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ABSTRACT 

Chimeric antigen receptor (CAR) T cells constitute an effective cancer 

immunotherapy, yet several challenges remain. For example, although CD22 is a 

promising B-ALL target, selective pressure from CAR T cells reduces CD22 expression 

resulting in patient relapse. To circumvent this hurdle, I aimed to develop a module 

to improve CAR T cell sensitivity. CSK is an inhibitory kinase that negatively regulates 

T cell signalling. I envisioned that a dominant-negative CSK might improve CAR T cell 

sensitivity. Therefore, I engineered a number of dominant-negative iterations of CSK 

(dnCSK). The co-expression of dnCSK modules in different CAR T cell platforms was 

seen to enhance sensitivity, improving cytotoxicity and cytokine release (IFN-γ and 

IL-2) against low antigen density target cells.  

Another challenge for CAR T cell therapies is on-target off-tumour toxicity. The 

second aim was to develop a module enabling tuneable control of CAR T cell function. 

To do so, I employed a CSK mutant (CSKAS) that is inhibited by a PP1 analogue, 3-IB-

PP1. Co-expression of CSKAS in CD22 and GD2 targeting CAR T cells dampened CAR 

function in the absence of 3-IB-PP1. However, after the addition of 3-IB-PP1, both 

CD22 and GD2 targeting CAR T cells displayed improved function compared to control 

CAR T cells. An advantage of this approach is the lack of CAR architecture re-

engineering, permitting simple implementation into existing CAR platforms.  
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IMPACT STATEMENT 

Cancer is one of the leading causes of death worldwide, accounting for nearly one in 

six deaths in 2020. Immunotherapies have emerged as encouraging treatment 

options for cancer patients, with CAR T cell therapy specifically demonstrating huge 

clinical success for the treatment of haematological malignancies. More recently, 

research focus has shifted to developing CAR T cell therapies for the treatment of 

solid tumours. However, there are a number of challenges facing CAR T cell therapy 

that are hindering its application to a broader range of indications. Such challenges 

include the lack of sensitivity of some CAR platforms against tumours expressing low 

levels of antigen as well as CAR-mediated toxicities such as CRS, neurotoxicity and 

on-target off-tumour toxicity. 

The work in this thesis describes the identification and characterisation of standalone 

modules that were shown to improve CAR T cell sensitivity and enable tuneable 

control of CAR T cell function. With the aim of improving CAR T cell sensitivity, I 

described dnCSK modules that were able to lower the activation threshold of CAR T 

cells, improving the functional response against low antigen density target cells. 

These modules have the capacity to increase the sensitivity of CAR T cell platforms in 

which dimming of antigen density has led to tumour escape, and thus could 

potentially decrease the risk of relapse in these settings.  

Toxicities associated with CAR T cell therapy have driven the engineering of 

numerous tuneable CARs, wherein CAR T cell function can be altered to respond to 

real-time adverse effects. In this thesis I described the CSKAS module, which was 

shown to endow tuneable control over CAR T cell function in response to a small 

molecule drug. The CSKAS module is expressed independently of the CAR, so in 

contrast to many existing tuneable CARs it requires no alteration of the CAR 

architecture, making its implementation into existing platforms straightforward. 

Moreover, it has the potential benefit to be used in the context of other receptors 

such as the TCR. 
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The drug used to control the function of the CSKAS module is not clinically approved, 

thus it cannot currently be considered for use in a clinical product. However, the 

CSKAS module demonstrates the feasibility of a CSK-based module to gain tuneable 

control of CAR T cell function. Engineering such a module would provide benefits in 

terms of reducing the adverse effects experienced by patients as well as reducing the 

financial burden associated with the management of CAR T cell-mediated toxicities. 
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1 INTRODUCTION 

1.1 The immune system 

The human immune system comprises many different cell types and molecules that 

work together to fight infection. The immune response to pathogens, toxins, or 

allergens can be split into two systems: Innate immunity and adaptive immunity. The 

innate immune response is the initial response to infection, with innate effector cells 

such as dendritic cells (DC), natural killer (NK) cells and macrophages able to 

recognise conserved molecular patterns of antigens (Chaplin 2010).  

On the other hand, the effector cells of the adaptive immune response to infection 

are able to respond to a specific pathogen or antigen. B- and T- lymphocytes 

constitute the cells of the adaptive immune system (Cooper, Peterson, and Good 

1965; Cooper et al. 1966). B cells have several functions, including antibody 

production and the regulation of T cell differentiation via the secretion of cytokines 

(Harris et al. 2000). Whereas T cells differentiate into subpopulations that have a 

variety of roles, although their main role is eliminating pathogen-infected cells or 

abnormal cells such as cancer cells (Reinherz and Schlossman 1980; Williams and 

Bevan 2007). 

1.1.1 T Cells 

 T cell development and the T cell receptor 

All human immune cells derive from pluripotent hematopoietic stem cells in the bone 

marrow, where they differentiate into either common myeloid progenitor (CMP) or 

common lymphoid progenitor (CLP) cells (Chaplin 2010). T cells arise from CLP cells, 

with precursor T cells migrating from the bone marrow to the thymus, where they 

undergo development. Here, T cells undergo a selection process and are challenged 

with self-peptides presented by Major Histocompatibility Complex (MHC) molecules. 

T cells that recognise self-peptide MHCs with optimal affinity receive a survival signal 

and are positively selected for, whereas those that recognise and bind with a 
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particularly high affinity undergo negative selection and apoptosis, to protect against 

autoimmunity (Aleksic et al. 2012). 

T cells recognise antigen peptides on the surface of cells presented in the context of 

MHC class I (MHCI) and class II (MHCII) molecules. Specifically, proteins synthesised 

in the cytosol of nucleated cells are broken down into peptides and presented on the 

cell surface by MHCI molecules, identifying virally infected or cancerous cells for 

elimination by CD8+ cytotoxic T cells. On the other hand, the MHCII molecules are 

expressed on the surface of Antigen Presenting Cells (APCs) and present peptides 

broken down from exogenous antigens, such as those from ingested bacteria. 

Peptides presented on the MHCII molecules are recognised by CD4+ T cells (Rock, 

Reits, and Neefjes 2016). The T Cell Receptor (TCR) mediates recognition of peptides 

presented on MHC molecules, and binding of the TCR to nonself-peptides presented 

on MHCs triggers the T cell signalling pathway, enabling a cytotoxic response and 

elimination of the infected/tumour cell (Hennecke and Wiley 2001). 

 Structure of the T cell receptor 

The TCR is a transmembrane protein residing on the surface of T-cells, which forms a 

heterodimer comprising either alpha/beta (αβ) or gamma/delta (γδ) polypeptide 

chains. 95-97% of the T cell population expressing the TCRαβ isoform (Brenner et al. 

1986). The range of specificity of the TCR is attributed to the somatic rearrangement 

of different coding segments: variable (V), diversity (D), joining (J), and constant (C) 

(Davis and Bjorkman 1988; Fugmann et al. 2000), with the V and C regions forming 

the extracellular domain of the TCR.  

The TCRα and TCRβ chains have short cytoplasmic domains with no signalling motifs, 

but they associate noncovalently with subunits of the CD3 complex (γ, δ, ε and ζ), all 

of which bear cytoplasmic tails containing Immunoreceptor Tyrosine-based 

Activation Motifs (ITAMs) (Clevers et al. 1988; Wucherpfennig et al. 2010; Reth 1989). 

ITAMs within the CD3ζ chains contain two YxxL/I sequences separated by seven or 

eight amino acid residues. Upon TCR engagement, the tyrosine residues within ITAMs 

are phosphorylated by kinases, enabling the docking of the ζ-chain Associated Protein 

tyrosine kinase of 70kDa (ZAP-70), an integral kinase in the TCR signalling pathway 
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(Reth 1989; Love and Hayes 2010). The current model of the TCR complex subunit 

composition is TCRαβ, CD3γε, CD3δε and ζζ. The γ, δ and ε chains each contain a 

single ITAM, whereas each ζ chain contains three ITAMs meaning the TCR complex 

contains ten ITAMs in total (Love and Hayes 2010). The benefit of multiple ITAMs is 

not fully understood and ITAM multiplicity is principally considered to be for the 

amplification of intracellular signalling, bestowing TCRs with high sensitivity. 

However, other models have been proposed: the ITAM discrimination model 

suggests that individual ITAMs recruit separate activation complexes, activating 

distinct downstream signalling pathways. Another model is the ITAM-mediated 

inhibition model, which suggests a negative regulatory role for ITAMs, with 

monophosphorylated ITAMs recruiting inhibitory phosphatases to the TCR (Love and 

Shores 2000). 

To initiate TCR signalling, the TCR binds to the peptide-MHC (pMHC) with an affinity 

(KD) range of 1-90 μM (Davis et al. 1998). Within the variable region of the TCR are 

three Complementarity Determining Regions (CDRs): CDR1, CDR2 and CDR3. The 

CDR3 loop sequence is the most variable, facilitating the recognition of a wide range 

of peptides (Chothia, Boswell, and Lesk 1988). After binding of the TCR to the pMHC, 

one of the co-receptors CD4 or CD8 can stabilise the TCR interaction further, binding 

pMHCII and pMHCI, respectively (Parnes 1989; Wooldridge et al. 2005).  

 Models of TCR triggering 

The precise mechanism in which TCR binding to pMHC leads to ITAM 

phosphorylation, referred to as TCR triggering, remains a contentious topic. Three 

main models have been proposed to explain TCR triggering: aggregation, 

conformational change, and kinetic segregation. These models are not considered to 

be mutually exclusive.  

According to the aggregation model, multimeric pMHC molecules cause engaging TCR 

complexes to cluster. Consequently, the amount of CD4/CD8 associated Lymphoid-

specific Cytosolic protein tyrosine Kinase (Lck) increases, resulting in increased 

phosphorylation of ITAMs. Moreover, it has been suggested that this clustering 
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enables Lck to also phosphorylate and activate neighbouring Lck molecules, 

enhancing signalling (Cooper and Qian 2008). 

The conformational change model is another model to describe TCR triggering. It has 

been suggested that conformational changes of the CD3ζ and ε cytoplasmic domains 

regulate triggering. One iteration of this model proposes that the cytoplasmic tail of 

CD3ζ is folded and bound to the plasma membrane, protected from phosphorylation. 

Upon engagement of the TCR, the CD3ζ unfolds from the membrane exposing the 

ITAMs for phosphorylation (Aivazian and Stern 2000). Similarly, it has been proposed 

that TCR engagement causes a conformational change in CD3ε, exposing a proline-

rich motif, resulting in the recruitment of the Non-Catalytic tyrosine Kinase (Nck) 

before the activation of Lck and other tyrosine kinases (Gil et al. 2002). However, it 

has been demonstrated that this proline-rich motif plays a role in the expression of 

TCR and CD3 subunits, and Nck is not required for T cell activation (Mingueneau et 

al. 2008; Szymczak et al. 2005). Although conformational changes may play a role in 

TCR triggering, further research is required to understand the underlying mechanism 

of such changes. 

Lastly, kinetic segregation is another model proposed to explain the activation of T 

cells upon TCR engagement. This model is based on segregation of the TCR complex 

from membrane-associated phosphatases. Upon TCR engagement to the pMHC, an 

immunological synapse (IS) forms between the T cell and the APC. The size of the 

TCR-MHC complex within the synapse determines the distance between the two 

membranes, which is approximately 14 nm (van der Merwe et al. 1995). The 

membrane bound tyrosine phosphatases CD45 and CD148 both bear large 

ectodomains, with the ectodomain of CD45 estimated to be between 28-51 nm long 

(McCall, Shotton, and Barclay 1992), while the ectodomain of CD148 has been 

estimated to be 47-55 nm (van der Merwe et al. 2000). As both these ectodomains 

exceed the size of the IS, CD45 and CD148 are segregated from the synapse site.  

TCR signalling relies on a balance of molecules that promote signalling, such as Lck 

and ZAP-70, and molecules that inhibit signalling, such as the tyrosine phosphatases 

CD45 and CD148. In the absence of ligand, the TCR is constitutively phosphorylated 

and dephosphorylated, with the dynamic equilibrium between these signals 
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maintaining the T cell in a non-active resting state (O’Shea et al. 1992; Imbert et al. 

1994; Secrist et al. 1993). However, the phosphatase segregation removes the 

inhibitory parameter from the synapse resulting in phosphorylation of the CD3 

ITAMs, triggering the TCR. Evidence in support of this model shows that truncation 

of both CD45 and CD148 ectodomains to prevent their segregation from the synapse 

hinders T cell triggering (Lin and Weiss 2003; Irles et al. 2003; Cordoba et al. 2013). 

 TCR signalling 

Protein tyrosine phosphorylation is fundamental to TCR signalling. The ITAMs within 

the cytoplasmic tails of the TCR complex are phosphorylated by members of the Src 

Family of protein tyrosine Kinases (SFKs). Lck is a member of the SFKs and a key 

positive regulator of TCR signalling. The CD4 and CD8 co-receptors are known to 

recruit Lck to the TCR complex, facilitating the phosphorylation of the ITAMs 

(Veillette et al. 1988; Rudd et al. 1988). However, more recently it has been suggested 

that this proximal phosphorylation event is carried out by a pool of “free”, 

constitutively active Lck that can associate directly with the CD3 chains (Nika et al. 

2010; Casas et al. 2014). The phosphorylation of the tyrosine residues within the 

ITAMs provides a docking site for ZAP-70 (Chan et al. 1992) which, upon binding to 

doubly phosphorylated ITAMs, becomes phosphorylated and hence activated by Lck. 

Upon activation, ZAP-70 phosphorylates numerous substrates including the Linker for 

Activation of T-Cells (LAT) (Figure 1), an adaptor protein that recruits numerous 

mediators crucial to downstream signalling (Wange 2000; Courtney, Lo, and Weiss 

2018). 

There are a number of negative regulatory proteins that phosphorylate and 

dephosphorylate tyrosine residues on the positive regulators of TCR signalling, Lck 

and ZAP-70. The phosphatases CD45 and CD148 play both an activatory and 

inhibitory role in the regulation of TCR signalling. They inhibit TCR signalling by 

dephosphorylating the activatory tyrosine residue in Lck, but they also 

dephosphorylate the inhibitory tyrosine of Lck, directing it towards a partially-active, 

“primed” state (Figure 2b) (Tangye et al. 1998; Zikherman et al. 2010; Stepanek et al. 

2011; McNeill et al. 2007). C-terminal Src Kinase (CSK), negatively regulates TCR 

signalling by phosphorylating the inhibitory C-terminal tyrosine residue in Lck 
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(Bergman et al. 1992). This equilibrium between the phosphorylation and 

dephosphorylation of the TCR and Lck dictates the activation state of the T cell. 
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Figure 1. Proximal T cell signalling. After TCR engagement, free Lck or Lck associated with 
CD4 or CD8 phosphorylates CD3 ITAMs. Subsequently, ZAP-70 is recruited to doubly 
phosphorylated ITAMs and is then phosphorylated by Lck. Phosphorylation of ZAP-70 by Lck 
results in ZAP-70 activation and autophosphorylation. Activated ZAP-70 then phosphorylates 
the downstream adapter proteins LAT and SLP-76. 
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 Proximal regulators of TCR signalling 

TCR signalling is strictly regulated to ensure appropriate cellular responses to external 

stimuli. Without such stringent regulation, T cells can cause toxicities, such as 

targeting healthy tissues, leading to autoimmune diseases. TCR signalling is regulated 

by protein tyrosine kinases and phosphatases that directly interact with each other. 

The equilibrium between these regulators defines the activation threshold of the T 

cell and is therefore vital for normal T cell function (Hermiston et al. 2002). 

The TCR complex itself does not possess catalytic function, however, the 

phosphorylation of the CD3 ITAMs by the SFKs initiates downstream signal cascades 

that lead to T cell activation (Weiss and Littman 1994). SFKs share a common 

structure (Figure 2a) comprising an Src homology (SH) 4 domain with myristoyl and 

palmitoyl groups attached that permit membrane localisation. Following the SH4 

domain is an SH3 domain, an SH2 domain, a protein tyrosine kinase domain (SH1 

domain) and a short C-terminal regulatory tail. All SFKs contain two regulatory 

tyrosine residues, one in the activation loop of the kinase domain and one in the C-

terminal tail (Thomas and Brugge 1997). Solving the crystal structure of Lck and other 

SFKs led to the proposal of a common model for activation (Figure 2b) (Xu et al. 1999; 

Yamaguchi and Hendrickson 1996). 

1.1.1.5.1 Lck 

The SFK members Lck and Fyn play integral roles in T cell activation and can be 

associated either with the TCR itself (Samelson et al. 1990), with the CD4 and CD8 co-

receptors (Veillette et al. 1988) or in lipid rafts within the plasma membrane (Janes 

et al. 2000). It is established that Lck is responsible for the phosphorylation of the 

ITAMs in the CD3ζ chains of the TCR complex. Jurkat cells lacking Lck have been 

shown to be unable to phosphorylate the CD3ζ chains, yet upon reintroduction of Lck 

by transfection, phosphorylation was re-established (Straus and Weiss 1992). 

Lck exists in three forms: closed-inactive, open-primed, and open-active (Figure 2b). 

The specific conformation of Lck is determined by the phosphorylation state of two 

tyrosine residues, one in the C-terminal tail (Y505) and the other in the activatory 

loop (Y394). When the C-terminal tyrosine residue of Lck (Y505) is phosphorylated, it 
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interacts with its own SH2 domain, resulting in Lck adopting a closed-inactive 

conformation. The deletion or mutation of Y505 in Lck supports this regulatory 

model, as it resulted in a constitutively active form of Lck, that was no longer able to 

adopt this closed conformation (Marth et al. 1988). CSK negatively regulates Lck by 

phosphorylating the Y505 residue (Bergman et al. 1992). 

The CD45 phosphatase dephosphorylates the tyrosine residues in both the activation 

loop and in the C-terminal tail, thus both positively and negatively regulating Lck 

(McNeill et al. 2007). This directs Lck towards a partially active, open and “primed” 

state.  

Phosphorylation of the activation loop tyrosine of Lck (Y394) directs it towards an 

open-active conformation which has a 2-4-fold greater catalytic activity than Lck in 

an open-primed state. This can occur due to the clustering of co-receptors triggering 

Lck to phosphorylate the activatory tyrosine on neighbouring Lck molecules (Palacios 

and Weiss 2004). 
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Figure 2. Structure and regulation of SFKs. a) Structure of Lck. Lck shares a common structure 
with other SFK members, with N-terminal myristoyl and palmitoyl groups that are required 
for membrane localisation, an SH4 domain, SH3 domain, SH2 domain, a protein tyrosine 
kinase domain (SH1 domain) and a short C-terminal regulatory tail. SFKs contain a regulatory 
tyrosine residue in the activation loop of the kinase domain and in the C-terminal tail. b) The 
regulation of Lck. Lck can be found in three states of activation: a closed-inactive state, in 
which the inhibitory C-terminal tyrosine residue is phosphorylated, an open-primed state in 
which Lck is mildly active but neither the C-terminal tyrosine or the tyrosine in the activation 
loop of the kinase domain are phosphorylated, and an open-active state in which the tyrosine 
residue in the activation loop is phosphorylated, resulting in full activation of Lck. The 
regulation of other SFKs is also dependent on the phosphorylation state of the tyrosine 
residues within the activation loop and the C-terminal tail. 
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1.1.1.5.2 Fyn 

Fyn is another SFK member, which directly interacts with the TCR (Samelson et al. 

1990) and ITAMs in the ζ chain (Gauen et al. 1992), but is also found in lipid rafts 

(Janes et al. 2000; Filipp et al. 2003). Fyn causes phosphorylation of the CD3ζ ITAMs 

resulting in ZAP-70 recruitment and subsequent activation of downstream signalling 

molecules (Gauen et al. 1994). 

Fyn differs from Lck in its cellular distribution, with immunofluorescence analysis 

indicating that only a small portion of Fyn is associated with the TCR complex 

(approximately 5%), with the majority localised to the microtubule cytoskeleton (Ley 

et al. 1994). This localisation of Fyn suggests it also plays a role in cytoskeletal 

regulation. In support of this, Fyn phosphorylates Proline-rich tyrosine kinase 2 

(FAK2) after TCR stimulation, a protein tyrosine kinase involved in actin cytoskeleton 

rearrangement (Qian et al. 1997). 

In a similar manner to Lck and in accordance with the SFK regulatory model proposed 

by Xu and colleagues, the activation of Fyn is regulated by the phosphorylation state 

of a C-terminal tyrosine and a tyrosine in the activation loop (Figure 2b). Specifically, 

Fyn is activated upon phosphorylation of the activation loop tyrosine, Y420. On the 

other hand, upon phosphorylation of its C-terminal tyrosine, Y531, Fyn adopts a 

closed inactive conformation (Mustelin et al. 1992; Xu et al. 1999). As observed with 

Lck, the phosphorylation of the inhibitory C-terminal tyrosine is mediated by CSK 

(Okada et al. 1991). Moreover, phosphatases such as CD45 and CD148 also direct Fyn 

towards a primed state via the dephosphorylation of both Y420 and Y531 tyrosine 

residues (McFarland et al. 1993). 

1.1.1.5.3 ZAP-70 

As previously mentioned, activation of both Lck and Fyn causes the phosphorylation 

of ITAMs in the cytoplasmic tails of the TCR complex, resulting in the recruitment of 

ZAP-70. ZAP-70 is a member of the spleen tyrosine kinase family. It consists of two 

SH2 domains and a C-terminal kinase domain. Unlike the SFKs, ZAP-70 is not 

myristoylated or palmitoylated for membrane localisation (Chan et al. 1992). After 

Lck/Fyn mediated phosphorylation of the ITAMs in the cytoplasmic tails of the TCR 
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complex, ZAP-70 localises to the TCR by binding to doubly phosphorylated ITAMs via 

its tandem SH2 domains. Subsequent phosphorylation of ZAP-70 by Lck and Fyn 

causes ZAP-70 to become activated, which in turn phosphorylates a number of 

downstream proteins, culminating in T cell activation.  

Within the kinase domain of ZAP-70 there are two regulatory tyrosine residues, Y492 

and Y493. These are both phosphorylated after TCR engagement, with Y493 

phosphorylated first by Lck/Fyn, followed by phosphorylation of Y492 by Lck, Fyn or 

ZAP-70 itself. The phosphorylation of Y493 is considered to be fundamental to ZAP-

70 activation with Y492 potentially playing a negative regulatory role (Chan et al. 

1995).  

After activation, ZAP-70 phosphorylates and activates LAT and SH2-domain-

containing Leukocyte Protein of 76 kDa (SLP-76). LAT and SLP-76 are both adaptor 

proteins that act as scaffolds to recruit numerous other molecules involved in the 

downstream transmission of the activation signal (Au-Yeung et al. 2009; Zhang et al. 

1998). 

In addition to the two regulatory tyrosine residues within the kinase domain of ZAP-

70, there are three more tyrosine residues in the region between the second SH2 

domain and the kinase domain that are known sites of phosphorylation: Y292, Y315 

and Y319. These tyrosine residues are also phosphorylated by Lck/Fyn after TCR 

engagement, facilitating the interaction of ZAP-70 with other signalling regulators. 

Phosphorylation of Y292 on ZAP-70 facilitates the recruitment of the E3 ubiquitin 

ligase protein Casitas B-lineage Lymphoma (c-Cbl), which promotes the 

ubiquitination and thus degradation of the CD3ζ chain, Lck and Fyn, inhibiting TCR 

signalling (Wang et al. 2001; Lupher et al. 1997; Tanaka et al. 1995). The 

phosphorylation of Y315 and Y319 prevents ZAP-70 from returning to an 

autoinhibited conformation. Furthermore, substitution of Y319 to a phenylalanine 

reduces the phosphorylation of both LAT and SLP-76, inhibiting downstream 

signalling, indicating that Y319 is an important residue in the positive regulation of 

ZAP-70-dependent signals (Au-Yeung et al. 2009; Di Bartolo et al. 1999). 
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1.1.1.5.4 CD45 

CD45 is a transmembrane protein tyrosine phosphatase, covering up to 10% of the 

surface of T cells (Thomas 1989). It possesses a large ectodomain (28-51 nm), a 

transmembrane domain, two intracellular tandem phosphatase domains (D1 and D2) 

and a C-terminal tail. The ectodomain exists in multiple isoforms with varying degrees 

of glycosylation, attributing to the range in size (McCall, Shotton, and Barclay 1992; 

Thomas and Lefrançois 1988; Hermiston, Xu, and Weiss 2003). Of the two 

phosphatase domains, only the membrane proximal D1 domain has phosphatase 

activity. Although both domains are required for optimal phosphatase activity, the 

role of the D2 domain is not fully understood (Desai et al. 1994; Hermiston, 

Zikherman, and Zhu 2009).  

It was initially reported that CD45 is a positive regulator of TCR signalling, as CD45 

was found to dephosphorylate the inhibitory tyrosine of both Lck and Fyn (Y505 and 

Y531, respectively), directing them towards the partially-active primed state 

(Mustelin et al. 1992; Mustelin, Coggeshall, and Altman 1989). Moreover, it was 

observed that CD45 was necessary for TCR signal transduction, with Lck and Fyn 

displaying increased phosphorylation of their inhibitory tyrosine residues in CD45 

deficient cell lines (Pingel and Thomas 1989; McFarland et al. 1993; Sieh, Bolen, and 

Weiss 1993). Furthermore, due to the decrease in the amount of primed Lck, loss of 

CD45 in T cells impaired phosphorylation of the CD3ζ chain and ZAP-70 (Courtney et 

al. 2019).  

CD45 also has an inhibitory effect on T cell signalling as it dephosphorylates the 

tyrosine residue in the activation loop of Lck (Y394), directing it towards a primed 

state and preventing its full activation (McNeill et al. 2007). Moreover, CD45 

dephosphorylates the ITAMs of the CD3ζ chain (Furukawa et al. 1994; Hui and Vale 

2014). Although complete loss of CD45 impairs TCR signalling, downregulation of 

CD45 expression to 10-60% of WT levels leads to optimal TCR signalling (McNeill et 

al. 2007). 
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1.1.1.5.5 CD148 

CD148 is another transmembrane protein tyrosine phosphatase expressed on the 

surface of T cells, however, it differs in structure from CD45. CD148 consists of a large 

ectodomain, a transmembrane domain and a single intracellular phosphatase 

domain. Although the precise structure of the ectodomain has not been determined, 

it is known to have 8-10 N-glycosylated fibronectin domains and a mucin-like N-

terminal region, indicating a total length of 47-55 nm (van der Merwe et al. 2000; 

Ostman, Yang, and Tonks 1994). The phosphatase domain contains a cysteine residue 

at position 1239 that is crucial for the catalytic activity of CD148 (Baker et al. 2001).  

In a similar manner to CD45, CD148 has both an activatory and inhibitory role in TCR 

signalling, as it dampens the activity of Lck by dephosphorylating the tyrosine residue 

in the activation loop but also increases Lck activation through the dephosphorylation 

of the C-terminal tyrosine (Stepanek et al. 2011). As mentioned previously, TCR 

engagement leads to the activation of ZAP-70, which activates the adaptor protein 

LAT. In turn, LAT recruits and phosphorylates Phospholipase C-γ1 (PLC-γ1). Activation 

of PLC-γ1 results in the production of the secondary messenger molecules 

Diacylglycerol (DAG) and Inositol 1,4,5-trisphosphate (IP3), both of which are 

essential for T cell function. CD148 negatively regulates TCR signalling as it 

dephosphorylates both LAT and PLC-γ1, resulting in abrogation of TCR signalling 

(Baker et al. 2001).  

1.1.1.5.6 PTPN22 

Phosphotyrosine phosphatase, nonreceptor type 22 (PTPN22) is a cytosolic protein 

tyrosine phosphatase that contains an N-terminal phosphatase domain, interdomain 

and C-terminal domain with four proline-rich regions (Cohen et al. 1999; Matthews 

et al. 1992). PTPN22 is known to have an inhibitory effect on both Lck and ZAP-70 by 

dephosphorylating their activatory tyrosine residues, Y394 and Y493, respectively. 

However, it does not dephosphorylate their inhibitory tyrosine residues, Y505 in Lck 

and Y292 in ZAP-70. PTPN22 also dephosphorylates the activating tyrosine in Fyn 

(Y420) and inhibits TCR signalling further by direct dephosphorylation of the CD3ε 

and ζ chains (Wu et al. 2006; Cloutier and Veillette 1999). On the other hand, PTPN22 
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also plays a positive role in the regulation of TCR signalling. As previously mentioned, 

c-Cbl inhibits TCR signalling by promoting the ubiquitination and degradation of the 

CD3ζ chain, Lck and Fyn. PTPN22 binds and dephosphorylates c-Cbl, inhibiting this 

degradation and promoting TCR signalling (Tanaka et al. 1995; Cohen et al. 1999; 

Thien and Langdon 2005). 

1.1.1.5.7 CSK 

CSK is a protein tyrosine kinase that has a structural arrangement similar to SFKs. It 

contains an SH3 domain, SH2 domain and a C-terminal kinase domain. However, CSK 

lacks myristylation/palmitoylation sites that enable membrane localisation of SFKs. It 

also lacks the regulatory tyrosine residues in the activation loop and C-terminal tail, 

indicating it is regulated differently to the SFKs (Nada et al. 1991; Ogawa et al. 2002). 

CSK phosphorylates the C-terminal tyrosine of the SFKs, including Lck and Fyn 

directing them to a closed conformation and rendering them inactive (Figure 2b) 

(Bergman et al. 1992; Okada et al. 1991). In studies using mice with mutations in CSK 

to disrupt its function, SFK activity was observed to increase up to 14.7-fold, 

highlighting CSK as a negative regulator of TCR signalling (Nada et al. 1993).  

CSK is a cytosolic protein, yet its substrates, Lck and Fyn, are localised at the plasma 

membrane, therefore, recruitment to the plasma membrane is a crucial step for the 

regulatory activity of CSK and is achieved primarily through its binding to 

Phosphoprotein Associated with Glycosphingolipid-enriched microdomains (PAG). 

PAG is a transmembrane protein that is present alongside Lck and Fyn in lipid rafts 

within the plasma membrane and this close proximity to the SFKs results in the 

phosphorylation of a numerous tyrosine residues within PAG. Binding of the SH2 

domain of CSK to PAG is dependent on phosphorylation of the Y317 residue. Once 

associated with PAG, CSK is able to access and phosphorylate the inhibitory C-

terminal tyrosine residues of both Lck and Fyn, directing them to a closed-inactive 

conformation, inhibiting TCR signalling (Figure 3). However, upon TCR engagement, 

PAG becomes dephosphorylated, resulting in the dissociation of CSK (Brdicka et al. 

2000; Davidson et al. 2003). Chow and colleagues generated a membrane-bound CSK 

by adding an N-terminal myristylation site, which increased the inhibition of Lck and 
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Fyn in T cells, highlighting the importance of membrane localisation to the negative 

regulatory effect of CSK (Chow et al. 1993). Once localised to the membrane, CSK is 

phosphorylated on a serine residue (S364) by Protein kinase A (PKA), resulting in a 2-

4-fold increase in CSK activity (Vang et al. 2001). 

In addition to the direct inhibition of SFKs, CSK also inhibits TCR signalling by 

recruiting PTPN22 to the plasma membrane (Figure 3). CSK binds to phosphorylated 

PAG via its SH2 domain and to PTPN22 via its SH3 domain. The recruitment of PTPN22 

to the membrane facilitates the dephosphorylation and subsequent inactivation of 

Lck and Fyn (Cloutier and Veillette 1996). Some groups have suggested a synergistic 

function of the association between CSK and PTPN22, by demonstrating that PTPN22 

mutants unable to interact with CSK inhibit TCR signalling less potently than wild-type 

PTPN22 (wtPTPN22) (Cloutier and Veillette 1999; Gjörloff-Wingren et al. 1999; 

Zikherman et al. 2009). 
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Figure 3. CSK in T cell signalling. Left: CSK localises to the plasma membrane via the 
interaction of its SH2 domain with phosphorylated transmembrane anchors, primarily PAG. 
At the membrane CSK inhibits T cell signalling by phosphorylation of the inhibitory residue of 
Lck (Y505). CSK-mediated recruitment of PTPN22 to the plasma membrane further inhibits 
signalling. PTPN22 dephosphorylates the activatory tyrosine residue of Lck (Y394) as well as 
ITAMS within the CD3ζ chains. Right: Upon engagement of the TCR with a pMHC complex, 
PAG becomes dephosphorylated, resulting in the dissociation of CSK (and subsequently 
PTPN22) from the plasma membrane. As CSK is no longer in the proximity of Lck it is unable 
to inhibit its activity, allowing for activated Lck to phosphorylate the CD3ζ chains of the TCR, 
promoting the docking of ZAP-70 and downstream T cell signalling. 
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 Co-stimulation of T cells 

Signalling through the TCR complex is insufficient to fully activate T cells. Additional 

co-stimulatory signals are required for full activation, with the discovery of CD28 

providing evidence for the two-signal model of T cell activation. In this model, 

engagement of the TCR complex provides “signal 1”, transmitting through the CD3 

chains. After which, binding of co-stimulatory receptors to their cognate ligands on 

APCs provides “signal 2”, promoting T cell activation and proliferation (Mueller, 

Jenkins, and Schwartz 1989; June et al. 1987; Lafferty and Cunningham 1975). 

CD28 is a co-stimulatory receptor on the surface of T cells that binds primarily to 

members of the B7 family on APCs (Sharpe and Freeman 2002). Acuto and Michel 

reviewed the numerous studies demonstrating CD28 to promote T cell proliferation, 

cytokine production and cell survival (Acuto and Michel 2003). One key event upon 

CD28 binding is the association of Phosphatidylinositol 3-Kinase (PI3K) with a motif 

(pY173-M-N-M) in the cytoplasmic tail of CD28, leading to PI3K activation. This 

facilitates the activation of protein Kinase B (AKT), which phosphorylates multiple 

downstream proteins, activating the T cell (Parry et al. 1997). 

In addition to CD28, numerous other co-stimulatory molecules have also been 

discovered. 4-1BB and OX40 are both co-stimulatory molecules and members of the 

Tumour Necrosis Factor Receptor Super Family (TNFRSF). Upon binding to their 

respective ligands, 4-1BBL and OX40L, a number of signalling proteins become 

activated, including PI3K and AKT. However, unlike CD28, 4-1BB and OX40 do not 

associate directly with signalling proteins but do so indirectly via TNFR-Associated 

Factor (TRAF) adaptor proteins. In addition to promoting T cell activation, co-

stimulation via 4-1BB and OX40 also promotes T cell survival by upregulating anti-

apoptotic molecules such as Bcl-XL (Lee et al. 2002; Rogers et al. 2001). 

1.2 Adoptive Cell Therapy 

As cancer cells arise from self, a hurdle in cancer immunotherapy is the tolerance of 

the immune system to tumour associated self-antigens (Pardoll 2003). TCRs with high 

affinity to self-antigens are subjected to thymic elimination, resulting in TCRs 

targeting tumour associated self-antigens having a 1.5-log lower affinity for pMHCs 
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than corresponding viral-peptide specific TCRs (Aleksic et al. 2012). Therefore, the 

endogenous T cell repertoire is often insufficient in managing cancer. Adoptive Cell 

Therapy (ACT) is the administration of immune cells with antitumour activity to 

cancer-bearing patients, such as Tumour-Infiltrating Lymphocytes (TILs), T cells with 

engineered TCRs, and T cells bearing Chimeric Antigen Receptors (CARs).  

1.2.1 TIL based therapy 

TILs are extracted from tumour biopsies and expanded in vitro before being 

adoptively transferred into patients. It was first demonstrated in 1988 that ACT using 

autologous TILs could mediate regression of cancer, as observed in 9 of 15 patients 

with metastatic melanoma (Rosenberg et al. 1988). Since then, TIL-based therapies 

have been used to treat a variety of different solid tumours including breast (Lee et 

al. 2017; Dadmarz et al. 1995), gastrointestinal (Turcotte et al. 2014), kidney (Hanada 

et al. 2001; Andersen et al. 2018), lung (Djenidi et al. 2015; Ben-Avi et al. 2018), and 

uveal melanoma (Chandran et al. 2017). 

Despite promising studies demonstrating clinical efficacy, difficulties with the in vitro 

expansion and manufacturing of TILs persist. For instance, during in vitro expansion, 

the TCR repertoire can change drastically, resulting in loss of dominant tumour-

specific T cell clones (Poschke et al. 2020). Such challenges have limited the 

widespread implementation of TIL therapy. 

1.2.2 TCR based therapy 

An alternative adoptive cell therapy to TILs is the use of T cells engineered to express 

TCRs specific for tumour associated antigens (TAAs). In 2006 it was demonstrated for 

the first time in humans that the adoptive transfer of T cells with an engineered TCR 

could mediate an anti-tumour response, although only 2 out of 15 patients treated 

for metastatic melanoma achieved sustained objective regression (Morgan et al. 

2006). Clinical efficacy of engineered TCR-based immunotherapies for the treatment 

of other malignancies has also been demonstrated, including multiple myeloma 

(Rapoport et al. 2015) and colorectal cancer (Parkhurst et al. 2011).  
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A major benefit of TCR-based immunotherapies is that they are able to recognise a 

huge repertoire of peptides, including those derived from endogenous cytosolic 

proteins, tumour-associated mutated proteins, as well as peptides from microbial or 

viral antigens (Tsimberidou et al. 2021). 

However, there are some risks associated with TCR-based therapies. Firstly, the viral 

transfer of exogenous TCRs into T cells could lead to mis-paired TCRs being expressed 

on the cell surface, whereby the α chain of the endogenous TCR pairs with the β chain 

of the exogenous TCR, or vice versa. Such mixed TCRs pose a toxicity risk as they may 

be reactive against self-antigens, as reported in one study that observed lethal graft 

versus host disease (GVHD) in a syngeneic mouse model following the adoptive 

transfer of engineered TCR cells (Bendle et al. 2010). 

Secondly, another risk of TCR-based immunotherapies is the engineering of high 

affinity TCRs. This approach has led to lethal toxicity after accidental cross-reactivity 

of the TCRs against antigens on vital tissues (Linette et al. 2013; Morgan et al. 2013). 

TCRs recognise antigens in the context of MHC molecules, however, MHC molecules 

are extremely polymorphic with thousands of alleles identified (Robinson et al. 2015). 

As TCRs only recognise antigens in the context of a specific MHC isoform, only 

patients expressing the correct isoform would be suitable for the administration of T 

cells with engineered TCRs (MHC-restriction). This limitation of TCR-based 

immunotherapy, in addition to the aforementioned risks, drove the development of 

CAR T cells. Unlike TCRs, CARs are able to recognise an antigen on the surface of 

target cells in an MHC-independent manner (Chmielewski, Hombach, and Abken 

2013; Eshhar et al. 1993). 

1.2.3 Chimeric antigen receptor T cell therapy 

 Structure of CARs 

CARs comprise an extracellular binding domain that bestows the antigen specificity, 

a spacer region, transmembrane (TM) domain and an intracellular signalling domain 

(Figure 4). The extracellular domain consists of a Single-Chain Variable Fragment 

(scFv) and a spacer. The scFv is made up of the variable heavy (VH) and variable light 
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(VL) chains of an antibody tethered together by a flexible linker. The scFv bestows the 

specificity of the CAR, enabling the recognition of a wide range of cell surface antigens 

(Eshhar et al. 1993). The spacer region dictates the distance of the scFv from the 

plasma membrane and confers flexibility to the extracellular domain (Guest et al. 

2005). The TM domain anchors the protein on the plasma membrane. Incorporating 

the CD3ζ intracellular domain into the CAR endodomain constitutes the first 

generation of CAR design and permits T cell activation (Figure 4) (Irving and Weiss 

1991; Eshhar et al. 1993).  

Eshhar and colleagues developed the first CAR construct, by expressing a scFv specific 

for 2,4,6-trinitrophenyl (TNP) linked to the CD3ζ chain in T cells. These T cells 

specifically lysed and secreted interleukin-2 (IL-2) in response to TNP positive target 

cells (Eshhar et al. 1993). 

scFv domains are the most common binding domains used by CARs to endow 

specificity against a particular antigen. Features of the scFv such as affinity and 

antigen epitope location can dictate the functionality of the CAR T cell, although the 

topic of scFv affinity is contentious as most studies claim that high affinity CAR T cells 

are superior at recognising low antigen density targets compared to low affinity CARs 

(Hudecek et al. 2013; Chames et al. 2002; Lynn et al. 2016; Caruso et al. 2015; Liu et 

al. 2015; Chmielewski et al. 2004). However, one group reported CAR T cells with a 

low affinity scFv performed better against low antigen density targets (Turatti et al. 

2007). Moreover, CAR T cells with a lower affinity scFv showed improved cytotoxicity 

and proliferation, which was attributed to a faster off-rate resulting in shorter 

receptor-ligand interactions, enabling serial triggering (Ghorashian et al. 2019).  

In addition to affinity, the distance of the epitope from the target cell membrane is 

also a consideration of scFvs, with CARs targeting membrane-proximal epitopes 

found to be superior to those targeting membrane-distal epitopes (Hombach et al. 

2007; James et al. 2008; Zhang et al. 2019). Targeting different epitopes alters the 

distance between the T cell and target cell, with a larger distance allowing for 

inhibitory phosphatases to infiltrate the synapse (Davis and van der Merwe 2006). To 

date, all FDA-approved CAR T cells target membrane proximal epitopes, with 

approximate synapse distances between CAR T cell and target cell to be 12-15 nm 
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(Xiao et al. 2022), which is small enough to exclude phosphatases such as CD45 (22 

to 51 nm) (McCall, Shotton, and Barclay 1992). 

The spacer and transmembrane regions are also important considerations of CAR 

structure. As mentioned above, the size of the CAR T cell synapse is important for 

functionality. To maintain the optimal synapse size, changes in spacer length must 

take into account whether the scFv targets a membrane-proximal or -distal epitope, 

with a short spacer being optimal for scFvs targeting distal epitopes and a longer 

spacer required for those targeting membrane-proximal epitopes (Guest et al. 2005). 

A recent study increased the size of a CAR spacer by adding tandem Ig domains of 

CEACAM5 and observed that increasing the size of the spacer domain diminished CAR 

T cell activation in vitro and in vivo (Xiao et al. 2022).  

The type of spacer can also impact CAR T cell function, as some linkers are less flexible 

than others, potentially restricting access to epitopes. This was highlighted by Wilkie 

and colleagues who switched a CD28 hinge spacer for a flexible IgD hinge to improve 

recognition of a sterically hindered epitope on MUC1 (Wilkie et al. 2008). A more 

recent study has shown that both the hinge and transmembrane domain are 

important to CAR T cell function, by replacing the CD8 hinge/transmembrane region 

with a CD28 hinge/transmembrane region CAR T cells had a more stable synapse and 

a lower activation threshold (Majzner et al. 2020). 

The endodomain of first generation CARs solely consists of the CD3ζ chain (Eshhar et 

al. 1993), however despite demonstrating effective cytotoxicity against tumour cells, 

these CAR T cells lacked sufficient IL-2 production, proliferation and persistence in 

vivo (Gong et al. 1999; Thomas Brocker 2000).  

In order to achieve optimal activation, T cells require both “signal 1” and “signal 2”. 

The absence of a signal 2 can result in T cell anergy, a state of unresponsiveness (T. 

Brocker and Karjalainen 1995). To avoid T cell anergy and improve proliferation, 

second generation CARs were developed with intracellular domains comprising CD3ζ 

to provide signal 1, fused to co-stimulatory domains such as CD28 that provide signal 

2. CAR T cells bearing a CD28 co-stimulatory domain displayed improved production 

of IL-2 and Interferon-γ (IFN-γ) (Maher et al. 2002). In addition to CD28, other co-
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stimulatory domains have also been incorporated into CARs, including 4-1BB and 

OX40 (Finney, Akbar, and Lawson 2004).  

CAR T cells bearing 4-1BB and the CD3ζ chain (4-1BBz) have displayed improved 

persistence compared to CAR T cells bearing CD28 and the CD3ζ chain (CD28z) in a 

clinical trial for the treatment of B cell Acute Lymphoblastic Leukaemia (B-ALL) (Zhao 

et al. 2020). Moreover, comparison of 4-1BBz and CD28z CAR T cells for the treatment 

of Non-Hodgkin’s Lymphoma (NHL) found the 4-1BBz CAR T cells to be better 

tolerated with less severe adverse effects observed compared to patients who 

received CD28z CAR T cells (Ying et al. 2019). However, CD28z CAR T cells have been 

shown to be more sensitive against tumours with low antigen density than 4-1BBz 

CAR T cells in vivo (Majzner et al. 2020). 

Third generation CARs have an intracellular domain comprising two co-stimulatory 

domains in addition to CD3ζ and have displayed improved proliferation and survival 

signals (Wilkie et al. 2008; Carpenito et al. 2009). Specifically, Pule and colleagues 

engineered a third generation CAR expressing CD28-OX40z, which produced 10-fold 

more IL-2 compared to second generation CAR T cells expressing CD28z (Pule et al. 

2005). Overall, the precise CAR configuration and co-stimulatory domain selection for 

optimal CAR T cell functionality remains a topic of discussion. For instance, Abate-

Daga and colleagues found that a second generation CAR with a CD28 endodomain 

displayed superior antitumour efficacy than a third generation CAR with a CD28 and 

4-1BB endodomain (Abate-Daga et al. 2014).  

Lastly, fourth generation CARs have been engineered to contain endodomains that 

enable the secretion of cytokines such as IL-12 upon CAR stimulation. The secretion 

of IL-12 after antigen engagement has been shown to recruit other immune cells such 

as macrophages to the tumour microenvironment, resulting in the lysis of tumour 

cells lacking antigen that would have ordinarily been spared (Chmielewski et al. 

2011). 
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Figure 4. CAR structures. CARs consist of an scFv binding domain that bestows specificity, a 
spacer region that confers flexibility and length, a transmembrane domain, and an 
intracellular signalling domain. First generation CARs bear only a single signalling domain, 
typically CD3ζ. Second generation CARs bear CD3ζ and one co-stimulatory domain, such as 
CD28, 4-1BB or OX40. Third generation CARs bear CD3ζ and two co-stimulatory domains and 
fourth generation CARs have the additional ability to express a key cytokine, such as IL-12. 
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 CAR signalling 

To initiate signalling after antigen engagement, conventional CARs utilise the CD3ζ 

chain usually associated with the TCR. Recent studies have shown that after 

stimulation, both CARs and TCRs signal via a similar network of proximal signalling 

proteins. By employing a mass spectrometry approach, Salter and colleagues 

analysed phosphorylation events after the stimulation of second generation CAR T 

cells containing either a CD28 or 4-1BB co-stimulatory domain (Salter et al. 2018). 

After CAR-mediated stimulation, CAR T cells were observed to have increases in the 

activation of key signalling proteins including ZAP-70, LAT and PLC-γ1. A study by 

Tousley and colleagues also demonstrated that CAR T cells utilise signalling proteins 

key to TCR-mediated signalling (Tousley et al. 2023). In this study, they showed that 

knocking out one of Lck, ZAP-70, LAT or SLP-76, resulted in ablation of CAR T cell 

activity, highlighting their importance to CAR-mediated signalling. 

Although CARs and TCRs have been shown to utilise common signalling proteins there 

remains a discrepancy in their sensitivity to antigen. While TCRs are able to elicit an 

activation response and secrete IL-2 after engagement with a single pMHC complex 

(Sykulev et al. 1996; Huang et al. 2013), the antigen density required for CAR-

mediated cytokine production is estimated to be in the range of 770-5,320 

molecules/cell (Stone et al. 2012; Watanabe et al. 2015).  

This difference in sensitivity could be due to the difference in number of ITAMs in the 

TCR compared to a CAR, with the TCR having a total of ten ITAMs, yet conventional 

homodimeric CARs only have six (Harris and Kranz 2016). In support of the idea 

increased number of ITAMs improve T cell sensitivity, Majzner and colleagues 

reported that an anti-CD19 CAR bearing two consecutive CD3ζ chains demonstrated 

improved proliferation and cytotoxicity against low density targets (963 

molecules/cell) (Majzner et al. 2020). In addition to the number of ITAMs, Feucht and 

colleagues reported that the position of each ITAM also influences T cell function, 

with second generation CARs expressing a CD28 co-stimulatory domain followed by 

CD3ζ containing a single membrane proximal functional ITAM shown to perform 

better in vivo than CARs expressing CD3ζ containing all three ITAMs (Feucht et al. 

2019). 



INTRODUCTION 

49 
 

Another reason for the discrepancy between TCR and CAR sensitivity could be 

attributed to differences in their synapse formation. After TCR interaction with 

pMHC, the IS forms and consists of concentric rings called supramolecular activation 

clusters (SMACs). At the centre of the IS is the central-SMAC (cSMAC), which is 

formed by clustering of TCRs and has also been shown to be enriched for Lck (Monks 

et al. 1998). Surrounding the cSMAC is the peripheral-SMAC (pSMAC), which is 

enriched with lymphocyte function antigen-1 (LFA-1). LFA-1 binds intercellular 

adhesion molecule-1 (ICAM-1) on target cells, which contributes to both adhesion 

and co-stimulation (Bromley et al. 2001; Monks et al. 1998). The outermost ring is 

called the distal-SMAC (dSMAC) and is enriched for CD45, where it is spatially 

separated from the TCR and proximal signalling kinases such as Lck (Freiberg et al. 

2002). Conversely, CAR T cells form an IS lacking a distinct LFA-1-enriched ring and 

Lck appears in multiple disorganised microclusters rather than clustering at the 

centre of the synapse (Davenport et al. 2018). Recent work by Burton and colleagues 

suggests the inefficient utilisation of adhesion receptors is a factor contributing to 

the lower sensitivity of CAR T cells. In this study they reported that engagement of 

LFA-1 with ICAM-1 increased the sensitivity of TCRs by 22-fold, whereas CAR 

sensitivity only increased 4.7-fold (Burton et al. 2023). 

 CAR T Cell therapy in the clinic 

Despite CARs first being designed in the late 1980s, they were not tested clinically as 

a cancer therapy until the mid-2000s. The success of these trials was limited due to 

poor persistence of the CAR T cells (Kershaw et al. 2006; Park et al. 2007; Till et al. 

2008). To address the issue of persistence, second generation CARs were developed 

containing co-stimulatory domains.  

CD19 is a transmembrane protein expressed on B cells throughout their development 

and is also expressed on nearly all B cell malignancies (Wang, Wei, and Liu 2012). 

Early clinical trials of second generation CARs targeting CD19 showed promise, with 

a complete response (CR) observed to be ongoing > 10 months after treatment in two 

out of three patients treated for Chronic Lymphocytic Leukaemia (CLL) (Kalos et al. 

2011) and in one of two patients treated for Acute Lymphoblastic Leukaemia (ALL) 

(Grupp et al. 2013). 
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Since these landmark trials, CD19 has become the most well-established target for 

CAR T cell therapy. In addition to ALL and CLL, CAR T cell treatment of other 

haematological malignancies has proved successful, as anti-CD19 CAR T cells have 

been utilised for the treatment of multiple myeloma (MM) leading to a CR or 

progression free disease in 6 of 10 patients (Garfall et al. 2015). Additionally, 63 of 77 

patients (82%) with Diffuse Large B Cell Lymphoma (DLBCL) obtained a partial 

response or CR after treatment with an anti-CD19 CAR (Neelapu et al. 2017). Of the 

six CAR T cell therapies that have been approved by the FDA, all are for the treatment 

of haematological malignancies with four targeting CD19 (Maude et al. 2018; Neelapu 

et al. 2017; Wang et al. 2020; Abramson et al. 2020) and two targeting B-Cell 

Maturation Antigen (BCMA) (Munshi et al. 2021; Berdeja et al. 2021). 

The success of CAR T cell therapies observed in haematological malignancies is yet to 

be emulated in the treatment of solid tumours. There have however been a number 

of promising clinical trials for the treatment of solid tumours such as neuroblastoma, 

prostate, lung and ovarian (Marofi et al. 2021). Although CAR T cell therapy has seen 

success in the treatment of haematological malignancies, there are a number of 

hurdles to be overcome before its widespread application for the treatment of other 

indications. 

 Clinical hurdles of CAR T Cell therapy 

Despite the clinical efficacy of CAR T cell therapy, there are a number of challenges 

preventing its application for the treatment of a broader range of cancers. These 

challenges include suboptimal efficacy against low antigen density targets, or 

toxicities such as: Cytokine Release Syndrome (CRS), neurotoxicity, and on-target off-

tumour toxicity.  

1.2.3.4.1 Suboptimal function against low antigen density targets 

The importance of antigen density to CAR sensitivity was emphasized in a phase I 

clinical trial of an anti-CD22 CAR for the treatment of patients with 

relapsed/refractory B-ALL. The overall rate of complete remission was 72.5%, but of 

the 12 patients who attained remission, 8 patients relapsed. Before the infusion of 

the CAR T cells, the median CD22 density was 2,839 molecules/cell. However, 7 of 
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the 8 reported relapses were associated with diminished CD22 density, resulting in 

tumour escape (Fry et al. 2018). Relapses attributed to dimming of CD22 antigen have 

also been observed in a clinical trial of a CAR T cell targeting both CD19 and CD22. Of 

the 13 patients that responded to treatment, 9 relapsed, with the majority of relapses 

attributed to poor CAR T cell persistence. However, one relapse was attributed to 

tumour escape via the complete loss of CD19 expression and diminished CD22 

expression (Cordoba et al. 2021). 

To prevent tumour escape by diminishing of antigen density, improving CAR T cell 

sensitivity to low antigen density has become a research focus. One strategy 

employed to increase sensitivity is adjusting the CAR affinity. 

A number of studies reported an increase in CAR affinity to be positively correlated 

with function against low antigen density targets (Hudecek et al. 2013; Chames et al. 

2002; Lynn et al. 2016; Caruso et al. 2015; Liu et al. 2015; Chmielewski et al. 2004). 

However, there are a number of caveats within these studies which highlight that the 

relationship between CAR affinity and sensitivity is not straightforward. For example, 

a number of these studies only compared two CARs, rather than investigating a range 

of different CAR affinities (Chames et al. 2002; Hudecek et al. 2013; Caruso et al. 

2015). Moreover, some groups compared the affinity of CARs containing two distinct 

scFvs, whilst not taking into account other features that may vary between the 

constructs, such as stability (Hudecek et al. 2013; Caruso et al. 2015). Chmielewski 

and colleagues studied CARs with a range of affinities: 15 pM, 0.12 nM, 1 nM, 16 nM 

and 320 nM. However, they observed a binary response between affinity and 

cytotoxicity, as CARs with an affinity ≤ 16 nM effectively lysed target cells to 

comparable levels, whereas the CAR T cells with the 320 nM affinity demonstrated 

limited cytotoxicity (Chmielewski et al. 2004). Thus, a more comprehensive range of 

affinities is required to better understand the relationship between CAR affinity and 

functionality. 

Despite the majority of studies demonstrating a positive correlation between CAR 

affinity and function against low antigen density targets, one study found that a CAR 

with low affinity (1.6 μM) had superior function against low antigen density targets 

than a CAR with a higher affinity (1 nM) (Turatti et al. 2007). In addition to the caveats 
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mentioned above, conflicting conclusions on the correlation between CAR affinity 

and sensitivity render it a challenging approach.  

Another approach to improve CAR sensitivity is by increasing the CAR density. 

However, this strategy also carries limitations, as increasing CAR density above a 

threshold is associated with tonic signalling and AICD. The specific threshold was 

observed to vary depending on the CAR platform (Gomes-Silva et al. 2017). 

More recently, approaches to improve the sensitivity of CAR T cells have focused on 

modifying other features of CAR architecture other than the scFv, such as the 

transmembrane and signalling domains. For instance, anti-CD19 CARs expressing two 

copies of the CD3ζ chain showed improved proliferation and cytotoxicity against 

targets with a low antigen density. Furthermore,  in an in vivo model of CD19 low 

leukaemia, these “double zeta” CARs demonstrated superior antitumour activity 

compared to single zeta CAR T cells, resulting in prolonged survival (Majzner et al. 

2020). In the same study, replacing the CD8-derived hinge/transmembrane domain 

with a CD28 hinge/transmembrane domain was also reported to significantly 

improve CAR function against low antigen density targets. To improve CAR T cell 

sensitivity, Salter and colleagues modified the signalling domains of two distinct CARs 

to contain elements of the CD3ε chain fused to the CD3ζ chain. This led to improved 

IFN-γ and IL-2 production in response to low antigen density target cells compared to 

conventional CARs (Salter et al. 2021). 

1.2.3.4.2 CRS and Neurotoxicity 

CRS is a systemic inflammatory response characterised by elevated levels of 

cytokines, most notably Tumour Necrosis Factor-alpha (TNFα), IFN-γ and IL-6 

(Teachey et al. 2016). CRS is the most common toxicity induced by CAR T cell therapy 

and can range from mild to life threatening (grade 1-5), with symptoms including high 

fever, nausea, fatigue, tachycardia, cardiac dysfunction, organ failure and sometimes 

death (Lee et al. 2014). The FDA-approved CAR T cell product Kymriah observed CRS 

of ≥ grade 3 in 46% of patients treated for B-ALL (Maude et al. 2018), while 13% of 

patients treated with Yescarta for DLBCL experienced ≥ grade 3 CRS (Neelapu et al. 

2017). 
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An ideal treatment for CRS would alleviate symptoms without adversely and 

irreversibly impacting the antitumour efficacy of the CAR T cells. IL-6 is a suitable 

target for managing CRS, since it is increased during CRS and is unnecessary for T cell 

function. Blocking the IL-6 Receptor (IL-6R) using tocilizumab, an FDA-approved 

monoclonal antibody (mAb), enabled rapid reversal of CRS (Maude et al. 2014; Grupp 

et al. 2013). Furthermore, CAR T cells remained efficacious as were still observed in 

patients who received tocilizumab (Maude et al. 2014). Currently, the administration 

of tocilizumab is considered the gold standard in the management of CAR-mediated 

CRS.  

If CRS is not reversed upon the administration of tocilizumab, the administration of 

corticosteroids is a common secondary treatment (Lee et al. 2014). Corticosteroids 

are immunosuppressive and have successfully reversed CRS in patients undergoing 

CAR T cell therapy. However, their administration over a prolonged period or at high 

doses has also been reported to impair CAR T cell expansion and efficacy (Davila et 

al. 2014).  

Neurotoxicity is another adverse side effect associated with CAR T cell therapy and is 

commonly referred to as immune effector cell-associated neurotoxicity syndrome 

(ICANS). Symptoms range from hallucinations, headaches and confusion to aphasia 

and seizures (Neelapu et al. 2018). Neurotoxicity has been observed in patients after 

treatment with CARs targeting different antigens, including CD19 (Davila et al. 2014; 

Maude et al. 2014) and BCMA (Munshi et al. 2021). In one anti-CD19 CAR T cell trial 

for the treatment of B-ALL, severe neurotoxicity arose in 50% of patients (Turtle et 

al. 2016). In a phase 1/2 clinical trial of another anti-CD19 CAR, 38% of patients 

experienced ≥ grade 3 ICANS, with one case of fatal cerebral oedema (Shah et al. 

2019). Although the precise mechanism responsible for these neurological toxicities 

is unknown, it is speculated that it is due to general CAR T cell-mediated inflammation 

as opposed to specific targeting of Central Nervous System (CNS) tissue. This is based 

on the observation that neurotoxicity also arose in patients treated with 

blinatumomab, a bispecific antibody that binds CD3 on T cells and CD19 on tumour 

cells (Topp et al. 2014). 
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In severe cases, neurotoxicity is managed with corticosteroids. The administration of 

corticosteroids rather than tocilizumab for the treatment of severe neurotoxicity is 

favoured due to the ability of steroids, such as dexamethasone, to cross the blood-

brain barrier (Lee et al. 2014; Mitchell et al. 2005). However, as mentioned above, 

administration of corticosteroids can reduce CAR T cell efficacy. Specifically, in one B-

ALL study, the administration of corticosteroids reduced CAR T cell expansion, with 

patients experiencing disease recurrence (Davila et al. 2014). Therefore, a treatment 

that enables direct, reversible control over CAR T cell efficacy in vivo would be hugely 

beneficial for the management of CRS/ICANS. 

Dasatinib is an FDA-approved immunosuppressive that has been identified as a drug 

with potential use in the management of both CAR-mediated CRS and neurotoxicity 

(Weber et al. 2019). It is a kinase inhibitor that blocks the adenosine triphosphate 

(ATP) binding sites of SFKs such as Lck, thereby inhibiting the phosphorylation of the 

ITAMs in the CD3ζ chains, preventing the recruitment of ZAP-70 and hindering T cell 

signalling  (Tokarski et al. 2006).  

Recent experiments have demonstrated the administration of dasatinib rapidly and 

reversibly inhibits CAR T cell activation, proliferation, cytotoxicity, and cytokine 

production both in vitro and in vivo. Titration of the dasatinib dose was demonstrated 

to confer complete or partial inhibition of CAR T cell functionality. Furthermore, CAR 

T cell viability was unaffected by the administration of dasatinib and a potent anti-

lymphoma effect was observed in mice after the removal of dasatinib (Weber et al. 

2019; Mestermann et al. 2019). As the administration of dasatinib has been shown 

to directly and reversibly control CAR T cell function without damaging cell viability, 

it poses an intriguing option for the future management of CRS and ICANS. 

1.2.3.4.3 On-target off-tumour toxicity 

A crucial consideration in CAR T cell therapy is the selection of the target antigen. An 

optimal target antigen would be one that is exclusively expressed on tumour cells. 

Tumour specific antigens can arise from mutations of surface proteins in tumour cells, 

referred to as neoantigens. Variant III of the Epidermal Growth Factor Receptor 

(EGFRvIII) is a neoantigen exclusively expressed on glioblastoma cells (Gan, Kaye, and 
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Luwor 2009). Its absence from healthy tissue makes EGFRvIII an ideal target for CAR 

T cell therapy. A number of anti-EGFRvIII CARs for the treatment of glioblastoma has 

been developed and validated in vitro and in vivo  (Johnson et al. 2015; Sampson et 

al. 2014). However, neoantigens are rare. 

A major obstacle is the dearth of tumour specific target antigens, leading to many 

CAR T cell therapies targeting TAAs. The scarcity of tumour specific target antigens is 

a result of cancer cells originating from self, with the vast majority of tumour antigens 

also being expressed on healthy tissue. As TAAs are generally overexpressed on 

tumours but also expressed on healthy tissues, there are concerns over safety. This 

pattern of expression is observed in a plethora of the TAAs targeted for the treatment 

of solid tumours, including PSMA, MUC1, and HER2  (Junghans et al. 2016; Zhou et al. 

2019; Ahmed et al. 2015). In one case, a patient infused with anti-HER2 CAR T cells 

for treatment of metastatic colon cancer developed fatal CRS. This was attributed to 

on-target off-tumour toxicity, wherein the CARs recognised low levels of HER2 on 

lung epithelial cells (Morgan et al. 2010). 

A number of different approaches have been developed to improve the safety of CAR 

T cell therapy. Suicide switches allow for the selective destruction of CAR T cells if 

CAR-mediated toxicities arise. One example of a suicide switch is the expression of 

Herpes Simplex Virus Thymidine Kinase (HSV-TK) in adoptively transferred T cells 

which makes them susceptible to elimination via the administration of ganciclovir. 

However, as HSV-TK is a virally derived protein there are concerns over 

immunogenicity, limiting its clinical application (Ciceri et al. 2009). An alternative 

suicide switch was developed by Straathof and colleagues, termed inducible Caspase-

9 (iCasp9) which permits selective elimination of CAR T cells via apoptosis after the 

administration of a small molecule drug (Straathof et al. 2005). Other suicide switches 

have been engineered which enable elimination of CAR T cells via the administration 

of antibodies which bind to a marker on the cell surface. One such approach is to 

express a truncated form of EGFR (EGFRt) on engineered T cells, with the 

administration of cetuximab shown to result in effective elimination of EGFRt 

expressing cells (Wang et al. 2011; Paszkiewicz et al. 2016). Similarly, Phillip and 

colleagues developed a marker gene which could also be utilised as a suicide switch, 
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by fusing epitopes from CD34 and CD20 (RQR8). In this study, administration of 

rituximab was shown to selectively eliminate transgene expressing T cells (Philip et 

al. 2014).  

Although shown to be effective, suicide switches share a major limitation, which is 

the permanent elimination of the CAR T cells eliminating their antitumour response. 

This limitation has prompted the development of a number of alternative strategies 

that address the issue of CAR-mediated on-target off-tumour toxicity. 

Two research groups have independently developed affinity-tuned CARs that are able 

to distinguish between targets expressing high- and low-density antigen (Caruso et 

al. 2015; Liu et al. 2015). Liu and colleagues reported that anti-EGFR CARs with a high 

affinity (0.94 nM) did not discriminate between targets expressing varying levels of 

EGFR, with comparable responses against K562 cells electroporated with a 200-fold 

range of EGFR mRNA. However, the reactivity of CARs with lower affinity (88 nM and 

217 nM) correlated with the expression level of EGFR on target cells (Liu et al. 2015). 

Similarly, Caruso and colleagues demonstrated that a 10.7-fold decrease of the 

affinity of an anti-EGFR CAR resulted in a 3.8-fold decrease in IFN-γ production against 

low density EGFR target cells (Caruso et al. 2015). Both of these studies reported that 

affinity tuning is an effective, albeit cumbersome, approach to shift the antigen 

density recognition window or CAR T cells, reducing the risk of on-target off-tumour 

toxicity. 

Numerous research groups have applied Boolean logic gating to CAR T cells to enable 

more accurate distinction between malignant and healthy cells (Kloss et al. 2013; He 

et al. 2020; Lajoie et al. 2020; Lanitis et al. 2013; Fedorov, Themeli, and Sadelain 2013; 

Srivastava et al. 2019; Roybal et al. 2016; Tousley et al. 2023). Rather than targeting 

a single antigen, logic gate CAR T cells get activated once exposed to a specific 

combination of antigens. One approach using logic gates is to expresses two distinct 

CARs that target separate antigens, with one CAR expressing the CD3ζ chain, while 

the other CAR expresses a co-stimulatory endodomain. Thus, engagement of both 

CARs leads to full T cell signalling (Lanitis et al. 2013). However, this model still has 

the potential for on-target off-tumour toxicity, as CAR constructs expressing only the 

CD3ζ chain are still capable of activation in response to antigen expressing cells 
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(Eshhar et al. 1993). Another logic gate strategy was proposed by Roybal and 

colleagues, in which antigen engagement of the first CAR triggers the transcription of 

a second CAR which triggers signalling after engagement with a separate antigen 

(Roybal et al. 2016). However, as this strategy relies on transcription, there is a delay 

of approximately 6 hours after engagement of the first CAR before the second CAR is 

expressed on the cell surface. 

Logic gates have also been engineered to prevent signalling in the presence of a 

specific antigen. Fedorov and colleagues developed a system called the inhibitory-

CAR (iCAR), in which CARs expressed inhibitory signalling domains derived from CTLA-

4 or PD-1 (Fedorov, Themeli, and Sadelain 2013). In this setting two CARs are 

expressed, one which binds a TAA and the iCAR which binds an antigen expressed on 

healthy tissues. Therefore, when both CARs are engaged with antigen, the inhibitory 

domain of the iCAR prevents the CAR T cell from being activated by healthy cells, 

preventing on-target off-tumour toxicity. 

Several tuneable systems have been developed to improve the safety of CAR T cells, 

in which CAR T cell activity is controlled by the presence of a small molecule drug. 

Tuneable CARs can be characterised as drug-ON systems, wherein the CAR requires 

both antigen engagement and the small molecule for activation (Wu et al. 2015; 

Juillerat et al. 2016; Leung et al. 2019; Labanieh et al. 2022; Sahillioglu et al. 2021). 

Wu and colleagues engineered a tuneable CAR in which the antigen binding domain 

and intracellular signalling domains are expressed as separate peptides. Only upon 

the administration of a heterodimerizing small molecule, the rapamycin analogue 

(rapalog) AP21967, do the separate components of the CAR assemble. The 

functionality of this “ON-switch” CAR was tested in vivo in a mouse xenograft model, 

and in the absence of the small molecule, similar levels of tumour cell survival were 

observed when comparing the ON-switch CAR T cells condition and the condition in 

which no T cells were given. Yet, upon administration of the small molecule, ON-

switch CAR T cells achieved significantly higher levels of target cell lysis (Wu et al. 

2015). However, the small molecule rapalog used in this platform is an experimental 

drug used in research and is thus not suitable in a clinical setting.  
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Rapamycin could be used in place of the rapalog to dimerise the binding and 

signalling domains of a split CAR platform, but as rapamycin is an immunosuppressive 

drug using it in a drug-ON system would be problematic. Since this study, a number 

of other drug-ON CAR systems have been developed that also utilise 

rapamycin/rapalog to induce CAR T cell function (Juillerat et al. 2016; Leung et al. 

2019). More recently, tuneable drug-ON CAR platforms have been developed that 

contain the hepatitis C virus (HCV) NS3 protease, and are activated via the 

administration of FDA-approved HCV protease inhibitors (Labanieh et al. 2022; 

Sahillioglu et al. 2021). However, the use of a virally derived protease in these 

platforms raises concerns over immunogenicity. 

A disadvantage of drug-ON systems is that regular administration of the small 

molecule drug is required to maintain CAR T cell efficacy. To address this, a number 

of tuneable CAR systems have been developed in which administration of a small 

molecule disrupts CAR efficacy (drug-OFF systems) (Giordano-Attianese et al. 2020; 

Sun et al. 2020; Hotblack et al. 2021). In a similar fashion to the tuneable CAR 

developed by Wu and colleagues (Wu et al. 2015), another group engineered a split 

CAR system in which the binding domain and signalling domains are expressed as 

separate peptides (Giordano-Attianese et al. 2020). However, in this study the 

intracellular domain of each peptide contained one monomer from a protein pair 

(chemically disruptable heterodimer) that spontaneously assemble to form a 

heterodimer, bringing together the binding domain of the CAR with the signalling 

domains and facilitating activation. This heterodimer was successfully disrupted upon 

the administration of a small molecule drug, inhibiting the activation of CAR T cells in 

vitro and in vivo, regardless of antigen engagement (Giordano-Attianese et al. 2020).  

Sun and colleagues engineered an alternative drug-OFF system in which the 

administration of a small molecule drug recruits Src homology region 2 domain-

containing phosphatase-1 (SHP-1) to the CAR synapse. This leads to SHP-1-mediated 

dephosphorylation of the CD3ζ chains of the CAR, attenuating activation. The 

administration of the small molecule drug was observed to reduce IFN-γ release by 

CAR T cells in a reversible manner both in vitro and in vivo (Sun et al. 2020). 
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Affinity tuning, logic gate CARs and tuneable CAR systems all represent promising 

strategies to improve the safety of CAR T cell therapy. However, in addition to some 

of the caveats highlighted, the majority require cumbersome reengineering of the 

CAR structure, and thus are not easily transferrable into existing CAR platforms.  



INTRODUCTION 

60 
 

2 RESEARCH PROPOSAL 

As discussed, CAR T cell therapy faces a number of hurdles. In this project I address 

two of these challenges: CAR T cell sensitivity and on-target off-tumour toxicity. To 

address these challenges this research has two primary aims: 

  

Aim 1: To develop agnostic modules capable of improving CAR T cell sensitivity. 

  

Aim 2: To engineer a module that enables tuning of CAR T cell function in response 

to a small molecule drug. 
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3 MATERIALS AND METHODS 

3.1 Molecular biology 

3.1.1 Engineering of DNA constructs 

Constructs were designed on SnapGene® software, with oligonucleotides purchased 

from IDTDNA. Utilising the gammaretroviral (γRV) vector SFG (Büeler and Mulligan 

1996), the constructs used in this research were generated by splicing overlap 

Polymerase Chain Reaction (PCR), referred to as Phusion PCR (3.1.2), restriction 

enzyme digest, which is also referred to as “cut and paste cloning” (3.1.11) or Golden 

Gate DNA assembly (3.1.12). Expression of multiple transgenes within the same 

vector was achieved by the inclusion of the Thosea asigna virus 2A (T2A) and Porcine 

teschovirus-1 2A (P2A) self-cleaving peptides, resulting in equimolar expression of 

transgenes either upstream or downstream of these peptides (Liu et al. 2017). All 

constructs contained a scaffold attachment region which enhances transgene 

expression (Agarwal et al. 1998). To confirm successful cloning, all new constructs 

generated were verified by DNA sequencing (Beckman Coulter) with analysis of the 

sequencing results to confirm sequence alignment performed using SnapGene®.  

3.1.2 Phusion Polymerase Chain Reaction 

Phusion PCR is a two-step protocol which enables two or more DNA fragments to be 

fused together at specific locations. The first step is the primary PCR, in which a 

sequence incorporated in the 5’ overhang of each primer, is complementary to the 

end of the other DNA fragment. During the primary PCRs, these complementary 

overhangs are incorporated into the DNA fragments. The resultant DNA fragments 

are complementary and can thus anneal and extend during the second step, which is 

the Phusion PCR. The enzyme used in these reactions is the Phusion High-Fidelity (HF) 

DNA polymerase (NEB, M0530L) with the required Phusion HF 5X buffer (NEB, 

B0518S). PCR reaction mixes for the primary PCR and the Phusion PCR are described 

in Table 1 and Table 2, respectively. The thermocycling conditions for the PCRs are 

outlined in Table 3.  
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Table 1. Primary PCR reaction mix (Step 1) 

Reagent Volume (μl) Final 

Concentration 

Water (nuclease free) Up to 50 μl N/A 

10 μM Forward Primer 2.5 0.5 μM 

10 μM Reverse Primer 2.5 0.5 μM 

10 mM dNTPs 1 200 μM (each) 

Template Plasmid DNA (1 - 100 ng) 1 0.1 - 2 ng / μl 

Phusion HF or GC Buffer, 5X* 10 1X 

Phusion DNA Polymerase 0.5 0.02 units 

 

Table 2. Phusion PCR reaction mix (Step 2) 

Reagent Volume (μl) Final 

Concentration 

Water (nuclease free) Up to 50 μl N/A 

10 μM Forward Primer 2.5 0.5 μM 

10 μM Reverse Primer 2.5 0.5 μM 

10 mM dNTPs 1 200 μM (each) 

DNA fragment from primary PCR 1 (1 - 100 

ng) 

1 0.1 - 2 ng / μl 

DNA fragment from primary PCR 2 (1 - 100 

ng) 

1 0.1 - 2 ng / μl 

Phusion HF or GC Buffer, 5X* 10 1X 

Phusion DNA Polymerase 0.5 0.02 units 

 

Table 3. Thermocycling conditions for PCR using Phusion polymerase 

Step Temp Time 

Initial Denaturation 98°C  30 - 90 seconds  

Denaturation  98°C  5 - 15 seconds  
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Annealing  25 - 35 

cycles 

50 - 72°C  10 - 30 seconds  

Extension  72°C 

20 - 30 seconds / 

kb 

Final Extension   72°C 2 minutes  

Hold  12°C  ∞ 

 

3.1.3 DNA digestion using restriction endonucleases 

Restriction endonucleases recognise specific DNA sequences called restriction sites. 

Digestion of DNA using restriction endonucleases (creates complementary overhangs 

on the PCR product DNA (insert) and the vector backbone. These complementary 

overhangs enable the digested DNA insert(s) and vector backbone to ligate together, 

forming the desired plasmid construct. Restriction digestions were performed based 

on the instruction provided by New England Biolabs (NEB), making sure to use a 

buffer compatible with the enzymes used. The master mix for the digestion of DNA 

inserts is outlined in Table 4 and the master mix for the digestion of the vector 

backbone DNA is outlined in Table 5. 

Table 4. Master mix for restriction endonuclease digestion of insert DNA 

Reagent Volume (μl) 

Insert DNA 40 

Restriction Enzyme 1 1 

Restriction Enzyme 2 1 

Buffer 4 

 

Table 5. Master mix for endonuclease digestion of vector DNA 

Reagent Volume (μl) 

Vector DNA (1 μg/mL) 3 

Water (nuclease free) 24 

Restriction Enzyme 1 1 
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Restriction Enzyme 2 1 

Buffer 4 

 

Each reaction master mix was incubated at a suitable temperature (usually 37°C for 

HF enzymes) in a thermocycler for 1 hour and then stored at 4°C. 

3.1.4 Dephosphorylation of vector backbone 

To decrease the amount of the linearised (digested) vector backbone that re-

circularises during the ligation step a dephosphorylation step is often utilised. In turn, 

this decreases the number of background colonies observed during the 

transformation step. A 50 μl reaction mix using a heat sensitive dephosphorylating 

phosphatase (Antarctic Phosphatase – NEB, M0289) was set up as outlined in Table 

6 and run in a thermocycler as described in Table 7. 

Table 6. Reaction mix for dephosphorylation of vector backbone DNA 

Reagent Volume (μl) Final concentration 

Vector DNA (digested) 30 – 44 1 - 5 μg 

Antarctic Phosphatase 1 5 units 

10X Buffer 5 1 X 

Water (nuclease free) to 50 N/A 

 

Table 7. Thermocycling conditions for dephosphorylation of vector backbone DNA 

Step  Time Temperature 

Incubate 30 – 60 mins 37°C 

Heat Inactivate 2 mins 80°C 

Hold ∞ 12°C 

 

3.1.5 Gel electrophoresis 

To verify DNA fragments based on size, a 1-2% agarose gel was prepared by dissolving 

1.5-2g of Agarose powder (Bioline BIO-41025) in 1x TAE (Tris-acetate-EDTA) buffer, 

with 10 μl SYBR Safe (Thermo Fisher; S33102) added. The gel was then left to solidify 
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in a gel template with a comb to allow well formation. Each DNA sample was mixed 

with loading dye and added into the wells in the gel. The gel was run at 140V until 

the dye was approximately 75-80% of the way down the gel. 

3.1.6 DNA extraction from agarose gels 

Following gel electrophoresis, the DNA fragments were excised from the gel and 

placed in a 1.5 ml centrifuge tube. 3x volume of Buffer QG Solubilization buffer 

(Qiagen; 19063) were added to 1x volume of gel and incubated at 50°C for 10 min. 

After the gel was fully dissolved, 1x gel volume of isopropanol (Thermo Fisher; 

10284250) was mixed with the sample. The sample was added to a DNA spin column 

(Qiagen; 27115) and centrifuged at 13000 rpm for 1 minute. The flow through was 

discarded and 750 μl of Buffer PE (Qiagen; 19065) was added to the DNA spin column 

which were then centrifuged at 13000 rpm for 1 minute. The flow through was again 

discarded and the DNA spin column was centrifuged at 13000 rpm for 1 minute once 

more, discarding any more flow through. To elute the DNA, the spin column was 

placed in a new 1.5 ml centrifuge tube and 35 μl nuclease free water (IDT DNA; 11-

05-01-04) was added to the centre of the spin column. The DNA spin column was left 

to incubate for 1 minute before centrifuging at 13000 rpm for 1 minute. 

3.1.7 DNA purification using spin columns 

To purify the DNA extracted from the agarose gel, 5 parts Binding Buffer PB (Qiagen; 

19066) were mixed with 1 part DNA and added to a DNA spin column to be 

centrifuged at 13000 rpm for 1 minute. The flow through was discarded and 750 μl 

Buffer PE added to the column, which was then centrifuged at 13000 rpm for 1 

minute. After discarding the flow through, the spin columns were centrifuged again 

at 13000 rpm for 30-60 seconds. To elute the DNA, 35 μl of nuclease free water was 

added to the spin column, left to left to incubate for 1 minute before centrifuging at 

13000 rpm for 1 minute. 

3.1.8 DNA ligation and transformation 

After digestion of PCR fragments and an appropriate vector backbone with NEB 

restriction enzymes, the PCR fragments are inserted into the vector backbone using 
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T4 DNA ligase (Roche; 10716359001). The ligation reactions were set up in 0.2 ml PCR 

tubes as outlined in Table 8. 

Table 8. Ligation master mix using T4 DNA ligase 

Reagent Volume (20μl total) 

T4 DNA Ligase Buffer (10X) 

(Roche; 11243292001) 

2 μl 

Vector DNA (digested) 50 ng  

Insert DNA (digested) 37.5 ng  

Water (nuclease free) to 20 μl 

T4 DNA Ligase 1 μl 

 

Ligation reactions were incubated at 16°C for minimum of 1 hour in a thermocycler. 

NEB 5-alpha competent high-efficiency E. coli (NEB; C2987U) were transformed by 

mixing 25 μl cells with 2-4 μl ligation mix (containing 0.001-100ng plasmid DNA) in a 

0.2 ml PCR tube and incubated on ice for 30 minutes. This transformation mix was 

then heat shocked at 42°C for 35 seconds, before being returned to ice for a further 

3 minutes. 25-100 μl SOC media (NEB; supplied with E. coli cells) was then added to 

the transformation mix, which was then placed into a shaking incubator set at 37°C 

and 250 rpm for 1 hour. 50-100 μl of the transformation mix was spread onto agar 

plates containing an appropriate antibiotic and incubated overnight at 37°C. 

3.1.9 Plasmid DNA purification by Mini prep 

For small scale DNA preparation (minipreps), we used the NucleoSpin® Plasmid EasyPure kit 

(Machery-Nagel; 740727.250). After bacterial transformation, a single colony was picked 

from the agar plate and placed in a culture tube with 5 ml of Luria-Bertani (LB) Medium (MP 

Biomedicals LLC; 3002-031) supplemented with an appropriate antibiotic. The tubes were 

incubated in a shaking incubator at 37°C and 250 rpm for 12-16 hours. 1.5 ml of the bacterial 

culture was removed and centrifuged at 13000 rpm for 5 minutes. The supernatant was 

discarded, then the pellet was resuspended in 150 μl A1 buffer. To lyse the bacterial cells, 

250 μl A2 buffer was added, mixed well, and left to incubate for 2 minutes at room 

temperature. 350 μl of the A3 buffer (a neutralising buffer) was then added to the cell lysate 

and the tubes were then centrifuged at 13000 rpm for 3 minutes. The supernatant containing 
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the plasmid DNA was transferred to a Nucleospin column and centrifuged at 13000 rpm for 

1 minute. The flow through was discarded and 450 μl AQ buffer was added to each column, 

which were then centrifuged at 13000 rpm for 1 minute. The flow through was discarded and 

columns centrifuged at 13000 rpm for a further 2 minutes. The columns were placed in a new 

1.5 ml centrifuge tube and the DNA was eluted by adding 50 μl of the elution buffer. 

3.1.10 Plasmid DNA purification by Midi Prep 

For large scale DNA preparation (midipreps), we used the NucleoBond® Xtra Midi Kit 

(Machery-Nagel; 740410.100). As with the miniprep protocol (3.1.9), a single colony 

was picked from an agar plate and placed in a culture tube with 5 ml of LB media 

supplemented with an appropriate antibiotic. This “starter culture” was incubated in 

a shaking incubator at 37°C and 250 rpm for 8 hours. The starter culture was diluted 

1:500-1000 to inoculate the overnight culture of LB media supplemented with 

appropriate antibiotic, which was placed in a shaking incubator at 37°C and 250 rpm 

for 12-16 hours. The bacterial cells were pelleted by centrifugation at 4,200 x g for 30 

minutes at 4°C. The pellet was resuspended in 8 ml resuspension buffer RES + RNase 

A. Once the pellet was fully resuspended, the cells were lysed by adding 8 ml LYS 

buffer and left to incubate at room temperature for 5 minutes. In the meantime, the 

NucleoBond® Xtra column filter was equilibrated with 12 ml EQU buffer. The cell 

lysate was the neutralised with 8 ml NEU buffer before being transferred into column 

filter. The column filter was left to empty by gravity flow and then washed once with 

5 ml EQU buffer. The filter was removed from the column and discarded. The column 

was then washed once with 8 ml WASH buffer. The plasmid DNA was eluted by adding 

5 ml ELU buffer. To precipitate the eluted DNA, 3.5 ml room-temperature isopropanol 

was added, vortexed and left to incubate for 2 minutes. The plasmid DNA was 

pelleted by centrifuging at 4,200 x g for 30 minutes at 4°C. The DNA was then washed 

with room-temperature 70% ethanol and centrifuged at 4,200 x g for 20 minutes. The 

pellet was dried at room temperature, with any remaining traces of ethanol absorbed 

using a sterile cotton bud. 
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3.1.11 Plasmid cloning by restriction enzyme digest (cut and paste) 

Traditional cut and paste cloning, is a technique in which a vector and insert DNA are 

digested with restriction enzymes (3.1.3). The digested DNA fragments are then 

verified via gel electrophoresis (3.1.5), excised from the gel and purified (3.1.6 and 

3.1.7). To form a new recombinant DNA plasmid, the vector backbone was then 

dephosphorylated as outlined in 3.1.4 before ligating the DNA insert into the vector 

backbone using T4 ligase. After ligation, E. coli cells were transformed with the 

ligation mix and spread on agar plates containing an appropriate antibiotic (3.1.8). 

Colonies were then picked for further growth and purification of the plasmid DNA 

(3.1.9 or 3.1.10). 

3.1.12 Golden Gate DNA assembly 

Golden gate DNA assembly was the primary method used for multi-fragment DNA 

assembly. Golden gate assembly permits the sequential ligation of multiple inserts 

into a vector backbone utilising a single type IIS restriction enzyme such as: BsaI (NEB, 

R3733), BsmBI (NEB, R0739) or BbsI (NEB, R0539). One of these restriction enzymes 

was used to digest DNA fragments generated by PCR (as described in 3.1.2) and the 

vector backbone. The fragment-specific sequence of each DNA overhang generated 

by these type IIS restriction enzymes allows sequential assembly of multiple 

fragments simultaneously. The digested DNA was then ligated together and 

transformed into E. coli cells (3.1.8). As previously described in 3.1.9 and 3.1.10, 

bacterial colonies were then picked to expand, from which the plasmid DNA was 

purified. 

3.2 Tissue culture 

3.2.1 Basic cell culture techniques 

 Culturing of adherent cell lines 

HEK293T cells (ATCC; ATCC®CRL-11268™) (293Ts) were cultured in Iscove's Modified 

Dulbecco's Medium (IMDM) (Lonza; LZBE12-726F) supplemented with 10% heat 

inactivated foetal bovine serum (FBS) (Biosera; FB-1001) and 10 mM glutamine 
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(Sigma-Aldrich; g7513-100ml) (I10). 293T cells were maintained in T175 tissue culture 

treated flasks at 37°C and 5% CO2. Upon reaching 90% confluency, cells were 

passaged by washing with Phosphate Buffer Saline (PBS) (Sigma-Aldrich; D8537). To 

detach the 293T cells from the flask, 5 ml trypsin/EDTA (Sigma-Aldrich; T4049) was 

added, then the flasks were incubated for 5 minutes at 37°C and 5% CO2. Once 

detached, cells were reseeded in fresh medium and cultured as above. 

 Culturing of non-adherent cell lines 

Non-adherent cell lines were all cultured in Roswell Park Memorial Institute 

(RPMI)1640 (Fisher Scientific; 11879020) supplemented with 10% heat inactivated 

FBS and 10 mM glutamine (Sigma-Aldrich; g7513-100ml) (R10). Cells were 

maintained in T175 flasks at 37°C and 5% CO2. Cell passage was carried out by 

resuspending the cells in fresh R10 media to achieve a density of less than 1x106 

cells/ml. 

 Cryopreservation of cell lines 

Cell lines to be cryopreserved were centrifuged at 400xg for 5 minutes, then 

resuspended at 5x106 cells/ml in chilled freezing medium made up of FBS + 10% 

DMSO (Sigma-Aldrich; D2650-100ML). Resuspended cells were then aliquoted into 

cryovials (1 ml per vial), which were placed into a CoolCell™ LX Cell Freezing Container 

(Corning®) and transferred to a -80°C freezer. The next day the cryovials were moved 

to a liquid nitrogen tank for storage.   

 Recovery of cell lines post cryopreservation 

The frozen cryovials were thawed in a 37°C water bath. As the DMSO in the freezing 

media is toxic to metabolising cells, cells were then quickly washed in 20 ml of 

suitable pre-warmed complete media. Cells were then centrifuged at 400xg for 5 

minutes, resuspended in complete media and maintained in appropriate flasks in an 

incubator at 37°C and 5% CO2. 

3.2.2 Retroviral transductions 

 Retroviral supernatant production 
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293T cells were seeded at 3x10⁶ cells per 10 cm plate in 10 ml I10 (3x105 cells/ml). 

The 293Ts were incubated overnight at 37°C, 5% CO2 to allow the cells to adhere to 

the plate and achieve a confluency of 50%-60%. Per 10 cm plate, 30 μl GeneJuice 

(Millipore; 70967-4) was mixed with 470 μl plain IMDM and incubated at room 

temperature for 5 minutes. After which, three plasmids were added to the GeneJuice 

mix: an SFG plasmid containing the transgene of interest (4.7ug), a plasmid encoding 

the viral gag/pol genes (4.7 μg), and an RD114 envelope expression plasmid (RDF) 

(3.1ug). This transfection mixture was then left to incubate for a further 15 minutes 

at room temperature. The transfection mixture was then added to the 293T cells in a 

dropwise manner and incubated at 37°C and 5% CO2. Supernatant was harvested at 

both 48- and 72-hour timepoints post transfection, pooled and stored at -80°C until 

required. 

 Coating tissue culture plates with RetroNectin 

When coating non-tissue culture treated 6-well plates with RetroNectin (Takara 

Clonetech; T100B), 8 μl of RetroNectin was added per 1 ml of sterile PBS (final 

concentration of 8 μg/ml), with 2 ml diluted RetroNectin added to each well. For 

coating non-tissue culture treated 24-well plates, 0.5 ml of diluted RetroNectin was 

added per well. Plates were sealed and stored at 4 °C overnight before use.  

 Retroviral transduction of suspension cells 

The day before transduction, the cells in suspension were split to ensure they were 

in exponential growth the following day. Diluted RetroNectin was aspirated from 24 

well plates and 1.5 ml of retroviral supernatant was added to each well and incubated 

for 30 minutes at room temperature. The suspension cells to be transduced were 

resuspended at 0.6x106 cells/ml in R10, with 0.5 ml added per well. The plates were 

then centrifuged at 1000xg for 40 minutes then incubated at 37°C and 5% CO2 for 2-

3 days. 

3.2.3 Engineering of target cell lines 

SupT1 (ATCC; ATCC®CRL-1942™) cells were used as the parental cell line for all target 

cell lines used for in vitro assays in this study. We engineered a number of SupT1 cell 
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lines expressing human CD22, CD19 or GD2 on the cell surface at different densities. 

The CD22 antigen comprised a CD22 ectodomain, CD19 TM domain and CD19 

endodomain. Whereas the CD19 antigen comprised a CD19 ectodomain, CD19 TM 

domain and a GFP endodomain. To express GD2 on the cell surface, both GD2 and 

GD3 synthase are required (Battula et al. 2012). Supernatants containing retrovirus 

encoding the CD22 antigen, CD19 antigen or GD2 and GD3 synthase genes were 

produced as described in 3.2.2.1. These supernatants were used to transduce SupT1 

cells (as described in 3.2.2.3), generating target cell lines expressing CD22, CD19 or 

GD2 on the cell surface. After transduction, some target cell lines were sorted using 

the BD FACSMelody™ cell sorter for cells with the desired level of RQR8, the 

transduction marker developed by Philip and colleagues (Philip et al. 2014). 

Additionally, Target cell lines were sometimes sorted for RQR8 expression using anti 

human CD34 MicroBeads, as per the manufacturer’s instructions (Miltenyi Biotec; 

130-100-453). 

The expression of antigen on target cell lines was detected by flow cytometry 

(described in 3.2.6.2). Quantification of the antigen density on the surface of the 

target cell lines was calculated using Quantibrite-PE Beads (BD Biosciences; 340495) 

(Table 13). The target cell lines used in this study and the method(s) employed to 

engineer them are described in Table 9. 

 STOPSKIP technology 

One method we used to obtain cell lines expressing low levels of antigen was to 

engineer vectors containing a “STOPSKIP” motif upstream of the antigen encoding 

transgene. A STOPSKIP motif reduces the translational efficiency of any downstream 

transgene, it contains a stop codon (e.g. TGA) followed by a read-through sequence 

(e.g. CATG) (Sillibourne et al. 2022). The presence of the stop codon prevents mRNA 

translation, however, the read-through sequence causes inefficient termination of 

protein synthesis, resulting in a low level of translational read-through and thus low 

level protein synthesis (Loughran et al. 2014; Cassan and Rousset 2001). Utilising this 

STOPSKIP technology, we engineered a number of cell lines with low target antigen 

density.  
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 Signal sequence mutations 

An alternative method to the STOPSKIP technology to generate cell lines with 

reduced antigen expression is to introduction mutations in the signal sequence. Cell 

surface proteins are trafficked to the cell membrane through the secretion pathway. 

A signal sequence in the N-terminal of transmembrane and secreted proteins 

identifies them for entry into this pathway, with signal sequences of newly formed 

peptide chains recognised by the Signal Recognition Particle (SRP). The binding of the 

SRP to the signal sequence results in translation being paused. The SRP then also 

binds to the SRP-receptor, recruiting the peptide/ribosome complex to the 

Endoplasmic Reticulum (ER). Subsequently, the polypeptide is inserted into a pore 

within the ER, with the signal peptide cleaved in the ER lumen. This permits continued 

translation and the polypeptide chain to pass across the membrane of the ER 

(Nothwehr and Gordon 1990). The introduction of mutations within the signal 

sequence can reduce the efficiency of polypeptide transfer into the ER. Therefore, 

the expression of the protein on the cell surface can also be reduced. 

 Single cell cloning by limiting dilution 

After retroviral transduction, a cell line can exhibit a heterogeneous range of 

transgene expression, and subsequently display a range of antigen density. In order 

to achieve a target cell line of very homogenous expression, we identified single cell 

clones by limiting dilution. Firstly, cells were resuspended at a concentration of 1x106 

cells/ml in R10. From this cell suspension, 39 μl was taken and diluted in 30 ml R10, 

labelled “Dilution 1” (773-fold dilution). From Dilution 1, 39 μl was taken and diluted 

in 30 ml R10, labelled “Dilution 2”. From dilution 2, 200 μl was added per well into a 

flat-bottom 96-well plate. Using this method, on average, each third well contained 

only a single cell. Plates were then incubated for 1-2 weeks at 37°C and 5% CO2, until 

the colonies took up approximately 25% of the well. The single cell clones were then 

transferred to 24 well plates with 2 ml of R10 per well. Once confluent, the new 

homogenous cell populations can be screened by flow cytometry for antigen density 

(as described in 3.2.6.2). 
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Table 9. Target cell lines.  

Cell line 
AU 

Number 
Antigen 

Antigen density 
(molecules/cell) 

Description 

SupT1 NT  37873 N/A N/A 

Parental T cell 
lymphoblastic 
lymphoma-derived cell 
line naturally negative 
for CD19/CD22. Used 
as a negative control. 

SupT1 
CD22High 

84347 CD22 53,866 

Parental SupT1 NT cell 
line transduced to 
artificially express CD22 
antigen. 

SupT1 
CD22Mid 

41583 CD22 6,309 

Parental SupT1 NT cell 
line transduced to 
artificially express CD22 
antigen. 

SupT1 
CD22Low 

45194 CD22 1,968 

Parental SupT1 NT cell 
line transduced with a 
cassette bearing a 
STOPSKIP sequence to 
achieve low density 
CD22 expression. The 
cells were then sorted 
on the FACSMelody™ 
cell sorter for very low 
levels of expression. 

SupT1 
CD22Low(b) 

68868 CD22 1,946 

Parental SupT1 NT cell 
line transduced with a 
cassette bearing a 
STOPSKIP sequence to 
achieve low density 
CD22 expression. The 
cells were then sorted 
on the FACSMelody™ 
cell sorter for low levels 
of expression and 
sorted again for RQR8 
using anti-human CD34 
MicroBeads.   
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SupT1 
CD22VL 
(Very Low) 

68867 CD22 284 

Parental SupT1 NT cell 
line transduced with a 
cassette bearing a 
STOPSKIP sequence to 
achieve low density 
CD22 expression. The 
cells were then sorted 
on the FACSMelody™ 
cell sorter for low levels 
of expression and 
sorted again for RQR8 
using anti-human CD34 
MicroBeads.   

SupT1 
CD19High 

42187 CD19 100,830 

Parental SupT1 NT cell 
line transduced to 
artificially express CD19 
antigen. 

SupT1 
CD19Mid 

84642 CD19 11,846 

Parental SupT1 NT cell 
line transduced with a 
cassette bearing a 
STOPSKIP sequence to 
achieve low density 
CD19 expression. A 
single cell clone was 
then identified by 
limiting dilution. 

SupT1 
CD19Mid(b) 

73529 CD19 16,357 

Parental SupT1 NT cell 
line transduced with a 
cassette bearing a 
STOPSKIP sequence to 
achieve low density 
CD19 expression. Cells 
were then sorted for 
RQR8 expression using 
anti-human CD34 
MicroBeads. 

SupT1 
CD19Low 

84645 CD19 4,282 

Parental SupT1 NT cell 
line transduced with a 
cassette bearing a 
STOPSKIP sequence to 
achieve low density 
CD19 expression. A 
single cell clone was 
then identified by 
limiting dilution. 
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SupT1 
CD19Low(b) 

62635 CD19 4,754 

Parental SupT1 NT cell 
line transduced with a 
cassette bearing 
mutations in the signal 
sequence to achieve 
low density CD19 
expression. 

SupT1 
CD19VL (Very 
Low) 

62635 CD19 3,032 

Parental SupT1 NT cell 
line transduced with a 
cassette bearing 
mutations in the signal 
sequence to achieve 
low density CD19 
expression. 

SupT1 
GD2High 

56468 GD2 220,834 

Parental SupT1 NT cell 
line transduced with a 
cassette expressing 
both GD2 and GD3 
synthase required for 
surface expression of 
GD2. 

SupT1 
GD2Mid 

82724 GD2 28,903 

SupT1 GD2+ cell line 
(AU56468) transduced 
with a cassette 
expressing B3GALT4, 
which downregulates 
GD2 expression. The 
cassette also contained 
eBFP, which was 
inversely correlated to 
GD2 expression. The 
cells were then sorted 
on the FACSMelody™ 
cell sorter for high 
levels of eBFP 
expression. Following 
cell sorting, single cell 
clones were identified 
by limiting dilution. 
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SupT1 
GD2Low 

82720 GD2 14,920 

SupT1 GD2+ cell line 
(AU56468) transduced 
with a cassette 
expressing B3GALT4, 
which downregulates 
GD2 expression. The 
cassette also contained 
eBFP, which was 
inversely correlated to 
GD2 expression. The 
cells were then sorted 
on the FACSMelody™ 
cell sorter for mid-
levels of eBFP 
expression. Following 
cell sorting, single cell 
clones were identified 
by limiting dilution. 

SupT1 GD2VL 
(Very Low) 

82716 GD2 415 

SupT1 GD2+ cell line 
(AU56468) transduced 
with a cassette 
expressing B3GALT4, 
which downregulates 
GD2 expression. The 
cassette also contained 
eBFP, which was 
inversely correlated to 
GD2 expression. The 
cells were then sorted 
on the FACSMelody™ 
cell sorter for mid-
levels of eBFP 
expression. Following 
cell sorting, single cell 
clones were identified 
by limiting dilution. 

 

3.2.4 Primary cell culture 

 Isolation and culture of PBMCs 

Whole blood was purchased from National Health Service Blood and Transplant 

(NHSBT; Colindale, UK). Peripheral blood mononuclear cells (PBMCs) were isolated 

from whole blood by density gradient sedimentation. The blood was mixed 1:1 with 
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sterile RPMI, with 25 ml of diluted blood carefully layered on top of 15 ml of Ficoll-

Paque PLUS (ficoll) (GE Healthcare; 17-1440-03) in SepMate™-50 (STEMCELL 

Technologies; 85460) tubes. The SepMate™ tubes were then centrifuged at 1200xg 

for 20 minutes at 20°C with the acceleration and deceleration of the centrifuge set at 

6. The PBMC layer (buffy coat) was harvested using a Pasteur pipette and then 

washed twice with RPMI, with cells centrifuged at 400xg for 5 minutes at 20°C after 

each wash. PBMCs were either used fresh or frozen down and stored in liquid 

nitrogen until required (as outlined in 3.2.1.3). 

PBMCs thawed or freshly isolated from whole blood were resuspended at 0.7x106 

cells/ml in R10. To activate the T cells, 0.5 μl/ml of cells of anti-CD3 antibody (clone 

OKT3. Miltenyi Biotec; 130-093-387) and 50 μl/ml of cells of anti-CD28 antibody 

(clone 15E8. Miltenyi Biotec; 130-093-375) were added (final concentration of each 

was 50 ng/ml) and PBMCs were then incubated overnight at 37°C and 5% CO2. 24 

hours after activation, 100U/ml of recombinant human IL-2 (GenScript; Z00368-1) 

was added to maintain the cells. 

 Retroviral transduction of PBMCs 

Diluted RetroNectin was aspirated from the wells of 6-well plates before the addition 

of 3 ml retroviral supernatant to each well, with plates then incubated at room 

temperature for 30 minutes. Activated PBMCs were harvested and resuspended at 

1x106 cells/ml in R10 supplemented with 400 U/ml of IL-2. From this master-mix, 1 

ml was added per well (final concentration of IL-2 was 100U/ml). The plates were 

then centrifuged at 1000xg for 40 minutes then incubated at 37°C and 5% CO2 for 72 

hours. 

PBMCs were assessed for transduction efficiency by measurement of binding of CAR 

to soluble CD22 (R&D systems; 1968-SL) or soluble CD19-Rabbit Fc produced by K652 

cells (Autolus; K562 cells transduced with AU19818), followed by labelling with 

appropriate secondary antibodies. PBMCs were also labelled with an anti-CD34 

antibody for the detection of the RQR8 transduction marker (Table 10 and Table 11). 
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3.2.5 NK cell depletion 

CD56+ NK cells present in PBMCs isolated from whole blood can increase the 

background cytotoxicity observed in in vitro immunological assays such as Flow-

cytometry Based Killing assays (FBKs). To reduce this potential background 

cytotoxicity, we depleted CD56+ cells from the PBMCs the day prior to assay set-up. 

PBMCs were depleted of CD56+ cells using Stemcell Technologies EasySep™ Human 

CD56 Positive Selection Kit II, in accordance with the manufacturer’s instructions 

(STEMCELL Technologies; 17855). 

3.2.6 Flow cytometry 

 General labelling protocol 

Cells for labelling were counted, washed once in 100 μl PBS and centrifuged at 1000xg 

for 2 minutes. 2x105 cells were resuspended in 100 μl of PBS with an appropriate 

concentration of primary antibody/dye and incubated in the dark at room 

temperature for 10 minutes. If a secondary antibody was required, cells were washed 

once in PBS as before and resuspended in 100 μl of PBS with an appropriate 

concentration of secondary antibody/dye. Cells were then washed once with PBS and 

labelled with 7AAD viability dye (Biolegend; 420404) diluted in PBS in a final volume 

of 100 μl. All data was acquired on a MACSQuant® Analyzer 10 or MACSQuant® X flow 

cytometer (Miltenyi Biotec) and analysed on FlowJo v10. 

Table 10. Labelling of CD22 targeting CAR T cells 

Labelling 
Step 

Antigen Conjugate Supplier; Catalogue 
number 

Dilution 

Primary soluble 
CD22 
(sCD22) 

N/A R&D systems; 1968-SL 1:1000 

Secondary Human-Fc AF647 Jackson ImmunoResearch; 
109-605-098 

1:1000 

CD34(RQR8) AF488 RnD Systems; FAB7227G 1:50 

Viability 7AAD N/A Biolegend; 420404 1:50 
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Table 11. Labelling of CD19 targeting CAR T cells 

Labelling 
Step 

Antigen Conjugate Supplier; Catalogue 
number 

Dilution 

Primary soluble 
CD19 
(sCD19) 

N/A Autolus; K562 cells 
transduced with plasmid 
to secrete soluble CD19 
(AU19818) 

Neat 
(100 μl) 

Secondary Rabbit IgG PE Jackson ImmunoResearch; 
111-116-144 

1:200 

CD34(RQR8) APC RnD Systems; FAB7227A 1:50 

Viability 7AAD N/A Biolegend; 420404 1:50 

 

Table 12. Labelling of GD2 targeting CAR T cells 

Labelling 
Step 

Antigen Conjugate Supplier; Catalogue 
number 

Dilution 

Primary CD34(RQR8) AF488 RnD Systems; FAB7227G 1:50 

Viability 7AAD N/A Biolegend; 420404 1:50 

 

 Antigen quantification with QuantiBrite-PE 

To determine the cell surface antigen density of engineered target cell lines (Table 9), 

we used a PE Fluorescence Quantitation Kit (BD Quantibrite™) which contains a 

lyophilised pellet of beads conjugated with four levels of PE. These beads were used 

in parallel with cells labelled with anti-PE monoclonal antibodies against the antigen 

of interest. The QuantiBrite™ bead number of PE molecules/beads and the 

corresponding Mean Fluorescence Intensity (MFI) are plotted into a standard curve 

to correlate MFI with density. To allow for a more accurate PE quantification, we ran 

isotype controls for the PE monoclonal antibody to eliminate background binding. 

Therefore, we labelled plates in duplicate, with “Set 1” labelled with a mAb-PE against 

the antigen of interest and “Set 2” is labelled using the isotype-PE (Table 13, Table 14 

and Table 15). 

Table 13. Labelling for CD22 antigen quantification 

Labelling 
Step 

Antigen Conjugate Supplier; Catalogue 
number 

Dilution 
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Set 1: 
Primary 

CD22 PE Biolegend; 302506 1:50 

CD34(RQR8) APC RnD Systems; 
FAB7227A 

1:50 

Set 2: 
Primary 

Isotype PE Biolegend; 400112 1:50 

CD34(RQR8) APC RnD Systems; 
FAB7227A 

1:50 

Viability 7AAD N/A Biolegend; 420404 1:50 

 

Table 14. Labelling for CD19 antigen quantification 

Labelling 
Step 

Antigen Conjugate Supplier; Catalogue 
number 

Dilutio
n 

Set 1: 
Primary 

CD19 PE Biolegend; 302208 1:50 

CD34(RQR8) APC RnD Systems; 
FAB7227A 

1:50 

Set 2: 
Primary 

Isotype PE Biolegend; 400112 1:50 

CD34(RQR8) APC RnD Systems; 
FAB7227A 

1:50 

Viability 7AAD N/A Biolegend; 420404 1:50 

 

Table 15. Labelling for GD2 antigen quantification 

Labelling 
Step 

Antigen Conjugate Supplier; Catalogue 
number 

Dilutio
n 

Set 1: 
Primary 

GD2 PE Biolegend; 357304 1:50 

eBFP N/A N/A N/A 

Set 2: 
Primary 

Isotype PE Biolegend; 400112 1:50 

eBFP N/A N/A N/A 

Viability 7AAD N/A Biolegend; 420404 1:50 

 

3.2.7 In vitro assays 

 Flow-cytometry Based Killing (FBK) assay 

Transduced T cells (effectors) were counted and normalised to 30% transduction 

level (unless specified otherwise) with the addition of non-transduced (NT) T cells. 

Transduced effector cells and target cells were harvested, counted, and resuspended 
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in R10 to a concentration of 5x105 cells/ml. To achieve an effector to target ratio (E:T) 

of 1:1, 100 μl of transduced effector cells (5x104
 cells) and 100 μl of target cells (5x104 

cells) were added per well in a 96-well round-bottom tissue culture plate, with a final 

volume of 200 μl. The number of target cells remained constant at 5x104 cells per 

well in a 96-well plate. Therefore, in order to achieve E:T ratios of 1:2, 1:4, and 1:8, 

the number of transduced effector cells per well was diluted to 25x104, 12.5x104, and 

6.25x104 cells respectively. 

In some conditions the analogue of PP1, 3-IB-PP1 (Merck; 529598) was added to co-

cultures. 3-IB-PP1 was diluted in R10 before the addition of 50 μl of the 3-IB-PP1 

master-mix to each well. To maintain a final co-culture volume of 200 μl, the 

concentration of the target cells or transduced effector cells had to be reduced in 

order to plate the desired/final number of cells in a 50µl volume instead of 100µl. The 

final concentration of 3-IB-PP1 is indicated on the relevant figures in the results 

section. The co-cultures were then incubated at 37°C and 5% CO2 for 72 hours. 

Before analysis by flow-cytometry, an equal number of fluorescent counting beads 

(Invitrogen; C36950) were added to each co-culture to enable calculation of absolute 

cell numbers. 72 hours post co-culture set up CAR T cell-mediated cytotoxicity was 

analysed by flow-cytometry. The T cells were differentiated from the target cells by 

labelling for CD3, CD2 and CD8, with target cells identified by their lack of CD3, CD2 

and CD8 expression. Cell viability was assessed by labelling with the dead cell 

exclusion dye 7AAD (Biolegend; 420404) (Table 16). Viable target cells were then 

enumerated for each condition and the percentage of target cell survival calculated 

by normalising the number of viable target cells compared to the condition in which 

the targets were co-cultured with NT T cells (100%). All data was acquired on either 

a MACSQuant® Analyzer 10 or a MACSQuant® X flow cytometer (Miltenyi Biotec) and 

analysed on FlowJo v10. 
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 Table 16. Labelling for analysis of FBK co-cultures 

 

 Cytokine ELISA 

At 72 hours post co-culture set up, the 96-well plates were centrifuged at 1000xg for 

2 minutes, 100 μl supernatant was then collected and frozen at -20oC for later 

analysis. To detect the production of cytokines by CAR T cells, the supernatants were 

thawed and analysed by ELISA. ELISAs for the detection of IFN-γ and IL-2 were carried 

out using the Human IFN-γ ELISA MAX Deluxe (Biolegend; 431704) and Human IL-2 

ELISA MAX Deluxe (Biolegend; 431804) kits as per the manufacturer’s instructions. 

 Proliferation assay 

3x106 transduced T cells were aliquoted into a 15 ml Falcon tube (Corning; 

CLS430791) and resuspended at a concentration of 1x106 cells/ml in PBS containing 

5 μM CellTrace Violet (CTV) (Invitrogen; C34571). The cells were then incubated in 

the dark at 37°C for 20 minutes. To quench the CTV, 5x volume of R10 was added and 

left to incubate at room temperature for 5 minutes. The cells were then washed and 

resuspended in pre-warmed R10 and incubated for a further 10 minutes before co-

culture set up. 

 CAR T cell memory phenotyping 

On day 4 after the setup of a co-culture, as described in 3.2.7.1, CAR T cells were 

labelled for the markers of memory differentiation, CD45RA and CCR7. The panel for 

the differentiation labelling is shown in Table 17. Using this labelling panel, four 

different subsets of T cell memory phenotype were identified: naïve (Tn), central 

memory (Tcm), effector memory (Tem) and effector (Teff) T-cells. An example of the 

different memory populations present in healthy donor PBMCs is shown in Figure 5. 

Labelling 
Step 

Antigen Conjugate Supplier; Catalogue 
number 

Dilution 

Primary CD2 PE Biolegend; 300208 1:50 

CD3 PE/Cy7 Biolegend; 344816 1:50 

CD8 APC/Cy7 Biolegend; 301016 1:50 

Counting 
beads 

N/A Invitrogen; C36950 1:33 

Viability 7AAD N/A Biolegend; 420404 1:50 
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Table 17. Panel for T-cell memory phenotyping 

Labelling 
Step 

Antigen Conjugate Supplier; Catalogue 
number 

Dilution 

Primary CCR7 PE Biolegend; 353204 1:50 

CD45RA PE Texas Red Life Technologies; 
MHCD45RA17 

1:50 

CD3 PE/Cy7 Biolegend; 344816 1:50 

CD8 APC/Cy7 Biolegend; 301016 1:50 

CD34(RQR8) APC RnD Systems; FAB7227A 1:50 

Viability Sytox N/A ThermoFisher; S10274 1:1000 

 

 

 

Figure 5. T cell memory populations based on the expression of CCR7 and CD45RA. a) Gating 
of T cell subsets based on the expression of CCR7 and CD45RA. b) Different memory 
populations present in a healthy donor PBMCs 
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 CAR T cell exhaustion phenotyping  

As in 3.2.7.4, on day 4 after co-culture setup, CAR T cells were labelled for the markers 

of T cell exhaustion Tim-3, Lag-3, and PD-1. The labelling panel for these exhaustion 

markers is shown in Table 18. The severity of T cell exhaustion was analysed based 

on the expression of these markers, with the expression of only one marker not 

considered to constitute an exhausted T cell population. However, the expression of 

two (double positive) or three (triple positive) of these markers was used to indicate 

more exhausted T cell populations. 

Table 18. Panel for T-cell exhaustion phenotyping 

Labelling 
Step 

Antigen Conjugate Supplier; Catalogue 
number 

Dilution 

Primary Tim-3 BV421 Biolegend; 345008 1:50 

Lag-3 FITC Enzo Life Sciences; ALX-
804-806F-C100 

1:50 

PD-1 PE Biolegend; 329906 1:50 

CD3 PE/Cy7 Biolegend; 344816 1:50 

CD34(RQR8) APC RnD Systems; FAB7227A 1:50 

CD8 APC/Cy7 Biolegend; 301016 1:50 

Viability 7AAD N/A Biolegend; 420404 1:50 

 

 Plate-bound assays 

Anti-CD3 antibody diluted in PBS was added 96-well non-treated plates (StarLab; 

CC7672-7596) and incubated overnight at 4°C. The plates were then washed two 

times in PBS in a sterile environment prior to assay set up. 1x105 T cells were added 

to each well in media (R10) or media supplemented with 10 μM 3-IB-PP1. 24h after 

initiation of the assay, the supernatant from each well was harvested and analysed 

for IFN-γ (as described in 3.2.7.2). 
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3.3 Protein work 

3.3.1 Sample preparation, quantification, and electrophoresis 

Prior to activation, CAR T cells were incubated at 37°C for 30 minutes in either plain 

media (RPMI) or media supplemented with the CSKAS inhibitor 3-IB-PP1 (10 μM). T 

cells were then activated with sCD22 (4-8 μg/ml) or anti-CD3 and anti-CD28 

antibodies (5 μg/ml each). After a set time of activation, the cells were harvested in 

a 2 ml microcentrifuge tube and pelleted at 13000 rpm for 1 minute. The supernatant 

was discarded, and the samples were washed in 1 ml of ice-cold PBS. The tubes were 

centrifuged again at 13000 rpm for 1 minute. After discarding the supernatant, the 

cells were resuspended in 50 μl 1x RIPA buffer (Merck Millipore; 20-188) containing 

1x protease and phosphatase inhibitor cocktail (AbCam; ab201119). The cells were 

then incubated on ice for 15 minutes. Each sample was then vortexed before being 

incubated on ice for a further 15 minutes. The samples were then centrifuged at 

13000 rpm for 10 minutes at 4°C. The lysate samples were then transferred to PCR 

tube strips and stored at -80. The protein concentration of each lysate was quantified 

using the Pierce™ BCA Protein Assay Kit (Thermo Fisher; 23227), by following the 

manufacturer’s instructions. 

Prior to electrophoresis (SDS-PAGE), 1x loading buffer (Thermo Fisher; NP007) was 

added to each to each lysate and boiled at 95°C for 5 minutes. 4 μg of each lysate 

sample was run on a premade 4–20% Mini-PROTEAN® TGX™ Precast Gel (Bio-Rad; 

4561095) at 180V for 35 minutes. 8 μl of protein ladder was run alongside the lysate 

samples as size marker (1:1 mix of Bio-Rad; 1610374 and Bio-Rad; 1610373). After 

electrophoresis the gels were used for Western blotting. 

3.3.2 Western Blots 

The SDS-PAGE gels were transferred to a PVDF membrane (Bio-Rad; 1704157) using 

the Bio-Rad Trans-Blot® Turbo™ transfer system. After transfer, the membranes were 

blocked with 1x Tris-Buffered Saline containing 0.05% Tween (TBST) (Pierce; 28360) 

supplemented with 5% Bovine Serum Albumin (BSA) (Sigma-Aldrich; A7906) and 

placed on a rotating plate shaker at 4°C overnight. The following day the membranes 
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were washed three times in TBST for 10 minutes per wash before antibody staining. 

Membrane staining was carried out with primary antibodies diluted as per 

manufacturer’s recommendations in TBST supplemented with 5% BSA for 1 hour on 

a rotating plate shaker at room temperature. The primary antibodies used in this 

research were the Phospho-Zap-70 (Tyr319)/Syk (Tyr352) Antibody (pZAP-70 (Y319)) 

(Cell Signalling Technology; 2701S) and the GAPDH (14C10) Rabbit mAb (GAPDH) (Cell 

Signalling Technology; 2118L). The membranes were washed three times in TBST for 

10 minutes per wash. The membrane was then stained with Anti-rabbit IgG, HRP-

linked secondary antibody (aRb-HRP) (Cell Signalling Technology; 7074S) diluted in 

TBST supplemented with 5% BSA as per manufacturer’s recommendations and 

placed on a rotating plate shaker for 1 hour at room temperature. The membranes 

were washed again three times in TBST for 10 minutes per wash. The use of an HRP-

conjugated secondary antibody allowed the detection of bound antibody via 

chemiluminescence if an appropriate HRP-substrate is added. Thus, after washing, 

the membranes were developed by adding Pierce™ ECL Plus Western Blotting 

Substrate (Thermo Fisher; 34580) and incubating for 3 minutes. After incubation the 

membranes were removed from the substrate and visualisation of protein bands was 

achieved using the Azure 200 Gel Imaging Workstation. 

3.3.3 PamGene peptide microarray 

2x106 CAR T cells with 30% transduction were incubated at 37°C for 30 minutes in 

either media (R10) or media supplemented with the CSKAS inhibitor 3-IB-PP1 (10 μM). 

After which, all T cells were activated by spiking in sCD22 (4 μg/ml) and incubated at 

37°C for 15 minutes. The cells were harvested in a 2 ml microcentrifuge tube and 

pelleted by centrifugation (8 minutes at 500xg at 4°C). Cell pellets were prepared and 

shipped PamGene as per PamGene’s SOP (protocol 1161). 

At PamGene, the cells were lysed and then protein concentration was determined 

using the standard Bradford assay as per PamGene SOPs. Lysates were then run on 

the PamChip® microarrays, which contain immobilised protein tyrosine kinase (PTK)-

specific conserved peptides, representative of kinase targets/substrates 

(phosphosites). Active kinases in the cell lysate sample will phosphorylate their target 
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on the array. Using fluorescently labelled antibodies that recognize phosphorylated 

residues, the extent of the phosphorylation of each phosphosite can be visualised 

and quantified to generate PTK activity profiles. PamGene used its in-house 

bioinformatics toolbox to generate list of top altered kinases. 

3.4 In vivo assays 

All procedures were performed in accordance with the United Kingdom Home Office 

Animals (Scientific Procedures) Act 1986 and in adherence to Imperial College London 

SOPs. For the animal models we used 6-8 weeks old female NOD SCID gamma (NSG) 

mice supplied by Charles River Laboratories. 

3.4.1 3-IB-PP1 toxicology model 

3-IB-PP1 (in RPMI) was administered to NSG mice via intraperitoneal (IP) injections 

three times a week at a range of concentrations (1-500 ng/g). Three control groups 

were also included in which injections of RPMI containing equivalent amounts of 

DMSO as three of the 3-IB-PP1 concentrations tested (1 ng/g, 50 ng/g and 500 ng/g). 

Mice were weighed periodically up to day 23 from their first injection. Mice were also 

monitored for changes in physical appearance or behaviour. Mice were culled on day 

23. 

3.4.2 CAR T cell efficacy model 

On day -7, NSG mice were injected with 1x106 Nalm6 CD19KO cells Intravenously (IV). 

On day 0, the mice were injected IV with the 1x106 of transduced CAR T cells. Tumour 

growth was measured 3 times a week by bioluminescent imaging (BLI). On day 0 the 

mice received their first dose of either vehicle (1.1% DMSO in RPMI) or drug (500 ng/g 

3-IB-PP1), which they received three times per week until day 14. The mice were 

culled on day 14 or before if BLI exceeded 1x1010 photons/s/cm2/sr.  

3.4.3 Bone marrow harvesting and preparation 

200 μl centrifuge tubes with holes pierced at the bottom were placed into 1.5 ml 

centrifuge tubes. Femurs and tibias were harvested from the mice and immediately 

transferred to chilled PBS. The bone edges were removed with scissors, and the 
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bones were then placed into the 200 μl tubes. The tubes were then centrifuged at 

10,000xg for 2 minutes to pellet the bone marrow cells. The cells were then 

resuspended in 500 μl ACK lysis buffer (Lonza; 10-548E) and incubated at room 

temperature for 5 minutes. 1 ml PBS was then added before centrifugating the cells 

at 10,000xg for 2 minutes. The cells were then counted, and equal numbers labelled 

following the protocol outlined in Table 19. 

Table 19. Labelling of cells harvested from bone marrow 

Labelling 
Step 

Antigen Conjugate Supplier; Catalogue 
number 

Dilution 

Primary Human TruStain 
FcX 

N/A Biolegend; 422302 1:33 

Murine TruStain 
FcX 

N/A Biolegend; 101320 1:33 

Counting beads N/A Invitrogen; C36950 1:33 

Secondary Murine CD45 BV421 Biolegend; 103134 1:50 

CD34(RQR8) AF488 RnD Systems; FAB7227G 1:50 

CD3 PE/Cy7 Biolegend; 344816 1:50 

HA tag AF647 Biolegend; 682404 1:50 

Viability 7AAD N/A Biolegend; 420404 1:50 

 

3.5 Statistical analysis 

Statistical analysis was carried out on Prism Version 8 (GraphPad). When comparing 

multiple data sets to one reference data set, we used one-way ANOVA statistical 

analysis. However, when comparing two data sets, we implemented an unpaired t-

test. For all the statistical analysis done in this study, the statistical significance values 

were: *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 

3.6 Illustrations 

Unless otherwise specified, all illustrations were created with BioRender.com.
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4 RESULTS: VALIDATION OF CSK AS A MODULE TO ALTER CAR 

T CELL FUNCTION 

4.1 Introduction 

4.1.1 Limitations in the field 

CAR T cell therapies have demonstrated impressive clinical efficacy for the treatment 

of relapsed/refractory B cell malignancies (Maude et al. 2018; Neelapu et al. 2017; 

Abramson et al. 2020) and myeloma (Raje et al. 2019; Munshi et al. 2021). Despite 

this clinical success, there are a number of challenges hindering its widespread 

implementation, particularly for the treatment of solid tumours. One of these 

challenges is suboptimal efficacy against targets with low antigen density. The need 

to improve CAR T cell sensitivity was brought to the fore after data was published 

from a phase 1 trial for the treatment of B-ALL with anti-CD22 CAR T cells (Fry et al. 

2018; Shah et al. 2020). Of 8 patients that relapsed after treatment, 7 of the relapses 

were attributed to decreases in CD22 expression, leading to escape of B-ALL cells (Fry 

et al. 2018). 

A second challenge for CAR T cell therapy is the identification of tumour specific 

antigens. The majority of antigens that are targeted by immunotherapies are 

expressed on normal tissue as well as the cancer (TAAs), posing the risk of on-target 

off-tumour toxicity. In some cases, CAR T cell-mediated on-target off-tumour toxicity 

results in the acceptable loss of healthy tissue such as CD19 or CD22 targeting in B-

cell malignancies leading to B cell aplasia, which can be clinically managed by 

immunoglobulin replacement (Maude et al. 2014). The management of B-cell aplasia 

is the exception, and the occurrence of on-target off-tumour for the majority of 

antigens would be highly toxic. In one case, the administration of HER2 targeting CAR 

T cells for the treatment of colon cancer caused rapid respiratory failure, multi-organ 

dysfunction and subsequent death due to expression of HER2 on lung epithelial cells 

(Morgan et al. 2010).  
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These challenges indicate the need for a strategy to enhance CAR T cell activation to 

low antigen density targets whilst maintaining control over CAR T cell activation to 

avoid on-target off-tumour toxicity. 

4.1.2 Scope of this project 

To achieve this, proteins that regulate the T cell signalling pathway can be exploited 

to alter T cell function. Protein tyrosine phosphorylation is fundamental to T cell 

activation and there are a number of enzymes that positively and negatively regulate 

this process. The interaction between, and phosphorylation state of these enzymes 

dictate many aspects of T cell function. Thus, tuning the activity of these regulatory 

enzymes involved in proximal TCR signalling would also tune T cell function.  

To address both the low-density antigen expression as well as the on-target off-

tumour challenges, I identified CSK and PTPN22 as enzymes that could be utilised to 

either increase sensitivity to low-density targets (by engineering dominant-negative 

iterations) or dampen CAR T cell function, to avoid recognition of low-density antigen 

on healthy tissues.  

As previously described (1.1.1.5.7), CSK in an inhibitory tyrosine kinase capable of 

negatively regulating T cell signalling. CSK is a cytosolic enzyme that primarily localises 

to the cell membrane by binding to the transmembrane protein PAG, specifically via 

the interaction of the SH2 domain of CSK and a phosphorylated tyrosine residue 

(Y317) in PAG (Brdicka et al. 2000). As PAG is situated in lipid rafts within the plasma 

membrane, it is in close proximity to SFKs such as Lck and Fyn. The association of CSK 

with PAG allows CSK to phosphorylate the C-terminal tyrosine residue in Lck and 

other SFKs, rendering them inactive and thus inhibiting T cell signalling (Brdicka et al. 

2000; Bergman et al. 1992; Okada 2012).  

Similar to CSK, PTPN22 also negatively regulates T cell signalling (discussed in 

1.1.1.5.6). PTPN22 is a phosphatase, which inhibits T cell signalling via 

dephosphorylation of the activatory tyrosine residues of Lck (Y394) and ZAP-70 

(Y493) in addition to the dephosphorylation of the CD3ε and ζ chains within the TCR 

complex (Wu et al. 2006; Cloutier and Veillette 1999).  
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Therefore, the first goal of this work was to investigate, as a proof of concept, 

whether the co-expression of either wild-type CSK (wtCSK) or wtPTPN22 in CAR T cells 

impacted their functionality by reducing sensitivity to antigen. 

4.2 Aim 

The overall aim of this project was to develop agnostic modules that enable tuning of 

CAR T cell function to address two challenges facing CAR T cell therapy: lack of 

function against low antigen density targets, and on-target off-tumour activity. The 

approach I took was to firstly, identify an inhibitor of T cell activation which would 

enable dampening of CAR T cell function, reducing response to antigen. Secondly, 

engineer dominant-negative iterations of this protein to improve CAR T cell 

sensitivity. Lastly, engineer a module that enables tuning of CAR T cell function in 

response to a small molecule drug, avoiding on-target off-tumour toxicity whilst 

generating efficient function against low antigen density targets. 

The aim of this chapter was to investigate the effect of co-expressing wtCSK or 

wtPTPN22 in CAR T cells to screen them as candidate modules to dampen CAR T cell 

function. 

4.3 Results 

4.3.1 Dampening of CAR T cell function with wtCSK or wtPTPN22 

 Structure of LT22 CARs co-expressing wtCSK or PTPN22 

In order to investigate the impact of wtCSK or wtPTPN22 on the functionality of CAR 

T cells, each enzyme was co-expressed with a second generation anti-CD22 CAR 

(Figure 6). The LT22 CAR is a component of the AUTO3 CD19/CD22 dual targeting 

product which is in a Phase 1/2 trial for the treatment of paediatric and young adult 

patients with relapsed/refractory B-ALL (NCT03289455) (Cordoba et al. 2021). The 

LT22 CAR is comprised of a scFv derived from the LT22 antibody, the pentameric 

coiled-coil domain from cartilage oligomeric matrix protein (COMP) as a spacer, a TM 

domain derived from Tyrosinase Related Protein 1 (Tyrp-1), a 4-1BB co-stimulatory 

domain and CD3ζ signalling domain. The RQR8 marker, which contains epitopes from 
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both CD34 and CD20 antigens (Philip et al. 2014) was included upstream of the CAR 

transgene as an independent marker of transduction. RQR8 and the CAR transgene 

were separated by the T2A self-cleaving peptide (Liu et al. 2017), which facilitates 

equal expression both. A second 2A peptide (P2A) was used to separate the CAR from 

either wtCSK or wtPTPN22 (Figure 6a).  

To detect the surface expression of the LT22 CAR in PBMCs, cells were labelled with 

soluble CD22 (sCD22) in addition to an anti-CD34 antibody for the detection of the 

RQR8 transduction marker (Figure 6b). NT T cells were included as a negative control. 

The expression level of RQR8 and the CAR in all of the constructs in PBMCs were 

comparable. 
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Figure 6. Co-expression of wtCSK or wtPTPN22 in LT22 CAR T cells. a) Construct maps of the 
LT22 CAR alone or the LT22 CAR co-expressing either wtCSK or wtPTPN22 b) PBMCs were 
labelled with sCD22 to test for expression of the LT22 CAR. To detect the RQR8 transduction 
marker, PBMCs were also labelled with an anti-CD34 antibody. One representative donor is 
shown. 
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 Function of LT22 CAR T cells co expressing either wtCSK or PTPN22 

Co-cultures of CAR T cells and SupT1 target cells were set up to assess the impact co-

expressing either wtCSK or wtPTPN22 had on CAR T cell function. The T cells were 

challenged with either SupT1 NT or SupT1 CD22Mid targets, expressing 6,309 

molecules/cell (Figure 10), at an effector to target (E:T) ratio of 1:1. The expression 

of all constructs was confirmed by flow cytometry (Figure 6b) and transduction was 

normalised to 30% before co-culture set up. After 72-hours, the cytotoxicity of the T 

cells was measured, viable target cells were counted by flow cytometry and 

normalised to counting beads as well as to the NT T cell condition. This was done to 

mitigate for any non-CAR mediated lysis of target cells.  

Against SupT1 NT targets, there was negligible background lysis observed by any of 

the T cells (Figure 7a). When challenged with the SupT1 CD22Mid targets, the LT22 

CAR T cells displayed moderate cytotoxicity, with a median target cell survival of 

46.9%. The co-expression of wtCSK reduced the cytotoxicity of CAR T cells against 

SupT1 CD22Mid target cells to a median target cell survival of 79.2% compared to the 

LT22 CAR, although no statistical significance was achieved. However, the co-

expression of wtPTPN22 only reduced the target cell survival to a median of 59.3% 

(Figure 7b). Based on these results I subsequently focused solely on CSK to engineer 

modules to alter CAR T cell function.  
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Figure 7. Cytotoxicity of LT22 CAR T cells co-expressing either wtCSK or wtPTPN22. 
Analysis of target cell survival by flow cytometry was carried out at 72h post co-culture set 
up. Each condition was tested with 3 donors (n=3), with median indicated and all data was 
normalised to NT T cells. Co-cultures were set up with an E:T ratio of 1:1, with either SupT1 
NT (a) or SupT1 CD22Mid (b) targets. The LT22 CAR was compared to LT22 CAR T cells 
expressing wtCSK or wtPTPN22 using one-way ANOVA statistical analysis. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. 
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4.3.2 Dampening of CARs with different endodomains 

The choice of co-stimulatory domain affects the potency of the CAR T cells and thus 

how easy or difficult it is to alter their activity. Therefore, I chose to explore the effect 

of wtCSK on CAR T cells with different endodomains. The inclusion of 4-1BB in the 

CAR has been linked to the expression of granzyme B, TNFα, IFN-γ and the anti-

apoptotic protein Bcl-XL (Zhong et al. 2010), in addition to improved persistence and 

antitumour activity (Song et al. 2011). Alternatively, the incorporation of a CD28 co-

stimulatory domain has shown to improve CAR T cell cytokine production and 

proliferation (Maher et al. 2002). Compared to 4-1BB CAR T cells, CD28 CAR T cells 

have shown rapid and profound changes in the phosphorylation state of hundreds of 

proteins involved in TCR signalling, whilst displaying improved cytokine production 

and enhanced lysis of targets with low antigen density (Majzner et al. 2020).  

 Structure of LT22 CARs with different co-stimulatory domains 

I initially co-expressed wtCSK in T cells alongside second generation anti-CD22 CARs 

with different endodomains. The CARs both contained the LT22 scFv, COMP spacer, 

Tyrp-1 TM domain and CD3ζ signalling domain. One of the CARs had a 4-1BB co-

stimulatory domain, while the other contained CD28. In both constructs, RQR8 was 

positioned upstream of the CAR transgene (Figure 8). 
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Figure 8. Structure of LT22 CARs bearing different co-stimulatory domains a) Construct 
maps showing the LT22 CAR with either 4-1BB or CD28 co-stimulatory domains and with or 
without wtCSK. b) Schematic of the two LT22 CARs, consisting of the LT22 scFv, COMP spacer, 
Tyrp-1 transmembrane domain, either a 4-1BB (left) or CD28 (right) co-stimulatory and a 
CD3ζ signalling domain. The COMP spacer forms a coiled coil structure resulting in the 
formation of a pentamer. 
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 LT22 CARs transduction efficiency 

On day 3 after retroviral transduction, PBMCs were analysed for surface expression 

of RQR8 and the LT22 CAR (Figure 9a). Analysis of the MFI ratio of the CAR/RQR8 

showed that the expression of the LT22 CAR containing the 4-1BB co-stimulatory 

domain was 3.2-fold higher compared to the LT22-CD28 CAR (Figure 9b). However, 

the retroviral supernatants used were not titrated, thus this difference of expression 

could potentially be due to a difference in multiplicity of infection (MOI) values. Both 

constructs bearing CD28 had a reduced MFI ratio in comparison to the corresponding 

4-1BB containing CAR, suggesting they had lower CAR expression on the cell surface. 

More importantly, cells co-expressing the wtCSK modules had comparable CAR 

expression to cells expressing the respective CAR in the absence of wtCSK. 
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Figure 9 Expression of LT22 CARs in PBMCs. a) All PBMCs were labelled with sCD22 for 
expression of the LT22 CAR and an anti-CD34 antibody for detection of the RQR8 
transduction marker. One representative donor is shown (n=4). b) The MFI ratio of 
sCD22/aCD34 shows that constructs with CD28 had markedly reduced MFI compared to 
constructs with 4-1BB co-stimulatory domain. Statistics were run using an unpaired t-test 
(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). 
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 CD22 targets antigen density: Mid and Low  

I previously challenged LT22 CAR T cells against SupT1 CD22Mid target cells (4.3.1.2) 

with an antigen density of 6,309 molecules/cell. To investigate the dampening effect 

of wtCSK further, I wanted to challenge CAR T cells against more than one antigen 

positive cell line. Therefore, I engineered an additional cell line, termed SupT1 

CD22Low (methodology outlined in 3.2.3), with a lower antigen density of 1,968 

molecules/cell (Figure 10). 

  



RESULTS 

101 
 

 

Figure 10. Antigen density of SupT1 CD22 target cells: Mid and Low. SupT1 cells were 
transduced with a retroviral vector to express a chimeric CD22 antigen, with CD22 
ectodomain and CD19 TM and endo-domains. a) To verify the CD22 antigen density on two 
engineered target cell lines the cells were labelled with an anti-CD22-PE antibody. b) To 
quantify the CD22 antigen density, QuantibriteTM beads were used to create a standard curve 
on PE MFI and molecules/cell. I obtained CD22Mid and CD22Low cell lines, expressing 6,309 and 
1,968 molecules/cell, respectively. 
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 LT22 CARs function 

72-hour co-cultures were set up to assess the functionality of the LT22-4-1BB and 

LT22-CD28 CARs, with or without co-expression of wtCSK. T cells were challenged 

with SupT1 NT, SupT1 CD22Mid and SupT1 CD22Low target cells, at two effector to 

target ratios (E:T of 1:2 and 1:4) (Figure 11). There was a trend of LT22-4-1BB CAR 

displaying higher background lysis against antigen negative SupT1 NT compared to 

the LT22-CD28 CAR. Both CARs showed reduced background cytotoxicity when co-

expressed with wtCSK (Figure 11a). Regarding antigen specific lysis, the LT22-CD28 

CAR T cells showed a substantially greater degree of target cell lysis than the LT22-4-

1BB CAR T cells. The co-expression of the wtCSK module significantly reduced the 

cytotoxicity of both the LT22-4-1BB or LT22-CD28 CAR T cells against SupT1 CD22Mid 

target cells (Figure 11b and e).  

The ability of the LT22-4-1BB CAR to recognise and lyse SupT1 CD22Low targets was 

modest, whereas the LT22-CD28 CAR T cells were able to eliminate these targets 

(Figure 11c and f). Against the CD22Low targets, the co-expression of wtCSK inhibited 

the cytotoxicity of the CD28 CAR T cells, eliciting a 5.8-fold decrease in target cell lysis 

(Figure 11f), but unlike the 4-1BB CAR T cells it was not reduced to background levels 

of cytotoxicity. Although wtCSK significantly reduced the cytotoxicity of the CAR 

against both CD22Mid and CD22Low targets, it did not fully ablate the CAR function. 

The inhibitory effect of the wtCSK module was also analysed by measuring the 

secretion of the cytokines IFN-γ and IL-2 (Figure 12 and Figure 13 respectively). All 

CAR T cells displayed minimal levels of IFN-γ release in the presence of antigen 

negative SupT1 NT target cells (Figure 12a). Against both the SupT1 CD22Mid and 

CD22Low target cells, the introduction of wtCSK significantly reduced the level of IFN-

γ secretion of both CARs (Figure 12b, c, e and f). 

Against the CD22+ target cells, IL-2 secretion by both the LT22-4-1BB and LT22-CD28 

CAR T cells was minimal (Figure 13b, c, e and f). However, the low levels of IL-2 

produced were abrogated upon co-expression of wtCSK. 
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Figure 11. Cytotoxicity of LT22 CARs with either 4-1BB or CD28 co-stimulatory domain. 
Analysis of target cell survival by flow cytometry was carried out following 72h co-culture. 
Each condition was tested with a minimum of 4 donors (n=4), with median indicated and all 
data was normalised to NT T cells. Co-cultures were set up with an E:T ratio of 1:2 (a-c) or 1:4 
(d-f), with either SupT1 NT (a/d), SupT1 CD22Mid (b/e) or SupT1 CD22Low (c/f) targets. 
Cytotoxicity of each CAR was compared with and without wtCSK by an unpaired t-test. 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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Figure 12. IFN-γ release by LT22 CARs with either 4-1BB or CD28 co-stimulatory domain. 
Supernatant taken at 72h post co-culture initiation was analysed by ELISA for the presence 
of IFN-γ. Each condition was tested with a minimum of 4 donors (n=4), with median indicated. 
The target cell lines used were SupT1 NT (a/d), SupT1 CD22Mid (b/e) or SupT1 CD22Low (c/f) 
cells and co-cultures were set up with either an E:T ratio of 1:2 (a-c) or 1:4 (d-f). Cytokine 
secretion by each CAR was compared with and without wtCSK by an unpaired t-test. * P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001. 
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Figure 13. IL-2 release by LT22 CARs with either 4-1BB or CD28 co-stimulatory domain. 
Supernatant taken at 72h post co-culture initiation was analysed by ELISA for the presence 
of IL-2. Each condition was tested with a minimum of 4 donors (n=4), with median indicated. 
The target cell lines used were SupT1 NT (a/d), SupT1 CD22Mid (b/e) or SupT1 CD22Low (c/f) 
cells and co-cultures were set up with either an E:T ratio of 1:2 (a-c) or 1:4 (d-f). Cytokine 
secretion by each CAR was compared with and without wtCSK using an unpaired t-test. * 
P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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4.3.3 Dampening of an alternative anti-CD22 CAR 

As observed in 4.3.2.4, the introduction of the wtCSK module is effective in 

dampening the function of CAR T cells with different co-stimulatory domains, 

especially in relation to cytokine secretion. To investigate the scope of this 

dampening effect, I sought to co-express the wtCSK module in an alternative CD22 

targeting CAR. A range of new aCD22 binders were tested and characterized within 

Autolus, leading to the development of the 9A8 CAR. 9A8 is a non-humanised aCD22 

scFv, developed from immunized rats (Kokalaki et al. 2023).  

 9A8 CAR structure 

The 9A8 CAR was designed as a second-generation CAR, with the retroviral vector 

directing expression of the aCD22 9A8 scFv, human CD8α spacer (CD8αSTK) and TM 

domain (CD8αTM), 4-1BB co-stimulatory domain, and CD3ζ signalling domain. The 

RQR8 marker gene was placed upstream of the CAR transgene, separated by a T2A 

peptide. In the second construct, the wtCSK module was co-expressed downstream 

of the 9A8 CAR, separated by a P2A peptide (Figure 14a).  A schematic of the 9A8 CAR 

as a dimer on the cell surface is shown in Figure 14b.  

 9A8 CAR transduction efficiency 

PBMCs were transduced with the retroviral supernatant and analysed on day 3 post 

transduction for surface expression of RQR8 and the 9A8 CAR (Figure 14c), the former 

was detected by anti-CD34 labelling and latter was detected by sCD22 labelling. 
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Figure 14. 9A8 CAR structure and expression. a) The construct map of the 9A8 CAR, with and 
without wtCSK. RQR8 is included as a transduction marker b) The 9A8 CAR consists of an anti-
CD22 scFv, with a CD8αSTK spacer, CD8αTM domain, a 4-1BB co-stimulatory domain and a 
CD3ζ signalling domain. c) All PBMCs were labelled with sCD22 to test for expression of the 
LT22 CAR. PBMCs were also labelled with an anti-Human CD34 for detection of the RQR8 
transduction marker. One representative donor is shown. 
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 9A8 CAR function  

To assess the effect of the wtCSK module on the functionality of the 9A8 CAR, I co-

cultured T cells for 72 hours with one of three target cell lines: SupT1 NT, SupT1 

CD22Mid or SupT1 CD22Low cells (Figure 15). In agreement with the LT22 CAR results, 

when challenged with SupT1 NT control targets, the co-expression of wtCSK was able 

to reduce background cytotoxicity levels (Figure 15a).  

When challenged with SupT1 CD22Mid targets, the 9A8 CAR T cells efficiently lysed the 

targets at both the 1:2 and 1:4 E:T ratios, (Figure 15b and e). The co-expression of the 

wtCSK module significantly impaired the lysis of the target cells. The inhibitory effect 

of the wtCSK module on target cell lysis was more profound against the low density 

SupT1 CD22Low targets than against the CD22Mid targets. At an E:T ratio of 1:2, the 

wtCSK dampened lysis of the CD22Mid target cells by 25.7% (median) (Figure 15b), 

whereas against the CD22Low targets, cytotoxicity was reduced by 54.9% (Figure 15c). 

Additionally, I measured the inhibitory effect of the wtCSK module by assessing CAR 

T cell cytokine secretion in response to target cells (Figure 16 and Figure 17). Against 

SupT1 NT targets, I observed background secretion of IFN-γ by the NT T cells at both 

the 1:2 and 1:4 ratios (Figure 16a and d). This is likely to be a technical artefact of the 

assay as increases were not seen against SupT1 CD22 positive cells (Figure 16b, c, e 

and f). Although IFN-γ (Figure 16c and f) and IL-2 (Figure 17c and f) secretion was not 

detectable in CD22Low targets, I observed wtCSK expression to completely abrogate 

secretion of both these cytokines when CAR T cells were co-cultured with CD22Mid 

targets (Figure 16b and e and Figure 17b and e). 
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Figure 15. Cytotoxicity of 9A8 co-expressed with wtCSK. Analysis of target cell survival by 
flow cytometry was carried out at 72h post co-culture set up. Each condition was tested with 
3 donors (n=3), with median indicated. All data was normalised to NT T cells. Co-cultures 
were set up with an E:T ratio of 1:2 (a-c) or 1:4 (d-f), with either SupT1 NT (a/d), SupT1 
CD22Mid (b/e) or SupT1 CD22Low (c/f) targets. Cytotoxicity of 9A8 CAR T cells was compared 
with and without wtCSK using an unpaired t-test. * P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001. 
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Figure 16. IFN-γ release by 9A8 CAR co-expressed with wtCSK. Supernatant taken at 72h 
post co-culture initiation was analysed by ELISA for the presence of IFN-γ. Each condition was 
tested with 3 donors (n=3), with median indicated. Co-cultures were set up with an E:T ratio 
of 1:2 (a-c) or 1:4 (d-f), with either SupT1 NT (a/d), SupT1 CD22Mid (b/e) or SupT1 CD22Low 
(c/f) targets. 9A8 CARs were compared with and without wtCSK by an unpaired t-test. * 
P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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Figure 17. IL-2 release by 9A8 CAR co-expressed with wtCSK. Supernatant taken at 72h post 
co-culture initiation was analysed by ELISA for the presence of IL-2. Each condition was tested 
with 3 donors (n=3), with median indicated. Co-cultures were set up with an E:T ratio of 1:2 
(a-c) or 1:4 (d-f), with either SupT1 NT (a/d), SupT1 CD22Mid (b/e) or SupT1 CD22Low (c/f) 
targets. 9A8 CARs were compared with and without wtCSK using an unpaired t-test. *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001. 
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4.3.4 Dampening of an anti-CD19 CAR 

After testing the wtCSK module in CD22 targeting CAR T cells, I further investigated 

the robustness of the module by incorporating it into CD19 targeting CAR T cells. 

CD19 is a very well-established target in the CAR T therapy field and has been proven 

as an effective target in the treatment of CLL, ALL, MM and B cell lymphoma (Porter 

et al. 2015; Maude et al. 2014; Garfall et al. 2015; Kochenderfer et al. 2015; Shah et 

al. 2021). The aCD19 FMC63 scFv was developed by Nicholson et al. from a mouse 

hybridoma cell line (Nicholson et al. 1997). This scFv was incorporated into CAR T cells 

in 2009 (Kochenderfer et al. 2009), and has since become the most common aCD19 

scFv used in clinical trials. Based on the success of these clinical trials, a number of 

FMC63 containing CAR T cell products have been FDA-approved (Maude et al. 2018; 

Neelapu et al. 2017; Wang et al. 2020; Abramson et al. 2020).  

 FMC63 CAR structure 

The FMC63 CAR used in these experiments was the same as the one used in the FDA-

approved Kymriah product (Maude et al. 2018; Milone et al. 2009), consisting of the 

aCD19 FMC63 scFv, CD8αSTK and CD8αTM domain, with a 4-1BB co-stimulatory 

domain and CD3ζ signalling domain (Figure 18a). In both constructs, the RQR8 marker 

gene was located upstream of the CAR transgene. In the second construct, the wtCSK 

module was located downstream of the CAR transgene. Figure 18b depicts the 

FMC63 CAR as a dimer on the cell surface.  

 FMC63 CAR transduction efficiency 

On day three post transduction, PBMCs were analysed by flow cytometry for the 

surface expression of the FMC63 CAR and the RQR8 marker gene through labelling 

with soluble CD19 (sCD19) and an anti-CD34 antibody respectively (Figure 18c). 
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Figure 18. FMC63 CAR Structure and expression. a) The FMC63 CAR is depicted in the 
construct map in the presence or absence of wtCSK. RQR8 is included as a transduction 
marker b) The schematic illustrates the structure of FMC63 CAR. The FMC63 CAR consists of 
an anti-CD19 scFv, with a CD8αSTK spacer, CD8α TM domain, a 4-1BB co-stimulatory domain, 
and a CD3ζ signalling domain. c) following transduction, all PBMCs were labelled with soluble 
CD19 to test for expression of the FMC63 CAR. PBMCs were also labelled with an anti-CD34 
antibody for detection of the RQR8 transduction marker. One representative donor is shown. 
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 CD19 target antigen density 

Two CD19+ target cell lines were engineered to express different densities of antigen 

(Figure 19). SupT1 cells are a T cell line that is naturally CD19 negative and were 

engineered to express CD19 at densities of 100,830 molecules/cell and 3,032 

molecules/cell. These lines are referred to as CD19High and CD19VL respectively. 

 

Figure 19. Antigen density of SupT1 CD19 target cells. a) To verify the expression of CD19 on 
the target cell lines, the cell lines were labelled with an anti-CD19-PE antibody. b) To quantify 
the CD19 antigen density, QuantibriteTM beads were used to create a standard curve on PE 
MFI and molecules/cell. CD19High and CD19VL cell lines express 100,830 and 3,032 molecules/ 
cell, respectively. 
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 FMC63 CAR function 

To assess the inhibition of FMC63 CAR function mediated by wtCSK, CAR T cells were 

challenged with SupT1 NT, CD19High and CD19VL target cells and cytotoxicity and 

cytokine secretion measured (Figure 20). In contrast to the CD22 targeting CARs, I 

observed only negligible background lysis of the SupT1 NT control target cell line that 

was not further reduced with the introduction of wtCSK (Figure 20a and d). When 

challenged with the SupT1 CD19High cells, FMC63 CAR T cells completely ablated the 

target cells at both the 1:2 and 1:4 E:T ratios (Figure 20b and e), and the expression 

of wtCSK failed to inhibit this cytotoxicity. In contrast, under the suboptimal condition 

of low antigen density, the wtCSK module had a significant effect on the CAR-

mediated cytotoxicity. Specifically, the co-expression of wtCSK was seen to decrease 

cytotoxicity by 46% (Figure 20c). 

In terms of cytokine secretion, SupT1 NT control target cells evoked only negligible 

levels of background IFN-γ and IL-2 secretion at both the 1:2 and 1:4 ratio (Figure 21a 

and d and Figure 22a and d). Despite failing to inhibit the cytotoxic capacity of FMC63 

CAR T cells challenged with SupT1 CD19High targets, the co-expression of the wtCSK 

module significantly reduced both IFN-γ (66% decrease) and IL-2 production (89% 

decrease) (Figure 21b and Figure 22b). Against targets with low antigen density 

(SupT1 CD19VL), I also observed a reduction in IFN-γ production upon the introduction 

of wtCSK (Figure 21c and f). 
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Figure 20. Cytotoxicity of FMC63 CAR co-expressed with wtCSK. FMC63 CAR T cell 
cytotoxicity was analysed by flow cytometry at 72h post co-culture set up. Each condition 
was tested with 6 donors (n=6), with median indicated and all data was normalised to NT T 
cells. CAR T cells were co-cultured with an E:T ratio of 1:2 (a-c) or 1:4 (d-f), with either SupT1 
NT (a/d), SupT1 CD19High (b/e) or SupT1 CD19VL (c/f) targets. FMC63 CARs were compared 
with and without wtCSK by an unpaired t-test. * P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001. 
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Figure 21. IFN-γ release by FMC63 CAR co-expressed with wtCSK. Supernatant taken at 72h 
post co-culture set up was analysed by ELISA for the presence of IFN-γ. Each condition was 
tested with a minimum of 6 donors (n=6), with median indicated. The target cell lines used 
were SupT1 NT (a/d), SupT1 CD19High (b/e) or SupT1 CD19VL (c/f) cells and co-cultures were 
set up with either an E:T ratio of 1:2 (a-c) or 1:4 (d-f). FMC63 CARs were compared with and 
without wtCSK by an unpaired t-test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 



RESULTS 

118 
 

N
T

FM
C
63

FM
C
63

 +
 w

tC
SK

0

500

1000

1500

2000

2500

SupT1 NT

(1:2)

IL
-2

 (
p

g
/m

l)

a)

N
T

FM
C
63

FM
C
63

 +
 w

tC
SK

0

500

1000

1500

2000

2500

SupT1 CD19High

(1:2)

IL
-2

 (
p

g
/m

l)

*

b)

N
T

FM
C
63

FM
C
63

 +
 w

tC
SK

0

500

1000

1500

2000

2500

SupT1 CD19VL

(1:2)

IL
-2

 (
p

g
/m

l)

c)

N
T

FM
C
63

FM
C
63

 +
 w

tC
SK

0

500

1000

1500

2000

2500

SupT1 NT

(1:4)

IL
-2

 (
p

g
/m

l)

d)

N
T

FM
C
63

FM
C
63

 +
 w

tC
SK

0

500

1000

1500

2000

2500

SupT1 CD19High

(1:4)

IL
-2

 (
p

g
/m

l)

e)

*

N
T

FM
C
63

FM
C
63

 +
 w

tC
SK

0

500

1000

1500

2000

2500

SupT1 CD19VL

(1:4)

IL
-2

 (
p

g
/m

l)

f)

 

Figure 22. IL-2 release by FMC63 CAR co-expressed with wtCSK. Supernatant taken at 72h 
post co-culture set up was analysed by ELISA for the presence of IL-2. Each condition was 
tested with a minimum of 6 donors (n=6), with median indicated. The target cell lines used 
were SupT1 NT (a/d), SupT1 CD19High (b/e) or SupT1 CD19VL (c/f) cells and co-cultures were 
set up with either an E:T ratio of 1:2 (a-c) or 1:4 (d-f). FMC63 CARs were compared with and 
without wtCSK by an unpaired t-test. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. 
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4.4 Summary 

Despite the impressive clinical efficacy of many CAR T cell therapies (Maude et al. 

2018; Neelapu et al. 2017; Abramson et al. 2020; Raje et al. 2019; Munshi et al. 2021), 

there are a number of hurdles limiting its broader application. Suboptimal sensitivity 

of CAR T cells against low antigen density targets represents one such challenge, as 

reported in clinical trials for treatment of relapsed/refractory B-ALL (Fry et al. 2018; 

Shah et al. 2020). A second challenge is the risk of on-target off-tumour toxicity, 

wherein CAR T cells attack healthy tissues due to low-level expression of antigen 

(Morgan et al. 2010; Lamers et al. 2013; Thistlethwaite et al. 2017).  

To address both these challenges, the overarching aim of this project was to develop 

a module which is co-expressed independently of the CAR and enables tuneable 

control of CAR T cell function. I envisioned a module with dual functionality, which 

could dampen CAR T cell function to avoid the risk of on-target off-tumour toxicity 

yet also have the capacity for improved T cell function in response to low antigen 

density targets. As the first step towards this goal, in this chapter I aimed to 

investigate the dampening effect of co-expressing wtCSK or wtPTPN22 on CAR T cell 

function, specifically with regards to sensitivity to antigen. 

CSK and PTPN22 are both negative regulators of T cell signalling and hence were 

logical choices as candidate modules to dampen CAR T cell function (discussed in 

1.1.1.5.7 and 1.1.1.5.6). CSK negatively regulates SFKs via phosphorylation of 

inhibitory tyrosine residues in their C-terminal tails. Lck and Fyn are both SFKs that 

are involved in TCR-mediated signalling and are inhibited this way by CSK (Bergman 

et al. 1992; Okada 2012). PTPN22 also has an inhibitory effect on Lck and Fyn, in 

addition to other proteins involved in TCR signalling, such as ZAP-70, CD3ε and CD3ζ 

(Wu et al. 2006; Cloutier and Veillette 1999). 

As an initial proof of concept study to demonstrate the ability of wtCSK and 

wtPTPN22 to dampen CAR T cell sensitivity, each protein was co-expressed alongside 

the CD22 targeting LT22 CAR (Figure 6). The co-expression of wtCSK was observed to 

dampen LT22 CAR T cell cytotoxicity to a greater degree than wtPTPN22, increasing 

median target cell survival by 32.3% compared to 12.4% (Figure 7b).  
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It has been indicated that PTPN22 also negatively regulates c-Cbl (Cohen et al. 1999), 

the E3-ubiquitin ligase that has an inhibitory effect on TCR signalling via the 

ubiquitination of SFKs such as Lck, Src and Fyn (Duan et al. 2004; Tanaka et al. 1995; 

Thien and Langdon 2005). This suggests that PTPN22 is not a strict negative regulator 

of T cell signalling, as inhibition of c-Cbl by PTPN22 would lead to less degradation of 

Lck and Fyn. The difference I observed in the dampening of T cell function observed 

between wtPTPN22 and wtCSK could be attributed to this positive impact of PTPN22 

on T cell signalling (Figure 7). This considered, only wtCSK was taken forward for 

further investigation. 

The second aim of this chapter was to investigate the dampening effect of wtCSK on 

the sensitivity of CAR T cells to antigen, in order to determine whether dominant-

negative iterations of CSK would be a viable approach to improving CAR sensitivity. 

To this end, I first tested wtCSK in a CAR platform that had previously demonstrated 

lack of efficacy to low-antigen density targets, the LT22 CAR.  

LT22 CAR is the anti-CD22 component of the AUTO3 CD19/CD22 dual targeting 

product. In a phase 1/2 trial for the treatment of relapsed/refractory B-ALL, of 13 

patients that responded to AUTO3 treatments, 9 relapsed. The main reason for 

relapse was poor long-term persistence of the CAR T cells, however in one instance 

relapse was observed in which tumour cells had completely lost CD19 expression and 

had diminished CD22 expression (from 4,649 molecules/cell pre-treatment to 1,416 

molecules/cell) (Cordoba et al. 2021). Relapses attributed to dimming of CD22 

expression have also been observed in other CAR T cell clinical trials (Fry et al. 2018; 

Shah et al. 2020), supporting the selection of an anti-CD22 CAR in which to co-express 

modules that improve sensitivity. 

As the overall aim was to engineer agnostic modules to enable tuning of CAR T cell 

function, they must be generalizable to work in CAR T cell platforms with different 

architectures. To test the generalizability of wtCSK, it was initially co-expressed in 

LT22 CARs with either a 4-1BB or CD28 co-stimulatory domain (Figure 8). The CD28 

containing CAR T cells displayed a higher cytotoxic capacity than the 4-1BB containing 

CAR T cells against low antigen density targets (Figure 11). The co-expression of 

wtCSK efficiently inhibited the cytotoxic function of both CAR T cell populations, 
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irrespective of co-stimulatory domain. In the case of the 4-1BB endodomain, 

cytotoxicity was reduced to levels similar to those observed with NT targets. 

However, cytotoxicity was only moderately reduced with the CD28 endodomain CAR. 

Stimulated CD28 and 4-1BB containing CAR T cells have been shown to activate 

similar proteins involved in signalling, but CD28 CAR T cells increase phosphorylation 

of these proteins more quickly and to a larger magnitude. An increase in basal 

phosphorylation of the CAR-associated CD3ζ chains and Lck was shown to contribute 

to the increased signal observed in CD28 CAR T cells (Salter et al. 2018). It is likely that 

the LT22-41BB T cells produce a less potent signal than the LT22-CD28 CAR T cells, 

which is easier for wtCSK to overcome. 

To investigate the generalizability of CSK as a CAR regulating candidate, I co-

expressed wtCSK with the 9A8 CAR. 9A8 is a CAR that recognizes CD22 and has been 

shown to be a highly sensitive CAR, that can specifically lyse target cells expressing 

approximately 490 CD22 molecules/cell (Kokalaki et al. 2023). Although, 9A8 CAR 

cytotoxicity was superior to the LT22 CAR (Figure 15f; Figure 11f), wtCSK was able to 

significantly inhibit 9A8 cytotoxicity, IFN-γ, and IL-2 release (Figure 15; Figure 16; 

Figure 17). These data demonstrated that wtCSK can also dampen CAR T cells with 

different binding domains. 

After assessing the inhibitory capacity of wtCSK in CD22 targeting CAR T cells, I then 

implemented the wtCSK module in an anti-CD19 CAR. CAR T cell trials targeting CD19 

show that the most common cause of remission is CD19 loss, and not dimming of 

antigen density (Grupp et al. 2015; Cordoba et al. 2021; Turtle et al. 2016). Therefore, 

technology to improve anti-CD19 CAR sensitivity against low antigen-density targets 

may seem unwarranted. However, inter- and intra-patient heterogeneity of CD19 

expression has been observed in some B cell malignancies (Majzner et al. 2020). 

Therefore, lack of CAR T cell sensitivity in cases where CD19 expression is low could 

lead to tumour escape. In this chapter I aimed to test the generalisability of wtCSK, 

so the FMC63 CAR served the purpose of a well-characterised platform for targeting 

CD19 (Maude et al. 2018; Milone et al. 2009).  

The FMC63 CAR T cells lysed > 98% of the CD19High targets (Figure 20b and e). 

However, against the CD19VL targets at an E:T ratio of 1:4, median target cell survival 



RESULTS 

122 
 

increased to 17.8% (Figure 20f). wtCSK expression led to efficient inhibition of 

function against the CD19VL targets, in a similar trend to both LT22 and 9A8 CARs. 

Although inhibition of cytokine release was observed against CD19High targets, 

inhibition of cytotoxicity was not.  

The above observations support the idea that there are separate thresholds in T cells 

for cytokine release and cytotoxicity. Huppa and colleagues reported that prolonged 

TCR signalling was required for IL-2 release and proliferation (Huppa et al. 2003). 

Moreover, other groups have reported that CAR T cells require a higher antigen 

density for cytokine production (770-5,320 molecules/cell) than for cytotoxicity (240 

molecules/cell) (Stone et al. 2012; Watanabe et al. 2015). 

It is clear from these experiments that overexpression of wtCSK can affect cytokine 

secretion and cytotoxicity of CAR T cells. However, the magnitude of the dampening 

effect depends on the target density, with reduced cytotoxic inhibition against high 

antigen density. Overall, the dampening effect of wtCSK was seen to be generalisable, 

enabling inhibition of CAR T cells with different endodomains, binding domains, and 

targeting different antigens. 
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5 RESULTS: IMPROVING CAR T CELL SENSITIVITY 

5.1 Introduction 

Limitations in CAR sensitivity to tumour-expressed antigens have been shown to 

result in reduced efficacy and to lead to relapses in clinical trials (Fry et al. 2018; Shah 

et al. 2020; Cordoba et al. 2021). Therefore, there is a clear need to increase CAR 

sensitivity to prevent such relapses and as CAR therapy expands to encompass a 

growing number of different antigens it seems likely that this need will become even 

more critical.  

A number of approaches have been tested with the aim of improving the sensitivity 

of CAR T cells to low density targets. One approach to address the issue of CAR 

sensitivity is to directly tune the affinity of the CAR T cell, with numerous research 

groups demonstrating a positive correlation between affinity and sensitivity 

(Hudecek et al. 2013; Chames et al. 2002; Lynn et al. 2016; Caruso et al. 2015; Liu et 

al. 2015). Conversely, one study observed a negative correlation between CAR affinity 

and sensitivity, with a low-affinity CAR demonstrating superiority against low-density 

targets (Turatti et al. 2007). The inconsistent conclusions on the relationship between 

CAR affinity and sensitivity (in addition to the caveats discussed in 1.2.3.4.1) make 

affinity tuning a challenging approach. 

Other approaches to improve CAR sensitivity are centred around structural changes 

in CAR design. One study has demonstrated that including two copies of the CD3ζ 

chain or including the CD28 hinge/transmembrane domain can improve the 

cytotoxicity of CAR T cells in response to targets with a low antigen density (963 

molecules/cell) (Majzner et al. 2020). However, as such approaches require re-

engineering of CAR architecture, they do not represent a strategy that can be easily 

introduced into existing CAR platforms. 

To improve CAR sensitivity, I aimed to decrease the activation threshold of the CAR T 

cells through the co-expression of a standalone module structurally independent of 

the CAR. The activation threshold in CAR T cells is regulated by the equilibrium of a 

network of phosphatases and kinases that positively and negatively regulate T cell 
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signalling. As I have shown the effect of wtCSK on CAR T cell function, I aimed to 

explore whether I could counter this negative regulation with a dominant-negative 

CSK module (dnCSK). 

CSK is an inhibitory kinase made up of three distinct domains, SH3, SH2 and a kinase 

domain. The kinase domain of CSK suppresses TCR signalling by phosphorylating the 

inhibitory tyrosine residue (Y505) of the key T cell triggering protein, Lck (Bergman et 

al. 1992). CSK further impedes T cell signalling by recruiting PTPN22 to the membrane 

via the CSK SH3 domain (Cloutier and Veillette 1996). CSK localises to the membrane 

via its SH2 domain binding to phosphorylated PAG (Brdicka et al. 2000; Davidson et 

al. 2003). This interaction with PAG is the primary mechanism by which CSK localises 

to the plasma membrane. However, one study detected small amounts of lipid raft-

associated CSK present in the thymocytes of PAG KO mice, suggesting PAG-

independent recruitment of CSK to the plasma membrane (Xu et al. 2005). A number 

of alternative membrane anchors have been identified that bind CSK and are present 

in lipid rafts post T cell activation, such as DOK1 (Schoenborn et al. 2011), paxillin and 

FAK (Sabe et al. 1994), SIT1 (Pfrepper et al. 2001), LIME (Brdicková et al. 2003) and 

caveolin-1 (Cao, Courchesne, and Mastick 2002).  

I envisioned that dnCSK modules, lacking kinase activity, could compete with 

endogenous CSK for the binding of these membrane anchors. This would lead to a 

reduction in the amount of functional CSK in proximity to Lck, reducing the level of 

inactive Lck and thus reducing the signalling threshold. 

5.2 Aim 

In this chapter I aimed to engineer modules that decrease the activation threshold of 

CAR T cells, increasing their sensitivity. 

To achieve this, the balance of the positive and negative signals within the CAR T cell 

would have to be shifted towards the positive. Impeding the inhibitory function of 

endogenous CSK would skew the balance towards a more activatory signal. Thus, I 

co-expressed a series of dnCSK modules alongside the CD22-targeting LT22 CAR and 

the CD19-targeting FMC63 and CAT19 CARs. 
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5.3 dnCSK Results 

5.3.1 dnCSK: LT22 CAR 

 LT22-dnCSK CAR constructs: structure and transduction efficiency 

I engineered three dnCSK modules to be co-expressed in LT22 CAR T cells (Figure 23). 

The modules lacked the kinase activity of wtCSK, but all retained the SH2 domain 

necessary for membrane anchor binding. Therefore, the dnCSK modules compete 

with endogenous CSK for binding to the membrane anchors, reducing the amount of 

CSK localised to the plasma membrane (Figure 23d). Consequently, less Lck will be 

inhibited and the negative effect of CSK on CAR signalling reduced.  
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Figure 23. LT22-dnCSK CAR constructs: Structure and transduction efficiency. a) The 
construct maps of the LT22 CAR alone, LT22 CAR co-expressing wtCSK and the LT22 CAR 
constructs containing the dnCSK modules. All constructs include the RQR8 transduction 
marker upstream of the CAR. b) To test for the expression of the LT22 CAR on the cell surface, 
PBMCs were labelled with soluble CD22. Cells were also labelled with an anti-Human CD34 
antibody for detection of the RQR8 transduction marker. One representative donor is shown. 
c) Structure of the dnCSK modules. d) Schema of the theoretical mechanism of action of 
action of the dnCSK modules, displaying the dnCSK blocking endogenous CSK from binding 
phosphorylated PAG and thus preventing inactivation of Lck.  
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Each dnCSK module was positioned downstream of the LT22 CAR transgene, after a 

2A self-cleaving peptide. The plasmid maps of each are shown in Figure 23a. A 

negative control construct was also included, wherein wtCSK was expressed 

downstream of the transgene. 

For the first dnCSK module, dCSK(del_kinase), I truncated CSK by deleting the kinase 

domain, whilst retaining the SH3 domain, thus PTPN22 could potentially still be 

recruited to the membrane to inhibit T cell signalling. For the second dnCSK module, 

dCSK(del_kinase_SH3), I truncated CSK by deleting both the kinase and SH3 domains. 

The deletion of these domains bore a dual role: the first was to prevent the inhibition 

of Lck via phosphorylation of its inhibitory tyrosine by CSK and the second was to 

abrogate association to the inhibitory phosphatase, PTPN22. The third dnCSK 

module, CSK(K222R), is a full-length CSK bearing a substitution of a lysine (K) residue 

for an arginine (R) residue at position 222. This mutation renders CSK catalytically 

inactive (Bergman et al. 1995). The structures of wtCSK and the three dnCSK modules 

are shown in Figure 23c. The expression and transduction levels of all the LT22-dnCSK 

constructs were comparable in PBMCs (Figure 23b). 

 LT22-dnCSK CAR function 

The functionality of the LT22-dnCSK CAR T cells was assessed through a 72-hour 

cytotoxicity assay against SupT1 NT, SupT1 CD22Mid (6,309 molecules/cell) and SupT1 

CD22Low (1,968 molecules/cell) target cells (Figure 10), at an effector to target (E:T) 

ratio of 1:4 (Figure 24). The LT22 CAR alone and wtCSK-bearing LT22 CAR were 

included in all the assays as positive and negative controls of cytotoxicity, 

respectively. 

Overall, the background lysis of SupT1 NT targets was low (Figure 24a). However, the 

LT22 CAR bearing the dCSK(del_kinase_SH3) module lysed a higher percentage of 

non-specific targets compared to the LT22 CAR alone control. Although these 

background differences were small this may reflect greater alloreactivity due to 

reduced T cell thresholds with the dnCSK modules.  

As expected, the introduction of wtCSK was able to significantly reduce cytotoxicity 

of CAR T cells when challenged with either SupT1 CD22Mid or CD22Low targets 
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comparable to levels observed with NT target controls (Figure 24b and c). When 

challenged with SupT1 CD22Mid target cells, CAR T cells bearing wtCSK reduced 

cytotoxicity by 40.2% (Figure 19b). Comparing the three dnCSK bearing CAR T cells to 

LT22 CAR, the dCSK(del_kinase_SH3) and CSK(K222R) modules showed significant 

increases in cytotoxicity against both the SupT1 CD22Mid and CD22Low targets (Figure 

24b and c). Specifically, against the CD22Low targets, the dCSK(del_kinase_SH3) and 

CSK(K222R) modules caused a reduction in median target cell survival by 17% and 

19.7%, respectively (Figure 24c). 
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Figure 24. Cytotoxicity and cytokine production of LT22-dnCSK CAR T cells. a-c) Analysis of 
CAR T cell cytotoxicity by flow cytometry was carried out at 72h post co-culture set up. Each 
condition was tested with a minimum of 3 donors (n=3-12), with median indicated. All data 
was normalised to NT T cells. Co-cultures were set up with an E:T ratio of 1:4. SupT1 NT target 
cells were used in the left column, SupT1 CD22Mid target cells were used in the middle column 
and SupT1 CD22Low target cells were used in the right column. Supernatant taken at 72h post 
co-culture set up was analysed by ELISA for the presence of IFN-γ (d-f) or IL-2 (g-i). For the 
cytotoxicity assay (a-c), IFN-γ (d-f) and IL-2 (g-i) release, all constructs were compared to LT22 
CAR alone condition (red squares) by one-way ANOVA statistical analysis. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001.  
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When challenged against SupT1 NT targets, T cells expressing the 

dCSK(del_kinase_SH3) module displayed some background release of IFN-γ 

compared to the CAR alone (Figure 24d). In accordance with the cytotoxicity against 

CD22 positive targets, the introduction of the wtCSK completely abrogated the 

secretion of IFN-γ even when challenged with CD22Mid targets, highlighting its 

potency as a negative inhibitor of CAR signalling (Figure 24e). All three dnCSK 

modules tested displayed a trend of increased IFN-γ secretion when co-cultured with 

CD22 positive targets compared to CAR T cells expressing LT22 alone. This reached 

significance for the dCSK(del_kinase_SH3) module against the CD22Mid and CD22Low 

targets and the CSK(K222R) module against the CD22Low targets. In the co-culture 

with the CD22Mid target cells, the dCSK(del_kinase_SH3) module resulted in a 3.2-fold 

increase in median IFN-γ release compared to the LT22 CAR (Figure 24e).  

As shown in Figure 24g, IL-2 secretion by T cells against SupT1 NT targets was 

negligible. However, against SupT1 CD22Mid targets, the secretion of IL-2 was 

increased for all dnCSK-bearing T cells, compared to LT22 CAR alone T cells (Figure 

24h). The introduction of the CSK(K222R) module displayed the biggest difference 

compared to the LT22 alone T cells. As was the case for IFN-γ release, I observed that 

the inclusion of the wtCSK module inhibited the functionality of the LT22 CAR, 

completely abrogating IL-2 release (Figure 24h and i). 

5.3.2 dnCSK: FMC63 CAR 

 FMC63-dnCSK CAR constructs: structure and transduction efficiency 

In order to test whether the dnCSK modules could provide an agnostic approach to 

improving CAR T cell function against low antigen density targets, I went on to co-

express them in a second CAR platform. Although lack of functionality in response to 

low antigen density targets is not a major challenge facing anti-CD19 CAR T cell 

therapies, CD19 represents an extremely well characterised target. Therefore, I opted 

to investigate the dnCSK modules in the anti-CD19 CAR, FMC63. 

The FMC63 CAR structure was previously outlined in 4.3.4.1. I aimed to increase the 

function of the FMC63 CAR against low antigen density targets by co-expressing 

different dnCSK modules. As described in 5.3.1.1, I engineered three dnCSK modules, 
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which were co-expressed with the FMC63 CAR (Figure 25a). wtCSK was used as a 

negative control. To confirm the surface expression of the FMC63 CAR in PBMCs, all 

cells were labelled with sCD19 as well as an anti-CD34 antibody for the detection of 

the RQR8 marker (Figure 25b). 
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Figure 25. FMC63-dnCSK CAR constructs: Structure and transduction efficiency. a) Construct 
maps displaying the FMC63 CAR alone, co-expressing one of the three dnCSK modules or co-
expressing wtCSK as a negative control. The RQR8 transduction marker is expressed in all 
constructs upstream of the CAR. b) FMC63 CAR and RQR8 expression on the surface of one 
representative PBMC donor. PBMCs were labelled with sCD19 to test for expression of the 
CAT19 CAR. For detection of RQR8, PBMCs were labelled with an anti-Human CD34 antibody. 

  



RESULTS 

133 
 

 CD19 targets antigen density: Mid and Low  

Previously, two CD19+ target cell lines were engineered to express different densities 

of antigen (Figure 19). However, when challenged against the CD19High targets, the 

CAR T cells completely ablated the target cells (Figure 20b and e). As the aim of the 

dnCSK modules was to improve CAR T cell function, I used target cells which are sub-

optimally lysed by the CAR T cells. Furthermore, CD19 expression in the majority of B 

cell leukaemias ranges from 10,000-16-000 molecules/cell (Ginaldi et al. 1998), hence 

I engineered a cell line within this range. To test the dnCSK modules in the FMC63 

CAR platform I used SupT1 CD19Mid and CD19Low target cell lines, with antigen 

densities of 11,846 molecules/cell and 4,282 molecules/cell, respectively (Figure 26).  
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Figure 26. FMC63-dnCSK CARs: Antigen density of SupT1 CD19 target cells. The cell lines 
were labelled with an anti-CD19-PE antibody to verify the expression of CD19 on the target 
cell lines. b) QuantibriteTM beads were used to quantify the CD19 antigen density. I obtained 
a CD19Mid and CD19Low cell lines expressing 11,846 and 4,282 molecules/ cell, respectively. 
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 FMC63-dnCSK CAR function 

Co-expression of the dnCSK modules led to an increase in the background lysis of 

SupT1 NT targets (Figure 27a). However, against the CD19Mid and CD19Low cell lines, 

cytotoxicity of the dnCSK constructs was comparable to the FMC63 CAR and showed 

little to no improvement whilst wtCSK significantly inhibited target cell lysis (Figure 

27b and c). 

In terms of cytokine production by the CAR T cells, those bearing the 

dnCSK(del_kinase) module saw the most notable increase in IFN-γ production 

compared to the FMC63 CAR, achieving a 1.7-fold increase in median production 

when challenged with the CD19Mid targets (Figure 27e) and a 3.7-fold increase when 

challenged with the CD19Low targets (Figure 27f). However, IL-2 production by dnCSK 

CAR T cells was comparable to FMC63 CAR T cells, with no increases observed (Figure 

27h and i). 
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Figure 27. Cytotoxicity and cytokine production of FMC63-dnCSK CAR T cells. a-c) 
Cytotoxicity of CAR T cells were measured by flow cytometry 72h post co-culture set up. Each 
condition was tested with 3 donors (n=3), with median indicated. All data was normalised to 
NT T cells. Co-cultures were set up with an E:T ratio of 1:4. SupT1 NT target cells were used 
in the left column, SupT1 CD19Mid target cells were used in the middle column and SupT1 
CD19Low target cells were used in the right column. Supernatant taken at 72h post co-culture 
set up was analysed by ELISA for the presence of IFN-γ (d-f) or IL-2 (g-i). For the cytotoxicity 
assay (a-c), IFN-γ (d-f) and IL-2 (g-i) release, all constructs were compared to LT22 CAR alone 
condition (red squares) by one-way ANOVA statistical analysis. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. 
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5.3.3 dnCSK: CAT19 CAR 

 CAT19-dnCSK CAR constructs: structure and transduction efficiency 

To investigate the effect of the dnCSK modules in an alternative clinically relevant 

anti-CD19 CAR, I chose the CAT19 CAR (Roddie et al. 2021; Ghorashian et al. 2019), a 

second generation CAR composed of the CAT19 scFv, CD8α spacer and TM domain 

with a 4-1BB co-stimulatory domain and CD3ζ signalling domain (Figure 28a and b). 

The RQR8 transduction marker was placed upstream of the CAR transgene and the 

CAR was individually expressed with dnCSK constructs described in the previous 

section.  A construct expressing the CAR alongside wtCSK was again included as a 

negative control expected to show a suppressed CAR function. To confirm the surface 

expression of the CAT19 CAR in PBMCs, all cells were labelled with sCD19 as well as 

an anti-CD34 antibody for the detection of the RQR8 marker (Figure 28c). 
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Figure 28. CAT19-dnCSK CAR constructs: Structure and transduction efficiency. a) The maps 
of the CAT19 CAR constructs, displaying the CAT19 CAR alone, co-expressing wtCSK, or co-
expressing one of the three dnCSK modules. The RQR8 transduction marker is expressed in 
all constructs upstream of the CAR. b) Schematic of the CAT19 CAR. c) CAT19 CAR and RQR8 
expression on the surface of one representative PBMC donor. PBMCs were labelled with 
sCD19 to test for expression of the CAT19 CAR. For detection of RQR8, PBMCs were labelled 
with an anti-Human CD34 antibody. 
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 CD19 targets antigen density: Mid (b) and Low (b)  

Two CD19+ target cell lines were engineered to express mid and low densities of 

antigen (Figure 29). I obtained SupT1 cells expressing antigen densities of 16,357 

molecules/cell and 4,754 molecules/cell. These cell lines are distinct from the CD19+ 

cells outlined in Figure 26, thus will be referred to as CD19Mid(b) and CD19Low(b), 

respectively. 

 

Figure 29. dnCSK: Antigen density of SupT1 CD19 target cells. a) SupT1 cell lines were 
labelled with an anti-CD19-PE antibody to verify the expression of CD19 on the cell surface. 
b) QuantibriteTM beads were used to quantify the CD19 antigen density. Based on the MFI 
and the QuantibriteTM standard curve, the density of the cell lines was calculated by 
deducting the isotype from the CD19+ signal. I obtained a CD19Mid(b) and CD19Low(b) cell lines 
expressing 16,357 and 4,754 molecules/cell, respectively. 
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 CAT19-dnCSK CAR function 

Compared to the CAT19 CAR T cells, all of the dnCSK modules improved cytotoxic 

capacity against antigen-expressing cells. Significance was reached when CAR T cells 

expressing the dCSK(del_kinase) module were challenged with the CD19Mid(b) target 

cells, decreasing median target cell survival from 11.7% to 2.3% (Figure 30b). Against 

the CD19Low(b) targets, the dCSK(del_kinase_SH3) module had the biggest impact on 

cytotoxicity compared to the CAT19 CAR, decreasing median target cell survival by 

20.9% (Figure 30c). 

Compared to CAT19 CAR T cells, CAR T cells bearing the dCSK(del_kinase_SH3) 

module displayed significantly increased levels of IFN-γ release (3.9-fold) when 

challenged with SupT1 CD19Low(b) targets (Figure 30f) and significantly increased 

levels of IL-2 release when challenged with CD19Mid(b) or CD19Low(b) targets (Figure 30h 

and i). The biggest increase in IL-2 release was observed against the CD19Low(b) 

targets, where the dCSK(del_kinase_SH3) CAR T cells produced a 3.7-fold increase in 

IL-2 compared to the CAT19 CAR alone control (Figure 30i). 
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Figure 30. Cytotoxicity and cytokine production of CAT19-dnCSK CAR T cells. Cytotoxicity of 
the CAR T cells challenged against a) SupT1 NT, b) SupT1 CD19Mid(b) and c) SupT1 CD19Low(b) 
cells was measured by flow cytometry at 72h post co-culture set up. Each condition was 
tested with 4 donors (n=4), with median indicated. All data was normalised to NT T cells. Co-
cultures were set up with an E:T ratio of 1:4. SupT1 NT target cells were used in the left 
column, SupT1 CD19Mid(b) target cells were used in the middle column and SupT1 CD19Low(b) 
target cells were used in the right column. 72h post co-culture set up, supernatant was 
analysed by ELISA for the presence of IFN-γ (d-f) or IL-2 (g-i). All constructs were compared 
to LT22 CAR alone condition (red squares) by one-way ANOVA statistical analysis. *P<0.05, 
**P<0.01, ***P<0.001, ****P<0.0001.  
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5.4 Summary 

There is a clinical need to improve the sensitivity of CAR T cells to target cells with 

low antigen density. The importance of antigen density was highlighted by Fry and 

colleagues, who reported in a phase 1 trial that the CD22 CAR failed to recognise 

density below 2,839 molecules/cell leading to relapse (Fry et al. 2018; Shah et al. 

2020). Moreover, in another clinical trial, the relapse of one patient was partly 

attributed to dimming of CD22 expression (Cordoba et al. 2021).  

CAR sensitivity is integral when targeting antigens that are expressed at low densities. 

Watanabe and colleagues demonstrated that the antigen density required for CAR T 

cell cytotoxicity in vitro was as low as 240 molecules/cell, while for IFN-γ production 

5,320 molecules/cell were required. Additionally, efficient CAR-mediated lysis of 

targets displaying antigen density below 1,000 molecules/cell was not associated 

with IFN-γ production or CAR T cell proliferation (Watanabe et al. 2015). This 

emphasizes the importance of a strategy to lower the activation threshold of CAR T 

cells, enabling efficient cytotoxicity and cytokine release in response to low antigen 

density targets. 

In order to increase CAR T sensitivity, I co-expressed one of three dnCSK modules 

alongside either the CD22 targeting LT22 CAR or the CD19 targeting FMC63 or CAT19 

CARs in T cells. Two of the dnCSK modules were either truncated by removal of the 

CSK kinase domain (dCSK(del_kinase)) or the removal of both the kinase domain and 

the SH3 domain (dCSK(del_kinase_SH3)). A third dnCSK module was also tested, 

which was a full length but catalytically inactive CSK mutant (CSK(K222R)) (Figure 

23c). In all cases, the SH2 domain of CSK was retained in order to block endogenous 

CSK binding a membrane anchor, thus creating the dominant-negative effect (Figure 

23d). 

In light of CD22 down-regulation after CAR T therapy, the anti-CD22 LT22 CAR 

platform was an obvious choice as a model to test the effect of the dnCSK modules 

on CAR sensitivity. The co-expression of wtCSK had a profound effect on the release 

of IFN-γ and IL-2, with any production completely ablated (Figure 24e and h). This 

inhibition of CAR T cell function was likely facilitated by a reservoir of membrane 
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anchors that were unbound by endogenous CSK (Schoenborn et al. 2011; Sabe et al. 

1994; Pfrepper et al. 2001; Cao, Courchesne, and Mastick 2002; Xu et al. 2005). 

Therefore, wtCSK expressed in CAR T cells was able to bind via its SH2 domain to any 

unoccupied membrane anchors, localizing to lipid rafts in the cell membrane and into 

the proximity of Lck. wtCSK could then phosphorylate the inhibitory tyrosine of Lck, 

rendering it inactive and inhibiting downstream signalling. 

All dnCSK modules investigated were observed to improve the functional response of 

the LT22 CAR T cells, improving cytotoxicity and cytokine release against SupT1 target 

cells expressing as low as 1,968 CD22 molecules/cell (Figure 24). Conversely to the 

expression of wtCSK, it is reasonable to assume that the expression of a dnCSK 

module led to competition with endogenous CSK for binding to membrane anchors. 

Less CSK associated with these membrane anchors would lead to a larger pool of 

activated Lck, in turn lowering the activation threshold of CAR T cells. As discussed 

above, one clinical trial saw anti-CD22 CAR T cells to lack efficacy against blasts with 

a median antigen density of 2,839 molecules/cell (Fry et al. 2018). Therefore, it was 

promising to see the dnCSK modules improve CAR T cell function against target cells 

with an antigen density below this threshold. 

I went on to investigate whether the dnCSK modules could be utilised in a CD19 

targeting CAR as it is a well characterised target. Additionally, although the main 

cause of CD19 CAR therapy relapse is loss of CD19 expression (Grupp et al. 2015; 

Cordoba et al. 2021; Turtle et al. 2016), it has been suggested that inter- and intra-

patient heterogeneity of CD19 expression in some B cell malignancies could enable 

tumour escape due to diminished antigen density (Majzner et al. 2020). Therefore, I 

next chose to test the dnCSK modules alongside the CD19 targeting FMC63 CAR.  Of 

the dnCSK modules tested, only the dCSK(del_kinase) module improved CAR T cell 

function, with modest increases in IFN-γ observed against both the CD19Mid and 

CD19Low targets (Figure 27e and f).  

A reason why the dnCSK modules only showed a modest impact in FMC63 CAR T cells 

could be that the CAR-mediated cytotoxicity and cytokine production was already 

close to the maximum levels achievable by these CAR T cells in response to the 

antigen densities tested. To investigate whether the function of an alternative, 
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clinically relevant, CD19 targeting CAR T cell platform could be increased, the dnCSK 

modules were co-expressed alongside the CAT19 CAR. In the context of the CAT19 

CAR, the dCSK(del_kinase_SH3) module improved cytotoxicity comparably to the 

other dnCSK modules but was superior in augmenting cytokine release (Figure 30).  

I believe the dnCSK modules could constitute an agnostic approach to lower the 

activation threshold of CAR T cells with suboptimal function against low antigen 

density targets. In particular, the dCSK(del_kinase_SH3) was able to improve the 

cytotoxicity of both the LT22 and CAT19 CARs when challenged against low antigen 

density targets, causing a reduction in median target cell survival by 17% (Figure 24c) 

and 20.9% (Figure 30c), respectively.  

The dCSK(del_kinase_SH3) module also significantly improved cytokine release in 

response to low antigen density targets. The LT22 CAR bearing this module displayed 

a 15.8-fold increase in IFN-γ production (Figure 24f), whereas it increased the CAT19 

CAR production by 3.9-fold (Figure 30f). Furthermore, in the CAT19 CAR platform, 

dCSK(del_kinase_SH3) led to a significant increase in IL-2 release against both the 

CD19Mid(b) (Figure 30h) and CD19Low(b) targets (Figure 30i). A key difference between 

the dCSK(del_kinase_SH3) module and the other dnCSK modules is the deletion of 

the SH3 domain of CSK, which enables association with the phosphatase PTPN22, 

which is another negative T cell regulator (Wu et al. 2006; Cloutier and Veillette 

1999). Thus, removal of the SH3 domain and subsequent reduction in PTPN22 

localisation to the plasma membrane could have enabled an increase in the pool of 

activated Lck and ZAP-70, lowering the activation threshold. 

There are a number of different strategies implemented to improve CAR T cell 

sensitivity. Re-engineering of the CAR architecture to express two copies of the CD3ζ 

chain or a CD28 hinge/transmembrane were both shown to improve CAR T cell 

sensitivity (Majzner et al. 2020). 

Another strategy is to tune the affinity of the CAR, with many groups reporting an 

increase in affinity leads to an increase in sensitivity to low antigen density targets  

(Hudecek et al. 2013; Chames et al. 2002; Lynn et al. 2016; Caruso et al. 2015; Liu et 

al. 2015; Chmielewski et al. 2004). However, these studies possess a number of 
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caveats, such as the comparison of affinity based off CARs with different scFv clones, 

a small number of CARs compared in each study and comparing scFvs with potentially 

different stabilities. Moreover, one study has reported the opposite relationship 

between CAR affinity and sensitivity, with low-affinity CARs demonstrating superior 

function against low-density targets (Turatti et al. 2007).  

An advantage of the dnCSK technology over other strategies to improve sensitivity is 

that it does not require modification to the CAR architecture. As they require no re-

engineering of the CAR in order to improve CAR T cell function, I believe the co-

expression of a dnCSK module in CAR T cells, either through co-transduction or 

through the same construct via a 2A peptide, presents a practical solution to improve 

CAR T cell sensitivity.  
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6 RESULTS: TUNING OF LT22 CAR T CELL FUNCTION  

6.1 Introduction 

The success of CAR T cell therapy for the treatment of blood cancers, such as MM, B-

ALL, NHL, DLBCL and MCL has led to numerous FDA-approved products (Maude et al. 

2018; Neelapu et al. 2017; Wang et al. 2022; Abramson et al. 2020; Munshi et al. 

2021). Despite this clinical success, the transition of CAR T cell therapy into treatment 

for solid tumours remains problematic. One of the main challenges hindering more 

widespread use of CAR T cell therapy is on-target off-tumour toxicity. Due to a lack 

of tumour specific antigens, many candidate antigens for solid tumours are also 

expressed on healthy tissues.  The shared antigens on malignant and healthy tissues 

increases the risk of on-target off-tumour toxicity and has been observed with HER2 

(Morgan et al. 2010), CEACAM5 (Thistlethwaite et al. 2017) and CAIX targeting CAR T 

cells (Lamers et al. 2013). 

The risk of on-target off-tumour toxicity has led to the development of various safety 

strategies to be implemented in CAR T cells. One approach to tackling on-target off-

tumour toxicity is the development of “suicide switches”. In cases where toxicity 

arises, such switches permit irreversible ablation of CAR T cells in response to an 

external trigger such as the administration of a small molecule drug or monoclonal 

antibody (Straathof et al. 2005; Philip et al. 2014; Paszkiewicz et al. 2016; Stavrou et 

al. 2018). However, a major drawback of suicide switches is that they cause 

permanent elimination of CAR T cells, thus also eliminating the antitumour response 

of the CAR T cells.  

An alternative strategy to lower the risk of toxicity is by tuning the CAR affinity. 

Different groups have exhibited that tuning CARs to possess lower affinity results in 

CAR T cells being able to discriminate between targets expressing either high- or low-

antigen density (Caruso et al. 2015; Liu et al. 2015). One of these groups 

demonstrated that a 10-fold decrease in affinity (1.8nM compared to 21nM) of CAR 

T cells targeting EGFR, provoked significant decreases in the lysis of antigen 

presenting targets with reduced EGFR expression (≤ 30,899 molecules/cell) (Caruso 
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et al. 2015). This approach not only requires the challenging engineering of the CAR 

affinity, but getting the affinity just right for the optimal density range required for 

each specific antigen is stochastic and improbable. Plus, the literature regarding 

affinity and CAR function is controversial. Finally, reducing the affinity below a 

threshold could hinder CAR T cells efficacy and enable tumour escape.  

To increase specificity to tumour cells and reduce the risk of on-target off-tumour 

toxicity, numerous research groups have applied Boolean logic gating to CAR T cells. 

These strategies allow for more accurate differentiation between tumour cells and 

healthy tissue by requiring the recognition of a combination of antigens to initiate 

CAR activation (Kloss et al. 2013; He et al. 2020; Lajoie et al. 2020; Lanitis et al. 2013; 

Fedorov, Themeli, and Sadelain 2013; Srivastava et al. 2019; Roybal et al. 2016). The 

major caveat of these strategies is that they all require re-engineering of the CAR 

architecture so are not easily adapted for use in existing CAR platforms.  

Other caveats of logic gates include reliance on transcriptional changes to elicit a 

functional response to antigen, which require hours to come into effect (Roybal et al. 

2016). Moreover, Srivastava and colleagues demonstrated a logic gate system that 

also required spatial segregation of healthy tissue and tumour cells to avoid CAR-

mediated on-target off-tumour toxicity (Srivastava et al. 2019).  

An alternative safety strategy is the engineering of tuneable CAR T cell platforms, the 

efficacy of which can be regulated by the administration of a small molecule drug. 

There have been several different iterations of such tuneable CAR platforms. Some 

are drug-ON systems, wherein presence of both antigen and the small molecule drug 

are required for CAR functionality (Wu et al. 2015; Juillerat et al. 2016; Leung et al. 

2019; Labanieh et al. 2022; Sahillioglu et al. 2021). Conversely, other tuneable CARs 

are drug-OFF systems, in which the presence of a small molecule drug disrupts CAR T 

cell function (Juillerat et al. 2019; Sun et al. 2020; Giordano-Attianese et al. 2020; 

Hotblack et al. 2021).  

Logic gate and tuneable CAR platforms provide an advantage over suicide switches 

as a strategy to mitigate toxicity, as they avoid permanent ablation of T cells and can 

therefore retain antitumour efficacy. Furthermore, the dose-dependent manner in 



RESULTS 

148 
 

which tuneable CAR platforms can be regulated allows for efficacy to be maintained 

whilst avoiding toxicity. However, as with the logic gate platforms, the majority of 

tuneable systems require altering of the CAR architecture, which can result in CAR T 

cells that are less efficacious than those expressing conventional CARs. Other 

limitations of current tuneable systems include reduced surface expression 

compared to conventional CARs (Leung et al. 2019; Hotblack et al. 2021; Giordano-

Attianese et al. 2020), the use of immunosuppressive drugs like rapamycin (Juillerat 

et al. 2016; Wu et al. 2015; Sun et al. 2020; Leung et al. 2019) and/or the 

incorporation of potentially immunogenic components (Juillerat et al. 2019; Labanieh 

et al. 2022; Sahillioglu et al. 2021; Hotblack et al. 2021). 

In Chapter 4, I observed that wtCSK is capable of impairing the efficacy of different 

CAR platforms. Then in Chapter 5 I demonstrated that co-expression of dnCSK 

modules in CAR T cells has the potential to improve sensitivity against low antigen 

density targets. Both observations indicated that CSK could be a promising candidate 

to serve as the foundation of an tuneable CAR system.  

I aimed to develop a CSK-based tuneable system regulated by a small molecule drug, 

with the capacity to be efficacious towards low antigen density targets (dnCSK effect) 

but also able to be dampened to mitigate for toxicity (wtCSK effect). To this end, I 

exploited a published CSK mutant that is tuneable through the application of a small 

molecule drug. Schoenborn and colleagues generated an analogue-sensitive CSK 

(CSKAS) by substituting a threonine (T) residue at position 266 for a glycine (G) residue. 

This substitution, located in the ATP-binding pocket, enabled CSKAS to be tuneable, 

wherein the kinase activity can be inhibited by 3-iodo-benzyl-PP1 (3-IB-PP1). 3-IB-PP1 

is an analogue of the nonselective kinase inhibitor PP1 and selectively inhibits CSKAS 

(Schoenborn et al. 2011). This group also generated a second CSKAS in which the 

eleven N-terminal amino acid residues of Lck (MGCVCSSNPED) were fused to CSKAS, 

enforcing its localisation to the plasma membrane via association with the CD4 and 

CD8 co-receptors or in lipid rafts. This membrane localised CSKAS is referred to as 

mCSKAS. 
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6.2 Aim 

Firstly, I aimed to investigate whether the expression of CSKAS and mCSKAS in T cells 

could enable functional tuning of TCR-activated T cells. Secondly, I aimed to 

investigate the co-expression of CSKAS and mCSKAS in LT22 CAR T cells as means to 

tune CAR T cell function in response to a small molecule drug. 

6.3 Results 

6.3.1 Expression of CSKAS and mCSKAS in T cells 

In order to validate the use of CSKAS or mCSKAS as a means to control CAR T cell 

function, I first investigated whether the CSKAS system could enable tuneable control 

of T cells activated via their native TCRs. To this end, both CSKAS and mCSKAS were 

transduced in PBMCs, with the RQR8 marker included to determine transduction 

efficiency (Figure 31a). The RQR8 marker also enabled sorting of the transduced 

PBMCs using anti-CD34 bead selection kit, resulting in a highly transduced PBMC 

population (Figure 31b). 
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Figure 31. CSKAS and mCSKAS constructs: Structure and transduction efficiency. a) Construct 
maps of the CSKAS and mCSKAS modules. The RQR8 transduction marker included upstream 
of each module. b) Constructs were transduced into PBMCs (one representative donor 
shown). PBMCs were labelled with an anti-CD34 antibody to detect the RQR8 transduction 
marker. 
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6.3.2 IFN-γ production of T cells expressing either the CSKAS or mCSKAS module 

To test the effect of the CSKAS and mCSKAS modules on TCR stimulated T cells, 

transduced T cells were added to wells of a 96-well plate coated with an anti-CD3 

antibody at a range of concentrations (0-10 μg/ml). Each condition was set up in the 

absence of the CSKAS inhibitor, 3-IB-PP1 (referred to hereafter as the drug), or with 

increasing concentrations of drug (0.1-10 μM) (Figure 32). Analysis of IFN-γ 

production showed NT T cells to produce more IFN-γ in response to increasing 

concentrations of aCD3, with increasing concentrations of drug bearing no impact 

(Figure 32a). In the condition when T cells were activated with 5 μg/ml plate-bound 

aCD3 antibody with no drug present, CSKAS expressing cells displayed 31% less mean 

IFN-γ production than the NT cells (Figure 32b), yet the mCSKAS cells dampened the 

mean IFN-γ production by 82%  (Figure 32c). In the presence of 10 μM drug, mean 

IFN-γ production by CSKAS cells was 1.5-fold higher compared to NT cells, whereas 

IFN-γ production by mCSKAS cells was 2.3-fold higher. As the expression of either 

cytoplasmic CSKAS or mCSKAS enabled the function of TCR-activated T cells to be 

altered in the presence or absence of the drug, I next investigated whether these 

modules could also permit tuneable control of CAR T cells.  
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Figure 32. Heat maps of IFN-γ production by T cells expressing either CSKAS or mCSKAS. NT T 
cells (a), CSKAS T cells (b) and mCSKAS T cells (c) were stimulated with plate-bound OKT3 
antibody ranging in concentration from 0-10 μg/ml. Reactions were set up in media (R10) or 
in media supplemented with 3-IB-PP1 (0.1-10 μM). Supernatant taken 24h post assay 
initiation was analysed by ELISA for the presence of IFN-γ. Each condition was tested with a 
minimum of 4 donors (n=4), mean values indicated. 
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6.3.3 LT22 CSKAS CAR constructs: structure and transduction efficiency 

To investigate the capacity of CSKAS and mCSKAS to enable tuneable control of CAR T 

cell function, I co-expressed each module alongside the LT22 CAR (previously 

described in 4.3.1.1) (Figure 33a). I transduced PBMCs with these constructs, as well 

as two control constructs expressing the LT22 CAR alone or the LT22 CAR and the 

wtCSK module (Figure 33b). The CSKAS and mCSKAS modules contain the SH3, and SH2 

domains of wtCSK but the kinase domain has a single amino acid mutation (T266G) 

permitting inhibition of kinase activity by the administration of 3-IB-PP1 (Figure 33c). 
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Figure 33. LT22 CSKAS CAR constructs: Structure and transduction efficiency. a) Construct 
maps of the LT22 CAR, LT22 CAR co-expressing wtCSK, CSKAS or mCSKAS. All constructs 
included the RQR8 transduction marker upstream of the CAR. b) All constructs were 
successfully transduced into PBMCs. PBMCs were labelled with sCD22 to test for expression 
of the LT22 CAR and an anti-CD34 antibody to detect the RQR8 transduction marker. One 
representative donor is shown. c) Schematic depicting the inhibition of CSKAS kinase activity 
via the administration of 3-IB-PP1. 
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6.3.4 CD22 targets antigen density: High, low, and very low (VL) 

In section 4.3.2.3, I engineered SupT1 CD22+ target cell lines expressing antigen 

densities of 6,309 or 1,968 molecules/cell. However, I wanted to challenge the CSKAS 

and mCSKAS expressing CAR T cells against targets with a wider range of antigen 

density. Therefore, I engineered SupT1 CD22High and CD22VL cells, expressing 53,866 

and 284 molecules/cell, respectively (Figure 34). The CD22Low cell lines used in this 

section expressed similar levels of antigen to the CD22Low cells described in 4.3.2.3 

(1,946 and 1,968, respectively). However, as they are distinct cell lines, the former is 

hereafter referred to as CD22Low(b). 
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Figure 34. Antigen density of SupT1 CD22 target cells: High, low(b), and very low. SupT1 
cells were transduced with a retroviral vector to express a chimeric CD22 antigen, with CD22 
ectodomain and CD19 TM and endo-domains. a) The CD22 antigen density on three 
engineered target cell lines was verified by labelling the cells with an anti-CD22-PE antibody. 
b) QuantibriteTM beads were used to create a standard curve on PE MFI and molecules/cell, 
enabling quantification of the CD22 antigen density. 
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6.3.5 LT22 CSKAS CAR T cell characterisation 

 LT22-CAR: CSKAS Vs mCSKAS 

To test whether the CSKAS and mCSKAS modules could enable drug-mediated control 

of CAR T cell function, 72-hour co-cultures were set up challenging LT22 CAR T cells 

expressing CSKAS or mCSKAS against SupT1 CD22High, CD22Low(b) and CD22VL target cells. 

The cells were cultured in the presence or absence of 10 μM CSKAS inhibitor, 3-IB-PP1. 

There was a small amount of background lysis observed when the LT22 CAR T cells 

were co-cultured with SupT1 NT control targets (Figure 35a). Co-expression of CSKAS 

or mCSKAS reduced this background kill when no drug was present. 

The LT22 CAR T cells moderately lysed the CD22VL target cells, with a mean target cell 

survival of 35.6% (Figure 35a). Unexpectedly, increasing the CD22 density on SupT1 

targets led to a decrease in cytotoxicity, with a mean target cell survival of 50.8% and 

48.2% observed for the CD22Low(b) and CD22High targets, respectively. The addition of 

the drug led to a decrease in cytotoxicity of the LT22 CAR T cells when challenged 

against any of the CD22+ target cells. The largest difference observed was a 10.9% 

decrease in cytotoxicity when challenged against the CD22High cells (Figure 35a). 

In the absence of drug, the co-expression of CSKAS significantly inhibited the 

cytotoxicity of the LT22 CAR T cells against all the target cell lines (Figure 35a and 

Figure 35d). Compared to the LT22 CAR T cells, the addition of the drug to CSKAS 

bearing cells led to significant increases in the lysis of the CD22VL and CD22Low(b) 

targets, with a 26.2% and 29.4% decrease in target cell survival, respectively. Against 

the CD22High targets an 11.6% decrease in cell survival was observed (Figure 35a).  

As observed with the CSKAS module, co-expression of mCSKAS also led to significant 

decreases in CAR T cell cytotoxicity against all target cell lines, compared to the LT22 

CAR T cells (Figure 35a). In the presence of drug, mCSKAS bearing cells were more 

cytotoxic than the LT22 CAR T cells, with a significant increase in cytotoxicity observed 

against the CD22Low(b) targets (Figure 35d). 
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Figure 35. Cytotoxicity and cytokine production of LT22 CSKAS CAR T cells. a) 72h post co-
culture initiation CAR T cell cytotoxicity was analysed by flow cytometry. Each condition was 
tested with a minimum of 4 donors (n=4-8), with mean (with SEM) indicated. All data was 
normalised to NT T cells. Co-cultures were set up with an E:T ratio of 1:4. CAR T cells were 
challenged against SupT1 NT target cells and three SupT1 CD22+

 cell lines expressing antigen 
from 284-53,886 molecules/cell. Co-cultures were set up in media or media supplemented 
with 10 μM 3-IB-PP1 (+ Drug). Supernatant taken at 72h post co-culture set up was analysed 
by ELISA for the presence of IFN-γ (b) or IL-2 (c). d) For cytotoxicity, IFN-γ and IL-2 production, 
statistical analysis was performed by one-way ANOVA with Dunnett’s post-test comparing 
LT22 CAR against CSKAS and mCSKAS bearing CARs within each condition. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. 
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72h post co-culture initiation, supernatants were analysed by ELISA for the presence 

of either IFN-γ (Figure 35b) or IL-2 (Figure 35c). The addition of drug to the LT22 CAR 

T cells impaired function, with a 24.2% decrease in IFN-γ released observed when 

challenged against the GD2VL target cells (Figure 35b). In the absence of drug, CAR T 

cells bearing CSKAS produced significantly less IFN-γ when challenged against each of 

the CD22+ targets, compared to the LT22 CAR T cells (Figure 35b and Figure 35d). In 

the presence of drug, IFN-γ release by CSKAS bearing cells when challenged against 

the CD22VL targets was restored to levels comparable to the LT22 CAR T cells. 

However, against the CD22Low(b) and CD22High targets,  CSKAS expression led to marked 

increases in IFN-γ release compared to the LT22 CAR (5.2- and 4.2-fold increase, 

respectively) (Figure 35b). 

CAT T cells expressing mCSKAS had significantly reduced IFN-γ production compared 

to LT22 CAR T cells when challenged against CD22+ target cells. Against the CD22VL 

targets, the addition of drug was not able to restore the level of IFN-γ production by 

mCSKAS bearing cells to levels achieved by the LT22 CAR T cells (Figure 35b). 

Conversely, against the CD22Low(b) targets, mCSKAS bearing cells in the presence of 

drug achieved significantly higher levels of IFN-γ compared to the LT22 CAR T cells 

(4.8-fold increase). When challenged against the CD22High targets, a more modest 

increase in IFN-γ was observed (2-fold) (Figure 35b). 

The baseline levels of IL-2 release observed were consistently low for the LT22 CAR T 

cells regardless the antigen density (Figure 35c). Against the CD22High targets, the 

modest IL-2 release by the LT22 CAR T cells was abrogated in cells co-expressing 

either CSKAS or mCSKAS.  

With the addition of the drug, CAR T cells bearing CSKAS demonstrated significant 

increases in IL-2 release against both the CD22Low(b) and CD22High targets, compared 

to the LT22 CAR T cells (Figure 35c). CAR T cells expressing mCSKAS also achieved 

marked increases in IFN-γ production compared to the LT22 CAR T cells against these 

two target cell lines, but these increases did not reach significance (Figure 35c and 

Figure 35d). 
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In summary, both CSKAS and mCSKAS modules were able to inhibit CAR T cell function, 

with the addition of drug leading to improved CAR T cell cytotoxicity and cytokine 

production. The most profound effect between the two modules was observed with 

regards to cytokine production, which showed that when T cells bearing the CSKAS 

module were challenged against CD22+ targets, they elicited higher levels of both IFN-

γ (Figure 35b) and IL-2 (Figure 35c) production than cells expressing the mCSKAS 

module. To examine the difference between the two modules further I conducted a 

Western blot assay in Jurkat cells, a human leukemic T cell line with well characterised 

signalling pathways (Abraham and Weiss 2004). 

6.3.5.1.1 Western blots: CSKAS Vs mCSKAS 

An immunoblot of activated Jurkat cells expressing the LT22 CAR and either the CSKAS 

or mCSKAS module demonstrated that the presence of the drug led to an increase in 

ZAP-70 phosphorylation (Y319) (Figure 36). In agreement with the higher levels of 

cytokine production observed in CSKAS bearing CAR T cells (Figure 35b and c), Jurkat 

cells expressing the CSKAS module showed increased ZAP-70 phosphorylation 

compared to cells expressing the mCSKAS module. As the CSKAS module enabled 

greater cytokine release and ZAP-70 phosphorylation than the mCSKAS module, I 

chose to only continue with further characterisation of the CSKAS module. 
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Figure 36. Effect of CSKAS and mCSKAS modules on ZAP-70 phosphorylation in Jurkat cells. 
Jurkat cells expressing the LT22 CAR and either the CSKAS or mCSKAS module were incubated 
at 37°C for 30 minutes in either plain media or media supplemented with 3-IB-PP1 (10 μM). 
The Jurkat cells were then activated with sCD22 (8 μg/ml). Activation was stopped after 2 
minutes, and cells were then lysed. Tyrosine phosphorylation of ZAP-70 (Y319) was assessed 
by Western blotting (n = 1). The presence of total GAPDH was detected as a loading control. 
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 LT22 CSKAS CAR: Drug titration 

A system to control CAR T cell function via the administration of a small molecule 

drug is more desirable if the response to the drug is dose dependant, as it allows for 

more sensitive tuning of CAR T cell activation. To this end, I investigated the 

cytotoxicity and cytokine release of CAR T cells expressing CSKAS in response to 

increasing concentrations of the CSKAS inhibitory drug, 3-IB-PP1 (0-10 μM). Co-

cultures were set up challenging the T cells against SupT1 NT, CD22High and CD22Low(b) 

target cells (Figure 37). There was some background cytotoxicity observed by the 

LT22 CAR T cells against the SupT1 NT targets in the absence of drug. However, the 

inclusion of CSKAS reduced this background toxicity by 33% (Figure 37a). CSKAS 

expression also markedly reduced background cytokine release, with IFN-γ 

decreasing by 94% (Figure 37d) and IL-2 decreasing by 90% (Figure 37g). 

Against the CD22High targets, LT22 CAR cytotoxicity was decreased by 10.6% upon co-

expression of CSKAS (Figure 37b). Addition of the drug led to CSKAS expressing CAR T 

cells demonstrating subtly improved cytotoxicity compared to the LT22 CAR, at all 

the drug concentrations tested. As the cytotoxicity of the CSKAS CAR T cells was 

consistently high, increases in cytotoxicity after increasing the drug concentration 

were small (increasing drug concentration from 0.156-10 μM led to a decrease in 

target cell survival from 7.6% to 4.9%). 

Against the SupT1 CD22Low(b) targets and in the absence of drug, CSKAS inhibited target 

cell lysis by 18.3% (Figure 37b). After drug administration, CSKAS increased 

cytotoxicity compared to the LT22 CAR alone cells, with drug concentrations of 0.156 

μM  and 1.25 μM increasing target cell lysis by 14.4% and 25.8%, respectively (Figure 

37c). The cytotoxic response of the CSKAS bearing cells then plateaued at drug 

concentrations above 1.25 μM, not eliciting further increases in target cell lysis. 

  



RESULTS 

163 
 

0

0.
15

6

0.
31

3

0.
62

5
1.

25 2.
5 10

0

20

40

60

80

100

S NT

3-IB-PP1 (M)

S
u

rv
iv

a
l 
(%

)

a)

0

0.
15

6

0.
31

3

0.
62

5
1.

25 2.
5 10

0

20

40

60

80

100

S CD22High

3-IB-PP1 (M)

S
u

rv
iv

a
l 
(%

)

b)

0

0.
15

6

0.
31

3

0.
62

5
1.

25 2.
5 10

0

20

40

60

80

100

S CD22Low(b)

3-IB-PP1 (M)

S
u

rv
iv

a
l 
(%

) LT22

LT22 + CSKAS

c)

NT

0

0.
15

6

0.
31

3

0.
62

5
1.

25 2.
5 10

0

5000

10000

15000

20000
20000

40000

60000

80000

3-IB-PP1 (M)

IF
N

-
 (

p
g

/m
l)

d)

0

0.
15

6

0.
31

3

0.
62

5
1.

25 2.
5 10

0

5000

10000

15000

20000
20000

40000

60000

80000

3-IB-PP1 (M)

IF
N

-
 (

p
g

/m
l)

e)

0

0.
15

6

0.
31

3

0.
62

5
1.

25 2.
5 10

0

5000

10000

15000

20000
20000

40000

60000

80000

3-IB-PP1 (M)

IF
N

-
 (

p
g

/m
l)

f)

0

0.
15

6

0.
31

3

0.
62

5
1.

25 2.
5 10

0
50

100
150
200
250

500
1000
1500
2000
2500

3-IB-PP1 (M)

IL
-2

 (
p

g
/m

l)

g)

0

0.
15

6

0.
31

3

0.
62

5
1.

25 2.
5 10

0
50

100
150
200
250

500
1000
1500
2000
2500

3-IB-PP1 (M)

IL
-2

 (
p

g
/m

l)

h)

0

0.
15

6

0.
31

3

0.
62

5
1.

25 2.
5 10

0

50

100

150

200

250

500
1000
1500
2000
2500

3-IB-PP1 (M)

IL
-2

 (
p

g
/m

l)

i)

 

Figure 37. Cytotoxicity and cytokine production of LT22 CSKAS CAR T cells in response to 
drug titration. a-c) CAR T cell cytotoxicity was analysed by flow cytometry 72h after co-
culture set up. Each condition was tested with a minimum of 6 donors (n=6), with mean 
indicated. All data was normalised to NT T cells. Co-cultures were set up with an E:T ratio of 
1:4. SupT1 NT target cells were used in the left column, SupT1 CD22High (53,886 
molecules/cell) target cells were used in the middle column and SupT1 CD22Low(b) (1,946 
molecules/cell) target cells were used in the right column. 72h post co-culture set up, 
supernatant was analysed by ELISA for the presence of IFN-γ (d-f) or IL-2 (g-i). 
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The production of the cytokines IFN-γ (Figure 37d-f) and IL-2 (Figure 37g-i) was 

analysed 72-hours after co-culture initiation. In the absence of drug, no cytokine 

production was detected by the LT22 CSKAS CAR T cells when challenged against 

either the CD22High or CD22Low(b) targets. As the concentration of drug increased, the 

general trend observed was that secretion of cytokines by CSKAS bearing cells also 

increased. Against the CD22High target cells, the addition of 0.156 μM drug resulted in 

LT22 CSKAS T cells producing 1.7-fold more IFN-γ (Figure 37e) and 3-fold more IL-2 

(Figure 37h) compared to the LT22 CAR T cells. When the concentration of drug 

present was increased to 10 μM, LT22 CSKAS T cells produced 5.7-fold more IFN-γ 

(Figure 37e) and 13.6-fold more IL-2 (Figure 37h) compared to the LT22 CAR T cells.  

Overall, these data indicate that the CSKAS module could be further explored as a 

tuneable CAR switch. However, the optimal drug concentration can vary depending 

on the functional readout. Moreover, the dynamic range for cytotoxicity was 

relatively narrow, with near maximal functional response achieved in the presence of 

1.25 μM drug (Figure 37b and c). Therefore, to gain a clearer picture of the dose-

response relationship, testing a more comprehensive range of drug concentrations 

between 0-1.25 μM would be beneficial. 

 LT22 CSKAS CAR: Proliferation 

The proliferative capacity of CAR T cells is an important feature for predicting 

persistence and antitumour effect after adoptive transfer (Porter et al. 2011; Kalos et 

al. 2011; Ghorashian et al. 2019). Therefore, I investigated the impact of the CSKAS on 

CAR T cell proliferation. As described in 3.2.7.3, CAR T cells were labelled with the 

CTV proliferation dye prior to co-culture set up. CAR T cells expressing the LT22 CAR, 

LT22 CAR + wtCSK or LT22 CAR + CSKAS were co-cultured as before with either SupT1 

NT, SupT1 CD22High, or SupT1 CD22Low(b) target cells (Figure 38). 
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Figure 38. Proliferation of LT22 CSKAS CAR T cells. a) Example gating strategy to plot the 
percentage of proliferating CAR T cells. b-g) Transduced CAR T cells labelled with CTV were 
challenged against SupT1 NT target cells (b and e), SupT1 CD22High (53,886 molecules/cell) 
target cells (c and f) and SupT1 CD22Low(b) (1,946 molecules/cell) target cells (d and g). Co-
cultures were set up with an E:T ratio of 1:2 in media or media supplemented with 10 μM 3-
IB-PP1 (+ Drug). Proliferation was analysed by flow cytometry on day 7 post co-culture set 
up. Each condition was tested with a minimum of 4 donors (n=4), with median indicated. 
Statistical analysis was performed by one-way ANOVA with Dunnett’s post-test comparing 
LT22 CAR against wtCSK and CSKAS bearing CARs within each condition (no drug or + drug). 
*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. b-d) Plots showing the % of proliferating 
CTV+ transduced T cells. e-g) Plots showing the MFI of all transduced and CTV+ T cells. h) 
Representative histogram plots of CTV dilution from CAR T cells co-cultured with CD22Low(b) 
targets (f).  
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On day 7 post co-culture initiation I analysed the percentage of proliferating T cells 

(Figure 38a-d). Against the SupT1 NT target cells, no background proliferation was 

observed (Figure 38b). When challenged against either the CD22High or CD22Low(b) 

targets, LT22 CAR T cells displayed only marginal levels of proliferation. Thus, LT22 

CAR T cells bearing the wtCSK or CSKAS module had only negligible dampening effects 

compared to the LT22 CAR T cells (Figure 38c and d). In co-cultures supplemented 

with drug, CAR T cells expressing the CSKAS module displayed significantly higher 

percentage of proliferating cells compared to the LT22 CAR. Against the CD22High 

targets a 41% increase was observed (Figure 38c) and against the CD22Low(b) targets, 

a 20.7% increase was observed (Figure 38d).  

Another measure of proliferation is the reduction of the MFI of CTV caused by dilution 

of the dye as cells divide (Figure 38e-h). Analysis of CTV MFI showed that when 

challenged against the CD22High targets, CAR T cells expressing either the wtCSK or 

CSKAS displayed no dampening effect (Figure 38f). As mentioned above, this was likely 

due to the low baseline levels of proliferation achieved by the LT22 CAR T cells.  

When challenged against the CD22Low(b) targets, wtCSK bearing cells elicited a small 

dampening response, with median CTV levels 11.9% higher than the LT22 CAR T cells 

(Figure 38g). Analysis of CTV MFI indicated that CAR T cells expressing CSKAS were not 

observed to dampen proliferation, again likely due to the already low proliferation 

observed by the LT22 CAR T cells. Interestingly, we observed an inhibitory effect of 

the drug itself, which resulted in higher median CTV levels after exposure to CD22+ 

target cells (Figure 38f and g). In the presence of drug, CSKAS expressing CAR T cells 

significantly increased proliferation against both the CD22High and CD22Low(b) targets, 

eliciting a 74% and 58% reduction in median CTV, respectively (Figure 38f and g). 

 LT22 CSKAS CAR: Memory phenotype 

CAR T cells with a more undifferentiated memory/stem like phenotype are associated 

with improved persistence and efficacy (Gattinoni et al. 2011; Louis et al. 2011; Xu et 

al. 2014). This considered, a higher proportion of more terminally differentiated T 

cells is undesirable. As the CSKAS module has been shown to dampen CAR T cell 

activation, it has the potential to delay differentiation. Conversely, in the presence of 
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drug, CSKAS expressing CAR T cells may be vulnerable to early or disproportionate 

terminal differentiation. To determine whether this theory is correct, I assessed the 

impact of the CSKAS module on CAR T cell differentiation by analysing the expression 

of CCR7 and CD45RA  (Figure 39), allowing identification of the four subsets of T cell 

memory phenotype: Tn, Tcm, Tem and Teff  (described in 3.2.7.4). 

When challenged against the SupT1 NT target cells, the subsets of the CD4+ CAR T 

cells were comparable, regardless of wtCSK or CSKAS expression (Figure 39b). 

However, in the CD8+ populations, expression of wtCSK or CSKAS subtly increased the 

proportion of Tcm cells to Teff cells compared to the LT22 CAR T cells (Figure 39e). 

For both the CD4+ and CD8+ populations, addition of the drug bore little impact on 

the differentiation of T cells challenged against SupT1 NT target cells (Figure 39b and 

e).  

As observed when challenged with the SupT1 NT target cells, T cell subsets of CD4+ 

CAR T cells were comparable after being challenged against the CD22Low(b) or CD22VL 

targets, irrespective of the expression of wtCSK or CSKAS (Figure 39c and d). 

Moreover, in these conditions the addition of the drug had little impact on cell 

phenotype.  

Minor differences in phenotype were observed for CD8+ CAR T cells upon stimulation 

with targets: when challenged with the CD22VL targets in absence of drug, co-

expression of wtCSK and CSKAS marginally increased the mean proportion of Tcm T 

cells compared to the LT22 CAR T cells (15.8% and 7.2% increase, respectively) (Figure 

39g). Statistical analysis (one-way ANOVA) comparing the wtCSK or CSKAS expressing 

cells to the LT22 CAR alone cells, found these increases in the Tcm populations to not 

be significant. Interestingly the addition of drug had an impact on the LT22 CAR T cells 

when challenged against the CD22Low(b) targets, decreasing the mean proportion of 

Tcm cells by 9% (unpaired t-test, *P = 0.0176) and increasing the proportion of Tem 

cells by 13.4% (unpaired t-test, ****P < 0.0001) (Figure 39f).  
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Figure 39. Memory phenotype of LT22 CSKAS CAR T cells. a) Example gating strategy for the 
analysis of CCR7 and CD45RA expression on T cells. b-g) T cells were co-cultured with either 
SupT1 NT (b and e), SupT1 CD22Low(b) (c and f) or SupT2 CD22VL (d and g) target cells at an E:T 
ratio of 1:2. Co-cultures were set up in media with no 3-IB-PP1 (no drug) or in media 
supplemented with 10 μM 3-IB-PP1 (+ drug). On day 4 post co-culture set up, T cells were 
analysed for the expression of CCR7 and CD45RA to determine their memory phenotype. The 
bar charts display the mean percentages of each memory phenotype population (n=4). 
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 LT22 CSKAS CAR: Exhaustion phenotype 

T cell exhaustion, a phenomenon first described by Zajac and colleagues (Zajac et al. 

1998), refers to dysfunctional T cells which have lost functions such as cytotoxicity 

and cytokine release. CAR T cell exhaustion has been identified as a key factor limiting 

antitumour efficacy (Eyquem et al. 2017; Fraietta et al. 2018; Long et al. 2015). 

Phenotypic markers of T cell exhaustion are Tim-3, Lag-3, and PD-1, with double and 

triple positive phenotypes indicative of more severe exhaustion (Grosso et al. 2009; 

Fourcade et al. 2010; Sakuishi et al. 2010). To further characterise the impact of CSKAS 

on CAR T cells, I sought to investigate the expression of these exhaustion markers on 

CAR T cells post co-culture with antigen positive target cells (Figure 40). Four different 

exhaustion phenotype populations were analysed: cells expressing none of the 

exhaustion markers (triple negative), cells expressing one marker (single positive), 

cells expressing two markers (double positive) and cells expressing all three markers 

(triple positive). 
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Figure 40. Exhaustion phenotype of LT22 CSKAS CAR T cells. a) Example gating strategy for 
the analysis of the expression markers Tim-3, Lag-3, and PD-1 on T cells. b-g) T cells were co-
cultured with either SupT1 NT (b and e), SupT1 CD22Low(b) (c and f) or SupT2 CD22VL (d and g) 
target cells at an E:T ratio of 1:2. Co-cultures were set up in media with no 3-IB-PP1 (no drug) 
or in media supplemented with 10 μM 3-IB-PP1 (+ drug). On day 4 post co-culture set up, T 
cells were analysed for the expression of Tim-3, Lag-3, and PD-1 to determine their 
exhaustion phenotype. The bar charts display the mean percentages of different exhaustion 
phenotype populations (n=4). 
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When challenged with SupT1 NT target cells, the co-expression of wtCSK or CSKAS had 

a negligible impact on the proportion of cells expressing at least one exhaustion 

marker, irrespective of the presence of drug (Figure 40b and e). In the absence of 

drug, CAR T cells bearing either wtCSK or CSKAS displayed a higher proportion of triple 

negative cells than the LT22 CAR T cells when challenged against CD22+ targets, with 

those expressing wtCSK consistently having a larger proportion of triple negative cells 

than CSKAS bearing cells. Specifically, against the CD22Low(b) targets, 11.2% of CD8+ 

LT22 CAR T cells were triple negative, whereas 21.9% of LT22 wtCSK cells and 15.5% 

of CSKAS expressing cells were triple negative (Figure 40f). However, after analysis 

using a one-way ANOVA comparing the wtCSK or CSKAS expressing cells to the LT22 

CAR alone cells, the increase in the triple negative population achieved by co-

expression of wtCSK reached significance (*P = 0.0333), whereas the increase in those 

co-expressing CSKAS did not (P = 0.4321). 

For CAR T cells expressing CSKAS, there was a trend that addition of drug led to an 

increase in the proportion of cells expressing one or more exhaustion marker. For 

example, when challenged against CD22VL targets in the absence of drug (Figure 40g), 

CD8+ LT22 CSKAS CAR T cells had a 3.3% larger double positive population than the 

LT22 CAR T cells. Yet, In the presence of drug this difference rose to 11.1%. However, 

the difference in the number of double positive cells in the CD8+ LT22 CSKAS CAR T 

populations between conditions in which drug was present or not, was not found to 

be significant (unpaired t-test, P = 0.2909). 

 LT22 CSKAS CAR: Kinase activity profiling 

Protein tyrosine phosphorylation is fundamental to T cell signalling and function. 

Immunoblot analysis has shown that the addition of the CSKAS inhibitor drug led to a 

marked increase in ZAP-70 phosphorylation (Y319) in activated Jurkats expressing the 

LT22 CSKAS CAR (Figure 36). This result indicates that the improved functionality 

observed in CSKAS bearing CAR T cells in the presence of drug is due to an increase in 

the activation of kinases involved in proximal T cell signalling events. In order to 

establish a more in-depth analysis of the protein tyrosine kinase (PTK) activity within 

LT22 and LT22 CSKAS CAR T cells in response to the drug, I sent samples to be run on 

peptide microarrays, a service provided by PamGene. 
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LT22 and LT22 CSKAS CAR T cells were incubated in plain media (R10), or media 

supplemented with drug (10 μM 3-IB-PP1) (as described in 3.3.3). After incubation, 

all cells were activated with sCD22 for 15 minutes. Cell pellets of six biological 

replicates (n=6) were sent to PamGene for lysis and subsequent running of lysates on 

the PamChip® microarrays. The PamChip® microarrays contain peptides 

representative of kinase targets/substrates (phosphosites) covalently immobilised in 

a porous matrix (Hilhorst et al. 2013). The active kinases in each sample 

phosphorylate the phosphosites within the PamChip® arrays. Fluorescently labelled 

antibodies that recognize phosphorylated residues are added to the arrays, enabling 

quantification of the extent to which each phosphosite has been phosphorylated 

(Figure 41). 
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Figure 41. Schematic of the PamChip® peptide microarray reaction. Cell lysate samples are 
passed through the porous array in the presence of ATP to facilitate the phosphorylation of 
the phosphosites by the activated kinases in each sample. The phosphorylation of the 
phosphosites is detected by fluorescently labelled antibodies. 
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After running all the samples on the PamChip®, the difference in phosphorylation of 

each phosphosite was compared between different conditions: LT22 Vs LT22 CSKAS 

(no drug), LT22 Vs LT22 CSKAS (+ drug), + drug Vs no drug (LT22) or + drug Vs no drug 

(LT22 + CSKAS) (Table 20).  

In the CAR alone to CSKAS comparison in the absence of drug, 66 phosphosites 

showed less kinase activity. This list included phosphosites belonging to kinase 

targets known to play a role in T cell receptor signalling (CD3ζ, Lck, ZAP-70, PLC-γ1). 

However, when comparing the CAR to the addition of the CSKAS module in the 

presence of drug, 49 phosphosites showed an increase in kinase activity.  

The effect of the drug treatment on either LT22 or LT22 CSKAS CAR T cells was also 

investigated. Interestingly, when comparing the presence to absence of drug for the 

LT22 CAR, the drug had an inhibitory effect, with 56 phosphosites showing a decrease 

in kinase activity. Conversely, the comparison between the +/- drug conditions for 

the LT22 CSKAS CAR showed 108 phosphosites to have higher kinase activity in the 

presence of drug. 

Table 20. Phosphosite analysis 

 

The signal of each specific phosphosite is the result of the overall phosphorylation 

caused by the activity of one or multiple kinases. Furthermore, kinases in the cell 

lysates phosphorylate multiple phosphosites. To determine which kinases are 

responsible for the differences in phosphosite phosphorylation in each condition, 

PamGene performed Upstream Kinase Analysis (UKA). Using sets of phosphosites, for 

each condition the UKA algorithm predicts differential kinase activity in the test 
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condition compared to the control. In total, 83 kinases were analysed in each 

condition but in Table 21, Table 22, Table 23 and Table 24 the kinases with the top 20 

mean final score are shown. The final score values are a combination of the 

significance of the result with the specificity, with a high final score indicating a higher 

probability of being differentially active within the test condition. The kinase statistic 

represents change in kinase activity (< 0 = inhibition, > 0 = activation).  

Table 21. Kinase score table: LT22 Vs LT22 + CSKAS (no drug) 

 

In the absence of drug when CSKAS should play an inhibitory role on T cell signalling, 

the module bearing T cells showed a substantial decrease in overall kinase activity 

compared to the CAR alone (Table 21). Many SFK members showed the largest 

decreases in activity. This was expected as CSK directly inhibits SFKs via 

phosphorylation of the conserved C-terminal inhibitory tyrosine residue (Okada et al. 

1991; Okada 2012). Furthermore, kinases involved in proximal T cell signalling 

displayed decreases in activity, such as Lck (mean kinase statistic of -1.03) and ZAP-
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70 (Zap-70 was ranked 33 with a mean final score of 1.87 and mean kinase statistic 

of -0.78). 

Table 22. Kinase score table: LT22 Vs LT22 + CSKAS (+ drug) 

 

LT22 CAR T cells were also compared to CSKAS bearing CAR T cells in the presence of 

the CSKAS inhibitor drug (Table 22). In CSKAS bearing cells there was a substantial 

increase in overall kinase activity. Notably, many SFKs showed an increase in kinase 

activity such as Fgr, Yes and HCK (Lck was ranked 57 with a mean kinase statistic of 

0.54). Interestingly, many of the kinases with the largest increase in activity such as 

FAK1, FAK2 and FGFR4 play roles in pathways such as PI3-AKT signalling and MAPK 

signalling. 

When comparing LT22 and LT22 CSKAS CAR T cells, I previously observed the addition 

of drug to elicit and increase in ZAP-70 phosphorylation (Figure 36). This finding was 

supported by the data generated from the peptide microarrays, which also saw an 

increase in ZAP-70 activity (Table 22). 
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An interesting finding from this particular comparison was that CSK-Type protein 

tyrosine Kinase (CTK) displayed the highest level of increased kinase activity. CTK is 

very similar in structure to CSK and also phosphorylates the conserved inhibitory C-

terminal tyrosine residue of the SFKs (Klages et al. 1994; Hirao et al. 1997). The 

addition of the drug to inhibit CSKAS in CAR T cells in turn reduces the inhibitory 

capacity of CSK, by blocking accessibility to membrane anchors such as PAG. Thus, 

the increase in kinase activity of CTK may be a cellular response to attempt to regulate 

the equilibrium between positive and negative regulators of T cell signalling. 

Table 23. Kinase score table: + drug Vs no drug (LT22) 

 

The addition of the drug had an inhibitory effect on the LT22 CAR T cells, resulting in 

an overall decrease in kinase activity (Table 23). The kinase activity of several SFKs, 

such as HCK, Yes, BLK and Src was reduced (Lck was ranked 25 with a mean kinase 

statistic of -0.64). Notably, ZAP-70 also displayed a reduction in kinase activity. 

However, the inhibitory effect of drug administration was less that that observed 
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after co-expression of CSKAS in the absence of drug (in this instance, Lck had a mean 

kinase statistic of -1.03) (Table 21). 

Table 24. Kinase score table: + drug Vs no drug (LT22 CSKAS) 

 

The addition of the drug to the LT22 CAR T cells co-expressing CSKAS, resulted in a 

strong overall increase in kinase activity (Table 24). Many SFKs displayed increased 

activity, including Yes, HCK, Fyn and Src. Kinases that play a role in proximal T cell 

signalling also showed an increase in kinase activity, such as ZAP-70 (mean kinase 

statistic of 0.97) and Lck (rank 26 with a mean kinase statistic of 0.98). 

 LT22 CSKAS CAR: In vivo function 

I observed the co-expression of CSKAS in LT22-CAR T cells to enable tuning of CAR T 

cell functioning in vitro in response to a small molecule drug, 3-IB-PP1. Next, I aimed 

to demonstrate this mechanism in vivo. 
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6.3.5.7.1 3-IB-PP1 toxicology in vivo 

Prior to carrying out a CAR T cell efficacy in vivo model, a preliminary study was 

conducted to determine whether 3-IB-PP1 is tolerated well in NSG mice (Figure 42). 

Three times a week, NSG mice were administered 3-IB-PP1 via IP injection, with 

different groups receiving a different dose of drug (1-500 ng/g). Control groups were 

also included which received IP injections of RPMI containing DMSO at equivalent 

percentages as three of the 3-IB-PP1 concentrations tested. There were 3 mice in 

each group (n=3) and all mice were weighed regularly, with weight loss considered a 

sign of toxicity. Any mouse with sudden body weight loss of ≥ 20% would have been 

culled. Additionally, mice were monitored for changes in physical appearance or 

behaviour as signs of toxicity. 

  



RESULTS 

180 
 

Day 1 Day 4 Day 12 Day 19 Day 23

16

18

20

22

24

26

28

3-IB-PP1 Toxicology

W
e

ig
h

t 
(g

)

1 ng/g

10 ng/g

50 ng/g

100 ng/g

500 ng/g

DMSO (0.002%)

DMSO (0.11%)

DMSO (1.1%)

 

Figure 42. Toxicology of 3-IB-PP1 in vivo. 3-IB-PP1 was administered to NSG mice via IP 
injection three times a week for up to 23 days. Control groups were also included which were 
had DMSO (in RPMI) administered IP at representative concentrations of some of the 3-IB-
PP1 doses: 1 ng/g = 0.002% DMSO, 50 ng/g = 0.11% DMSO and 500 ng/g = 1.1% DMSO. The 
weight of each mouse was recorded at the timepoints indicated. Plots displayed are the mean 
values of 3 replicates (n=3). 
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3-IB-PP1 was tolerated well in NSG mice at all the doses tested (Figure 42). Overall, 

all groups steadily gained weight over the course of the study, with no group showing 

any mean weight loss. DMSO, in which 3-IB-PP1 is reconstituted, was also well 

tolerated. As the drug was seen to be well tolerated in NSG mice, I next carried out a 

mouse model to investigate the functionality of LT22 and LT22 CSKAS CAR T cells in 

vivo. 

6.3.5.7.2 LT22 CSKAS CAR function in vivo 

I have observed inhibition of the CSKAS module to augment CAR T cell function in vitro. 

Therefore, I envisioned that it may also provide improved CAR T cell functioning in 

vivo. Since, CD22 CAR patient relapses have been attributed to density lower than 

2,839 molecules/cell (Fry et al. 2018), ideally we would show anti-tumour efficacy 

below this threshold. For the in vivo model I generated Nalm6 cells with reduced 

CD22 site density compared to Nalm6 WT cells (Figure 43a). To generate the Nalm6 

CD22Low cell line, an in house CD19/CD22 double KO Nalm6 line was transduced with 

a plasmid encoding CD22 downstream of a STOPSKIP sequence, as described in 

3.2.3.1. Using this approach, I generated the Nalm6 CD22Low cell line (referred to as 

Nalm6 cells hereafter) which had an antigen density of 1,641 CD22 molecules/cell. 

The Nalm6 cells were engineered to express firefly luciferase (FLuc), allowing for 

detection by BLI after IP injections of luciferin. 
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Figure 43. Nalm6 cells and in vivo model outline. a) The antigen density of CD22 on Nalm6 
WT cells and Nalm6 CD22Low cells. b) On day -7, 6–8-week-old female NSG mice were injected 
with 1x106 Nalm6 cells via tail vein IV injection. On day 0, 1x106 transduced CAR T cells (40% 
transduced, therefore 2.5x106 total cells) were administered IV. Mice were injected (IP) with 
their first dose of either vehicle (1.1% DMSO in RPMI) or drug (500 ng/g) on day 0 and three 
times a week thereafter. On day 14, all surviving mice were culled and both hind limbs 
harvested for bone marrow analysis. 
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The experimental outline is shown in Figure 43b. On day -7, NSG mice were injected 

(IV) with 1x106 Nalm6 cells. There were six groups containing six mice per group, 

those groups comprised mice bearing NT, LT22 or LT22 CSKAS CART that received the 

drug or vehicle as a negative control. On day 0 the mice were injected (IV) with 1x106 

CAR T cells. On day 0 the mice also received their first dose of either vehicle or drug, 

which they received three times per week until day 14. 

The anti-tumour response was measured by BLI. In the cohorts that received the 

vehicle instead of the drug, mice that received LT22 CAR T cells showed a reduction 

in tumour burden compared to the NT cohort (Figure 44a). The LT22 CSKAS cohort 

displayed an increase in tumour burden compared to mice in the LT22 CAR cohort. 

This result resembled the dampening effect of CSKAS seen on CAR T cell cytotoxicity 

and cytokine production in vitro (Figure 35).  

In the cohorts that the drug was administrated to, the LT22 CAR displayed a reduced 

tumour burden compared to both the NT and the LT22 CSKAS cohort. This result 

differed from what had been observed in vitro, wherein drug administration to CSKAS 

bearing cells was associated with improved cytotoxicity, cytokine release (Figure 37) 

and proliferation (Figure 38) of the LT22 CAR T cells. 
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Figure 44. LT22 and LT22 CSKAS CAR T cell function in vivo. a) Bioluminescence of Nalm6 
tumours in mice. On day -7, mice were injected (IP) with 1x106 Nalm6 cells. On day 0, mice 
were injected (IV) with 2.5x106 NT T cells, LT22 and LT22 CSKAS CAR T cells (CAR T cells were 
40% transduced). From the first dose on day 0, groups were administered (IP) either vehicle 
(1.1% DMSO in RPMI) or drug (500 ng/g 3-IB-PP1 in RPMI) three times a week until the end 
of the study on day 14. b) T cells (left) and Nalm6 cells (right) in bone marrow on day 14. 
Three mice from each group were analysed (n=3) with the median counts indicated by 
horizontal lines. **P = 0.0059, unpaired t-test. 
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On day 14 of the Nalm6 model, the total number of T cells and Nalm6 cells in the 

bone marrow was analysed (Figure 44b). There were significantly less LT22 CSKAS CAR 

T cells in bone marrow compared to LT22 CAR T cells (median count decreased by 

66%). However, in the groups which received regular administrations of drug, there 

was a 1.4-fold increase in median number of CSKAS bearing cells compared to CAR 

alone cells.  

In agreement with the BLI readings (Figure 44a), the LT22 CAR cleared Nalm6 cells 

most efficiently (Figure 44b, right). In groups that received injections of vehicle, the 

LT22 CSKAS CAR T cells significantly reduced tumour clearance compared to the LT22 

CAR T cells, resulting in an 87.2-fold increase in median number of Nalm6 cells. 

Although the administration of the drug resulted in improved number of LT22 CSKAS 

CAR T cells, this did not result in superior tumour clearance, as the median number 

of Nalm6 cells was 12.5-fold higher compared to the LT22 CAR T cell group. 

Interestingly, although administration of the drug reduced the number of LT22 CAR 

T cells by 55% (Figure 44b, left), the LT22 CAR-mediated tumour clearance was 

comparable between the vehicle and drug groups. 

6.4 Summary 

In this chapter I aimed to characterise the use of CSKAS as a module to tune CAR T cell 

function. I envisioned that this module would help address two challenges facing CAR 

T cell therapies: suboptimal function against low antigen density targets and on-

target off-tumour toxicity.  

CSKAS was developed by Schoenborn and colleagues, and is specifically inhibited by 

the PP1 analogue, 3-IB-PP1. Reporting on the impact of CSKAS and mCSKAS on T cell 

signalling, this group observed mCSKAS to elicit a more potent dampening effect in 

Jurkat cells than the CSKAS module. Moreover, after stimulation through the TCR and 

in the presence of drug, the magnitude of CD3ζ chain phosphorylation was 5- to 10-

fold higher in the mCSKAS containing cells (Schoenborn et al. 2011). In agreement with 

this study, I observed the mCSKAS module to elicit greater dampening and 

augmentation of IFN-γ release by TCR-stimulated T cells than the CSKAS module 

(Figure 32). 
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In a clinical trial wherein the LT22 CAR was the CD22 targeting component of a 

CD19/CD22 bispecific CAR platform, one patient relapsed with CD19-negative disease 

and dimming of CD22 expression from 4,649 molecules/cell before CAR T cell 

treatment to 1,416 molecules/cell post treatment (Cordoba et al. 2021). This 

suggested that increasing the sensitivity of the LT22 CAR would be beneficial.  

As I observed the expression of wtCSK to dampen LT22 CAR T cell function (chapter 

4) and the expression of dnCSK modules to augment function (chapter 5), I initially 

compared the effect of co-expressing CSKAS or mCSKAS in the LT22 CAR T cell platform 

(Figure 35). The inhibitory capacity of the CSKAS and mCSKAS modules were 

comparable against target cells expressing a range of antigen densities. However, in 

the presence of the drug, against the CD22VL targets cells, LT22 CAR T cells bearing 

CSKAS elicited a significant increase in mean target cell lysis of 26.2%, whereas the 

mCSKAS T cells achieved a more modest increase of 10% compared to the LT22 CAR 

control (Figure 35a). 

The addition of the drug also led to notably higher levels of IFN-γ (Figure 35b) and IL-

2 (Figure 35c) being produced by both CSKAS and mCSKAS bearing cells compared to 

the LT22 CAR T cells. With regards to IFN-γ production, the increases observed for 

both the CSKAS and mCSKAS bearing cells in response to CD22Low(b) targets reached 

significance. However, against the CD22Low(b) and CD22High targets, only the CSKAS 

bearing cells and not those co-expressing mCSKAS significantly increased IL-2 

production (Figure 35d). The superior functional capacity of the CSKAS in response to 

drug was supported by immunoblot analysis, which showed CSKAS expressing Jurkats 

to have increased levels of phosphorylated ZAP-70 compared to mCSKAS expressing 

cells (Figure 36). 

Contrary to what I observed in TCR activated T cells, the drug-mediated inhibition of 

the CSKAS module in CAR activated T cells allowed for a greater augmentation of T cell 

function than the mCSKAS module. Therefore, I selected CSKAS as the module to 

further characterise in the LT22 CAR platform. A possible explanation for the 

difference I observed between the CSKAS and mCSKAS modules could be that CSKAS is 

able to freely bind membrane anchors such as DOK1 (Schoenborn et al. 2011), SIT1 

(Pfrepper et al. 2001), LIME (Brdicková et al. 2003) and caveolin-1 (Cao, Courchesne, 
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and Mastick 2002), blocking endogenous CSK from binding. Whereas mCSKAS is 

constitutively localised to the membrane and thus its SH2 domain may not be able to 

bind other membrane anchors as efficiently due to steric hindrance, leading to a 

greater pool of endogenous CSK free to occupy the membrane anchors and in turn 

inhibit signalling. 

However, I observed the mCSKAS module to be more efficient than CSKAS in TCR 

stimulated T cells (Figure 32). Therefore, the variance in the efficiency between the 

mCSKAS and CSKAS modules could be explained by fundamental differences between 

TCR- and CAR- mediated activation of T cells, such as the disparity in IS organisation. 

TCRs form an IS which is enriched with Lck, whereas Lck localisation in CAR synapses 

is more disorganised (Davenport et al. 2018). As the mCSKAS module is localised to 

the membrane via the N-terminal domain of Lck (Schoenborn et al. 2011), it would 

be reasonable to presume that mCSKAS is enriched to a greater extent than CSKAS in 

synapses formed after TCRs engagement.  

After demonstrating the CSKAS module was able to improve LT22 CAR T cell 

cytotoxicity and cytokine release in response to the administration of the CSKAS 

inhibitor drug (Figure 35), I next explored the relationship between the concentration 

of the drug and magnitude of functional augmentation (Figure 37). As expected, the 

inhibitory effects of the CSKAS module were seen in the absence of drug.   

Increasing drug concentration increased the cytotoxicity and cytokine release of 

CSKAS expressing CAR T cells when challenged with antigen positive targets. Against 

the CD22High targets, the CAR function reached a plateau at lower drug concentration 

compared to the CD22Low(b) targets (Figure 37). This saturation effect is presumably 

due to the higher antigen density on target cells resulting in a stronger activation 

signal, thus less drug is required in order to achieve maximal activation. The drug 

concentrations used in these titration experiments did not enable a clear conclusion 

to be formed on the dose-response relationship, as in the cytotoxicity assays a near 

maximal response was achieved in response to a drug concentration of 1.25 μM 

(Figure 37c). Thus, to better understand the relationship between CSKAS expressing 

CAR T cells and the drug, a more comprehensive range of concentrations between 0-

1.25 μM would be required. 
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An interesting observation regarding the dominant-negative effect of CSKAS is that in 

response to CD22Low(b) targets, although IFN-γ reached a plateau at 1.25 μM of drug, 

IL-2 failed to reach a plateau at 10 μM (Figure 37I; Figure 37f). This is consistent with 

literature claiming that the threshold of activation for IL-2 release is higher than IFN-

γ (Watanabe et al. 2015). 

Against the CD22Low(b) targets, a subtle decrease in IFN-γ was observed in response to 

drug concentrations above 1.25 μM (Figure 37f), possibly due to the CSKAS system 

becoming saturated and the drug itself having an inhibitory effect on T cells. 

Supporting this, cytotoxicity (Figure 35a) and proliferation (Figure 38f and g) were 

also observed to be inhibited by the addition of the drug. Taken together, this 

suggests that the CSKAS inhibitor drug, 3-IB-PP1, has a non-specific inhibitory effect 

on T cells.  

PP1 is an inhibitor of SFKs (Hanke et al. 1996). Bishop and colleagues demonstrated 

that the I338G mutation in the active site of v-Src enabled accommodation of a bulky 

PP1 analogue inhibitor and reasoned that mutation at the corresponding position in 

other kinases would also enable inhibition via a PP1 analogue (Bishop et al. 2000). 

CSKAS was generated by introducing the T266G mutation in its active site, with the 

PP1 analogue, 3-IB-PP1, identified as a selective inhibitor of CSKAS (Schoenborn et al. 

2011).  

However, the inhibition of CAR T cell function I observed upon the administration of 

3-IB-PP1 indicates that it still possesses the ability to inhibit kinases involved in T cell 

signalling. Despite this inhibitory effect, I chose to use the drug at the highest 

concentration tested (10 μM), as for CAR T cells co-expressing CSKAS, the inhibitory 

effect of the drug was overcome and significant increases in cytotoxicity, IFN-γ and 

IL-2 production were observed (Figure 35). Additionally, in response to drug, LT22 

CSKAS T cells showed significant increases in the percentage of proliferating CAR T 

cells (Figure 38). 

Another benefit of CSKAS expression was highlighted in the absence of drug, wherein 

CAR T cells bearing CSKAS reduced tonic signalling (Figure 37). Moreover, expression 

of CSKAS in CD8+ CAR T cells led to a small increase in the proportion of cells with a 
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memory-like phenotype when challenged against antigen negative targets (Figure 

39e) or CD22+ targets (Figure 39g). This promotion of a memory-like phenotype is 

desirable as it has previously been shown to enhance T cell persistence and efficacy 

(Gattinoni et al. 2011; Louis et al. 2011; Xu et al. 2014). 

To better understand the mechanism of the CSKAS module, cell lysates were sent to 

be run on peptide microarrays to analyse PTK activity (6.3.5.6). As CSK inhibits SFKs, 

many of which play key roles in proximal T cell signalling, it was unsurprising that the 

co-expression of CSKAS in LT22 CAR T cells was shown to have an inhibitory effect on 

the overall kinase activity. In total, 66 phosphosites were shown to have less kinase 

activity (Table 20), many of which belonged to kinase targets involved in TCR 

signalling, such as CD3ζ, Lck, ZAP-70 and PLC-γ1. A number of the kinases identified 

to have had a decrease in activity are known substrates of CSK  such as the SFK 

members, Lck and Fyn (Okada et al. 1991; Okada 2012) (Table 21). In turn, ZAP-70 

was also observed to be less active. These data suggest that CAR T cells function 

through the same proximal signalling networks utilised by the TCR. In support of this, 

a recent study showed that near complete abrogation of CAR T cell activity was 

achieved by knocking out molecules involved in proximal T cell signalling (Lck, ZAP-

70, LAT and SLP-76) (Tousley et al. 2023). 

When comparing LT22 CAR T cells and LT22 CSKAS CAR T cells in the presence of drug 

(Table 22), there was a marked increase in overall kinase activity in CSKAS bearing 

cells, with many SFKs and ZAP-70 showing higher activity. This finding is consistent 

with my observation that drug-mediated inhibition of CSKAS resulted in greater 

phosphorylation of ZAP-70 (Y319) in Jurkats (Figure 36). Moreover, research by Manz 

and colleagues showed that T cells expressing CSKAS stimulated by either anti-CD3 

antibodies or peptide-MHC bore marked increases in the phosphorylation of ZAP-70 

and it’s substrates (LAT and PLC-γ1) after the addition of the CSKAS inhibitor drug 

(Manz et al. 2015).  

Interestingly, the administration of drug to LT22 CSKAS CAR T cells saw a prominent 

increase in the activity of the focal adhesion kinases, FAK1 (FAK) and FAK2 (Table 22). 

Dephosphorylation of the C-terminal regulatory tyrosine residue of Src (an SFK), 

promotes its localisation to FAK (Kaplan et al. 1994). This binding of Src results in 
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increased activation of FAK, with the Src/FAK complex able to promote cell survival 

and proliferation via the PI3K/AKT signalling pathway (Siesser and Hanks 2006). The 

dominant-negative effect of CSKAS in the presence of the drug causes an overall 

decrease in phosphorylation of the inhibitory tyrosine residues on SFKs by 

endogenous CSK, leading to a greater pool of active SFKs. Thus, more active Src 

results in a higher proportion of activated FAK, explaining the results seen in Table 

22.  

As discussed above, the addition of the drug elicited low-level inhibition of LT22 CAR 

T cell cytotoxicity (Figure 35a), IFN-γ production (Figure 35b) and proliferation (Figure 

38f and g). To investigate the cellular mechanism behind this inhibition I compared 

the kinase activity of LT22 CAR T cells with and without the drug. In response to the 

drug there was an overall decrease in kinase activity, with 56 phosphosites showing 

a decrease in activity (Table 20). Of the kinases with the largest decrease in activity, 

8 of the top 20 belonged to the Src family of kinases (Table 23), further supporting 

the suggestion that 3-IB-PP1 is not entirely selective for CSKAS and retains some of 

the SFK inhibitory capabilities of PP1.  

In a Nalm6 NSG mouse model, LT22 CAR T cells demonstrated better tumour 

clearance than LT22 CSKAS CAR T cells (Figure 44), which was consistent with the 

dampening effect of CSKAS observed in vitro. Compared to the cohorts which received 

injections of vehicle, regular IP injections of drug saw a 1.8-fold increase in the 

median number of CSKAS bearing T cells and a subsequent 41% decrease in Nalm6 

cells (Figure 44b). However, the addition of drug did not result in LT22 CSKAS CAR T 

cells achieving superior tumour clearance compared to the conventional LT22 CAR T 

cells in vivo.  

Interestingly, administration of drug inhibited the proliferation of LT22 CAR T cells in 

vivo, causing a 55% decrease in the median number of cells (Figure 44b, left). Despite 

this, LT22 CAR T cells still efficiently cleared tumour in the presence of drug (Figure 

44b, right).  

In addition to the inhibitory effect of the drug on T cells, there are a number of other 

possible reasons for the modest tuning of CSKAS CAR T cell function in vivo, such as 
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potential poor tissue penetration of the drug, sequestration, or half-life of the drug. 

This makes in vivo administration of the drug complex, as there is a balance to be 

made between the drug being administered regularly enough and at a sufficient 

concentration to inhibit the CSKAS module, yet not too regularly/high concentration 

as to have an inhibitory effect on the T cells. Moreover, when the drug has been 

metabolised and excreted from the mice, CSKAS bearing cells are being dampened. In 

this model, it is clear that the optimal drug dosing frequency and concentration were 

not identified, which may explain the reduced antitumour efficacy of CSKAS CAR T cells 

compared to the CAR alone cohort after drug administration.  

Furthermore, as the T cells administered were only 40% transduced (total of 1x106 

transduced T cells) there may have been insufficient numbers of CSKAS expressing 

cells to enable efficient tuning of CAR T cells in vivo. These points highlight the need 

for optimisation of this Nalm6 NSG mouse model, particularly in terms of drug 

concentration and dosing. To do so, I suggest running a number of parallel in vivo 

models in which the concentration of drug varies between each model as well as the 

frequency and/or method of drug delivery. Alternative options for drug delivery 

include the insertion of an osmotic pump, drinking water supplemented with the drug 

or IV injections. 

In this chapter I demonstrated that the function of CSKAS expressing CAR T cells could 

be tuned in vitro and in vivo (albeit modestly). The CSKAS module represents a 

potential strategy to tune CAR T cells to transiently reduce efficacy or to boost 

cytokine release and proliferative capacity. Therefore, this system could be utilised 

to improve CAR T cell sensitivity, improving function against low antigen density 

targets, yet the same system also allows for sensitivity to be reduced, protecting 

against on-target off-tumour toxicity.  

To date, there have been numerous strategies developed that enable tuneable 

control over CAR T cell function. However, many of these approaches require re-

engineering of the CAR architecture, which in some instances has led to reduced 

expression of CAR on the cell surface and inferior functionality compared to 

conventional CARs (Leung et al. 2019; Hotblack et al. 2021; Giordano-Attianese et al. 

2020). In comparison, the CSKAS module characterised in this chapter permits 
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tuneable control of CAR T cell function without the need to alter CAR architecture 

and displays similar levels of expression to conventional CAR constructs.  
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7 RESULTS: TUNING OF 14G2A CAR T CELL FUNCTION  

7.1 Introduction 

The overall aim of this project was to develop a strategy that would enable tuneable 

control of CAR T cell function. To address both the issue of on-target off-tumour 

toxicity and of suboptimal CAR T cell sensitivity. In chapter 6 the CSKAS module was 

characterised in the context of a CD22 targeting CAR platform. The co-expression of 

CSKAS in LT22 CAR T cells dampened T cell function, with drug-mediated inhibition of 

CSKAS shown to improve in vitro function beyond baseline levels of the conventional 

CAR. In this setting, the augmentation of CAR T cell function was more relevant than 

the dampening effect of CSKAS, as data from clinical trials highlighted that relapses 

after anti-CD22 CAR T cell treatment was due to dimming of CD22 antigen (Fry et al. 

2018; Shah et al. 2020; Cordoba et al. 2021). 

To demonstrate that the CSKAS system could be applied to another CAR platform I 

chose to characterise it in a CAR platform targeting the disialoganglioside GD2 (GD2). 

GD2 is overexpressed on several solid tumours and hence a number of CAR T cell 

therapies have been developed for the treatment of these tumours, such as 

melanoma (Gargett et al. 2016), small cell lung cancer (Reppel et al. 2022) and 

neuroblastoma (Pule et al. 2008; Louis et al. 2011; Heczey et al. 2017; Quintarelli et 

al. 2018; Straathof et al. 2020). However, as GD2 is also expressed at low levels on 

tissues of the central nervous system (CNS) (Lammie et al. 1993), it has the potential 

to cause on-target off-tumour toxicity. In a study comparing two anti-GD2 CARs in a 

neuroblastoma mouse model, enhanced antitumour activity was associated with 

lethal on-target off-tumour toxicity, in which CAR T cells targeted the CNS, leading to 

neuronal destruction (Richman et al. 2018). Moreover, treatment with anti-GD2 

antibodies has often been accompanied with side effects of neuropathic pain 

(Ladenstein et al. 2018; Yu et al. 2010; Navid et al. 2014; Cheung et al. 2012).  

In the context of an anti-GD2 CAR, the dampening effect of CSKAS is required to lessen 

the risk of on-target off-tumour toxicity, while the tuneable control of CAR T cell 

function is also required to maintain an antitumour response. Thus, in the absence of 
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the small molecule drug I envisioned co-expression of CSKAS in anti-GD2 CAR T cells 

to enable efficient lysis of high expressing target cells (representative of tumour 

cells), whilst sparing low-antigen density targets (representative of healthy cells). In 

the presence of drug, the activation threshold of CSKAS bearing cells would be 

lowered, permitting targeting of targets with a lower antigen density.   

The anti-GD2 CAR platform I chose to test the CSKAS module in contained a scFv 

derived from the 14G2a antibody (14G2a CAR). The murine anti-GD2 monoclonal 

antibody (mAb) 14G2a was identified in 1987 and facilitated lysis of human 

neuroblastoma cells in vitro and suppressed growth of neuroblastoma tumours in 

immunodeficient mice (Mujoo et al. 1987). Since then, the 14G2a-derived scFv has 

been utilised in a number of CAR T cell therapies for the treatment of neuroblastoma 

(Rossig et al. 2001; Pule et al. 2008; 2005; Quintarelli et al. 2018; Louis et al. 2011; 

Heczey et al. 2017). 

7.2 Aim 

I have shown the CSKAS-based tuneable system to enable drug-mediated control of 

LT22 CAR T cell function. However, in this chapter the aim was to utilise the CSKAS 

module in a CAR platform in which on-target off-tumour toxicity is a more prominent 

risk. To this end, I aimed to characterise the co-expression of CSKAS in the GD2 

targeting platform, 14G2a CAR. 

7.3 Results 

7.3.1 14G2a CSKAS CAR constructs: structure and transduction efficiency 

To investigate the generalisability of the CSKAS system I co-expressed it with two 

different GD2-specific CARs. Both CARs had the 14G2a scFv, with one CAR containing 

a CD28 co-stimulatory domain and the other containing a 4-1BB co-stimulatory 

domain (Figure 45a). PBMCs were successfully transduced with each construct 

(Figure 45b).  
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Figure 45. 14G2a CSKAS CAR constructs: Structure and transduction efficiency. a) Construct 
maps of 14G2a CARs with CD28 or 4-1BB endodomains and either expressed as a 
conventional CAR or co-expressing CSKAS. All constructs included the RQR8 transduction 
marker upstream of the CAR. b) Constructs were successfully transduced into PBMCs (one 
representative donor shown). PBMCs were labelled with an anti-CD34 antibody to detect the 
RQR8 transduction marker. 
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7.3.2 GD2 targets antigen density 

Most studies measuring the expression of GD2 on tumours and healthy tissue use 

ELISAs and immunohistochemical stains, making it hard to quantify the antigen 

density on the cell surface (Terzic et al. 2018; Mujoo et al. 1987; Lammie et al. 1993). 

GD2 expression on human neuroblastoma cell lines has been shown to range from 

approximately 4,357-599,163 molecules/cell (Zirngibl et al. 2021). Therefore, to 

robustly characterise the CSKAS module in CAR T cells targeting GD2, SupT1 target 

cells with a large range of antigen density were engineered (Figure 46). 
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Figure 46. Antigen density of SupT1 GD2 target cells. a) SupT1 cells were transduced to 
express a GD2 (SupT1 GD2High), these cells were transduced with a plasmid encoding Beta-
1,3-galactosyltransferase 4 (B3GALT4) which uses GD2 as a substrate, therefore reducing its 
expression on the cell surface. The B3GALT4 cells were then sorted on the FACSMelody™ cell 
sorter for cells expressing high and medium levels of the B3GALT4 plasmid. These sorted cell 
lines were then single cell cloned by limiting dilution, generating the SupT1 GD2mid, GD2Low 
and GD2VL cell lines. b) The GD2 surface density was quantified for each cell line using 
QuantibriteTM. 
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7.3.3 14G2a CSKAS CAR T cell characterisation 

 14G2a CSKAS CAR: Cytotoxicity and cytokine production of 14G2a CAR T 

cells with either CD28 or 4-1BB co-stimulatory domains 

To test the generalisability of the CSKAS module, it was co-expressed in PBMCs 

alongside 14G2a CARs containing either CD28 or 4-1BB co-stimulatory domains 

alongside CD3ζ. T cells were challenged against SupT1 target cells expressing a range 

of GD2 antigen densities (415-220,834 molecules/cell) in R10 media or R10 media 

supplemented with 10 μM of the CSKAS inhibitor drug. 72 hours after co-culture 

initiation, CAR T cell cytotoxicity and cytokine production was analysed (Figure 47).  

The expression of CSKAS in 14G2a CD28z CAR T cells markedly reduced background 

lysis of the GD2 negative SupT1 NT targets, irrespective of the presence of drug 

(Figure 47a). Against both the GD2VL and GD2Low targets, CSKAS expression 

significantly dampened cytotoxicity (by 46% and 27%, respectively), yet against the 

GD2High targets, dampening was not observed. This was likely due to high antigen 

density leading to a potent activation signal, which was difficult for the CSKAS module 

to counteract. The addition of drug improved the cytotoxicity of CSKAS expressing CAR 

T cells when challenged against the GD2VL and GD2Low targets to levels comparable 

to the 14G2a CD28z control CAR T cells.  

Analysis of supernatant from the co-cultures revealed negligible levels of IFN-γ 

production by 14G2a CD28z CAR T cells when challenged with the SupT1 NT targets 

(Figure 47c). Against the GD2VL, GD2Low and GD2High targets, CSKAS expressing CAR T 

cells consistently released less IFN-γ than CAR T cells not expressing CSKAS. 

Specifically, IFN-γ production was reduced by >95% against both the GD2VL and 

GD2Low targets and reduced by 68% against the GD2High targets. After the addition of 

drug, IFN-γ production by CSKAS expressing CAR T cells was restored to levels 

comparable to the 14G2a CD28z CAR control T cells. The trend observed for IL-2 

production (Figure 47e) was similar to that of IFN-γ, with the expression of CSKAS 

dampening the release of cytokine in response to all target cell lines. Interestingly, 

the addition of drug was unable to fully restore IL-2 production by CSKAS expressing 

cells to levels comparable to that achieved by the 14G2a CAR T cells.  
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14G2a CAR T cells with a 4-1BB co-stimulatory domain achieved only modest lysis of 

the GD2VL and GD2Low targets (Figure 47b). Hence, co-expression of CSKAS only led to 

modest dampening of cytotoxicity, reducing target cell lysis by 9% and 14%, 

respectively. CSKAS expression was not able to dampen cytotoxicity against the 

GD2High targets. The addition of the drug significantly improved the cytotoxicity of 

CSKAS expressing CAR T cells, with GD2VL target cell survival decreasing by 43% and 

GD2Low target cell survival decreasing by 53% compared to the 14G2a 4-1BBz CAR T 

cells. Almost all (>98%) of the GD2High target cells were lysed by T cells expressing the 

14G2a 4-1BBz CAR, regardless of CSKAS expression or the presence or absence of drug. 

Against all the target cell lines, production of IFN-γ by 14G2a 4-1BBz CAR T cells 

expressing CSKAS was reduced compared to the 14G2a control CAR T cells. Significant 

reduction in IFN-γ release was observed against all GD2+ targets, with the largest 

reduction seen against the GD2High targets (Figure 47d and g). Conversely, in the 

presence of drug, CSKAS expression in 14G2a 4-1BBz CAR T cells had significantly 

higher levels of IFN-γ production than the 14G2a 4-1BBz control CAR T cells after 

being challenged with GD2Low or GD2High target cells.  

Against the NT and GD2VL targets, both the 14G2a 4-1BBz control CAR T cells and 

those bearing CSKAS produced no detectable IL-2 (Figure 47f). However, against the 

GD2High target cells, 14G2a 4-1BBz CAR T cells produced a mean IL-2 value of 

5,340pg/ml. In 14G2a 4-1BBz CAR T cells expressing CSKAS, this value dropped by 90% 

to 520pg/ml, yet drug administration not only restored the IL-2 production, but CSKAS 

bearing T cells produced significantly more IL-2 than the 14G2a 4-1BBz control CAR T 

cells (1.5-fold higher). 
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Figure 47. Cytotoxicity and cytokine production of 14G2a CSKAS CAR T cells with either CD29 
or 4-1BB endodomains. a-b) CAR T cells were challenged against SupT1 NT target cells and 
three SupT1 GD2+

 cell lines expressing antigen from 415-220,834 molecules/cell. CAR T cell 
cytotoxicity was analysed by flow cytometry 72h after co-culture set up. The % of target cell 
survival was calculated. Each condition was tested with 4 donors (n=4), with mean indicated 
(error bars represent SEM). All data was normalised to NT T cells. Co-cultures were set up 
with an E:T ratio of 1:2 and in media or media supplemented with 10 μM 3-IB-PP1 (+ Drug). 
Supernatant taken at 72h after co-culture set up was analysed by ELISA for the presence of 
IFN-γ (c-d) or IL-2 (e-g) For cytotoxicity, IFN-γ and IL-2 production, statistical analysis was 
performed using unpaired t-tests to compare the impact of CSKAS co-expression in each 
condition. * P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.  
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Comparison of 14G2a CD28z to 14G2a 4-1BBz CAR showed that the former was 

markedly more cytotoxic than the latter. This difference in potency between the two 

CARs affected the dynamic range of CSKAS bearing cells. For instance, against the 

GD2Low targets, the co-expression of CSKAS in 14G2a CD28z CAR T cells dampened 

mean target cell survival from 7.9% to 35% (Figure 47a). Whereas cytotoxicity of 

14G2a 4-1BBz CAR T cells was dampened from 53.1% to 67.5% (Figure 47b). This 

highlights that with regards to the dampening capacity of CSKAS, the dynamic range 

was restricted when co-expressed in 14G2a 4-1BB CAR T cells as target cell lysis was 

modest to begin with.  

On the other hand, the increase of function after the addition of drug to CSKAS 

expressing cells was more pronounced in the 14G2a 4-1BBz CAR T cells. For example, 

when challenged against the GD2Low targets, the addition of drug to 14G2a CD28 

CSKAS T cells saw an 7.7% increase in target cell lysis compared to the 14G2a CD28 T 

cells (Figure 47a). Whereas, for the 14G2a 4-1BB CSKAS T cells, a 52.7% increase in 

target cell lysis was observed (Figure 47b).  

A similar trend was observed for cytokine release, in which the addition of drug to 

CSKAS expressing 14G2a 4-1BBz CAR T cells augmented cytokine release (Figure 47d 

and f), whereas for 14G2a CD28 CAR T cells, cytokine production was comparable or 

less than the control CAR T cells (Figure 47c and e). This effect is likely because the 

14G2a CD28 CAR T cells are more efficient than the 4-1BB CAR T cells, producing close 

to maximal functional output in response each target cell line. Thus, as the 14G2a 4-

1BB CAR T cells are less efficient, there is more room for improvement.  

Consequently, the dynamic range of 14G2a 4-1BB CAR T cells expressing CSKAS is 

wider than that of 14G2a CD28 CSKAS cells. This larger dynamic range makes the 

14G2a 4-1BB construct more suitable to demonstrate the capacity of a module for 

tuning CAR T cell function. Therefore, further characterisation of the CSKAS module 

was only carried out in the 14G2a 4-1BB CAR T cells (referred to as 14G2a CAR T cells 

hereafter). 



RESULTS 

202 
 

 14G2a CSKAS CAR: Drug titration 

To investigate whether the function of 14G2a CAR T cells bearing the CSKAS module 

could be regulated by the drug in a dose dependant manner, I analysed T cell 

cytotoxicity and cytokine release in response to increasing concentrations of the drug 

(Figure 48). Co-cultures were set up with T cells challenged against SupT1 NT targets, 

GD2Mid targets and GD2VL target cells.  

In the absence of drug, there was background cytotoxicity observed against the NT 

target cells by the 14G2a T cells, however this was dampened upon co-expression of 

CSKAS, which led to a 16.2% increase in mean target cell survival (Figure 48a).  

When challenged against the GD2Mid target cells, both the 14G2a and 14G2a CSKAS T 

cells efficiently lysed > 95% of target cells, regardless of the presence or absence of 

drug (Figure 48b). Interestingly, despite no inhibition of cytotoxicity observed against 

the GD2Mid targets, co-expression of the CSKAS dampened both IFN-γ (Figure 48e) and 

IL-2 (Figure 48h) production, by 56.3% and 75.8%, respectively.  

In the presence of drug, mean IFN-γ production by the 14G2a CAR T cells fluctuated 

between 32,885 and 49,080 pg/ml. In the CSKAS expressing cells, mean IFN-γ 

production peaked at 77,855 pg/ml after the addition of drug at a concentration of 

1.25 μM before plateauing. At this concentration, the CSKAS expressing CAR T cells 

produced 2.3-fold more IFN-γ than the 14G2a control CAR T cells (Figure 48e). A 

similar trend was observed with regards to IL-2 production, but in this case cytokine 

production by the CSKAS expressing cells peaked earlier, after the addition of 0.313 

μM drug. At this concentration of drug, CSKAS expressing CAR T cells produced 1.6-

fold more IL-2 than the 14G2a control CAR T cells (Figure 48h). 

Against the GD2VL cell line, expression of CSKAS dampened the modest cytotoxicity of 

the 14G2a CAR T cells, resulting in an 18.9% increase in target cell survival (Figure 

48c). Increasing the concentration of the drug from 0.156 μM to 10 μM improved the 

cytotoxicity of 14G2a CSKAS T cells, with mean target cell survival decreasing from 

44.2% to 13.7%. The biggest increase in cytotoxicity of the CSKAS expressing cells was 

observed in response to 10 μM drug, which led to a 36.4% increase in mean target 

cell lysis compared to the 14G2a CAR T cells. 
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In addition to dampening of cytotoxicity, co-expression of CSKAS completely abolished 

IFN-γ production against the GD2VL targets (Figure 48f). When co-cultures were 

supplemented with 0.156 μM of the drug, CSKAS expressing CAR T cells improved IFN-

γ production by 3-fold compared to the 14G2a CAR T cells. Increasing the 

concentration of the drug to 1.25 μM led to a 5.6-fold higher level of IFN-γ 

production, but the response to drug then plateaued. Against the GD2VL target cells, 

only negligible levels of IL-2 production were detected by the CAR T cells, irrespective 

of CSKAS expression or drug concentration (Figure 48i). 
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Figure 48. 14G2a CSKAS CAR T cell function in response to drug titration. a-c) Co-cultures 
were set up with an E:T ratio of 1:4. T cells were challenged against SupT1 NTs (left column), 
SupT1 GD2Mid (28,903 molecules/cell) (middle column) and SupT1 GD2VL (415 molecules/cell) 
target cells (right column). On day 3 after co-culture set up, CAR T cell cytotoxicity was 
analysed by flow cytometry. Each condition was tested with 4 donors (n=4), with mean 
indicated. All data was normalised to NT T cells. 72h post co-culture set up, supernatant was 
analysed by ELISA for the presence of IFN-γ (d-f) or IL-2 (g-i). 
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 14G2a CSKAS CAR: Proliferation 

The ability for CAR T cells to proliferate is a key component of effective CAR T cell 

function. To investigate the proliferative capacity of the 14G2a CSKAS CAR T cells, co-

cultures were set up challenging transduced T cells against either SupT1 NT or GD2VL 

target cells. Prior to assay set up, all T cells were labelled with the proliferative dye, 

CTV.  

Against the antigen negative SupT1 NT target cells, the addition of drug to CSKAS 

bearing T cells unexpectedly led to a higher percentage of proliferation than that seen 

for the 14G2a control CAR T cells (Figure 49b). This was possibly due to the drug-

mediated inhibition of CSKAS lowering the T cell activation threshold, resulting in 

some tonic signalling. However, this observation was not supported when I analysed 

the CTV MFI, which showed that in the addition of drug to CSKAS expressing cells led 

to higher levels of CTV, indicating less proliferating cells in this population than the 

14G2a CAR T cell control population (Figure 49d). 

When challenged against GD2VL target cells, CSKAS bearing T cells showed 9.4% lower 

proliferation compared to the 14G2a control CAR T cells. However, after drug 

administration, CAR T cells expressing CSKAS showed a 20.0% increase in proliferation 

(Figure 49c). Analysis of the MFI of CTV demonstrated that 14G2a CSKAS CAR T cells 

challenged against the GD2VL targets had 1.4-fold higher MFI than the 14G2a CAR T 

cells, indicating a dampening effect. Whilst in the presence of the drug, a 0.6-fold 

reduction in MFI was observed compared to the 14G2a CAR T cells, demonstrating an 

increase in proliferation (Figure 49e). 
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Figure 49. Proliferation of 14G2a CSKAS CAR T cells. a) Example gating strategy to plot 
the percentage of proliferating CAR T cells. b-g) CAR T cells labelled with CTV were challenged 
against SupT1 NT (b and d) or SupT1 GD2VL (415 molecules/cell) target cells (c and e). 
Proliferation was analysed by flow cytometry on day 7 post co-culture set up and each 
condition was tested with a minimum of 3 donors (n=3). Median indicated by horizontal lines. 
Statistical analysis was performed by using unpaired t-tests (*P<0.05, **P<0.01, ***P<0.001, 
****P<0.0001) comparing 14G2a CAR against 14G2a CSKAS CAR T cells within each condition 
(no drug or + drug) and comparing the effect of the drug. However, none of the comparisons 
reached significance. b-c) Plots of the % of proliferating transduced and CTV+ T cells. d-e) 
Plots showing the MFI of all transduced and CTV+ T cells. f) Representative histogram plots of 
CTV dilution from CAR T cells co-cultured with GD2VL targets (e).  
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 14G2a CSKAS CAR: Memory phenotype 

As previously mentioned (6.3.5.4), a more undifferentiated memory/stem like 

phenotype is associated with improved persistence and efficacy in CAR T cells 

(Gattinoni et al. 2011; Louis et al. 2011; Xu et al. 2014). The memory phenotype of 

14G2a CAR T cells with and without CSKAS was analysed after the initiation of co-

cultures with SupT1 NT, GD2Low and GD2VL target cells. CD4+ and CD8+ T cell subsets 

were analysed for expression of CCR7 and CD45RA to determine the proportion of 

each memory phenotype in the cell population (Figure 50). 

Against the SupT1 NT target cells, CSKAS expressing cells showed very marginal 

increases of naïve and central memory cells compared to control CAR T cells. In the 

absence of drug, the CD4+ 14G2a CAR T cells expressing CSKAS had a 4.6% larger Tn 

cell population than the 14G2a control CAR T cells (unpaired t-test, **P = 0.0032) 

(Figure 50b), with the CD8+ cells having 4.5% more Tn cells (unpaired t-test, *P = 

0.0211) (Figure 50e). In the presence of drug, CSKAS bearing CD4+ 14G2a CAR T cells 

had 6.9% larger Tcm population than the control 14G2a CAR T cells (unpaired t-test, 

ns, P = 0.0803) (Figure 50b). 

When challenged against the GD2Low cell lines, the CD4+ 14G2a and 14G2a CSKAS CAR 

T cells had comparable proportions of each memory phenotype subset (Figure 50c). 

Moreover, in this CD4+ subset, the addition of the drug bore little impact on CAR T 

cell differentiation. However, in the CD8+ subset, the addition of drug to CSKAS 

expressing cells led to a 7.6% increase in the proportion of Teff cells (unpaired t-test, 

*P = 0.0148) (Figure 50f). Against the GD2VL target cells, the expression of CSKAS was 

seen to have negligible impact on the memory phenotype of 14G2a CAR T cells, 

regardless of the presence or absence of drug (Figure 50d and g). 
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Figure 50. Memory phenotype of 14G2a CSKAS CAR T cells. a) Gating strategy to determine 
the memory phenotype of the T cell populations. b-g) T cells were co-cultured with either 
SupT1 NT (b and e), SupT1 GD2Low (c and f) or SupT2 GD2VL (d and g) target cells at an E:T ratio 
of 1:2. Co-cultures were set up in media with no 3-IB-PP1 (no drug) or in media supplemented 
with 10 μM 3-IB-PP1 (+ drug). On day 4 after assay set up, T cells were analysed for the 
expression of CCR7 and CD45RA to determine their memory phenotype. The bar charts 
display the mean percentages of each memory phenotype population (n=4). 
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 14G2a CSKAS CAR: Exhaustion phenotype 

Characterisation of T cell exhaustion is of importance as it has been linked to poor 

antitumour efficacy (Eyquem et al. 2017; Fraietta et al. 2018; Long et al. 2015). The 

drug-mediated inhibition of CSKAS in CAR T cells has been shown to lower their 

activation threshold, improving their function against low antigen density target cells 

(Figure 47). However, lowering the activation threshold of CAR T cells may also 

increase their propensity to become exhausted. The expression of PD-1, Tim-3 and 

Lag-3 on the cell surface are all indicators of exhaustion. Therefore, I analysed the 

expression of these markers in 14G2a and 14G2a CSKAS T cells after 4-day co-cultures 

(Figure 51). 

  



RESULTS 

210 
 

 

Figure 51. Exhaustion phenotype of 14G2a CSKAS CAR T cells. Example gating strategy for 
the analysis of the expression markers Tim-3, Lag-3, and PD-1 on T cells. b-g) T cells were co-
cultured with either SupT1 NT (b and e), SupT1 GD2Low (c and f) or SupT2 GD2VL (d and g) 
target cells at an E:T ratio of 1:2. Co-cultures were set up in media with no 3-IB-PP1 (no drug) 
or in media supplemented with 10 μM 3-IB-PP1 (+ drug). On day 4 after assay set up, T cells 
were analysed for the expression of Tim-3, Lag-3, and PD-1 to determine their exhaustion 
phenotype. The bar charts display the mean percentages of different exhaustion phenotype 
populations (n=4). 
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When challenged against SupT1 NT cells, CAR T cells expressing CSKAS had a similar 

exhaustion phenotype to the 14G2a control CAR T cells in both the CD4+ (Figure 51b) 

and CD8+ (Figure 51e) subsets. However, in the absence of drug, the CSKAS expressing 

cells had a 7% bigger triple negative population than the 14G2a CAR T cells in the 

CD4+ subset (unpaired t-test, *P = 0.0410) (Figure 51b), and 6.8% more triple negative 

cells in the CD8+ subset (unpaired t-test, ns, P = 0.2395) (Figure 51e).  

Against the GD2Low target cells, in co-cultures with no drug, 14G2a and 14G2a CSKAS 

T cells displayed comparable levels of exhaustion markers expressed on their surface 

(Figure 51c and f). Interestingly, the triple negative population was again observed to 

be higher in CSKAS expressing cells. CAR T cells bearing CSKAS had 8.3% more triple 

negative cells than the 14G2a CAR T cells in the CD4+ subset (unpaired t-test, ns, P = 

0.2242) (Figure 51c) and a marginal increase of 3.9% was observed in the CD8+ subset 

(unpaired t-test, ns, P = 0.6212) (Figure 51f). 

The addition of the drug to 14G2a CSKAS T cells increased the mean proportion of 

single positive cells by 18.5% in the CD4+ subset (unpaired t-test, **P = 0.0022) 

(Figure 51c) and 10.3% in the CD8+ subset (unpaired t-test, **P = 0.0161) (Figure 51f). 

Moreover, the mean proportion of double positive cells increased 6.7% (unpaired t-

test, **P = 0.0065) and 9.1% (unpaired t-test, **P = 0.0042), respectively.  

A similar trend was observed when 14G2a CSKAS T cells were challenged against the 

GD2VL targets; in the presence of the drug, the mean proportion of single positive 

cells increased 11.1% in the CD4+ subset (unpaired t-test, *P = 0.0101), (Figure 51d) 

and 14.6% in the CD8+ subset (unpaired t-test, *P = 0.0261) (Figure 51g). However, 

unlike against the GD2Low targets, when challenged against the GD2VL cell line there 

was no increase in the proportion of double positive cells (Figure 51g and g). This is 

likely due to the GD2VL target cells having a lower antigen density than the GD2Low 

cell line, resulting in less activated CAR T cells and subsequently a lower proportion 

of exhausted cells. 

7.4 Summary 

GD2 is overexpressed on a number of solid tumours such as melanoma, small cell 

lung cancer and neuroblastoma, making it an attractive target for CAR T cell therapies 
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(Gargett et al. 2016; Reppel et al. 2022; Pule et al. 2008; Louis et al. 2011; Heczey et 

al. 2017; Quintarelli et al. 2018; Straathof et al. 2020). Although GD2 constitutes a 

promising target for CAR T cells, it is also expressed at low-level on tissues within the 

CNS. Hence, on-target off-tumour toxicity is a potential risk of anti-GD2 CAR T cell 

therapies (Lammie et al. 1993; Richman et al. 2018). 

In this chapter I aimed to investigate the CSKAS module as a means of tuning 14G2a 

CAR T cell function to avoid CAR-mediated on-target off-tumour toxicity. There have 

been a number of studies with CAR T cells containing the 14G2a scFv for the 

treatment of neuroblastoma. Initially, first generation CARs with only a CD3ζ 

endodomain were tested, demonstrating the feasibility of targeting GD2 for 

treatment of neuroblastoma, but the CAR T cells lacked sufficient proliferative 

capacity in response to antigen (Rossig et al. 2001). To improve CAR T cell function, a 

number of 14G2a-based CARs have since been developed containing different 

combinations of co-stimulatory domains (Pule et al. 2005; Heczey et al. 2017; 

Quintarelli et al. 2018). Thus, in order to investigate whether the CSKAS module is 

generalisable and can be utilised in CARs with different endodomains, I expressed it 

alongside 14G2a CAR T cells with either a CD28 or 4-1BB co-stimulatory domain. 

Co-expression of CSKAS inhibited the function of 14G2a CD28 and 14G2a 4-1BB CAR T 

cells (Figure 47), and whilst inhibition of CSKAS enabled augmentation of 4-1BB CAR T 

cell function, it only led to restoration of CD28 CAR T cells to baseline levels. This lack 

of functional augmentation could be due to the potent baseline level of functionality 

achieved by CAR T cells with the CD28 co-stimulatory domain. Whereas the 14G2a 4-

1BB CAR T cells were less potent and displayed only modest cytotoxicity against both 

the GD2VL and GD2Low targets. Therefore, the inhibition of CSKAS enabled 

improvement of cytotoxicity over a larger dynamic range compared to the 14G2a 

CD28 CAR T cells.  

These data are in line with a previous study in which CD28 CAR T cells showed 

enhanced cytotoxicity and cytokine release compared to 4-1BB CAR T cells when 

challenged against targets with low antigen density (Majzner et al. 2020). This 

difference in CAR sensitivity has been attributed to higher basal phosphorylation of 

CAR-associated CD3ζ chains and Lck in CD28 CARs leading to faster and more 
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pronounced phosphorylation of proximal T cell signalling molecules, such as ZAP-70 

and PLC-γ1 (Salter et al. 2018). As the co-expression of CSKAS in 14G2a 4-1BB CAR T 

cells enabled drug-mediated control over a larger dynamic range than the 14G2a 

CD28 CAR T cells it was considered more suited to demonstrating the capacity of a 

module for the tuning of CAR T cell function. For this reason, along with the lower 

levels of tonic signalling, only the 14G2a 4-1BB CAR was taken forward for further 

characterisation.  

Drug-mediated inhibition of the CSKAS module in 14G2a CAR T cells led to improved 

cytotoxicity, cytokine release (Figure 48) and proliferation (Figure 49) compared to 

conventional 14G2a CAR T cells. I believe this augmentation of function in response 

to antigen is predominantly due to a dominant-negative effect of the drug inhibited 

CSKAS module, whereby CSKAS binds membrane anchors in lipid rafts, blocking 

endogenous CSK localising to the membrane and inhibiting T cell signalling.  

However, the increased intensity and sensitivity of the CSKAS bearing GD2 CAR T cells 

could also be attributed to a reduction in tonic signalling. In the absence of drug, 

CSKAS reduced cytotoxicity against SupT1 NT target cells (Figure 48a) and reduced the 

basal expression of exhaustion markers on 14G2a 41BB CAR T cells, eliciting a 8.3% 

decrease in the proportion of CD8+ cells expressing at least one marker (Figure 51e). 

In support of these data, research by Weber and colleagues has shown that 

intermittent dampening of CAR signalling resulted in improved functionality (Weber 

et al. 2021). In this study, CAR signalling was transiently inhibited by either drug-

regulated reduction of CAR expression or via administration of an Src kinase inhibitor 

drug (dasatinib). Exhausted CAR T cells or CAR T cells undergoing ex vivo expansion 

that were subjected to periods of signal inhibition, or “rest”, had reduced expression 

of exhaustion markers and demonstrated improved function in vitro and in vivo 

(Weber et al. 2021).  

In response to GD2Low target cells, drug administration led to a subtle increase in 

exhaustion markers on the surface of CSKAS expressing 14G2a CAR T cells, with the 

mean proportion of double positive cells increasing 6.7% in the CD4+ subset (Figure 

51c) and 9.1% in the CD8+ subset (Figure 51f). This increase in exhaustion markers 

was not seen to be associated with poor CAR T cell function in vitro, as the drug-
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mediated inhibition of CSKAS permitted improved cytotoxicity (Figure 47b), IFN-γ 

release (Figure 47d) and proliferation (Figure 49c and e) of 14G2a CAR T cells against 

GD2+ targets. However, the timeframe of these functional readouts may not be long 

enough (all ≤ 4 days) to make a conclusion on the impact CSKAS has on CAR T cell 

exhaustion. To investigate this in the future, assays whereby CSKAS bearing CAR T cells 

undergo multiple stimulations with antigen positive target cells over a number of 

weeks would be more appropriate. 

A plethora of strategies have been developed to reduce the risk of CAR-mediated on-

target off-tumour toxicity, such as tuning the CAR affinity, logic gates and tuneable 

CARs. However, a caveat of these strategies is that they require reengineering of 

current CAR platforms. The CSKAS module on the other hand, can be co-expressed 

alongside a CAR without requiring a change in the CAR architecture. Co-expression of 

CSKAS is capable of dampening CAR T cell efficacy against low antigen density targets 

whilst maintaining efficacy against high antigen density target cells (Figure 47).  

Despite the concern of CAR-mediated on-target off-tumour toxicity, a number of anti-

GD2 CAR T cell clinical trials have proven to be safe (Pule et al. 2008; Louis et al. 2011; 

Heczey et al. 2017; Straathof et al. 2020; Quintarelli et al. 2018). Yet, poor expansion, 

persistence and antitumour efficacy remain challenges of anti-GD2 CAR T cell 

therapies. Drug-mediated inhibition of CSKAS enabled augmentation of CAR T cell 

cytotoxicity (Figure 48c) and IFN-γ production (Figure 48f) against targets expressing 

as low as 415 molecules/cell. As drug-mediated inhibition of CSKAS has been shown 

to improve CAR T cell function, it has the potential to improve the persistence of such 

anti-GD2 CARs. 
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8 DISCUSSION 

8.1 dnCSK: Improving CAR T cell sensitivity 

In clinical trials of CAR T cells targeting CD22 for the treatment of B-ALL, patient 

relapse has been attributed to inefficient tumour eradication due to low antigen 

density, highlighting a need to improve CAR T cell sensitivity (Fry et al. 2018; Shah et 

al. 2020; Cordoba et al. 2021).  

It has been approximated that CAR T cell sensitivity is 100- to 1,000-times lower than 

the TCR (Burton et al. 2023). Engagement of the TCR with a single pMHC complex is 

sufficient to activate the T cell and induce cytokine production (Sykulev et al. 1996; 

Huang et al. 2013), whereas CAR T cells require an antigen density in the range of 

770-5,320 molecules/cell to produce cytokines (Stone et al. 2012; Watanabe et al. 

2015). There are a number of differences between CAR- and TCR-mediated signalling 

that could explain the discrepancy in sensitivity. Compared to the immunological 

synapse formed after TCR engagement with pMHC complexes, CAR T cells form 

disorganised microclusters with no distinct LFA-1 enriched region (Davenport et al. 

2018). Moreover, a recent study has shown that inefficient utilisation of adhesion 

receptors such as LFA-1 (and CD2) by CARs contributes to their inferior sensitivity 

(Burton et al. 2023). Research groups have also found that ITAMS within the 

cytoplasmic tails of the CD3 chains, as well as ZAP-70 and LAT were all phosphorylated 

to a lesser degree after CAR stimulation (Gudipati et al. 2020; Salter et al. 2021). 

To improve the sensitivity of CAR T cells, various strategies have been employed and 

numerous studies have demonstrated that increasing CAR affinity can improve 

sensitivity (Hudecek et al. 2013; Chames et al. 2002; Lynn et al. 2016; Caruso et al. 

2015; Liu et al. 2015; Chmielewski et al. 2004). However, the process of increasing 

affinity is challenging, and excessively high affinity CARs can limit T cell proliferation 

due to AICD (Watanabe et al. 2014). Additionally, one research group demonstrated 

a negative correlation between CAR affinity and sensitivity, with low affinity CARs 

associated with higher sensitivity (Turatti et al. 2007). It was suggested that the low 

affinity CAR performed better than the high affinity CAR due to a shorter duration of 
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CAR-antigen binding, allowing for serial triggering which in turn may amplify 

signalling to enable CAR T cell activation. This is supported by data from a clinical 

study in which a low affinity CD19 targeting CAR was associated with better 

expansion and longer persistence in patients with ALL (Ghorashian et al. 2019). The 

contradictory data and complex relationship between CAR affinity and sensitivity 

make it a difficult strategy to utilise to improve CAR function against low antigen 

density targets. 

Other strategies to improve CAR sensitivity include changing of the CAR 

hinge/transmembrane domain and altering the signalling domains. Majzner and 

colleagues demonstrated that CARs with a CD28 hinge/transmembrane domain had 

a lower antigen density threshold for activation than CARs bearing a CD8 

hinge/transmembrane domain (Majzner et al. 2020). The same group also 

demonstrated that expression of two CD3ζ chains in tandem also lowered the CAR T 

cell activation threshold, improving function against low antigen density targets both 

in vitro and in vivo. By expressing a truncated form of the CD3ε chain or the SH2 

domain from GRB2 (an adapter molecule that aids the activation of LAT) in the 

endodomain of CAR T cells, Salter and colleagues also demonstrated that altering the 

signalling domain of CARs could improve sensitivity (Salter et al. 2021). Modifying 

CAR architecture to improve sensitivity is an important consideration in the design 

and optimisation of new CAR platforms, but for existing CAR platforms such structural 

alterations are less practical. Therefore, there is a need for an alternative strategy to 

improve the sensitivity of CAR T cells without changing the CAR architecture. 

Recently identified CSK-specific inhibitors have the potential to improve the 

sensitivity of CAR T cells. Although they are yet to be investigated clinically, when 

administered to mice, two compounds identified by O’Malley and colleagues were 

shown to elicit significant reductions in the phosphorylation of the inhibitory tyrosine 

residue on Lck (Y505) (O’Malley et al. 2019). This reduction of Lck inhibition would 

increase the pool of Lck in an active state, in turn lowering the activation threshold 

of T cells and enhancing function against low antigen density targets. The 

administration of a CSK inhibitor could thus be used to “release the breaks” of CAR T 

cells, and this approach to improving CAR T cell sensitivity would not require re-
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engineering of CAR architecture. However, administration of a CSK inhibitor drug 

would not be specific to CAR T cells and would affect other immune cells such as NK 

cells, T cells and B cells. As CRS is a common adverse effect of CAR T cell therapy, 

lowering the threshold of activation of these immune cells may exacerbate this 

systemic inflammatory toxicity. 

To address the issue of CAR T cell sensitivity I aimed to develop a module that is co-

expressed independently of the CAR. In chapter 4, I validated the inhibitory effect of 

CSK on CAR T cells. This was an important step as it demonstrated that CSK was a 

viable candidate to exploit in order to manipulate CAR T cell function. Then in chapter 

5 I focused on engineering dnCSK modules. I tested three distinct dnCSK modules by 

co-expressing them in different CAR T cell platforms, with two of the modules being 

truncated forms of CSK and the third dnCSK a catalytically inactive mutant. All of the 

modules retained the SH2 domain of CSK which is required for the dominant-negative 

effect, as it enables binding to membrane anchors and subsequently blocks 

localisation of endogenous CSK to the plasma membrane.  

I found that co-expression of the dnCSK modules improved the cytotoxicity and 

cytokine release of LT22 (Figure 24) and CAT19 (Figure 30) CAR T cells against low 

antigen density targets, with the most notable changes observed in CAR T cells co-

expressing the dCSK(del_kinase_SH3). Interestingly, when expressed in FMC63 CAR T 

cells, expression of any of the dnCSK modules elicited only minimal improvement to 

CAR T cell function (Figure 27). This could be because against the target cells lines 

tested, the FMC63 CAR T cells were already producing close to their maximum 

functional response. This highlights a caveat of the dnCSK modules, in that they are 

not able to improve the sensitivity of efficient CAR platforms. 

The dnCSK modules, specifically dCSK(del_kinase_SH3), represent a viable strategy to 

improve CAR T cell sensitivity, possessing an advantage over existing approaches in 

that they are expressed as a standalone module and require no modification of the 

CAR architecture. Thus, they represent agnostic modules that could be easily 

implemented into existing CAR platforms. 
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8.2 CSKAS as a module to tune CAR T cell function 

The scarcity of tumour-specific antigens has led to numerous CAR T cell therapies 

being developed that target antigens which are commonly expressed at high density 

on tumour cells but also expressed at low density on healthy tissues. The expression 

of antigen on both tumour cells and healthy tissues increases the risk of CAR-

mediated on-target off-tumour toxicity (Morgan et al. 2010; Thistlethwaite et al. 

2017; Lamers et al. 2013), which has led to the development of a number of different 

strategies aimed at reducing this risk. 

Affinity tuning CARs to enable differentiation between targets with either high or low 

antigen expression levels is a strategy suggested by some groups to avoid on-target 

off-tumour toxicity (Caruso et al. 2015; Liu et al. 2015; Park et al. 2017). These studies 

show that lower affinity CAR T cells are able to efficiently target tumour cells 

expressing a high antigen density while sparing cells with low antigen density. 

However, achieving the balance between antitumour activity and avoiding on-target 

off-tumour toxicity via affinity tuning is challenging, as the optimal antigen density 

threshold varies between different diseases and also between patients. Moreover, 

lowering the affinity of the CAR scFv potentially reduces the sensitivity of the CAR, 

which could enable tumour escape. 

CAR T cell platforms applying Boolean logic gating allows for the activation of CAR T 

cells only in response to a specific combination of antigens, with numerous research 

groups having employed logic gate strategies to improve CAR T cell specificity and 

reduce the risk of on-target off-tumour toxicity (Kloss et al. 2013; He et al. 2020; 

Lajoie et al. 2020; Lanitis et al. 2013; Fedorov, Themeli, and Sadelain 2013; Srivastava 

et al. 2019; Roybal et al. 2016; Tousley et al. 2023). In some cases, a split CAR 

approach is taken, with two CARs expressed that target different antigens, with one 

CAR expressing the CD3ζ chain and the other CAR expressing a co-stimulatory domain 

(Lanitis et al. 2013). Although such an approach reduces the risk of on-target off-

tumour toxicity it does not eliminate it, as CARs expressing CD3ζ alone are able to 

trigger an activation response (Eshhar et al. 1993). 
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A recent study by Tousley and colleagues elegantly described a logic gate CAR termed 

“LINK CAR”, in which LAT and SLP-76 are utilised as the signalling domains of two 

CARs specific for independent targets (Tousley et al. 2023). LINK CAR T cells 

demonstrated high specificity in vitro and in vivo, with CAR T cells only becoming 

functionally activated in response to double positive targets. However, the issue of 

CAR sensitivity was not addressed in this study. Therefore, despite reducing the risk 

of on-target off-tumour toxicity through improved specificity, a potential lack of 

sensitivity to low antigen density targets could allow for tumour escape. 

Another approach to safeguard against CAR-associated toxicities is the engineering 

of suicide switches. Suicide switches are activated once toxicities have developed and 

permanently delete the engineered T cells. The expression of surface molecules such 

as EGFRt (Wang et al. 2011; Paszkiewicz et al. 2016) and RQR8 (Philip et al. 2014) on 

CAR T cells has been shown as an effective strategy to selectively clear CAR T cells in 

response to the onset of adverse events. The administration of antibodies specific for 

these surface markers (cetuximab and rituximab, respectively) enables the 

elimination of CAR T cells via Complement-Dependent Cytotoxicity (CDC) or 

Antibody-Dependent Cell-Mediated Cytotoxicity (ADCC). Alternative suicide switches 

have also been engineered that cause apoptosis after the drug-mediated 

dimerization of caspase-9 containing monomers (Straathof et al. 2005; Stavrou et al. 

2018). Although suicide switches constitute an efficient strategy to manage CAR T 

cell-mediated toxicities, the CAR T cell elimination also entails the loss of the 

antitumour effect. 

As mentioned above, activation of suicide switches results in the permanent ablation 

of CAR T cells and thus also eradicates antitumour efficacy. This highlights the need 

for an approach that allows for reversible and temporal control of CAR activation. To 

this end, there have been numerous iterations of tuneable CAR systems developed, 

which can be broadly grouped into either drug-ON systems in which both antigen and 

drug are needed for activation (Wu et al. 2015; Juillerat et al. 2016; Leung et al. 2019; 

Labanieh et al. 2022; Sahillioglu et al. 2021), or drug-OFF systems wherein the 

administration of the drug reduces CAR T cell function (Juillerat et al. 2019; Sun et al. 

2020; Giordano-Attianese et al. 2020; Hotblack et al. 2021). 
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Despite their elegant engineering, tuneable CAR platforms have a number of 

different limitations. These include the use of immunosuppressive drugs (Juillerat et 

al. 2016; Wu et al. 2015; Sun et al. 2020; Leung et al. 2019), and the incorporation of 

potentially immunosuppressive components such as the virally derived NS3 protease 

(Wu et al. 2015; Juillerat et al. 2019; Labanieh et al. 2022; Sahillioglu et al. 2021) or 

the tetracycline repressor protein which is of bacterial origin (Hotblack et al. 2021). 

Additionally, some tuneable CARs have shown inferior IL-2 production compared to 

conventional CAR T cells (Wu et al. 2015; Giordano-Attianese et al. 2020). 

In splitting the CAR so that the binding domain and signalling domain are expressed 

as separate peptides, some groups have observed a negative impact on the stability 

of these tuneable CARs which has led to lower surface expression compared to 

conventional CARs (Leung et al. 2019; Hotblack et al. 2021; Giordano-Attianese et al. 

2020). Although lower levels of CAR expression on the T cell surface may reduce 

sensitivity to antigen, high CAR expression is associated with increased tonic 

signalling and AICD (Gomes-Silva et al. 2017). CAR T cells with a low CAR expression 

have demonstrated improved engraftment, persistence and tumour clearance in 

mice compared to cells with high CAR expression (Frigault et al. 2015). This finding is 

supported by recent clinical data, in which patients that demonstrated a partial or no 

response to CAR T cell treatment were found to have a higher proportion of CAR T 

cells with high CAR density than patients that achieved a complete response 

(Rodriguez-Marquez et al. 2022).  

In addition to the caveats mentioned above, affinity tuned CARs, logic gates, and the 

majority of tuneable CARs require reengineering of the CAR architecture, rendering 

the implementation into existing CAR platforms cumbersome. Therefore, in this 

project I aimed to develop and characterise a standalone module that permits 

tuneable control of CAR T cell function in response to a small molecule drug.  To this 

end, I utilised the CSK mutant CSKAS, the kinase activity of which can be switched off 

by the administration of 3-IB-PP1, an analogue of the kinase inhibitor PP1. 
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Co-expression of the CSKAS module in LT22 and 14G2a CAR T cell platforms enabled 

dampening of CAR T cell function against low antigen density targets whilst 

maintaining a functional response against high antigen density targets. This 

highlighted the potential of CSKAS as a module to lessen the risk of on-target off-

tumour toxicity, but in a similar manner to affinity tuning, dampening CAR T cell 

sensitivity may increase the risk of tumour escape. 

The ability to control CAR function in response to drug administration is key to 

achieving the balance between limiting toxicity yet maintaining efficacy. The addition 

of the CSKAS inhibitor drug improved CAR T cell sensitivity, augmenting cytotoxicity 

and cytokine release in response to cell lines with a low antigen density. Additionally, 

the administration of drug to LT22 CSKAS T cells led to significant increases in the 

percentage of proliferating CAR T cells compared to the LT22 CAR T cells, which 

displayed negligible levels of proliferation (Figure 38). The capacity for CSKAS 

expression in CAR T cells to enable drug-mediated augmentation of cytokine release 

and proliferation is extremely promising, as they are important characteristics of CAR 

T cells which have been linked to improved persistence in patients (Ghorashian et al. 

2019). 

This functional augmentation was likely due to a dominant-negative effect, wherein 

drug-inhibited CSKAS bound to membrane anchors such as PAG blocked endogenous 

CSK from localising to the membrane. With the ability to both dampen and augment 

function, the expression of the CSKAS module was found to widen the dynamic range 

of CAR T cells, highlighting this approach as one that could be used to limit CAR-

mediated toxicity whilst maintaining efficacy. 

Moreover, I demonstrated that the CSKAS module was able to permit tuneable control 

of T cells activated via the TCR, supporting research done by Manz and colleagues 

which showed that drug-mediated inhibition of CSKAS lowered the activation 

threshold of TCR-activated T cells (Manz et al. 2015). This illustrates that the scope of 

the CSKAS module reaches beyond CARs and has the potential to benefit TCR-based 

immunotherapies. 
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The main benefits of this module over other approaches aimed at tuning CAR T cell 

function is that it does not comprise potentially immunogenic components or require 

reengineering of the CAR architecture, making it straightforward to implement into 

existing CAR T cell platforms.  

Dasatinib, the FDA-approved SFK inhibitor, is another way in which CAR T cell function 

can be tuned without altering the CAR structure. Dasatinib has been shown to 

efficiently and reversibly dampen CAR T cell function in vitro and in vivo (Weber et al. 

2019; Mestermann et al. 2019). Moreover, in a patient who experienced grade 3 CRS 

and grade 4 ICANS after CAR T cell infusion, administration of dasatinib in 

combination with tocilizumab led to significant clinical improvement, reducing the 

CAR T cell-associated toxicities (Baur et al. 2022). 

A caveat of dasatinib for treatment of on-target off-tumour toxicity is that after 

cessation of administration, CAR T cells were shown to rapidly return to displaying 

antitumour function (Mestermann et al. 2019). Therefore, regular administrations of 

dasatinib would be required to avoid toxicity. This considered, dasatinib may not be 

a suitable long-term solution for the treatment of on-target off-tumour toxicity. 

Whereas co-expression of the CSKAS module in CAR T cells shifts the threshold for 

activation, enabling healthy tissue expressing low density antigen to be spared.  

A major caveat of the CSKAS system as an approach to tune CAR T cell function is the 

CSKAS inhibitor drug, 3-IB-PP1. Firstly, as 3-IB-PP1 is not a clinically approved drug, the 

CSKAS system in its current iteration could not be translated into a clinical setting. 

Secondly, I observed the drug to have an inhibitory effect on T cell function. When 

administered to CSKAS expressing CAR T cells in vitro, the drug-mediated inhibitory 

effect was overcome by the strength of the dominant-negative effect caused by the 

CSKAS module, resulting in an overall improvement in CAR T cell function. However, 

when the drug was administered to CAR T cells bearing CSKAS in vivo, I was not able 

to identify the optimal drug dose to restore antitumour effect to levels achieved by 

the conventional CAR T cells.  

Another caveat of the CSKAS module is that it is a drug-ON system, meaning that in 

order to maintain functional efficacy against low antigen targets, the CSKAS inhibitor 
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drug would need to be continuously administered. In a clinical setting wherein the 

antigen density of malignant cells is very high, administration of drug to inhibit CSKAS 

may not be necessary, as the inhibitory signal of CSKAS may be overcome by the strong 

activation signal triggered by the high density of antigen. However, if the antigen 

density of malignant cells is low, the continuous administration of drug to maintain 

functional efficacy whilst avoiding on-target off-tumour toxicity would be a difficult 

balance to find. 

Despite the caveats of the CSKAS system, this project has highlighted the potential of 

an agnostic CSK-based platform to improve the sensitivity of CAR T cells whilst 

permitting tuneable control of CAR T cell function. Future research aimed towards 

the development of such a system that could be dampened in response to the 

administration of a clinically approved drug (drug-OFF system) would be a worthwhile 

venture.
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