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Abstract 

Cancer immunotherapy with chimeric antigen receptor (CAR) engineered T cells 

has shown great promise in the treatment of haematological malignancies. 

Paediatric neuroblastoma is one of the most common solid extracranial tumours 

found in children and currently accounts for ~15% of deaths from childhood 

cancers. Despite multimodal chemotherapy and immunotherapeutic strategies, 

high-risk patients suffer relapse and treatment related morbidities. This project 

aims to optimise a novel CAR, targeting the neuroblastoma associated antigen, 

anaplastic lymphoma kinase (ALK) and we hypothesised that ALK will represent 

a suitable target this therapy. A panel of second generation anti-ALK CAR T cells 

was investigated containing multiple anti-ALK single chain variable fragments 

(scFvs) and stalk regions combined with CD28 and CD3ζ signalling 

endodomains. In vitro investigations demonstrated effective functional activity at 

high target antigen densities, which significantly diminishes at lower antigen 

expression levels. ALK8-CD8-28ζ demonstrated antigen dependent and ALK 

restricted cytotoxic activity, cytokine production and proliferation and was 

therefore identified as the ‘lead’ CAR. Interestingly, when the same anti-ALK 

binder was combined with an Fc spacer of differing origin and length, there was 

an indication of antigen independent proliferation, indicative of tonic signalling. 

Despite this differing activity, there were minimal differences found between the 

ALK-CAR T cells’ activation, exhaustion and memory immunophenotypes. ALK8-

CD8-28ζ was compared to another panel of ALK-CAR T cells combining a 

previously published anti-ALK scFv with various stalk and transmembrane 

regions, however ALK8-CD8-28ζ demonstrated superior activity in cytokine and 

proliferation assays. Finally, ALK was combined into a dual-targeting CAR T cell 
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system with another neuroblastoma associated antigen, GD2, in an attempt to 

increase in vitro activity at low target antigen densities. Despite evidence of 

background single endodomain CAR activity, the engagement of the double 

targeting CAR T cell demonstrated increased levels of antigen specific 

proliferation, proinflammatory cytokine release, activation and degranulation.  
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Impact Statement 

Neuroblastoma is a disease that still has an unmet clinical need, with high risk 

patients still suffering relapse and treatment related long term implications. CAR 

T cell therapy is currently of huge medical interest with hopes that moving into 

the solid tumour field can one day yield the same results as seen with 

haematological malignancies. Beyond identifying potential clinical applications for 

ALK-CAR T cells as a therapy for neuroblastoma, this thesis has further 

contributed to understanding more generic principles around CAR T cell therapy 

in the solid tumour setting, for example the issues surrounding CAR architecture 

and design, and low target antigen density on tumour cells. Hopefully, this 

research will contribute to the huge effort committed to improving CAR T cell 

therapies for the future treatment of cancers.  
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1 Introduction 

1.1 Neuroblastoma 

Neuroblastoma is one of the most common solid extracranial tumours in children, 

most commonly diagnosed in infants below the age of one year (Heck et al., 

2009). The disease arises due to defects in neural crest progenitor cells during 

the development of the sympathetic nervous system (SNS) (Whittle et al., 2017). 

Neuroblastoma tumours typically arise from the adrenal glands and follow the 

distribution of the sympathetic ganglia along the paraspinal areas from the neck 

to the pelvis. Based on this, the most common sites for tumour development 

include the adrenal medulla (35%), the extra-adrenal paraspinal ganglia (30-

35%) and the mediastinum (20%). It accounts for ~10% of paediatric cancers, but 

is responsible for ~15% of cancer related deaths in children due to high rate of 

relapse after therapy (Trigg and Turner, 2018).   

1.1.1 Genetics 

The vast majority of neuroblastoma cases present sporadically, while ~1-2% of 

cases are familial, inherited in an autosomal dominant manner (Whittle et al., 

2017, Mosse et al., 2008). A number of germline mutations which are associated 

with neuroblastoma predisposition have been identified. The majority of them are 

found in the following genes: Paired-Like Homeobox 2B (PHOX2B) which 

regulates autonomic nervous system development, Anaplastic Lymphoma 

Kinase (ALK) also believed to be involved in nervous system development; and 

Kinesin Family Member 1B (KIF1Bβ), which is a proposed tumour suppressor 
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gene thought to play a role in the pathogenesis of neural crest tumours (Barr and 

Applebaum, 2018).  

Within sporadic cases of the disease, it is thought that several common germline 

variations, each with low relative risk, act in combination to increase chances of 

the disease occurring (Trigg and Turner, 2018). A recent genome wide 

association study (GWAS) looking at 720 cases of neuroblastoma identified loss 

or gain of function single nucleotide polymorphisms (SNPs) in a number different 

genes, including BARD1, DUSP12 and TP53 (Trigg and Turner, 2018). ALK is 

also one of the most commonly somatically mutated genes in sporadic 

neuroblastoma, with ~14% of tumours having missense alterations or gene 

amplification events (Bosse and Maris, 2016). 

The genetic aberration which is classically and consistently associated with 

poorer outcomes in neuroblastoma is genomic amplification of the V-Myc Avian 

Myelocytomatosis Viral Oncogene Neuroblastoma Derived Homolog (MYCN) 

oncogene, located on the short arm of chromosome 2 (2p24). It is present in 20% 

of all neuroblastoma cases, and is found in 50% of those diagnosed with high-

risk disease (Bosse and Maris, 2016, Huang and Weiss, 2013). It encodes a 

transcription factor which ultimately influences many biological processes leading 

to aggressive disease including migration and metastases, cell survival, 

apoptosis, proliferation, blocking of cell cycle arrest and angiogenesis (Huang 

and Weiss, 2013). Overexpression of MYCN in neural crest progenitor cells of 

transgenic mice and zebrafish is sufficient to induce neuroblastoma development, 

and amplification in tumours is associated with shorter progression free survival 

and treatment failure (Trigg and Turner, 2018, Bosse and Maris, 2016, Dzieran 

et al., 2018, Seeger et al., 1985). Other recurrent genomic alterations include, 
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gain of chromosome 17q and deletions of chromosome arms 1p, 3p, 4p and 11q 

(Bosse and Maris, 2016). 

1.1.2 Disease staging and treatment 

Neuroblastoma is a highly heterogeneous disease which accounts for its diverse 

clinical presentation, treatment response and overall prognosis in patients (Bosse 

and Maris, 2016). Based on a combination of multiple factors, including; MYCN 

status (amplified vs nonamplified), age at diagnosis, disease stage and tumour 

histology, patients can be categorised into risk groups consisting of low-, 

intermediate- and high-risk disease (Papaioannou and McHugh, 2005, Sokol and 

Desai, 2019). A patient’s treatment regimen is determined by their disease risk 

category and therefore it is important to appropriately stratify cases so the 

suitable treatment is given. 

Low and intermediate risk disease 

Patients who present with low- or intermediate-risk cases are often diagnosed at 

a younger age with more localised tumours and subsequently have higher 

survival rates of approximately 90%. Moreover, they commonly have more 

favourable biological features, such as nonamplified MYCN and minimal rates of 

metastases. Children with low-risk neuroblastoma can be observed or undergo 

surgery to remove the lesion (Sokol and Desai, 2019). In some cases, tumours 

spontaneously regress with no treatment needed (Matthay et al., 2016). Patients 

who are diagnosed with intermediate-risk disease may receive chemotherapy or 

surgical removal of the tumour (Sokol and Desai, 2019).  
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High risk disease 

Approximately 50% of patients will be diagnosed with high-risk neuroblastoma. 

In most cases this is metastatic disease with unfavourable features, such as 

MYCN amplification (Matthay et al., 2016). These patients usually receive 

multimodal therapy which can be separated into three main phases: induction, 

consolidation and maintenance. The induction phase involves chemotherapy with 

the aim to shrink the tumour before surgical removal. The consolidation phase 

has a goal of eliminating the remaining minimal residual disease (MRD), followed 

by an autologous stem cell transplant to re-instate a patient’s immune system 

(Matthay et al., 2016). During maintenance therapy patients may receive 

radiation and immunotherapies. FDA-approved therapeutic monoclonal 

antibodies against GD2 (a disialoganglioside expressed in neuroblastoma), 

namely Dinituximab, are incorporated in high risk patient treatment regimens. A 

phase III study in 2010 showed an increase in 2 year event free survival (EFS) 

from 46-66% and overall survival from 75-86% for patients who received anti-

GD2 monoclonal antibody with IL-2, GM-CSF and retinoic acid compared to 

patients who received retinoic acid alone (Yu et al., 2010, Sokol and Desai, 2019, 

Smith and Foster, 2018). 

Despite this intensive treatment, ~50% of patients will inevitably relapse with poor 

outcomes. For those who do survive, many are left with long term comorbidities 

such as hearing loss, growth retardation and secondary malignancies (Richards 

et al., 2018). Further attempts have been made to identify an ‘ultra-high-risk’ 

subpopulation of children who have particularly poor outcomes in order to tailor 

treatment strategies more carefully (Morgenstern et al., 2019).  
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1.2 Anaplastic Lymphoma Kinase 

Anaplastic Lymphoma Kinase (ALK), or CD246, is a receptor tyrosine kinase 

(RTK) that belongs to the insulin receptor (IR) superfamily (Zhao et al., 2015). It 

was originally identified as a fusion partner in the t(2;5)(p23;q35) chromosomal 

rearrangement in anaplastic large cell lymphoma (ALCL). This mutation results 

in a fusion of the cytoplasmic domain of ALK to the N-terminal portion of the 

nucleolar phosphoprotein, NPM (Morris et al., 1994). ALK was then further 

identified to be rearranged, mutated or amplified in a series of other tumour types 

including lymphoma, neuroblastoma and non-small cell lung cancer (NSCLC) 

(Soda et al., 2007).   

1.2.1 Structure 

Human ALK exists as a 220 kDa full length receptor that can be cleaved into a 

truncated 140 kDa isoform. The full structure of the RTK was not fully elucidated 

until 1997, but it is believed to be made up of an extracellular domain (ECD), a 

transmembrane (TM) and a cytoplasmic intracellular kinase domain (KD) (Figure 

1.1) (Hallberg and Palmer, 2016). Structurally, the ECD is made up of a low-

density lipoprotein receptor class A (LDL) domain which is surrounded by two 

meprin, A-5 protein and receptor protein-tyrosine phosphatase mu (MAM) 

domains. This extracellular structure is unique to the RTK family and is thought 

to be involved in cell-cell interaction, ligand binding and dimerisation resulting in 

conformational changes that initiate the activation of the intracellular kinase 

domain (Hallberg and Palmer, 2016). The ECD also contains a glycine-rich region 

(GR), a region that contains stretches of up to six glycines in a row (Lorén et al., 

2003). Artificial mutations in this region showed the crucial importance of the 
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glycine-rich region in Drosophila ALK function, however the specific function of 

the glycine-rich region is not completely clear (Lorén et al., 2003).  Despite this, 

monoclonal antibodies (mAbs) which inhibit the glycine-rich region of ALK results 

in an inhibition of ALK activation (Guan et al., 2015).  

The intracellular kinase domain of ALK contains the tyrosine kinase domain and 

the transmembrane region. This kinase domain contains an amino-terminal lobe 

and a carboxy-terminal lobe; the catalytic activity of ALK occurs in this domain 

(Huang, 2018). Furthermore, it contains an “YXXXYY” motif in the activation loop, 

as per other members of the IR kinase subfamily (Tartari et al., 2008). In vitro 

mutations in this YXXXYY motif have been demonstrated to affect the 

conformation of this kinase domain. For example, the absence of all three 

tyrosine residues in the activation loop appears to cause destabilisation of the 

inactive confirmation leading to partial activation which doesn’t require 

phosphorylation of the first tyrosine, activity that is required to activate ALK under 

normal conditions (Tartari et al., 2008). 
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Figure 1.1 Schematic representation of full length ALK 

The receptor is made up of an extracellular portion containing an LDL domain flanked by two 
MAM domains, and a glycine rich region (GR). The intracellular kinase domain (KD) is the 
location of multiple gain of function (GOF) mutations associated with neuroblastoma, resulting 
in constitutively active downstream signalling pathways contributing to neuroblastoma disease 
progression.  

 

1.2.2 ALK function  

The physiological role of full length wild-type (WT) ALK is not entirely clear. 

Studies in mice have shown ALK mRNA is detectable throughout the nervous 

system during embryogenesis and its expression is restricted to discrete tissues 

of the developing central and peripheral nervous system (Vernersson et al., 2006, 

Trigg and Turner, 2018). Furthermore, knockout of the ALK gene has shown 

effects on mouse brain function (Huang, 2018). Similarly, in humans ALK is more 

highly expressed in the neonatal brain and in the developing sympatho-adrenal 
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lineage of the neural crest; its expression is then downregulated in children and 

remains low through adulthood, therefore believed to be implicated in neural 

development (Passoni et al., 2009, Iwahara et al., 1997). Along with brain 

regions, human ALK expression has also been noted in the small intestine, testis, 

prostate and the colon (Della Corte et al., 2018).  

Until relatively recently no activating ligands of ALK were known, rendering it an 

orphan receptor. Family with sequence similarity 150, member A or FAM150A 

(AUGβ) and Family with sequence similarity 150, member B or FAM150B 

(AUGα), both known as activating ligands of another closely related RTK, which 

bind the ECD of the protein have now been reported to also strongly activate ALK 

(Guan et al., 2015). Interestingly, FAM150B is found to be highly expressed in 

the human adrenal gland (Zhang et al., 2014). One study also reported the 

proteins midkine and pleiotropin to be activating ligands for ALK, but this is yet to 

be independently confirmed (Zhao et al., 2015). Upon ligand binding, homo-

dimerisation of ALK and phosphorylation is induced, which is inactivated through 

de-phosphorylation when there is no stimulation by a ligand (Bossi et al., 2010). 

ALK activates multiple signalling pathways, including phospholipase Cγ (PLCγ), 

janus kinase (JAK)- signal transducer and activator of transcription (STAT) and 

phosphoinositide 3-kinase (PI3K) which affect proliferation, differentiation, 

transformation and anti-apoptotic signalling (Mosse et al., 2009, Palmer et al., 

2009, Chiarle et al., 2008, Hallberg and Palmer, 2013).  

1.2.3 ALK in disease 

Mutated or aberrant expression of ALK is implicated in a number of malignant 

tumours. Indeed, ALK receptor signalling has been best characterised in 
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malignancies where ALK plays a role, including ALCL and NSCLC, where the 

receptor is activated as a result of translocation events (Bosse and Maris, 2016). 

Lymphoma cells that express the NPM-ALK fusion oncoprotein result in 

constitutive kinase activity arising from self-dimerisation of ALK leading to auto- 

and transphosphorylation (Trigg and Turner, 2018). In ALK-positive ALCL, NPM-

ALK results in constitutive signalling from the ALK kinase domain and activation 

of downstream pathways, including MYCN transcription, leading to cell cycle 

progression, migration and evasion of apoptosis (Trigg and Turner, 2018). 

Consistent with other tumours of neural origin, most neuroblastoma tumours 

express full-length ALK (Lamant et al., 2000). The receptor is implicated in a 

number of different ways in both neuroblastoma development and its subsequent 

progression. Most commonly found are gain-of-function activating mutations 

within the intracellular kinase domain, found in ~8-10% of sporadic and ~50% of 

familial cases, in which the mutation is also found in the germline (Matthay et al., 

2016, Mosse et al., 2008, Janoueix-Lerosey et al., 2008, Schleiermacher et al., 

2014). These single-base missense mutations result in ligand-independent 

phosphorylation and signalling by disruption of the auto-inhibited conformation of 

the kinase domain. Furthermore, it has been demonstrated that ALK activating 

ligands, such as FAM150A and FAM150B, can ‘superactivate’ already active ALK 

mutants found within neuroblastoma, resulting in increased downstream 

signalling (Guan et al., 2015). One study looking at 1,596 diagnostic 

neuroblastoma samples showed that ALK mutations were associated with about 

14% of high-risk cases (Bresler et al., 2014). Moreover, ALK cooperates with 

MYCN to drive malignancy, as activation of ALK results in increased expression 

of MYCN by elevating activity of its promoter and stabilising protein expression, 
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likely via activation of AKT and ERK (Huang and Weiss, 2013). The co-

expression of ALK and MYCN is associated with poorer disease outcome (Figure 

1.2). 

The 3 main mutation hot spots found in the ALK kinase domain and identified 

within neuroblastoma are: R1275 (mutated to Q or L), F1174 (mutated to L, S, I, 

C or V) and F1245 (mutated to L, I, V or C) which account for 85% of ALK 

mutations, distributed with even frequency amongst clinical stages (Javanmardi 

et al., 2019). R1275Q is the most common mutation, found in both 33% of 

sporadic cases and 45% of familial cases (Zhu et al., 2012). On the other hand, 

the F1174 and F1245 mutations are typically found in sporadic cases of 

neuroblastoma, 30% and 12%, respectively and are rarely germline (Barr and 

Applebaum, 2018).  
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Figure 1.2 Survival Curves of neuroblastoma cases 

Kaplan-Meier survival curve comparing overall survival in 105 cases of neuroblastoma with (a) 
ALK mutations vs WT (non-mutated) ALK and (b) ALK mutation status with and without MYCN 
amplification. Graph taken from (Javanmardi et al., 2019). 

 

In 2-3% of neuroblastoma cases ALK is amplified resulting in an increased ALK 

protein expression, and a consequential increase in kinase activity (Trigg and 
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Turner, 2018). This genomic amplification of ALK is almost exclusively co-

amplified alongside MYCN, as the genes are located in close proximity on the 2p 

arm (2p23-24), and together they are associated with poorer disease outcome 

(Bresler et al., 2014, Matthay et al., 2016). Interestingly, oncogenic signalling 

through ALK has also been observed in the absence of activating mutations or 

gene amplification. It is postulated that WT ALK expressed above a critical level 

can become constitutively active and contribute to oncoprogression of the 

disease (Trigg and Turner, 2018). Other more rare mechanisms of ligand-

independent ALK signalling found in other diseases include chromosomal 

translocations and large deletions resulting in truncation of the extracellular 

region, or aberrant forms or isoforms of ALK that can transmit signalling of 

downstream pathways (Palmer et al., 2009, Huang, 2018). Furthermore, it has 

recently been shown that ALK mutations were enriched at relapse and correlated 

with unresponsiveness to therapy in 54 paired diagnosis-relapse neuroblastoma 

samples (Zhu et al., 2012, Javanmardi et al., 2019). 
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Figure 1.3 Signalling through ALK in healthy tissue and in neuroblastoma 

Under healthy conditions, ligand binding results in ALK receptor dimerisation and 
phosphorylation of the intracellular kinase domain, resulting in activation of signalling pathways. 
This downstream signalling stops when there is no activating ligand present. In neuroblastoma, 
gain of function mutations, genomic amplification and ALK expression above a critical level can 
all result in constitutively active downstream signalling, regardless of the presence of an 
activating ligand. The over-activation of these downstream signalling pathways contributes to 
the disease progression of neuroblastoma.  
 

 

1.2.4 Treatments targeting ALK 

The presence of ALK fusion proteins and constitutive ALK tyrosine kinase activity 

represent a therapeutic target in all malignancies with ALK rearrangement (Della 

Corte et al., 2018). Previous approaches have included small-molecules tyrosine 

kinase inhibitors (TKIs), which have led to increases in survival and time to 

progression in multiple cancers with ALK translocations. Single drug treatment 

with the small molecule ALK/MET inhibitor, Crizotinib, has shown promising 
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results in adult NSCLC and ALCL which harbour ALK translocations. However 

inhibition of ALK mutations in the context of the full length receptor is more 

complex, and Crizotinib has proved less effective in cases of neuroblastoma 

(Javanmardi et al., 2019).  

ALK may represent a potential target for immunotherapy for neuroblastoma. 

Multiple studies have highlighted the role of ALK in both sporadic and familial 

cases of neuroblastoma, irrespective of disease stage. It is not widely expressed 

on the surface of healthy tissue, with the exception of the developing nervous 

system and immune privileged sites, and therefore few toxic side effects might 

be expressed from treatment aimed at blocking ALK function (Della Corte et al., 

2018, Lamant et al., 2000).  
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1.3 T cell mediated immunity: the adaptive immune system 

The immune system can be split into two branches; the innate and adaptive arms 

of defence. The innate immune system represents the first response; it is quicker 

and of broader specificity, made up of macrophages, neutrophils and NK cells 

amongst other immune cells. T and B cells form the adaptive immune response, 

which is mounted when innate immune cells are insufficient to deal with a 

pathogen. This response is slower, but highly specific and creates a lasting 

immunological memory. The focus of this thesis is on T cells, specifically the use 

of alpha-beta (αβ) T cells and how they can be manipulated for 

immunotherapeutic treatments.  

1.3.1 T cell development 

1.3.1.1 T cell development in the thymus  

During the production of T cells, multipotent precursor cells, or early thymocyte 

progenitors (ETP), originate in the bone marrow and travel to the thymus where 

they will differentiate to form either αβ (~95% of the population) or gamma-delta 

(γδ) T cells. The thymus consists of multiple lobules, through which ETPs migrate 

and differentiate from CD4-CD8- double negative (DN) into CD4+CD8+ double 

positive (DP) thymocytes (Figure 1.4). During this process, ETPs go through four 

separate populations based on their expression of CD44 and CD25 (DN1-4) 

(Joachims et al., 2006).  

Following genetic recombination to generate a functioning T cell receptor (TCR) 

(described in the following section), thymocytes go through positive and negative 

selections based on the interaction with major histocompatibility complex (MHC) 
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molecules expressed by cortical thymic epithelial cells (cTECs), medullary thymic 

epithelial cells (mTECs) or dendritic cells (DCs) (Takaba and Takayanagi, 2017). 

This process allows the removal of thymocytes through apoptosis which express 

TCRs with high affinity for self-peptides (negative selection) while thymocytes 

with low affinity TCRs for self-peptides are rescued (positive selection) (Spits, 

2002). Failure of these selections results in the release of T cells unable to 

recognise ‘self’ or T cells that are ‘self-reactive’ into the periphery (Takaba and 

Takayanagi, 2017). 

Finally, T cells become single positive (SP) for CD4+ or CD8+, after which they 

migrate out of the thymus, as naïve T cells. In the peripheral circulation, weak 

TCR signals are required for the maintenance of T cells, while strong signals 

generate an immune response (Kannan et al., 2012).  
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Figure 1.4 T cell development through the thymus 

Early thymocyte progenitors (ETPs) produced in the bone marrow, migrate to the thymus for 
their development into single positive T cells. ETPs move through the cortex where their 
expression of CD25 and CD44 changes, until they finally become single positive for CD4 or 
CD8 in the medulla, before entering the peripheral circulation.  
 

 

1.3.1.2 The T cell receptor 

The ability of T cells to detect abnormalities is primarily achieved through the 

presentation and detection of peptide antigens recognised by the TCR, which is 

also developed within the thymus. This receptor, present on the surface of all T 

cells, also determines the specificity of the T cell. The TCR is a heterodimeric 

structure that has been described as the most intricate receptor structure of the 

mammalian system (Clambey et al., 2014). It is composed of an alpha (α) and a 

beta (β) chain which are linked by disulphide bonds. Within these chains there 

are constant and variable regions. The variable regions, made up of 
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complementary determining regions (CDRs), determines which antigen is 

recognised by a T cell. The huge diversity of these receptors is created through 

somatic recombination; a process in which the variable (V), joining (J) and, in the 

β and δ chains, diversity (D) gene segments are rearranged to generate CDRs 

with random and unique specificity. Of the three CDRs, CDR1 and CDR2 bind 

MHC, while CDR3 contains the site for antigen binding and is the most variable. 

The CDR1 and CDR2 loops are encoded within the V gene segment portion of 

the variable-region gene, whereas CDR3 is encoded by the region spanning the 

V and J, or the V, D and J junctions (Hughes et al., 2003). Therefore, CDR3 has 

significantly higher levels of diversity due to the addition or loss of nucleotides 

during the joining process (Hughes et al., 2003). The ultimate goal of this 

recombination process is to create diversity within CDR3. Whilst in B cells, 

additional antibody diversity is generated by somatic hypermutation, this 

phenomenon is not described in human TCR genes. Nevertheless V(D)J 

recombination, along with addition or deletion of nucleotides at the junctions 

between gene segments at CDR3 helps to generate an astounding amount of 

TCR diversity, exceeding 1015 distinct TCR specificities per individual (Nikolich-

Zugich et al., 2004).  

1.3.1.3 TCR CD3 complex 

The TCR lacks any signalling domain and subsequent signalling is dependent on 

the association with the CD3 complex. Moreover, TCR expression on the cell 

surface can only occur in a complex with the CD3 co-receptor. The CD3 complex 

consists of 1 gamma (γ), 1 delta (δ), 2 epsilon (ε) and 2 zeta (ζ) chains. They are 

essential for trafficking to, and the stability of the αβ subunits at, the plasma 
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membrane, and they also transmit signals across the plasma membrane 

(Cantrell, 2015). These form three dimers: gamma epsilon (γε), delta epsilon (δε); 

heterodimers, and two zetas (ζζ); a homodimer. CD3γ, -δ and -ε each contain 

single immunoreceptor tyrosine-based activation motif (ITAM) in their 

cytoplasmic tail whereas CD3ζ contains three ITAMs. These ITAMs are 

responsible for propagating the TCR signal through the cell. Signalling solely 

through the TCR is not sufficient for T cell activation, and can result in the 

induction of an anergic state in the thymus, in which T cells fail to respond to 

antigen stimulation and cannot be further restimulated, or activation induced cell 

death (AICD) due to lack of further survival signals (Smith-Garvin et al., 2009).  

1.3.2 T cell activation   

T cell activation is triggered by TCR engagement with its cognate peptide. For 

sufficient activation and the subsequent signalling cascade to occur, it requires 

multiple components including; the TCR to be in complex with CD3, the 

engagement of co-receptors and co-stimulatory molecules, and the formation of 

a functional immune synapse (IS). These components are discussed below. 

1.3.2.1 Antigen processing and presentation  

The differentiation of naïve T cells into armed effector T cells is triggered by TCR 

engagement with its peptide antigen, presented via an MHC (Pennock et al., 

2013). Classical antigen presenting cells (APCs), such as dendritic cells (DCs) 

and B cells, can process and present such antigens to circulating T cells. They 

express surface receptors, including pattern recognition receptors (PRRs) which 

detect pathogen-associated molecular patterns (PAMPs) produced by microbes, 

and damage-associated molecular patterns (DAMPs) which are produced by 
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damaged or mutated host cells (Gaudino and Kumar, 2019). After binding their 

appropriate DAMP or PAMP, APCs internalise their target by initiating 

phagocytosis, pinocytosis or clathrin-mediated endocytosis; the pathway by 

which the molecules are endocytosed determines how they will be degraded and 

then displayed by MHC for T cell recognition (Gaudino and Kumar, 2019). MHC 

I receptors are expressed by all nucleated cells and display endogenous antigens 

which are recognised by CD8 expressing T cells. Only APCs express MHC II 

receptors which display exogenous antigens and are recognised by CD4 

expressing T cells (Gaudino and Kumar, 2019). 

1.3.2.2 The immune synapse 

An immune synapse (IS) is formed between T cells and APCs. The matured IS 

is a highly ordered structure characterised by the segregation of receptors and 

signalling molecules into distinct concentric rings known as supramolecular 

activation clusters (SMACs) (Griffiths et al., 2010, Watanabe et al., 2018). The 

accumulation of the TCR and the associated signalling proteins in the centre of 

the synapse is termed the cSMAC, while the adhesion molecules, such as 

integrins, which surround the outside on the periphery is known as the pSMAC 

(Cantrell, 2015). Larger molecules, such as CD43 and CD45, make up the distal 

SMAC (dSMAC) (Alarcón et al., 2011). Here, the TCR bound to its cognate 

peptide, initiates ‘signal 1’ in the process of T cell activation and further stabilises 

the interaction between the T cell and the APC (Pennock et al., 2013). 

1.3.2.3 Accessory Molecules  

For complete activation, resulting in transcriptional changes, IL-2 production and 

ultimately T cell proliferation, ‘signal 2’ of T cell activation is required. Signalling 
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solely through the TCR results in a non-responsive state in which T cells fail to 

respond and are then refractory to restimulation (Smith-Garvin et al., 2009). 

There are many cell surface receptors that can fulfil this role, but CD28 on T cells 

does so more robustly than other co-stimulatory molecules, and binds CD80/86 

on APCs (Smith-Garvin et al., 2009). This co-stimulation can also be provided by 

other co-stimulatory molecules, such as those from the TNF receptor superfamily 

(CD27, OX-40 and 4-1BB) when interacting with their appropriate ligand on APCs 

(CD70, OX-40L and 41BBL, respectively) to promote the survival of proliferating 

cells and differentiation (Pennock et al., 2013, Gaudino and Kumar, 2019). The 

co-receptors aforementioned are positive co-regulators of T cell activation, 

however negative co-regulators also exist. For example, PD-1 and CTLA-4 

expressed on T cells, which bind PD-L1 and CD80/86, respectively, result in 

exhaustion and apoptosis of T cells, as opposed to activation (Cantrell, 2015). 

These negative co-regulators are critical for limiting T cell function during 

immunity and tolerance, limiting the expansion of effector cells during an immune 

response, such as the pathology associated with effector CD8+ T cell mediated 

actions (Cantrell, 2015, Pennock et al., 2013).  

The CD4 and CD8 co-receptors also play a role in the immune synapse. Along 

with determining which class of MHC is recognised and bound by TCR, the CD4 

and CD8 accessory molecules are responsible for stabilising the interaction 

between the TCR and the pMHC (peptideMHC) by binding invariant regions of 

the MHC molecule (Artyomov et al., 2010, Miceli and Parnes, 1991). Moreover, 

the co-receptors also bring kinase molecules into the complex, attached to their 

cytoplasmic tails, which are required for the initiation of T cell signalling (Artyomov 

et al., 2010). Increasing evidence suggests that the primary function of the co-
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receptors is to form a complex with the TCR for the recognition of antigen-bound 

MHC (Miceli and Parnes, 1991). Indeed, the co-receptor that is bound in complex 

with the TCR by the pMHC within the thymus determines the subsequent effector 

function of the T cell, becoming a CD4+ helper T cell, or a CD8+ cytotoxic T cell.   

1.3.3 T cell signalling 

Once the formation of the IS occurs, TCR signalling is initiated (Figure 1.5). 

ITAMs in the cytoplasmic tails of the CD3ζ chains are phosphorylated by tyrosine 

kinases of the Src-family, such as Lck. Lck is bound to the cytoplasmic tails of 

the CD4 and the CD8 co-receptors, brought into proximity of the TCR/CD3ζ 

during IS formation (Goyette et al., 2019). The ITAMs can then be bound by zeta-

chain-associated protein kinase 70 (Zap-70) (Kannan et al., 2012). The binding 

of Zap-70 to ITAMs results in its activation which is proposed to release Zap-70 

from an auto inhibited conformation and expose regulatory tyrosine residues for 

phosphorylation by Src-kinases (Cantrell, 2015). Zap-70 further phosphorylates 

linker for activation of T cells (LAT), leading to the creation of the LAT 

signalosome which is responsible for further downstream signalling (Pennock et 

al., 2013).  

LAT is responsible for recruiting a second molecular scaffold, SH2 domain-

containing leukocyte phosphoprotein of 76kDa (Slp-76), which is also 

phosphorylated by Zap-70, producing the LAT-Slp-76 complex, acting as a 

further scaffold for the recruitment of signalling effector molecules (Smith-Garvin 

et al., 2009, Pennock et al., 2013). Interleukin-2 inducible kinase (ITK) then 

interacts with LAT-Slp-76 complex and becomes activated by 

autophosphorylation which promotes the phosphorylation of the effector molecule 
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phospholipase C gamma 1 (PLC-γ1) (Cantrell, 2015). PLC-γ1 transduces signals 

by cleaving phosphatidylinositol triphosphate (PIP2) in the plasma membrane to 

generate the second messengers, diacylglycerol (DAG) and inositol 1,4,5-

triphosphate (IP3) (Cantrell, 2015).  

DAG activates a number of downstream proteins, including various isoforms of 

protein kinase C (PKC) and RasGRP which both in turn activate the NF-κB 

pathway and the MAPK pathway, respectively. IP3 is responsible for the efflux of 

calcium ions from the endoplasmic reticulum (ER) to the cytoplasm and from 

extracellular fluid through plasma membrane channels. This increase in 

intracellular calcium levels results in the activation of calmodulin and calreticulin 

which further induces the de-phosphorylation and activation of the T cell 

transcription factor nuclear factors of activated T cells (NFAT). NFAT then 

migrates to the nucleus to join other transcription factors inducing the 

transcription of specific genes, such as IL-2, IL-4, TNFα and IFNγ (Cantrell, 

2015).  
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Figure 1.5 TCR signalling through CD8+ T cell on recognition of MHC I 

The immune synapse is created through the detection of a peptide antigen on a MHC presented 
by an APC, which is bound by the αβ TCR and the CD8 co-receptor. The binding of CD28 co-
stimulatory molecule to its relevant ligand on an APC, in this case CD80 or CD86, is also required. 
The downstream signalling is initiated through Lck, which phosphorylates ITAMs in the tails of 
CD3ζ which further phosphorylates Zap-70. Zap-70 subsequently phosphorylates LAT, creating 
the LAT-Zap-70 complex. This complex interacts with ITK, which promotes the phosphorylation 
of PLCγ which generates the secondary messenger molecules, IP3 and DAG by cleaving 
membrane bound PIP2. In turn, downstream pathways such as NFκB, MAPK and NFAT in the 
nucleus induce the transcription of genes such as IL-2 and IFNγ resulting in T cell effector 
functions. Adapted from (Schwartzberg et al., 2005).  

 

1.3.3.1 Effector functions 

Antigen stimulation of T cells results in clonal expansion of CD4+ T cells and 

CD8+ T cells, resulting in a pool of memory T cells that possess phenotypes and 

functions tailored to respond to reinfection (Pennock et al., 2013). CD4+ T cells, 

or T helper cells, support the immune system through the production of cytokines 
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and chemokines which recruit new immune cells to the site of infection. They 

mediate control of further T cell and B cell differentiation and/or direct the activity 

of macrophages and neutrophils (Pennock et al., 2013, Cantrell, 2015). At least 

five different major subpopulations of these mature CD4+ T helper cells exist, 

with distinct functions, that are tailored towards different pathogens (Cantrell, 

2015). Th1 cells produce IFNγ; Th2 cell produce interleukin (IL)-4 and IL-13; Th17 

cells produce proinflammatory cytokines such as IL-17 and IL-22; regulatory 

(Treg) T cells function to restrain autoimmunity and strong inflammatory 

responses; and follicular helper (Tfh) T cells regulate the development of antigen-

specific B cell immunity (Cantrell, 2015, Gaudino and Kumar, 2019).  

CD8+ T cells, or cytotoxic T cells, have an ability to detect and kill virus- or 

bacteria- infected and/or transformed neoplastic cells (Gaudino and Kumar, 

2019, Cantrell, 2015). They play a pivotal role in providing effective antigen-

specific immunity against tumours, through the presentation of tumour-derived 

antigens presented on MHC class I molecules (Menares et al., 2019). They elicit 

their cytotoxic activity through the release of granzyme and perforin granules, and 

the induction of FasL-mediated apoptosis of target cells (Menares et al., 2019, 

Pennock et al., 2013). It is important to note that while these are canonical 

functions of CD4+ and CD8+ T cells, numerous exceptions to these rules have 

been documented, and, in any setting, the potential of cytokine-producing helper 

CD8+ T cells and/or cytotoxic CD4+ T cells must be considered (Pennock et al., 

2013). 
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1.3.4 Cancer and the Immune System 

Cancer immune surveillance, or immunosurveillance, was first hypothesised by 

Burnet and Thomas in 1957, which explained that genetic changes must be 

common in somatic cells and a proportion of these changes will represent a step 

toward malignancy. It is therefore an evolutionary necessity that there should be 

some mechanism for eliminating or inactivating such mutant cells (Burnet, 1957). 

There is now a wealth of evidence supporting a dual role for the immune system 

in cancer. Research over the past two decades has demonstrated an ability of 

the immune system to constrain tumour development by destroying malignant 

cells and preventing their outgrowth, while simultaneously promoting tumour 

progression by selecting for more ‘fit’ tumour cells which have a higher chance of 

survival, and establishing a microenvironment which can promote this outgrowth 

(Schreiber et al., 2011, Vesely and Schreiber, 2013, O’Donnell et al., 2019). This 

is explained in the ‘cancer immunoediting’ hypothesis, which is described in three 

main phases: elimination, equilibrium and escape. 

Elimination 

During the elimination phase, also known as immunosurveillance, the innate and 

the adaptive immune system work together to detect the presence of malignant 

cells and attempt to destroy them before they are established and become 

clinically apparent (Vesely and Schreiber, 2013, Vesely et al., 2011). There are 

multiple ways the immune system can do this; through protection against viruses 

and subsequent suppression of virus-induced tumours, through the resolution of 

inflammatory environments that are conducive of tumourigenesis by the 

elimination of pathogens and finally, elimination of malignant cells through 
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lymphocyte detection of tumour antigens and subsequent destruction (Schreiber 

et al., 2011, Vesely et al., 2011). Intrinsic tumour-suppressor mechanisms exist, 

such as the ability of cells to repair genetic mutations and trigger senescence or 

apoptosis through cell death pathways, including TNF-related apoptosis inducing 

ligand (TRAIL) and FasL mediated pathways (Vesely et al., 2011). The type, 

location and density of immune cells, such as tumour-infiltrating lymphocytes 

(TILs), present in the tumour microenvironment of a patient is now recognised to 

be a prognostic predictor of a patient’s overall survival duration and predictive of 

their response to treatment, demonstrating the protective role the immune system 

can play (O’Donnell et al., 2019). Furthermore, there is much evidence supporting 

the association of higher IFNγ producing CD4+ and CD8+ T cells and improved 

patient prognosis in many different cancer types (Schreiber et al., 2011). Despite 

this, some tumour cells evade the immune system and remain.  

Equilibrium 

Rare tumour subclones that are capable of surviving elimination by the host 

immune system enter a dynamic equilibrium. During this phase, which is often 

the longest, lymphocytes and IFNγ exert potent selection pressure on tumour 

cells which is enough to contain them, but not completely extinguish them (Dunn 

et al., 2002). This constant pressure from the adaptive immune system, coupled 

with genetic instability of tumour cells can select for subclones that have reduced 

immunogenicity and can therefore evade immune recognition and destruction 

(O’Donnell et al., 2019). These immunoedited tumours can then enter into the 

escape phase, in which their growth is unrestrained and disease becomes 

clinically apparent (O’Donnell et al., 2019).  
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Escape 

There are multiple mechanisms by which tumour cells can escape this equilibrium 

phase. Changes to the tumour cell population itself can occur due to an active 

immunoediting process, such as the occurrence of new mutations which may 

confer increase resistance from an immune attack (Vesely et al., 2011, Dunn et 

al., 2002). For example, induction of anti-apoptotic mechanisms through 

activation of pro-oncogenic transcription factors such as STAT3, and downstream 

expression of anti-apoptotic effector molecules such as BCL-2 (Schreiber et al., 

2011). Moreover, the loss of antigen presentation by malignant cells through 

MHC downregulation and genetic instability creates antigen loss variants that are 

no longer detectable by antigen specific CD8+ T cells (Chen and Mellman, 2013, 

Vesely et al., 2011). Tumour cells or surrounding immunosuppressive cells can 

have increased presentation of immune checkpoint inhibitors, such as PD-1 

which can deactivate T cells (O’Donnell et al., 2019, Chen and Mellman, 2013). 

Furthermore, tumour cells can develop a decreased ability to respond to IFNγ 

through mutations or epigenetic silencing of genes encoding the IFNγ receptor 

signalling components (Vesely et al., 2011).  

Alternatively, or simultaneously, changes to the host immune system can occur, 

such as cancer-induced immunosuppression or natural aging of the immune 

system which can allow these tumour cells to progress unhindered (Vesely et al., 

2011). The establishment of an immunosuppressive tumour microenvironment 

(TME), promoted by suppressive cytokines secreted by tumour cells, or the 

presence of immunosuppressive immune cells, promotes the outgrowth of 

malignant cells (Schreiber et al., 2011).  
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Furthermore, tumour cells can evade detection due to the induction of central or 

peripheral tolerance. Central tolerance is the process of self-reactive T cells being 

eliminated or converted to a regulatory phenotype in the thymus. In this case, 

tumours that lack neoantigens will not be detected by the adaptive immune 

system and are free to grow unhindered (Vesely et al., 2011). Peripheral 

tolerance is an important process whereby T cells reactive with self-antigens not 

expressed in the thymus are deleted or rendered nonresponsive in the periphery. 

In this case, some level of anti-tumour immune response may be initiated 

transiently before tolerance is induced, leading to tumour progression (Vesely et 

al., 2011).  

1.3.5 Cancer immunotherapy 

For decades the standards for treating cancers included surgery, chemotherapy 

and radiotherapy. More recently, the manipulation of the immune system in order 

to reactivate its inherent anti-tumour response, or to overcome the pathways 

leading to escape, has gained much precedent (Kennedy and Salama, 2020). To 

be effective, immunotherapies must increase the quality or quantity of immune 

effector cells, reveal additional protective tumour antigens and/or eliminate 

cancer induced immunosuppressive mechanisms (Schreiber et al., 2011). 

Multiple mechanisms have been investigated, including; (a) vaccination 

approaches to elicit strong specific immune responses against tumour antigens, 

(b) immune checkpoint blockade (ICB) through inhibition of molecular and cellular 

mediators of cancer-induced suppression, such as CTLA-4 or PD-1, (c) 

administration of monoclonal antibodies (mAbs) against tumour antigens and (d) 

adoptive cell therapy (ACT) involving the transfer of expanded naturally arising 

or genetically engineered lymphocytes (Schreiber et al., 2011). Of the 
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aforementioned, a and b are considered to be active immunotherapy, while c and 

d are considered passive. Effective immunotherapy that can drive tumours back 

to the elimination phase, would be reflected in a complete response by a patient 

(O’Donnell et al., 2019).  
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1.4 Adoptive Cell Therapy 

Harnessing the adaptive immune system, namely T cells, has multiple benefits. 

T cell responses are specific and can allow for the discrimination between 

malignant and non-malignant cells. On activation, T cell responses are robust 

and they have the ability to traffic to the site of infection or malignancy. Finally, T 

cells can form an immunological memory after initial response (Pennock et al., 

2013). ACT has emerged as a new therapeutic pillar within oncology, aiming to 

overcome tumour-induced immunosuppression and to boost the immune 

system’s ability to recognise tumour cells, thus enabling immune-mediated 

tumour clearance (O’Donnell et al., 2019). This can include the use of tumour-

infiltrating lymphocytes (TIL), or T cells engineered to express a TCR or a 

chimeric antigen receptor (CAR) (Rohaan et al., 2019). 

1.4.1 Chimeric Antigen Receptors 

The concept of CAR T cell therapy was originally developed by Eshhar et al., who 

created fusion molecules which utilised the specificity of monoclonal antibodies 

directed against surface antigens expressed on tumour cells. These were 

combined with the cytotoxic activity of T cells resulting in the destruction of said 

tumour cells without the requirement of antigen presentation through MHC 

(Eshhar and Gross, 1990). In this way CAR T cells employ natural T cell activation 

pathways as TCR expressing cells, but bypass the need for peptide presentation 

(Lim and June, 2017, Rohaan et al., 2019). The use of CAR T cells targeting 

CD19 has been revolutionary in the treatment of haematological malignancies; 

yielding up to 90% complete remission in refractory B cell leukaemia (Labanieh 

et al., 2018).  
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These engineered molecules are generally comprised of three modular regions; 

an extracellular binding domain, a spacer and transmembrane domain followed 

by intracellular signalling domain(s) (Figure 1.6). The generation of CAR is 

dependent on how many co-stimulatory domains are present (Gacerez et al., 

2016). It is still not completely understood how the complete CAR structure 

determines its function or the complexity of CAR intracellular signalling as well 

the web of interactions between CAR T cells and other protagonist cells within 

the tumour microenvironment (TME) of a cancer in vivo (Ajina and Maher, 2018). 

Table 1.1 documents the pros and cons comparing first, second and third 

generation CAR T cells. 

 

Figure 1.6 Schematic showing the generations of CAR T cell therapies 

CAR T cell constructs comprise of an single chain variable fragment (scFv) domain made up 
of heavy (Vh) and light (Vl) chains derived from monoclonal antibodies, joined by a linker. They 
also contain a spacer region, transmembrane domain (TM) and a CD3ζ domain. The inclusion 
of one or more co-stimulatory domains (CS) determines which generation the CAR construct 
is classified as; first generation CARs contain CD3ζ only, second generation CARs contain the 
addition one co-stimulatory domain and third generation contain the addition of two co-
stimulatory domains.  
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Table 1.1 Pros and cons for three CAR T cell generations 

CAR Generation Pros Cons 

First generation Less prone to exhaustion or side 
effects 

Lacks potency and 
proliferation with no 
costimulatory domain  

Second generation Increased potency and efficacy 
with inclusion of one co-
stimulatory domain 

Increased chance of side 
effects with inclusion of one 
co-stimulatory domain 

Third generation Higher potency with two co-
stimulatory domains, can mix 
and match co-stimulatory 
domains of different phenotypes 

Higher potency increases 
rick of side effects and 
exhaustion   

 

1.4.1.1 CAR binding domain 

The antigen recognition and binding domain of the CAR construct is the 

extracellular portion that re-directs the specificity of the T cell. Most commonly, 

this is a single-chain variable fragment (scFv) composed of variable heavy (VH) 

and light (VL) chains derived from monoclonal antibodies. These are often joined 

with a glycine-serine flexible linker; the commonly used (Gly4Ser)3 peptide results 

in a flexible and soluble linker that results in proper scFv folding (Dwivedi et al., 

2019). 

Since the scFv is derived from an antibody, the receptor is able to bind antigens 

without the need for these to be presented by MHC molecules, thus enabling 

MHC-independent activation (Rafiq et al., 2020). Usually, a CAR is targeted 

against an antigen which is expressed on tumour cells. Ideally this antigen would 

be restricted to, and universally expressed on malignant cells alone, such as a 

tumour-specific antigen (TSA) or a neoantigen. However the identification of truly 

cancer specific antigens is rare and expression of TSAs can be highly 

heterogeneous, both within the same patient and amongst different patients 

suffering from the same malignancy (Liu et al., 2019). Therefore, CAR T cells are 
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most commonly redirected against tumour-associated antigens (TAAs). These 

antigens are overexpressed on malignant cells but are still present on non-

malignant cells, albeit at much lower densities (Watanabe et al., 2018). Targeting 

of these TAAs, however, carries the risk of on-target off-tumour toxicity through 

the destruction of otherwise healthy tissue that express the antigen of interest. 

Discovering targets that provide sufficient discrimination between malignant and 

healthy tissue is challenging and the majority of clinical trials investigating CAR T 

cells so far demonstrate evidence of some cross-reactivity toward non-malignant 

cells (Lim and June, 2017). In some cases, CAR T cells are directed against 

alternative targets, for example, inhibitory cells or soluble ligands that are present 

in the TME. Transforming growth factor beta (TGFβ) is an example of a cytokine 

which plays a suppressive role in the microenvironment of many cancer types. 

Targeting of this cytokine by CAR T cells can silence it, preventing its inhibition 

of T cells and transforming the TME from a suppressive to an immune supporting 

environment (Chang et al., 2018).  

The scFv can affect the characteristics of the CAR beyond solely recognising and 

binding the target antigen. The affinity and avidity of an scFv are important 

considerations. The affinity is defined as the strength of the binding interaction 

between a single antigen and the binding region of an scFv, while the avidity is 

the accumulated strength of multiple affinities, from multiple binding interactions, 

and therefore depends on the number of receptor ligand pairs and target antigen 

density (Rudnick and Adams, 2009). The affinity can be affected by the 

interaction of the CDRs in the light and heavy chains of the scFv (Chailyan et al., 

2011). Equally, the avidity of an scFv is required to be high enough to effectively 

recognise tumour cells and induce CAR signalling and T cell activation; however, 



53 
 

exclusively high affinity scFvs can lead to activation-induced cell death (AICD) of 

the CAR expressing cell, antigen-independent tonic signalling and potential 

toxicities (Watanabe et al., 2014). Drent et al., demonstrated that a reduced 

affinity scFv combined in a CAR directed against CD38, showed optimal 

proliferation, production of cytokines and cytotoxic activity against CD38 

expressing multiple myeloma cells, but spared CD38+ healthy hematopoietic 

cells in vitro and in vivo (Drent et al., 2017). This demonstrates the importance of 

the balance between target antigen expression levels on malignant and healthy 

tissues to achieve discrimination between reactivity against these respective 

tissues. There is seemingly a ‘therapeutic window’ that can be exploited, by which 

healthy antigens overexpressed on malignant cells, can be targeted with affinity 

tuned CAR T cells which won’t be activated in the presence of low target antigen; 

on healthy tissue for example (Hudecek et al., 2013, Caruso et al., 2015, Majzner 

et al., 2020). 

It further highlights that the binding affinity of a CAR is related to both safety and 

efficacy, and that higher affinity is not necessarily better (Martinez and Moon, 

2019). For example, an in vivo study found that CAR T cells targeting ICAM-1, a 

marker associated with many solid tumours but also on normal tissue, were safer 

and more effective when bearing CARs with micromolar affinity than those with 

higher, nanomolar affinity (Park et al., 2017). Furthermore, it was demonstrated 

that the CAR with lower affinity showed less exhaustion and enhanced 

proliferation in vivo (Ghorashian et al., 2019). Low affinity of a TCR and its cancer 

associated pMHC can result in failed antigen recognition, however high affinity 

can be accompanied by autoimmune responses, which can lead to adverse 

effects of those treated with ACT (Zhong et al., 2013). CAR T cell function is 
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governed by CAR density as well as target antigen density, where low expression 

of either can result in limited functionality and sensitivity of CAR T cells 

(Watanabe et al., 2018). On the other hand, continuous signalling of the CAR, or 

tonic signalling, due to the CAR structure, or high CAR density, can result in 

inferior anti-tumour effects, increased T cell differentiation, exhaustion and 

activation induced cell death (AICD) (Long et al., 2015).  

1.4.1.2 Transmembrane and spacer region  

The transmembrane domain (TMD) and spacer region (also referred to as ‘hinge’ 

or ‘stalk’ depending on the length) connect the extracellular scFv of the CAR to 

the intracellular signalling domains. While the TMD anchors the structure to the 

cell membrane, the spacer projects the scFv into the extracellular cytoplasmic 

space and should provide both sufficient flexibility to mediate an immune 

synapse, and length to facilitate access to the target antigen (Rafiq et al., 2020, 

Chailyan et al., 2011). The TMD is usually derived from type I proteins such as 

CD3ζ, CD28, CD4 and CD8α chain (van der Stegen et al., 2015). It has been 

shown that the domain used can influence the stability and function of the CAR. 

For example, CAR T cells containing the CD28 TMD are thought to be more 

stable than those harbouring the TMD of CD3ζ (Dotti et al., 2014).  

The importance of including a spacer region was originally documented by Moritz 

and Groner (1995) who demonstrated it was crucial for the function of an anti-

ErbB2 CD3ζ first generation CAR (Moritz and Groner, 1995). Amino acid 

sequences from CD8, CD28 and IgG-derived peptides such as IgG1 or IgG4, 

have all been utilised as CAR spacer regions (Gacerez et al., 2016). Along with 

projection into the extracellular space and flexibility, the spacer allows for 
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dimerisation between scFvs which can further improve CAR stability (Guedan et 

al., 2018a, Gacerez et al., 2016). The optimal length of each CAR spacer should 

be determined on a case by case basis, as it represents an important domain of 

the receptor. Of course, this can be influenced by multiple factors; including the 

architecture of the target antigen and the position of the binding epitope on the 

target antigen that the scFv is recognising. Factors such as these will determine 

the size of the immune synapse, and therefore the distance that is required 

between the effector and target cell to obtain optimal T cell activation. A longer 

and/or more flexible spacer might provide extra flexibility to allow for a CAR to 

have better access to binding epitopes that are proximal to the target cell 

membrane (Guedan et al., 2018a). An example of this is the Fc IgG derived 

‘CH2CH3 spacer’, composed of the constant heavy chain domains, CH2 and 

CH3, from either IgG1 or IgG4 (Gacerez et al., 2016).  

Two of the most frequently used spacer regions are the CD8 and Fc spacers, 

which are used in this project. The CD8 spacer is shorter, made up of 45 amino 

acids, while Fc spacers are longer depending on which immunoglobulin they are 

derived from; IgG1 CH2CH3 made up 234 amino acids, and IgG4 CH2CH3 made 

up of 228 (Schäfer et al., 2020). The use of Ig-derived spacers is particularly 

attractive as it provides the opportunity to modulate the spacer length, by 

removing parts of the CH2CH3 domain, while still retaining the nature of the 

parent protein (Schäfer et al., 2020). Another common reason for the use of Fc 

spacers, is the ability to quantify and purify Fc CAR expressing cells from T cell 

populations, using anti-Fc antibodies (Jayaraman et al., 2020). Saying this, the 

use of Fc spacers has been heavily linked to off-target activity (Watanabe et al., 

2016). Typically, the CD8 spacer is used instead of a CD28 derived spacer, which 
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has been shown to have increased dimerisation, greater cytokine release and 

subsequently AICD (Jayaraman et al., 2020). Modulation of the CD8 spacer, 

through the addition of residues or truncation, dramatically altered in vitro and in 

vitro responses, demonstrating the importance in considerations in the spacer 

region used within CAR T cell structures (Ying et al., 2019). It is important to 

remember that the choice of spacer should reflect the immune synapse, and the 

location of the binding epitope. 

1.4.1.3 Signalling domains  

In order to generate a productive T cell response upon scFv engagement, a CAR 

must contain intracellular signalling domains. Initial experiments using a single 

CD3ζ domain first generation CAR showed low cytotoxicity and proliferation due 

to lack of co-stimulation and lack of cytokine production (Eshhar and Gross, 1990, 

Eshhar et al., 1993). The addition of co-stimulatory domains gave more optimal 

T cell function, comprising of increased T cell persistence, cytokine production 

and proliferation, especially on repeated antigen exposure (Maher et al., 2002). 

Co-stimulatory domains including CD27, OX40, ICOS and signalling modules 

from the innate immune system such as MyD88 and CD40 have all shown to 

induce different CAR T cell properties (Lim and June, 2017).  

Probably the most widely investigated co-stimulatory domains are CD28 and 4-

1BB (CD137), which when incorporated into CAR design, have been shown to 

increase levels of IL-2 secretion, increase T cell proliferation and mediate greater 

tumour rejection in patients (Lim and June, 2017). However, perhaps not 

surprisingly, functionally these two domains endow a CAR T cell with different 

functional characteristics (Maher et al., 2002). The use of the CD28 domain has 

been shown to induce remission more quickly in patients with more rapid T cell 
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activity and differentiation into effector memory cells (Kawalekar et al., 2016), 

which subsequently results in CAR T cell exhaustion (Lim and June, 2017). This 

higher level of initial CAR activation could also contribute to side effects such as 

cytokine release syndrome (CRS) in patients, which can be fatal.   

Conversely, CAR T cells expressing 4-1BB has been associated with lower peak 

levels of T cell expansions, leading to increased T cell endurance, persistence 

and a lower risk of side effects including cytokine-mediated toxicities (Maher et 

al., 2002, Lim and June, 2017, Kawalekar et al., 2016). Furthermore, they tend to 

differentiate more frequently into central memory cells (Kawalekar et al., 2016). 

Different malignancies might benefit from CAR T cells incorporating different co-

stimulatory domains. For example, patients with high disease burden and/or 

tumours with a high target antigen density, the inclusion of the 4-1BB endodomain 

may be sufficient and result in less toxicities (Long et al., 2015). On the other 

hand, where low target antigen density is present or an scFv has low affinity for 

its target, the CD28 endodomain may be required to reach the threshold required 

for T cell activation (Maher et al., 2002).  

1.4.2 CAR T cell therapy in neuroblastoma 

As discussed earlier, treatments for neuroblastoma have developed, however 

high relapse rates for high-risk disease cases and unacceptable side effects from 

treatments shows the need for new innovative treatments. While low- and 

intermediate-risk forms of neuroblastoma are highly curable, over half of patients 

with high-risk disease suffer relapse and five year survival is 40-50% (Trigg et al., 

2019). Novel therapies that can offer long-term disease remission, without long 

lasting side effects are required. Naturally with the success of Dinutiximab, the 



58 
 

anti-GD2 mAb, GD2 targeted CAR T cell therapies have been investigated. While 

these GD2 targeting CAR T cells have shown success in neuroblastoma mouse 

models, they have also demonstrated lethal CNS toxicity due to CAR T cell 

infiltration and proliferation within brain regions (Richman et al., 2018, Long et al., 

2015, Long et al., 2016). Furthermore, several clinical trials have shown partial 

responses to GD2 CAR T cell therapy, these results have not been as robust and 

prolonged as seen with those in haematological malignancies (Pule et al., 2008, 

Louis et al., 2011, Park et al., 2007, Yang et al., 2017, Straathof et al., 2020).  

Preclinical mouse model investigations have sought to identify other CAR T cell 

therapies for neuroblastoma. CAR T cells developed against Glypican-2 (GPC2), 

a cell surface heparan sulfate proteoglycan important for neuronal cell adhesion 

and neurite outgrowth, was investigated in a disseminated neuroblastoma mouse 

model. This model had tumour metastasis to multiple clinically relevant sites, in 

which a GPC2 CAR T cell significantly suppressed the growth of metastatic 

neuroblastoma cells in mice (Li et al., 2017). Furthermore, CAR T cells targeting 

B7-H3 have been utilised in neuroblastoma xenograft models. B7-H3 belongs to 

the B7 immune co-stimulatory and co-inhibitory family and is aberrantly 

expressed in neuroblastoma, along with other malignancies. B7-H3 targeting 

CAR T cells have also shown antitumour effects in neuroblastoma xenograft 

models (Du et al., 2019). An alternative ALK CAR T cell was also investigated in 

a xenograft mouse model of neuroblastoma. Walker et al.,demonstrated limited 

efficacy in vivo with this anti-ALK CAR (Walker et al., 2017). However, as with 

CAR T cells in all solid tumours, there remains challenges in the design of these 

therapies for neuroblastoma; including suboptimal T cell persistence and 
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potency, lack of target antigen choice and the immunosuppressive 

microenvironment (Richards et al., 2018, Lim and June, 2017).  

1.4.3 Challenges for solid tumours 

There are multiple reasons why translating CAR T cells from haematological 

malignancies to solid tumours is difficult. These include; finding the tumour, 

access into the tumour, and surviving in the tumour, which are discussed below.  

Antigen selection  

The first step to a successful ACT is selection of an optimal antigen for CAR 

targeting. One major limitation in solid tumours is antigen heterogeneity; the 

variability in the expression of the antigen on the cells within a given tumour 

(Newick et al., 2017). Solid tumours rarely express one tumour specific antigen, 

most likely expressing multiple TAAs which are enriched on the tumour but also 

present at low levels of normal tissue, in most cases the organ of tumour origin 

(Martinez and Moon, 2019, Richards et al., 2018). Of course, this raises safety 

concerns - for example in one case, fatal cytokine release syndrome (CRS) was 

reported from the targeting of human epidermal growth factor 2 (HER2) with CAR 

T cells for metastatic colon cancer, due to the recognition of low-levels of HER2 

expressed in healthy lung epithelium (Morgan et al., 2010). 

Even in a setting of a uniformly expressed TAA, there is a possibility of antigen 

loss or antigen escape in which the target antigen disappears from the surviving 

tumour. Both heterogeneity of target antigen expression and evolution of antigen-

loss variants under selection pressure from CAR T cells represent a major 

limitation of CAR therapy, which normally has been restricted to one or two 

tumour antigens (Brown et al., 2019). Immunoediting can occur with the 
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subsequent removal of the most immunogenic epitopes which can lead to tumour 

escape; this has previously been shown with CD19 negative escape variants in 

leukaemia (Restifo et al., 2012).  

Overcoming physical barriers 

In the case of solid tumours, it is necessary that CAR T cells should traffic and 

infiltrate the tumour site (Brown et al., 2019). Access of CAR T cells to their target 

is, in part, dictated by the surrounding TME. Tumour cells establish a complex, 

immunosuppressive niche made up of multiple components which contribute to 

physical, chemical and metabolic barriers to infiltrating immune cells. The 

tumours are surrounded by dense extracellular matrix, tumour stroma and 

abnormal vasculature, which physically impede CAR T cell entry (Watanabe et 

al., 2018, Martinez and Moon, 2019). Compared to healthy vasculature, tumour 

vasculature is disorganised resulting in impaired circulation and resultant hypoxia 

with increased interstitial pressure (Galluzzi et al., 2018, Richards et al., 2018). 

The TME contains multiple suppressive cell types, both from the tumour and the 

immune system, namely; cancer associated fibroblasts (CAFs), tumour 

associated macrophages (TAMs), myeloid-derived suppressor cells (MDSCs) 

and Tregs. These cells, along with tumour cells, secrete factors such as TGFβ, 

reactive oxygen species (ROS) and lactate which contribute towards abnormal 

vasculature production and further render the microenvironment toxic and 

suppressive (Martinez and Moon, 2019). A mismatch between the chemokines 

released by the tumour or tumour stroma and the chemokine receptors expressed 

on T cells can also impede lymphocyte homing to the tumour site (Martinez and 

Moon, 2019, Vignali and Kallikourdis, 2017).  
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Surviving the tumour microenvironment  

The expression of CD19 on healthy B cells, as well as on malignant B cells, might 

be one of the many reasons the anti-CD19 CAR T cell therapy can persist and 

proliferate in vivo. Furthermore, this works in a patient scenario because the loss 

of CD19+ healthy B cells, also known as B cell aplasia, is considered a tolerable 

side effect which can be treated. This is most likely not the case with solid tumour 

antigen expression on healthy tissues, and on-target off-tumour toxicity would be 

mostly intolerable.  

Tumours overexpress immunosuppressive cytokines, including vascular 

endothelial growth factor (VEGF) and TGFβ which further promotes the 

expression of co-inhibitory receptors, such as PD-1 and CTLA-4 (O’Donnell et 

al., 2019). Moreover, suppressive immune cells such as Tregs, MDSCs and 

TAMs also express inhibitory ligands which drive tumour-infiltrating CD8+ T cells 

into exhaustion (Maher et al., 2002, Galluzzi et al., 2018, Chen and Mellman, 

2013). The glycolytic metabolism of tumour cells produces soluble metabolites 

that render the TME hypoxic, acidic, low in nutrients and prone to oxidative stress; 

all of which contribute too reduced lymphocyte activation, diminished proliferation 

and reduction in effector activity (Martinez and Moon, 2019, O’Donnell et al., 

2019).  

Understanding how CAR T cells gain access to the solid tumour is an important 

and interesting question. Animal models of solid tumours where CAR T cells are 

effective show accumulation in the tumour site, but limited accumulation in other 

organs (Martinez and Moon, 2019). There are two broad hypothesis of this; the 

first being there is increased recruitment to the tumour site because of 



62 
 

inflammatory cues such as local cytokine and chemokine leading to enhanced 

extravasation. The second being that CAR T cells pass through all tissues 

including the tumour, but specifically remain in the tumour due to the formation of 

a synapse through antigen recognition, leading to local cytokine production to 

recruit more T cells leading to local accumulation (Benmebarek et al., 2019). This 

is known as antigen specific retention.  

1.4.4 Mechanisms to overcome challenges in solid tumours 

Given the challenges presented above with targeting solid tumours, there are 

multiple novel CAR engineering strategies to attempt to overcome these issues. 

The lack of cancer specific antigens which are present only on the surface of 

tumours can result in the destruction of healthy tissues also expressing these 

antigens. Dual-targeting CAR systems have been investigated by multiple groups 

in which signal 1 and signal 2 within the CAR are physically dissociated into two 

separate CAR T cells of differing antigen specificity. In this way, the CAR should 

only signal effectively on engagement with both cancer associated antigens, 

which in theory has a higher chance of being solely at the tumour site (Lanitis et 

al., 2013, Wilkie et al., 2012, Kloss et al., 2013). This system can also help 

overcome tumour heterogeneity and tumour escape due to loss of antigen 

expression.  

Attempts to overcome the suppressive TME has included development of CAR T 

cells targeting elements of this microenvironment, for example, targeting 

fibroblast activation protein (FAP) have been investigated, a protease involved in 

extracellular matrix remodelling (Tran et al., 2013, Kakarla et al., 2013). Further 

attempts to enhance CAR T cell functionality involve boosting proliferation and 
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persistence. For example, engineering CD19 CAR T cells to constitutively 

express CD40 ligand (CD40L), a protein which binds to its cognate receptor 

CD40 expressed on multiple malignancies, but a pathway involved in multiple 

events such as T cell proliferation and cytokine secretion (Curran et al., 2015). 

Fourth generation CAR T cells, or ‘T cells redirected for antigen-unrestricted 

cytokine-initiated killing’ (TRUCKS), are designed to deliver a cytokine of choice 

to the targeted tissue on engagement of target antigen, driven by a promoter 

stimulated through CD3ζ-ZAP70 cascade (Chmielewski and Abken, 2020). Given 

the therapeutic success of CAR T cell therapies in haematological malignancies, 

there is much research into improving their use in the solid tumour field.  
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1.5 PhD research aims 

This project was designed to investigate a potential CAR therapeutic targeting 

ALK. We hypothesised that ALK will represent a suitable target for CAR T cell 

therapy in neuroblastoma. Based on this, the individual results chapter aims were 

as follows: 

1. Investigate the feasibility of ALK as a target with a panel of anti-ALK 

second generation CAR T cells  

2. Determine the phenotypic profiles of ALK CAR T cells with different CAR 

structures 

3. Functionally compare the lead ALK CAR T cell identified with a panel of 

other ALK CAR T cells which contain a previously published anti-ALK scFv 

4. Investigate the combination of ALK into a dual-targeting CAR system 

combined with another CAR for neuroblastoma 
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2 Materials and Methods 

2.1 Molecular techniques  

2.1.1 Retrovirus for gene transfer 

Retroviral vectors, such as gamma (γ)-retroviruses, are an efficient delivery tool 

for the transfer of nucleic acids, including gene sequences that encode CAR 

constructs (Maetzig et al., 2011). Retroviruses are capable of reverse transcribing 

their single stranded RNA genome, into double stranded DNA which can then be 

integrated in a stable manner into the host genome (Temin and Mizutani, 1970). 

The long-term expression of genes transferred in this way is possible; however 

non-specific incorporation of viral DNA throughout the host genome, and the 

generation of replication competent retrovirus in gene-modified cells can result in 

negative implications; some of which can be fatal (Vargas et al., 2016, Maetzig 

et al., 2011). In order to avoid this, genes which are essential for successful host 

infection are delivered in separate expression plasmids which lack other retroviral 

components; known as split packaging design (Maetzig et al., 2011). These 

essential genes encode viral proteins, including: Gag which encodes structural 

glycoproteins and is required for the assembly of viral particles, pol which 

encodes enzymes necessary for viral replication and integration into the host 

genome and env which produces envelope proteins embedded in the viral 

membrane that enable viral attachment to cellular receptors and fusion with target 

cells (Vargas et al., 2016).  

The CAR constructs investigated in this PhD were previously cloned into SFG γ-

retroviral plasmids, shown in Figure 2.1. These plasmids contain long terminal 
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repeats (LTR) and the psi packaging signal of moloney murine leukaemia virus 

(MoMLV), which are both necessary for the insertion of the viral genome into the 

host DNA, through driving transcription and encapsulation of the inserted genome 

into viral particles, respectively (Vargas et al., 2016). Along with this is an 

ampicillin resistance gene, which enabled the selection of successfully 

transduced clones. In this instance the gene of interest, a second generation ALK 

CAR, is co-expressed with an RQR8 molecule. RQR8 is an 136 amino acid 

protein that is recognised by the anti-CD34 antibody QBend10 and also renders 

T cells susceptible to lysis by the therapeutic monoclonal antibody rituximab 

(Philip et al., 2014). The CAR construct and RQR8 are separated by a T2A self 

cleaving peptide. This allows for the expression of RQR8 and the ALK construct 

as separate proteins encoded from a single open reading frame (ORF). Using a 

T2A between these two proteins, allows for equimolar production of the protein 

products within a single vector (Szymczak-Workman et al., 2012). Furthermore, 

this allows for the transduction efficacy to be assessed by RQR8 surface 

expression, through CD34 antibody binding.   
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Figure 2.1 SFG γ-retroviral vector  

A schematic illustrating the SFG γ-retroviral vector used within this project. The plasmid 
contains the second generation ALK CAR construct co-expressed with RQR8, separated by a 
T2A molecule. The CAR construct contains a CD28 costimulatory domain and CD3ζ 
endodomain along with stalk and transmembrane regions. The plasmid also contains LTR’s 
and MoMLV packaging signal and ampicillin resistance gene. 

 

2.1.2 Cloning products 

All cloning strategies, oligonucleotides (gene blocks) and primers used in this 

thesis were designed using SnapGene (Version 4.2.11) and purchased from 

Integrated DNA Technologies (IDT) or ThermoFisher Scientific. Where gene 

blocks were used, they were initially amplified through polymerase chain 
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reaction (PCR) with the relevant primers to increase the amount of product 

available for further cloning. For this, and for cloning strategies, Phusion High-

Fidelity PCR (NEB) was used, as per manufacturer’s instructions, to produce 

blunt end products, which could be ligated together where necessary (section 

2.1.5). A representative 50µL PCR reaction mastermix and PCR protocol are 

showed in Table 2.1 and  

 

 

 
 
 
 
 
 
 

Table 2.2.  

Table 2.1 50µL PCR reaction  

Reagent Amount 

Nuclease Free Water Up to 50µL 

5x Phusion HF Buffer 10µL 

10mM dNTPs 1µL 

10µM Forward Primer 2.5µL 

10µM Reverse Primer 2.5µL 

DNA to be amplified 0.1-1 ng 

Phusion DNA Polymerase 0.5µL 
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Total Volume 50µL 

 

 

 
 
 
 
 
 
 
 

Table 2.2 General PCR cycling conditions 

Step Cycles Temperature Time 

Initial Denaturation 1 98°C 30 seconds 

Denaturation 15-35 98°C 5-10 seconds 

Annealing  45-72°C 10-30 seconds 

Extension  72°C 15-30 seconds per kb 

Final Extension 1 72°C 5-10 minutes 

Final 1 4°C Forever 

 

2.1.3 Detection of PCR product, extraction and purification  

PCR products were separated by electrophoretic separation when required. 

Briefly, DNA products were mixed with 1x DNA loading buffer (NEB) and run by 

electrophoresis on a 1% agarose gel containing ethidium bromide at 120V for ~1 

hour. The bands were identified for correct length by comparing the bands to a 

1Kb plus DNA ladder (NEB) by visualising on a blue UV light transilluminator 

(VWR) in a dark room. If required for further cloning, the bands of interest were 

extracted from the gel using a scalpel. The extracted bands were purified with a 
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DNA purification kit (Wizard SV Gel and PCR Clean-Up System, Promega) as 

per manufacturer’s instructions and the DNA was eluted into 25µL of nuclease-

free water.  

2.1.4 Double digestion  

DNA fragments (inserts) and receiving vectors were double digested using the 

relevant restriction enzymes (incubation time and temperature of digestion 

dependant on the restriction enzymes used). These products were run on a 1% 

agarose gel and the required bands extracted and purified as previously 

described (Section 2.1.3). A representative 50µL double digest reaction is 

described in Table 2.3.  

Table 2.3 50µL double digest reaction 

Reagent Amount 

DNA 1µg 

10x Buffer  5µL (1x) 

Restriction Enzymes 1µL each (10 units) 

Nuclease Free Water Up to 50µL 

 

2.1.5 Ligation reaction 

The digested DNA products (insert and vector) were ligated at the following 

insert:vector ratios: 1:1, 2:1, 3:1, 5:1 and 7:1. The insert:vector ratio was 

calculated as follows: 



71 
 

 

A vector alone reaction with no insert was used as a control. Briefly, the vector 

and insert were mixed with QuickLigase (NEB) on ice and incubated for 5 minutes 

at room temperature. If this reaction was being immediately transformed it was 

returned to ice (Section 2.1.7), or the reaction could be frozen until it was used at 

a later date. A representative 20µL ligation reaction is described in Table 2.4.  

Table 2.4 20µL ligation reaction  

Reagent Amount 

Quick Ligase Buffer (2x) 10µL 

Digested DNA Amount required as per formula above 

Quick Ligase 1µL 

Nuclease Free Water Up to 20µL 

 

2.1.6 Site-directed mutagenesis  

Site-directed mutagenesis can be used to create direct targeted changes to a 

double stranded DNA plasmid, for example, when an enzyme restriction site must 

be inserted. For this the Q5 Site-Directed Mutagenesis Kit was used (NEB), as 

per manufacturer’s instructions. Briefly, the NEBaseChanger (NEB) was used to 

determine the sequence of forward and reverse primers required. Following this, 

PCR amplification is required with the relevant primers created (as described in 

Section 2.1.2). The PCR product is then used with the kinase, ligase and Dpnl 

(KLD) treatment for 5 minutes at room temperature. An example reaction is 

shown in ). 
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Table 2.5. The product can then be transformed, as described in the following 

section (2.1.7). 

 

Table 2.5 KLD treatment for site-directed mutagenesis 

Reagent Amount 

PCR product 1µL 

KLD Reaction Buffer (2x) 5µL (1x) 

KLD Enzyme Mix (10x) 1µL (1x) 

Nuclease-free water 3µL 

 

2.1.7 Bacterial transformation 

DNA plasmids and ligated DNA products that needed to be amplified were 

introduced into chemically competent 5-alpha high efficiency E.Coli (NEB) for 

expansion, as per manufacturer’s instructions. Briefly, 1 µL of required DNA 

plasmid was added to 25 µL of competent cells and incubated on ice for 30 

minutes. The cells were then heat shocked at 42°C for 35 seconds before 

incubation on ice for at least 2 minutes. Finally, the cells were added to 250 µL of 

SOC outgrowth medium and shaken at 200 RPM at 37°C for 40 minutes. This 

transformed bacteria was spread on agar plates containing ampicillin (100 µg/mL) 

and incubated at 37°C for ~16 hours. All plasmids contain an ampicillin resistance 

gene (Figure 2.1), and therefore only bacterial clones containing the desired 
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plasmid are expected to survive. Individual bacterial colonies can be picked for 

further expansion.  

2.1.8 Small scale plasmid expansion (Miniprep) 

Transformed bacterial colonies required for amplification were expanded in 5 mL 

of LB broth containing ampicillin (100 µg/mL) and cultured at 37°C at 200RPM 

shaking overnight. Plasmid DNA was extracted from the broth mix using a 

QIAprep Miniprep Kit (Quiagen), as per manufacturer’s instructions.  

2.1.9 Medium scale plasmid expansion (Midiprep) 

For larger scale plasmid expansions transformed bacterial colonies were used to 

inoculate 200 mL of LB broth containing ampicillin (100 µg/mL) and cultured at 

37°C at 200RPM shaking overnight. Plasmid DNA was extracted from the broth 

mix using a NucleoBond Xtra midi prep kit (Machery Nagel) as per manufacturer’s 

instructions.  

2.1.10 DNA quantification and sequencing 

The amount of DNA was quantified using a spectrophotometer (Nanodrop 

ND1000) which measures at a wavelength of 260/280nm. Constructs and 

plasmids produced were all validated through DNA sequencing by Source 

BioScience (Nottingham, UK).   
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2.2 Cell culture and primary cell work 

2.2.1 Maintenance of immortalised cell lines 

All cell lines were cultured in a humidified incubator of 37°C with 5% CO2, unless 

otherwise stated. They were all handled under sterile conditions in Biosafety 

Cabinet Class 2 hoods. When required, cell counting was performed using a 

haemocytometer (Immune systems) and Trypan Blue 0.4% (Gibco). Dead and 

dying cells take up Trypan Blue, which allowed for their exclusion and live cells 

were counted under a light microscope. All cell lines were genotyped by short 

tandem repeat (STR) analysis before use and confirmed negative for 

mycoplasma before and during use. Cell lines were cultured in one of the 

following media (see section 2.2.2 and 2.2.3 for more details): 

RPMI Complete media 

 RPMI-1640 media (Sigma) 

 10% foetal bovine serum (FBS) (Gibco) 

 20mM L-glutamine (Sigma) 

 100U/mL Penicillin/Streptomycin (Gibco) 

IMDM Complete media 

 Isocove’s Modified Dulbecco Medium (IMDM) media (Sigma)  

 10% FBS 

 20mM L-glutamine  

 100U/mL Penicillin/Streptomycin  

 12mL HEPES buffer (Sigma) 
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2.2.2 Cell lines used within this project  

A panel of neuroblastoma cell lines was characterised for antigen expression and 

used throughout this project (Table 2.6). Furthermore, the leukaemia cell line 

SUP-T1 wild type (WT) was often used as an antigen negative control, along with 

a number of SUP-T1 cell lines transduced with target antigens, including SUP-T1 

ALK and SUP-T1 GD2 (Table 2.6). This allowed for matched antigen positive and 

negative cell lines. All cell lines displayed in Table 2.6 were cultured in RPMI-

1640 Medium (Sigma), supplemented with 10% FBS and 2mM L-Glutamine, and 

split as required. For splitting of adherent cell lines, 3-5mL of 0.05% Trypsin-

EDTA (Gibco) was added and cultured for 5 minutes in 37°C before neutralisation 

with culture medium. Cells were then washed in fresh RPMI and centrifuged at 

1500RPM for 5 minutes, before being re-plated at optimal confluency.  

Table 2.6 Cell Lines 

Cell Line Origin Characteristic 

SUP-T1 WT T cell lymphoma Suspension 

SUP-T1 ALK  T cell lymphoma Suspension 

SUP-T1 GD2 T cell lymphoma Suspension 

SUP-T1 ALK_GD2 T cell lymphoma Suspension 

Jurkat  Acute T cell leukaemia Suspension 

Lan-1 Neuroblastoma Adherent 

Kelly Neuroblastoma Adherent 

Lan-5 Neuroblastoma Adherent 

IMR32 Neuroblastoma Adherent 

SKNSH Neuroblastoma Adherent 

SKNDZ Neuroblastoma Adherent 

HEK293T Embryonic Kidney Adherent 
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2.2.3 HEK293T cells 

Human embryonic kidney 293T (293T) cells are packaging cells which can be 

used to produce retroviruses through stable transfection. 293T cells were 

cultured and expanded when necessary in IMDM complete media. Cells were 

split when required using 3-5 mL of 0.05% Trypsin-EDTA (Gibco) for 3 minutes 

before neutralisation with culture medium (as described in 2.2.1). 

2.2.4 Irradiation of cell lines 

On occasions, cell lines were required without their growth capacity (for 

stimulation purposes, for example). To achieve this, cells were counted to desired 

concentrations and resuspended in 5mL of RPMI complete media. They were 

irradiated at 40 grays (Gy) with irradiator IBL 437C (94-468). Subsequently they 

were washed with RPMI complete media and centrifuged for 5 minutes at 

1500RPM. Cells were resuspended in RPMI complete media and 10% DMSO 

and stored at -80°C for later use.  

2.2.5 PBMC isolation  

Healthy human peripheral blood mononuclear cells (PBMCs) were isolated from 

whole blood leucocyte cones (NHS Blood and Transplant, Colindale) via density 

gradient centrifugation using Lymphoprep (Stemcell). Blood was removed from 

cones and mixed 1:1 with Phosphate-Buffered Saline (PBS) (ThermoFisher). 25 

mL of blood/PBS mix was slowly layered onto 20 mL of lymphoprep 

(ThermoFisher) before centrifuging for 20 minutes at 2400RPM with no break or 

acceleration. The buffy layer (containing the PBMCs) was transferred carefully 

into a new falcon tube using a Pasteur pipette. This was diluted in PBS and 
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centrifuged again at 1500RPM for 5 minutes. Red blood cells were lysed by 

resuspending the pellet in 5 mL of ammonium-chloride-potassium (ACK) lysing 

buffer (Lonza) for 10 minutes at room temperature. Cells were then washed again 

as before. The PBMC pellet was re-suspended in 50 mL of RPMI complete media 

and counted using a haemocytometer and Trypan Blue (as described in section 

2.2.1).   

2.2.6 Natural killer cell depletion and T cell activation and expansion 

On the day of isolation, PMBCs were depleted of natural killer (NK) cells to 

prevent unspecific lysis of target cells in culture. NK cells express CD56, and can 

therefore be depleted using CD56 Microbeads (Miltenyi), as per manufacturer’s 

instructions. Briefly, anti-CD56+ magnetic beads were incubated with PBMCs 

before passing the cell/beads suspension through a magnetic column. The 

magnetic beads bind to the CD56+ cells allowing for CD56- cells to pass through 

the column and be collected, while CD56+ cells remain on the column through 

positive selection. PBMCs were then activated with 0.5 µg/mL anti-CD3 and anti-

CD28 functional-grade human antibodies (Miltenyi) to allow for specific alpha-

beta (αβ) T cell expansion. T cells were expanded in RPMI complete media 

supplemented with 100 IU/mL Proleukin IL-2 (Novartis) every 2 days in 24 well 

plates at a concentration of 2x106 T cells per well. T cells were typically expanded 

for 72 hours after activation, before used for transduction.  

2.2.7 Retrovirus production 

293T cells were plated at 1.5x106 in 10cm plates (Corning) in 10 mL of IMDM 

complete media and left to adhere for ~30 hours. The following day, when the 

293T cells were typically ~60-70% confluent, the cells were transiently 
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transfected. Initially, 470 µL of plain IMDM media was mixed with 30 µL of 

Genejuice (Merck) in a 15 mL falcon and left for 5 minutes. The components for 

triple transfection (shown below in Table 2.7) were added and incubated for a 

further 15 minutes. 500 µL of transfection mix was added dropwise to the plate of 

293Ts, after removal of 4 mL of IMDM complete media. Retroviral supernatant 

was harvested once at 48 hours post transfection and placed in a falcon tube in 

the fridge overnight. The viral supernatant removed from the plate was replaced 

with fresh IMDM complete media, usually 6 mL. This was further harvested the 

following day (72 hour from transfection), and mixed with the 48 hour supernatant 

harvest. The viral supernatant was centrifuged at 1500RPM for 5 minutes to pellet 

any remaining 293T cells that may have been transferred, and used immediately 

for T cell transduction.  

Table 2.7 Triple transfection reaction  

Component Amount 

Gag-pol (gagpol) 4.6875 µg 

Env (RD114) 3.125 µg 

γ-retrovirus containing construct DNA 4.6875 µg 

Total plasmid DNA 12.5 µg 

 

2.2.8 T cell transduction 

RetroNectin reagent (Takara) was used to improve T cell transduction, as it aids 

the co-localisation of target cells and virus particles. Non tissue culture treated 24 

well plates (Costar) were coated with retronectin in PBS (final concentration of 
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1mg/mL) and incubated at 4°C for 24 hours. The retronectin was removed before 

the plates were used, and either replated or frozen in 50 mL falcons for future use 

(retronectin was used no more than twice). 1.5 mL of retroviral supernatant was 

added to each retronectin coated well. Following this, 3x105 of expanded T cells 

resuspended in 500 µL of RPMI complete media was added to each well. This 

was further supplemented with IL-2 (100units/mL). The plates were centrifuged 

at 1000xg for 40 minutes, at room temperature before incubation at 37°C. 

Transduced T cells were harvested after 3 days and washed with RPMI complete 

media to remove any remaining virus. These transduced T cells were then 

cultured and expanded as per section 2.2.6, in RPMI complete media with IL-2 

added every 2 days.  

2.2.9 Production of SUP-T1 ALK_GD2 

To create a double antigen positive control cell line, SUP-T1 ALK was transduced 

to also express GD2. To do this, retrovirus was produced as previously described 

in section 2.2.7 using a plasmid encoding GD2/GD3 synthase. This virus was 

used to transduce the SUP-T1 ALK cell line, as previously described in section 

2.2.8. 3 days post transduction the cells were washed with RPMI complete media 

to remove any virus. Following this, cells were sorted by flow cytometry to identify 

the high ALK and high GD2 expressing population.  
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2.3 In Vitro Assays 

2.3.1 Cytotoxicity assay 

The cytotoxic activity of ALK CAR T cells against neuroblastoma and SUP-T1 cell 

lines was determined by using a radioactive four hour chromium (51Cr)-release 

assay. Briefly, 1x106 target cells were labelled with 20 µL 51Cr (PerkinElmer) for 

60 minutes at 37°C to allow for uptake into cells. Target cells were washed four 

times with RPMI complete media. Following this, target cells were co-cultured 

with effector CAR T cells at varying effector: target (E:T) ratios (10:1, 5:1, 2.5:1 

and 1.25:1) for four hours at 37°C in 96 well V bottom plates (Grenier). After 

incubation, the plates were centrifuged at 1500RPM for 5 minutes and 150 µL of 

the supernatant was transferred to 96 well OptiPlate-96 HB (PerkinElmer). 

Following this, 50 µL of scintillation fluid was added per well and the plates were 

sealed and incubated overnight. 51Cr release from lysed target cells was counted 

on 1450 MicroBeta Trilux Scintillation Counter (PerkinElmer). Untransduced (UT) 

T cells were used a negative control and target cells lysed with 1% Triton X-100 

(Thermofisher) were used as a maximum 51Cr release control. Specific levels of 

target cell lysis were calculated as follows:  

 

 

2.3.2 Detection of cytokines by ELISA 

The presence of interleukin (IL)-2 and interferon gamma (IFNγ) in co-culture 

supernatant was detected using human IL-2 and human IFNγ enzyme-linked 
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immunoabsorbent assay (ELISA) kits (Invitrogen), as per manufacturer’s 

instructions. ALK CAR T cells and target tumour cells were plated at a 1:1 E:T 

ratio in 48 well plates and co-cultured for 24 hours at 37°C. The following day, 

the plates were centrifuged and 600 µL of supernatant was removed and stored 

at -80°C if not analysed immediately. Briefly, 96 well ELISA plates were coated 

with human IL-2 or human IFNγ capture antibody and stored overnight at 4°C. 

Following blocking for 1 hour to prevent unspecific binding, samples and 

standards were loaded, followed by detection antibody and streptavidin. Human 

IFNγ standards were used to generate a standard curve with the range of 0-500 

pg/mL, while the human IL-2 standards ranged from 0-250 pg/mL. Absorbance 

was measured at 450nm on a microplate reader (Tecan) and corrected by 

subtraction of background control values. During these experiments 

untransduced T cells were used as a negative control. 

2.3.3 Short term proliferation assay 

T cell proliferation on engagement with target cells was measured by the 

detection on cell trace dye by flow cytometry. In order to do this, transduced ALK 

CAR T cells were labelled with CellTrace Violet cell proliferation kit 

(ThermoFisher Scientific), as per manufacturer’s instructions. Briefly, 1 µL cell 

trace stock solution was added to up to 1x106 ALK CAR T cells resuspended in 

1 mL of PBS (5 µM working concentration), and incubated for 20 minutes at 37°C 

protected from the light. After washing, these labelled T cells were plated into 48 

well plates at an E:T of 1:1 with irradiated target cells, in a total of 1 mL RPMI 

complete media. Target cells were irradiated as described in section 2.2.4. 500 

µL of supernatant was carefully removed and replaced with fresh RPMI complete 

media every two days. On day 4 and day 8 of co-culture, cells were removed from 
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the wells and ALK CAR T cell proliferation and cell phenotype were determined 

by flow cytometry, as described in sections 2.4.4 and 2.4.5. UT T cells were used 

a negative control, and ALK CAR T cells stimulated with PMA and Ionomycin 

were used as a positive control in these experiments.  

2.3.4 Short term restimulation assay 

ALK CAR T cells and irradiated target cells were plated at a 1:1 E:T ratio in 48 

well plates in RPMI complete media. 500 µL of media was changed every two 

days as described in section 2.3.3. After 7 days of co-culture, the cells were 

washed and replated with the same stimulation conditions. After a further 24 

hours of co-culture at 37°C, the supernatant was removed. The presence of IL-2 

and IFNγ in the supernatant was measured as previously described in section 

2.3.2.  

2.3.5 Activation and degranulation marker assay 

The surface expression of activation and degranulation markers by CAR T cells 

was investigated. For this assay, CAR T cells were plated as previously described 

in section 2.3.2. After 18 hours of co-cultured the cells were harvested and 

washed. The expression of CD69, CD25 and CD107a were determined by flow 

cytometry, as described in section 2.4.5. 

2.3.6 Long term repeat stimulation proliferation assay 

For long term proliferation assays, cell trace dyes could not be used as the 

proliferation dyes become too dilute after longer periods in culture with higher 

levels of cell divisions. For this experiment, ALK CAR T cells were plated in 48 

well plates at a 1:1 E:T ratio with irradiated target cells, with a total of 1 x 106 cells 
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per well in 1 mL of RPMI complete media. 500 µL of supernatant was carefully 

removed and replaced with fresh RPMI complete media every two days. Every 7 

days, ALK CAR T cell viability and counts were determined, as described in 

section 2.4.6. The remaining co-cultures were also restimulated, with the addition 

of 500,000 irradiated target cells.   
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2.4 Flow cytometry 

2.4.1 Antibodies 

Table 2.8 Antibodies/viability dyes used for flow cytometry 

Specificity  Fluorochrome Clone Manufacturer Dilution  

CD3 BUV395 SK7 BD 3/50 

αβTCR BUV737 IP26 BD 3/50 

αβTCR FITC BW242/412 Miltenyi/BD 3/50 

CD34 APC QBend10 BD 3/50 

CD4 BV510 SK3 BD 3/50 

CD8 PerCP-Cy5.5 RPA-T8 BD 3/50 

CD45RO Alexa Flouro 488 UCHL1 BD 3/50 

CD62L (L-selectin) BV650 DREG-56 BD 3/50 

PD-1 PE J105 BD 3/50 

Tim3 Superbright702 F38-2E2 BD 3/50 

Lag3 PEdazzle594 11C3C65 BD 3/50 

CTLA-4 BV605 BNI3 BD 3/50 

CD69 PE-Cy7 FN50 BD 3/50 

CD25 Alexa Flouro 700 M-A251 BD 3/50 

CD107a (LAMP-1) Alexa Flouro 488 H4A3 Biolegend 3/50 

ALK (mAb13) Primary only  13 Gift (Marc Vigney) 2/50 

Live/Dead  Near IR N/A ThermoFisher 1/100 

Live/Dead Zombie Yellow N/A Biolegend 1/100 

Live/Dead PI N/A BD 1/300 
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2.4.2 Detection of surface ALK 

The expression of ALK on the surface of cell lines wad determined through flow 

cytometry. Briefly, up to 1 x 106 cells were removed from culture and washed with 

2 mL of PBS and centrifuged for 5 minutes at 1500RPM. The supernatant was 

discarded and cells were incubated with anti-ALK mAb13 for 30 minutes (Table 

2.8). Cells were washed as before, and stained with an APC labelled anti-mouse 

IgG antibody for a further 30 minutes. Cells were washed again and resuspended 

in 300 µL of PBS. All samples were analysed on a BD LSR II flow cytometer using 

Diva software (BD). For ALK surface expression, the median fluorescence 

intensity (MFI) was calculated and compared to controls. In all cases, 

compensation beads (OneComp eBeads Compensation Beads Thermofisher) 

were stained with the relevant antibodies (as per manufacturer’s instructions) and 

used for the instrument’s compensation, to prevent fluorescence spillover. All 

results were analysed on FlowJo software Version 10 (Treestar). 

2.4.3 Detection of RQR8-ALK construct transduction efficacy   

Within the constructs, RQR8 is co-expressed with the ALK CAR through the use 

of T2A molecule. The expression of RQR8 was determined through its binding to 

an anti-CD34 antibody, which could be quantified. Briefly, up to 1 x 106 T cells 

were removed from culture and washed with 2 mL of PBS and centrifuged for 5 

minutes at 1500RPM. The supernatant was discarded and cells were incubated 

with a master mix containing FcR blocking reagent (ThermoFisher) and Zombie 

Yellow Fixable Viability Kit (Table 2.8) for 10 minutes. Cells were washed as 

before, and stained with a master mix containing antibodies against CD3, αβTCR, 

CD34 (Table 2.8) for 30 minutes. Cells were washed again and resuspended in 
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300 µL of PBS. All samples were collected on a BD LSR II Fortessa flow 

cytometer using Diva software (BD). In all cases, compensation beads 

(OneComp eBeads Compensation Beads Thermofisher) were stained with the 

relevant antibodies (as per manufacturer’s instructions) and used for instrument’s 

compensation, to prevent fluorescence spillover. All results were analysed on 

FlowJo software Version 10 (Treestar). 

2.4.4 Short term proliferation 

The proliferation of T cells labelled with cell trace violet (described in section 

2.3.3) were detected via flow cytometry. Briefly, cultured T cells were removed 

from wells and washed with PBS by centrifuging for 5 minutes at 1500RPM. The 

supernatant was discarded and cells were stained with a Near IR fixable live dead 

dye (Table 2.8) as per manufacturer’s instructions. Cells were incubated for 30 

minutes and subsequently washed as before. They were then stained with a 

master mix containing antibodies against CD3, αβTCR, CD34 (Table 2.8) for 30 

minutes. Cells were washed again and resuspended in 300 µL of PBS. All 

samples were analysed on a BD LSR II flow cytometer using Diva software (BD). 

In all cases, compensation beads (OneComp eBeads Compensation Beads 

Thermofisher) were stained with the relevant antibodies (as per manufacturer’s 

instructions) and used for instrument’s compensation, to prevent fluorescence 

spillover. All results were analysed on FlowJo software Version 10 (Treestar). 

2.4.5 Detection of cell surface markers  

Immunostaining for cell surface markers included the detection of CD4, CD8, 

CTLA-4, Tim3, Lag3, PD-1, CD69, CD25, CD45RO, CD107a and CD62L (Table 

2.8). Briefly, cultured T cells were removed from wells and washed with PBS by 
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centrifuging for 5 minutes at 1500RPM. The supernatant was discarded and cells 

were stained with a Near IR fixable live dead dye (Table 2.8) as per 

manufacturer’s instructions. Cells were incubated for 30 minutes and 

subsequently washed as before. They were then stained with a master mix 

containing the relevant antibodies and incubated for 30 minutes. Cells were 

washed again and resuspended in 300µL of PBS. When staining for the 

degranulation marker CD107a, an initial pre-incubation was required. Cells were 

incubated with a mastermix containing monensin (Biolegend) at a final 

concentration of 1 µL/mL and anti-CD107a antibody for 3 hours at 37°C. 

Following this cells were washed. Staining for other cell surface markers occurred 

subsequently, as previously described. All samples were collected on a BD LSR 

II flow cytometer using Diva software (BD). In all cases, compensation beads 

(OneComp eBeads Compensation Beads Thermofisher) were stained with the 

relevant antibodies (as per manufacturer’s instructions) and used to prevent 

fluorescence spill over. All results were analysed on FlowJo software Version 10 

(Treestar). 

2.4.6 Long term proliferation  

Long term proliferation was investigated by determining ALK CAR T cell counts. 

Briefly, cultured T cells were removed from wells and washed with PBS by 

centrifuging for 5 minutes at 1500RPM. The supernatant was discarded and cells 

were incubated with FcR blocking reagent for 10 minutes (Table 2.8). Cells were 

subsequently washed as before, and the supernatant was discarded. They were 

then stained with a master mix containing antibodies against αβTCR and CD34 

(Table 2.8) for 30 minutes. Cells were washed again and resuspended in 300µL 

of PBS. Immediately before running, 1 µL of the live/dead dye PI was added. All 
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samples were collected on a FACSCalibur (BD) flow cytometer using CellQuest 

Pro software (BD). In all cases, compensation beads (OneComp eBeads 

Compensation Beads ThermoFisher Scientific) were stained with the relevant 

antibodies (as per manufacturer’s instructions) and used for instrument’s 

compensation, to prevent fluorescence spillover. All results were analysed on 

FlowJo software Version 10 (Treestar). 

2.5 Data and statistical analysis 

Data was analysed with GraphPad Prism 7, which was used to produce graphs 

and determine statistical analysis. Graphs are displayed at mean±SD unless 

otherwise stated. Statistical tests used are stated in the figure legends. For 

normally distributed numerical data, determined by Gaussian distribution on 

GraphPad Prism, parametric tests were used to determine significance of 

difference between groups. Analysis of variance (ANOVA) was used, unless 

otherwise stated. Significance is represented by: *p<0.05, ** P<0.01, *** p<0.001, 

**** p<0.0001.  
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3 Characterisation of ALK CAR T cells 

3.1 Introduction 

The selection of a target antigen for the development of T cell based therapies is 

of significant importance. Ideally, the target should be expressed highly and 

uniformly on malignant tissue with no expression on healthy cells. However, in 

the majority of cases CAR T cell therapies are produced against antigens that are 

overexpressed on malignant cells but also expressed at low levels in healthy 

tissues: these antigens are known as Tumour associated antigens (TAAs). The 

expression on healthy tissue gives rise to the risk of on-target off-tumour toxicity. 

GD2 as a target for CAR T cell therapy was described by Rossig et al., and the 

efficacy of anti-GD2 CAR T cells for the treatment of neuroblastoma was 

evaluated in a number of clinical trials (Rossig et al., 2001, Heczey et al., 2017, 

Pule et al., 2008). However, the targeting of GD2 presents a number of 

challenges. GD2 expression on healthy tissues has been shown on neurons, 

melanocytes and peripheral nerve fibres, posing further risk for on-target off-

tumour toxicity (Alvarez-Rueda et al., 2011). A preclinical murine model showed 

severe lethal CNS toxicity caused by affinity matured GD2 CAR T cell infiltration 

and proliferation within the brain that resulted in neuronal destruction (Richman 

et al., 2018). Furthermore, sensorimotor demyelinating polyneuropathy and other 

central neuropathies have been observed with the use of anti-GD2 monoclonal 

antibody therapy (Richman et al., 2018, Alvarez-Rueda et al., 2011). Moreover, 

it has been shown that the 14.18 anti-GD2 scFv, included in a GD2-specific CAR, 

has the propensity to oligomerise, resulting in chronic phosphorylation of the 

CD3ζ domain and tonic signalling which is associated with increased activation, 
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exhaustion and higher levels of T cell apoptosis (Long et al., 2015). The lack of 

completely efficacious results, and potential for toxicities, indicates need to 

further develop current technologies, including evaluation of alternative target 

antigens for neuroblastoma. Efforts have gone into investigating other potential 

candidates such as L1 Cell Adhesion Molecule (L1-CAM), Glypican 2 (GPC2), 

and Neural Cell Adhesion Molecule (NCAM) (Crossland et al., 2018, Bosse et al., 

2017, Park et al., 2007). 

ALK may be another attractive target for immunotherapy. ALK has been identified 

as a potential oncogene contributing to the progression of neuroblastoma, and its 

expression is primarily restricted to the central and peripheral nervous system 

(Vernersson et al., 2006, Trigg and Turner, 2018). Importantly, its expression is 

mainly observed during foetal development and subsequently decreases with 

age (Iwahara et al., 1997). Activating mutations in the kinase domain of ALK, 

genomic amplification and increased WT ALK expression have all been identified 

in both familial and sporadic neuroblastoma cases. Genome analysis of primary 

and relapsed neuroblastoma tumours has also shown an increased frequency of 

ALK mutations at patient relapse (Trigg and Turner, 2018). Moreover, antibodies 

against the extracellular domain of ALK have demonstrated the ability to mediate 

cell lysis of neuroblastoma cell lines, in vitro (Moog-Lutz et al., 2005, Carpenter 

et al., 2012). Together, this demonstrates a clear rationale for investigating the 

development of an anti-ALK CAR T cell.  

When designing a CAR construct, each incorporated domain can alter the 

functionality of the CAR itself. For example, the choice of spacer region (also 

referred to as a hinge or stalk), which connects the internal signalling domains to 

the antigen binding scFv, must be carefully considered. The distance between a 
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target cell and an effector cell is critical in mediating the efficient formation of a 

functional immune synapse, resulting in subsequent initiation of T cell signalling. 

The choice of spacer region is therefore influenced by multiple factors, including 

the length of the immune synapse, which is determined by the size of the target 

antigen and the location of the binding epitope recognised by the scFv 

(Srivastava and Riddell, 2015). While there is limited research regarding the 

implications of spacer length in CAR T cell efficacy, the domain is believed to play 

various roles in CAR T cell biological processes, including migration, tonic 

signalling and antigen recognition (Watanabe et al., 2016).  
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3.2 Aim 

The aim of this research chapter is two-fold. Firstly, to assess the suitability of 

ALK as a target for CAR T cell therapy for neuroblastoma. Secondly, to 

characterise a panel of anti-ALK CAR T cells consisting of five different scFvs 

and two spacer regions of different structure and lengths. This will be assessed 

in a number of in vitro assays. An effective anti-ALK CAR T cell should be able 

to: 

(i) Specifically lyse ALK expressing cells  

(ii) Produce proinflammatory cytokines (namely IL-2 and IFNγ) in an ALK 

antigen-dependent manner 

(iii) Proliferate in short and long term capacity, in an ALK antigen-

dependent manner. 
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3.3 Results 

3.3.1 ALK CAR Constructs 

A panel of anti-ALK CAR constructs was previously produced within the research 

group. Briefly, mice were immunised with human ALK and their splenocytes were 

harvested once serum conversion had been confirmed. These splenocytes were 

used to create an scFv phage display library. Panning of this library identified five 

unique ALK specific binders which were then cloned into a scFv-Fc format. All 

five binders showed good levels of binding to both WT ALK expressed on 

neuroblastoma cell lines, and to cell lines transduced to express the ectodomain 

of ALK (data not shown). These ALK specific binders were then further cloned 

into second-generation CAR format (Figure 3.1). Nine anti-ALK CARs were 

generated containing either a CD8 stalk (CD8S) or a CH2CH3 spacer, herein 

referred to as an Fc spacer (FcS). The Fc spacer contains mutations to prevent 

unintended binding of innate immune cells expressing IgG Fc receptors 

(Hombach et al., 2010, Straathof et al., 2020). 

ALK10-CD8-28ζ could not be cloned for unknown, but presumed technical 

reasons.   
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Figure 3.1 Design of second generation CAR constructs targeting ALK 

Five different ALK scFvs were incorporated into SFG gamma-retroviral vector in the format of a 
second generation CAR. Each construct contains long terminal repeats (LTR) (grey) of the 
Moloney murine leukaemia virus (MoMLV), responsible for driving the transcription of the gene of 
interest. RQR8 (orange) is used as a marker of transduction (which binds the anti-CD34 antibody, 
clone QBEnd10) and acts as a safety switch, allowing T cells expressing the construct to be lysed 
with the addition of Rituximab (Philip et al., 2014). The CAR construct (green) includes the ALK-
specific scFv binding domain (heavy and light chains joined with a glycine serine linker), spacer 
region (CD8 stalk or Fc spacer), transmembrane domain (CD8TM or CD28TM) along with CD28 
and CD3ζ signalling domains. RQR8 and the CAR construct are separated by a Thosea asigna 
virus (self-cleaving peptide T2A) (blue), which allows efficient equimolar expression of both 
constructs on the surface of T cells. 
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3.3.2 Investigation of ALK expression on cell lines 

It was crucial to confirm the surface expression of ALK on neuroblastoma cell 

lines in order to validate its use as a potential therapeutic target. Furthermore, 

identifying cell lines with varying ALK surface expression was important for 

investigating ALK CAR T cell functionality at different target antigen densities.  

In order to investigate the above, ALK surface expression was determined on a 

panel of neuroblastoma cell lines and on cell lines that have been engineered to 

express the ALK ectodomain on their surface. In this latter case, wild type SUP-

T1 (SUP-T1 WT) lymphoma cells were used. SUP-T1 WT cells were transduced 

with an SFG vector encoding the ectodomain and transmembrane domain of 

ALK, resulting in surface expression with the absence of the RTK intracellular 

signalling domains. These engineered cell lines were then sorted by flow 

cytometry to isolate a high ALK expressing population (SUP-T1 ALK) (generated 

by Maria Alonso Ferrero, UCL GOSH).  

ALK surface expression was determined through median fluorescence intensity 

(MFI) measured by flow cytometry. For this purpose, the Mab13 antibody was 

used, a primary unconjugated antibody that binds the extracellular domain of ALK 

(gifted by Marc Vigney, Paris). It is should be noted that currently there is no 

commercially available antibody which binds the extracellular domain of ALK. Cell 

lines were incubated with Mab13, followed by an APC-labelled anti-mouse 

secondary antibody. No surface expression of ALK on SUP-T1 WT cells was 

seen in contrast with high expression on SUP-T1 ALK cells (Figure 3.2A). SUP-

T1 WT and SUP-T1 ALK were used as negative and positive control cell lines, 

respectively. Varying levels of surface ALK expression were confirmed on Lan-5, 
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Kelly, SHS5Y, SKNDZ, Lan-1 and IMR32 neuroblastoma cell lines (Figure 3.2B). 

When average MFI across three individual experiments was investigated, Lan-5 

had the brightest ALK expression with an average MFI of 3142±1148 (mean 

MFI±SD, n=3). IMR32 had the dimmest ALK expression with an average MFI of 

1470±1053 (n=3).  
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Figure 3.2 Surface expression of ALK in a panel of human cell lines 

Surface ALK expression was determined by flow cytometry. Detection of ALK was achieved 
using Mab13 monoclonal primary antibody followed by APC anti-mouse secondary antibody 
(red histograms). Unstained cell lines were used as a control (blue histograms). Expression 
levels were quantified by MFI. (A) Detection of ALK on SUP-T1 cells transduced with the ALK 
ectodomain and further sorted for expression (SUP-T1 ALK), and on wild-type SUP-T1 (SUP-
T1 WT). Mean MFI±SD (n=3 technical replicates) followed by representative histograms. (B) 
Mean MFI±SD (n=3 technical replicates) followed by representative histograms of ALK 
detection on a panel of neuroblastoma cell lines: Lan-5, Kelly, SHS5Y, SKNDZ, Lan-1 and 
IMR32. 
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3.3.3 Investigation of ALK CAR activity in vitro  

As previously stated, the second aim of this research chapter was to characterise 

a panel of ALK CAR constructs in a number of in vitro assays. The CAR 

constructs used in these assays are as follows: 

1. ALK4-CD8-28ζ 

2. ALK4-Fc-28ζ 

3. ALK8-CD8-28ζ 

4. ALK8-Fc-28ζ 

5. ALK9-CD8-28ζ 

6. ALK9-Fc-28ζ 

7. ALK10-Fc-28ζ 

8. ALK11-CD8-28ζ 

9. ALK11-Fc-28ζ 

In the following experiments, untransduced (UT) T cells were used as a negative 

control.  

3.3.3.1 Expression of ALK constructs on the surface of primary human T 

cells 

Initially, it was investigated whether the nine above-mentioned ALK CAR 

constructs could be successfully expressed on the surface of primary human T 

cells. In order to investigate this, peripheral blood mononuclear cells (PBMCs) 

were isolated from healthy donors, and activated αβ T cells were transduced with 

retroviral supernatant produced from triple transfection of 293T cells with ALK 

CAR plasmids (2.2.7). Binding of anti-CD34 to RQR8, which is co-expressed with 

the CAR construct, was used as a marker of transduction in T cells. Surface 
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expression of RQR8 was seen in all T cell populations transduced to express the 

nine ALK constructs (Figure 3.3). Overall, the transduction efficacy ranged from 

35±5% (mean±SD, n=3) to 84±34% (n=3). No statistically significant differences 

were observed between the transduction efficacies of the nine ALK CAR 

constructs.  

 

Figure 3.3 Transduction efficacy of ALK-RQR8 CAR constructs on primary αβ human T cells 

Activated αβ T cells were transduced with retroviral supernatant to express the ALK CAR 
constructs Transduction efficacy was determined by quantifying the expression of the RQR8 
marker gene co-expressed with the CAR construct. This was achieved by using an anti-CD34 
APC antibody. Representative plots showing (A) the gating strategy to identify CD3+ αβTCR+ 
CD34+ T cells after the exclusion of doublets and dead cells. (B) Mean CD34 expression±SD 
(n=3 independent biological replicates). No statistically significant differences were found 
between CD34 expression levels as determined by one-way ANOVA followed by Tukey’s post-
hoc analysis. 
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3.3.3.2 Cytotoxic activity of ALK CAR T cells against a high ALK expressing 

cell line 

Having confirmed the ALK CAR constructs could be detected on the surface of 

primary human T cells, their anti-tumour activity was assessed using a 4-hour 

chromium (51Cr) release assay. This experiment allows a sensitive read out for 

cytotoxicity, in which target cells are labelled with a radioactive isotype and co-

cultured for a short time with the effector CAR T cells. Upon target cell lysis, 51Cr 

is released into the surrounding supernatant, which can be detected and 

correlated with the levels of target cell death.  

Initially the high ALK expressing cell line SUP-T1 ALK, was used to investigate 

cell killing (Figure 3.2A). ALK CAR T cells were co-cultured with 51Cr labelled 

SUP-T1 ALK and SUP-T1 WT at various effector:target (E:T) ratios (1.25:1, 2.5:1, 

5:1 and 10:1). Minimal 51Cr release was seen from UT T cells co-cultured with 

SUP-T1 ALK cells, or when ALK CAR T cells were co-cultured with the ALK-

negative cell line, SUP-T1 WT (Figure 3.4A and Figure 3.4B). All ALK CAR T 

cells lysed the SUP-T1 ALK cell line to a degree, with 51Cr release increasing 

along with E:T ratio. At a 10:1 E:T ratio, all nine anti-ALK CAR T cell populations 

induced significant 51Cr release from the SUP-T1 ALK cell line compared to UT 

control T cells. The individual ALK CARs were also compared for significant 

differences between each other in terms of 51Cr release at different E:T ratios. 

Only ALK9-CD8-28ζ demonstrated significantly increased levels of killing and 

only at one E:T ratio, these values are shown in Table 3.1.   
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Figure 3.4 Cytotoxic activity of ALK CARs against SUP-T1 ALK and SUP-T1 WT cell lines 

T cells transduced with ALK CARs expressing either an Fc (A) or a CD8 stalk (B) were co-
cultured for four hours with 51Cr-labelled target cells (SUP-T1 WT or SUP-T1 ALK) at the 
following E:T ratios: 1.25:1, 2.5:1, 5:1 and 10:1. UT T cells were used as a negative control. 
Graphs show mean±SD (n=5 independent biological replicates). Two-way ANOVA was 
performed followed by Tukey’s post-hoc analysis: *** p<0.001, **** p<0.0001 (Statistics 
displayed for 10:1 E:T only comparing ALK CAR to UT control T cells). 

 

Table 3.1 Significant differences between ALK CAR T cells  

ALK9-CD8-28ζ vs E:T ratio P value 

ALK11-Fc-28ζ 1.25:1 * (p<0.1) 

ALK10-Fc-28ζ 1.25:1 * (p<0.1) 

ALK11-CD8-28ζ 2.5:1 * (p<0.1) 

ALK11-Fc-28ζ 2.5:1 * (p<0.1) 
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3.3.3.3 Cytokine production by ALK CAR T cells co-cultured with a high 

ALK expressing cell line 

Another way to investigate the function of CAR T cells is to determine their ability 

to produce proinflammatory cytokines on co-culture with target antigens. ALK 

CAR T cells were co-cultured at a 1:1 E:T ratio with the SUP-T1 ALK and SUP-

T1 WT cell lines or cultured alone for 24 hours before the presence of cytokines 

in the supernatant was measured through ELISA. 

ALK-Fc and ALK-CD8 CAR T cells co-cultured with SUP-T1 WT or alone, all 

demonstrated background production of IL-2 (Figure 3.5A and Figure 3.5B). In 

some cases, the level of IL-2 production was over 1000pg/mL. As this 

background IL-2 release was also seen from UT control T cells, which is much 

higher than expected for resting T cells, it likely represents contamination from 

previous T cell culture and expansion with IL-2. Despite this high background, 

ALK4-Fc-28ζ, ALK8-Fc-28ζ and ALK9-Fc-28ζ produced significantly higher levels 

of IL-2 than UT cells when co-cultured with SUP-T1 ALK cells: 2818±347 (mean 

pg/mL cytokine release±SD, n=3), 4000±400 pg/mL (n=3) and 3103±407 pg/mL 

(n=3), respectively (Figure 3.5A). Amongst the CARs with CD8 stalk, only ALK8-

CD8-28ζ produced levels of IL-2 above that of the control UT T cells when co-

cultured with SUP-T1 ALK cells, however this was not statistically significant 

(Figure 3.5B).  

All five Fc spacer expressing ALK CAR T cells produced high levels of IFNγ when 

co-cultured with SUP-T1 ALK cells (Figure 3.5A). This trend was also seen with 

ALK-CD8 CAR T cells on co-culture with SUP-T1 ALK cells. However, only ALK8-
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CD8-28ζ amongst the CD8 stalk CARs produced significantly higher level of IFNγ 

than UT T cells; 6320±4360 pg/mL (n=3) (Figure 3.5B).  

 

 

Figure 3.5 Quantification of IL-2 and IFNγ production by ALK CAR T cells co-cultured with a 
high ALK expressing cell line 

IL-2 and IFNγ measured by ELISA from supernatant after 24 hour co-culture of ALK CAR T 
cells with target cells (SUP-T1 ALK or SUP-T1 WT) or alone at a 1:1 E:T ratio. The ALK CAR 
T cell constructs contained either an Fc (A) or a CD8 (B) spacer. Untransduced T cells were 
used as a negative control. Graphs show mean±SD (n=3 independent biological replicates). 
Two-way ANOVA was performed followed by Tukey’s post-hoc analysis: * p<0.05, ** P<0.01, 
*** p<0.001, **** p<0.0001. 

 

  



104 
 

3.3.4 Further evaluation of ALK constructs against neuroblastoma cell 

lines 

Based on the results found in Section 3.3.3, it was possible to exclude three ALK 

CAR T cells (ALK4-CD8-28ζ, ALK10-Fc-28ζ and ALK11-Fc-28ζ) from further 

analysis, based on their reduced cytokine production and lack of statistically 

significant differences between ALK CARs in the cytotoxicity assay. The following 

ALK CAR constructs were taken forward for further testing: 

1. ALK4-Fc-28ζ 

2. ALK8-Fc-28ζ 

3. ALK8-CD8-28ζ 

4. ALK9-Fc-28ζ 

5. ALK9-CD8-28ζ 

6. ALK11-CD8-28ζ  

After demonstrating that ALK CAR T cells were able to lyse the SUP-T1 ALK cell 

line which was engineered to express high levels of surface ALK, the next step 

was to demonstrate specific killing of neuroblastoma cell lines which naturally 

express different levels of ALK. Compared to SUP-T1 ALK cells, neuroblastoma 

cell lines represent a more meaningful target as they have more physiologically 

relevant levels of surface ALK expression. For this set of experiments the 

following neuroblastoma cell lines were used, which express increasing levels of 

ALK surface expression; Lan-1 (average MFI: 1876), Kelly (average MFI: 2999) 

and Lan-5 (average MFI: 3142) (Figure 3.2). UT T cells were used as a negative 

control in these experiments.  
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3.3.4.1 Cytotoxic activity of ALK CAR T cells against a panel of 

neuroblastoma cell lines 

As previously described, ALK CAR T cells were co-cultured at increasing E:T 

ratios with 51Cr labelled target cells for four hours before 51Cr release into the 

supernatant was determined. No lysis of the ALK negative cell line (SUP-T1 WT) 

was seen by any ALK CAR T cells, and UT control T cells elicited no cytotoxic 

effects on target neuroblastoma cell lines (Figure 3.6). The Lan-1 cell line has the 

lowest levels of 51Cr release after co-culture with all ALK CAR T cells, while the 

Lan-5 cell line had the highest level of 51Cr release. All ALK CAR T cells 

expressing an Fc spacer exhibited significantly higher levels of cytotoxic activity 

when co-cultured with Lan-1, Kelly and Lan-5 compared to control cells at a 10:1 

E:T ratio (Figure 3.6A).  

Similar results were observed when ALK CAR T cells expressing a CD8 stalk 

were co-cultured with Kelly and Lan-5 (Figure 3.6B). However, only ALK8-CD8-

28ζ demonstrated statistically significant cytotoxicity when co-cultured with Lan-

1 compared to UT T cells (19±10%, mean 51Cr release±SD, n=5).  



106 
 

 

Figure 3.6 Cytotoxic activity of ALK CAR T cells co-cultured with neuroblastoma cell lines 

ALK CAR T cells incorporating either an Fc (A) or a CD8 stalk (B) were co-cultured for four hours 
with 51Cr-labelled target cells at increasing ALK target density (SUP-T1 WT, Lan-1, Kelly and Lan-
5, respectively) at the following E:T ratios: 1.25:1, 2.5:1, 5:1 and 10:1. Untransduced T cells were 
used as a negative control. Graphs show mean ± SD (n=5 independent biological replicates). Two-
way ANOVA was performed followed by Tukey’s post-hoc analysis: * p<0.05, ** P<0.01, *** 
p<0.001, **** p<0.0001. (Statistics displayed for 10:1 E:T only). 

 

Figure 3.7 displays the same data as above (Figure 3.6). In this case, the ALK 

CAR T cells with matched scFvs (ALK8 and ALK9) are displayed with either an 

Fc spacer or CD8 stalk region, for comparison purposes. In this way, the different 

stalk regions can be directly compared. Interestingly, at lower ALK antigen 

densities, namely when co-cultured with Lan-1, ALK8 CAR T cells lysed cells at 

similar levels, which was higher than ALK9 CAR T cells. When co-cultured with 

Kelly and Lan-5 cell lines, there were minimal differences between all four CAR 
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T cells, with ALK8-Fc-28ζ demonstrating slightly higher 51Cr release from Kelly 

cells. When compared to each other, only ALK8-CD8-28ζ reached a statistically 

significant higher level of 51Cr release compared to ALK9-CD8-28ζ when co-

cultured with Lan-1 at a 10:1 E:T ratio (* p<0.05).  

 

Figure 3.7 Comparison of ALK-Fc and ALK-CD8 CAR T cells with matched scFvs 

This data is the same as shown in Figure 3.6, however only paired ALK scFvs are displayed. 
In this way matched ALK scFvs can be compared with different stalk regions.  
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3.3.4.2 Quantification of IL-2 and IFNγ produced from ALK CAR T cells co-

cultured with a panel of neuroblastoma cell lines 

As previously described, ALK CAR T cells were co-cultured with the 

neuroblastoma cell lines: Lan-1, Kelly or Lan-5, or SUP-T1 WT cells, or alone for 

24 hours before the supernatant was measured for the presence of 

proinflammatory cytokines through ELISA.  

ALK CAR T cells expressing the Fc spacer produced no levels of IL-2 when co-

cultured with any cell lines (Figure 3.8A). Only ALK8-Fc-28ζ appeared to produce 

minimal levels of IL-2 when co-cultured with Kelly and Lan-5 cell lines 

(10pg/mL±7 and 12pg/mL±13, respectively). ALK CAR T cells expressing the Fc 

spacer produced IFNγ when co-cultured with Lan-1, Kelly and Lan-5 cell lines, 

however this was not statistically significant. Furthermore, ALK4-Fc-28ζ and 

ALK9-Fc-28ζ also produced low level IFNγ when co-cultured with SUP-T1 WT 

cells, and when cultured alone, suggesting there is some background activity. 

ALK CAR T cells expressing CD8 stalks produced minimal levels of IL-2 on co-

culture with neuroblastoma cell lines, apart from ALK8-CD8-28ζ which produced 

low levels IL-2 on co-culture with Lan-5, although not reaching statistical 

significance (Figure 3.8B). Furthermore, untransduced T cells appeared to 

produce IL-2 when co-cultured with Kelly, Lan-5 or when cultured alone. Only 

ALK8-CD8-28ζ and ALK9-CD8-28ζ showed an increase in mean IFNγ production 

compared to the untransduced control T cells, on co-culture with Lan-1, Kelly and 

Lan-5. Again, these results did not reach statistical significance.  
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Figure 3.8 Quantification of IL-2 and IFNγ from ALK CAR T cells co-cultured with a panel of 
neuroblastoma cell lines 

IL-2 and IFNγ measured by ELISA from supernatant after 24 hour co-culture of ALK CAR T cells 
incorporating either an Fc (A) or a CD8 (B) stalk and target cells (SUP-T1 ALK or SUP-T1 WT) or 
alone at a 1:1 E:T ratio. Untransduced T cells were used as a control. Graphs show mean ± SD 
(n=3-6 independent biological replicates). Two-way ANOVA was performed followed by Tukey’s 
post-hoc analysis: * p<0.05. 
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3.3.5 Proliferation  

An important characteristic of CAR T cells is their ability to proliferate on 

recognition of target antigens. It is equally important that CAR T cells don’t 

proliferate independently or on recognition of unspecific antigens. To investigate 

this, ALK CAR T cells were co-cultured with ALK expressing cell lines, Lan-1, 

Kelly, Lan-5 or SUP-T1 ALK for increasing time periods, without the addition of 

IL-2. Proliferation was determined through the dilution of cell trace dyes, or by 

determining T cell counts. In this set of experiments, UT T cells or ALK CAR T 

cells were cultured alone, or with the ALK negative cell line, SUP-T1 WT, as 

negative controls. ALK CAR T cells stimulated with PMA and ionomycin were 

used as a positive control.  
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3.3.5.1 Short term proliferative capacity  

Proliferation dyes such as cell trace violet can be used to monitor multiple 

generations through dye dilution, which indicates that a labelled population has 

undergone cell division. Cell trace violet-labelled ALK CAR T cells were co-

cultured 1:1 with irradiated SUP-T1 WT, Lan-1, Kelly, Lan-5 or SUP-T1 ALK cell 

lines. After 4 and 8 days of co-culture, ALK CAR T cell proliferation was 

determined by cell trace violet dilution through flow cytometry. Figure 3.9 

demonstrates a representative gating strategy to identify CD3+, αβTCR+, CD34+ 

T cells that have proliferated as per proliferation dye dilution, after the exclusion 

of dead cells and doublets. 

 

Figure 3.9 Representative gating strategy for proliferating cells 

Gating strategy to identify CD3+, αβTCR+, CD34+ T cells after exclusion of dead and doublet 
cells. The proliferation gating is set on control UT T cells, and the dilution of cell trace violet 
indicates proliferation of a population.  
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In order to quantify this short term proliferation the change in MFI of cell trace 

violet compared to the untransduced T cell cultured alone for each experiment 

was determined; referred to as the delta MFI (ΔMFI). Figure 3.10 displays short 

term proliferation data after 4 days of co-culture. Commonly, there is donor to 

donor variability when biological samples are used. Figure 3.10A shows that 

donor 3 had a much lower response to PMA and ionomycin stimulation than 

donor 1 and donor 2, however this donor was still included in the following 

analysis.  

Figure 3.10B displays representative histogram readouts of cell trace violet 

dilution for donor 1. ALK CAR T cells expressing an Fc spacer or a CD8 stalk 

were cultured alone, stimulated with PMA and ionomycin, or co-cultured with 

irradiated SUP-T1 WT, Lan-1, Kelly, Lan-5 or SUP-T1 ALK cell lines. In all cases 

the control UT T cells cultured alone did not proliferate, while ALK CAR T cells 

stimulated with PMA and ionomycin proliferated over the 4 days, as expected. 

Unexpectedly, the CARs containing an Fc spacer, ALK4-Fc-28ζ, ALK8-Fc-28ζ 

and ALK9-Fc-28ζ, appeared to proliferate regardless of the culture condition; 

when cultured alone, or co-cultured with SUP-T1 WT, Lan-1, Kelly, Lan-5 or SUP-

T1 ALK. On the other hand, ALK8-CD8-28ζ, ALK9-CD8-28ζ and ALK11-CD8-28ζ 

demonstrated more restricted proliferation when cultured alone, or with the ALK 

negative cell line, SUP-T1 WT. Only ALK9-CD8-28ζ amongst those with CD8 

stalks, appeared to demonstrate slight proliferation in these antigen-negative 

conditions but at a much lower extent than ALK CAR T cells expressing an Fc 

spacer. Furthermore, ALK8-CD8-28ζ, ALK9-CD8-28ζ and ALK11-CD8-28ζ 

demonstrated lower proliferation when co-cultured with Lan-1, a low ALK 
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expressing cell line, but higher levels of proliferation were seen when they were 

co-cultured in the presence of Kelly, Lan-5 and SUP-T1 ALK cell lines. 

The ΔMFI for proliferation of ALK CARs after 4 days of co-culture is shown in 

Figure 3.10C. The ΔMFI for Fc spacer expressing CAR T cells suggests that all 

three CARs proliferated at similar levels regardless of the culture condition. In 

contrast, the ΔMFI for ALK CAR T cells expressing the CD8 stalk demonstrated 

more restricted patterns of proliferation, reflecting what was seen in the 

histograms (Figure 3.10B). All three CD8 stalk CARs had minimal proliferation 

when cultured alone, and with the antigen negative cell line, SUP-T1 WT. ALK11-

CD8-28ζ and ALK9-CD8-28ζ demonstrated very low proliferative responses to 

Lan-1, and in the case of ALK9-CD8-28ζ the level of proliferation seen with Lan-

1 was lower than that of the CAR cultured alone. Given the background 

proliferation from Fc spacer containing ALK CAR T cells, statistical differences 

were determined through one-way ANOVA comparing experimental conditions to 

the SUP-T1 WT control cell line.  
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Figure 3.10 Proliferative capacity of ALK CAR T cells after 4 days of short term co-culture 

ALK CAR or UT T cells labelled with cell trace violet proliferation dye were co-cultured with 
the following irradiated cell lines at a 1:1 E:T ratio: SUP-T1 WT, Lan-1, Kelly, Lan-5 and 
SUP-T1 ALK. UT T cells and ALK CAR T cells cultured alone were used as controls, along 
with PMA and ionomycin stimulation In these experiemnts, delta MFI (ΔMFI) was defined 
as the difference between the MFI of the indicated CAR and condition and the MFI of UT 
T cells with no targets. (A) The ΔMFI of the response to PMA and ionomycin stimulation 
from all three donors. (B) Representative histograms showing the cell trace violet dilution 
from CAR T cell populations in the aforementioned co-culture conditions. (C) Mean 
ΔMFI±SD for ALK CAR T cells (n=3 independent biological replicates). Statistical 
differences were determined by one-way ANOVA comparing experimental condition to 
control cell line, SUP-T1 WT: * p<0.05.  
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Figure 3.11 displays short term proliferation data from the same experiment after 

leaving the cells for 8 days of co-culture. Figure 3.11A shows a representative 

read out of cell trace violet dilution of ALK CAR T cells in co-culture conditions. 

As shown in Figure 3.10A, in all cases UT T cells cultured alone showed very 

little evidence of proliferation through cell trace violet dilution. ALK CAR T cells 

containing the Fc spacer region demonstrated cell trace violet dilution in every 

co-culture condition, including when cultured alone or with the ALK negative cell 

line, SUP-T1 WT, indicative of high background proliferation associated with the 

presence of these CARs. In contrast, ALK CAR T cells containing the CD8 stalk 

region demonstrated more restricted proliferation through proliferation dye 

dilution. As shown from the representative histograms, all CD8 stalk containing 

CAR T cells showed highest proliferation when co-cultured with the SUP-T1 ALK 

cell line. ALK8-CD8-28ζ also proliferated on co-culture with Lan-5 and Kelly cell 

lines, while ALK11-CD8-28ζ only proliferated with Lan-5 co-culture.  

Figure 3.11B shows the mean ΔMFI for ALK CAR T cells. The ΔMFI reflects what 

is seen in the representative histograms and proliferation patterns at day 4 of co-

culture (Figure 3.10). For Fc spacer containing ALK CAR T cells, proliferation is 

similar across every co-culture condition. In contrast, ALK CAR T cells containing 

a CD8 stalk region showed restricted proliferation patterns, with larger ΔMFI 

values against higher ALK expressing cell lines.  
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Figure 3.11 Proliferative capacity of ALK CAR T cells after 8 days of short term co-culture 

ALK CAR or UT T cells labelled with cell trace violet proliferation dye were co-cultured with the 
following irradiated cell lines at a 1:1 E:T ratio: SUP-T1 WT, Lan-1, Kelly, Lan-5 and SUP-T1 
ALK. UT T cells and ALK CAR T cells cultured alone were used as controls, along with PMA 
and ionomycin stimulation. (A) Representative histograms showing the cell trace violet dilution 
from CAR T cell populations in the aforementioned co-culture conditions. (B) Mean ΔMFI±SD 
for ALK CAR T cells (n=3 independent biological replicates). Statistical differences were 
determined by one-way ANOVA comparing experimental condition to control cell line, SUP-T1 
WT.  
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3.3.5.2 Long term proliferative capacity with restimulation  

An effective CAR T cell therapeutic for a solid cancer must be able to proliferate 

on initial recognition of a tumour antigen, and after prolonged exposure. It is not 

possible to track long term proliferation by use of cell trace dyes, due to dilution 

of the dye in culture over time which can cause uninterpretable results. Therefore, 

an initial pilot experiment was undertaken to see if ALK CAR T cells had long 

term proliferative capacity following repeated stimulation. ALK CAR T cells or 

untransduced T cells were co-cultured at a 1:1 E:T ratio with irradiated target 

cells; SUP-T1 WT, Lan-1, Kelly and Lan-5. ALK CAR T cell total count was 

determined once a week by flow cytometry, using a BD FACSCalibur instrument. 

The remaining T-cell populations were restimulated with an additional 500,000 

irradiated target cells once a week for four weeks in total. 

ALK CAR T cell numbers appeared to drop quickly after plating on day 0 to day 

7 in culture when co-cultured with SUP-T1 WT, Lan-1, Kelly and Lan-5 cell lines 

(Figure 3.12). By day 14, there appeared to be minimal live ALK CAR T cells 

present, which remained the case at day 21 and 28, despite restimulation. A 

number of ALK CARs demonstrated significantly higher levels of CAR T cells 

present at day 7 than untransduced T cells, however this is not proliferation as T 

cell numbers were not increasing.  
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Figure 3.12 Long term proliferative capacity of ALK CAR T cells co-cultured with a panel of 
neuroblastoma cell lines 

ALK CAR T cells were co-cultured with irradiated cell lines at 1:1 E:T. Untransduced T cells 
were used as a control. ALK CAR T cells were restimulated weekly by addition of 500,000 
irradiated target cells. Cells were counted weekly for 4 weeks on FACSCalibur. Graphs show 
mean ± SD (n=2 independent biological replicates). Two-way ANOVA was performed followed 
by Tukey’s post-hoc analysis: * p<0.05, ** P<0.01, *** p<0.001, **** p<0.0001. (Statistics 
displayed for Day 7, following time points showed no significant differences).  
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3.4 Discussion  

The aim of this first chapter of research was to characterise a panel of ALK-

specific CAR constructs based on their performance in a number of in vitro 

functional assays. For this purpose, nine different anti-ALK CARs were tested, 

comprising of five unique ALK binders combined with two spacer regions of 

different lengths; the Fc spacer and the CD8 stalk. 

Initially, the levels of surface expressed ALK was determined on a panel of 

neuroblastoma cell lines. This was necessary for two reasons; to validate, albeit 

in a small sample, that ALK was expressed on the cell surface of neuroblastoma 

cells and could therefore be targeted by anti-ALK CAR T cells. Furthermore, it 

was important to identify a number of different neuroblastoma cell lines with a 

range of varied ALK surface expression so that subsequent experiments could 

compare CAR T cell reactivity against a range of different target antigen densities. 

In the first instance, attempts were made to quantify ALK antigen density on 

neuroblastoma cells by using a flow cytometry based quantification kit. Assays 

such as this, require a conjugated primary antibody. Currently, there is no 

commercially available antibody that can bind the extracellular domain of ALK. 

Mab13 is a primary unconjugated antibody that binds the ALK ectodomain, 

thought to be the glycine-rich region (Moog-Lutz et al., 2005). Attempts were 

made to conjugate this to a fluorochrome, such as APC. Despite the conjugation 

being performed as per protocol, there was intra-experimental variation in results 

suggesting unstable and incomplete conjugation. Based on this the results were 

uninterpretable (results not shown). This could be due to multiple reasons; 

including inefficient labelling and different degrees of contamination with 
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unlabelled antibody between independent experiments. Based on this, it was 

decided to determine the binding of primary mab13 and a secondary staining 

antibody to ALK by calculating the median fluorescence intensity (MFI). A range 

of ALK expression was identified on neuroblastoma cell lines (Figure 3.2B). ALK 

surface expression was also confirmed on a lymphoma cell line transduced to 

express the ALK ectodomain allowing for a high ALK expressing cell line with a 

matched ALK negative control (SUP-T1 ALK and SUP-T1 WT, respectively) 

(Figure 3.2A). The cell lines, Lan-1, Kelly and Lan-5 were taken forward for in 

vitro testing of ALK CARs based on their range of ALK expression from low to 

high. It has been noted, that cell lines do not represent the heterogeneity of 

antigen expression that can be seen in patient samples, and cultured cell lines 

have the capacity of antigen expression changes over time. Therefore, 

determining ALK expression on patient samples may represent a more accurate 

view of antigen expression in the wider setting.  

It needed to be determined that ALK CAR constructs could be expressed on the 

surface of primary T cells, and that this could be measured accurately through 

flow cytometry. It has been previously demonstrated that the use of Thosea 

asigna 2A (T2A) self-cleaving peptide results in the equimolar expression of two 

constructs expressed within the same viral vector (Daniels et al., 2014, Wang et 

al., 2011, Szymczak et al., 2004). Chang et al., demonstrated that utilising a T2A 

molecule allowed for equal expression of truncated EGFR and a CD19 CAR, 

when EGFR was stained to demonstrate the EGFR-CAR transcript had been 

translated (Chang et al., 2015). They also commented that the use of reagents 

such anti-Fab antibodies that have the ability to bind an scFv only gave weak 

staining which was not accurate (Chang et al., 2015). Taking into consideration 
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the above reasons, ALK CAR constructs were co-expressed with an RQR8 

molecule via a T2A peptide, which allows them to be translated as a single protein 

which is then cleaved at the T2A site (Chang et al., 2015, Philip et al., 2014) 

(Figure 3.1). This allows the indirect quantification of CAR expression via 

antibody staining of surface bound RQR8, without disrupting potential 

interactions between CAR molecules and their ligands. Based on this, surface 

binding of anti-CD34 to RQR8 was used as a determinant for transduction 

efficacy (Philip et al., 2014). It appeared that RQR8 was expressed on the surface 

of all ALK CAR transduced T cells at relatively similar levels, with no statistically 

significant differences between their expressions (Figure 3.3). This would 

suggest any differences in results seen with ALK CAR T cells was based on the 

activity of the CAR, rather than the level surface expression. However, this 

conclusion is based on the assumption that the different scFv and spacers will 

not alter stability or surface expression. This may not be an accurate conclusion, 

as later data demonstrate that an Fc spacer, as opposed to a CD8 stalk, can 

cause tonic signalling and antigen independent proliferation. Furthermore, this 

can potentially result in receptor internalisation, and therefore affect the surface 

expression level. Walker et al., discovered that ALK CAR and CD19 CAR T cells 

showed nearly complete CAR down-modulation upon co-incubation with tumours 

expressing high levels of cognate antigen in in vitro settings, which was further 

shown in vivo (Walker et al., 2017).  

Others have investigated CAR expression by detecting different domains of the 

CAR construct, for example, binding of the Fc spacer using an anti-Fc antibody 

(Jena et al., 2013). However in this case, ALK CAR T cells don’t contain the same 

spacer region and therefore this would not be an option. It was commented that 
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a major challenge in the CAR field is the lack of fast, sensitive and robust assays 

for the detection of CARs on the surface of immune effector cells (Gopalakrishnan 

et al., 2019). A sensitive novel luciferase-based detection assay was developed, 

in which a luciferase is joined in frame with an scFv which allows for a luminescent 

readout, demonstrated using the FMC63 CAR T cell (Gopalakrishnan et al., 

2019). Other studies have detected CAR expressing T cells through staining with 

protein L, an immunoglobulin binding protein that binds to the variable light chains 

of a scFv without interfering with antigen binding site, or using anti-idiotype 

antibodies (Jena et al., 2013, Zheng et al., 2012). An alternative method of 

quantifying surface expression of ALK CAR constructs would be through the use 

of an ALK-Fc fusion protein. Upon incubation with the ALK CAR T cells, this will 

bind to the anti-ALK scFv; binding can then be detected with an anti-Fc antibody 

conjugated to a fluorochrome, and therefore detectable through flow cytometry.  

Functionally, effective CAR T cells are expected to lyse target cells, produce 

proinflammatory cytokines and proliferate in an antigen-dependant manner. 

When co-cultured with a high expressing ALK+ cell line, SUP-T1 ALK, it was 

demonstrated that all nine ALK CAR T cells lysed target cells and induced 51Cr 

release, particularly at high E:T ratios (Figure 3.4). This was antigen-dependent 

cytotoxic activity as ALK CAR T cells did not lyse the ALK-negative cell line (SUP-

T1 WT), while UT T cells showed minimal cytotoxic activity against SUP-T1 ALK 

cells.  

The production of IL-2 and IFNγ is imperative for the persistence and proliferation 

of CAR T cells in vivo. Furthermore, the production of IFNγ is associated with T 

cell activation, and therefore can be used as a measure of ALK CAR activation 

upon antigen engagement (van der Stegen et al., 2015). Importantly, antigen 
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independent activation of CAR T cells, resulting in the production of cytokines, is 

an indicator of CAR T cell tonic signalling. IL-2 and IFNγ production from ALK 

CAR T cells was observed, however to differing extents (Figure 3.5). Variable 

background levels of IL-2 were produced from all ALK CAR T cells cultured alone 

or when co-cultured with the ALK negative cell line, SUP-T1 WT (Figure 3.5A and 

Figure 3.5B). Furthermore, this was also seen for the resting UT control T cells, 

and was not replicated for IFNγ. Post transduction, before T cells are utilised in 

assays, they are expanded in the presence of IL-2. Despite T cell washing prior 

to experimental set up, this background production could be attributed to carry 

over contamination. Therefore, it is difficult to conclude that increased IL-2 

production by ALK4-Fc-28ζ, ALK8-Fc-28ζ and ALK9-Fc-28ζ on co-culture with 

SUP-T1 ALK is truly significant (Figure 3.5A). Only ALK8-CD8-28ζ demonstrated 

much more production of IL-2 on co-culture with SUP-T1 ALK  but the increase 

compared with UT control T cells did not reach significance (Figure 3.5B).  

In the experiments shown, ALK11-Fc-28ζ, ALK10-Fc-28ζ, ALK4-CD8-28ζ and 

ALK11-CD8-28ζ co-cultured with SUP-T1 ALK cell lines secreted the same level 

of IL-2 as UT T cells in the same condition. All ALK CAR T cells secreted high 

levels of IFNγ on co-culture with SUP-T1 ALK cell lines, which wasn’t observed 

when co-cultured with SUP-T1 WT cells or when cultured alone. This suggests 

that CAR T cell IFNγ production, and therefore activation, was ALK dependent. 

Based on the observation that ALK4-CD8-28ζ, ALK11-Fc-28ζ and ALK10-Fc-28ζ 

CAR T cells did not produce IL-2 above background level, they were excluded 

from further analysis.  

Following this, the cytotoxic activity of ALK CAR T cells against neuroblastoma 

cell lines was investigated. It was important to determine the threshold of ALK 
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surface expression on target cells which is required for substantial levels of cell 

killing and cytokine release from ALK CAR T cells. Compared to the SUP-T1 ALK 

cell line used previously, neuroblastoma cell lines represent a more meaningful 

target as they present with more physiologically relevant levels of surface ALK. 

The level of target cell lysis appeared to correlate with the level of ALK target 

density, with the lowest levels of cell killing seen in the lowest ALK expressing 

cell line; Lan-1, and the highest levels of cell killing seen in the highest ALK 

expressing cell line; Lan-5 (Figure 3.6). ALK CARs containing the anti-ALK scFv 

8 with both the Fc and the CD8 stalk region appeared to induce the highest level 

of 51Cr release from Lan-1 and Kelly cell lines, indicated by the highest levels of 

significant differences between UT T cells at the 10:1 E:T ratio. Despite 

decreased levels of target cell killing at lower ALK antigen density, which in part 

is expected, investigating ALK CAR T cell function with lower ALK surface 

expression allowed for greater discrimination between individual ALK CAR T 

cells. As with a decreased level of cell killing, ALK CAR T cells co-cultured with 

Lan-1, Kelly or Lan-5 cell lines also had much lower, if any at all, levels of cytokine 

production (Figure 3.8). This highlights the importance of target antigen density 

on target cells; Wantanabe et al., demonstrated the level of CD20 expression on 

target cells required for cytokine production was 10 fold higher than that required 

for cytotoxic activity with a CD20 specific CAR T cell (Watanabe et al., 2015, 

Stone et al., 2012).  

ALK target antigen density on neuroblastoma cell lines appears to be a limiting 

factor in the production of appreciable responses from ALK directed CAR T cells, 

for example, in the case of the Lan-1 cell line. This response is also likely to be 

dependent on multiple other factors, including surface CAR expression, scFv 
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affinity, spatial constraints; and tumour cell expression of adhesion and co-

stimulatory ligands that provide signals distinct from the CAR (Srivastava and 

Riddell, 2015). There are, of course, methods to engineer CAR T cells to become 

more potent when low target antigen density is a concern. However, this could 

lead to increased toxicity due to the recognition of lower levels of the target 

antigen, which may be present on healthy tissue. TCRs have exquisite sensitivity 

to low antigen density. It is postulated that TCR sensitivity is mediated through a 

‘serial triggering’ model, in which multiple TCRs detect the peptide-MHC complex 

through low affinity and short dissociation rates: ‘Koff’. CARs which have higher 

affinity for their cognate peptide have been shown in some studies to actually 

reduce the cytolytic activity and sensitivity to low peptide concentrations relative 

to an αβTCR specific for the same epitope (Oren et al., 2014). There is, therefore, 

a fine balance that is required between target antigen density and the potency of 

a CAR T cell. For example, a lower efficacy CAR T cell may be better against a 

higher expressing target which is expressed at low levels on healthy tissue 

(Richards et al., 2018). Taking this together, it is possible that, given the low target 

density of ALK, use of a CAR against ALK as a single therapeutic agent may be 

inadequate. However, it may be possible to combine the specificity of ALK as a 

target, into a dual targeting therapy, and in this way providing a boost to an ALK 

targeting therapy. Furthermore, this differential response of CAR T cells to low 

and high antigen density may allow for the exploitation of a therapeutic window 

in which a low level of tumour antigen expression on normal tissue can be 

tolerated when targeting a tumour with high expression of the antigen (Walker et 

al., 2017).  
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As important as it is for CAR T cells to proliferate for an efficacious therapy, it is 

equally important that CAR T cells do not proliferate on recognition of unspecific 

antigens, or independent of any antigen recognition; a process known as tonic 

signalling. Moreover, T cells have limited replicative lifetimes, and therefore it is 

important that CAR T cells have as many antigen specific proliferations as 

possible. It is, however, a fine balance as T cell anergy, T cell exhaustion and 

activation-induced cell death (AICD) are triggered by excessive activation of the 

TCR during chronic infection or tumour progression (Kasakovski et al., 2018). 

Initially, short term proliferation was investigated utilising a cell trace dye after 4 

and 8 days (Figure 3.10 and Figure 3.11). There was evidence of proliferation by 

all ALK CAR T cells; however there appears to be clear differences between ALK 

CAR T cells expressing an Fc spacer and those expressing a CD8 stalk. ALK 

CAR T cells expressing CD8 stalks show antigen specific proliferation, notably 

when co-cultured with Lan-5 and SUP-T1 ALK: higher ALK expressing cell lines. 

Importantly, these CD8 expressing ALK CARs do not show proliferation when 

cultured alone, or in the presence of an antigen negative cell line, SUP-T1 WT. 

Conversely, while Fc expressing CAR T cells also show proliferation when co-

cultured with Lan-5 and SUP-T1 ALK cell lines, they also appear to proliferate in 

the presence of SUP-T1 WT and when cultured alone. Interestingly, the anti-ALK 

scFvs 8 and 9 were  investigated with both the Fc and the CD8 stalks allowing a 

direct comparison, and clearly display the antigen dependent (CD8 stalk) and 

antigen independent (Fc spacer) proliferation patterns (Figure 3.7).  

On investigation, there are multiple studies that demonstrate the role of an IgG 

derived spacer region in tonic signalling (Watanabe et al., 2016, Jonnalagadda 

et al., 2015, Hombach et al., 2007, Hombach et al., 2010, Gacerez et al., 2016, 
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Guest et al., 2005, Hombach et al., 2000). In a panel of CD19 CAR T cells, the 

incorporation of the IgG1-CH2CH3 spacer showed severe CD19-independent 

toxicity. It was shown to bind soluble mouse Fcγ-receptor (FcγR) I and mediated 

off-target T cell activation towards murine macrophages (Almasbak et al., 2015). 

Furthermore Hudecek et al., demonstrated the use of IgG4-CH2CH3 spacer in 

CD19 CARs conferred a lack of anti-tumour activity in vivo due to interaction 

between the Fc domain within the spacer and the Fc receptor-bearing myeloid 

cells, inducing AICD. They demonstrated in vivo persistence and anti-tumour 

activity could be restored by modifying distinct regions in the CH2 domain that 

are essential for Fc receptor binding (Hudecek et al., 2015). The binding of IgG 

derived spacer regions can therefore pose risks with activation of CAR T cells in 

areas where Fcγ receptors are more highly expressed. There are three different 

sub classes of Fcγ receptors: FcγRI (CD64), FcγRII (CD32) and FcγRIII (CD16), 

which are expressed by different immune cells and display different IgG binding 

affinities. CD64 and CD32 are mainly expressed by monocytes, macrophages, 

DCs and neutrophils whereas CD16 is expressed by NK cells (Watanabe et al., 

2016). It would be interesting to consider what the Fc expressing ALK CAR T 

cells may be recognising and binding to within these experiments. After initial 

PBMC isolations, NK cells are depleted within the population. Furthermore, the 

expansion protocol is specific for αβ T cells, suggesting that other cell populations 

such as macrophages would not survive. NK T cells are a unique subset of T 

cells which express functional characteristics and surface markers of both 

conventional T cells and NK cells (Wu and Van Kaer, 2011). Interestingly they 

express CD16, as per NK cells; suggesting a potential interaction with ALK CAR 

T cells expressing the Fc spacer (Krijgsman et al., 2018). Furthermore, some 
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gammadelta (γδ) T cells express CD16 (Bodman-Smith et al., 2000). Activation 

and expansion of γδ T cells also utilises anti-CD3, in the same way αβ T cells are 

treated. This could offer another explanation as to a potential interaction between 

Fc spacers and receptors. 

Hombach et al., modified their IgG1 Fc spacer region within the CAR and found 

it successfully avoided ‘off-target’ activation (Hombach et al., 2010). The Fc 

spacer used within our construct also contains these mutations to modify ‘off-

target’ effects. When this Fc spacer was present with our CAR T cells, the 

mutations were not sufficient to remove antigen independent tonic signalling. 

Aside from causing AICD in CAR T cells, the cross-activation of FcγR+ immune 

cells may activate the innate immune system contributing to macrophage 

activation syndrome (MAS) and/or cytokine release syndrome (CRS) (Ajina and 

Maher, 2018). Furthermore, unconstrained activation of CAR T cells caused by 

chronic signalling has been shown to hinder the trafficking of CARs to the TME 

(Almåsbak et al., 2016). While we see this unspecific proliferation from Fc spacer 

containing ALK CAR T cells, it doesn’t seem that there is unspecific cytokine 

production or killing of cell lines that don’t express ALK. This suggests that the 

proliferation seen is due to the presence of the Fc spacer, rather than the scFv 

recognising unspecific antigens. It would be interesting to investigate the 

cytotoxicity of the ALK-Fc CAR T cells against an ALK negative cell line that 

expresses an Fcγ receptor. It has also been identified that AICD can be induced 

by the Fc spacer binding to innate immune cells, leading to decreased CAR T 

persistence in preclinical models (Hudecek et al., 2015, Hombach et al., 2010, 

Künkele et al., 2015).  



129 
 

The length of a spacer region can be critical in the functionality of a CAR as it can 

influence the formation of an efficient immunological synapse between target and 

effector cell. This also depends on the binding epitope to which the anti-ALK 

scFvs bind to. One study investigated the impact of epitope binding on 

immunoreceptor-triggered T cell activation. They concluded that the efficiency of 

T cell activation was determined by the position of the targeted epitope more than 

the binding efficiency of the scFv domain (Hombach et al., 2007). Given that 

different anti-ALK scFvs demonstrate different levels of cytoxicity and cytokine 

production at lower ALK target antigen densities, it would be interesting to map 

their binding epitopes on ALK. Furthermore, this may further influence the choice 

of spacer region used within the CAR construct. The structural and spatial 

elements of TCR recognition have evolved for precise regulation of the interaction 

between a T cell and its target cell, which can be difficult to recapitulate with 

synthetic receptors (Srivastava and Riddell, 2015). The distance between a CAR 

and their target antigen is important for effective initiation of T cell signalling, 

which depends on structural elements such as the location of the binding epitope 

and the spacer used between the scFv and the T cell membrane (Srivastava and 

Riddell, 2015). This was demonstrated through targeting a membrane-distal 

epitope on the receptor tyrosine kinase ROR1, which is expressed on many solid 

tumours, a CAR with a shortened extracellular spacer conferred superior 

recognition of ROR1+ tumour cells and induction of T cell effector functions 

compared to the same scFv with a longer spacer (Hudecek et al., 2013). It was 

thought that the use of a shorter spacer decreased the distance between the T 

cell and target cell, which maintained the exclusion of larger inhibitory molecules 

from the synapse (Hudecek et al., 2013). Therefore, the factors that determine 
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optimal synapse formation and CAR T cell triggering are complex and are 

determined by multiple factors such as location of epitope binding, size and 

flexibility of the spacer region and on and off rates of the binder.   

Given that ALK CAR T cells demonstrated antigen driven short term proliferation 

after 8 days in co-culture, a pilot experiment was designed to investigate long 

term proliferation with repeated antigen stimulation. This initial experiment 

showed that ALK CAR T cell numbers dramatically reduce once T cells have been 

plated, which is not rescued with multiple antigen restimulations. This might 

suggest that the strength of the CAR signal is sufficient for a short term 

proliferation, but under long term conditions the production of IL-2 is not sufficient 

for longer term CAR survival. Given the high level of IL-2 production against the 

SUP-T1 ALK cell line, it would be interesting to do a repeat stimulation with this 

high ALK density cell line. Furthermore, to investigate the cytokine producing 

ability of the CARs after co-culture which is longer than 24 hours.  

  



131 
 

3.5 Conclusions and future directions 

It appears that at high target antigen densities, all nine ALK CAR constructs 

displayed the ability to lyse ALK expressing cell lines and, to a varied extent, 

produce IL-2 and IFNγ. When co-cultured with neuroblastoma cell lines, with 

much lower target ALK density, CAR T cells had more limited cytotoxic activity 

and minimal cytokine production. Some anti-ALK scFvs showed high specificity, 

but low function in assays, suggesting ALK is still a good target for this therapy, 

but rather the ALK CAR itself requires enhancement. The anti-ALK scFv 8 

combined with either a CD8 stalk or an Fc spacer conferred the highest level of 

cytotoxic activity at the lowest antigen levels, namely when co-cultured with Lan-

1. ALK8-CD8-28ζ was therefore taken forward for investigation with a previously 

published anti-ALK CAR in Chapter 5.  

CAR T cells expressing the Fc spacer region demonstrated unspecific 

proliferation when cultured alone, or with ALK negative cell lines, indicative of 

tonic signalling. Equally, ALK CAR T cells containing the same anti-ALK scFv but 

a CD8 stalk region, displayed no tonic effects as demonstrated by proliferation 

against the SUP-T1 WT cell line, but did show antigen dependent proliferation 

with ALK expressing cell lines. Based on this, the phenotype of CD8 stalk and Fc 

spacer expressing CAR T cells was investigated in the next research chapter.   
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4 Phenotyping of ALK CAR T cells 

4.1 Introduction  

Amongst other important factors; such as the efficient transduction of T cells that 

expand ex vivo with homing, persistence and cytotoxicity in vivo following infusion 

to a patient, the phenotype of a CAR T cell product is also an important 

consideration (Petersen et al., 2018). The question of which T cell subset should 

be used for ACT has remained a point of contention and controversy for many 

years now, in order to have optimal persistence and function. While both CD8+ 

cytotoxic T cells and CD4+ T helper cells play important roles in anti-tumour 

immunity, CD8+ T cells have received greater attention in the field of 

immunotherapy (Kuznetsova et al., 2019). Furthermore, activated and expanded 

T cells are classically used for CAR T cell studies since primary activation is a 

requirement for viral transduction, however these highly activated cells may be 

become terminally differentiated, displaying impaired proliferation and survival in 

vivo, and mediating short-term anti-tumour effects (Perret and Ronchese, 2008). 

Utilising less antigen-experienced T cell subtypes; such as naïve (TN), stem cell 

memory (TSCM) or central memory (TCM) cells, for example, may be more 

beneficial (Klebanoff et al., 2012).  

In the previous chapter I have described enhanced T cell proliferation in the 

absence of target antigen when CAR T cells contain an Fc spacer domain; a 

phenomenon that might be attributable to tonic signalling from the CAR or 

possibly related to Fc interaction with Fcγ receptors. Previously, published 

studies have demonstrated that tonic signalling is linked to CAR T cell dysfunction 

leading to ineffective CAR activity (Long et al., 2015, Frigault et al., 2015). 
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Therefore, I was interested to perform detailed immunophenotyping of the Fc and 

CD8 containing CARs to determine if there were differences in exhaustion, 

activation and differentiation markers.  
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4.2 Aims 

The data presented in the previous chapter demonstrated that ALK CAR T cells 

expressing an Fc spacer had antigen-independent proliferation. In contrast, ALK 

CAR T cells with the same anti-ALK scFv but a CD8 stalk region showed 

restricted proliferation patterns; only proliferating in the presence of ALK antigen. 

I sought to investigate if the presence of an Fc spacer (ALK-Fc) compared to a 

CD8 stalk region (ALK-CD8) induced changes to the CAR T cell phenotype. This 

was explored by asking multiple questions:  

(i) What are the differences in the CD4 and CD8 CAR T cell populations?  

(ii) Are ALK-Fc CAR T cells more activated and exhausted than ALK-CD8 

CAR T cells?  

(iii) Do ALK-Fc CAR T cells express a more differentiated phenotype than 

ALK-CD8 CAR T cells?  

In order to do this, the following CAR T cells were investigated in different culture 

conditions:  

1. ALK8-CD8-28ζ 

2. ALK8-Fc-28ζ 

3. ALK9-CD8-28ζ 

4. ALK9-Fc-28ζ 
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4.3 Results 

For the following results, the aforementioned ALK CAR T cells were co-cultured 

in different conditions, and their phenotype was investigated through flow 

cytometry investigating a panel of exhaustion, activation and memory markers at 

day 4 and day 8 of co-culture.  

4.3.1 CD4 and CD8 composition of ALK CAR T cells 

Figure 4.1 shows a representative gating strategy to identify CD3+αβTCR+ T 

cells after exclusion of doublets and dead cells. The percentage of CD4+ and 

CD8+ T cells was determined from αβ T cell populations and CAR T cell 

populations, as determined by CD34 expression (Figure 4.1).  

The percent of CD4 and CD8 cells were determined on day 4 and day 8 of ALK 

CAR T cell co-cultured with SUP-T1 WT or SUP-T1 ALK cells, or when cultured 

alone (Figure 4.2). There were broadly similar CD4+ and CD8+ populations 

between ALK8 αβ+ T cells and ALK8 αβ+CD34+ T cells, within each individual 

culture condition (Figure 4.2A and Figure 4.2B). By day 8 of co-culture alone, or 

with SUP-T1 WT, there was slightly higher levels of CD4+ T cells compared to 

CD8+ T cells within the ALK8-Fc-28ζ and ALK8-CD8-28ζ populations. This was 

seen in both ALK8 αβ+ T cell and ALK8 αβ+CD34+ T cell populations (Figure 

4.2A and Figure 4.2B). In contrast, when ALK8-Fc-28ζ and ALK8-CD8-28ζ were 

co-cultured with SUP-T1 ALK cells, there was an increase in the proportion of 

CD8+ T cell populations with a concomitant decrease in CD4+ T cell populations 

by day 8 of co-culture. Notably, there were no significant differences in the CD4+ 

and CD8+ populations between ALK8-Fc-28ζ and ALK8-CD8-28ζ within the 

same culture conditions.  
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There were broadly similar CD4+ and CD8+ ratios between ALK9 αβ+ T cells and 

ALK9 αβ+CD34+ T cells, within each individual culture condition (Figure 4.2C and 

Figure 4.2D). When ALK9-Fc-28ζ was cultured alone, or with SUP-T1 WT, the 

CD4+ and CD8+ populations changed very little between day 4 and day 8. 

However, for ALK9-CD8-28ζ in the same culture conditions, there were slightly 

higher levels of CD4+ populations by day 8 (Figure 4.2C and Figure 4.2D). This 

trend was also reflected in ALK8-CD8-28ζ in the same culture conditions (Figure 

4.2A and Figure 4.2B). Unlike when ALK8 was co-cultured in the presence of 

target antigen, with SUP-T1-ALK, ALK9-Fc-28ζ and ALK9-CD8-28ζ 

demonstrated minimal changes in CD4+ and CD8+ populations between time 

points, and when compared to each other. Again, there was no statistically 

significant differences between ALK9-Fc and ALK9-CD8 CAR T cell populations.  

Taken together these data are consistent with ALK8 containing CARs inducing 

preferential expansion of CD8+ cells in the presence of antigen, an observation 

that was not found with the ALK9 containing CARs. 
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Figure 4.1 Gating strategy to identify CD4+ and CD8+ T cell populations 

ALK CAR T cells were co-cultured in different conditions before CD4+ and CD8+ populations 
were determined at day 4 and day 8. A representative plot identifying the CD3+αβTCR+ T cell 
population, after the exclusion of dead cells and doublet cell populations. The CD4+ and CD8+ 
populations were then identified from the CD3+αβTCR+ population, or in the ALK CAR specific 
CD34+ population.  
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Figure 4.2 CD4 and CD8 populations within αβ+ and CAR+ populations in Fc and CD8 ALK 
CAR T cells 

CD4+ and CD8+ populations were identified in ALK CAR populations co-cultured in different 
conditions. CD4+ and CD8+ populations in ALK8-Fc-28ζ and ALK8-CD8-28ζ in αβ+ (A) and 
CD34+ populations (B) cultured alone or with SUP-T1 WT and SUP-T1 ALK cell lines. CD4+ 
and CD8+ populations in ALK9-Fc-28ζ and ALK9-CD8-28ζ in αβ+ (C) and CD34+ populations 
(D) cultured alone or with SUP-T1 WT and SUP-T1 ALK cell lines. Data displayed is mean±SD 
(n=3 independent biological replicates). No statistical differences were found between CD4+ 
and CD8+ populations when comparing between ALK8-Fc-28ζ and ALK8-CD8-28ζ, and 
between ALK9-Fc-28ζ and ALK9-CD8-28ζ, determined by two-way ANOVA followed by 
Tukey’s post-hoc analysis.  

 

While there were no significant differences between CD4+ and CD8+ populations 

between ALK-Fc and ALK-CD8 expressing CAR T cells, the proliferative capacity 

of these two populations was investigated. In order to do this, the change in mean 

fluorescence intensity for cell trace violet between untransduced T cells cultured 
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alone and CAR T cells plus target (ΔMFI) after 8 days of co-culture was calculated 

(Figure 4.3).  

When ALK8-CD8-28ζ was co-cultured with SUP-T1 WT, CD4+ CAR T cells 

demonstrated a low level of proliferation, while CD8+ CAR T cells showed a 

decreased in ΔMFI indicative of less proliferation than the untransduced control 

cells (Figure 4.3A). ALK9-CD8-28ζ CAR T cells also demonstrated this pattern in 

decreased ΔMFI on co-culture with SUP-T1 WT (Figure 4.3C). Conversely, when 

ALK8-Fc-28ζ and ALK9-Fc-28ζ were cultured with SUP-T1 WT cells, there 

appeared to be proliferation from both CD4+ and CD8+ CAR T cells (Figure 4.3B 

and Figure 4.3D). All ALK CAR T cells demonstrated that on co-culture with SUP-

T1 ALK, both CD4+ and CD8+ T cell populations proliferated, however CD4+ 

CAR T cells had higher levels of proliferation. The proliferation was similar across 

both ALK8 and ALK9 CAR T cells with SUP-T1 ALK, regardless of the spacer 

region included. No statistically significant differences were found.  
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Figure 4.3 ΔMFI at day 8 of CD4+ and CD8+ CAR T cells 

The ΔMFI of cell trace violet labelled CD4+ and CD8+ CAR T cells was determined at day 8 of 
co-culture compared to the untransduced control T cells cultured alone for (A) ALK8-CD8-28ζ, 
(B) ALK8-Fc-28ζ, (C) ALK9-CD8-28ζ and (D) ALK9-Fc-28ζ when co-cultured with SUP-T1 WT 
and SUP-T1 ALK. Data displayed is mean±SEM (n=3 independent biological replicates). No 
statistical differences were found between CD4+ and CD8+ populations determined by two-
way ANOVA followed by Tukey’s post-hoc analysis.  
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4.3.2 Activation and exhaustion of ALK CAR T cells 

ALK CAR T cells containing an Fc spacer demonstrated antigen-independent 

proliferation when co-cultured with the ALK negative cell line, SUP-T1 WT. In 

contrast, ALK CAR T cells with the same anti-ALK scFv but combined with a CD8 

stalk did not demonstrate this proliferation pattern. Based on this, it was 

hypothesised that ALK-Fc CAR T cells would be more activated and exhausted 

than ALK-CD8 CAR T cells. To investigate this, ALK CAR T cells containing the 

same anti-ALK scFv with either an Fc spacer or CD8 stalk region were co-

cultured with SUP-T1 WT and SUP-T1 ALK cell lines. The expression of 

activation markers (CD69 and CD25) and exhaustion markers (PD-1, Lag3, 

CTLA-4 and Tim3) was determined by flow cytometry at day 4 and day 8 of co-

culture. For this, CD3+αβTCR+ T cells were identified after the exclusion of dead 

cells and doublets from lymphocyte populations (Figure 4.4A). Activation markers 

(Figure 4.4B) and exhaustion markers (Figure 4.4C) were determined from ALK 

CAR T cell populations, based on CD34 expression, and from CD4+ and CD8+ 

ALK CAR T cell populations.  
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Figure 4.4 Gating strategy to identify activation and exhaustion markers in CAR T cell 
populations 

ALK CAR T cells were co-cultured in different conditions activation and exhaustion markers 
were determined at day 4 and day 8. (A) Shows a representative plot identifying the 
CD3+αβTCR+ T cell population, after the exclusion of dead cells and doublet cell populations. 
ALK CAR T cells were identified through CD34 expression followed by individual CD4+ and 
CD8+ ALK CAR T cell populations. Within these populations CD25 and CD69 (B) and PD-1, 
Lag3, CTLA-4 and Tim3 (C) were identified.  

 

Activation and exhaustion after 4 days 

Figure 4.5 and Figure 4.6 show representative histograms from one donor for 

activation and exhaustion marker expression  after ALK-Fc and ALK-CD8 CAR T 
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cells with the same anti-ALK scFvs were co-cultured with SUP-T1 WT and SUP-

T1 ALK cell lines for 4 and 8 days, respectively.  

We first evaluated differences in activation and exhaustion marker expression 

between CAR binders with CD8 and Fc spacers respectively, after culture with 

target cells for 4 days. Representative histograms from one donor are shown in 

Figure 4.5. When ALK8-CD8-28ζ was co-cultured with SUP-T1 WT, which should 

not activate the T cell through CAR engagement, there were minimal differences 

of activation and exhaustion marker expression between the CAR T cells and 

control UT T cells (Figure 4.5A). The same trends could be seen with ALK8-Fc-

28ζ co-cultured with SUP-T1 WT, with the exception of the activation marker 

CD25, which appeared to be upregulated (Figure 4.5A). This differential 

activation was not demonstrated by ALK9-CD8-28ζ and ALK9-Fc-28ζ when co-

cultured with SUP-T1 WT, indeed both CARs had similar activation and 

exhaustion marker expression as control UT T cells (Figure 4.5B). When ALK8 

and ALK9 were co-cultured with SUP-T1 ALK cell lines, there appeared to be no 

notable differences in expression patterns in activation and exhaustion markers 

between Fc spacer and CD8 stalk expressing CAR T cells (Figure 4.5C and 

Figure 4.5D). In some cases, co-culture with SUP-T1 ALK induced upregulation 

of marker expression compared with the untransduced control. For example, 

ALK8-Fc-28ζ and ALK8-CD8-28ζ expressed higher CD25 expression than 

control UT T cells, however ALK8-Fc-28ζ also had this upregulation on co-culture 

with SUP-T1 WT (Figure 4.5A and Figure 4.5C). Moreover, both ALK8 and ALK9 

with either an Fc spacer or a CD8 stalk, demonstrated upregulation of Lag3 and 

CTLA-4 when CAR T cells were co-cultured with SUP-T1 ALK compared to co-

culture with SUP-T1 WT cells (Figure 4.5).   
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Figure 4.5 Representative histogram readout of activation and exhaustion marker expression 
after 4 days.  

ALK CAR T cells containing either a CD8 stalk or an Fc spacer with matched anti-ALK scFvs 
were co-cultured with SUP-T1 WT and SUP-T1 ALK cells for 4 days. Expression of activation 
markers (CD25 and CD69) and exhaustion markers (PD-1, Lag3, CTLA-4 and Tim3) were 
determined and compared to UT T cells cultured in the same condition.  
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Activation and exhaustion after 8 days 

We next evaluated the same activation and exhaustion marker expression after 

8 days of culture with target cells. Representative histograms from one donor are 

shown in Figure 4.6. ALK8-CD8-28ζ and ALK8-Fc-28ζ co-cultured with SUP-T1 

WT had similar expression of CD25, PD-1, Lag3 and Tim3 as UT T cells, also 

cultured with SUP-T1 WT (Figure 4.6A). Interestingly, CD69 is upregulated with 

both ALK8 and ALK9 with either stalk regions, both in the presence and absence 

of antigen. Furthermore, ALK8-Fc-28ζ demonstrated higher CTLA-4 expression 

than ALK8-CD8-28ζ and control UT T cells, in the absence of target antigen. This 

trend was also seen with ALK9 CAR T cells co-cultured with SUP-T1 WT for 8 

days (Figure 4.6B). When ALK8 and ALK9 CAR T cells were co-cultured with 

SUP-T1 ALK (Figure 4.6C and Figure 4.6D), the expression patterns of CD25, 

CD69, PD-1, Lag3 and Tim3 remained unchanged from co-culture with SUP-T1 

WT cells. However, the expression of CTLA-4 by ALK8-CD8-28ζ and ALK9-CD8-

28ζ was upregulated to match that of their Fc spacer containing counterparts on 

co-culture with SUP-T1 ALK cells (Figure 4.6C and Figure 4.6D). 
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Figure 4.6 Representative histogram readout of activation and exhaustion marker expression 
after 8 days.  

ALK CAR T cells containing either a CD8 stalk or an Fc spacer with matched anti-ALK scFvs 
were co-cultured with SUP-T1 WT and SUP-T1 ALK cells for 8 days. Expression of activation 
markers (CD25 and CD69) and exhaustion markers (PD-1, Lag3, CTLA-4 and Tim3) were 
determined and compared to UT T cells cultured in the same condition. 
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Change in CD25 expression  

In the representative histogram shown in Figure 4.5, ALK8-Fc-28ζ demonstrated 

marker upregulation of CD25, which was not replicated by the ALK8-CD8-28ζ 

CAR. To determine if this observation was a generalisable finding, we next plotted 

the mean activation marker expression averaged over three independent donors. 

 

Figure 4.7 shows the percentage of CD25+ cells in ALK CAR T cell populations 

and individual CD4+ and CD8+ ALK T cell populations when co-cultured with 

SUP-T1 WT and SUP-T1 ALK cells. As we were particularly interested in 

differences between Fc spacer and CD8 spacer for each CAR and cell lines 

condition these have been depicted as open and filled columns on the graphs 

respectively. 
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At day 4 of co-culture with SUP-T1 WT cells, ALK8-Fc-28ζ and ALK9-Fc-28ζ 

demonstrated higher expression of CD25 than ALK8-CD8-28ζ and ALK9-CD8-

28ζ, respectively, consistent with antigen-independent activation restricted to the 

CARs with an Fc spacer (Figure 4.7A). This differential expression was however 

no longer apparent by day 8 of co-culture. When co-cultured with SUP-T1 ALK 

cells, both spacers conferred similar activation and no difference between 

spacers was observed with CD25 expression on ALK-Fc and ALK-CD8 CAR T 

cells being very similar. The number of cells expressing CD25 was markedly 

reduced by day 8 of co-culture, compared to day 4 consistent with activation 

decreasing by 8 days following stimulus.  

When looking at the ALK CAR T cell CD4+ populations, the same trend was 

identified. CARs containing an Fc spacer (ALK8-Fc-28ζ and ALK9-Fc-28ζ) 

demonstrated higher expression of CD25 than ALK8-CD8-28ζ and ALK9-CD8-

28ζ, respectively, on co-culture with SUP-T1 WT cells at day 4, consistent with 

antigen-independent activation (Figure 4.7B). By day 8 of co-culture, this trend 

was still present and the number of CD4+ ALK CAR T cells expressing CD25 had 

increased. In contrast, when co-cultured with SUP-T1 ALK, CD25 expression was 

similar between ALK-Fc and ALK-CD8 expressing CAR T cells at day 4, which 

reduced by day 8 of co-culture.  

Within the ALK CAR T cell CD8+ populations, the trend was as described above. 

ALK-Fc CAR T cells demonstrate higher CD25 than ALK-CD8 CAR T cells at day 

4 of co-culture with SUP-T1 WT cell line, consistent with CAR T cell activation in 

the absence of antigen, specifically with the Fc spacer (Figure 4.7C). Unlike with 

CD4+ populations, there was no notable differences in CD25 expression between 

day 4 and day 8 in the CD8+ CAR T cell population. When co-cultured with SUP-
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T1 ALK, there were no notable differences between ALK-Fc and ALK-CD8 CAR 

T cell populations. CD25 surface expression was much higher at day 4, which 

was markedly reduced by day 8.  

 

Figure 4.7 Expression of CD25 in CAR populations 

Surface CD25 expression was determined by flow cytometry. The percent of cells positive for 
CD25 were identified in (A) CAR T cell populations as a whole, by CD34+ expression, or in the 
CD4+ (B) and CD8+ (C) CAR T cell populations. Data is shown as mean expression±SEM (n=3 
independent biological replicates). Two-way ANOVA was performed followed by Tukey’s post-
hoc analysis: * p<0.05 (Statistics displayed only for ALK-Fc CAR vs ALK-CD8 CAR within each 
culture condition). 

 

Change in CD69 expression  

To investigate if the antigen-independent upregulation of CD69, which was 

observed with both ALK8 and ALK9 combined with both stalks at day 4 and day 



150 
 

8 (Figure 4.5 and Figure 4.6), was a generalizable finding over biological 

replicates, the mean values across 3 independent donors was plotted (Figure 

4.8b). This was also compared to the expression of CD69 on control 

untransduced T cells, at day 4 and day 8, when co-cultured with SUP-T1 WT 

and SUP-T1 ALK, of the three donors (Figure 4.8a). CD69 was expressed by 

untransduced T cells, which increased slightly from day 4 to day 8, on co-

culture with both SUP-T1 WT and SUP-T1 ALK (Figure 4.8a).  

When comparing CD69 expression on CAR T cells cultured with SUP-T1 WT and 

SUP-T1 ALK, there was no statistical differences between populations with 

different stalk regions (Figure 4.8b). However, the mean value decreased for both 

binders and both spacers and at both time points in the presence of the antigen. 

Hence, CD69 is upregulated post T cell transduction, and is then downregulated 

in the presence of culturing with the ALK antigen (SUP-T1 ALK).  
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Figure 4.8a Expression of CD69 in untransduced T cell popoulations  

 

 

Figure 4.8b Expression of CD69 in CAR T cell populations 

Figure 4.8 Expression of CD69 in T cell populations 

Surface CD69 expression was determined by flow cytometry in untransduced T cells (a) and 
within CAR T cell populations (b). Within the CAR T cell populations, CD69 was determined 
on the population as a whole by CD34+ expression (A), or in the CD4+ (B) and CD8+ (C) 
populations. No statistical differences were found by two-way ANOVA followed by Tukey’s 
post-hoc analysis comparing ALK-Fc CAR vs ALK-CD8 CAR within each culture condition. 
Data is shown as mean expression±SEM (n=3 independent biological replicates).  
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Expression of PD-1 and Tim3 exhaustion markers  

Following this, the expression of cell surface markers associated with exhaustion 

was evaluated in the different CAR T cells through the expression of PD-1 and 

Tim3 (Figure 4.9). ALK-Fc and ALK-CD8 CAR T cells were co-cultured with SUP-

T1 WT and SUP-T1 ALK cell lines for 4 and 8 days. Previously, PD-1 high and 

Tim3 double positive cells have been linked with a terminal exhaustion 

phenotype. Therefore, in this case, the most exhausted and dysfunctional T cells 

were determined as double positive for PD-1 and Tim3, while the least exhausted 

were double negative.  

At day 4 of co-culture with SUP-T1 WT, there were minimal differences between 

ALK-Fc and ALK-CD8 exhaustion phenotypes with the majority of CAR T cells 

being PD-1-/Tim3- (Figure 4.9A). There was an indication that ALK8-Fc-28ζ was 

had higher marker expression than ALK8-CD8-28ζ, however the only statistical 

difference was that ALK8-CD8-28ζ CAR T cells had a significantly higher 

proportion of PD-1-/Tim3- cells. By day 8 of co-culture there was still a large 

proportion of ALK CAR T cells that were double negative for exhaustion markers, 

with a small increase in PD-1+/Tim3+ cells within the ALK9-Fc-28ζ population 

(Figure 4.9B).  

When CAR T cells were co-cultured with SUP-T1 ALK, ALK8 CAR T cells had 

higher proportions of PD-1 and Tim3 expression compared to on co-culture with 

SUP-T1 WT, and compared to ALK9 CAR T cells on co-culture with SUP-T1 ALK 

although these differences did not reach statistical significance (Figure 4.9C). 

Interestingly, by day 8 ALK8 CAR T cells demonstrated lower expression of 

exhaustion markers, when culture in the presence of antigen,  with higher levels 
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of PD-1-/Tim3- CAR T cells, while ALK9 had higher levels of PD-1-/Tim3+ cells, 

albeit not reaching statistical significance (Figure 4.9D). There were no other 

statistically significant differences between ALK-CD8 and ALK-Fc expressing 

CAR T cells.  

 

Figure 4.9 PD-1 and Tim3 expression  

Surface expression of PD-1 and Tim3 was determined by flow cytometry. The percent of cells 
positive was determined on ALK CAR T cells cultured with SUP-T1 WT at day 4 (A) and day 
8 (B) and SUP-T1 ALK at day 4 (C) and day 8 (D) of co-culture. Data is shown as mean 
expression±SEM (n=3 independent biological replicates). Statistical differences determined 
by two-way ANOVA followed by Tukey’s post-hoc analysis comparing CD8 stalk and Fc 
spacer expressing CAR T cells for each phenotype and within each culture condition: * 
p<0.05.  
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4.3.3 Differentiation of ALK CAR T cells 

Next, the differentiation of ALK CAR T cells, comparing ALK-CD8 CAR T cells 

with ALK-Fc CAR T cells was investigated. Given the unspecific proliferation of 

ALK-Fc CAR T cells when cultured with the ALK negative cells, it was 

hypothesised that these Fc spacer containing CAR T cells may be more 

differentiated when compared to the ALK CAR containing the same scFv, but a 

CD8 stalk region. This was investigated at day 4 and day 8 of co-culture with 

SUP-T1 WT and SUP-T1 ALK cells, using flow cytometry. The stage of T cell 

differentiation was determined by the expression of CD45RO and L-selectin 

(CD62L) (Figure 4.10). The expression of CD62L and CD45RO was determined 

in the ALK CAR T cell population, determined by CD34 expression, and in the 

individual CD4+ and CD8+ ALK CAR T cell populations as depicted in Figure 

4.11.  
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Figure 4.10 T cell differentiation stages  

The differentiation stage of T cells was determined by the markers L-selectin (CD62L) and 
CD45RO. Naïve T cells (TN) were defined as being CD62L+ and CD45RO-, central 
memory T cells (TCM) as CD62L+ and CD45RO+, effector memory T cells (TEM) as CD62L- 
and CD45RO+ and terminally differentiated (TEMRA) as CD62L- and CD45RO-.  
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Figure 4.11 Gating Strategy for T cell differentiation 

Representative gating strategy identifying CD3+, αβTCR+ T cells from the lymphocyte 
population after the exclusion of dead cells and doublets. ALK CAR T cells were identified 
through the surface expression of CD34 and the CD4 and CD8 populations were further 
identified. The differentiation stage was determined through the expression of L-selectin 
(CD62L) and CD45RO: TN (CD62L+CD45RO-), TCM (CD62L+CD45RO+), TEM (CD62L-
CD45RO+) and TEMRA (CD62L-CD45RO-).  
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Figure 4.12 and Figure 4.13 show the differentiation of ALK8 and ALK9 CAR T 

cells at day 4 and day 8 respectively of co-culture with SUP-T1 WT and SUP-T1 

ALK cell lines. The stage of differentiation was determined in the bulk ALK CAR 

population, determined by CD34+ (A), or within the individual CD4+ (B) and CD8+ 

(C) ALK CAR T cell populations.  

First we looked at the memory phenotype of CARs at day 4 of co-culture. All CAR 

T cells both in the presence of antigen (SUP-T1 ALK) and without antigen (SUP-

T1 WT) express a predominant phenotype of TEM, followed by TCM, along with 

very low numbers of TN and TEMRA CAR T cells (Figure 4.12). This is consistent 

across bulk CAR T cell population determined by CD34 (A), and CD4+ (B) and 

CD8+ CAR T cells (C). Interestingly, while TN were low across all CARs, the 

highest levels of residual naïve T cells were within the CD8 stalk CAR T cell 

populations without antigen stimulation. This is consistent with the loss of naïve 

T cells following antigen stimulation (CAR + SUP-T1 ALK), or with the leakiness 

of the Fc spacer expressing CAR T cells in the presence and absence of antigen. 

When antigen is added, all CAR T cells expressed lower levels of TCM, with 

increasing levels of TEM CAR T cells. This is consistent across all CAR T cells 

with different stalk regions, and within whole CAR, CD4+ CAR and CD8+ CAR 

populations (Figure 4.12A, B and C), indicative of CARs being activated and 

differentiating in the presence of the SUP-T1 ALK cell line. 

By day 8 of co-culture, interestingly there were more TN CAR T cells compared 

to day 4; perhaps representing the emergence of new TN T cells within the 

populations. This was found across both ALK8 and ALK9 populations, and within 

the CD34+ whole CAR, CD4+ CAR and CD8+ CAR populations (Figure 4.13A, 

B and C). The pattern of TCM and TEM CAR T cells demonstrated the same shift 
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from central to effector in the presence of antigen. This shift was most noticeable 

in ALK8 CAR T cells, compared to ALK9 CAR T cells, although not reaching 

statistical significance.  
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Figure 4.12 Differentiation of ALK CAR T cells after four days of co-culture. 

Stratification of ALK CAR T cells co-cultured for four days with SUP-T1 WT (light blue bars) and SUP-T1 ALK (dark blue bars) cells into different differentiation status 
based on expression of the markers CD45RO and L-selectin (CD62L). The differentiation phenotype was determined in whole ALK CD34+ CAR population (A) and in 
the CD4+ (B) and CD8+ (C) CAR populations. Fc spacer and CD8 stalk expressing CAR T cells are displayed separately. Graphs show mean±SEM (n=3 independent 
biological replicates). No statistical differences were found using two-way ANOVA followed by Tukey’s post-hoc analysis to compare the differentiation status between 
Fc spacer and CD8 stalk expressing ALK CAR T cells from the same co-culture conditions.  
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Figure 4.13 Differentiation of ALK CAR T cells after eight days of co-culture. 

Stratification of ALK CAR T cells co-cultured for eight days with SUP-T1 WT (light pink bars) and SUP-T1 ALK (dark pink bars) cells into different differentiation status based 
on expression of the markers CD45RO and L-selectin (CD62L).  The differentiation phenotype was determined in whole ALK CD34+ CAR population (A) and in the CD4+ 
(B) and CD8+ (C) CAR populations. Fc spacer and CD8 stalk expressing CAR T cells are displayed separately. Graphs show mean±SEM (n=3 independent biological 
replicates).  No statistical differences were found using two-way ANOVA followed by Tukey’s post-hoc analysis to compare the differentiation status between Fc spacer and 
CD8 stalk expressing ALK CAR T cells from the same co-culture conditions. 
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4.4 Discussion  

CD4 and CD8 populations 

In the first results chapter it was demonstrated that ALK-Fc CAR T cells 

proliferated in an antigen-independent manner, indicative of tonic signalling, while 

ALK-CD8 CAR T cells did not. It has been documented in literature that tonic 

signalling results in functionally exhausted and ineffective CAR T cells (Long et 

al., 2015). Based on this and the differences in ALK-Fc and ALK-CD8 CAR T 

cells, the aim of this chapter was to investigate if there were any phenotypic 

differences between the two CAR populations.  

Initially, the proportions of CD4+ and CD8+ T cells were investigated, when CAR 

T cells were cultured alone or with ALK negative and ALK positive cell lines, 

namely SUP-T1 WT or SUP-T1 ALK. The CD4+ and CD8+ populations were 

investigated in αβ+ populations and in αβ+CD34+ (Figure 4.1) populations, to 

determine if the addition of a CAR construct caused any changes. Broadly, for 

ALK8 there was an increase in CD4+ populations over the co-culture when ALK8-

Fc-28ζ and ALK8-CD8-28ζ were cultured alone or with SUP-T1 WT. When co-

cultured with the antigen positive cell line, SUP-T1 ALK, there was enrichment of 

the CD8+ populations over the co-culture. This CD8+ CAR enrichment in the 

presence of antigen stimulus is interesting, which has not generally been noted 

in CAR T cell expansion studies before. There were no statistical differences 

between the ALK8-Fc and ALK8-CD8 populations, or between total αβ and 

αβCD34 populations.  

In the case of ALK9, both ALK9-Fc-28ζ and ALK9-CD8-28ζ cultured alone or with 

SUP-T1 WT had the same expression patterns; higher CD8+ populations at day 
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4 that decreased by day 8 only in the CD8 stalk containing CAR T cells (Figure 

4.2C and Figure 4.2D). As with ALK8, ALK9 CAR T cells had higher expansion, 

or relative survival, of CD4+ CAR T cell populations between day 4 and day 8 in 

the absence of antigen. However, in contrast to ALK8, when ALK9 was co-

cultured with SUP-T1 ALK, there was no enrichment for CD8+ T cells. This was 

observed in both αβ and αβCD34 populations, and regardless of spacer region 

used. This may suggest that ALK8 and ALK9 may induce slight differences in 

CAR T cell activity.  

No statistically significant differences were found between any CD8 stalk and Fc 

spacer CAR populations, suggesting the inclusion of an Fc spacer over a CD8 

stalk did not induce any differences between the proportions of CD4 and CD8 

populations of CAR T cells.  

It has previously been demonstrated that Fc containing CARs proliferate in an 

antigen independent manner when co-cultured with SUP-T1 WT cells, compared 

to their matching counterpart containing a CD8 stalk (section 3.3.5). Figure 4.3B 

and Figure 4.3D demonstrates that both the CD4+ and CD8+ ALK-Fc CAR 

populations are proliferating in an antigen-independent manner. Interestingly, 

when examining CARs with Fc spacers, the addition of antigen (SUP-T1 ALK) 

increased the proliferation only for the CD4+ ALK-Fc CAR populations, while the 

CD8+ CARs with Fc spacer populations demonstrated similar ΔMFIs in both 

presence and absence of antigen.  

When looking at the CD8 stalk containing CARs, ALK8-CD8-28ζ CD4+ CAR T 

cells showed low level proliferation on co-culture with SUP-T1 WT cells, which 

was not observed in the CD8+ population, or the ALK9-CD8-28ζ CD4+ and CD8+ 
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populations (Figure 4.3A and Figure 4.3C). Indeed with ALK9-CD8-28ζ there is a 

small decrease in ΔMFI, which is more pronounced for the CD4+ subpopulation 

suggesting that the UT control T cells cultured alone are proliferating more in this 

instance (an inhibitory effect of the unstimulated CAR). As expected, all ALK CAR 

T cells proliferated on co-culture with the SUP-T1 ALK cell line, however in all 

cases CD4+ CAR populations demonstrated higher ΔMFIs.  

While differences in CD4 and CD8 populations have been investigated here, it is 

well documented that immune elimination of tumour cells requires the close 

cooperation of both CD8+ cytotoxic and CD4+ T helper cells (Hombach et al., 

2006). CD8+ T cells are classically thought of as the most important T cell subset 

based on cytotoxicity, it has been documented a major hurdle in immunotherapy 

by adoptively transferred CD8+ T cells is their dependency on CD4+ T cells, 

which boost antitumor activity by recruiting further effector cells and are required 

the expansion of CD8+ cells by providing cytokines and costimulation, 

augmenting priming, persistence, memory formation and trafficking of cytotoxic 

effectors (Hombach et al., 2006, Janssen et al., 2003, Shedlock and Shen, 2003, 

Guedan et al., 2018b). Liadi et al., investigated the difference between CD4+ and 

CD8+ CAR T cells, and demonstrated that while CD4+ CAR T cells can 

participate in killing and multiple-killing, they do so at a lower rate than CD8+ CAR 

T cells, most likely due to the lower Granzyme B content (Liadi et al., 2015). While 

the CD4 and CD8 populations have broadly been investigated here in terms of 

their proliferation patterns, it would be interesting to look at their impact in more 

detail. For example, by selecting on these populations and utilising them in in vitro 

assays such as cytotoxicity and cytokine producing abilities.  
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Activation and exhaustion markers 

Following on from this, the activation and exhaustion status of ALK CAR T cells 

was investigated. It was hypothesised that ALK-Fc containing CAR T cells would 

have a higher expression of activation and exhaustion markers than ALK-CD8 

CAR T cells, based on the observation of antigen independent proliferation of 

ALK-Fc containing CAR T cells (section 3.3.5). This ligand independent activity, 

indicative of tonic signalling, results in deleterious impacts on CAR T cell function 

and survival, which may lead to a significant disparity between in vitro cytolytic 

capacity and in vivo anti-tumour efficacy (Ajina and Maher, 2018). This is, in part, 

caused by the exhaustion of T cells, which induces low proliferative capacity, 

cytokine producing capabilities, high rates of apoptosis and expression of high 

inhibitory receptors such as PD-1, Tim3 and Lag3 (Long et al., 2015).  

Activation markers, namely CD69 and CD25 (Figure 4.4B), and exhaustion 

markers, namely PD-1, Lag3, CTLA-4 and Tim3 (Figure 4.4C), were measured 

through flow cytometry. These markers were measured on αβ+CD34+ CAR T 

cells as a whole, and on CD4+ and CD8+ populations also. In general, 

representative histograms demonstrate that when co-cultured with either SUP-

T1 WT or SUP-T1 ALK cells for 4 days, ALK-Fc and ALK-CD8 CAR T cells 

showed no difference in exhaustion and activation marker expression (Figure 

4.5). Of note, ALK8-Fc-28ζ showed a higher expression of the CD25 marker, 

compared to ALK8-CD8-28ζ and UT control T cells, when incubated with the 

ALK negative cell line, SUP-T1 WT (Figure 4.5A). Despite this, it was not 

consistent with the other donors investigated. By day 8 of co-culture, there was 

still minimal differences between ALK-Fc and ALK-CD8 expressing CAR T cells 

(Figure 4.6). CTLA-4 was more highly expressed on ALK8-Fc and ALK9-Fc 
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compared to ALK8-CD8 and ALK9-CD8, when co-cultured with SUP-T1 WT in 

one donor, however again this was not consistent between donors (data not 

shown). CD25 and CD69 expression were quantified in Figure 4.7 and Figure 

4.8b Expression of CD69 in CAR T cell populations 

Figure 4.8. While it showed there were some differences in expression between 

ALK-Fc and ALK-CD8 CAR T cells, namely CD25 expression when co-cultured 

with SUP-T1 WT (Figure 4.7A, B and C), there were no statistical differences 

between ALK-Fc and ALK-CD8 CAR T cells. Of course, the difference in CD25 

expression is interesting, particularly because this difference occurs without the 

presence of stimulating antigen. On co-culture with SUP-T1 ALK, these 

differences are not found.  

Interestingly, when ALK8 and ALK9 CAR T cells were incubated with SUP-T1 

ALK cells, ~40% of ALK8 CAR T cells (both Fc spacer and CD8 stalk containing) 

express CD25 compared to ~20% of ALK9 CAR T cells in the same condition. As 

this appears to be irrelevant to the stalk region used, this may suggest some other 

part of the CAR architecture is inducing a higher level of activation, on antigen 

engagement. Long et al., demonstrated that on ex vivo expansion, a second 

generation GD2-28ζ CAR showed higher levels of CD25 expression compared 

to a CD19-28ζ CAR. Furthermore, along with increased activation, these GD2-

28ζ CAR T cells showed a cell surface and transcriptional prolife consistent with 

exhaustion, including higher expression of Tim3 and Lag3 (Long et al., 2015). It 

was demonstrated that this tonic signalling and subsequent profile was related to 

CAR aggregation, due to GD2 scFv clustering based on interactions within the 

scFv framework regions (Long et al., 2015). Perhaps the differences in CD25 

expression found between ALK8 and ALK9, could be attributed to the scFv, rather 
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than the presence of the Fc spacer. Despite this, it has also been evidenced that 

the presence of an Fc spacer can induce chronic activation, identified through 

elevated CD25 levels (Watanabe et al., 2016). This interplay between CAR 

architecture and the evidence of tonic activity suggests there are multiple things 

to consider when identifying a source of over activity. As previously discussed, 

mapping of the epitope binding of the individual anti-scFvs would be interesting 

(section 3.4), as this may offer a potential explanation, and identify any 

differences between the anti-ALK scFv 8 or 9. Interestingly, Long et al., 

demonstrated that replacing the CD28 domain with 41-BB domain ameliorated 

exhaustion, suggesting the signalling induced by different costimulatory 

endodomains can impact on phenotype. 

With regard to CD69, there were no differences in expression between ALK-Fc 

and ALK-CD8 CAR T cells, or when co-cultured with SUP-T1 WT compared to 

SUP-T1 ALK. (Figure 4.5 and Figure 4.6). However, there were differences 

between CAR transduced and UT control T cells (Figure 4.8). This may suggest 

that CD69 is consistently upregulated following transduction of the CAR, 

independent of the presence of target antigen, and then appears to decrease 

when CAR T cells are activated by the presence of the antigen. Interestingly, this 

doesn’t seem to be the case for CD25 expression, which is dependent on antigen 

engagement of the CAR.  

The level of CAR T cell exhaustion was investigated here by determining the 

surface expression of PD-1 and Tim3 (Figure 4.9). The highest level of 

exhaustion was identified as PD-1+/Tim3+ populations, and the least through 

double negative populations. While there appeared to be minimal differences 

between ALK8-Fc and ALK8-CD8, and ALK9-Fc and ALK9-CD8 on co-culture 
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with SUP-T1 ALK at day 4 and day 8 (Figure 4.9C and D), ALK8 showed 

differences on co-culture with the ALK negative cell line (Figure 4.9A). This 

suggests that there were a higher level of more exhausted ALK8-Fc CAR T cells 

than ALK8-CD8 cells at day 4. While this finding was significant, there were other 

minimal differences. It is well documented that chronic CAR activation and tonic 

signalling hinders efficient functioning of CAR activity (Long et al., 2015, Lynn et 

al., 2019). Importantly here, the were no major differences between ALK-Fc and 

ALK-CD8 CAR T cells, suggesting that the presence of the Fc spacer did not 

induce major differences between exhaustion and activation marker expression, 

despite impacting proliferative capacity.  

Overall, looking at the expression of Tim3 and PD-1 demonstrated at ALK8-Fc-

28ζ had higher exhaustion marker expression than ALK8-CD8-28ζ in the absence 

of antigen, consistent with antigen independent activity of the Fc spacer region. 

An interesting observation was that by day 8 in the presence of antigen, the total 

exhausted populations of ALK8 CAR T cells appears to decrease from day 4 

(Figure 4.9C and D). One potential explanation for this is the reduction in 

exhausted cells at day 4 due to lack of proliferation, which are replaced by 

proliferating CAR T cells by day 8, which are less exhausted.  

Differentiation markers 

Efficacy of CAR T cell therapy requires the long-term maintenance of transferred 

cells, which depends on the presence and persistence of memory T cells. The 

differentiation state of the T cells selected can also influence the function and 

their migratory properties in vivo (Srivastava and Riddell, 2018). CAR T cells 

displaying tonic signalling are associated with accelerated T cell differentiation, 
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exhaustion and impaired antitumour effects. It was therefore hypothesised that 

ALK-Fc CAR T cells would express a more differentiated phenotype than that of 

ALK-CD8 CAR T cells. This was investigated through the surface expression of 

L-selectin (CD62L) and CD45RO in Fc spacer and CD8 stalk expressing CAR T 

cells with matched anti-ALK scFvs, co-cultured with antigen negative and positive 

cell lines.  

At day 4 of co-culture, the differentiation status of ALK CAR T cells was the same 

between different CAR T populations, for example the number of TCM and TEM 

ALK8-Fc-28ζ CAR T cells was the same between CD4+, CD8+ and CD34+ 

populations within the same co-culture condition (Figure 4.12). This trend could 

also be said for the other ALK CAR T cells. Across all four ALK CAR T cells, co-

culture with SUP-T1 ALK over SUP-T1 WT induced an increase in TEM CAR T 

cells with a decreased in TCM CAR T cells suggesting antigen stimulation induces 

a higher level of differentiation, as expected. When comparing the phenotype 

between ALK-Fc and ALK-CD8 CAR T cells, ALK9-Fc-28ζ had significantly 

higher expression of the TEM phenotype than ALK9-CD8-28ζ on co-culture with 

SUP-T1 WT cells (Figure 4.12A and Figure 4.12B). This suggests that the Fc 

containing CAR T cells are more differentiated than the CD8 containing CAR T 

cells, however this wasn’t present in the ALK8 CAR populations, and no 

significant differences were found between ALK9-Fc and ALK9-CD8 with other T 

cell phenotypes.  

By day 8 of co-culture, the phenotype of ALK8 CAR T cells followed the same 

trend, with higher TCM CAR T cells when co-cultured with the antigen negative 

cell line, and higher levels of TEM CAR T cells on co-culture with SUP-T1 ALK, 

across CD4+, CD8+ and CD34+ CAR populations (Figure 4.13). By day 8, with 
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both SUP-T1 WT and SUP-T1 ALK co-culture conditions, ALK9-Fc-28ζ and 

ALK9-CD8-28ζ appeared to have the same memory phenotypes, despite the 

addition of ALK stimulation. This could suggest that ALK9 CAR T cells are 

activated and differentiating when ALK isn’t present, on co-culture with SUP-T1 

WT cells, or alternatively on ALK stimulation with SUP-T1 ALK cells, ALK9 CAR 

T cells don’t differentiate. Overall, for all CARs in all culture conditions, there were 

few TN and TEMRA and higher proportions of TEM than TCM. This is consistent with 

other studies in CAR T cells by which cells are activated by OKT3 for their 

transduction (Barrett et al., 2014).   

Accumulating data suggests that engineering less differentiated TN and/or TCM 

cells, or culturing T cells in conditions that preserve these phenotypes, provides 

CAR T cell products with superior persistence in vivo (Srivastava and Riddell, 

2018). Hinrichs et al., demonstrated that deriving effector cells from TN cells gave 

rise to better effector populations that mediated superior effector functions upon 

transfer and did not acquire the expression of the marker of terminal 

differentiation, KLRG-1 (Hinrichs et al., 2009). Furthermore, these naïve derived 

effector cells displayed minimal effector differentiation, high levels of CD27 and 

retained longer telomeres; characteristics that suggest greater proliferative 

potential and have been linked to greater efficacy in clinical trials (Hinrichs et al., 

2009). The use of TCM have superior antitumor function relative to TEM in xenograft 

models of haematological malignancies due to superior persistence and 

proliferation (Berger et al., 2008, Sommermeyer et al., 2016). Despite this, TEM 

express higher levels of chemokine receptors and adhesion molecules required 

for homing to inflamed peripheral tissues and may be better poised to enter solid 

tumour sites.  
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The classic model of differentiation has been refined with the identification of 

memory stem cells (TSCM), which identify as a weekly differentiated T cell subset 

that sits between naïve and central memory subsets (Gattinoni et al., 2011). This 

rare type of memory lymphocyte is believed to be endowed with the stem cell-like 

ability to self-renew with extreme longevity and therefore has implications for CAR 

T cell therapies (Gattinoni et al., 2011, Cieri et al., 2013). It may be interesting to 

identify if this population was present within our ALK CAR T cells, and equally 

investigate further individual phenotypic populations in in vitro assays.  

Overall phenotype discussion 

Previously, clinical trials using CAR T cells have used cell products prepared from 

unselected ‘bulk’ T cells, however, preclinical studies indicate that some T cell 

subtypes show distinct properties in vivo, such as enhanced proliferative capacity 

and increased antitumour effects (Guedan et al., 2018b, Gattinoni et al., 2011). 

Both CD4+ T helper cells and CD8+ cytotoxic T cells play important roles in 

antitumour immunity, with CD8+ T cells assumed to be primary effectors due to 

their enhanced cytotoxic properties (Kuznetsova et al., 2019). While it has also 

been demonstrated that CD4+ CAR T cells can participate in killing, they also 

play an essential role in the promotion of cytotoxicity and it is therefore argued 

that an equal ratio of CD4 and CD8 CAR T cells is optimal for adoptive transfer 

(Liadi et al., 2015, Turtle et al., 2016, Sommermeyer et al., 2016). A recent review 

discussed different CAR T products for glioblastoma treatment, one trial utilised 

uniformly expanded CD8+ T cells with an activated effector phenotype and found 

limited persistence in patients (Brown et al., 2015). A follow up study utilised a 

different phenotype, enriched for TCM cells by selecting on CAR T cells expressing 

L-selectin (CD62L+) based on evidence of long term persistence upon in vivo 
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transfer (Brown et al., 2016, Brown et al., 2018). Furthermore, enriching for 

memory T cells in CD19 CAR T cell therapy resulted in 93% complete remission 

rates being reached (Hay et al., 2017). Studies of adoptive T cell transfer in mice 

and nonhuman primates suggest that although TEM cells have robust cytolytic 

function, only TCM cells and other less differentiated T cell subsets, such as TN 

cells, are critical for in vivo expansion, survival and long-term persistence. As T 

cells become more differentiated they lose costimulatory receptor expression and 

tissue homing capacity (Gattinoni et al., 2005). It is clear that the composition of 

CAR T cell products has a profound influence on functional and therapeutic 

efficacy, and it is therefore something to consider when designing future 

experiments.  
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4.5 Conclusions and future directions 

Chronic T cell activation is observed in certain combinations of scFv, hinge and 

costimulatory domains and may be increased due to high levels of CAR 

expression. Based on previous indications of tonic signalling with the presence 

of an Fc spacer, the phenotypic differences between ALK-CD8 and ALK-Fc 

expressing CAR T cells was investigated. Despite demonstrating minimal 

changes between ALK-CD8 and ALK-Fc CAR T cells there are a number of 

interesting points:  

a. Increased CD8+ populations with CAR antigen stimulation in 

ALK8-CD8-28ζ 

b. Increased CD25 activation with Fc spacer at day 4, despite only 

being present in one donor 

c. Increased TCM to TEM transition with antigen stimulation in ALK8-

CD8-28ζ 

In the future it may be interesting to isolate specific phenotypes and undertake 

in vitro assays to identify further differences, for example, isolate CD4+ and 

CD8+ CAR T cells for use compared to bulk CD34+ populations.  
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5 Comparison of lead ALK-CAR with a previously published 

ALK CAR 

5.1 Introduction  

Commonly when investigating a new treatment, the experimental drug will be 

compared to a ‘gold standard’. For example, the current gold standard for CAR T 

cell therapy is the anti-CD19 CAR; Kymriah and Yescarta. Studies in this area, 

for example investigating alternative anti-CD19 scFvs, will use one of the two 

FDA approved FMC63 CD19 CAR T cell as a comparison to validate research 

against (Ghorashian et al., 2019, Sommermeyer et al., 2017). In this way, 

comparing new therapies to the current gold standard important new 

developments can be identified. For example, all published clinical trials targeting 

CD19 have utilised scFvs derived from murine anti-human mAbs. However, 

recent research demonstrated that numerous human derived anti-human CD19 

scFvs with similar binding characteristics to FMC63 showed improved in vitro 

functions against tumour lines and in vivo activity in a xenograft model 

(Sommermeyer et al., 2017). Based on this, fully human anti-CD19 CAR T cells 

were recently investigated in a clinical trial (Brudno et al., 2020).  

A number of trials are investigating the potential of CAR T cell therapy for 

neuroblastoma, nevertheless none of these are targeting ALK, and therefore we 

are lacking a gold standard therapy for clinical comparison. However, another 

research group recently explored the utility of targeting ALK as a CAR-based 

immunotherapy, providing us with an alternate CAR for functional comparison 

(Walker et al., 2017). In this publication, three unique anti-ALK scFvs were 

investigated, in combination with CD28-CD3ζ or CD8α-4-1BB-CD3ζ signalling 
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endodomains. The lead construct containing an ‘ALK48’ scFv and a 4-1BBζ 

signalling domain was taken forward for further investigation. This CAR contained 

a CD8 derived hinge and transmembrane (H/TM) region, compared to longer 

CARs created containing the CH2CH3 spacer regions. These longer CARs 

showed considerably diminished cytokine production and cytolytic activity and 

were therefore not investigated further (Walker et al., 2017). ALK48-4-1BBζ 

demonstrated the ability to lyse ALK expressing tumour cell lines and produced 

IFNγ upon ALK antigen stimulation (Walker et al., 2017). However, there was 

limited IL-2 production, which had a sharp threshold for appreciable cytokine 

production that was higher than that required for IFNγ cytokine secretion. 

Furthermore, it appeared to lack potent in vivo anti-tumour activity in two 

xenograft models of neuroblastoma, and the authors postulated that low antigen 

density is a major limitation for the use of ALK as a target for CAR T cells (Walker 

et al., 2017). Although ALK48-4-1BBζ cannot be considered a gold standard for 

ALK CAR T cell therapy, it is of interest to compare our novel ALK binders to 

determine relative efficacy and to determine if different ALK binders may exceed 

the activation threshold for antigen-low targets.  
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5.2 Aims 

The data described in chapters 3 and 4 aimed to characterise a panel of anti-ALK 

CAR T cells in a number of in vitro experiments. Of particular importance is the 

observation that the anti-ALK binder 8 combined with either an Fc or a CD8 stalk 

region and CD28ζ signalling domains, demonstrated the greatest ability to lyse 

ALK expressing cells at the lowest target antigen density, namely the Lan-1 cell 

line. Furthermore, ALK8-CD8-28ζ was found to proliferate in an antigen-specific 

manner at this low antigen density. Based on this, ALK8-CD8-28ζ was taken 

forward for use within this chapter of research, in which it was directly compared 

to a previously published anti-ALK scFv in combination with different backbones, 

acting as a comparator for anti-ALK CAR T cells. Therefore, the first aim of this 

chapter was to generate a panel of ALK48-based CAR T cells with different 

backbone combinations. The second aim was to ask a number of questions:  

(i) Is the ALK48 CAR function affected by changing the spacer region and 

signalling endodomain? 

(ii) Is ALK8 superior to ALK48 with its optimal spacer and endodomains, in a 

low antigen neuroblastoma setting? 

To do this I performed a series of co-cultures with a range of ALK surface density 

to evaluate cytotoxic potential, cytokine production and short term proliferative 

responses.  
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5.3 Results 

5.3.1 Generation of ALK48 CAR constructs 

In order to produce a panel of CAR constructs including the ALK48 scFv 

combined with different spacer regions and the CD28ζ signalling domains, a 

cloning strategy was devised displayed in Figure 5.1. To do this, the ALK9-CD8-

28ζ CAR was used as a backbone for inserting new gene sequences based on 

the presence of certain restriction sites which would allow for cloning by restriction 

digest (Figure 5.1A). The sequences of ALK48 scFv and the CD8H/TM region 

were provided by Robbie Majzner (Stanford, USA) (Figure 5.1B). Based on this, 

the following DNA gene blocks were produced (shown in green in Figure 5.1C): 

1. XhoI-ALK48-Fc-CD28TM-BsiWI 

2. XhoI-ALK48-NotI 

3. XhoI-ALK48-CD8H/TM-BsiWI 

This allowed for the production of three novel ALK48 CARs: ALK48-Fc-28ζ, 

ALK48-CD8-28ζ and ALK48-28ζ (Figure 5.1C). The former two CARs will 

therefore contain the ALK48 scFv with regions as per the panel of novel ALK 

constructs investigated in results chapter 1. The latter CAR was produced to 

contain the ALK48 scFv with no spacer apart from the CD8H/TM published in 

Walker et al. However, ALK48-28ζ contains the CD28 co-stimulatory domain, in 

place of 4-1BB. The DNA sequences were validated through restriction digest 

and sanger sequencing (Source Bioscience).  
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Figure 5.1 Design of the ALK48 CAR T cell panel 

The ALK9-CD8-28ζ CAR was used as a backbone for molecular cloning based on the 
position of the restriction sites XhoI, NotI and BsiWI (A). The sequences of the ALK48 scFv 
and the CD8H/TM domain (B) were combined with the ALK9-CD8-28ζ backbone (A) through 
the production of DNA gene blocks (indicated in green) and insertion through restriction 
cloning. Based on this, the following novel ALK CAR constructs were produced: ALK48-Fc-
28ζ, ALK48-CD8-28ζ and ALK48-28ζ (C).  
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5.3.2 Expression of ALK48 constructs on the surface of primary human T 

cells 

After the ALK48 CAR constructs were validated for the correct DNA sequences, 

it was necessary to investigate their expression on the surface of primary human 

T cells. To do this, PBMCs were isolated from healthy donors and activated αβ T 

cells were transduced with gamma-retroviral supernatant produced from triple 

transfection of 293T cells with the ALK48 CAR plasmids. As previously described, 

the binding of anti-CD34 to RQR8, which is co-expressed with the CAR construct, 

was used as a marker of successful transduction in T cells. This binding was 

detected through flow cytometry. No statistical differences were observed 

between the transduction efficacies of the four ALK CAR constructs (Figure 5.2).  

 

Figure 5.2 Transduction efficacy of ALK-RQR8 CAR constructs on primary αβ human T cells 

Activated αβ T cells were transduced to express the ALK CAR constructs with gamma-retroviral 
supernatant, and the transduction efficacy was determined by quantifying the expression of the 
RQR8 marker gene co-expressed with the CAR construct. This was achieved through the 
binding of the anti-CD34 APC antibody. Mean CD34 expression±SD is displayed (n=3-4). No 
statistically significant differences were found between CD34 expression levels as determined 
by one-way ANOVA followed by Tukey’s post-hoc analysis.  
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5.3.3 Cytotoxic activity of ALK48 and ALK8 CAR T cells  

Having confirmed that CD34 could be detected on the surface of primary human 

T cells, their anti-tumour activity was assessed using a 4-hour 51Cr release assay. 

Target cells, in this case SUP-T1 WT, Lan-1, Kelly, Lan-5 and SUP-T1 ALK cell 

lines, were labelled with 51Cr and co-cultured with effector CAR T cells at various 

E:T ratios (1.25:1, 2.5:1, 5:1 and 10:1). After four hours, the 51Cr released from 

lysed cells was recorded. The experiment was replicated in 3-4 independent 

donors and the respective transduction efficiencies are as depicted in figure 5.2.  

Minimal lysis of SUP-T1 WT control cells by any of the CAR T cell subtypes 

(Figure 5.3A) was observed while UT T cells did not present significant anti-

tumour activity against ALK expressing cell lines (Figure 5.3B). ALK48-Fc-28ζ 

and ALK48-28ζ appeared to induce no 51Cr release when co-cultured with Lan-

1, Kelly, Lan-5 or SUP-T1 ALK at any E:T ratio. Conversely, ALK8-CD8-28ζ and 

ALK48-CD8-28ζ demonstrated similar levels of cytotoxicity against all ALK 

expressing cell lines. At 10:1 E:T ratio, both of these CAR T cells exhibited 

significantly higher levels of 51Cr release than UT T cells when co-cultured with 

Lan-1, Kelly and SUP-T1 ALK cell lines. Only ALK8-CD8-28ζ had significantly 

higher levels of Lan-5 killing compared to UT T cells. In the case of ALK8-CD8-

28ζ and ALK48-CD8-28ζ, the level of 51Cr release was higher when ALK target 

density was higher (Figure 3.2). For example, at a 10:1 E:T ratio ALK8-CD8-28ζ 

and ALK48-CD8-28ζ co-cultured with Lan-1 resulted in 26±15% (mean±SD, n=4) 

and 19±12% (n=4) killing compared to when co-cultured with SUP-T1 ALK which 

resulted in 42±12% (n=4) and 41±22% (n=4), respectively. Despite these 

differences, there was no statistically significant differences between the 

cytotoxicity of ALK8-CD8-28ζ and ALK48-CD8-28ζ.  
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Figure 5.3 Cytotoxicity of ALK CARs against neuroblastoma and SUP-T1 WT and SUP-T1 ALK 
cell lines 

T cells transduced with ALK8-CD8-28ζ, ALK48-CD8-28ζ, ALK48-Fc-28ζ and ALK48-28ζ were 
co-cultured with SUP-T1 WT (A) or ALK expressing cell lines (B) at the following E:T ratios: 
1.25:1, 2.5:1, 5:1 and 10:1. UT T cells were used a negative control. Graphs show mean±SD 
(n=3-4). Two-way ANOVA was performed followed by Tukey’s post-hoc analysis: * p<0.1, ** 
p<0.01, *** p<0.001, **** p<0.0001 (Statistics displayed for 10:1 E:T only). 

 

 

 

 

 

 

 

 

 



181 
 

5.3.4 Donor response to PMA/Ionomycin stimulation  

While it was found that ALK8-CD8-28ζ and ALK48-CD8-28ζ were cytotoxic 

against neuroblastoma cell lines (Figure 5.3), when these ALK CAR T cells were 

utilised in subsequent cytokine and proliferation assays there was variable 

response to PMA and ionomycin stimulation. During these experiments, CAR and 

UT T cells stimulated with PMA and ionomcyin acts as a positive control to check 

the health of the T cell. Figure 5.4A shows the response to PMA and ionomycin 

stimulation of the three donors used for the above experiments. The ΔMFI 

compared to UT T cells cultured alone clearly shows that two out of three donors 

had minimal response to stimulation. While donor variability is common, the lack 

of stimulatory response combined with the relatively low transduction efficacies 

for these CARs (Figure 5.2) makes it difficult to conclude information from these 

results.  

In order to produce more accurate in vitro results, assays were repeated with new 

donors which had a higher transduction efficacy and response to PMA and 

ionomycin stimulation (Figure 5.4). As described previously (section 2.2.8), 

activated αβ T cells were transduced with γ-retroviral supernatant produced from 

triple transfection of 293T cells with the ALK48 CAR plasmids. The binding of 

anti-CD34 to RQR8 was determined by flow cytometry. The transduction 

efficacies were higher than previously produced (Figure 5.2). The ΔMFI of ALK 

CAR T cells stimulated with PMA and ionomycin (Figure 5.4B) was greater than 

previous donors used (Figure 5.4A). Unfortunately, at this time the facilities to 

repeat a 51Cr cytotoxicity assay with the following repeat transductions were not 

available, these donors are used for the following experiments described for the 

rest of the chapter.  
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Figure 5.4 ΔMFI of donors in response to PMA and Ionomycin 

ALK CAR T cells were labelled with cell trace violet and proliferation was determined through 
dilution of this dye. ALK CAR T cells stimulated with PMA and ionomycin were used as a 
positive control. The ΔMFI of these cells was determined by comparing the MFI to that of UT T 
cells cultured alone. (A) Two out of three of the original donors demonstrate no proliferation in 
response to PMA and ionomycin stimulation, when compared to UT T cells cultured alone from 
the same donor. Data shows mean ΔMFI±SD, each donor represented by different symbol, 
n=3 of independent biological replicates. Based on this, a further two donors were utilised for 
further experiments (B). Activated αβ T cells were transduced to express ALK CAR constructs 
with γ-retroviral supernatant. The transduction efficacy was determined by quantifying the 
expression of the RQR8 marker gene which is co-expressed with the CAR constructs. Data 
shows mean CD34 expression±SD is displayed. ΔMFI of ALK CAR T cells demonstrates 
proliferative response to PMA and ionomycin stimulation. Data shows mean ΔMFI±SD, each 
donor represented by different symbol, n=2 of independent biological replicates.  
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5.3.5 Cytokine production  

The following experiments utilised the two final donors, not the original three 

donors used for the cytotoxicity assay. The ability of ALK48 CARs to produce 

proinflammatory cytokines on co-culture with ALK-expressing target cells was 

investigated. For this, ALK CAR T cells were co-cultured with irradiated SUP-T1 

WT, Lan-1, Kelly, Lan-5 or SUP-T1 ALK cell lines (section 3.3.4.2). The presence 

of IL-2 and IFNγ was measured in the supernatant by ELISA after 24 hour co-

culture (Figure 5.5A) and after restimulation with the same targets following a 7 

day co-culture (Figure 5.5B).  

When ALK CAR T cells were co-cultured with target cells for 24 hours no IL-2 

was produced on co-culture with SUP-T1 WT, Lan-1, Kelly or Lan-5 cell lines 

(Figure 5.5A). On co-culture with SUP-T1 ALK, only ALK8-CD8-28ζ produced IL-

2. ALK CAR T cells and UT control T cells produced similar levels of IL-2 when 

stimulated with PMA and ionomycin. In terms of IFNγ production after 24 hour co-

culture, only ALK8-CD8-28ζ appeared to produce IFNγ on co-culture with Kelly, 

Lan-5 and SUP-T1 ALK cell lines. There was a slight indication of IFNγ production 

from ALK48 CAR T cells on co-culture with SUP-T1 ALK, however this was much 

lower than that produced by ALK8-CD8-28ζ. On stimulation with PMA and 

ionomycin, UT control T cells, ALK8-CD8-28ζ, ALK48-Fc-28ζ and ALK48-28ζ all 

produced IFNγ, but ALK48-CD8-28ζ did not.  

ALK CAR T cells were co-cultured with target cells for 7 days, before antigen 

restimulation. To do this, ALK CARs were co-cultured with cell lines and 

subsequently washed after 7 days, to remove any cytokines previously produced, 

and re-plated with the original stimulation conditions. After 24 hours the 
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supernatant was harvested for evaluation of cytokines by ELISA (Figure 5.5B). 

IL-2 was only produced from ALK CAR and UT T cells after restimulation with 

PMA and ionomycin. There was low level of IFNγ production from ALK48-CD8-

28ζ and ALK48-Fc-28ζ when co-cultured with Kelly cells, however this was also 

true of UT control T cells suggesting it could be background production. As with 

IFNγ production after 24 hour co-culture (Figure 5.5A), ALK8-CD8-28ζ produced 

IFNγ on co-culture with SUP-T1 ALK, and all T cell populations produced IFNγ 

on PMA and ionomycin stimulation, apart from ALK48-CD8-28ζ. Only ALK48-Fc-

28ζ demonstrated IFNγ production when cultured alone. As this work was carried 

out in only two donors it was not possible to investigate statistical significance.  

 

Figure 5.5 Quantification of IL-2 and IFNγ production by ALK CAR T cells 

IL-2 and IFNγ production measured by ELISA from supernatant after 24 hour co-culture (A) or 
7 day co-culture with restimulation (B). ALK CAR T cells or UT T cells were co-cultured with 
SUP-T1 WT, Lan-1, Kelly, Lan-5 or SUP-T1 ALK cell lines, alone or with PMA and Ionomycin 
stimulation. UT T cells were used as a control. Graphs show mean±SD (n=2 of independent 
biological replicates). No statistical analysis was performed.   
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5.3.6 Short term proliferative capacity 

The short term proliferative capacity of the ALK48 CARs was investigated as 

previously described (section 3.3.5.1). The ALK CAR T cells were labelled with 

cell trace violet, a proliferation dye traceable through flow cytometry. These 

labelled CAR T cells were co-cultured at a 1:1 ratio with irradiated SUP-T1 WT, 

Lan-1, Kelly, Lan-5 or SUP-T1 ALK cell lines. After 4 and 8 days of co-culture, 

CAR T cell proliferation was determined by cell trace violet dilution by flow 

cytometry. ALK CAR T cells were stimulated with PMA and ionomycin as a 

positive control. ALK CAR T cells and UT T cells were cultured alone as negative 

controls. The ΔMFI of ALK CAR T cell proliferation compared to that of UT T cells 

cultured alone was determined, as previously described (section 3.3.5.1), in order 

to quantify the proliferation of the ALK CARs.  

Figure 5.6 shows the short term proliferation after 4 days of co-culture. Figure 

5.6A displays a representative histogram readout of cell trace violet dilution from 

one donor. No proliferation was seen from UT T cells or CAR T cells cultured 

alone. While only ALK8-CD8-28ζ and ALK48-28ζ appeared to have a small shift 

in proliferation when stimulated with PMA and ionomycin on the histograms 

(Figure 5.6A), the ΔMFI demonstrated both donors responded to this stimulation 

(Figure 5.6B). ALK8-CD8-28ζ demonstrated the greatest shift in cell trace violet 

labelled population when co-cultured with SUP-T1 ALK, with smaller shifts in 

proliferation on co-culture with Kelly and Lan-5 cell lines (Figure 5.6A). These 

patterns were not reflected by the ALK48 CAR T cells.  

The MFI of cell trace violet was compared to the MFI of the UT T cell control for 

each experiment (Figure 5.6B). The ΔMFI reflects what is seen in the histograms 
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for ALK8-CD8-28ζ with increasing proliferation from co-culture with Lan-1 through 

to SUP-T1 ALK. This pattern of ΔMFI was also reflected by ALK48-CD8-28ζ, but 

to a lesser extent. The ΔMFI for ALK48-Fc-28ζ and ALK48-28ζ suggests there is 

limited evidence of proliferation at day 4 co-culture. However, as previously 

stated, there was evidence of that all four ALK CAR T cells responded to PMA 

and ionomycin stimulation. However, it is difficult to make conclusive statements 

as statistics can’t be determined for two donors.  
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Figure 5.6 Proliferative capacity of ALK CAR T cells after 4 days of short term co-culture 

ALK CAR T cells or UT T cells were labelled with cell trace violet and cultured alone, or with 
irradiated target cells (SUP-T1 WT, Lan-1, Kelly, Lan-5 or SUP-T1 ALK cell lines) at a 1:1 ratio. 
The dilution of cell trace violet was determined by flow cytometry after 4 days. (A) shows 
representative histograms showing dilution of cell trace violet. (B) shows the mean ΔMFI±SD 
compared to the UT T cell alone control. (n=2 independent biological replicates). No statistical 
analysis was performed. 
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Figure 5.7 shows the short term proliferation of ALK CAR T cells after 8 days in 

co-culture. Figure 5.7A displays a representative histogram readout of cell trace 

violet dilution from one donor. As shown at day 4 of co-culture (Figure 5.7A), UT 

T cells and CAR T cells cultured alone did not show evidence of proliferation 

after 8 days. In contrast, all ALK CAR T cells showed cell trace violet dilution, 

indicative of proliferation, when stimulated with PMA and ionomycin. ALK8-

CD8-28ζ showed minimal proliferation when co-cultured with SUP-T1 WT or 

Lan-1, however increasing cell trace violet dilution was found with Kelly, Lan-5 

and SUP-T1 ALK. ALK48-CD8-28ζ and ALK48-Fc-28ζ also demonstrated cell 

trace violet dilution on co-culture with SUP-T1 ALK, and with Lan-5 to a lesser 

extent. Interestingly, the proliferation against SUP-T1 ALK by the 

aforementioned CAR T cells appeared to have two different populations, one 

demonstrating proliferation and another not. In contrast, ALK48-28ζ showed 

minimal proliferation from all co-culture conditions, with a very small shift seen 

when co-cultured with SUP-T1 ALK cells.  

Figure 5.7B shows the mean ΔMFI over 8 days of co-culture averaged over the 

two independent donors. As shown at day 4 (Figure 5.7B), the ΔMFI for ALK8-

CD8-28ζ reflects what is shown in the histograms, suggesting the highest level 

of CAR T cell proliferation with the SUP-T1 ALK cell line. ALK48-CD8-28ζ and 

ALK48-Fc-28ζ also demonstrated the highest level of proliferation against SUP-

T1 ALK, but to a much lesser extent. Importantly, all four ALK CAR T cells 

demonstrate a proliferative response to PMA and ionomycin stimulation, reflected 

in the ΔMFI.  
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Figure 5.7 Proliferative capacity of ALK CAR T cells after 8 days of short term co-culture 

ALK CAR T cells or UT T cells were labelled with cell trace violet and cultured alone, or with 
irradiated target cells (SUP-T1 WT, Lan-1, Kelly, Lan-5 or SUP-T1 ALK cell lines) at a 1:1 ratio. 
The dilution of cell trace violet was determined by flow cytometry after 8 days. (A) shows 
representative histograms showing dilution of cell trace violet. (B) shows the mean ΔMFI±SD 
compared to the UT T cell alone control. (n= 2 independent biological replicates). No statistical 
analysis was performed.  
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5.4 Discussion  

Previously there have been no CAR based immunotherapies targeting ALK for 

use in neuroblastoma that have been evaluated in a clinical trial setting. Based 

on this, it was decided to utilise a previously published and characterised anti-

ALK CAR T cell for functional comparison with the ALK CAR taken forward from 

our group. Following the characterisation of the panel of anti-ALK CAR T cells in 

Chapter 3 and 4, the anti-ALK scFv ‘ALK8’ combined with either an Fc or a CD8 

spacer conferred the highest cytotoxicity at the lowest ALK antigen target density, 

namely against the Lan-1 cell line. Based on the indication of tonic activity of ALK 

CARs combined with an Fc spacer, and the restricted, antigen-dependent 

proliferation patterns seen with ALK8-CD8-28ζ, this CAR combination was taken 

forward to be compared with a panel of ALK48 CARs.  

The published CAR, ALK48-4-1BBζ, has previously demonstrated the ability to 

lyse ALK expressing tumour cell lines and produce IFNγ upon ALK antigen 

stimulation (Walker et al., 2017). We therefore aimed to compare the published 

ALK48 scFv, with our ALK8 scFv in a panel of in vitro experiments. A panel of 

three ALK48 CAR constructs were designed and produced, combining the ALK48 

scFv into CAR constructs containing the transmembrane domains, spacer 

regions and endodomains of our ALK CAR constructs, creating ALK48-CD8-28ζ 

and ALK48-Fc-28ζ (Figure 5.1C). Furthermore, a final ALK48 CAR was 

produced, containing the published CD8 hinge/transmembrane (H/TM) region 

and the CD28ζ signalling domain used within our CARs (Figure 5.1C). This is 

based on the published ALK48-4-1BBζ CAR which contains only a short CD8 

hinge sequence as spacer. In this way, a complete ALK48 panel was created to 
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validate ALK8-CD8-28ζ against. The panel of ALK48 CAR constructs was 

created through restriction cloning. These constructs were sequenced for the 

correct DNA sequences and confirmed to be accurately cloned. Whist both the 

vector and the endodomains (CD28 in our construct and 4-1BB in Walker et al) 

differ from Walker et al’s., experiments, it was important to compare like with like 

in order to evaluate the contribution of the respective ScFvs towards CAR T cell 

activation. Whilst it is possible that the published binder, ALK48, might function 

more optimally in a different vector and endodomain, we are able to draw 

inferences about target antigen activation thresholds of the different binders. Of 

course, by using a CD28 co-stimulatory domain, as opposed to the 4-1BB 

endodomain, it would be expected that the ALK48 CARs produced for this 

chapter may act differently compared to the lead ALK48 construct previously 

documented (Walker et al., 2017). The functional differences of the use of CD28 

vs a 4-1BB co-stimulatory domain are discussed previously (section 1.4.1.3). 

CD28 is well known to provide a stronger proinflammatory response and short 

term proliferative capacity while 4-1BB demonstrate enhanced long term 

proliferation and persistence (Kawalekar et al., 2016).  

After production of the ALK48 CAR construct panel, it needed to be determined 

if they could be expressed on the surface of primary αβ T cells. Despite the 

transduction efficacies being generally quite low, ranging from 12±4% to 26±14% 

(mean±SD, n=4), there was still evidence of surface expression detected through 

anti-CD34 binding. Anti-CD34 binds the RQR8 domain contained within the CAR 

constructs, which is co-expressed with the CAR gene by a T2A molecule. The 

use of RQR8 co-expressed with the CAR gene by T2A molecule for determining 

transduction efficacy is discussed previously (section 3.4). The transduction 
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efficacy of ALK8-CD8-28ζ as determined by CD34 expression was at least double 

in Chapter 3 (Figure 3.3), suggesting the low levels of transduction found during 

these experiments with all constructs could be donor related or due to technical 

reasons. Of course, it has been documented that low transduction efficacies have 

an impact on CAR functionality. Walker et al., demonstrated that not only does 

target antigen density limit CAR T cell function, such as decreased IL-2 

production with lower target antigen density, but surface CAR expression level 

can impact T cell signal strength and ultimately also limit CAR T cell function 

(Walker et al., 2017). Furthermore, it was suggested this was through the CAR 

being lost from the surface after antigen encounter through internalisation 

(Walker et al., 2017). Of course, the link between CAR functionality and target 

antigen density is well documented (Weijtens et al., 2000, Anurathapan et al., 

2014, Caruso et al., 2015, Turatti et al., 2007). There is also building evidence to 

suggest that CARs undergo rapid down modulation after engagement with their 

target antigens (Caruso et al., 2015, Hamieh et al., 2019). Therefore, having low 

levels of CAR transduced T cells, as seen in this set of experiments, may impact 

the results due to a diminished effector population.  

After it was successfully demonstrated that ALK48 CAR constructs could be 

expressed on the surface of primary αβ T cells, their cytotoxic potential was 

investigated through a 51Cr release assay (Figure 5.3). While ALK8-CD8-28ζ and 

ALK48-CD8-28ζ acted in a similar manner when co-cultured with ALK expressing 

cell lines, ALK48-Fc-28ζ and ALK48-28ζ induced no cytotoxicity from any cell 

lines, in the same manner as the UT T cell control. Interestingly, Walker et al., 

also investigated the use of an Fc (CH2CH3) region combined with their ALK48 

scFv, termed ‘long’ CARs. They found that the long ALK48 CAR could be 
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expressed on the surface of T cells, but showed considerably diminished cytokine 

production and cytolytic activity compared with ALK48 with CD8 hinge 

transmembrane  (Walker et al., 2017). Despite seeing a lack of activity with an 

ALK48 long CAR, the incorporation of an Fc region into our ALK CARs previously 

investigated, demonstrated no cytotolytic differences to ALK CAR T cells 

containing the same ALK scFv and a CD8 stalk (Figure 3.4). It is therefore difficult 

to say whether the lack of activity by ALK48-Fc-28ζ is based on the incorporation 

of the Fc spacer. Perhaps the combination of ALK48 and an Fc spacer inducing 

a lack of CAR activity suggests the differences between our anti-ALK scFvs and 

ALK48 could be impacting these results, as ALK-Fc combinations demonstrated 

cytotoxicity in our hands. Furthermore, the published ALK48-4-1BBζ CAR 

contained only a very short spacer comprising the CD8 H/TM domain, which is 

also present in the ALK48-28ζ  that was produced and evaluated in this assay. 

Again, it is therefore difficult to conclude that the lack of cytotoxic activity seen by 

ALK48-28ζ was due to the presence of the CD8 H/TM domain. 

When these ALK CAR T cells were investigated in further in vitro assays, it was 

found that two out of three donors had a minimal proliferative response to PMA 

and ionomycin stimulation after 8 days, compared to UT T cells cultured alone 

(Figure 5.4A). In this case, PMA and ionomycin is used as a positive control to 

check the health of the T cell. The lack of proliferative response to this stimulation 

suggests the results produced from these donors may not be reliable. Based on 

this, two further donors were investigated for the subsequent cytokine and 

proliferation experiments. Unfortunately due to lab closures, the facilities to 

repeat a 51Cr based killing assay were unavailable. The surface expression of the 

CAR T cells was determined through anti-CD34 binding (Figure 5.4B). In this 
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case, the transduction efficacy was increased for each CAR compared to initial 

efficacies (Figure 5.2). The smallest increase being ALK8-CD8-28ζ; 20±9% (n=3) 

to 27±1% (n=2), and the largest increase being ALK48-28ζ; 24.5±12% (n=3) to 

46.5±2% (n=2). These new donors’ also demonstrated higher proliferative 

responses to PMA and ionomycin stimulation after 8 days, suggesting they are 

responding as expected (Figure 5.4B).  

The ability of the ALK48 CAR T cells to produce cytokines was investigated by 

co-culturing CAR T cells with target cells for 24 hours, or for 7 days with additional 

antigen restimulation (Figure 5.5). After 24 hours of co-culture with cell lines there 

was no IL-2 production from ALK48 CAR T cells (Figure 5.5A). Only ALK8-CD8-

28ζ demonstrated IL-2 production when co-cultured with the high ALK expressing 

cell line, SUP-T1 ALK (av 246pg/mL IL-2 release, n=2). While this is clearly higher 

than ALK48 CAR T cells, ALK8-CD8-28ζ has previously produced much higher 

levels of IL-2 levels when co-cultured with SUP-T1 ALK (Figure 3.5). When 

stimulated with PMA and ionomycin, all CAR T cells and UT T cells produced 

similar levels of IL-2, as expected. In a similar manner, only ALK8-CD8-28ζ 

produced IFNγ on 24 hour co-culture with Kelly and Lan-5 cell lines. On co-culture 

with SUP-T1 ALK cells, there was some low level IFNγ production from ALK48 

CAR T cells, however this was similar to what was seen from UT T cells, 

suggesting this is background release. Only ALK8-CD8-28ζ produced a relatively 

high level of IFNγ on SUP-T1 ALK co-culture (av 602pg/mL IFNγ release, n=2), 

but again this is lower than previously produced (Figure 3.5). Interestingly, all T 

cell populations produced IFNγ when stimulated with PMA and ionomycin, apart 

from ALK48-CD8-28ζ. This lack of cytokine production from ALK CAR T cells on 

co-culture with lower ALK expressing cell lines, namely Lan-1 and Kelly, again 
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highlights the importance of target antigen density in the stimulation and 

subsequent activation of CAR T cells. Many papers have investigated the 

threshold for CAR T activation. Watanabe et al., looked at the density of CD20 

required for anti-CD20 CAR T cell to become activated, and demonstrated that 

as low as ~200 CD20 molecules per cell was required to induce target cell lysis 

(Watanabe et al., 2015). Furthermore, it was demonstrated that target antigen 

density required to induce T cell proliferation and cytokine production was higher 

than that required to induce CAR mediated lysis: for example, ~5,000 CD20 

molecules per cell were needed for cytokine production and T cell proliferation 

(Watanabe et al., 2015). This suggests CAR T cells have hierarchical T cell 

signalling thresholds for cell lysis, proliferation and individual cytokine production 

(Watanabe et al., 2018). This was further confirmed with a CAR targeting a 

tumour glycoepitope of murine OTS8 and CD22 for use in leukaemia (Stone et 

al., 2012, Ramakrishna et al., 2019).  

The ability of ALK CAR T cells to produce IL-2 and IFNγ after restimulation was 

also investigated (Figure 5.5B). In this case, ALK CAR T cells were co-cultured 

with target cells for 7 days before washing and restimulation with the same culture 

conditions. After 24 hours, ALK CAR T cells and UT T cells only produced IL-2 

when stimulated with PMA and ionomycin. In terms of IFNγ production, as with 

24 hour co-culture (Figure 5.5A) all ALK CARs and UT T cells, apart from ALK48-

CD8-28ζ, produced IFNγ on PMA and ionomycin stimulation. There was low level 

release from ALK48-CD8-28ζ when cultured with Kelly cells, but not with SUP-

T1 ALK which has higher ALK expression, or when stimulated with PMA and 

ionomycin. This suggests this result may be background release. Equally, 

ALK48-Fc-28ζ demonstrated release low level IFNγ when co-cultured with Kelly 
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cells and alone, along with when stimulated with PMA and ionomycin. 

Interestingly, chapter 3 results demonstrated that Fc spacer containing CAR T 

cells proliferated when cultured alone, but didn’t produce IFNγ. Nevertheless, the 

IFNγ production here is relatively low, and could be attributed to background 

release.  

The short term proliferation of the ALK48 CAR T cells was investigated at day 4 

and day 8 of co-culture by cell trace violet dilution, determined through flow 

cytometry (Figure 5.6 and Figure 5.7). After 4 days of co-culture, ALK48 CAR T 

cells showed no evidence of proliferation in the representative histogram plots, 

with potentially slight population shifts when stimulated with PMA and ionomycin 

(Figure 5.6A). Only ALK8-CD8-28ζ proliferated on co-culture with SUP-T1 ALK 

cells. In order to quantify the change in proliferation of CAR T cells compared to 

UT T cells from the same donor cultured alone, the ΔMFI was determined (Figure 

5.6B). The ΔMFI shows all four CAR T cells responded to PMA and ionomycin 

stimulation, as expected. ALK8-CD8-28ζ showed similar patterns of proliferation 

as shown in chapter 3 (section 3.3.5.1), with the highest proliferation with the high 

ALK expressing cell line, SUP-T1 ALK. This trend was also seen with ALK48-

CD8-28ζ, but to a much lesser extent. The proliferation patterns were similar at 

day 8 of co-culture (Figure 5.7), however there was a more pronounced response 

to PMA and ionomycin stimulation. ALK48 CAR T cells showed a greater 

response to SUP-T1 ALK co-culture, however the histograms demonstrate two 

different populations of proliferating and non-proliferating cells. While the 

histograms only show one donor, this phenomenon was also present for the 

second donor. Interestingly, this didn’t appear to be the case for ALK8-CD8-28ζ, 

or for any other ALK CAR T cells investigated in chapter 3 results (Figure 3.10 
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and Figure 3.11).  It would be interesting to look at the phenotype of these 

responders and non-responders, for example, the CD4 and CD8 populations. 

This could offer an explanation as to why some appear to be proliferating more 

than others.  

The differences between the ALK8 scFv and the ALK48 scFv are unknown, apart 

from their DNA sequences. Of course, the differences we see in their functionality 

in this panel of in vitro assays could also be due to the differences in the scFv, 

for example, to which epitope of the ALK antigen they recognise and bind to. 

Mapping of epitope binding of the scFvs would therefore be an interesting 

experiment to validate potential reasons between functional differences. The 

binding epitope on the target antigen also influences the distance between the 

CAR-bound epitope and the target cell membrane influences the synapse 

formation between the target cell and the CAR expressing T cell. One method of 

investigating this is to produce truncated isoforms of ALK, removing certain parts 

of the ALK antigen, for example parts of the ectodomain which are believed to be 

involved in ligand binding. These isoforms can be expressed on the surface of an 

ALK negative cell line, such as 293Ts, and ALK CAR binding can be assessed. 

In this way, Sotillo et al., investigated the binding of the FMC63 CD19 CAR T 

scFv to different truncated isoforms of CD19 (Sotillo et al., 2015).  

The data produced in this chapter, along with the data produced in chapter 3, 

suggest there is a complex relationship between target antigen density, CAR 

surface expression level and CAR T cell composition. To an extent it is expected 

that as the level of target antigen density increases or decreases, the level of 

target recognition by a CAR and subsequent killing, cytokine release and 

proliferation will also increase or decrease, respectively. Walker et al., 
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demonstrated this by utilising a panel of NALM-6 leukaemia lines overexpressing 

ALK at different densities, showing that there is a critical role for target antigen 

density in limiting CAR efficacy, in agreement with previous reports showing 

impaired CAR T cell lytic capacity at low antigen densities (Walker et al., 2017). 

It was concluded that antigen density governs several aspects of ALK CAR T cell 

function, and it has a substantial impact on the efficacy of CAR T cell anti-tumour 

responses in vivo (Walker et al., 2017). In cases where target antigen density has 

been modulated, for example, through the use of Bryostatin1 to upregulate the 

expression of CD22 on leukaemia and lymphoma cell lines, it was seen to 

improve the in vitro and in vivo functionality of an anti-CD22 CAR T cell 

(Ramakrishna et al., 2019). Based on the importance of target antigen density, it 

would be a beneficial experiment to quantify the number of ALK molecules per 

cell for the cell lines used. Previously, the relative expression of ALK, as per MFI, 

was used as a marker of how bright a cell line was for ALK surface expression 

(Figure 3.2). In this way, a more accurate determination of the threshold surface 

of ALK target density could be determined.  

The difference in results found could also be attributed to the different CAR 

structures that are included within this assay. The ALK CARs which contained 

the CD8 transmembrane domain and CD8 stalk region, namely ALK8-CD8-28ζ 

and ALK48-CD8-28ζ (Figure 5.1C), acted in an almost identical manner in the 

cytotoxicity experiment (Figure 5.3). In contrast, no cytotoxic activity was seen by 

ALK48-Fc-28ζ or ALK48-28ζ. With regards to anti-CD19 CAR T cells, it has 

previously been shown that CARs expressing a CD8α hinge and transmembrane 

domains produced lower levels of cytokines and exhibited lower levels of AICD 
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compared to CARs expressing a CD28 hinge and transmembrane domains 

(Alabanza et al., 2017).  
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5.5 Conclusions and future directions  

The combination of the previously published anti-ALK scFv, ALK48, with different 

stalk and hinge regions was compared to ALK8-CD8-28ζ. While ALK48 combined 

with a CD8 stalk acted in a similar manner to ALK8-CD8-28ζ in terms of 

cytotoxicity, ALK8-CD8-28ζ demonstrated higher levels of cytokine production 

and proliferation. ALK48 combined with an Fc spacer or the published 

hinge/transmembrane region demonstrated little activity in the assays described 

above.  

As described previously, the ALK target density is too low on neuroblastoma cell 

lines for full activation of the second generation ALK-CAR constructs described. 

Given the restrictive nature of the anti-ALK8 scFv, and the indication that ALK8-

CD8-28ζ may be more effective than the previously published ALK scFv in the 

same CAR combination, ALK8-CD8 was taken forward for use in a dual targeting 

CAR system.  
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6 Utilising ALK in a dual-targeting CAR 

6.1 Introduction  

The data described in the previous chapters has highlighted the importance of 

target antigen density in the functionality of CAR T cell therapies. In the case of 

ALK, we have shown decreased functionality of multiple second generation ALK 

CAR T cells when target antigen density is lower, in line with what has previously 

been documented in the literature (Walker et al., 2017). The thresholds of antigen 

expression required to activate CARs has been investigated in multiple pre-

clinical models (Yoshida et al., 2016, Watanabe et al., 2015, Majzner et al., 2020). 

At low target antigen densities, it was demonstrated that CARs produce lower 

levels of IL-2 or IFNγ, regardless of the addition of co-stimulatory domains or 

alterations to the scFv binding affinity, demonstrating its critical role in efficient 

CAR functioning (Chmielewski et al., 2011). Despite this, when ALK antigen 

density was high enough, anti-ALK CAR T cells demonstrated cytotoxic activity, 

proliferation and proinflammatory cytokine production in an antigen-dependent 

manner. Furthermore, anti-ALK CAR T cells expressing a CD8 stalk region as 

opposed to an Fc spacer, demonstrated clear antigen-dependant proliferative 

capacity in a short-term setting.  

Based on this, the final chapter of this thesis aimed to investigate how ALK could 

be utilised in a dual-targeting CAR system. By combining an anti-ALK CAR with 

another CAR also specific for a neuroblastoma associated antigen, such as GD2, 

the functionality of the ALK CAR could potentially be increased. In this way, the 

T cell ‘signal 1’ (CD3ζ) is physically dissociated from the costimulatory ‘signal 2’ 

into two separate CAR constructs of differing antigen specificity (Lanitis et al., 
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2013). This dual-targeting system has multiple benefits over a single 

monotherapy CAR T cell. While potentially increasing the functionality of ALK as 

a target for neuroblastoma, the specificity of the therapy should also be 

increased. In theory, CAR T cell reactivity will be in a setting when only both target 

antigens are present, sparing the destruction of single positive tissues. This 

approach has previously been described for different antigenic targets (Lanitis et 

al., 2013, Wilkie et al., 2012, Kloss et al., 2013) but never previously using ALK 

CAR or targeting neuroblastoma.  
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6.2 Aim 

The first aim of this chapter was to create a single endodomain anti-ALK CAR T 

cell containing CD3ζ signalling domain only, for combination with a GD2-Fc-28 

single endodomain CAR. The second aim was to determine if expressing these 

single constructs together could increase the following on co-culture with double 

antigen positive cells: 

(i) Production of pro-inflammatory cytokines 

(ii) Activation and degranulation marker expression  

(iii) Level of proliferation   
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6.3 Results 

6.3.1 Production of ALK8-CD8-ζ 

Within the lab group a GD2-Fc-28 single endodomain construct had already been 

produced (Figure 6.1A) (generated by Wisidagamage Don Nisansala Dilrukshi 

and Pierre Abramowski, UCL GOSH). This construct contains the RQR8 domain, 

which can be detected through binding of the anti-CD34 antibody. Based on this, 

a cloning strategy was devised to produce a single endodomain anti-ALK 

construct combined with CD3ζ alone. Based on Chapter 3, the anti-ALK scFv 

‘ALK8’ combined with the CD8 stalk was chosen to be used. Given the RQR8 

domain was present with GD2-Fc-28, a myc tag was added in order to allow for 

surface detection with an anti-myc antibody. In order to have the ALK8-CD8-ζ 

construct in the same backbone as GD2-Fc-28, the restriction site BstBI was 

added into the original GD2-CD8-28ζ second generation CAR T cell through site-

directed mutagenesis (Figure 6.1B). Based on this, and the position of the MluI 

restriction site, the following geneblock was designed and produced by IDT: 

1. BstBI-myc-ALK8H3-CD8-CD8TM-CD3ζ-MluI 

Subsequently, the geneblock was inserted into the GD2 CAR backbone through 

restriction cloning to create ALK8-CD8-ζ (Figure 6.1C). The DNA sequences 

were all validated through restriction digest and Sanger sequencing (Source 

Bioscience).  
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Figure 6.1 Design of ALK single endodomain construct  

ALK8-CD8-ζ was designed and produced through restriction cloning. (A) the anti-GD2 scFv 
was combined with an Fc spacer region (FcS), a CD28 transmembrane domain (CD28TM) and 
a CD28 endodomain. This construct was co-expressed with an RQR8 domain by use of a T2A 
self-cleaving peptide, allowing for surface detected through anti-CD34 binding. (B) the original 
second generation anti-GD2 CAR construct, which contains an MluI restriction site after the 
CD3ζ endodomain. The restriction site BstBI was added before the RQR8 domain, using site 
directed mutagenesis. (C) geneblock encoding ‘BstBI-Myc-ALK8-CD8S-CD8TM-CD3ζ-MluI’ 
was created and inserted into GD2-CD8-28ζ backbone (B) using restriction cloning. 
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6.3.2 Production of an ALK and GD2 positive control cell line 

In previous chapters the lymphoma cell line, SUP-T1, has been utilised as a 

matched control cell line for ALK expression. In order to produce a double positive 

control cell line, the SUP-T1 ALK cell line was transduced with an oncoretroviral 

SFG vector encoding both GD3 synthase and GM2/GD2 synthase separated by 

a T2A peptide. These enzymes are required for the stable surface expression of 

the GD2 ganglioside. The SUP-T1 ALK cell line was transduced with γ-retroviral 

supernatant produced from triple transfection of 293T cells with the GD2 plasmid. 

Following transduction, the cell line was sorted by flow cytometry to select on the 

high ALK and high GD2 expressing cells, detected through APC and FITC 

staining, respectively (Figure 6.2A). This expression was further confirmed after 

a week in cell culture conditions, post cell sort by flow cytometry (Figure 6.2B).    
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Figure 6.2 Production of SUP-T1 ALK_GD2 

The SUP-T1 ALK cell line was transduced to express GD2 using retroviral supernatant. This 
cell line was sorted to identify high ALK and high GD2 expressing cells by flow cytometry (A). 
(B) Confirmation of GD2 and ALK expression on the SUP-T1 ALK_GD2 cell line after one week 
in cell culture. ALK+GD2+ populations were identified from the single cell lymphocyte 
population. 

 

6.3.3 Expression of ALK and GD2 on neuroblastoma cell lines 

While ALK expression was previously described (section 3.3.3.1), the expression 

of surface GD2 has not been characterised for this thesis. For that reason, the 

surface expression of both ALK and GD2 was determined through flow cytometry. 

ALK and GD2 were expressed on all neuroblastoma cell lines Lan-1, Kelly and 

Lan-5, as expected (Figure 6.3A). SUP-T1 WT was confirmed negative for both 

ALK and GD2 (Figure 6.3B). SUP-T1 ALK was confirmed positive for ALK and 

negative for GD2. SUP-T1 GD2 was confirmed negative for ALK and positive for 

GD2. Finally, SUP-T1 ALK_GD2 was confirmed positive for both ALK and GD2.  
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Figure 6.3 Relative expression of GD2 and ALK on cell lines 

The surface expression of ALK and GD2 was determined by flow cytometry on (A) 
neuroblasotma cell lines and (B) control SUP-T1 cell lines. Median fluorescence intensity (MFI) 
is displayed against unstained controls (n=1 independent experiments).  
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6.3.4 Confirmation of surface expression 

After producing ALK8-CD8-ζ I wanted to confirm it could be expressed on the 

surface of cells and detected through flow cytometry. Furthermore, I wanted to 

confirm that both ALK8-CD8-ζ and GD2-Fc-28 could be expressed on cells at the 

same time through mixing of single construct virus for transduction. As previously 

discussed, the surface detection of constructs containing the RQR8 domain, 

present in GD2-Fc-28, is through the binding of anti-CD34 to this domain. As 

ALK8-CD8-ζ contains a myc tag, surface expression of this construct was 

determined through anti-myc binding. Therefore, binding of anti-CD34 to RQR8, 

and anti-myc to the myc tag, were used as a marker of successful co-

transduction.  

In order to do this, γ-retrovirus was produced through the triple transfection of 

293T cells with the ALK8-CD8-ζ and GD2-Fc-28 plasmids. Following this, Jurkats 

were transduced with virus for the single CAR constructs, and with mixed virus 

from the two single CAR constructs (herein referred to as the double CAR). Figure 

6.4A demonstrates that the ALK8-CD8-ζ could successfully be expressed on the 

surface of Jurkat cells, detected through anti-myc staining. Furthermore, this 

staining was unaffected by the presence of anti-CD34 staining. Figure 6.4B 

demonstrates that ALK8-CD8-ζ and GD2-Fc-28 can be detected on the surface 

of Jurkat cells through anti-myc and anti-CD34 staining, respectively. Moreover, 

Jurkats transduced to express the double CAR can be detected on the surface 

with both anti-myc and anti-CD34 staining.  
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Figure 6.4 Expression of single endodomain and double CAR on Jurkat cells 

Jurkat cells were transduced to express ALK8-CD8-ζ, GD2-Fc-28 or the double CAR with γ-
retrovirus produced from the triple transfection of 293Ts. (A) ALK8-CD8-ζ could successfully 
be detected on the surface of Jurkat cells through the binding of an anti-myc antibody, detected 
through flow cytometry. (B) Surface expression of ALK8-CD8-ζ was detected through anti-myc 
staining, GD2-Fc-28 was detected through anti-CD34 staining, and the double CAR was 
detected through both anti-myc and anti-CD34 staining, through flow cytometry (n=1). 

 

  



211 
 

6.3.5 Expression on primary T cells 

Next the expression of ALK8-CD8-ζ alone, GD2-Fc-28 alone and the double CAR 

was investigated on primary T cells. PMBCs were isolated from healthy donors, 

and activated αβ T cells were transduced with retroviral supernatant produced 

from triple transfection of 293T cells with CAR plasmids. Surface expression of 

constructs was investigated on CD3+αβTCR+ cells identified through flow 

cytometry (Figure 6.5A). Single positive myc and CD34 populations could 

successfully be detected on the surface of αβ T cells through flow cytometry 

(Figure 6.5B). Similarly, where T cells were transduced to express the double 

CAR, double positive populations for CD34 and myc could be identified (Figure 

6.5B). Overall, the transduction efficacies ranged from 42±15% for the double 

CAR (mean ± SD, n=3), 60±8% for GD2-Fc-28 (n=3) and 66±8% for ALK8-CD8-

ζ (n=3) (Figure 6.5C). 

  



212 
 

 

Figure 6.5 Transduction efficacy of ALK and GD2 CAR constructs on primary αβ human T cells 

Activated αβ T cells were transduced to express the CAR constructs with retroviral supernatant. 
Transduction efficacy was determined by quantifying the expression of the RQR8 marker gene 
and the myc tag. This was achieved by using an anti-CD34 APC antibody and anti-myc PE 
antibody. (A) Representative plots showing the gating strategy to identify CD3+ αβTCR+ T cells 
after exclusion of doublets and dead cells. (B) Single ALK and GD2 constructs and double 
construct can be detected by anti-myc and anti-CD34 staining. (C) Mean expression±SD (n= 3 
of individual donors). No statistically significant differences were found between CD34 and myc 
expression levels by one-way ANOVA followed by Tukey’s post-hoc analysis.  
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6.3.6 Short term effector functions 

6.3.6.1 Activation and degranulation markers 

The activation of CAR T cells on engagement with ALK and GD2 antigens was 

investigated through the surface expression of CD69 and CD25 markers. 

Furthermore, the degranulation of CAR T cells was investigated by measuring 

the intensity of CD107a surface expression on co-culture of CAR T cells with GD2 

and ALK expressing cell lines. CD107a is a marker of T cell degranulation that is 

exposed to the T cell surface when activated cytotoxic T cells secrete perforins 

and granzymes against targets, and is therefore a quantitative indicator of lytic 

function by T cells (Brownrigg et al., 2019, Betts et al., 2003). In this research 

chapter it was not possible to undertake 51Cr based cytotoxicity assays, and 

therefore investigating CD107a acted as a surrogate readout. In order to do this, 

CAR T cells were co-cultured with the neuroblastoma cell lines: Lan-1, Kelly or 

Lan-5 (Figure 6.6), or the SUP-T1 cell lines: SUP-T1 WT, SUP-T1 GD2, SUP-T1 

ALK or SUP-T1 ALK_GD2 (Figure 6.7). After 18 hours of co-culture, the 

expression of CD69, CD25 and CD107a was determined on CAR T cells through 

flow cytometry.  

Figure 6.6A and Figure 6.6B show the expression of activation markers from CAR 

T cells. There is a clear shift in the percent of CD25+ CAR T cells when the double 

CAR was co-cultured with Lan-1, Kelly and Lan-5 cell lines, despite only 

demonstrating significance compared to GD2-Fc-28 on co-culture with Lan-5 

(Figure 6.6).  There was minimal CD25 expression from control UT T cells in all 

conditions, or GD2-Fc-28 when co-cultured with Kelly or Lan-5 cells. Low level 

CD25 expression was found from ALK8-CD8-ζ in all culture conditions, and when 
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GD2-Fc-28 was co-cultured with Lan-1 cells (Figure 6.6A). The double CAR 

demonstrated significantly higher CD69 expression compared to ALK8-CD8-ζ 

when co-cultured with Lan-1, Kelly and Lan-5 cell lines, following a similar trend 

to CD25 expression (Figure 6.6B). GD2-Fc-28 also expressed CD69 on co-

culture with neuroblastoma cell lines, which was above that of ALK8-CD8-ζ and 

the control, UT T cells. As with activation markers, the double CAR demonstrated 

higher expression of CD107a than ALK8-CD8-ζ, GD2-Fc-28 and UT T cells 

(Figure 6.6C). Both ALK8-CD8-ζ and GD2-Fc-28 expressed CD107a to similar 

levels as each other. However, the differences in CD107a expression did not 

reach statistical significance.  

Figure 6.7 shows the expression of CD69, CD25 and CD107a on co-culture with 

SUP-T1 cell lines. Figure 6.7A shows the expression of CD25 on CAR T cells. 

There was low background CD25 expression from control UT T cells on co-

culture with all cell lines. The largest increase is found when ALK8-CD8-ζ and the 

double CAR are engaged, namely when co-cultured with SUP-T1 GD2 and SUP-

T1 ALK_GD2. Here, there was no evidence that costimulation through the use of 

the double CAR increased the expression of CD25.  

Figure 6.7B shows the expression of CD69 on CAR T cells on co-culture with 

target cells. Unlike with CD25, there was a higher background level of CD69 

expression on control UT T cells, on co-culture with all target cells. The largest 

increase in CD69 expression was seen when costimulation was provided by the 

double CAR, most notably when co-cultured with SUP-T1 ALK_GD2. In this 

instance, ALK8-CD8-ζ on co-culture with cell lines does not increase CD69 

expression, apart from on co-culture with SUP-T1 ALK_GD2. Interestingly, GD2-
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Fc-28 alone also has increased CD69 expression on co-culture with SUP-T1 GD2 

and SUP-T1 ALK_GD2.  

Figure 6.7C displays the expression of CD107a. As with CD25 expression, there 

was low background CD107a expression on control UT T cells. Both ALK8-CD8-

ζ and GD2-Fc-28 alone was sufficient to induce modest CD107a expression, in 

the absence of antigen (SUP-T1 WT). The addition of antigen through target cells 

does not cause great changes to CD107a expression by ALK8-CD8-ζ or GD2-

Fc-28. However, the addition of the costimulation through the double CAR 

increased the expression of CD107a on co-culture with SUP-T1 ALK_GD2, 

although not significant.  
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Figure 6.6 Activation and degranulation marker expression of CAR T cells on 18 hour co-culture 
with neuroblastoma cell lines 

Surface expression of CD69 and CD25, activation markers, and CD107a, a degranulation 
marker, were investigated in ALK8-CD8-ζ, GD2-Fc-28 and double CAR populations. 
Untransduced (UT) T cells were included as a control for comparison purposes. Expression of 
(A) CD25, (B) CD69 and (C) CD107a were determined using flow cytometry analysis, 
performed after 18 hour co-culture with the following neuroblastoma cell lines; Lan-1, Kelly and 
Lan-5. Data shown is mean±SEM (n= 3 of individual donors). Statistical analysis was performed 
with one-way ANOVA comparing double CAR to ALK8-CD8-ζ and GD2-Fc-28, followed by 
Tukey’s post-hoc analysis: * p<0.05, ** P<0.01, *** p<0.001, **** p<0.0001. 
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Figure 6.7 Activation and degranulation marker expression of CAR T cells on 18 hour co-culture 
with SUP-T1 cell lines 

Surface expression of CD69 and CD25, activation markers, and CD107a, a degranulation 
marker, were investigated in ALK8-CD8-ζ, GD2-Fc-28 and double CAR populations. 
Untransduced (UT) T cells were included as a control for comparison purposes. Expression of 
(A) CD25, (B) CD69 and (C) CD107a were determined using flow cytometry analysis, 
performed after 18 hour co-culture on co-culture with SUP-T1 cell lines expressing no antigen 
(SUP-T1 WT), single positive for GD2 or ALK (SUP-T1 GD2 and SUP-T1 ALK), or double 
positive for GD2 and ALK (SUP-T1 ALK_GD2). Data shown is mean±SEM (n= 3 of individual 
donors). Statistical analysis was performed with one-way ANOVA comparing double CAR to 
ALK8-CD8-ζ and GD2-Fc-28, followed by Tukey’s post-hoc analysis * p<0.05, ** P<0.01, *** 
p<0.001, **** p<0.0001. 
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6.3.6.2 Cytokine production  

The production of IL-2 and IFNγ was investigated after 24 hours of co-culture. 

CAR T cells were co-cultured with neuroblastoma and SUP-T1 cell lines at a 1:1 

E:T ratio, before cytokine levels were determined through ELISA.  

When CAR T cells were co-cultured with Lan-1, Kelly and Lan-5, only the double 

CAR showed any production of IL-2 (Figure 6.8A). While the double CAR also 

produced the highest levels of IFNγ on co-culture with the same cell lines, there 

was also low level release from GD2-Fc-28 on culture with Lan-1, from UT control 

T cells on co-culture with Lan-1, Kelly and Lan-5, and from ALK8-CD8-ζ on co-

culture with Lan-5 (Figure 6.8B). Despite this, the double CAR produced 

significantly more IFNγ than both single CARs on Kelly and Lan-5 co-culture.  

On co-culture with SUP-T1 cell lines, IL-2 was only produced by the double CAR 

on incubation with SUP-T1 ALK_GD2, along with low level production from ALK8-

CD8-ζ in the same culture condition (Figure 6.8C). In a similar trend, the largest 

amount of IFNγ was produced by the double CAR on co-culture with SUP-T1 

ALK_GD2, with low level production from ALK8-CD8-ζ (Figure 6.8D).  
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Figure 6.8 Short term cytokine production  

IL-2 and IFNγ measured by ELISA from supernatant after 24 hour co-culture of CAR T cells 
with neuroblastoma cell lines (A-B), or SUP-T1 WT, SUP-T1 GD2, SUP-T1 ALK or SUP-T1 
ALK_GD2 (C-D). Untransduced T cells were used as a negative control. Data shows mean±SD 
(n=3 independent biological replicates). Two-way ANOVA was performed followed by Tukey’s 
post-hoc analysis: * p<0.05, ** P<0.01, *** p<0.001, **** p<0.0001. 
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6.3.7 Long term effector function 

6.3.7.1 Proliferative capacity  

Following on from this, the proliferative capacity of the double CAR was 

investigated, compared to ALK8-CD8-ζ and GD2-Fc-28. Cell trace violet labelled 

CAR T cells were co-cultured with irradiated SUP-T1-WT, SUP-T1 ALK, SUP-T1 

GD2 and SUP-T1 ALK_GD2 and neuroblastoma cell lines, before being analysed 

through flow cytometry after 4 and 8 days. Figure 6.9 and Figure 6.10 show 

representative histogram read outs for cell trace violet dilution from one donor, 

followed by the mean ΔMFI of all three donors. In this case, the ΔMFI of CAR T 

cells was defined as the difference between the MFI of CAR T cells in co-culture 

conditions and the MFI of that CAR T cell cultured alone for the same length of 

time. This was to take into account for any background proliferation that might 

have been seen in any conditions.  

After 4 days of co-culture with neuroblastoma cell lines, the double CAR showed 

a higher level of proliferation than ALK8-CD8-ζ and GD2-Fc-28 alone (Figure 

6.9A). Interestingly, GD2-Fc-28 demonstrated low level proliferation on co-culture 

with neuroblastoma cell lines, which was also seen from ALK8-CD8-ζ cultured 

with Lan-5. On co-culture with the antigen negative SUP-T1 WT cell line, the 

ΔMFI decreased for all CAR T cells, suggesting no proliferation above the 

background proliferation was seen (Figure 6.9B). The double CAR demonstrated 

higher proliferation levels on incubation with SUP-T1 GD2 and SUP-T1 ALK cell 

lines, however this was more pronounced on co-culture with SUP-T1 GD2 cells: 

showing statistically higher proliferation compared to ALK8-CD8-ζ. While the 

double CAR also demonstrated increased proliferation on incubation with SUP-
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T1 ALK_GD2, there was proliferation from ALK8-CD8-ζ and GD2-Fc-28 CAR T 

cells also (Figure 6.9B).  

The proliferation trends at day 8 reflect those from day 4 of co-culture. The double 

CAR continued to show higher levels of proliferation when co-cultured with Lan-

1, Kelly and Lan-5 cell lines, but to a lesser extent (Figure 6.10A). GD2-Fc-28 

also continued to demonstrate low level proliferation when co-cultured with 

neuroblastoma cell lines, along with ALK8-CD8-ζ on co-culture with Lan-5. These 

patterns were also reflected in the representative histograms. The ΔMFI of CAR 

T cells on day 8 of co-culture (Figure 6.10B) with SUP-T1 cell lines also remained 

similar to day 4 of co-culture (Figure 6.9B). While GD2-Fc-28 and ALK8-CD8-ζ 

showed no proliferation against SUP-T1 WT, the double CAR showed low level 

activity which is also seen in the representative histogram. Proliferation against 

the SUP-T1 GD2 cell line was still evident from GD2-Fc-28 and the double CAR 

at day 8, which was also seen in the representative histograms. This background 

proliferation from GD2-Fc-28 was no longer evident on co-culture with SUP-T1 

ALK, unlike at day 4 (Figure 6.9B), however both ALK8-CD8-ζ and the double 

CAR demonstrated proliferation against this cell line. On co-culture with the 

double positive cell line, SUP-T1 ALK_GD2, the representative histogram 

showed proliferation from all three CAR T cells, with the greatest proliferative shift 

from the double CAR, followed by ALK8-CD8-ζ and finally by GD2-Fc-28. This is 

also reflected in the ΔMFI, however the differences are minimal.  

 

 



222 
 

 

Figure 6.9 Proliferation at 4 days of co-culture  

CAR T cells or UT T cells were labelled with cell trace violet dye and co-cultured with irradiated cell lines at a 1:1 E:T ratio for 4 days. Representative 
histograms from one donor and mean ΔMFI±SD for CAR T cells were determined on co-culture with (A) neuroblastoma cell lines: Lan-1, Kelly and Lan-
5, or (B) SUP-T1 WT, SUP-T1 ALK, SUP-T1 GD2 and SUP-T1 ALK_GD2. (n=3 independent biological replicates). One-way ANOVA was performed 
followed by Tukey’s post-hoc analysis: * p<0.05. 
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Figure 6.10 Proliferation after 8 days of co-culture 

CAR T cells or UT T cells were labelled with cell trace violet dye and co-cultured with irradiated cell lines at a 1:1 E:T ratio for 8 days. Representative 
histograms from one donor and mean ΔMFI±SD for CAR T cells were determined on co-culture with (A) neuroblastoma cell lines: Lan-1, Kelly and Lan-
5, or (B) SUP-T1 WT, SUP-T1 ALK, SUP-T1 GD2 and SUP-T1 ALK_GD2. (n=3 independent biological replicates). One-way ANOVA was performed 
followed by Tukey’s post-hoc analysis. 
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6.3.7.2 Cytokine Production 

To investigate ability of cells to produce cytokine in an antigen-dependent way 

following antigen-dependent expansion, CAR T cells were co-cultured with 

irradiated target cells; Lan-1, Kelly, Lan-5, SUP-T1 WT, SUP-T1 GD2, SUP-T1 

ALK and SUP-T1 ALK_GD2. After 7 days of co-culture, cells were washed and 

replated with the original plating conditions. After a further 24 hours of co-culture, 

the supernatant was harvested and IL-2 and IFNγ was measured through ELISA.  

Despite the double CAR showing significantly higher levels of IL-2 production on 

co-culture with Kelly cells compared to ALK8-CD8-ζ and GD2-Fc-28, the levels 

are so low this must considered as background (Figure 6.11A). IFNγ was 

produced by the double CAR on culture with all neuroblastoma cell lines to 

varying levels, while the single endodomain CARs did not produce cytokine 

(Figure 6.11B). On co-culture with SUP-T1 cell lines, the double CAR only 

produced IL-2 and IFNγ on co-culture with SUP-T1 ALK_GD2, which was 

significantly higher than ALK-CD8-ζ and GD2-Fc-28 (Figure 6.11C and Figure 

6.11D).  
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Figure 6.11 Long term cytokine production  

IL-2 and IFNγ measured by ELISA from supernatant after 7 hour co-culture of CAR T cells with 
neuroblastoma cell lines (A-B), or SUP-T1 WT, SUP-T1 GD2, SUP-T1 ALK or SUP-T1 ALK_GD2 (C-
D). Untransduced T cells were used as a negative control. Data shows mean±SD (n=3 independent 
biological replicates). Two-way ANOVA was performed followed by Tukey’s post-hoc analysis: * p<0.05, 
** P<0.01, *** p<0.001, **** p<0.0001. 
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6.4 Discussion 

Previously, we have demonstrated that second generation anti-ALK CAR T cells 

as a monotherapy do not produce sufficient responses in low target antigen 

density settings. This has been well documented for both CARs targeting ALK 

and other tumour associated antigens (Walker et al., 2017, Ramakrishna et al., 

2019, Chmielewski et al., 2011, Watanabe et al., 2015). Despite this, at higher 

target antigen densities, when anti-ALK scFvs were combined with a CD8 stalk 

region, there was evidence of antigen-dependant cytotoxic activity, production of 

proinflammatory cytokines and short term proliferation. A strategy used to 

improve the therapeutic index of CAR based immunotherapy involves the use of 

T cells with dual antigen specificity. In this setting, two complementary CARs are 

co-expressed in the same T cell population, each directed to a distinct tumour 

target, and engineered to provide complementary signals. In previous 

investigations, the rationale is to optimise T cell homing and tumour specificity, 

which in turn reduces ‘on-target off-tumour’ toxicity, where targeted antigens are 

also expressed on healthy tissues. However in this chapter, by combining co-

stimulation with another neuroblastoma expressed antigen, in this case GD2, the 

aim was to selectively enhance the activity of the ALK CAR T cell. Due to the 

physical dissociation of CD3ζ and the co-stimulatory CD28 domain into two 

separately targeted CAR T cells, the specificity of this system is also enhanced. 

As such, the use of this dual targeting CAR in the same T cell should result in 

activation, cytotoxicity and proliferation only in a setting of ALK and GD2 

expression: namely against neuroblastoma.  
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While GD2 was already combined into a co-stimulatory only construct within the 

lab: GD2-Fc-28, it was decided that the ‘ALK8’ scFv combined with a CD8 stalk 

region was to be constructed into a CD3ζ only construct. Of course, GD2 could 

have been combined into the CD3ζ construct and ALK in the co-stimulatory only 

construct. However, it has previously been documented that within dual targeting 

CAR systems it is possible for first generation CAR T cells conferring signal 1 

only, to become activated at the site of both target antigens, but subsequently 

continue to exert effects post activation at sites of single antigen expression 

(Kloss et al., 2013). Kloss et al., further demonstrated that by diminishing the 

efficiency of T cell activation to a level where it is ineffective in the absence of 

simultaneous chimeric costimulatory receptor (CCR) recognition of the second 

antigen, this problem can be eradicated (Kloss et al., 2013). Based on the 

diminished activity of the second generation ALK CAR T cell when target antigen 

density was lower, it therefore made sense to combine ALK into the CD3ζ only 

construct (Figure 6.1). As the GD2 single construct contained the RQR8 domain 

it was necessary to produce ALK8-CD8-ζ with an alternative tag for surface 

detection. It was successfully demonstrated that ALK8-CD8-ζ could be detected 

on the surface of Jurkat cells and primary αβ T cells through binding of anti-myc 

detected through flow cytometry (Figure 6.4 and Figure 6.5).  

The most effective way to produce a double construct expressing CAR T cell, 

herein referred to as the double CAR, was considered. In the above approach, 

the transduction was achieved by combining γ-retrovirus from two separate 

constructs, giving a mean transduction efficacy of 42±15% (n=3) (Figure 6.5). It 

has been commented that transduction with two different vectors per T cell might 

enhance the risk of insertional mutagenesis by various genetic integrations 
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(Zimmermann et al., 2020).  It may be beneficial to produce an ‘all-in-one’ vector, 

which would allow for constitutive expression of both constructs for any T cell 

infected with virus. Expression of two constructs with the use of a T2A molecule, 

or an IRES, would ensure equimolar expression, while equal expression cannot 

be guaranteed with two separate virus infections. Furthermore, within the double 

transduced populations, there will inevitably be the presence of single positive T 

CAR T cells also. While the double CAR T cells produced here were only utilised 

in flow based assays, where it was possible to identify the double myc+ and 

CD34+ populations, the use of double CAR T cells within non flow based assays 

would raise problems with identifying a truly double positive population. While it 

wasn’t possible to undertake 51Cr assays for this chapter of work due to lab 

closure, it would have required flow based cell sorting to identify double CAR+ T 

cells before undertaking this kind of killing experiment. Furthermore, flow based 

cell sorting could pose a risk of unwanted CAR T cell activation, before cells have 

been utilised in assays. Despite this, the transduction efficacy achieved for the 

double CAR was relatively high (Figure 6.5), in some cases higher than 

previously achieved for a single second generation CAR T cell (Figure 3.3), 

potentially as the separate vectors were smaller than the second generation ALK 

CAR constructs. Furthermore, clear effector differences were seen between the 

single ALK8-CD8-ζ and GD2-Fc-28 CAR populations compared to the double 

CAR transduced T cells, suggesting double transduction identified by myc and 

CD34 was accurate.  

In vitro activity of the double CAR T cells was initially tested with the 

neuroblastoma cell lines Lan-1, Kelly and Lan-5, which all express ALK and GD2 

antigen (Figure 6.3A). Furthermore, while the control cell lines SUP-T1 WT, SUP-
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T1 ALK and SUP-T1 GD2 were already available for use, it was preferable to 

incorporate a double antigen positive control cell line with high double antigen 

expression. SUP-T1 ALK_GD2 was produced and high double positive antigen 

expression was confirmed by flow cytometry (Figure 6.2). The control cell lines 

were confirmed either positive or negative for ALK and GD2, as expected (Figure 

6.3B).  

Initially short term effector functions between the three CAR T cells were 

compared consisting of co-cultures with neuroblastoma cell lines and control 

SUP-T1 cell lines, before determining activation and degranulation levels, and 

cytokine production (Figure 6.6, Figure 6.7 and Figure 6.8). CD25 and CD69 are 

activation markers which are upregulated on activation and restimulation, but are 

generally low on resting CAR T cells (Gargett et al., 2016). On co-culture with 

neuroblastoma cell lines, there was a general shift showing that the double CAR 

had a higher percentage of CD25 and CD69 expressing cells, compared to ALK8-

CD8-ζ and GD2-Fc-28 CAR T cells (Figure 6.6A and Figure 6.6B). This suggests 

that at these lower ALK antigen expressing cell lines, the double CAR can induce 

a higher production of proinflammatory cytokines which requires the engagement 

of both targeted antigens. While there was minimal expression of CD25 on ALK8-

CD8-ζ and GD2-Fc-28 CAR T cells and control UT T cells, there was a clear low 

level expression of CD69 on the aforementioned cells (Figure 6.6A and Figure 

6.6B). The upregulation on ALK8-CD8-ζ CAR T cells was in line with that of UT 

control T cells, suggesting this could be a level of background activation, however 

there was further upregulation on GD2-Fc-28 CAR T cells (Figure 6.6B). While 

these chimeric costimulatory receptors (CCR) are required to achieve robust CAR 

T cell expansion, function, persistence and antitumor activity in combination, they 
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do not provide a T cell activation signal alone (Sadelain et al., 2013). The 

upregulation of CD69 on GD2-Fc-28 CAR T cells is therefore unexpected. While 

the Fc spacer is combined with the second generation GD2 targeting CAR T cell 

currently being evaluated in a clinical trial (Straathof et al., 2020). I have 

previously demonstrated that in combination with a second generation ALK CAR 

T cell the Fc spacer may be responsible for antigen-independent proliferation of 

CAR T cells (section 3.3.5.1). This could offer a potential explanation as to why 

there is an increased level of CD69 expression here. As previously discussed, 

Long et al., demonstrated that second generation GD2-28ζ CAR aggregate on 

the surface of T cells due to their scFv framework which is responsible for their 

tonic signalling, in an antigen-independent manner (Long et al., 2015). This may 

also offer an explanation into this higher level of activation seen with GD2-Fc-28.  

As previously mentioned, the use of the double CAR in a 51Cr cytotoxicity assay 

within this set of experiments was not possible at this time. Instead, the levels of 

surface CD107a were measured. This degranulation marker could be used as a 

‘surrogate’ readout to a killing assay. It has been commented that measuring 

degranulation directly may be a more direct measurement of T cell cytotoxicity, 

while 51Cr release assay is actually an indirect measurement of T cell functionality 

(Betts et al., 2003). Cytotoxic lymphocytes mediate killing of target cells through 

two major pathways: a granule-dependent method involving perforin and 

granzyme production, and a granule-independent method involving fas-fasL 

pathways (Betts et al., 2003). Perforin and granzyme are pre-formed lytic 

lysosomes located within the cytoplasm which are surrounded by a lipid bilayer 

containing lysosomal associated membrane glycoproteins (LAMPs), including 

CD107a (LAMP-1) (Peters et al., 1991). Activated T cells results in the migration 
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of granules to the plasma membrane and release of granule contents into the 

immunological synapse resulting in death of target cells, and exposing CD107a 

as a surface marker which can subsequently be measured (Betts et al., 2003). 

Surface expression of CD107a was determined after short term co-culture of CAR 

T cells with neuroblastoma cell lines, and was found to be expressed more highly 

on double CAR T cells in every culture condition (Figure 6.6C). The engagement 

of both GD2 and ALK by the double CAR induces a higher level of degranulation, 

suggesting T cells are more cytotoxic against double positive cell lines when the 

double CAR is present. Again, there was also an upregulation of CD107a 

expression of ALK8-CD8-ζ and GD2-Fc-28 CAR T cells, which wasn’t present on 

control UT T cells. This suggests this isn’t a background level of expression, and 

the presence of the single construct CAR T cells is inducing this CD107a 

upregulation. First generation CAR T cells can induce cytotoxic effects against 

target cells, however  they either fail to persist or become anergic, as tumour cells 

frequently lack requisite ligands for costimulation (Lanitis et al., 2013). While we 

did see a shift in CD107a surface expression between CAR T cell populations, 

perhaps the timings for such an experiment were too long. Betts et al., suggests 

significant expression of cell surface CD107a can be observed as early as 30 

minutes following stimulation of primary CD8+ T cells, and reaches a maximum 

by 4 hours (Betts et al., 2003). Importantly, the double CAR demonstrated an 

increased upregulation in CD25, CD69 and CD107a compared to ALK8-CD8-ζ 

and GD2-Fc-28 in a double antigen positive neuroblastoma setting.  

Figure 6.7 shows the same experiment, however the target cells, SUP-T1 WT, 

have been manipulated to express high levels of GD2 alone, ALK alone, or high 

levels of both. The percentage of double CAR T cells expressing CD25 was 
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upregulated more highly on co-culture with SUP-T1 GD2 and SUP-T1 ALK_GD2, 

also shown with ALK8-CD8-ζ CAR T cells (Figure 6.7A). The activity seen from 

the single ALK8-CD8-ζ CAR T cell isn’t completely unexpected. First generation 

constructs, such as this, are capable of providing a comparable stimulatory signal 

to that of the entire CD3 complex (Haynes et al., 2001, Irving and Weiss, 1991). 

However, in in vivo settings they are insufficient to sustain antitumor responses, 

due to lack of proliferation and cytokine production from T cells (Brocker and 

Karjalainen, 1995). CD69 was also upregulated on double CAR expressing T 

cells in response to co-culture with SUP-T1 GD2, along with expression on GD2-

Fc-28 (Figure 6.7B). Clearly, the presence of the GD2 antigen on target cells 

engaging with the anti-GD2 scFv, is inducing activation, even in the absence of 

signal 1: in the case of GD2-Fc-28 alone. While there was a small increase in 

CD69 activation by double CAR T cells on co-culture with the SUP-T1 ALK_GD2 

cell line, both ALK8-CD8-ζ and GD2-Fc-28 also had high levels of CD69 

expression (Figure 6.7B). Perhaps the upregulation on GD2-Fc-28 could be due 

to previous activation. One possible explanation is that all CAR T cells have 

previously been activated with anti-CD3 and anti-CD28 9 days prior to being used 

in the proliferation assay. While there is an assumption that the response to this 

stimulation will have slowed by then, these CAR T cells subsequently engage 

with an antigen and form an immune synapse, which could induce a level of 

activation, even without the presence of CD3ζ.  

The expression of CD107a was more highly upregulated on the double CAR co-

cultured with SUP-T1 ALK_GD2, however there was also upregulation on the 

double CAR co-cultured with SUP-T1 WT, SUP-T1 GD2 and SUP-T1 ALK (Figure 

6.7C). Equally, there was also CD107a expression on ALK8-CD8-ζ and GD2-Fc-
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28 on co-culture with these SUP-T1 cell lines, albeit at lower levels than the 

double CAR. The expression on UT control T cells is low, suggesting the 

degranulation seen from the single endodomain CARs is not background. This 

could be due to multiple reasons previously discussed, such as first generation 

CAR signalling on engagement of antigen, or previous activation of CAR T cells 

resulting in signalling on antigen engagement. The fact there is evidence of 

degranulation by the double CAR in the presence of single antigen positive cell 

lines, could suggest there is clustering of the two CAR receptors and subsequent 

activation of both on engagement of single antigen. This, however, does not 

explain why there is evidence of degranulation in the presence of SUP-T1 WT 

cells.  

The production of IL-2 and IFNγ were determined after 24 hours of co-culture with 

neuroblastoma cells (Figure 6.8A and B) or with SUP-T1 cell lines (Figure 6.8C 

and D). Clearly, IL-2 was only produced when the double CAR was incubated 

with Lan-1, Kelly and Lan-5 cell lines, to varying degrees (Figure 6.8A). This trend 

was also seen with IFNγ, with the highest production consistently being from the 

double CAR (Figure 6.8B), suggesting both antigens require engagement from 

the double CAR for proinflammatory cytokine production. In contrast to IL-2, 

control UT T cells in all conditions, along with ALK8-CD8-ζ co-cultured with Lan-

5 and GD2-Fc-28 co-cultured with Lan-1, produced some low level background 

IFNγ. As previously mentioned, first generation CAR T cells do have the capability 

to become activated and signal, which could explain why ALK8-CD8-ζ produced 

IFNγ on co-culture with the highest ALK expressing neuroblastoma cell line, Lan-

5. When CAR T cells were co-cultured with SUP-T1 cell lines, IL-2 was only 

produced by the double CAR incubated with the double antigen positive cell line, 
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SUP-T1 ALK_GD2, as expected (Figure 6.8C). ALK8-CD8-ζ also produced low 

levels of IL-2 on co-culture with this cell line. In some ways this could be expected, 

due to the high target antigen density of ALK on this cell line. However, the SUP-

T1 ALK_GD2 was produced from the SUP-T1 ALK cell line, and therefore the 

antigen density of ALK on these cell lines would be expected to be the same. 

One possible explanation is that the brightness of ALK surface expression may 

be dimmer on SUP-T1 ALK, due to the long standing nature of culturing. When 

SUP-T1 ALK_GD2 was produced, only the highest ALK expressing cells were 

sorted by flow cytometry to create the new population. Perhaps the surface 

expression of ALK on the SUP-T1 ALK_GD2 cell line is therefore higher than that 

on the SUP-T1 ALK cell line. In future, it would be beneficial to sort SUP-T1 ALK 

by flow cytometry to ensure a highly bright ALK surface antigen density. With 

regard to IFNγ production, again the double CAR when co-cultured with SUP-T1 

ALK_GD2 only produced a high level of cytokine (Figure 6.8D). There was low 

levels of IFNγ from UT control T cells, from GD2-Fc-28 and double CAR on co-

culture with SUP-T1 GD2, and from ALK8-CD8-ζ on co-culture with SUP-T1 

ALK_GD2. The low level reactivity from GD2-Fc-28 against SUP-T1 GD2 could 

be attributed to the tonic nature of both the GD2 scFv and the Fc spacer, however 

in previous publications this tonic signalling has been shown to be antigen-

independent also (Long et al., 2015). This suggests it should be witnessed in 

every co-culture condition, which interestingly isn’t the case. 

In order to investigate longer term effects of CAR T cells, proliferation was 

investigated at day 4 and day 8, along with cytokine production after 7 days of 

co-culture and antigen restimulation. In previous chapters, the ΔMFI of CAR T 

cells was determined by comparing the MFI of CAR T cells with the MFI of UT 
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control T cells cultured alone. While there was some background proliferation 

from the CAR T cells in these assays, the main aim here was to investigate if 

there was a difference between single endodomain CARs and the double CAR. 

Therefore, the ΔMFI was determined by comparing the MFI of CAR T cells in a 

co-culture condition with the MFI of the matched CAR T cell cultured alone. After 

4 days, the proliferation of cell trace violet labelled CAR T cells was determined 

by flow cytometry on co-culture with neuroblastoma cell lines (Figure 6.9A) and 

with SUP-T1 control cell lines (Figure 6.9B). Figure 6.9A demonstrates that on 

co-culture with Lan-1, Kelly and Lan-5, there was a higher level of proliferation by 

the double CAR, suggesting full proliferative activation requires the presence of 

both antigens and both CARs in co-culture. It is also encouraging that the ΔMFI 

appears similar across all neuroblastoma cell lines, including Lan-1 which is the 

lowest ALK expressing cell line (Figure 3.2). Interestingly, GD2-Fc-28 appeared 

to show a low level of proliferation on co-culture with these cell lines also. While 

it is thought that these CCR CARs should not be able to signal, there are a 

number of possible explanations for this background activity. As previously 

mentioned, these CAR T cells have previously been activated 9 days prior to 

being used in the proliferation assay. While there is an assumption that the 

response to this stimulation will have slowed by then, these CAR T cells 

subsequently engage with an antigen and form an immune synapse, which could 

induce a level of proliferation, even without the presence of CD3ζ. Furthermore, 

the GD2-Fc-28 construct contains both the 14g2a scFv and an Fc spacer region. 

Long et al., has previously demonstrated that the 14g2a scFv can aggregate and 

cluster due to interactions with the scFv framework resulting in tonic T cell 

activation (Long et al., 2015). Both the data produced in chapter 3 and within the 
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literature, has documented the activity of the Fc spacer which can induce tonic 

signalling.  

Figure 6.9B shows the proliferation of CAR T cells against SUP-T1 cell lines. As 

per the representative histograms, there appears to be no proliferation against 

the double antigen negative SUP-T1 WT cell line. The ΔMFI shows that the 

proliferation here against the double negative cell line was lower than that in the 

CAR alone. In theory, there should be no proliferation of CAR T cells on co-culture 

with SUP-T1 GD2 and SUP-T1 ALK. In contrast, we can see double CAR 

proliferation on co-culture with both these cell lines, which is more pronounced 

against the GD2 antigen. Furthermore, there is evidence of background GD2-Fc-

28 proliferation with SUP-T1 GD2, and both single endodomain CARs against 

SUP-T1 ALK. Perhaps, proliferation could be explained here by clustering and 

interaction between scFvs or other CAR architecture. It has already been 

demonstrated that the anti-GD2 scFv can interact (Long et al., 2015). 

Furthermore, it is documented that CARs containing hinge and transmembrane 

regions of CD8α containing of cysteine residues result in CD8α dimerization 

(Salzer et al., 2020, Hennecke and Cosson, 1993).  

Considering SUP-T1 ALK_GD2 expresses the highest level of double antigen 

based on cell sorting, it would be expected to induce the biggest increase in 

proliferation by the double CAR. However, both ALK8-CD8-ζ and GD2-Fc-28 

demonstrate proliferation against SUP-T1 ALK_GD2. While it is known that first 

generation CAR T cells are capable of activation and subsequent signalling on 

antigen engagement, it is well regarded that costimulation is required for full T 

cell activation, subsequent effector functions, such as proliferation and the 

prevention of AICD and anergy (Lanitis et al., 2013, Chmielewski et al., 2011, 
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Gong et al., 1999). Moreover, if it is truly engagement of ALK on this cell line by 

ALK8-CD8-ζ that is inducing this response, we must question why the same level 

of proliferation was not seen when ALK8-CD8-ζ was co-cultured with SUP-T1 

ALK. One explanation was discussed before, regarding the production of SUP-

T1 ALK_GD2, which may have identified more highly ALK expressing cells.  

CAR T cell proliferation after 8 days of co-culture is displayed in Figure 6.10. On 

co-culture with neuroblastoma cell lines, the trend of proliferation follows day 4 

co-culture (Figure 6.9A), however the proliferation by the double CAR is less 

pronounced (Figure 6.10A). Equally, proliferation patterns on co-culture with 

SUP-T1 cell lines also reflected on day 8 also reflected what was seen at day 4 

(Figure 6.9B), however the double CAR demonstrated low level proliferation on 

co-culture with SUP-T1 WT cells and GD2-Fc-28 no longer appeared to 

proliferate with SUP-T1 ALK (Figure 6.10B). Importantly, there is evidence that 

the use of the double CAR induces higher proliferation than single endodomain 

CAR T cells against neuroblastoma cell lines with lower antigen expression, 

namely Lan-1, which has the lowest ALK surface density (Figure 3.2). It is 

interesting to consider why the double CAR did not show to increase the 

functionality on co-culture with SUP-T1 ALK_GD2, which has of course been 

engineered to express high levels of ALK and GD2. While this shows stronger 

activation by cells expressing both target antigens, there is often significant 

activation by cells expressing single antigen alone and tuning of antigen 

expression and affinity is often required to observe strong discrimination between 

dual- and single-antigen target cells (Lim and June, 2017). 

Finally, the long term cytokine producing ability of CAR T cells was investigated 

after 7 day co-culture and CAR T cell restimulation (Figure 6.11). While the 
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double CAR produced slightly higher levels of IL-2 on co-culture with Kelly and 

Lan-5 neuroblastoma cell lines, the level of production was so low that it must be 

classed as low background production (Figure 6.11A). In contrast, the production 

of IFNγ from the double CAR on co-culture with Lan-1 and Kelly cell lines (Figure 

6.11B) was comparable to that after 24 hours of co-culture (Figure 6.8B). 

Furthermore, there was no background IFNγ production from the single 

endodomain CARs, suggesting there was minimal background activation. The IL-

2 production from the double CAR on co-culture with SUP-T1 ALK_GD2 was also 

significantly higher than the single endodomain CARs, however the levels here 

still remain low, and it is difficult to claim effective functioning of the CAR (Figure 

6.11C). Encouragingly, the double CAR produced a large level of IFNγ on co-

culture with SUP-T1 ALK_GD2, which was not reflected in the single positive 

SUP-T1 cell lines, or SUP-T1 WT (Figure 6.11D). Equally, there was no 

background IFNγ production from the single endodomain CARs on co-culture 

with any SUP-T1 cell lines. This suggests that the double CAR must be present 

and engaged with both antigens for effective cytokine production from the CAR T 

cells. Importantly, after 7 days of co-culture and subsequent restimulation, this 

cytokine producing ability is not completely hampered in the case of IFNγ.  

While second generation single antigen targeting CAR T cells have reaped 

outstanding results in some settings, there are drawbacks. The enhanced 

potency of these second generation CARs containing costimulatory domains can 

be associated with autoimmunity due to on-target toxicities against normal 

tissues expressing low levels of the TAA of choice (Lanitis et al., 2013). 

Furthermore, the targeting of one TAA can induce selection pressures and 

contribute towards antigen negative disease relapse; a phenomenon described 
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with CD19 second generation CAR T cell therapy (Nie et al., 2020). This has been 

reported as a cause of failure in both preclinical and clinical studies using 

adoptively transferred T cells with single antigen specificity to treat 

heterogeneous tumours types (Anurathapan et al., 2014, Riker et al., 1999). As 

previously discussed, the main aim of this chapter was to selectively boost the 

function of an anti-ALK CAR by combining it with another neuroblastoma targeted 

CAR, based on limited in vitro activity of a second generation anti-ALK CAR T 

cell at low antigen densities, however dual targeting CAR systems appear to have 

multiple other benefits.  

There are of course multiple things that need to be considered when designing 

this dual CAR system. There are numerous neuroblastoma associated antigens 

that could have been utilised in this assay, which should be considered carefully. 

Kloss et al., initially demonstrated that first generation CAR T cells can become 

activated at sites of double antigen expression, but continue to exert effects at 

sites of single antigen expression, despite the co-stimulatory receptor not being 

engaged. This was rectified by reducing the affinity of the scFv in the first 

generation CAR (Kloss et al., 2013). This demonstrates the importance of 

understanding target antigen densities and designing the combination of CAR T 

cells as such, with consideration to the affinity of each scFv to its target. 

Therefore, understanding the ALK scFv affinities would be of importance. 

Furthermore, understanding complete expression profiles of ALK and GD2 on 

healthy and malignant tissues would be a key finding in order to make sure there 

is no overlap on on-target toxicity on healthy tissues.  

Furthermore, effective CAR T cell function depends on the formation of an optimal 

immune synapse (Watanabe et al., 2018). Structural and spatial elements of TCR 
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recognition have evolved for precise regulation of the interaction between a T 

cells and its target cell, and this can be challenging to recapitulate with synthetic 

receptors (Srivastava and Riddell, 2015). Recent work has revealed that 

activation of canonical TCR chains is critically dependent on the size of the MHC 

ligand being recognised, with signalling attenuating sharply when the 

TCR:peptide-MHC (pMHC) ligand pair size exceed WT dimensions (Choudhuri 

et al., 2005). The spatial distance between CARs and their target antigens is of 

equally importance for effective initiation of T cell signalling, but this depends on 

an entirely different set of structural elements related to the location of the epitope 

on the target molecule and the spacer domain between the scFv and the T cell 

membrane (Srivastava and Riddell, 2015). As previously discussed in this thesis, 

the epitope mapping of our anti-ALK scFvs has not been undertaken, and 

therefore we do not know the optimal length of spacer region to utilise. By 

combining with another CCR CAR T cell, the size of the antigens being targeted 

together and the architecture of the CAR T cells must be considered carefully. Of 

course, the size of the antigens themselves will differ, for example, CD22 is a 

large extracellular domain must be considered whereas CD20 is a tetrapanin-like 

protein with a small extracellular domain while CD22 is comprised of seven Ig-

like domain (James et al., 2008). By honing the immune synapse of the double 

CAR through utilising stalk regions of relevant length, the double CAR system 

could be augmented. There are therefore multiple components to be considered, 

differences in specificity, affinity, and stoichiometry of CARs, as well as different 

model systems may be influencing factors (Lanitis et al., 2013).  
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6.5 Conclusions and Future directions 

This proof of concept chapter has proved that the use of a double CAR can induce 

double antigen-dependent activation, degranulation, cytokine production and 

proliferation. In the future, this should be directly compared side by side with 

ALK8-CD8-28ζ second generation CAR. Furthermore, increased understanding 

of the length of the immune synapse which includes ALK and GD2 is vital, along 

with a deeper understanding of epitope binding and scFv affinity which can inform 

further decisions regarding CAR architecture. Furthermore, potential 

consideration to the changing of the GD2-Fc spacer region, based on evidence 

throughout this PhD of tonic signalling, and literature such as Long et al. 

Depending on which antigen is more highly expressed on healthy tissue, it is 

possible to arrange the choice of target on CAR specifically. For example, 

recognition of the antigen combined with costimulation alone will induce singular 

transmission of CD28 signal, but in the absence of CD3ζ activating signalling, the 

dual-targeting CAR T cell will not become activated (Lanitis et al., 2013).  
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7 Discussion  

7.1 Final conclusions 

The aim of this PhD project was to develop a CAR T cell immunotherapy which 

targets ALK, for potential use in neuroblastoma. While the panel of nine anti-ALK 

second generation CAR T cells demonstrated cytotoxic activity and 

proinflammatory cytokine production at high ALK target densities, at lower target 

densities the functionality decreased. Moreover, ALK CAR T cells containing Fc 

spacers domains demonstrated unspecific proliferative capabilities, indicative of 

tonic signalling, while matched anti-ALK scFvs combined in CARs with a CD8 

stalk region demonstrated restricted and antigen dependent proliferation 

patterns. While these CARs acted differently in a proliferative setting, there were 

minimal differences when the phenotypes of these matched CARs were 

investigated, namely looking at activation and exhaustion levels and their 

memory phenotype. A previously published anti-ALK scFv (ALK48) was 

incorporated into another panel of ALK CAR T cells which contained various stalk 

lengths, allowing for an in vitro side by side comparison with the lead CAR 

identified from this thesis (ALK8-CD8-28ζ). While ALK48 combined with an Fc 

spacer region or the previously published hinge/transmembrane region 

demonstrated little in vitro activity, ALK48-CD8-28ζ and ALK8-CD8-28ζ 

demonstrated similar cytotoxic behaviour. On further investigation ALK8-CD8-

28ζ had higher IL-2 and IFNγ production and higher levels of ALK specific 

proliferation. Given the limited activity of the second generation ALK CARs at low 

antigen densities, ALK was combined into a dual-targeting CAR system along 

with GD2, another well characterised neuroblastoma associated antigen. It was 

demonstrated that both ALK and GD2 were required to be engaged by the double 
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CAR to induce increased levels of proliferation, activation, degranulation and 

proinflammatory cytokine production. This offers a potential solution to the 

problem of how to boost the activity of an anti-ALK CAR at low target antigen 

densities, which appears to be the case with neuroblastoma.  
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7.2 Future directions 

It has clearly been demonstrated that the functionality of an ALK CAR T cell is 

hampered by the low target antigen density of ALK on target cells. Having 

identified methods using our co-CAR approach, we can also consider methods 

to enhance functionality through augmentation of CAR T cell survival.  

7.2.1 Augmenting CAR T cell proliferation 

Administering Cytokines 

Investigators have evaluated the addition of cytokines as drugs, given to the host 

following T cell adoptive transfer. Early studies in tumour infiltrating lymphocytes 

expanded in IL-2 involved the co-administration of high dose IL-2, which was 

deemed to be essential for their persistence following adoptive transfer 

(Rosenberg, 2014). However, high dose IL-2 is known to induce toxicity and 

enhanced potential to for regulatory T cell induction, which limits its scope in the 

CAR T cell field (Zhang et al., 2005).  

Engineering Cytokine Signalling 

Engineering CAR T cells to produce cytokines locally is a potential way to 

overcome lack of persistence, and toxicity from exogenous cytokine addition. 

Armoured CAR T cells are typically modified second generation CAR T cells that 

have been further optimised to inducibley or constitutively secrete active 

cytokines or express ligands that further armour CAR T cells to improve efficacy 

and persistence. The choice of the ‘armour’ agent can be decided based on 

knowledge of the TME (Yeku and Brentjens, 2016). Hurton and colleagues 

generated CAR T cells co-expressing an IL-15 chimeric receptor which 
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demonstrated longer in vivo persistence, for up to 65 days after removal of 

antigen stimulus (Hurton et al., 2016). 

Targeting Immunosuppressive Mechanisms 

Targetable evasion mechanisms include the TGFβ and PD-1 pathways. Kloss et 

al., reported that blockade of TGFβ through co-expression of an anti-PSMA CAR 

with dominant-negative TGFβII resulted in improved anti-tumour efficacy and 

enhanced CAR T cell proliferation (Kloss et al., 2018). While clinical experience 

of combining CAR T cells with checkpoint inhibitor antibodies remain limited, 

strategies to target PD-1 at the genomic locus in combination with CAR 

expression in T cells using CRISPR/Cas9 technology are beginning to be 

evaluated in the clinic (Cherkassky et al., 2016).  

7.2.2 Strategies to increase sensitivity 

Changes to ITAMs/CD3 

The functional diversity of ITAMs has been demonstrated through CAR T cells, 

which mostly utilise the CD3ζ cytoplasmic domain as a fixed module to deliver a 

major activation signal (Wu et al., 2020). Manipulation of the CD3 cytoplasmic 

domain is an alternative option for increasing the functionality of a low antigen 

density targeting CAR T cell. Traditional CD3ζ signalling domains contain three 

ITAMs, however it’s been demonstrated they have different contributions to the 

anti-tumour function of CAR T cells (Feucht et al., 2019). Furthermore, Wu et al., 

investigated the use of CD3ε, δ or γ in CARs and demonstrated CD3ε 

incorporation yielded a CAR with improved signalling prolife and tumour control 

(Wu et al., 2020). One important consideration is that lowering the activation 

threshold through increased numbers of ITAMs would most likely require an scFv 
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and CAR construct of high specificity which doesn’t demonstrate tonic signalling 

or on-target off-tumour effects, due to the increased sensitivity of the CAR.   

Change of CAR transmembrane domain 

The importance of CAR architecture is something discussed throughout this 

thesis. The role of the transmembrane domain, which is often the least 

considered domain, has been demonstrated to impact the CAR expression level 

and stability on the T cell compared to other domains such as the hinge (Fujiwara 

et al., 2020). Furthermore, it was demonstrated that replacing a CD8 derived 

hinge and transmembrane region of a 4-1BB second generation CAR T cell, with 

a CD28 derived hinge and transmembrane region, actually lowers the threshold 

for CAR reactivity, despite identical signalling molecules (Majzner et al., 2020). 

The structure of the CAR T cells used within this thesis do vary, for example the 

Fc spacer containing CAR T cells contain a transmembrane region derived from 

CD28, while the CD8 stalk CAR T cells contain a CD8 transmembrane region 

(Figure 3.1). In the future, it would be worthwhile considering the overall structure 

of the CAR for more thorough comparisons and the optimal combination for low 

antigen density targeting.  

Changes to CAR expression level 

The level of surface CAR expression is another limiting factor that can impede 

CAR functionality due to impacts on signal strength. In the future, it would be 

useful to investigate the impact of increased transduction efficacies on in vitro 

results. Populations of different transduction efficacies can be identified by 

selecting on CAR+ T cells through CD34 selection.  
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7.2.3 Strategies to decrease antigen density threshold  

CAR dosing combined with ALK inhibitors 

Given the impact of antigen density on the function of ALK CAR T cells, it would 

be expected that methods to increase this would subsequently increase the 

activity of CARs, demonstrated with CAR T cells targeting CD22 (Ramakrishna 

et al., 2019). Crizotonib, an ALK inhibitor, has been shown increase the surface 

expression of ALK on neuroblastoma cell lines (Carpenter et al., 2012). In the 

future, it would be interesting to combine dual dosing with ALK inhibitors and anti-

ALK CAR T cells to look for improved efficacy.   
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