditions of e) T-cells 

alone, f) Non-irradiated targets, g) targets irradiated with 2Gy and h) targets irradiated with 8Gy. N=3. 

 


