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Abstract  
 

OBJECTIVES 

One in two patients with stage 4 melanoma will not survive their first year after diagnosis. 

Although recent treatment advances have improved survival, there is an unmet need for 

alternative therapeutics. Chimeric antigen receptor (CAR) T cell therapy involves re-

directing autologous T lymphocytes against tumour-associated antigens via a receptor 

which couples an antigen-binding domain to CD3ζ and costimulatory signalling domains. 

Melanoma cell adhesion molecule (MCAM) is upregulated in melanoma, promotes 

invasive cell behaviour and angiogenesis, and predicts poor survival. CAR T cells redirected 

against this tumour-associated antigen could represent a novel treatment option in late-

stage melanoma.   

METHODS 

5 single chain variable fragments (scFvs), derived from MCAM-specific antibody 

sequences, were cloned into a retroviral second-generation, 4-1BB costimulated CAR 

construct with CD8 hinge and transmembrane regions. CARs were screened for their 

ability to activate the JRT3-T3.5 cell line in response to MCAM-expressing cells. Selected 

CAR constructs were then expressed in primary T cells, and T cell effector functions were 

assessed in response to target cells. CAR T cells were also cocultured with HUVEC cells in 

monolayers and networks.  

RESULTS 

M1.BBz and M40.BBz CARs drove modest activation of the JRT3-T3.5 cell line in response 

to target cells expressing the MCAM ectodomain. These CARs redirected primary T cells 

effector functions, causing MCAM-dependent pro-inflammatory cytokine release, 

upregulation of cell surface activation markers and tumour cell lysis. However, the CAR T 

cells also targeted HUVEC cells, causing significant destruction of capillary-like networks.  

CONCLUSIONS 

Whilst this study demonstrates the feasibility of generating MCAM-specific CAR T cells, 

further work is needed to confirm their anti-tumour efficacy in vivo. Ultimately, the 

potential for on-target/off-tumour toxicity, particularly towards the vasculature, must be 

considered. Further engineering has the potential to increase their safety and specificity, 

but the risk of toxicities may ultimately preclude the safe targeting of MCAM in this 

context.  
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Chapter 1. Introduction  
 

1.1. Adoptive immunotherapy for cancer 

Cancer immunotherapy is a diverse and growing field, encompassing various strategies 

in which components of the immune system are utilised to mediate anti-cancer 

effects. Significant success has been achieved in certain malignancies, leading to its 

introduction as standard therapy in some contexts [1, 2].  

The innate and adaptive arms of the human immune system perform various 

functions, including protection from infection, cancer immunosurveillance and the 

prevention of autoimmunity. The adaptive immune system is formed of antigen-

specific B and T lymphocytes and has been utilised in many immunotherapies to date 

[1, 3]. Lymphocytes are characterised by the expression of unique antigen receptors 

known as the B cell receptor (BCR)/surface immunoglobulin (Ig) and the T cell receptor 

(TCR), respectively. Despite sharing similar structural organisation, Ig and the TCR 

differ in respect to the types of antigens they can recognise. Ig can bind to native 

protein, lipid and carbohydrate antigens expressed on the cell surface, with the typical 

TCR only binding processed peptides presented by the major histocompatibility 

complex (MHC) I and II [4].  The αβ TCR is a heterodimer of 2 chains, each of which has 

a membrane-proximal constant region and an N-terminal unique variable domain 

through which they bind antigen [5, 6].  

Whilst binding of the TCR to its cognate peptide: MHC complex is an essential step for 

T cell activation and effector function, activation of naïve T cells also requires the 

presence of various co-receptors, accessory proteins, and costimulatory receptors. The 

CD4 and CD8 coreceptors are expressed on T cells, and bind to distinct sites on MHCII 

and MHCI, respectively, increasing the stability of the interaction between the TCR and 

antigen presenting cell [4]. The tyrosine kinase Lck is found constitutively associated 

with the cytoplasmic tail of CD4/8 [7], and binding to a peptide: MHC complex localises 

it to the membrane where it can phosphorylate signalling proteins such as those in the 

TCR-associated CD3 complex [8]. The CD3 signalling complex comprises ε, γ and δ 

chains and a CD3ζ homodimer, all of which contain immunoreceptor tyrosine-based 
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activation motifs (ITAMs). Each ITAM has a canonical sequence of YXXL/I X6-12 YXXL/I, 

and phosphorylation of the two tyrosine residues by Lck creates binding sites for SH2 

domain-containing proteins, such as ZAP70. Membrane-localised ZAP70 is 

phosphorylated by Lck, activating downstream signalling pathways [9]. Ultimately, this 

results in upregulation of the transcription factors nuclear factor of activated T cells 

(NFAT), AP1 and NF-κB, promoting interleukin-2 (IL-2) production, survival, 

proliferation, and differentiation into effector clones. Signalling through the CD28 

costimulatory receptor, which binds CD80 and CD86 on antigen presenting cells, serves 

to amplify the signal through the TCR/CD3 complex, and is necessary for activation of 

naïve T cells [5, 10].  

Naïve T cells differentiate into different effector subsets depending on their expression 

of CD4/CD8 and the presence of cytokines in the microenvironment during the early 

phases of antigen encounter and activation (Figure 1.1). 5 canonical subsets of T helper 

cells exist, which have lineage specific transcription factors and inducer and effector 

cytokines [11, 12]. Th1-polarisation occurs in response to interferon gamma (IFN-γ) 

from activated dendritic cells, with the resulting T-bet-expressing Th1 cells playing a 

role in host immunity against intracellular pathogens through their expression of IFN-γ 

and TNF-alpha (TNF-α). GATA-3-expressing Th2 cells protect against helminth infection 

by producing various cytokines including IL-4, IL-5 and IL-13, which serve to activate 

and recruit macrophages, eosinophils and basophils. Meanwhile Th17 cells, 

characterised by their expression of RORγt, IL-17, IL-21 and IL-22 play a role in 

controlling extracellular bacterial infections. In contrast, regulatory T cells (Treg) are 

defined by their expression of Foxp3, CD25 and IL-10, and dampen down immune 

responses to prevent autoimmunity. Lastly, T follicular helper (Tfh) cells promote 

humoral immunity by B cells. Although direct cytotoxicity was originally considered a 

canonical CD8+ T cell effector function, cytotoxic CD4+ T cells which produce granzyme 

B and perforin have also been described [13–16].   

Several subsets of cytotoxic CD8+ T cells have also been reported: Tc1 cells are typical 

cytotoxic T cells, lysing target cells through the release of granzyme B and perforin; Tc2 

cells are similarly cytotoxic, but differ in that they express IL4, IL-5 and IL-13 instead of 

IFNγ and TNFα; Tc9 and Tc17 cells are poorly cytotoxic due to their limited production 
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of granzyme B, instead producing IL-9 and IL-17, respectively; whilst Tc22 cells, defined 

by their production IL-22, are also cytotoxic [17].  

 

Figure 1.1 CD4+ and CD8+ T cell effector subsets. 
Upon TCR engagement, CD4+ and CD8+ T cells differentiate into different subsets with unique 
effector functions and cytokine profiles. This process is determined by the presence of polarising 
cytokines and is controlled by the lineage specific transcription factors. Th, T helper; CTL, 
cytotoxic T lymphocyte; Tfh, T follicular helper; Treg, regulatory T cell; IL, interleukin; IFN, 
interferon; TNF, tumour necrosis factor. Adapted from Zhu et al, 2020 [12] and Paul et al, 2020 
[17]. Figure created with Biorender.com. 
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Given their diverse effector functions, the potential use of T cells as immunotherapies 

has received significant interest. T cells receive inhibitory signals through the receptors 

CTLA-4 and PD-1, and blocking antibodies targeted to these have proven effective, 

particularly in metastatic melanoma [18–20]. A recent meta-analysis found that their 

use significantly improved progression free survival in this context compared to the 

standard regimen of chemotherapy [21]. However, survival rate for advanced cancers 

such as metastatic melanoma is still poor, and responses to checkpoint blockers are 

not observed in all patients [18–20].  

Adoptive cell transfer (ACT) based therapies involve the infusion of tumour reactive T 

cells into patients to drive anti-cancer responses. One of the first examples of this was 

the pioneering use of tumour infiltrating lymphocytes (TILs) for the treatment of 

metastatic melanoma by Rosenberg et al [22]. In this therapy, tumour tissue is 

surgically removed, and fragments are cultured with IL-2 to drive the preferential 

expansion of T cells within the tumour. Following this initial outgrowth, a rapid 

expansion protocol is initiated which involves culturing TILs with anti-CD3 antibodies, 

irradiated feeder cells and IL-2 to achieve the high cell numbers required for transfer. 

Patients are pre-treated with either non-myeloablative chemotherapy or total body 

irradiation in order to deplete endogenous lymphocytes prior to infusion of the 

prepared TILs. IL-2 is often also administered to support TIL survival [23].  

A 2019 meta-analysis by Dafni et al of 13 trials covering 410 patients with cutaneous 

melanoma estimated the overall response rate to be 41% and the complete response 

rate to be 12% [24]. Encouraging results have also been reported in the context of 

cervical cancer [25], colorectal cancer [26], cholangiocarcinoma [27], breast cancer 

[28] and non-small cell lung cancer [29]. However, toxicities are common, often 

relating to the administration of IL-2 or to preconditioning lymphodepletion: febrile 

neutropenia was the most frequently identified toxicity in the above meta-analysis, 

occurring in around a third of patients. Autoimmune toxicities linked to the TILs 

themselves have also been reported in the context of melanoma (Yeh et al., 2009).  

TIL therapies require an immune response to have already been mounted against the 

tumour, which does not always occur on account of the rarity of naturally occurring 

tumour reactive T cells. This is in part due to the lack of neoantigens expressed on 
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cancer cells and the deletion of self-reactive T cells by central tolerance processes 

during development in the thymus. To overcome this barrier, transgenic TCR T cells 

were developed which are genetically engineered to express a pre-defined TCR 

construct. A significant benefit of this method over TIL-based therapies is that such T 

cells can be specifically re-directed against antigens which they otherwise would be 

tolerant towards, such as tumour associated antigens (TAAs) or lineage specific 

antigens. Tumour associated antigens are expressed on normal tissues at low levels 

but become significantly upregulated on cancerous cells, whilst lineage specific 

antigens are only expressed on cells of one developmental lineage. 

This approach allows an expanded population of T cells specific to a known antigen to 

be infused into patients, typically combined with preconditioning lymphodepletion and 

systemic IL-2 infusions. This is an active area of research with over one hundred clinical 

trials registered to date in various malignancies [31]. The cancer germline antigen, NY-

ESO-1, has received particular attention as a potential target for such therapies: phase 

I clinical trials of NY-ESO-1 TCR engineered T cells, typically recruiting patients with 

melanoma or synovial sarcoma, have achieved promising albeit variable ORRs of 20% 

to 58% [32–37]. Other commonly targeted antigens include MART-1, MAGE A1/A3/A4, 

gp100 and viral antigens from the human papilloma (HPV), Epstein-Barr (EBV) and 

Hepatitis B (HBV) viruses [31]. As with TIL therapies, toxicities often relate to the 

preconditioning lymphodepletion and systemic IL-2 administration. Toxicities relating 

to recognition of the target antigen on normal tissues have also been reported [38–

40], as have incidences of fatal cross-reactivity against other target peptides [41, 42]. 

The potential repertoire of TCRs is large as they can recognise both intracellular and 

extracellular antigens with high sensitivity compared to other types of genetically 

engineered T cells [43, 44]. However, binding is limited to peptide antigens expressed 

on a particular MHC molecule. Often tumour cells down-regulate MHC expression and 

antigen presentation [45], and the utility of such therapies is restricted as they can 

only be offered to individuals with the required MHC haplotype. There is also a 

theoretical risk of mispairing between the endogenous and engineered TCRs, although 

several strategies have been developed to mitigate this risk [46].  
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Chimeric antigen receptor (CAR) T cells are single chain receptors with an antibody 

derived antigen-recognition domain termed a single chain variable fragment (scFv). 

When antibody variable heavy and variable light domains are arranged in tandem in an 

scFv they retain their antibody specificity [47], allowing CAR T cells to be generated 

against a wide range of potential protein, lipid, and carbohydrate antigens in a non-

MHC restricted manner. The prototypical CAR contains either one or two 

costimulatory domains and the CD3ζ activation domain downstream of the scFv, so on 

antigen engagement through the CAR the normal TCR signalling pathways are induced 

[3, 48, 49]. This results in cytokine production and the lysis of target cells through 

perforin/granzyme and Fas pathways [50].  

  

 Development of CAR T cells 

The advent of chimeric T cell receptors began in 1987, with the development of a 

receptor construct which comprised the V regions of immunoglobulin light and heavy 

chains fused to the constant region of the TCR α and β chains [51]. On expression in T 

cells, the α and β chains dimerised, allowing the adjoining variable regions to assume 

the form of the antigen binding domain from the original anti-phosphorylcholine 

antibody. T cells bearing these receptors were able to specifically respond to 

phosphorylcholine-expressing bacterial strains, evidenced by elevations in intracellular 

calcium [51].  

It was first demonstrated that single chain constructs could be used to activate T cells 

in 1991 with the development of a chimera incorporating the CD8 ectodomain in 

tandem with the intracellular domain from CD3ζ [52]. Inclusion of this ITAM-containing 

activation domain recapitulated the normal T cell signalling events [52], and similar 

receptor constructs were able to mediate target cell lysis and cytokine expression [53, 

54]. 

The first use of an antibody-derived single chain variable fragment (scFv) as the 

extracellular domain of a chimeric T cell receptor was described in 1993 by Eshhar et al 

[55]. In this design, the first of its kind to resemble what is now conventionally 
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understood as a CAR, antibody-derived variable heavy and variable light domains were 

arranged in tandem and fused to the intracellular CD3 zeta signalling domain (Figure 

1.2). Activation of the receptor by antigen expressing cells or immobilised antigen 

induced IL-2 production and lysis of target cells in a dose-dependent manner [55].  

Whilst this scFv-CD3ζ chimera was to become the basis of the prototypical CAR, such 

so-called first-generation CARs had significant functional limitations. Their signalling 

was unable to prime resting T lymphocytes [56], with stimulated first-generation CAR T 

cells displaying only minimal cytokine production [56, 57], limited proliferation [58], 

poor cytolytic activity [56] and a susceptibility to anergy and cell death [59]. 

During a normal immune response, T cells receive both activating and costimulatory 

signals, whereas cross-linking of first-generation CARs can only mediate the former. 

Exposure of first-generation CAR T cells to target-expressing cells transduced with 

CD80/CD86 costimulatory molecules could rescue priming [56, 60], protect from 

anergy [59, 60], and increase the production of IL-2 [57], IFNγ and TNFα [60], 

demonstrating the importance of costimulation for a full and sustained T cell response.  

Therefore, second-generation CARs were developed, characterised by the addition of 

costimulatory domains in the cytoplasmic region of the receptor (Figure 1.2). Given its 

important role in physiological responses, CD28 was the first domain to be included in 

the receptor construct [59]. This resulted in an increase in target-induced T cell 

proliferation [58, 59, 61, 62], protection from anergy [59] and increased levels of Bcl-2 

[58]. Such receptors were able to mediate increased production of IL-2 [59, 62], TNFα 

and IFNγ [58], activation of phosphoinositide 3-kinase (PI3K) [58], and modest 

increases in target cell-lysis [58]. Correspondingly, the use of second-generation CAR T 

cells in in vivo tumour models was able to inhibit tumour growth [62, 63]. Importantly, 

these effects appear only to be mediated when the CD28 costimulatory domain is 

located 5’ of the CD3ζ domain [59]. Various other costimulatory regions have been 

incorporated instead of CD28, most notably 4-1BB (CD137).  

The hypothesis that different costimulatory domains may have additive effects on CAR 

T cell survival and effector functions led to the development of third-generation CAR T 

cells which have 2 costimulatory domains followed by a C-terminal CD3ζ region (Figure 
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1.2) [64]. The prototypical third-generation CAR combines CD28 and 4-1BB signalling 

domains, can increase expression of anti-apoptotic markers, and can significantly 

improve in vivo engraftment, persistence, and tumour control [62]. Several third 

generation CAR T cells have been tested clinically with some success [65–67], although 

whether they perform better than their second-generation counterparts is currently 

unclear due to a lack of head-to-head comparisons.  

In physiological conditions, T cells receive cytokine signals alongside TCR engagement 

and costimulation. As CARs only include costimulatory and CD3ζ domains, their 

signalling does not fully replicate this. Furthermore, CAR T cells are required to 

function in an immunosuppressive tumour microenvironment with low levels of 

cytokines required for T cell survival and activity [68]. Fourth-generation CAR 

constructs, also termed ‘TRUCKs’ (‘T cells redirected for universal cell killing’) 

circumvent this through the constitutive or inducible expression of cytokines and 

chemokines, including IL-7 [69–72], IL-15 [73], IL-12 [74–76], IL-18 [77], CCL21 [71] and 

CCL19 [69, 70, 72], and have been shown to mediate promising responses in pre-

clinical studies. Meanwhile, fifth generation CAR T cells incorporate elements of 

cytokine receptor signalling domains into the CAR itself, triggering the respective 

signalling pathways on CAR engagement and leading to augmented in vivo tumour 

control [78]. To date, few fourth and fifth generation CAR T cells have been tested 

clinically, but several trials are underway in this area [79].  
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Figure 1.2 Generations of chimeric antigen receptors. 
First-generation CAR constructs comprised an antibody derived scFv with/without a hinge 
domain, coupled to the CD3ζ intracellular domain via a transmembrane region. Second- and 
third-generation constructs incorporated additional costimulatory domains, typically derived 
from 4-1BB and CD28. 4th generation CARs, also termed T cells redirected for universal cell 
killing, are further engineered with genes to drive constitutive or inducible cytokine production, 
whilst 5th generation CARs incorporate cytokine receptor signalling domains into the CAR 
intracellular domain. scFv, single chain variable fragment; VL, variable light domain; VH, variable 
heavy domain; IL-12, interleukin 12; NFAT, nuclear factor of activated T cells. 
Figure created with Biorender.com.  

 

 CAR T cell design considerations 

The extent of CAR T cell activity against a given target depends on several factors: the 

design of the CAR construct, the starting material for CAR generation, and the 

generation and expansion protocol. CAR intrinsic factors include the choice of scFv, the 

presence and design of a hinge domain and the number and type of costimulatory 

domains.  

1.1.2.1. Antigen targeting domain 

As described above, the prototypical antigen binding domain comprises an antibody-

derived scFv. By incorporating scFv domains with different affinities for the target, it is 

possible to modulate the antigen density required for T cell activation [80]. Whilst high 

affinity scFv domains confer on T cells the ability to respond to tumours with low 
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antigen expression, lower affinity scFvs may be more appropriate where there are 

concerns about on-target/off tumour toxicities due to low level antigen expression on 

normal tissues.  

Work by Long et al [81] demonstrated that the framework regions of the variable 

heavy and variable light domains in a range of scFvs triggered antigen independent 

CAR clustering. This led to tonic signalling, with phosphorylation of the CAR-CD3ζ 

domain in the absence of target. Such cells showed increased expression of exhaustion 

markers, poor effector functions, and limited persistence in vivo. This was not 

observed for identical CAR T cells with the FMC63 anti-CD19 scFv, suggesting that the 

clinical success of anti-CD19 CAR T cells may be in part due to unique properties of the 

scFv. Notably, the 3 main CAR T cell therapies recommended by the National Institute 

for Health and Care Excellence (NICE) all utilise FMC63 (Axicabtagene ciloleucel, 

tisagenlecleucel and brexucabtagene autoleucel).  

Consideration must also be given to the immunogenicity of any given scFv. Many scFvs 

are of mouse origin and are therefore targets of human anti-mouse antibodies 

(HAMA), which have the potential to abrogate T cell activity by impairing scFv binding 

or causing T cell apoptosis [82]. Pre-existing anti-CAR antibodies against the mouse 

FMC63 scFv have been reported in several trials, but do not appear to be correlated 

with clinical outcomes [82]. However, in trials of CAR T cells directed against the folate 

receptor (FR) and carbonic anhydrase IX (CAIX) poor CAR T cell persistence and 

functionality was partly attributed to an anti-CAR humoral response [83, 84]. In 

addition, one patient treated with a mesothelin specific CAR rapidly developed severe 

anaphylaxis following infusion [85]. Anti-CAR cellular immune responses have also 

been documented and are associated with poor persistence and treatment failure [82, 

84, 86, 87], but may be prevented to some extent by preconditioning chemotherapy 

[87, 88].  

Work is ongoing to develop CARs using human or humanised scFvs which are predicted 

to be less immunogenic [89, 90]. However, but the risk is not entirely resolved: the 

junctions created by the tandem arrangement of variable heavy and light domains 

would not normally be encountered by the immune system, and the gene 
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recombination and somatic hypermutation required to produce antibodies may also 

give rise to non-self-antigens [82].  

Attention must also be paid to the flexible linker between the variable domains, which 

generally consists of a repeated glycine-serine motif. Singh et al [91] demonstrated 

that the length of the linker has a significant impact on CAR functioning. Specifically, 

shortening the linker length of a CD22 specific CAR from 20 to 5 amino acids led to 

clustering at the cell surface, which was associated with stronger signalling following 

antigenic stimulation. Such cells displayed improved effector functions in vitro and 

mediated stronger anti-tumour responses in mouse models. This correlated with 

known clinical experience, where the complete response rate was elevated in trials 

using the 5-amino acid linker containing CAR [92, 93] versus patients treated with CARs 

utilising the longer linker [91]. 

Bispecific or tandem CARs contain 2 linked scFv domains so can bind to two separate 

antigens through the same receptor [94–97]. This aims to prevent the outgrowth of 

antigen negative tumour cells which is a common mechanism of acquired resistance to 

anti-CD19 CAR T cells [98] but could increase the potential impact of the scFv on CAR 

functionality.   

 

1.1.2.2. Hinge and transmembrane domain 

The ability of the CAR to contact its cognate epitope has been shown to be affected by 

both the hinge/spacer region between the scFv and transmembrane domain and the 

proximity of the epitope to the target cell membrane [99]. Various hinge regions have 

been used, including CD8 [60–63], CD29 [60]  and the CH2-CH3 region of IgG1 [58, 64]. 

The inclusion of a spacer region improves cell lysis and cytokine production by CAR T 

cells targeted against epitopes close to the target cell membrane [99, 100] or those 

requiring greater receptor flexibility [101], whilst it can impair the activity of CAR T 

cells against membrane-distal epitopes [99]. Thus, whilst a spacer region may be 

necessary to facilitate contact between the scFv and certain epitopes, their use is not a 

universal requirement.  
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The use of IgG derived spacer regions may also result in off-target effects due to 

interactions with host Fc receptors (FcR). Interactions between FcRs and the IgG1 CH2-

CH3 CAR spacer domain leads to reciprocal activation of innate immune cells and CAR 

T cells. This resulted in the production of pro-inflammatory cytokines from activated 

monocytes and NK cells, which are themselves simultaneously targeted by cytolytic 

CAR T cells [102]. In vivo, such CAR T cells are sequestered in the lungs and take longer 

to distribute throughout the body due to interactions with lung resident, FcR-

expressing innate immune cells [103, 104]. Mutating the residues in the CH2-CH3 

domain responsible for this interaction can rescue CAR T cell trafficking [104, 105].  

Numerous transmembrane domains have also been utilised, including CD8 [60], CD28 

[63, 64], DAP10 [62], 4-1BB [62], CD29 [60], OX40 and CD3ζ [64]. Of the 3 anti-CD19 

CAR T cells in clinical use, Axicabtagene ciloleucel and brexucabtagene autoleucel 

utilise hinge and transmembrane domains derived from CD28, whilst the 

corresponding domains in tisagenlecleucel are taken from CD8α. It has been reported 

that inclusion of the CD28 transmembrane region instead of CD8α leads to more 

efficient recruitment of ZAP70 and greater phosphorylation of CAR-CD3ζ on antigen 

encounter, leading to augmented anti-tumour responses in in vitro and in vivo assays 

[106].  However, the increased sensitivity might also confer an increased tendency to 

undergo activation induced cell death (AICD), with increased expression of exhaustion 

markers such as PD-1 and LAG3 [107]. Some reports also suggest that CAR expression 

and stability is increased by the CD28 transmembrane domain compared to alternative 

domains (30).  

 

1.1.2.3. Costimulatory domain 

All CARs which have been approved by NICE and the FDA have to date included either 

CD28 or 4-1BB costimulatory domains. Recent work has highlighted the differential 

effects of such domains, allowing a more rational approach to CAR design [108].  

CD28, which is expressed constitutively by naïve and activated T cells, becomes cross-

linked on binding to B7-family ligands on activated antigen presenting cells (APCs). This 
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results in the phosphorylation of certain residues in the CD28 cytoplasmic tail by the 

Src kinases Lck and Fyn, creating binding sites for Src-homology-2 (SH2) and -3 (SH3) 

domain-containing proteins [109]. This colocalises important signal transduction 

proteins such as Lck, Grb2 and PI3K, amplifying TCR signalling and ultimately increasing 

the activity of important transcription factors including NF-κB, NFAT and AP-1 [108, 

110].  

By contrast, 4-1BB is a member of the tumour necrosis factor receptor (TNFR) 

superfamily which is upregulated following T cell stimulation [111]. On binding to its 

APC-expressed ligand (4-1BBL), a signalling cascade is initiated following the 

association of TNFR-associated factors (TRAFs) to its intracellular tail. The resulting 

ubiquitination of TRAF proteins creates binding sites for other signalling complexes to 

form, which predominantly serves to promote NF-κB signalling and improve T cell 

survival through expression of anti-apoptotic proteins [108, 111].  

It has been reported that stimulation of CD28-containing CAR T cells activates the 

endogenous 4-1BB signalling pathway, whilst phosphorylation of endogenous CD28 is 

detected following stimulation through 4-1BB CAR constructs, suggesting that these 

common pathways are activated irrespective of the CAR design [112]. Studies have 

also demonstrated that rapid calcium influx and phosphorylation of the CAR-CD3ζ 

ITAMs occurs on antigen stimulation, independent of the costimulatory domain [106, 

112, 113]. However, the inclusion of CD28 appears to increase the magnitude of this 

effect, with more intense phosphorylation of CAR-CD3ζ, ZAP70 and LAT [106, 112–

114].  

The increased signalling activity of CD28-containing CAR constructs reportedly 

correlates with augmented in vitro functionality, including increased cytokine 

production [112, 113, 115, 116], proliferation [112] and target cell lysis [115]. In vivo, 

this reduces the antigen density requirements for CAR activity, allowing them to 

control tumours expressing lower levels of the target antigen [80, 106].  

However, research in this field in ongoing, with several groups reporting contradictory 

findings in which 4-1BB containing constructs achieved optimal cytokine production 

and target cell lysis [81], even in response to repeated antigenic stimulation [117]. In 
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addition, in vivo the inclusion of a 4-1BB domain has been linked to augmented CAR T 

cell expansion [114] and persistence [81, 118], with greater generation of memory 

cells [80, 119], and improved tumour control [81, 112]. By contrast CD28-CAR T cells 

reportedly acquire an exhausted phenotype in vivo, ultimately predisposing mice to 

relapse [112, 117].  

CD28-containing CARs are reportedly more prone to tonic signalling in the absence of 

antigen, leading to increased detection of apoptosis markers, inhibitory receptors and 

transcription factors associated with exhaustion [81, 113]. In accordance with this, 

Salter et al confirmed the basal phosphorylation of ZAP70 and CAR-CD3ζ in CD28-CAR 

constructs using liquid chromatography mass spectrometry and suggested that this 

was linked to increased association of Lck with such constructs [112, 113]. By contrast, 

4-1BB-CARs associate with the protein THEMIS, which in turn binds to the phosphatase 

SHP-1, localising it to the CAR intracellular domain. SHP-1 antagonises the activity of 

Lck, which may account for the reduced tonic signalling observed with 4-1BB-

containing CARs [113].  

The differences between 4-1BB and CD28-CARs extend further than just their 

propensity for tonic signalling. 4-1BB containing CAR T cells consistently show 

enrichment of genes involved in memory [81, 115, 120], in addition to those involved 

in Th1 polarisation [120], NF-κB signalling  [115, 120] and the hypoxia response [81]. By 

contrast, CD28-CARs are enriched for Th2 polarising genes [120], with higher 

expression of exhaustion markers [81, 115] and inhibitory receptors [81],  a phenotype 

which has been associated with poor treatment responses in clinical trials [121, 122]. 

4-1BB-CAR T cells are enriched for genes involved in fatty acid oxidation [119, 120], 

and have corresponding increases in basal oxygen consumption, fatty acid uptake and 

mitochondrial mass [119]. This preferential use of fatty acid oxidation is redolent of 

memory cells, and contrasts with the metabolic switch to glycolysis observed in CD28-

CAR T cells [119].  

Whilst a lack of direct head-to-head comparisons is lacking, clinical evidence suggests 

that 4-1BB costimulation may be preferential. Anti-CD19 CAR T cells with 4-1BB 

domains persisted for significantly longer and maintained B cell aplasia for a greater 

duration compared to patients receiving with CD28-costimulated CAR T cells [123–
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126]. Meta-analyses of CAR T cells in the treatment of B-cell acute lymphoblastic 

leukaemia (B-ALL) and gastrointestinal cancers have also suggested that better 

treatment outcomes correlate with 4-1BB costimulation [127, 128]. However, 

differences in trial protocols, CAR construct design and T cell generation confound 

these direct comparisons and further research is needed. 

1.1.2.4. CD3ζ activation domain 

The inclusion of the intracellular, ITAM containing CD3ζ domain is a constant factor for 

nearly all published CARs, regardless of generation. However, research on this domain 

is contradictory. In one study, the inclusion of an additional CD3ζ domain conferred 

upon second generation CAR T cells the ability to kill target cells at low antigen 

densities. Conversely, reducing the number of ITAMs reduced CAR activity in vivo 

[106]. Optimal activity has been shown to depend upon the ability of the CAR to both 

homodimerise and to interact with other endogenous CD3 subunits, increasing the 

number of available ITAMS for downstream signalling [129].  

However, Feucht et al [130] demonstrated that inactivating point mutations in the 

second and third CD3ζ ITAMs of a CD19.28ζ CAR improved in vivo tumour control and 

CAR T cell persistence. Such cells displayed reduced expression of exhaustion markers 

and were enriched for genes involved in memory responses. It is possible therefore 

that the optimal CD3ζ domain depends on the antigen density on the tumour cells and 

the other CAR design elements such as the transmembrane and costimulatory domain 

used.  

Furthermore, inclusion of the CD3ε intracellular domain into the CAR design has been 

reported to augment CAR T cell activity in vitro and in vivo [131, 132]. The p85 subunit 

of PI3K is known to bind to CD3ε, localising it to the membrane and leading to 

increased downstream AKT activity [131]. Additionally, CD3ε recruits Csk, a kinase 

which phosphorylates CAR-associated Lck at Y505, inhibiting its activity and preventing 

tonic CAR-CD3ζ phosphorylation. This in turn appears to have a protective effect 

against exhaustion [131, 132].  
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1.1.2.5. Method of engineering 

Similarly, there is significant variation in the literature in terms of the strategy used to 

engineer T cells to express the CAR. Viral systems are by far the most widely used, and 

can be sub-categorised according to their use of γ-retroviral or lentiviral vectors. For 

efficient γ-retroviral transduction, cells must be actively dividing, which is generally 

achieved through culture with IL-2 and anti-CD3 and -CD28 antibodies [133]. This is 

known to drive T cells down a route of terminal differentiation, which may impede 

their ability to proliferate and persist in vivo. Lentiviral based protocols have been 

favoured by some groups as these theoretically allow the transduction of non-dividing 

cells. Circosta et al demonstrated that unstimulated, lentivirally transduced T cells 

maintained a naïve phenotype, and correspondingly displayed superior expansion on 

antigen exposure when compared to CD3 pre-stimulated cells [134]. However, it has 

subsequently been demonstrated that the low-density lipoprotein (LDL) entry receptor 

for vesicular stomatitis virus glycoprotein (VSVG) pseudotyped virus is only expressed 

at appreciable levels on T lymphocytes following stimulation, and therefore lentiviral 

protocols typically require an activation step for optimal transduction [135]. 

Viral-based systems are limited in the size of the genetic payload they can deliver and 

are therefore potentially unsuitable for more complicated CAR cassettes [136]. There 

are also safety considerations relevant to the use of viral vectors, in particular the risks 

of replication competent virus and insertional mutagenesis. The integration of 

transgenes into the genome by viral vectors risks driving dysregulated expression of 

oncogenes and tumour suppressor genes. This was first reported in a trial of patients 

receiving gene therapy to treat X-linked severe combined immunodeficiency (SCID-X1) 

[137, 138], but to date no cases of therapy-linked leukemogenesis have been reported 

in the context of CAR T cell trials. The risk is generally considered to be higher with γ-

retroviruses due to their propensity to integrate at regions involved in gene regulation 

[139–141], although clonal expansion linked to transgene insertion has also been 

observed with a lentiviral vector [142].  

Current retroviral and lentiviral systems typically split the various viral genes between 

separate plasmids, requiring multiple recombination events to occur simultaneously 
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for replication competent virus to be produced [143]. Screening by several groups has 

found no evidence of replication competent virus in clinical CAR T cell products 

suggesting that the risk of occurrence is relatively low, however the requirement for 

extensive biosafety testing adds to the high cost of these therapies [144–147]. 

Other engineering systems harness transposase enzymes which catalyse the insertion 

of mobile genetic elements, known as transposons, into the genome [148]. The 

transgene of interest and the transposase enzyme can be introduced into T cells by 

electroporation, streamlining the manufacturing process, reducing production costs, 

and simplifying the biosafety testing requirements [149]. The utility of non-viral 

piggyBAC and Sleeping Beauty transposon systems has been demonstrated in the field 

of CAR T cell research [150–154], and is becoming more frequently used in clinical 

trials [154–156].  

Transposon-based systems still pose a theoretical risk of insertional mutagenesis as 

they integrate into the genome, so the electroporation of non-integrating plasmids 

and mRNA may have safety benefits. Although efficient gene transfer can be achieved 

with this method, transgene expression is only transient [157–159]. Whilst this 

theoretically limits the duration of any toxicities, it is at the expense of the formation 

of a long-lasting memory response and may necessitate multiple CAR T cell infusions 

per patient. Non-integrating lentiviral vectors can also achieve short term gene 

expression, which can be extended by tethering the transgene-encoding episomes to 

the host chromosomes via scaffold/matrix attachment region (S/MAR) elements [160]. 

Lastly, the use of CRISPR-Cas9 or TALEN technology is gaining popularity as a means of 

targeting transgene insertion to defined loci, reducing the risk of insertional 

mutagenesis [161–163].  

In vitro and in vivo efficacy of CAR T cells is not just determined by the receptor design 

but is also affected by the T cell population used. In a physiological immune response, 

activated naïve T cells proliferate, giving rise to progressively differentiated cell 

subsets: central memory T cells (TCM), effector memory T cells (TEM) and effector T cells 

(TEFF) [164].  
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Clinical trials of TILs in metastatic melanoma have demonstrated a correlation 

between an extended telomere length in the infused cells and improved treatment 

responses [165, 166]. Differentiation from TN > TCM > TEM > TEFF is associated with a 

progressive shortening of telomeres [164], potentially favouring the use of TN and TCM 

cells for adoptive cell therapies. Transgenic TCR engineered T cells derived from TN and 

TCM cells were significantly better at mediating anti-tumour responses in mice when 

compared to TEM [167, 168], supporting this hypothesis.   

The use of EBV-specific T cells may also improve responses by increasing CAR T cell 

persistence in vivo, via endogenous TCR stimulation and signalling. Whilst this is only 

feasible in previously infected individuals, it has been shown to increase CAR T cell 

persistence in clinical trials in the context of neuroblastoma [169].  

The subtype of T cell used is likely therefore to have an impact on the clinical 

effectiveness of CAR T cells. However, currently a direct comparison between T cell 

subtypes in this context is lacking, with most clinical trials to date simply using 

peripheral blood T cells expanded in vitro to achieve sufficient cell numbers for 

infusion. Despite the lack of consensus on the optimal CAR design and T cell subtype, 

clinical trials in certain malignancies have had significant success.  

 

 CAR T cells in the clinic 

1.1.3.1. CAR T cell clinical trials  

The first reported use of CAR T cells in the clinic was in 2006, with the use of a first-

generation anti-folate receptor (FR) CAR to treat ovarian cancer [170]. These T cells 

were unable to mediate any anti-cancer effects, and similarly disappointing results 

were obtained in other early clinical trials of first-generation CAR T cells in the context 

of solid tumours [169, 171, 172].  Promising results with CAR T cells were first achieved 

in a phase 1 clinical trial of second generation, anti-CD19 CAR T cells in 3 patients with 

chronic lymphocytic leukaemia (CLL) [173]. Infused cells proliferated and mediated 

complete responses in 2 out of 3 patients, which have been subsequently maintained 
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for 10 years [174]. More robust evidence of CAR T cell efficacy in this context was 

provided in 2014 by Maude et al [175]. Of 30 patients with relapsed/refractory 

leukaemia/lymphoma treated with CD19-CARs, 27 had achieved complete responses 

by one-month post-treatment, and 19 patients had sustained remissions at the end of 

follow up.  

Numerous other studies followed, firmly establishing this as an active area of research: 

a recent review identified 878 ongoing clinical trials of CAR T cells worldwide [79]. The 

majority of CAR constructs which have been tested in the clinic are second generation 

CARs [79, 128], with a relatively even balance between those using 4-1BB or CD28 

costimulatory domains [79, 128, 176]. Third and fourth generation CAR constructs 

have also been used but are yet to demonstrate significantly superior activity in this 

context [128].  

Many of the trials conducted to date have been of CD19-specific second-generation 

CAR T cells and focused on the treatment of B cell malignancies, including acute and 

chronic leukaemia, Non-Hodgkin’s lymphoma and follicular lymphoma [176–178]. CAR 

T cells have proved to be a promising treatment strategy for such conditions, with 

meta-analyses estimating the complete response rate in haematological malignancies 

to be between 54.4 % [178] and 60.0 % [176]. Treating B-cell acute lymphoblastic 

leukaemia (B-ALL) patients who achieve remission with anti-CD19 therapy with a 

subsequent allogenic haematopoietic stem cell transplant may further consolidate 

responses, increasing leukaemia free survival [179].  CAR T cells might also be 

leveraged in T cell haematological malignancies: recently a paediatric patient with T-

cell acute lymphoblastic leukaemia (T-ALL) achieved remission after treatment with 

anti-CD7 CAR T cells which had been further engineered to inhibit expression of CD7, 

the TCR, and CD52 [180].  

Based on these encouraging results in B cell leukaemia and lymphoma, tisagenlecleucel 

(Kymriah, Novartis) was licensed in United States in August 2017 for the treatment of 

acute lymphoblastic leukaemia in paediatric patients [181], with NICE approval 

following in November 2018 [182]. A similar second-generation CAR, axicabtagene 

ciloleucel (Yescata, Kite Pharmaceuticals), also received FDA approval in 2017 [183]. 

Subsequently, a further 4 CAR products have been approved: brexucabtagene 
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autoleucel  [184] , Kite Pharmaceuticals; lisocabtagene maraleucel [185] and 

idecabtagene vicleucel [186], Bristol Myers Squibb; and ciltacabtagene autoleucel 

[187], Janssen. These CARs are all second-generation CARs, with 4-1BB or CD28 

costimulatory domains, and use retroviral or lentiviral transduction systems. Except for 

idecabtagene vicleucel and ciltacabtagene autoleucel, which target B cell maturation 

antigen in multiple myeloma, the above CAR constructs all use the same FMC63 scFv to 

target CD19.  

CAR T cells have also been trialled for solid tumours, including cancers of the nervous, 

hepatobiliary, and gastrointestinal systems, as well as melanoma, sarcoma, and breast, 

prostate and non-small cell lung cancer [177, 188]. CARs in such trials were directed 

against a multitude of targets, including GD-2, carcinoembryonic antigen (CEA), 

epidermal growth factor receptor (EGFR), HER2, prostate specific membrane antigen 

(PSMA), claudins 6 and 18.2, and tumour associated glycoprotein-72 (TAG72) [176, 

177]. 

Historically, the clinical success of CAR T cells has been predominantly limited to the 

treatment of blood cancers. Complete response rates in solid tumours are estimated 

to be between 2.3 % [188] and 11.0 % [176], and such patients are approximately 4 to 

8 times less likely than those with haematological malignancies to achieve an objective 

response to treatment [128, 176, 188]. The potential reasons for the poor efficacy of 

CAR T cells in solid tumours are numerous, with the difficulty in identifying appropriate 

antigens and the need for T cells to traffic to the tumour site and survive in the 

immunosuppressive tumour microenvironment likely having a significant impact [189].  

Despite this, some encouraging albeit rare complete responses have been reported, 

including 3 patients with neuroblastoma treated with an anti-GD2 first generation CAR 

[190, 191], and one patient with rhabdomyosarcoma bone metastases treated with a 

second generation anti-HER2 CAR [192].  

Several promising CAR T cell products are in development for the treatment of 

gastrointestinal cancers. Proteins such as claudin 18.2 (CLDN18.2) and guanylyl cyclase 

C (GUCY2C) are widely expressed in the normal gastrointestinal mucosa, however their 

sequestration at the apical and lateral surfaces of the epithelium means that they are 
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not easily accessible to circulating T cells [193]. Their expression is maintained during 

malignant progression, where the loss of normal tissue architecture leads to antigen 

exposure and therefore facilitates potential targeting by CAR T cells [194, 195].  

CLDN18.2 is a transmembrane protein expressed selectively in the gastric mucosa, 

where it contributes to tight junction formation [193]. Following promising in vivo 

mouse data which demonstrated that second-generation CLDN18.2-specific CAR T cells 

could effectively target tumours in the absence of gastric toxicity, CARsgen’s CT041 

CAR entered clinical trials in 2019. The largest study to report to date was an 

investigator-initiated study (NCT03874897) including 37 patients with advanced 

digestive system cancers who received preconditioning chemotherapy followed by 

CT041 infusion [196]. The overall response rate was 48.6%, with 83.3% of lesions 

showing evidence of measurable regression following treatment. Although CRS and 

toxicities relating to the preconditioning chemotherapy regimen were common, the 

therapy had an acceptable safety profile with no dose-limiting toxicities. These results 

are broadly comparable with encouraging initial reports from ongoing studies of CT041 

in patients with gastric cancer or pancreatic adenocarcinoma (NCT04404595) [197], or 

gastric and gastroesophageal junction adenocarcinoma (NCT04581473) [198].  

GUCY2C is a transmembrane receptor expressed on the apical surface of intestinal 

epithelia. Proof of principle for GUCY2C-targeting CARs was demonstrated by Magee et 

al [199], who developed a second generation, mouse GUCY2C-specific CAR construct. 

Immunocompetent mice injected intravenously with GUCY2C-expressing CT26 cells 

were subsequently treated with non-myeloablative radiotherapy and syngeneic CAR T 

cells. GUCY2C-CAR T cell treatment significantly improved survival and reduced the 

number of lung metastases compared to recipients of control T cells, in the absence of 

any histopathological evidence of autoimmunity. Later work validated a similar human-

GUCY2C-specific CAR construct, confirming its anti-tumour efficacy in a syngeneic 

immunocompetent mouse model of metastatic colon carcinoma [200]. A phase I 

clinical trial of GUCY2C CAR T cells for patients with advanced gastrointestinal 

neoplasms sponsored by Innovative Cellular Therapeutics is currently recruiting 

(NCT04652219). Pfizer is also targeting GUCY2C with its bispecific reagent PF-

07062119, a diabody which binds to both CD3ε and GUCY2C to  indirectly drive T cell 
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infiltration into the tumour. Based on encouraging efficacy data from syngeneic 

immunocompetent mouse models and toxicology studies in cynomolgus monkeys 

which demonstrated a manageable safety profile [195, 201], PF-07062119 has entered 

clinical trials.  

Another member of the claudin family, claudin 6 (CLDN6), has also received attention 

as a CAR T cell target. CLDN6 is like CLDN18.2 in that it is a membrane protein involved 

in the tight junction, however it in differs in that it is a oncofoetal antigen with limited 

reported expression in healthy adult tissues. It is upregulated in various malignancies 

including male and female reproductive tract cancers, lung cancer and gastric cancer 

[202]. BioNTech have developed a 4-1BB-costimulated anti-CLDN6 CAR with a 

corresponding antigen-encoding RNA vaccine (termed CARVac), designed to promote 

in vivo CAR T cell expansion by driving CLDN6 expression by antigen presenting cells in 

the spleen and lymph nodes [202]. Promising results from in vivo mouse models led to 

the initiation of a phase I trial (NCT04503278) in 2020. Initial reports on the first 22 

patients receiving CLDN6 CAR T cells (with or without CARVac) described a manageable 

safety profile with a 33% overall response rate [203].  

Solid tumours clearly pose more of a challenge for CAR T cell therapeutics, which has 

typically meant that clinical success has been limited to the context of haematological 

malignancies. However, the identification of promising targets such as CLDN18.2 and 

CLDN6, alongside the development of novel engineering strategies, may represent a 

step towards effective CAR T cell therapies for patients with solid tumours, who 

represent the bulk of new cancer cases [147].  

1.1.3.2. Clinical Manufacturing of CAR T cell products  

Given their personalised nature and the requirements for GMP-compliance, 

manufacturing CAR T cell products for clinical applications is expensive. Typically, 

clinical trials harvest autologous PBMCs via leukapheresis using specialised equipment 

[204]. T cells may then be isolated with immunomagnetic beads, followed by activation 

with anti-CD3 antibody, either in its soluble form or presented on immunomagnetic 

beads or nanobeads. In most clinical trials, the CAR transgene is introduced by 
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lentiviral or retroviral transduction: whilst lentivirus is more frequently used in clinical 

trials reported to date [176, 178, 188], the lack of stable packaging lines does 

introduce potential lot-to-lot variability [204]. Gene transfer by mRNA electroporation 

[205] or transposon/transposase systems [149–151, 206] has also been reported but is 

yet to be fully adopted. CAR-T cells then undergo a period of expansion until the 

required numbers are generated, before being cryopreserved until treatment initiation 

[204]. To standardise the process and meet stringent GMP sterility requirements, 

several commercial devices have been developed such as the CliniMACS Prodigy, 

WAVE Bioreactor or G-Rex Platform, which are either fully- or semi-automated closed 

systems [204].  

The turnaround time for CAR T cell therapeutics for clinical use is typically less than 20 

days from the point of apheresis to infusion, according to a 2018 analysis by Vormittag 

et al [207]. Shortening production time benefits patients, who typically have advanced 

disease and risk rapid progression. Moreover, it was demonstrated by Ghassemi et al 

that CD19-specific CAR T cells progressively differentiate during the ex vivo culture 

period [208]. Various studies in adoptive cell therapy have suggested that optimal 

responses are mediated by less differentiated cells, including those in naïve and central 

memory subsets [167, 168]. As expected, Ghassemi et al observed CAR T cells 

engrafted 3 or 5 days after culture initiation showed improved tumour control and 

stronger expansion and persistence in in vivo xenograft models compared to cells 

harvested after the standard 9-day culture period. Subsequent work by the group 

demonstrated that it is possible to further reduce this culture period down to just 24 

hours whilst retaining strong anti-leukaemic activity and persistence in vivo [209].  

Pre-infusion lymphodepleting chemotherapy, which typically consists of 

cyclophosphamide (Cy) and fludarabine (Flu), has been demonstrated to improve 

clinical responses [178]. These regimens are incorporated into most trials for 

haematological malignancies [178], but are only used in around half of trials for solid 

tumours [188]. Combination treatment with Cy/Flu increases the persistence and 

expansion of adoptively transferred cells [88, 210], which has been attributed to the 

increased availability of IL-15 and IL-7 following the depletion of endogenous NK, B and 

T cells [88, 211, 212]. Lymphodepletion may also increase the activity of host dendritic 
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cells, enhancing their uptake and display of antigens and production of IL-12 [213, 

214].  

At the point of infusion, cryopreserved CAR T cell products are thawed and 

administered to patients intravenously. Reported target doses vary considerably 

between trials, but patients treated with the 6 FDA-approved CAR T cells receive 

between 0.5 and 5 x 106 cells/kg body weight [181, 183–187]. A meta-analysis of 

published trials for all cancers found that total doses <108 were associated with 

improved overall response rates [176], suggesting that quality rather than absolute 

quantity of cells is important. 

1.1.3.3. Safety concerns 

Whilst an effective therapy in B cell malignancies, the use of CAR T cells is associated 

with several significant risks, including potentially fatal toxicities [125, 210, 215]. One 

of the most common toxicities is cytokine release syndrome (CRS), which is 

characterised by elevations in IFNγ, IL-6, IL-1 and IL-10 [216–218]. It occurs because of 

massive cytokine release by both infused T cells and endogenous myeloid cells, 

following widespread cytotoxic T cell activity [216]. The systemic inflammatory 

response that is triggered causes varied symptoms, ranging from minor fever to severe 

hypotension, circulatory shock, and multiple organ failure. CRS is frequently reported 

in anti-CD19 clinical trials [177], resulting in several fatalities [125, 210]. The condition 

can be managed clinically using supportive measures, the IL-6R blocking antibody 

tocilizumab, and corticosteroids [219].  

Associated adverse events include immune effector cell-associated neurotoxicity 

syndrome (ICANS; also known as CAR related encephalopathy syndrome (CRES)) and 

tumour lysis syndrome [218, 220]. ICANS is characterised by neurological disturbances 

following CAR T cell infusion, and it is thought to be linked to CRS-induced disruption 

of the blood brain barrier [216]. It is frequently reported [126, 177, 220–222], and can 

be fatal [210, 215]. Treatment in severe cases often consists of corticosteroids [223]. 

By contrast, tumour lysis syndrome occurs due to the release of substances from large 
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numbers of lysed tumour cells, causing electrolyte disturbances with similar symptoms 

to CRS [216].  

As their aetiology is linked to CAR cell activation and activity, CRS, ICANS and tumour 

lysis syndrome are rarely reported in clinical trials in solid tumours [178]. However, this 

does not mean that the use of CAR T cells in such trials can be considered safe. With 

any CAR T cell design, especially those targeting tumour associated antigens, there is 

an inherent risk that they will react against the target antigen expressed on healthy 

tissues, causing on-target/off-tumour toxicities. This was first observed with first-

generation CAR T cells against carbonic anhydrase IX (CAIX) [172], which induced liver 

toxicities in all patients treated due to recognition of the protein on hepatocytes. The 

severity of such on-target/off-tumour effects largely depends on the cell type 

recognised. Anti-CD19 CAR T cells can target healthy CD19+ B cells, however the 

resulting B cell aplasia can be managed with intravenous immunoglobulin infusions 

[220, 224, 225]. By contrast, the off-tumour recognition of HER2 on the lungs of a 

patient treated with a high dose of anti-HER2 CAR T cells designed to target her 

metastatic colon cancer proved fatal [226].  The development of acute respiratory 

toxicities in a trial of anti-CEACAM5 CAR T cells was also attributed to the potential on-

target/off-tumour recognition of CEACAM5 on the lung epithelium [177].  

Another potential risk of CAR T cells is the potential for cross-reactivity with other 

structurally related antigens, leading to off-target effects. Such toxicities have not yet 

been reported in the context of CAR T cells, which is likely in part due to the adoption 

of protein microarray technology for extensive cross-reactivity screening [227–230], 

but they have occurred in trials of TCR-engineered T cells.  

2 patients who received autologous T cells bearing an HLA-A*01-restricted, affinity 

enhanced TCR specific to a peptide in MAGE-A3 (EVDPIGHLY) developed cardiac 

toxicities several days after T cell infusion [231]. One patient succumbed to a 

myocardial infarction, whilst the other developed a pericardial effusion which 

ultimately led to fatal cardiogenic shock. Autopsy findings revealed an inflammatory 

infiltrate consisting of engineered CD3+ cells in the myocardium. Subsequent analysis 

demonstrated that this was caused by cross-recognition of a titin-derived peptide in 

the heart muscle, and highlighted the difficulties in predicting off-target toxicities: 
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reactivity was only observed against a beating cardiomyocyte culture, but not against 

broad panel of primary cardiac cells in standard culture conditions [42].  

Morgan et al also tested an HLA-A*0201-restricted MAGE-A3 TCR which recognised an 

alternative peptide (KVAELVHFL) [41]. 4 out of 9 patients treated with autologous T 

cells bearing this receptor developed neurological disturbances, which proved fatal in 

2 cases. Necrosis and a T cell infiltrate were detected in the brain on autopsy. This was 

initially attributed to the cross-recognition of a MAGE-A12 peptide (KMAELVHFL) 

expressed at low levels in the brain, although subsequently it has also been suggested 

that it was instead due to reactivity against the protein EPS8L2 [232]. By contrast, in a 

later trial by Lu et al [233] 9 patients received autologous T cells bearing an alternative 

MAGE-A3 TCR which recognised the peptide QHFVQENYLEY, without developing 

cardiac or neurological toxicities.  

Potential safety risks are also posed by the method of gene transfer used in CAR 

clinical trials. Retroviral and lentiviral based methods are frequently used, but risk the 

generation of replication competent virus or insertional mutagenesis. The likelihood of 

replication competent retrovirus/lentivirus production is minimised by segregating 

gag, pol and env genes onto different plasmids, thereby requiring multiple 

recombination events to occur [234, 235]. Self-inactivating lentiviral vectors are 

characterised by deletion of regions in the 3’ UTR, further reducing the risk [236]. 

Although toxicities driven by replication competent retrovirus were detected in an 

early study in non-human primates by Donohue et al [237], several subsequent large-

scale analyses of transduced cell products from clinical trials have found no evidence 

of replication competent retrovirus [146, 147] or lentivirus [144, 145], suggesting that 

the risk is relatively low.  

Viral integration into the host genome also risks disrupting normal gene expression, 

thereby potentially leading to malignant transformation. The potential for insertional 

mutagenesis was first highlighted in clinical trials in which patients with X-linked severe 

combined immunodeficiency (SCID-X1) received autologous haematopoietic stem cells 

retrovirally transduced with the gamma cytokine receptor chain gene [238]. Although 

effective in correcting the immunodeficiency, several subjects subsequently developed 

T cell leukaemia caused by the clonal proliferation of transduced cells due to viral 
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integration events causing dysregulated expression of the LMO2 proto-oncogene [137, 

138].  

Given their propensity to integrate at transcription start sites and enhancer regions 

[139–141, 239], retroviruses may in theory pose an increased risk of gene 

dysregulation compared to lentiviruses, which favour integration within actively 

transcribed genes [240]. However, there have been case reports of the clonal 

expansion of lentivirally transduced CAR T cells [142, 241], including a case in which 

insertion of the lentiviral vector caused disruption of the TET2 gene, which combined 

with an existing mutation in the patient’s second TET2 allele led to T cell proliferation 

[142]. 

CAR T cell therapies are therefore not without risk, and these need to be balanced 

against the potential benefits for individual patients. However, the encouraging 

responses they have mediated in certain malignancies justify the continued interest in 

the development of such therapies.   

 

 CAR T cells for melanoma 

Melanoma is the 5th most common cancer in the UK, accounting for 4 % of total cancer 

cases in the UK. Age standardised incidence rates are increasing, rising by 30 % in the 

last decade. 87 % of melanoma cases are attributable to exposure to preventable risk 

factors [242], the most significant of which is UV exposure, particularly through sunbed 

use [243, 244]. Common genetic driver mutations result in aberrant activation of the 

MAPK pathway [245], with mutations in BRAF, NRAS and NIK frequently reported  

[246–248]. Melanoma progresses through distinct histological phases: benign 

proliferation of melanocytes, forming a melanocytic nevus; development of a 

dysplastic nevus, characterised by atypical melanocyte appearance; radial growth 

phase melanoma, with transformed cells mainly limited to the epidermis; invasion into 

the dermis, classified as vertical growth phase melanoma; and metastatic melanoma 

with spread to distal sites [249, 250].  
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With appropriate diagnosis and treatment, the 5-year survival rate for patients 

diagnosed with early-stage melanoma approaches 100 %; however only 53 % of 

patients with stage 4 metastatic disease survive to 1 year post-diagnosis [251, 252]. 

Various immunotherapies have been used in such patients, including IL-2, interferon, 

immune checkpoint blockade and tumour infiltrating lymphocytes [253].  

Melanoma-targeted CAR T cells against targets such as DNAM-1 [254], gp100/HLA-A2 

[255] and HMW-MAA (high molecular weight melanoma associated antigen) [256] 

have shown promise in the lab. Several clinical trials in this area are currently 

registered (Table 1); however, they typically recruit patients with a variety of cancers 

and are mostly yet to report results.  

Development of CAR T cells is restricted by a lack of suitable antigens, however one 

antigen which may hold promise as a potential target for melanoma immunotherapy is 

CD146, commonly known as melanoma cell adhesion molecule (MCAM). 

Table 1: CAR T cell trials for melanoma registered on ClinicalTrials.Gov as of January 2023. 
Trial ID Target Phase Conditions Intervention Status 

NCT02107963 GD2 Phase I Sarcoma, osteosarcoma, 
neuroblastoma, melanoma 

Cyclophosphamide, GD-2 specific, CD28 
and OX40 stimulated autologous 3rd 

generation CAR T cells. 
 

Completed. No 
results posted. 

NCT03060356 cMET Phase I Breast cancer, melanoma RNA-electroporated cMET-specific, 
autologous, 4-1BB costimulated CAR T 

cells. 
 

Terminated (halt 
in funding) 

NCT01218867 VEGFR2 Phase I/II Metastatic melanoma, renal 
cancer. 

Cyclophosphamide, fludarabine, VEGFR2-
specific autologous CD8+ CAR T cells, 

recombinant IL-2. 
 

Terminated (no 
objective 

responses) 

NCT04119024 IL-13-Rα2 Phase I Metastatic melanoma, stage 
III/IV cutaneous melanoma 

Cyclophosphamide, fludarabine, IL-13Rα2-
specific autologous, 4-1BB costimulated 

CAR T cells, recombinant IL-2. 
 

Recruiting 

NCT02830724 CD70 Phase I/II Pancreatic, renal, breast and 
ovarian cancer, melanoma 

Cyclophosphamide, fludarabine, CD70-
specific autologous CAR T cells, 

recombinant IL-2. 
 

Recruiting 

NCT03893019 CD20 Phase I Unresectable metastatic 
melanoma 

CD20-specific, autologous CAR T cells 
enriched for CD4/8. 

 

Recruiting 

NCT04897321 B7-H3 Phase I Multiple solid tumours with B7-
H3 expression 

Cyclophosphamide, fludarabine, B7-H3-
specific autologous CAR T cells. 

 

Recruiting 

NCT03635632 GD2 Phase I Neuroblastoma, osteosarcoma, 
Ewing Sarcoma, 

Rhabdomyosarcoma, uveal 
melanoma 

 

Autologous CAR T cells co-engineered with 
a GD-2 specific CAR and a constitutively 

active IL-7 receptor. 

Recruiting 

NCT04483778 B7-H3 Phase I Multiple solid tumours with B7-
H3 expression 

2nd generation 4-1BB costimulated  B7-H3-
specific autologous CAR T cells, 

with/without co-expression of a 2nd 
generation, 4-1BB costimulated CD19 CAR. 

 

Recruiting 

NCT05117138 AMT-253 Phase I/II Melanoma, non-small cell lung 
cancer, head and neck 

squamous cell carcinoma 

AMT-253, autologous, CAR T cells. Not yet 
recruiting 
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1.2. Melanoma cell adhesion molecule  

Melanoma cell adhesion molecule (MCAM) was first identified in 1987 [257], and has 

since acquired several names: CD146, MUC18, S-Endo1, A32 antigen and Mel-CAM. It 

is a single pass transmembrane protein of the Ig superfamily, with a predicted 

molecular weight of 113kDa [258]. The 646 amino acid protein is encoded by a 14 Kb 

gene on chromosome 11, q23.3 [259], and is comprised of 16 exons [260]. The full-

length mRNA for MCAM is 3.3 kb in length and encodes the open reading frame 

flanked by a short 5’ untranslated region (UTR) and large 3’ UTR [260]. 2 different 

isoforms of MCAM exist (short and long), which are generated by alternative splicing at 

exon 15; they share the same extracellular and transmembrane domains, but differ in 

their cytoplasmic domains, which are 21 and 43 amino acids long, respectively [261].   

The MCAM ectodomain is characterised by the presence of 5 immunoglobulin 

domains, which are each approximately 100 bp in length and contain prototypical 

cysteine residues (Figure 1.3) [262].  Domains 1 and 2 are V class, whilst domains 3 to 5 

are C2 class Ig domains [260, 262]. Mature MCAM is highly glycosylated with a 

preponderance of sialic acids, alongside D-mannose and galactose [263], and 8 

putative sites for asparagine-linked glycosylation have been identified [262]. The 

proteins can exist as monomeric or dimeric forms: dimers are stabilised by a disulphide 

bond between cysteine residues at positions 452 and 499 within the 5th Ig domain 

[264].   

A 24 amino acid single pass transmembrane region separates the ectodomain from the 

short intracellular domain [265]. Both short and long MCAM isoforms contain a 

recognition site for protein kinase C (PKC) and a juxta-membrane KKGK motif, which is 

reported to interact with several proteins involved in signalling cascades and 

cytoskeletal arrangement [266–268]. The long form contains a second PKC-binding 

site, a cAMP dependent protein kinase domain [260] and a dileucine motif thought to 

play a role in controlling cellular localisation, whilst a PZD-binding domain is only found 

in the short form [260, 269]. 

MCAM also exists as a soluble form (sMCAM) which is generated by matrix 

metalloproteinase (MMP) mediated ectodomain shedding of the membrane anchored 
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form, from endothelial and cancerous cells (including melanoma) [270–272]. Although 

detectable in the blood of healthy individuals, sMCAM is elevated in patients with 

cancer and other in disease states [273–275]. It is biologically active, driving increased 

tumour growth and metastasis when administered in in vivo tumour implantation 

models [272, 276].  

The murine form of MCAM has 75 % amino acid sequence similarity with its human 

ortholog and retains many of the same features including the 5 Ig domains and 6 of the 

8 glycosylation motifs in the ectodomain [277, 278]. The intracellular region contains 

conserved PKC and casein kinase II domains but lacks the cAMP-dependent protein 

kinase domain [277]. The zebrafish ortholog of MCAM is significantly different at the 

amino acid level, with only approximately 30 % sequence similarity to human and 

mouse forms [279]. The 617 amino acid protein is characterised by a 5 Ig domain 

extracellular region and short cytoplasmic domain. As in the mouse form, the PKC site 

in the tail is conserved [279]. 
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Figure 1.3 Three distinct forms of the MCAM protein. 
Membrane bound MCAM exists as two distinct isoforms which share the same ectodomain but 
differ in their intracellular regions. Soluble MCAM is generated by MMP-mediated ectodomain 
shedding. Ig, immunoglobulin; MMP, matrix metalloproteinase; PKC, protein kinase C. Figure 
created using Biorender.com. Adapted from Leroyer et al, 2019 [280]. 

 

 Regulation of expression 

Numerous factors involved in the regulation of MCAM expression have been 

identified, suggesting that a complex interplay between inducing and suppressive 

factors ultimately determines its levels.  

Regulation of MCAM-expression on melanocytes and melanoma cells was first 

attributed to cell-cell contact inhibition with keratinocytes [281]. Direct coculture with 

keratinocytes reduced the expression of MCAM on such cells, however advanced 

primary and metastatic melanoma cells were resistant to keratinocyte-mediated 

MCAM downregulation in vitro, suggesting that other mechanisms come into play 

which may allow this keratinocyte-mediated suppression to be bypassed [281].  

Analysis of the MCAM promoter has identified several factors which may control its 

expression: aberrant promoter methylation has been implicated in MCAM 
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overexpression [282, 283], whilst binding sites have been identified for several 

transcription factors with known oncogenic activity. 2 motifs have been identified for 

cAMP response element binding protein (CREB) [284], a transcription factor which is 

upregulated in numerous cancers and is reported to promote tumour growth and 

metastasis [285]. Mutation of the CREB sites in the MCAM promoter can reduce 

expression by 70 % [284]. CREB induces target gene expression in response to various 

stimuli, including intracellular cAMP increases [286]; increasing intracellular cAMP 

levels in MCAM expressing cells by treating cells with an activator of adenylyl cyclase, a 

stable cAMP analogue or an inhibitor of cAMP breakdown upregulated MCAM mRNA 

and cell surface protein levels [287].  

SP1 is a proto-oncogene which has been implicated in tumorigenesis and supports the 

proliferation and metastasis of cancer cells [288]. Mutation of the SP1 recognition 

motif significantly reduces MCAM promoter activity [284]. Similarly, SOX18, a 

transcription factor elevated in gastric cancer, has been shown to drive MCAM 

expression; expression of both markers is a negative prognostic factor in patients 

[289].  

Contrastingly, deletion of the AP2 motif increased MCAM expression by up to 5-fold in 

melanoma cell lines [284]. The presence of AP2 bound to the MCAM promoter 

differentiates MCAM negative from positive cells, and its forced overexpression in 

MCAMhigh cells can significantly suppress expression [290]. AP2 has tumour suppressor 

activity in a number of tumours including melanoma [291, 292], an effect thought to 

be mediated in part by its direct interaction with p53 to increase the transcription of 

p53-regulated genes [293].  The transcription factor ZBTB7A [294], and the micro-RNA, 

miR329 [295] also inhibit MCAM expression. Loss of ZBTB7A frequently occurs in 

progressive melanoma, is associated with poor survival, and correlates with MCAM 

overexpression in clinical samples [294]. miR329 is a microRNA which is a post-

transcriptional repressor of several genes, and acts as a tumour suppressor. Its 

overexpression can significantly reduce MCAM levels, alongside genes including VEGF 

and MMP9 [295].  

Clearly therefore, the pathways controlling MCAM transcription and translation are 

complex and likely depend on the balance between stimulatory and inhibitory factors. 
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The involvement of several oncogenes in promoting its transcription fits with its known 

expression profile, with elevated levels widely reported in numerous malignancies.  

 

 Expression profile  

MCAM was first identified in 1987 by Lehmann et al as a potential marker of 

melanoma [257]. What was then referred to as the MUC18 antigen was identified by 

its reactivity with a murine antibody raised against human metastatic melanoma 

tissue. Reactivity of the antibody was recorded against only 2 % of clinical samples of 

benign nevi, but this increased to 47 % in the context of primary melanoma and 69 % 

in metastatic melanoma.  

Analyses of both protein and mRNA levels have confirmed the absent or low-level 

expression of MCAM on melanocytes and normal epidermal tissue [263, 281]. 

Contrastingly, MCAM shows a pattern of stepwise upregulation during the malignant 

progression from dysplastic nevus through to primary and metastatic melanoma [296]. 

Expression is also correlated with the vertical depth of melanoma lesions, suggesting a 

possible causal role of MCAM in the acquisition of an invasive phenotype by melanoma 

cells [296].   

MCAM upregulation has also been reported in all 3 types of solid tumours: carcinomas 

of the stomach [297], breast [298–300], ovary [301], liver [302], prostate [277, 303] 

and kidney [304]; sarcomas including leiomyosarcoma, Kaposi’s sarcoma, 

osteosarcoma and angiosarcoma [305–307]; and nervous system tumours such as 

schwannomas and neurofibromas [306].  

In the context of melanoma, the presence of MCAM on clinical specimens correlates 

with the clinical staging descriptors Clark’s level and Breslow thickness [308], and with 

disease burden in metastatic melanoma [309]. MCAM positivity is also predictive of 

poor outcome after non-surgical treatment [309], and of reduced 5-year survival [308]. 

Interestingly, the predictive value of MCAM has also been demonstrated in the context 

of circulating tumour cells, with its expression associated with advanced disease stage 
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and increased recurrence risk, as well as poor outcome following non-surgical 

treatment [309, 310]. 

The association between poor prognosis and MCAM in melanoma is also observed in 

other malignancies. 41 % of gastric tumours express MCAM, which is predictive of poor 

survival and increased risk of lymph node metastases [297]. Similarly, MCAM is 

expressed on approximately 7 % of breast cancers, where it is associated with high 

grade, basal triple negative cancers [298] and acts as a negative prognostic marker 

[298, 311]. Similar associations with poor survival have also been reported in ovarian 

cancer [312], clear cell renal cell carcinoma [313], osteosarcoma [307, 314, 315], and 

glioblastoma [316]. A 2017 meta-analysis which included the results of 12 studies 

covering 2600 patients found that MCAM overexpression was associated with poor 

overall survival and reduced time to progression [317] 

Soluble MCAM also has value as a biomarker in non-cancer disease states, with 

elevated plasma levels detected in patients with heart failure [274], miscarriage [318], 

age-related macular degeneration [319] and systemic sclerosis [320].  

Based on its widely reported overexpression on malignancies, MCAM has been 

characterised as a tumour-associated antigen. However, this categorisation is 

complicated by its expression on healthy cells. It has been frequently detected on 

vascular endothelial cells throughout the body, including in the lymph nodes, spleen, 

lung, tonsils, and placenta [265], to the extent that it can be used as a marker of 

circulating endothelial cells [321]. MCAM is predominantly limited to capillaries, and is 

generally low or undetectable on larger calibre vessels [265].  

The location of MCAM on endothelial cells has mainly been investigated using human 

umbilical vein endothelial cells (HUVEC) cultured in vitro in monolayers or networks on 

Matrigel; notably, expression of the protein on HUVECs increases on ex vivo culture 

[265] which may be more representative of angiogenic vasculature rather than 

quiescent endothelium. Expressed at low levels in subconfluent cultures, the protein is 

upregulated on confluent HUVECs [322], where it is primarily localised to sites of cell-

cell contact [323–325]. It does not appear to directly form part of adherens junctions 

or focal adhesions however [269, 326]. The short and long isoforms display different 
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subcellular localisation and are involved in different processes. The long isoform, which 

is found intracellularly in subconfluent cells [322], is directed to the basal membrane 

and cell-cell junctions in confluent cultures [269, 322]; it plays a role in the formation 

and stabilisation of HUVEC networks [322]. At confluency, the short isoform is 

relocated from the nucleus to the apical surface and the migrating edge of the cell 

where it promotes HUVEC proliferation and migration [322], potentially via its 

association with VEGFR1/R2 [272].  

MCAM expression has also been reported on the smooth muscle of the tunica media 

[262, 263, 265, 305, 327] and non-vascular smooth muscle of the colon and stomach 

[265], with some reports suggesting it is also found on skeletal muscle [305]. In the 

nervous system it has been detected on the cerebellar cortex and on Schwann cells 

[305, 327], whilst elsewhere in the body it has been identified on tissues as varied as 

adipose tissue, the kidney, hair follicles [257, 263], parathyroid glands [305], and the 

epithelia of the lens, thymus, breast, and bronchi [305]. 

Furthermore, MCAM has been reported on a minority of cells of the haematopoietic 

lineage: MCAM expression in healthy participants is detected on approximately 3 % of 

peripheral CD3+ T cells [328–330], 1 % of B cells and 0.1 % of NK cells [329]. MCAM+ T 

cells are polyclonal, with conventional αβ TCRs [329, 330] and more commonly co-

express CD4 over CD8 [328, 331, 332]. This population is reported to have a CD45RA- 

CD45RO+ CCR7- memory phenotype [329, 333–337], and its enrichment for genes 

including CCR6, IL-17, IL-22, IL-23R, IL-26, ROR and CD161 [331, 333, 338] has led 

several groups to conclude that MCAM demarks a CD4+ Th17 subset [333, 338]. It 

doesn’t appear to be an exclusive marker for this group however, as MCAM+ CD8+ T 

cells have also been detected.  

The expression of MCAM on immature thymocytes and the thymic epithelium [305, 

339] suggested a potential role for MCAM in T cell development. Recently this was 

confirmed by Duan et al [340], who demonstrated that conditional knockout of MCAM 

in Lck-expressing cells interfered with the β-chain selection and positive selective steps 

of T cell development, reducing the total number of mature T cells in the periphery. 

Several groups have demonstrated that MCAM expressed in this context functions as 

an adhesion receptor, allowing T cells to bind to the endothelium and facilitating their 
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extravasation [331, 341]. Duan et al [340] also demonstrated that  MCAM binds to Lck 

via its KKGK motif, driving Lck activation and augmented T cell signalling. 

Although rare in healthy participants, MCAM-expressing T cells are elevated in the 

blood and affected tissues in several autoimmune and inflammatory conditions, 

including arthritis [336–338, 342, 343], contact dermatitis [342], multiple sclerosis 

[331], psoriasis [343] and Crohn’s disease [333].  

 

 

Figure 1.4 MCAM expression in health and disease. 
MCAM is upregulated in a variety of malignant conditions, where it is associated with a poor 
prognosis. However, it is also expressed on healthy tissues throughout the body. Figure created 
with Biorender.com. 

 

 Function of MCAM  

1.2.3.1. Membrane bound MCAM 

Several studies have demonstrated a correlation between the expression of MCAM 

and the invasion and motility of various cell lines in vitro [277, 301, 344–348]. 

Acquisition of this invasive, migratory phenotype correlates with the increased 

expression of markers of the epithelial-mesenchymal transition (EMT) in MCAM-
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expressing cells, including N-cadherin, vimentin, slug, and the matrix 

metalloproteinases MMP2 and MMP9, alongside downregulation of E-cadherin [297, 

298, 344, 346]. The downregulation of E-cadherin and upregulation of N-cadherin and 

vimentin are considered to be essential for cellular migration and invasion, and favour 

cancer metastasis [349]. In an in vitro 3D skin model, MCAM-expressing melanoma 

cells implanted amongst keratinocytes were able to rapidly invade into the dermis, 

replicating the vertical growth phase of melanoma. This invasion through the 

basement membrane, a key step in cancer spread, was significantly impaired by MCAM 

knockdown [350].  

Intravenous injection of MCAM-transfected cell lines and neo-transfected controls into 

immunocompromised or syngeneic mice confirmed a correlation between the 

expression of MCAM and metastatic ability [344, 351]. The magnitude of the effect 

differs between different models, and it is lost when tumour cells are implanted 

subcutaneously [344, 347], suggesting that MCAM may act to facilitate extravasation 

to a greater degree than intravasation.  

Whilst there is consensus that MCAM favours the development of a migratory, 

invasive and metastatic phenotype, its role in cellular growth and tumorigenicity is less 

clear. The upregulation of MCAM has no demonstrable effect on cell proliferation in 

vitro [281, 344, 347], however siRNA knockdown has been linked with decreased cell 

proliferation [301, 348, 352]. Similar contradictory results have been obtained in vivo, 

with several studies finding a correlation between MCAM and tumour growth rate in 

mice [290, 344], with others finding that tumorigenicity was unaffected [347, 351] or in 

some cases reduced [345, 353].  

Given its widespread expression on endothelial cells, several studies have investigated 

the role of MCAM in the context of angiogenesis. The expression of MCAM by HUVECs 

and endothelial cell lines promotes the VEGF-induced formation of capillary-like 

tubular structures on Matrigel [266], in a manner which can be inhibited by MCAM 

siRNA [264]. In a Matrigel plug model in which VEGF-containing Matrigel was 

implanted into wild type (WT) and MCAM-/- mice, the absence of MCAM significantly 

reduced endothelial invasion into the plug and the number of large diameter vessels 

[266]. Similar results were obtained in a model in which HUVEC cells were treated with 
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a MCAM-targeting micro-RNA, miR329 [295], which could also significantly reduce 

neovascularisation in a murine model of oxygen induced retinopathy [295].  

Neovascularisation was also reduced in a zebrafish model in which human HCC, human 

gastric cancer and mouse melanoma cell lines were injected into the yolks of wild-type 

and MCAM-morpholino-oligonucleotide knock down embryos. Sprouting of vessels 

from the sub-intestinal vein into tumours was significantly impaired in the MCAM-

knockdown animals [354]. Finally, further evidence for the importance of MCAM in 

angiogenesis was provided by a chick chorioallantoic membrane assay, in which a filter 

disk saturated with anti-MCAM antibody was directly placed on the membrane of 

fertilised eggs. Blood vessel formation after 24h exposure to anti-MCAM decreased in 

a dose dependent manner, resulting in avascular regions adjacent to the filter paper 

[355].   

To summarise, MCAM-expression on tumour cells correlates with upregulation of 

markers of the EMT, the acquisition of an invasive motile phenotype, and increased 

metastatic ability in vivo. Its role in promoting cell growth and tumorigenicity by 

tumour cells is less clear, however expression on HUVECs promotes angiogenesis in 

response to pro-angiogenic factors in vitro and in vivo.  

 

1.2.3.2. Soluble MCAM 

The pro-tumour effects of MCAM are not just limited to the membrane bound 

isoforms. Soluble MCAM is generated by a calcium-dependent process which 

ultimately results in ectodomain shedding [271]. Originally MMP1 and MMP3 were 

identified as the mediators of this [271], with more recent work identifying TACE and 

ADAM10 as responsible for cleaving the short and long isoforms, respectively [320].  

Soluble MCAM is secreted by numerous cancer cell lines as well as HUVECs and human 

microvascular endothelial cells [272]. sMCAM treatment drives the proliferation of 

UACC-1273, C8161 and PANC-1 cells, and increases the expression of proteins known 

to promote angiogenesis and invasion, including MMP-9, Ang2, c-Myc and Max [272], 
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along with markers of the EMT [276]. Accordingly, the motility and formation of 

capillary-like structures by an ovarian cancer cell line (HEY) was also increased in the 

presence of sMCAM [276]. Through the induction of the anti-apoptotic factor Bcl-XL, 

sMCAM also protects cancer cells from free radical induced apoptosis [272]. In vivo, 

sMCAM treatment promoted the growth of ovarian and melanoma xenografts and 

increased the frequency and size of metastases [276].  

 

 MCAM as a receptor  

Although the location and effects of MCAM expression have been well characterised, 

the exact signalling mechanisms by which it acts are still somewhat unclear. Numerous 

ligands have been identified; they can broadly be categorised as components of the 

extracellular matrix (ECM) involved in modulating cell adhesion and cytoskeletal 

rearrangements or signalling molecules which promote cell growth and angiogenesis 

[356].  

It was first suggested that MCAM may be a cell adhesion molecule after cDNA analysis 

identified high sequence similarity with the adhesion molecules N-CAM, CEA, L1, 

fascilin II, and contactin [262]. Additionally, its expression at the cell surface is localised 

to sites of cell-cell contact [281, 323, 324], and is associated with the formation of 

spheroids in vitro [344, 351, 357]. Whilst it was initially thought to mediate cell 

adhesions through the formation of homodimers [263], evidence has since 

demonstrated that these MCAM-mediated adhesions are more likely to be the result 

of an interaction between MCAM and a heterophilic ligand [357]. Subsequently, it has 

been demonstrated that MCAM is the receptor for laminins 411 and 421, galectins 1 

and 3, and S100A8/A9.  

Laminins form a key component of the basement membrane, playing important 

structural roles throughout the body and interacting with the overlying endothelial and 

epithelial cells through cell membrane receptors. They consist of α, β and γ chains, and 

16 isoforms have been identified in mammals which have tissue and cell-specific 

expression patterns and functions [358]. Laminins 421 and 411 (α4β2γ1) are reported 



53 
 

to promote the motility of cancer cells in vitro [359, 360]. Binding of MCAM to laminin 

421 and laminin 411 is mediated by an interaction with the globular domain of the α4 

laminin chain [361]. Migration of MCAM-expressing melanoma cells on the 

immobilised proteins can be abrogated by MCAM-blocking antibodies [362]. Studies 

suggest that MCAM on melanoma cells binds more strongly to laminin 421 [362], 

whilst laminin 411 serves as a vascular ligand for Th17 cells [363]. The cause for this 

differential binding is unclear but could indicate the presence of different MCAM 

epitopes on different cell types.  

Galectins are a family of 15 soluble carbohydrate binding proteins, of which galectins -

1 and -3 are most well characterised [364]. Galectin-1 has been implicated in the 

progression of a range of cancers, including breast, prostate, cervical, lung and brain 

cancers, as well as melanoma. Its effects are mediated through a range of mechanisms 

which result in tumour growth, metastasis, angiogenesis, and resistance to chemo- and 

radiotherapy. Galectin-3 expression has similarly been shown to increase invasion and 

metastasis of pancreatic, colon and breast cancer cells, and promotes angiogenesis in 

melanoma by inducing NFAT1 activity [364]. Clinical studies have demonstrated the 

altered expression of galectin-1 and -3 in numerous malignancies, with galectin-1 

overexpression in particular predicting poor prognosis [365].  

Galectin-1 binds to N-glycans on MCAM expressed by cultured endothelial cells, 

protecting them from galectin-1-induced apoptosis [366]. Galectin-1-MCAM 

interactions are also reported on melanoma cells, where they promote cell migration 

[367]. Studies from the Yu research group have similarly identified MCAM as a major 

binding partner for galectin-3 on endothelial cells [368] and melanoma [369]. This 

induces MCAM dimerisation and downstream AKT signalling, resulting in production of 

metastasis-inducing cytokines from the endothelium and promoting melanoma 

invasion and motility.  

S100 proteins are another family of soluble dimeric proteins found in the extracellular 

environment which have diverse roles including promoting tumorigenesis [370]. The 

heterodimer S100A8/A9 is a ligand for MCAM on malignant cells, resulting in the 

activation of NF-κB and MAPK signalling pathways [371, 372]. This has been shown to 
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facilitate local invasion through the induction of MMP25 [371], and to promote distant 

lung metastases in mouse models [372].   

Alongside alterations in cell adhesion to other cells and ECM components, local 

invasion and metastasis requires cytoskeletal reorganisation, a process which is 

regulated by RHO GTPases [373, 374]. MCAM interacts with meosin, an ERM protein 

which couples the transmembrane MCAM protein with the actin cytoskeleton, an 

interaction which facilitates migration in vitro [267]. MCAM also indirectly interacts 

with the cytoskeleton via paxillin: it associates with the kinase p59 FYN, which 

becomes phosphorylated following MCAM cross-linking. Activated p59 FYN 

phosphorylates and activates p125 FAK (focal adhesion kinase), which in turn recruits 

and phosphorylates paxillin, an adaptor protein which is coupled to the cytoskeleton 

through other proteins such as vinculin [326, 375].  

Furthermore, MCAM also transmits signals which drive cytoskeletal rearrangement 

through its role as a receptor in non-canonical Wnt signalling. Wnt5a increases the 

motility of cultured endothelial cells through an interaction with the third extracellular 

Ig domain of MCAM: MCAM associates intracellularly with the protein dishevelled 

(Dvl), which becomes phosphorylated. This drives cytoskeletal rearrangement through 

the activation of JNK [376].  

MCAM is involved in diverse and numerous signalling pathways linked to cell motility, 

in accordance with its role as a driver of cell invasion and metastasis in cancer cells. It 

is also known to promote angiogenesis, which may be in part mediated by its role as a 

co-receptor for VEGF-A. On cultured endothelial cells MCAM is found directly 

associated with VEGFR-2, and this interaction is necessary for VEGF-induced VEGFR-2 

phosphorylation and NF-κB/AKT signalling [266]. Moreover, CD146 is a receptor for 

VEGF-C, playing an important role in lymphangiogenesis by lymphatic endothelial cells 

[377].  

Although originally considered as a homophilic receptor simply involved in cell-cell 

adhesion, MCAM is now known to act as a receptor and signal transducer in numerous 

pathways. The relative contributions of these different MCAM-ligand interactions, and 

how these different pathways may interact, requires further research. Likewise, the 
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mechanisms underpinning the activity of sMCAM remain to be fully elucidated. 

Currently the only binding partner to be identified is angiomotin, which is expressed on 

endothelial cells. sMCAM-angiomotin interactions on endothelial progenitor cells 

upregulates phosphorylated AKT, FAK and JNK and promotes the formation of 

capillary-like networks in in vitro assays [378].  

 MCAM immunotherapies 

The characterisation of MCAM as a tumour associated antigen led several groups to 

investigate its potential as an immunotherapy target. To date, several therapeutic 

antibodies have been developed to this end [379], as has a vaccine targeting MCAM.  

1.2.5.1. Therapeutic Monoclonal Antibodies 

ABX-MA1 

The first reported anti-MCAM antibody, ABX-MA1, was generated by immunising 

Abgenix’s proprietary XenoMouse against the human melanoma cell line SK-MEL-28, 

giving rise to an affinity matured, fully human antibody [380]. In vitro, ABX-MA1 blocks 

the adhesion of MCAM-expressing cells to HUVECs, and significantly impairs the 

invasion and migration of human melanoma and osteosarcoma cell lines, partly by 

reducing MCAM-induced protease activity by MMP2 [380]. Accordingly, therapeutic 

ABX-MA1 treatment was able to inhibit the metastasis of melanoma and osteosarcoma 

cell lines in nude mice [380, 381]. Interestingly, although it was able to slow the growth 

of tumours in mice with subcutaneous melanoma xenografts, osteosarcoma tumours 

were resistant to its tumouristatic effects [380, 381].  

ABX-MA1 also appears to inhibit angiogenesis: in vitro it disrupts the formation of 

capillary networks by HUVECs on Matrigel [380], and IHC analysis of tumour sections 

from mice demonstrated that ABX-MA1 treatment significantly reduced the tumour 

micro-vessel density and increased the number of apoptotic cells [380].  
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AA98 

The MCAM-specific monoclonal antibody AA98 was raised in mice against HUVEC cells 

stimulated with conditioned media from tumour cells to isolate a monoclonal antibody 

which bound selectively to angiogenic vasculature [355]. It is reported to preferentially 

label tumour vasculature over that in healthy tissues, binding to an epitope at the 

junction between the 4th and 5th Ig domains of MCAM [382]. This is thought to stabilise 

the protein in its monomeric form [382], antagonising the effects of VEGF and blocking 

downstream NF-κB signalling [266, 304]. AA98 treatment was shown to selectively 

inhibit the proliferation of stimulated HUVEC cells, prevent their migration towards a 

VEGF stimulus, and impair blood vessel formation in a chick chorioallantoic membrane 

(CAM) angiogenesis assay [355].  

In vivo, AA98 could reduce the growth of human leiomyosarcoma, pancreatic cancer, 

uveal melanoma, and hepatic cell carcinoma in nude mice, and prevented the 

formation of micro-metastases to the lungs and lymph nodes [266, 355]. Conjugating 

AA98 to 131I enhanced its inhibition of tumour growth and reduced micro-vessel 

density by 70 % compared to IgG-treated controls; those vessels which were present 

were characterised by narrowed lumens and the presence of thrombi [355]. 

Angiogenesis and vascular mimicry in a uveal melanoma model were also reduced 

following AA98 treatment [383].  

tsCD146 

The potential for unintended effects caused by reactivity of existing MCAM antibodies 

against healthy vasculature led Nollet et al to develop a novel antibody with higher 

selectivity for tumour specific (ts) MCAM [384]. Termed tsCD146, this rat monoclonal 

antibody was able to discriminate between cell lines of cancerous and vascular origin, 

suggesting that tumour expressed MCAM may contain distinct epitopes. This antibody 

selectively labelled tumour cells but not endothelial cells in biopsies of melanoma, 

renal carcinoma, colon adenocarcinoma and verrucous skin carcinoma. tsCD146 could 

also detect melanoma cancer microparticles in the plasma of patients, whilst 

radiolabelled tsCD146 provided a means of detecting melanoma in a xenograft model 

via PET imaging.  
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In vitro, tsCD146 caused a moderate decrease in the proliferation of a panel of cancer 

cell lines, and significantly induced apoptosis. Growth of melanoma and pancreatic 

tumours in NOD/SCID xenograft experiments was reduced by 30-50 % [384].  

PRX-003 

PRX-003 is the only anti-MCAM therapeutic that has been utilised clinically to date. 

This anti-MCAM antibody developed by Prothena reduces tumour size and bone 

metastases in SCID male mice xenografted with prostate cancer cells [385]. It was 

tested in phase 1 clinical trials for the treatment of psoriasis. Whilst it was well 

tolerated it did not achieve any meaningful clinical responses and therefore has not 

been developed further [386, 387].  

MJ2-1 

Given its role in promoting tumour growth and metastasis, the soluble form of MCAM 

presents a unique target for monoclonal antibody therapy. M2J-1, a rat monoclonal 

antibody which selectively binds to sMCAM but not the membrane-bound isoforms, 

was developed by Stalin et al [272]. M2J-1 antagonised the effects of sMCAM on 

ovarian, melanoma and prostate cancer cell lines in vitro, reducing their proliferation 

and inducing apoptosis and senescence [272, 276]. In mouse xenograft models, MJ2-1 

treatment reduced tumour growth and dissemination, with mice developing fewer and 

smaller metastases compared to control groups, likely due to a reduction in circulating 

micro-metastases [272, 276]. Intra-tumoural vascularisation was reduced, and the 

number of apoptotic tumour cells was increased [276].  

Photoimmunotherapy with therapeutic antibodies 

Photoimmunotherapy is a new treatment modality which utilises antibody-conjugates 

to deliver the hydrophilic dye IR700 to the membrane of cancer cells. Near infrared 

light is then used to excite the antibody-IR700 complexes, which causes the production 

of reactive oxygen species and membrane damage. This ultimately leads to cell death 

and the release of DAMPs, eliciting an immune response [388]. Wei et al leveraged this 

technology in 2019, conjugating IR700 to an alternative murine anti-MCAM antibody, 

YY146. In mouse experiments IR700-YY164 treatment could reduce the growth of 

melanoma xenografts and induce production of reactive oxygen species [389]. To date, 
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only the YY146 antibody has been tested in this context, but it could represent a 

promising research direction.  

 

1.2.5.2. Vaccination 

The encouraging results mediated by monoclonal antibodies led to the development of 

a DNA vaccine against murine MCAM [390], which was used to vaccinate 

immunocompetent C57/BL6 mice prior to challenge with subcutaneous MCAM-

overexpressing mouse melanoma cells. Prophylactic vaccination reduced tumour 

incidence by 50 % compared to a β-galactosidase vaccine control (p<0.001) and could 

also reduce metastasis formation in mice challenged with IV melanoma cells. However, 

vaccination was unable to mediate any anti-tumour effects in mice bearing established 

tumours [390]. 

Vaccination was demonstrated to induce the formation of MCAM-specific IgG2a 

antibodies and cytotoxic T lymphocytes which could selectively mediate the lysis of 

MCAM+ cells. Treatment of mice with a CD8 eliminating agent could abrogate the anti-

tumour effects of the vaccine, suggesting that CTLs may play a major role in the 

response observed. Given that MCAM is known to be expressed on the vascular 

smooth muscle  [278] and endothelium [391], a risk of autoimmunity exists with this 

vaccination strategy. No signs of toxicity were observed, however, potentially 

suggesting that full immune responses only occur in response to the high MCAM levels 

on melanoma cells [390].  

 

 MCAM as a CAR T cell target 

MCAM-specific CAR T cells could represent a novel immunotherapy for several 

reasons. Firstly, the characterisation of MCAM as a tumour associated antigen with 

high expression not only in melanoma but in a variety of tumours would increase their 

utility. Its expression also correlates with poor prognosis and advanced disease, and it 
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is involved in several important signalling cascades, suggesting that it may play a causal 

role in disease progression. Furthermore, it appears to have an active effect on cell 

behaviour, with MCAMhigh cells acquiring a migratory, invasive phenotype and 

upregulating markers of the EMT. As would be expected, this correlates with an 

increased risk of metastasis in in vivo models.  

Not only is its expression on tumour cells upregulated, MCAM also facilitates 

angiogenesis, an essential step for tumour growth and survival. Moreover, disrupting 

the angiogenic vasculature with CAR T cells could potentially mediate significant anti-

tumour effects without the need for such cells to extravasate and survive in the 

immunosuppressive tumour microenvironment. Given its active roles in tumour cell 

behaviour and angiogenesis, selectively targeting MCAMhigh cells could remove tumour 

cells with an aggressive phenotype and reduce the chance of antigen loss variants 

occurring, a common cause of relapse in CD19-CAR trials [98].  

However, as with all tumour-associated antigens, the expression of MCAM on healthy 

tissues means that this strategy carries a risk of on-target/off-tumour toxicities. MCAM 

is expressed at low levels in a range of different tissues: whilst certain sites of 

expression such as the central nervous system (CNS) and the eye may be protected 

from CAR activity due to immune privilege, other sites would certainly be accessible. 

CAR T cells have been tested in the clinic against a range of tumour associated antigens 

with diverse expression on normal tissues, including those targeting VEGFR2 [392], 

mesothelin [205], and EGFR [393, 394]. To date these therapies have been broadly well 

tolerated with no evidence of major on-target/off-tumour toxicity, although their anti-

tumour activity has also been limited.  

The expression of MCAM on the vasculature is a major concern. Whilst it may be that 

antigen density on normal blood vessels is insufficient to activate CAR T cells, there is 

little research directly comparing expression levels on healthy vasculature and tumour 

tissues, so it is not possible to be confident of this. However, the absence of 

autoimmunity in mice vaccinated against MCAM does suggest that there may be a 

therapeutic window for targeting it [390]. Additionally, it appears to localise to 

endothelial cell junctions, making it potentially less readily accessible to circulating CAR 

T cells compared to antigens on the apical surface.  
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A further complicating factor is its reported expression on a population of T cells 

enriched for Th17 and memory markers. Typical T cell expansion protocols do not 

utilise Th17 polarising cytokines, so this is likely to represent a minority of cells in the 

final CAR T cell product, limiting the degree of potential trans-activation at this stage. 

However, if subsequent T cell activation leads to MCAM upregulation this percentage 

could increase, potentially leading to cell death or exhaustion. Additionally, CAR T cells 

administered clinically would be exposed to the patient’s Th17 cell population, risking 

further on-target/off-tumour toxicity. This could serve to reduce the persistence of 

transferred cells, which may limit the extent of any toxicities, albeit at the expense of 

tumour control.  

These complications would clearly need to be taken into account during the 

development of any MCAM-directed therapy. Whether there is a therapeutic window 

in which MCAM can safely be targeted with CAR T cells remains to be seen. However, 

given its expression profile and function in cancer, MCAM may prove to be a rational 

target for CAR T cell therapy, with the potential applications in several malignancies.  
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1.3. Project Aims and Hypothesis 

We hypothesised that primary human T cells could be redirected against MCAM 

through the expression of second generation, 4-1BB costimulated chimeric antigen 

receptors, and that this could provide a rational means of targeting MCAM-

overexpressing melanoma cells, as assessed in preclinical assays. We also hypothesised 

that there may be a therapeutic window for such a therapy if MCAM expressed on 

normal tissues proved inaccessible or sufficiently low level to result in off-tumour CAR 

T cell activity.  

The detailed aims of this project are therefore as follows: 

• To generate a panel of second-generation, 4-1BB costimulated CAR constructs 

with MCAM-specific scFv domains.  

• To screen these domains in an immortalised T cell line (JRT3-T3.5) and identify 

those constructs with MCAM-specific activity.  

• To generate CAR-expressing primary T cells and assess their effector functions 

in a range of in vitro assays.  

• To investigate potential on-target/off-tumour reactivity of anti-MCAM CAR T 

cells through coculture with HUVEC cells.  

• To generate a zebrafish-based in vivo model to challenge CAR T cells with a 

more complex microenvironment.  
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Chapter 2. Materials and Methods 

2.1. Materials and suppliers 

 Buffers and solutions 

Table 2: List of buffers and respective components 
Buffer/solution Application Components 

SDS Blue buffer (1X) Cell lysis for western blotting 62.5 mM TRIS pH 6.8 with 2 % 
(w/v) SDS, 10 % (v/v) Glycerol, 0.01 
% (w/v) bromophenol blue and 3 % 
(v/v) β-mercaptoethanol 

Running buffer (1X) Western blotting 25 mM tris, 192 mM glycine, 1 % 
(w/v) SDS 

Transfer buffer (1X) Western blotting 25 mM TRIS, 192 mM glycine, 1 % 
(w/v) SDS, 20 % (v/v) methanol 

WB blocking buffer  Western blotting 3 % (w/v) BSA in PBST 

Cell dissociation buffer Cell culture/flow cytometry PBS with 5 mM EDTA 

Cell staining buffer Flow cytometry PBS with 10 % (v/v) FBS and 5 mM 
EDTA. 

FACS buffer Flow cytometry PBS with 5 % (v/v) FBS with 5 mM 
EDTA (optional). 

RetroNectin blocking 
buffer 

Retroviral transductions PBS with 2 % (w/v) BSA. 

MACS buffer  Cell sorting PBS with 2 mM EDTA and 0.5 % 
(v/v) FBS. 

TAE buffer Gel electrophoresis dH2O with 40 mM tris-acetate and 
1 mM EDTA. 

LB broth  Bacterial culture dH2O with 2 % (w/v) yeast extract, 
1 % (w/v) NaCl and 1 % (w/v) 
tryptone 

Chorion water  Raising zebrafish embryos  dH2O with 60 mg/mL instant ocean 
salt and 0.0001 % (w/v) methylene 
blue (optional). 

MS222 stock solution  Zebrafish 
anaesthesia/euthanasia 

dH2O 4 g/L MS222 (15.4 mM) and 
20 mM Tris, pH 8.5 
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 Primary and secondary antibodies 

Table 3: Primary and secondary antibodies for western blotting 
Antibody Target Host 

species 
Target 
species 

Clone CAT 
number 

Supplier Dilution 

PRIMARY ANTIBODIES 

MCAM 
ectodomain  

Rabbit Human EPR3207 ab134065 Abcam 1:1000 

MCAM 
endodomain 

Rabbit Human EPR3208 ab75769 Abcam 1:1000 

CD19 Mouse Human 1C10A1 66298-1-Ig Proteintech 1:1000 

CD3ζ Mouse  Human 8D3 551033 BD Biosciences 1:1000 

GAPDH Mouse Human 1E6D9 60004-1 Proteintech 1:5000 

Vinculin Mouse Human VIN54 Ab130007 Abcam 1:5000 

β Tubulin Rabbit Human 1D4A4 66240-1 Proteintech 1:5000 

SECONDARY ANTIBODIES 

Anti-rabbit-HRP Goat Rabbit Polyclonal 7074 Cell Signalling 1:5000 

Anti-mouse-HRP Horse Mouse  Polyclonal 7076 Cell Signalling 1:5000 

 
Table 4: Antibodies for flow cytometry 

Target Conjugate Host 
species 

Target 
species 

Clone CAT 
number 

Supplier Dilution 

CD34 APC Mouse Human 561 343608 BioLegend 1:100 

CD69 PECy7 Mouse Human FN50 310912 BioLegend 1:100 

CD62L BV605 Mouse Human DREG-56 562719 BD 
Biosciences 

1:100 

CD3 APC Mouse Human UCHT1 300411 
 

BioLegend 1:50 

CD4 BV510 Mouse Human OKT4 317443 BioLegend 1:50 

CD8 APC/H7 Mouse Human SK1 560273 BD 
Biosciences 

1:100 

CD34 BV650 Mouse Human 561 343623 BioLegend 1:50 

CD69 BV421 Mouse Human FN50 310929 BioLegend 1:100 

CD25 BV785 Mouse Human BC96 302637 BioLegend 1:100 

CD137 PE-Dazzle Mouse Human 4B4-1 309825 BioLegend 1:100 

PD-1 BV785 Mouse Human EH12.2H7 329929 BioLegend 1:100 

TIM3 BV421 Mouse Human F38.2E2 345007 BioLegend 1:100 

LAG3 PE-Dazzle Mouse Human 11C3C65 369331 BioLegend 1:100 

MCAM PE Mouse Human 361005 P1H12 BioLegend 1:100 

MCAM APC Mouse Human  361015 P1H12 BioLegend 1:100 

IgG PE Goat Human  Polyclonal P9170 Sigma 1:100 

CD107a PE Mouse Human H4A3 555801 BD 
Biosciences 

1:100 
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 Kits, enzymes, and other reagents 

Table 5: List of enzymes and other reagents 
Reagent CAT number Supplier 

KITS 

Monarch PCR & DNA Clean-up 
Kit 

T1030S New England Biolabs 

Monarch DNA Gel Extraction 
Kit 

T1020S New England Biolabs 

Monarch Plasmid Miniprep Kit T1010S New England Biolabs 

PureLink Fast Low-Endotoxin 
Midi Plasmid Purification Kit 

A36227 Invitrogen 

CD34 Microbead Kit, Human 130-046-702 Miltenyi Biotec 

Human IFN-γ DuoSet ELISA kit DY285B R&D Systems 

Human TNF-α DuoSet ELISA kit DY210 R&D Systems 

Human IL-2 DuoSet ELISA kit DY202 R&D Systems 

Steady Glo Luciferase Assay  E2510 Promega  

   

CELL CULTURE REAGENTS 

PBS (without calcium and 
magnesium) 

D8537-500ML Sigma-Aldrich 

DMEM D5796-500ML Sigma-Aldrich 

RPMI R8758-500ML Sigma-Aldrich 

FBS 10500064 Gibco 

Glutamax 35050-038 Gibco 

Opti-MEM 31985062 Gibco 

Fugene E2311 Promega 

Polybrene TR-1003-G Sigma-Aldrich 

RetroNectin T100B Takara 

Trypan Blue 15250-061 Gibco 

Trypsin-EDTA Solution T3924-100ML Sigma-Aldrich 

0.5M EDTA 15575-038 Invitrogen 

DMSO D12345 Thermo Fisher 

PMA P1585-1MG Sigma-Aldrich 

Ionomycin 9995S Cell Signalling Technology 

IL-2 (Proleukin) N/A Clinigen 

EGM-2 Endothelial Cell Growth 
Medium Bullet-Kit  

CC-3162 Lonza 

Accutase Cell Dissociation 
Reagent 

A1110501 StemPro 

Cultrex Basement Membrane 
Extract 

3432-005-01 R&D Systems 

Vybrant DiO Cell Labelling 
Solution 

V22886 Invitrogen 

Vybrant DiI Cell Labelling 
Solution 

V22885 Invitrogen 

   

ANTIBIOTICS 

Penicillin/Streptomycin  P0781-100ML Sigma-Aldrich 

Ampicillin 11593027 Gibco 

Puromycin Dihydrochloride A1113803 Thermo  
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ENZYMES AND REACTION BUFFERS 

NotI-HF R3189S New England Biolabs 

ClaI R6551 Promega 

NheI-HF R3131S New England Biolabs 

EcoRI-HF R3101S New England Biolabs 

HindIII-HF R3104S New England Biolabs 

NEBuilder HiFi DNA Assembly 
Master Mix 

E2621S New England Biolabs 

Cutsmart Buffer B7204S New England Biolabs 

Q5 High Fidelity 2x mastermix M0494S New England Biolabs 

T4 DNA ligase and reaction 
buffer 

M0202S New England Biolabs 

Instant Sticky End Ligase 
Mastermix 

M0370S New England Biolabs 

Antarctic phosphatase  M0289S New England Biolabs 

Taq DNA Polymerase with 
Thermopol Buffer 

M0267S New England Biolabs 

KLD reaction mix M0554S New England Biolabs 

   

FLOW CYTOMETRY REAGENTS 

DAPI  564907 BD Pharmingen 

Live/Dead Fixable Blue Stain L23105 Invitrogen 

FcR Blocking Reagent 130-059-901 Miltenyi Biotech 

Ultra-Comp eBeads Plus Beads 01-3333-42 Thermo Fisher 

MCAM-Fc chimera 9709-MA-050 R&D Systems 

Monensin  00-0405-51 eBiosciences 

FITC Annexin V Apoptosis kit 
with PI 

640914 BioLegend 

Cell Trace Violet  C34571 Thermo 

   

MOLECULAR BIOLOGY REAGENTS 

10uM dNTPs N0447S New England Biolabs 

Hyperladder 1kB H1-618106A Bioline 

Hyperladder 100bp H4-216109 Bioline 

Gel Loading Dye, Blue (6x) 17-1329-01 New England Biolabs 

Agarose BIO-41025 Bioline 

Ethidium bromide E8751-5G Sigma-Aldrich 

LB powder L3522-1kg  Sigma-Aldrich 

Agar powder M1002 Melford  

SOC media 15544-035 Invitrogen 
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 Oligonucleotides 

Table 6: List of oligonucleotides with respective sequences 
Target 5’-3’ Sequence Supplier 

PRIMERS FOR MYCOPLASMA TESTING 

Myco forward  TGCACCATCTGTCACTCTGTTAACCTC Thermo Fisher 

Myco reverse GGGAGCAAACAGGATTAGATACCCT Thermo Fisher 

   

PRIMERS FOR SEQUENCING PMP71.CD34.2A.CAR.CD8.4-1BB PLASMID 

Seq Primer 1  CTCGAGAGCTTTGGCGTAATCATGG Thermo Fisher 

Seq Primer 2 GCGCCTTATCCGGTAACTATCGTC Thermo Fisher 

Seq Primer 3 GGTCCTGCAACTTTATCCGCCTC Thermo Fisher 

Seq Primer 4 GGGAATAAGGGCGACACGGAAAT Thermo Fisher 

Seq Primer 6 GGACTTTTTGGAGCTCCGCCA Thermo Fisher 

Seq Primer 7 GAAGTCAAACTGACACAGGGCATCT Thermo Fisher 

Seq Primer 8 GAACTTTGATCTGCTGAAGCTGGCC Thermo Fisher 

Seq Primer 11 CAGCTGTAGATTCCCCGAGGAAGA Thermo Fisher 

Seq Primer 14 AGGCGATTAAGTTGGGTAACGCC Thermo Fisher 

Seq Primer 15 GAAAGACCCCACCTGTAGGTTTGG Thermo Fisher 

Seq Primer 20 TTATCCAGGCTCATGAAGCC Thermo Fisher 

Seq Primer 21 GCAGAGCATCGTAGGTAT Thermo Fisher 

Seq Primer 22 GTATTTCAGCCACTTCGTGC Thermo Fisher 

   

PRIMERS FOR AMPLIFYING SCFVS AND GENEBLOCKS 

M1 F – GATCATCGATACAGGTGCAGCTGG 
R – GATCGCGGCCGCTAGGAC 

Thermo Fisher 

M40 F – GATCATCGATACAGGTGCAGCTGTT 
R – GATCGCGGCCGCTAGGAC 

Thermo Fisher 

B6-11 F – GATCATCGATAATGGCCGAGGTGCAGC 
R – GATCGCGGCCGCCGCGCCTAGGACGGTCA 

Thermo Fisher 

ABX-MA1 F – GATCATCGATACAGGTGCAGC 
R – GATCGCGGCCGCCTTAATCTC 

Thermo Fisher 

tsCD146 F – GATCATCGATAGAGGAGC 
R – GATCGCGGCCGCTTTCAATT 

Thermo Fisher 

String 1 F – GATTCCCCGAGGAAGAGGAA 
R – TTCTATCTATGGCTCGTGTT 

Thermo Fisher 

String 2 F – CTCTCCAAGCTCACTTACAG 
R – TCACAGCCCCCTTCCTCTTC 

Thermo Fisher 
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 Cell lines  

 
Table 7: List of cell lines 

 

 

 

 

 

 

 

 

Cell line Type  Species Supplier 

Phoenix GP (PhGP) Human Embryonic kidney cells Human Provided by Dr A Gilmore 

PG13 Mouse embryonic fibroblast line. Human Provided by Dr E Cheadle 

Lenti-X 293T Human Embryonic kidney cells Human Provided by Dr A Malliri 

JRT3-T3.5 Jurkats T cell leukaemia Human Provided by Dr J 
Bridgeman 

888-Mel  Metastatic melanoma  Human Provided by Dr C 
Wellbrock 

501-Mel Metastatic melanoma Human Provided by Dr C 
Wellbrock 

WM2664 Metastatic melanoma  Human Provided by Dr C 
Wellbrock 

C8161 Melanoma Human Provided by Dr C 
Wellbrock 

HUVEC Human umbilical vein endothelial 
cells, from pooled donors 

Human Lonza 

Yumm1.1 Melanoma cell line Mouse Provided by Dr R Marais 

Yumm1.7 Melanoma cell line Mouse Provided by Dr R Marais 

Yumm2.1 Melanoma cell line Mouse Provided by Dr R Marais 
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2.2. Methods 

 Molecular biology 

2.2.1.1. Standard PCR 

For routine applications requiring high fidelity DNA amplification, PCR was performed 

using Q5 DNA polymerase. Reactions were set up on ice (see Table 8), using 

appropriate forward and reverse primers, and then thermocycled (Alpha Cycler 4, PCR 

Max) according to the cycling parameters detailed in Table 8. Where required on 

account of the amplicon length and primer design, cycling conditions were optimised.  

Table 8: Reaction mix and cycling conditions for standard PCR  
REACTION MIX 

Reagent Volume Final Concentration 

Q5-High Fidelity 2x Master Mix 12.5 µL 1x 

10uM forward primer  1.25 µL 0.5 µM 

10uM reverse primer 1.25 µL 0.5 µM 

Template DNA X µL 40 ng/µl 

Nuclease-free water To 25 µL - 

   

THERMOCYCLING CONDITIONS  

Step Temperature (˚C) Time Cycles 

Initial denaturation 98 2 minutes 1 

Denaturation 98 25 seconds  
35 Annealing 60 25 seconds 

Extension 72 30 seconds/kb 

Final extension 72 10 minutes 1 

Final store 4 ∞ 1 

 

2.2.1.2. DNA gel electrophoresis 

1 % (w/v) agarose gels for DNA electrophoresis were prepared by dissolving agarose 

powder (Bioline) in TAE buffer (Table 2) and heating. Ethidium bromide was then 

added to a final concentration of 0.5 µg/mL prior to gel casting. An appropriate volume 

of 6x Blue Gel Loading Dye (New England Biolabs) was added to each sample, and 15 

µL was loaded into individual wells. According to fragment size, either a 100 bp 

(Bioline, H4-216109) or 1 Kb (Bioline, H1-618106A) molecular weight marker was also 
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loaded. Gel electrophoresis was performed at 120V for 35 minutes using a consort 

E132 powerpack, following which the gel was transferred into a Uvitec Geldoc Gel 

Light Imaging System to allow visualisation of DNA bands under UV light. Where 

required, the gel was imaged with the Uvitec Geldoc Gel Light Imaging System, and 

relevant bands were excised with a sterile scalpel. 

 

2.2.1.3. Bacterial transformation and plasmid preparation 

10 µL aliquots of XL-1 competent cells (Agilent) were thawed on ice for each required 

transformation reaction. 3µl per ligation reaction or 0.5µl of previously prepped 

plasmid DNA was then added to each aliquot. The reactions were gently mixed by 

flicking the tubes prior to a 30-minute incubation on ice. Cells were heat shocked by 

heating to 42 ˚C for 42 seconds then placed on ice for a further 2 minutes. 350 µL 

stable outgrowth media (Invitrogen) was added to each aliquot, which were then 

shaken at 225 rpm and 37 ˚C in a shaking incubator for 1 hour. 75 µL of this culture 

was then spread on selective agar plates, with 1:4 and 1:10 dilutions also plated to 

ensure appropriate colony confluency. Plates were then incubated for 12-16 hours at 

37 ˚C.  

Miniprep cultures were generated by picking individual colonies and inoculating 3 mL 

LB broth containing the appropriate selection antibiotic. Cultures were incubated for 

12-16 hours at 37 ˚C and 225 rpm prior to plasmid preparation using the Monarch® 

Plasmid Miniprep Kit (New England Biolabs), according to the manufacturer’s 

instructions. To generate larger yields of plasmid DNA, 100 µL of miniprep culture was 

added to 150 mL LB broth with selection antibiotic and incubated as above. Plasmid 

DNA was then harvested using the PureLinkTM Fast Low-Endotoxin Midi Plasmid 

Purification Kit (Invitrogen) as per the manufacturer’s protocol. 
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2.2.1.4. Colony screening PCR 

Colony screening PCRs were performed to minimise the number of miniprep cultures 

required when cloning new constructs. For each colony, a PCR reaction mix was set up 

(Table 9) and a sterile pipette tip was used to pick a colony and introduce it first to the 

PCR reaction, and then into a well of a 96 well plate containing 100 µL LB/well. PCR 

reactions were thermocycled using the PCR Max Alpha Cycler 4, according to the 

cycling conditions in Table 9. Reactions were then electrophoresed, and PCR products 

visualised as above. Where PCR products were of the expected length, the 100 µL 

culture from the corresponding colony was used to generate a miniprep culture as 

above.  

Table 9: Reaction mix and cycling conditions for colony screening PCR  
REACTION MIX 

Reagent Volume Final Concentration 

10x Taq ThermoPol buffer  2.5 µL 1x 

10mM dNTP mix  0.5 µL 200 µM 

10uM forward primer  0.5 µL 0.2 µM 

10uM reverse primer 0.5 µL 0.2 µM 

Template DNA x µL 40 ng/µL 

Taq DNA polymerase 0.125 µL 0.625 units/25 µL PCR 

Nuclease-free water To 25 µL - 

   

THERMOCYCLING CONDITIONS  

Step Temperature (˚C) Time Cycles 

Initial denaturation 95 5 minutes 1 

Denaturation 95 15 seconds  
30 Annealing 55 25 seconds 

Extension 72 30 seconds/kb 

Final extension 72 5 minutes 1 

Final store 4 ∞ 1 

 

2.2.1.5. Assessment of DNA/RNA levels 

Plasmid concentrations were calculated according to the absorbance of the sample at 

260 nm measured using a Nanodrop 2000 (Thermo Scientific). When performing mini- 

and midi-preps, plasmid DNA was eluted into molecular biology grade water, which 

was also used as the blanking solution for spectrophotometric assessment of DNA 

concentration. The ratios of the absorbance at 260nm and 280nm, and of that 260nm 
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and 230nm were used to determine sample purity, with pure DNA indicated by values 

of 1.8 and 2.2, respectively.  

 

2.2.1.6. Western blotting 

To prepare whole cell lysates for immunoblotting, adherent cells were gently washed 

with PBS then lysed in SDS blue lysis buffer (see Table 2). Non-adherent cells (JRT3-

T3.5 Jurkats and primary T cells) were harvested and centrifuged. Supernatant was 

discarded and the cell pellet was washed by resuspension in PBS. Cells were then 

pelleted by centrifugation and resuspended in SDS blue lysis buffer. Lysates were then 

sonicated at 4˚C for 20 seconds at an amplitude of 25 % using the VCX130 Vibracell 

Sonicator (Sonics & Materials), prior to denaturing at 95 ˚C for 5 minutes. The Mini-

Protean Tetra Cell system was used to cast SDS-polyacrylamide gels consisting of an 8 

% (w/v) TRIS-SDS acrylamide running gel with a 5 % (w/v) TRIS-SDS acrylamide stacker. 

Gels were placed in running buffer (Table 2) and 10 µL of each sample was loaded per 

well along with a pre-stained molecular weight marker (Sigma, SDS7B2), prior to 

electrophoresis for 70 minutes at 68 mA and 135 V. Gels were then transferred in 

transfer buffer (Table 2) onto activated Immobilon P PVDF membrane (Millipore) via 

application of a current of 340 mA and 100 V for 70 minutes. Membranes were then 

blocked at room temperature for 1 hour in PBS-T with either 3 % (w/v) BSA or 5 % 

(w/v) skim milk (when more stringent blocking was required). Primary antibodies were 

diluted 1:1000 in 3 % (w/v) BSA/PBS-T and then applied to the membrane, which was 

incubated overnight at 4 ˚C with gentle agitation. Membranes were then washed for 5 

minutes in 10 mL PBS-T for a total of 3 times, prior to incubation for 1-hour at room 

temperature with a 1:5000 dilution of the secondary antibody in 3 % (w/v) BSA/PBS-T. 

Following three further 5-minute washes, 500 µL each of Clarity Western Peroxide 

Reagent and Clarity Western Luminol/Enhancer Reagent (Clarity™ Western ECL 

Substrate, BioRad) was applied to the membrane, which was developed and imaged 

using the Chemidoc XRS+ and Imagelab software (both Biorad).  
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 Cell culture methods 

2.2.2.1. Cell culture maintenance 

All cell lines used in this project are listed in Table 7, along with their respective cell 

type, origin species and supplier. All cell culture work was carried out in accordance 

with risk management protocols and was performed in sterile conditions in a category 

2 laminar flow hood.  

All packaging cell lines (Phoenix GP, lenti-X and PG13) and human melanoma cell lines 

(888-Mel, 501-Mel, WM266-4, A375 and C8161) were maintained in Dulbecco’s 

Modified Eagles Medium (Sigma Aldrich) supplemented with 10 % (v/v) heat 

inactivated FBS (Gibco), 50 IU/mL penicillin (Sigma Aldrich), 50 µg/mL streptomycin 

(Sigma Aldrich) and 10µl/mL Glutamax (Gibco). Roswell Park Memorial Institute (RPMI) 

1640 medium (Sigma Aldrich) was supplemented as above for the culture of JRT3-T3.5 

cell lines and mouse melanoma cell lines (Yumm 1.1, Yumm 1.7 and Yumm 2.1). 

HUVECs were maintained in HUVEC media, comprising EGM-2 Endothelial Cell Growth 

Media supplemented with the EGM-2 BulletKit (Lonza). Primary T cells were kept in T 

cell medium (TCM) composed of RPMI supplemented with 10 % (v/v) heat inactivated 

FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin, 10 µl/mL Glutamax, 25 mM HEPES 

(Sigma) and 100-200 IU/mL IL-2 (Proleukin, Clinigen). All human and mouse cell lines 

were incubated at 37 ˚C, 5 % (v/v) CO2 unless otherwise indicated. 

 

2.2.2.2. Mycoplasma testing 

Cell lines were screened for mycoplasma contamination prior to freezing and use in in 

vitro and in vivo assays, in addition to regular routine screening every month. To 

prevent false negative results due to antibiotic-mediated suppression of mycoplasma 

growth, cell lines were maintained for a minimum of 5 days in media free from 

penicillin and streptomycin before testing. Samples of media were centrifuged to 

remove cell debris and heated to 95 °C for 10 minutes, prior to use in a PCR-based 
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detection assay (see Table 6 for primer sequence and Table 10 for PCR reaction mix 

and thermocycling conditions). Positive and negative control samples were included 

with every assay. PCR reactions were then loaded onto a 1 % (w/v) agarose gel for DNA 

electrophoresis, and PCR products were visualised under UV light with a Uvitec Geldoc 

Gel Light Imaging System (see section 2.2.1.2). The presence of 200 bp PCR products 

was indicative of mycoplasma infection, and such cell lines were discarded to prevent 

cross-contamination.  

Table 10: Reaction mix and cycling conditions for mycoplasma screening PCR  
REACTION MIX 

Reagent Volume Final Concentration 

10x Taq ThermoPol buffer  2.5 µL 1x 

10mM dNTP mix  0.5 µL 200 µM 

10uM forward primer  0.5 µL 0.2 µM 

10uM reverse primer 0.5 µL 0.2 µM 

Template DNA x µL 40 ng/µl 

Taq DNA polymerase 0.125 µL 0.625 units/25ul PCR 

Nuclease-free water To 25 µL - 

   

THERMOCYCLING CONDITIONS  

Step Temperature (˚C) Time Cycles 

Initial denaturation 95 5 minutes 1 

Denaturation 95 15 seconds  
30 Annealing 55 25 seconds 

Extension 72 30 seconds/kb 

Final extension 72 5 minutes 1 

Final store 4 ∞ 1 

 

2.2.2.3. Passaging cell cultures 

Cell lines were subcultured every 2 to 5 days depending on cell growth rate and 

optimal cell confluency. Adherent cells were subcultured using trypsin-EDTA mediated 

cell dissociation. All reagents were warmed to 37 ˚C prior to use. Briefly, cells were 

washed gently with PBS without magnesium or calcium (Sigma Aldrich) and incubated 

at 37 ˚C for up to 5 minutes following the addition of trypsin-EDTA (Sigma-Aldrich). 10 

mL complete culture media with FBS was then added to the culture vessel and 

dissociated cells were transferred to a sterile conical centrifuge tube which was 

centrifuged at 400 g for 5 minutes. The supernatant was then aspirated, and the cell 

pellet was resuspended in fresh culture media to give a homogenous cell suspension. 



74 
 

An appropriate volume of cell suspension to achieve the required split ratio was then 

transferred to a sterile cell culture vessel containing sufficient complete media.  

To subculture suspension cells, media was removed by centrifugation and the pellet 

was gently resuspended, prior to transfer of an appropriate volume into fresh media.   

 

2.2.2.4. Freezing and thawing cell lines 

For optimal cell survival on thawing, cell lines were ideally cryopreserved when they 

reached 80 % confluency and had a viability of above 90 %. The mycoplasma status of 

all cell lines was also verified before freezing (see section 2.2.2.2). Briefly, 2X sterile 

freezing medium consisting of heat inactivated FBS (Sigma-Aldrich) with 20 % (v/v) 

DMSO (Thermo Fisher) was prepared and stored at 4 ˚C. Cells were dissociated as 

above (section 2.2.2.3) and centrifuged at 400 g for 4 minutes. Supernatant was 

aspirated and cells were resuspended in complete media at a concentration of 

approximately 2 x 106 cells/mL for adherent cells and 2 x 107 cells/mL for primary T 

cells. An equal volume of freezing media was then added in a dropwise manner, with 

regular mixing to produce a homogenous cell suspension with DMSO at a final 

concentration of 10 % (v/v). 1 mL aliquots were dispensed into sterile cryovials which 

were placed in Mr FrostyTM freezing containers (Thermo Fisher) in order to control the 

rate of cooling to a final temperature of -80 ˚C. After a minimum of 4 hours in the -80 

˚C freezer, cryovials were then transferred to liquid nitrogen for long term storage.    

In order to culture frozen cells, cryovials were quickly thawed at 37 ˚C in a water bath. 

The cell suspension was then transferred to a sterile conical centrifuge tube and 10 mL 

pre-warmed complete culture media was added prior to centrifugation at 400 g for 5 

minutes. Supernatant was aspirated to remove DMSO and the cell pellet was gently 

resuspended in fresh pre-warmed complete media and transferred to a sterile tissue 

culture flask.  

To achieve optimal recovery of cryopreserved HUVEC cells, tissue culture plates were 

first coated with fibronectin (Sigma) at 5 µg/ml in PBS for 1 hour at 37°c, followed by a 
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single wash in PBS. HUVEC cells were quickly thawed at 37 ˚C in a water bath, 

transferred to the fibronectin coated flask and topped up with EGM-2 Endothelial Cell 

Growth Media supplemented with the EGM-2 BulletKit (Lonza). After 8 hours the 

media was carefully aspirated and replaced to remove residual DMSO.  

2.2.2.5. Establishment of cell populations by lentiviral transduction  

HIV-1 based lentivirus was generated using a second generation lentiviral production 

system utilising the lenti-X cell line, a derivative of the HEK 293T cell line acquired for 

the purposes of this project from Dr A Malliri (see Table 7, section 2.2.2.5). In this 

system, lenti-X cells were transfected with 3 plasmids. The psPAX2 envelope plasmid 

encodes the gag, pol, tat and rev genes, while the pMD2.G envelope plasmid allows 

generation of VSVG-pseudotyped lentivirus. A third transfer plasmid encodes the gene 

of interest flanked by LTRs and  packaging sequences, which enable its incorporation 

into virions. Briefly, 1 x 107 lenti-X cells were plated and incubated overnight, prior to 

transfection with 12 µg psPAX2, 6 µg pMD2.G and 9 µg lentiviral transfer plasmid, with 

100 µL Fugene HD transfection reagent (Promega) and 900 µL OptiMEM Reduced 

Serum Media (Gibco). Lentivirus-containing culture supernatant was harvested after 

48-hours, centrifuged, filtered through a 0.45 µM cellulose acetate filter, and either 

frozen at -80 ˚C or used immediately to transduce adherent cell lines. For the purposes 

of transduction, 3 mL viral supernatant was combined with 7 mL fresh culture media 

and Polybrene Infection/Transfection reagent (Merck) to a final concentration of 8 

µg/mL and overlaid onto 5 x 106 pre-plated adherent cells. After a 24-hour incubation 

at 37 ˚C, virus-containing media was aspirated and replaced with fresh culture media.  

 

2.2.2.6. Establishment of stable PG13 retrovirus producer cell lines for CAR 

expression  

To maximise transduction efficiencies for JRT3-T3.5 and primary T cells, stable CAR-

retrovirus-producing cell lines were generated. In the first step of this 2-step process, 
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MoMULV-based retrovirus was produced by Phoenix GP (PhGP) helper cells, which 

stably express gag and pol genes. PhGP cells were plated at 1 x 107 per T175 flask the 

day prior to transfection with 6 µg pMG2.G envelope plasmid (containing VSVG 

protein) and 9 µg of transfer plasmid encoding the CAR construct and required LTR and 

 packaging sequences, using 100 µL Fugene HD Transfection Reagent (Promega) and 

900 µL Opti-MEM Reduced Serum Media (Gibco). After 48 hours, the supernatant was 

harvested, centrifuged, filtered through a 0.45 µM filter and used to transduce 

sparsely plated PG13 cells (see section 2.2.2.5 for details of transduction of adherent 

cells). This process was repeated 24 hours later to maximise the number of successfully 

transduced PG13 cells. The PG13 cell line is derived from NIH 3T3 TK- mouse 

fibroblasts, and stably expresses MoMULV gag and pol genes in addition to the env 

gene from Gibbon Ape Leukaemia Virus (GALV). When the CAR construct with 

associated packaging sequences is delivered via VSVG-pseudotyped retrovirus, such 

cells can stably produce retrovirus.  

The CAR constructs used in this project featured a truncated (non-functional) CD34 

marker protein, separated from the CAR via a self-cleaving 2A linker. Successfully 

transduced PG13 cells were isolated using the CD34-microbead Kit (Miltenyi) which 

allows positive selection of CD34 expressing cells with antibody-conjugated 

microbeads and column based magnetic sorting. Stocks of CD34+ PG13 cells were then 

mycoplasma tested and frozen. Supernatant from confluent plates of sorted cells was 

harvested, centrifuged, and filtered as above and used to transduce JRT3-T3.5 cells or 

primary human T cells (sections 2.2.2.7 and 2.2.2.10).  

 

2.2.2.7. Generation of CAR positive JRT3-T3.5 cells 

A RetroNectin-based protocol was used for the transduction of the JRT3-T3.5 cell line 

with GALV-pseudotyped CAR-encoding retrovirus produced by PG13 cells (see above).  

Non-TC treated, 6-well plates were coated with RetroNectin (Takara Bio) at 30 µg/mL 

and incubated for 2 hours at room temperature, followed by a 30-minute block with 2 

% (w/v) BSA/PBS. Plates were then washed twice with 4ml/well PBS, prior to the 
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addition of 2 mL/well, filtered viral supernatant from CD34+ PG13 cells. Plates were 

centrifuged for 2 hours at 2000 g and 32 ˚C. Supernatant was then aspirated, and wells 

were washed twice with 4 mL PBS/well prior to the addition of 2 x 106 cells/well (JRT3-

T3.5 or primary human T cells). Following a final 5-minute centrifugation step at 200 g, 

plates were incubated for 48-hours.  

2.2.2.8. FACS sorting of transduced cells 

Cells were trypsinised if required, then resuspended at 5 x 106 cells per 100 µL FACS 

buffer (Table 2). Where cells were sorted according to expression of a cell surface 

marker, fluorophore-conjugated antibodies were added at manufacturer 

recommended dilutions (Table 4) and cells were incubated on ice in the dark for 1 

hour. CAR-transduced cells were stained with APC-anti-human CD34 (BioLegend) at a 

1:20 dilution to allow the isolation of CD34-positive cells. Cells were then washed 2 

times in an excess of ice-cold PBS, prior to being resuspended in flow buffer and 

analysed on the BD FACS Aria Fusion (BD Biosciences).  

The flow cytometers and sorters used in this project were accessed via the Flow 

Cytometry Core Facility. Thanks to Gareth Howell, Mike Jackson and David Chapman 

for their help in planning flow cytometry experiments and performing all cell sorting 

work.  

 

2.2.2.9. Isolating and expanding primary T cells from leukocyte reduction 

system (LRS) cones 

LRS cones were obtained from NHS-BT under ethical approval from the University of 

Manchester Proportionate University Research Ethics Committee. The contents of the 

cone were harvested and diluted with room temperature PBS at a 1:8 ratio. 20 mL of 

diluted suspension was then gently overlaid on top of 15 mL Ficoll Paque Plus (Cytiva) 

in a 50 mL falcon tube, which was then centrifuged at 400 g for 40 minutes, with no 

brake applied. The uppermost layer of serum was removed and discarded, and the 
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PBMC-containing buffy coat layer was collected. The PBMCs were then resuspended in 

unsupplemented RPMI and centrifuged at 300 g for 10 minutes, and the resulting cell 

pellet was resuspended in unsupplemented RPMI prior to counting.  

 

2.2.2.10.  Transducing and expanding primary T cells  

2 days prior to the planned transduction, PBMCs were isolated from LRS cones (see 

above) and cultured in TCM with 50 ng/mL ULTRA-LEAF anti-human CD3 (BioLegend) 

and 50ng/mL anti-human CD28 (R&D Systems) antibodies and 300 IU/mL IL-2 

(Clinigen), to promote selective activation and expansion of T cells. On the same day, 

CAR retrovirus producing PG13s (section 2.2.2.6) which had been previously sorted for 

CD34 were plated in TCM such that they would achieve 80 % confluence by the day of 

the transduction (generally a density of 2 x 104 cells/cm2).  

The day before the transduction, RetroNectin (Takara Bio) was diluted in PBS to 20 µg 

/mL and 2 mL/well was used to coat sterile, non-TC coated 6-well plates (CytoOne, 

Starlab). Plates were wrapped in cling film and incubated overnight at 4 ˚C. On the day 

of the transduction, the RetroNectin solution was removed and reserved, and the wells 

were blocked with 4 mL/well TCM for 30 minutes at room temperature. The reserved 

RetroNectin solution was transferred to new 6-well plates, which were incubated at 4 

˚C overnight until required for the second transduction.  

Virus-containing supernatant from PG13 cells was harvested, centrifuged at 400 g for 5 

minutes, and then filtered through a 0.45 µm cellulose acetate syringe filter. The TCM 

block was then removed, and wells were washed once with 4 mL/well PBS prior to the 

addition of 3 mL/well viral supernatant. Plates were centrifuged in a pre-warmed 

centrifuge at 2000 g/32 ˚C. After 1 hour, the viral supernatant was exchanged for 3 

mL/well fresh supernatant, and plates were centrifuged as above for a further hour. 

The viral supernatant was then aspirated, and wells were washed with 4 mL/well PBS 

prior to the addition of 2 mL/well T cell suspension (containing 2 x 106 cells in TCM 

supplemented with 200 IU/mL IL-2). Following a brief centrifugation step (5 minutes at 

400 g) to deposit the T cells on the RetroNectin-virus layer, plates were incubated at 37 
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˚C and 5% (v/v) CO2 overnight. The following day, the above process was repeated 

using the second set of RetroNectin coated plates, and fresh viral supernatant from the 

PG13 cells. T cells were harvested from the first set of plates, resuspended in 2 

mL/well TCM with 200 IU/mL IL-2, and transferred to the newly virus-coated plates, 

prior to centrifugation and incubation as above.  

24 hours after the final transduction, T cells were harvested and counted. To generate 

sufficient cells for subsequent assays, they were then expanded using G-Rex 6-well cell 

culture plates (Wilson Wolf). Transduced T cells were seeded at 2 x 106/cm2 in 40 

mL/well TCM supplemented with 200 IU/mL IL-2. Every 2 days, a 75 % media change 

was performed (without disturbing the cell layer), with the addition of fresh IL-2 to a 

final concentration of 200 IU/mL. After 12 days, CAR T cells were harvested and 

counted prior to use in functional assays.  

2.2.2.11. Pre-assay characterisation of primary CAR T cells 

Viability dye and Fc-R blocking: 

Prior to use in functional assays, primary CAR T cells were first characterised by flow 

cytometry to quantify transduction efficiency and the CD3/4/8 composition of the 

expanded population. Cells were counted and plated at 2 x 105 cells/well of a 96-well 

round bottomed plate, then washed by centrifugation at 400 g and 4 ˚C for 5 minutes 

followed by removal of the supernatant. This wash step was repeated once more, then 

the cell pellet was resuspended in 100 µl/well of Live/Dead Fixable Blue stain (Thermo 

Fisher) diluted 1:1000 in PBS and incubated for 30 minutes at room temperature. To 

quench staining, cells were washed once in 200 µl/well FACS buffer (5 % (v/v) FBS in 

PBS). To prevent non-specific binding, an Fc-receptor blocking step followed, using FcR 

Blocking Reagent (Miltenyi) at a 1:100 dilution in FACS buffer. After a 20-minute 

incubation at 4 ˚C, cells were washed once in FACS buffer.  

scFv labelling: 

A 2-step staining protocol was used to label the anti-MCAM scFv on the MCAM-specific 

CAR T cells. Briefly, cells were incubated for 30 minutes at 4 ˚C with 5 µg/mL 
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recombinant human MCAM-Fc (R&D Systems) in FACS buffer, then washed twice with 

200 µL/well FACS buffer to remove unbound protein. Anti-IgG-PE (Sigma) diluted 1:100 

in FACS buffer was then used to label the Fc-portion of the MCAM-Fc chimeric protein. 

Following a 30-minute incubation at 4 ˚C, 2 wash steps were performed (with 200 

µl/well FACS buffer).  

Labelling cell surface markers: 

Cells were incubated with 100 µl/well FACS buffer containing the required antibody 

mix (see Table 11) at 4 ˚C for 30 minutes. Unbound antibody was removed by a further 

2 wash steps in FACS buffer, then cells were incubated for 15 minutes at room 

temperature in 2 % (w/v) PFA in PBS to fix. A final 2 wash steps were performed, and 

cells were resuspended in 200 µl/well FACS buffer prior to analysis. 

Analysis: 

Samples were analysed on the BD Fortessa using BD FACSDiva software (both BD 

Biosciences). Subsequent analysis was performed using FlowJoTM Software (Beckton, 

Dickinson and Company). Compensation for CD3-, CD4-, CD8- and CD34-conjugated 

fluorophores was performed using UltraComp eBeads™ Plus Compensation Beads 

(Thermo) labelled as per the manufacturer’s instructions, while single stained cell 

samples were used to compensate for the Live/Dead Fixable Blue and MCAM-Fc/anti-

IgG PE fluorophores. Fluorescence minus one (FMO) samples were used to set gates.  

 

Table 11: Viability dye and antibodies used for pre-assay CAR T cell characterisation.  
Target Clone Dilution 

Live/Dead Fixable Blue N/A 1:1000 

APC Anti-CD3 UCHT1 1:50 

BV510 Anti-CD4 OKT4 1:50 

APC/H7 Anti-CD8 SK1 1:100 

BV650 Anti-CD34 561 1:50 

PE Anti-IgG Poly 1:100 
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 In vitro assays of CAR function 

2.2.3.1. Assessment of CAR activity in the JRT3-T3.5 cell line  

CAR activity in the JRT3-T3.5 cell line was assessed via flow cytometric analysis of 

surface CD69 and CD62L expression following coculture with a range of target cells. 

Adherent target cells were dissociated from tissue culture vessels and counted and 

plated in triplicate at 1x 104 cells/well in round-bottom, TC-treated 96-well plates. 

CD34+ CAR JRT3-T3.5 cells were then added at a 10:1 effector: target ratio. Pooled CAR 

JRT3-T3.5 cells were stimulated with 50 ng/µL PMA (Sigma-Aldrich) and 500 ng/µL 

ionomycin (Cell Signalling Technology), as a positive control. Plates were then 

incubated for 16 hours at 37 ˚C.  

Cells were suspended by pipetting and were transferred to a new 96-well round 

bottomed plate for staining. Cells were pelleted by centrifuging the plate at 500 g for 5 

minutes. Media was aspirated, and the cells were thoroughly resuspended in 100 

µL/well FACS buffer (Table 2) with CD69-PECy7, CD34-APC and CD62L-BV605 

antibodies at 1:100 dilutions (Table 12). Fluorescence-minus-one (FMO) controls were 

included for each fluorophore. Cells were then stained in the dark on ice for 1 hour. 

Cells were then washed 2 times in 200 µL/well flow buffer, prior to a final resuspension 

in flow buffer with DAPI Cell Viability Stain (BD Biosciences) at a 1:5000 dilution. Data 

was acquired on the BD Fortessa X20 using BD FACSDiva software (both BD 

Biosciences), with manual compensation. Subsequent analysis was performed using 

FlowJoTM Software (Beckton, Dickinson and Company).  

Table 12: Viability dye and antibodies used for JRT3-T3.5 activation assay. 
Target Clone Dilution 

DAPI  N/A 1:5000 

APC Anti-CD34 561 1:100 

PECy7 Anti-CD69 FN50 1:100 

BV605 Anti-CD62L DREG-56 1:100 
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2.2.3.2. IFN-γ, TNF-α and IL-2 ELISAs 

To quantify cytokine production by primary CAR T cells, cocultures were established 

using either the 888-Mel target cell lines, a panel of melanoma cell lines, or HUVECs. 

Target cells were plated at 2 x 104/well in TCM in round bottomed TC-coated 96-well 

plates. CAR T cells were then counted and equalised for transduction efficiency via the 

addition of mock T cells. They were then added to the target cells at 1 x 105 cells/well 

in 100 µl TCM or plated in media alone as a negative control. All conditions were 

plated in triplicate. After a 24-hour incubation period at 37 ˚C, the plates were 

centrifuged for 5 minutes at 400 rpm to pellet all cells, and the supernatant was 

transferred to new 96-well round bottomed non-TC coated plates and stored at -80 ˚C. 

When required, the culture supernatant was thawed at room temperature and 

appropriate dilutions (1:4 for IFN-γ, 1:2 for TNF-α and IL-2) were made using TCM. IFN-

γ, TNF-α and IL-2 in the supernatant were quantified by sandwich ELISA, using Nunc 

Maxisorp flat-bottomed 96 well ELISA plates (Thermo) and Human DuoSet kits (R&D 

Systems), according to the manufacturer’s instructions. Absorbance at 450 nm and 540 

nm wavelengths was determined using a BioTek Synergy Plate reader. To correct for 

optical imperfections in the plate, the 540nm values were first subtracted from the 

450 nm readings. Average background absorbance was determined for TCM alone, and 

this value was subtracted from the absorbance values for the test samples and 

standards. GraphPad Prism was then used to generate a sigmoidal 4 parameter logistic 

curve (for which X is concentration), from which the cytokine concentrations could be 

interpolated.  

 

2.2.3.3. Expression of activation and exhaustion markers 

To determine the expression of activation and exhaustion markers on CAR T cells 

following exposure to antigen expressing target cells, cocultures were set up as above 

(section 2.2.3.2) and incubated for 24 hours. Non-adherent cells were resuspended via 

gentle pipetting, and then transferred to a 96-well round bottomed non-TC coated 
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plate for staining. Briefly, cells were washed and underwent staining with Live/Dead 

Fixable Blue stain (Thermo) and Fc-R blocking, as described in section 2.2.2.11.  

Cells were then washed and resuspended in 100 µl/well antibody solution containing 

the relevant fluorophore conjugated antibodies in FACS buffer (see Table 13 and Table 

14). Staining proceeded for 30 minutes at 4 ˚C, followed by 2 wash steps in FACS buffer 

to remove unbound antibody. Fixation was performed at room temperature for 15 

minutes with 2 % (w/v) PFA/PBS, followed by a final 2 wash steps and resuspension in 

200 µl/well FACS buffer. Data acquisition and compensation was performed using the 

Fortessa flow cytometer as described in section 2.2.2.11. 

 

Table 13: Viability dye and fluorophore-conjugated antibodies used for the CAR T cell 
activation marker panel. 

 

 

 

 

 

Table 14: Viability dye and fluorophore-conjugated antibodies used for the CAR T cell 
exhaustion marker panel. 

 

 

 

  

 

 

Target Clone Dilution 

Live/Dead Fixable Blue N/A 1:1000 

APC Anti-CD3 UCHT1 1:50 

BV510 Anti-CD4 OKT4 1:50 

APC/H7 Anti-CD8 SK1 1:100 

BV650 Anti-CD34 561 1:50 

BV421 Anti-CD69 FN50 1:100 

BV785 Anti-CD25 BC96 1:100 

PE-Dazzle Anti-CD137 4B4-1 1:100 

Target Clone Dilution 

Live/Dead Fixable Blue N/A 1:1000 

APC Anti-CD3 UCHT1 1:50 

BV510 Anti-CD4 OKT4 1:50 

APC/H7 Anti-CD8 SK1 1:100 

BV650 Anti-CD34 561 1:50 

BV785 Anti-PD-1 EH12.2H7 1:100 

BV41 Anti-TIM3 F38.2E2 1:100 

PE-Dazzle Anti-LAG3 11C3C65 1:100 
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2.2.3.4. Luciferase-based cytotoxicity assays 

CAR T cell mediated cytotoxicity was determined using a luciferase-based assay, which 

necessitated the generation of luciferase-expressing target cell lines. Briefly, Lenti-X 

cells were transfected (section 2.2.2.5) with psPAX2 and pMD2.G packaging plasmids 

and the pLenti CMV Puro Luciferase construct (w168-1), a gift from Eric Campeau & 

Paul Kaufman (Addgene plasmid # 17477; http://n2t.net/addgene:17477 ; 

RRID:Addgene_17477). This construct contains firefly luciferase and the puromycin 

resistance gene, under the CMV and murine pGK promoters, respectively. After 48 

hours, the lentiviral supernatant was harvested, centrifuged for 5 minutes at 400 g and 

filtered through a 0.45 µM cellulose acetate membrane. Media on pre-plated target 

cells was changed to a lentiviral transduction mix, containing 3 mL of filtered viral 

supernatant, 7 mL fresh culture media and Polybrene Infection/Transfection reagent 

(Merck) to a final concentration of 8 µg/mL. Cells were incubated for 2 days, at which 

point the media was removed and cells were split into new flasks. Non-transduced 

target cells were cultured with serial dilutions of puromycin (Thermo) in a kill curve to 

establish the optimal selection concentration for each cell line, determined as the dose 

which achieves 100 % cytotoxicity by 2-4 days. This concentration was then applied to 

the transduced cell lines for a period of 5 days to select for successfully transduced 

target cells, which were then used in cytotoxicity assays.  

Target cells were plated at 1 x 104 cells/well in 50 µL TCM in white walled, clear-

bottomed TC-treated 96 well plates (Thermo). CAR T cells were equalised for 

transduction efficiency as above and added in 50 µL TCM at varying effector: target 

ratios from 5:1 to 0.5:1. Media-only and target cell-only wells were plated as negative 

controls. Cocultures were then incubated for 24 hours. 1 hour prior to assay 

development, plates were removed from the incubator and allowed to equilibrate to 

room temperature. 75 µL/well room temperature Steady Glo Luciferase Reagent 

(Promega) was added, and plates were incubated on an orbital shaker with gentle 

agitation at room temperature for 20 minutes. Luminescence (RLU) measurements 

were taken with the Biotek Synergy Plate reader, with background luminescence 

(measured using media-only wells) subtracted from the test values. Percentage cell 
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survival relative to the corresponding mock coculture for the appropriate cell line and 

effector: target ratio was calculated as 100 x (CAR T cell coculture RLU/mock coculture 

RLU).  

 

2.2.3.5. Degranulation assays 

Degranulation of primary CAR T cells was determined by quantifying cell surface 

CD107a expression following coculture with MCAM-expressing target cell lines. 

Melanoma cell lines (888-Mel, 501-Mel, C8161 and WM2664) were plated in 96 well 

round-bottomed, TC-treated plates at 1 x 105 cells/well in 100 µL TCM. CAR T cells 

were equalised for transduction efficiency and added to the coculture wells at a 1:1 

effector: target ratio in 100 µL TCM. T cells were also plated with media only, or with 

50ng/mL PMA and 1 µg/mL ionomycin, as negative and positive controls respectively. 

To inhibit intracellular protein transport, monensin solution (eBioscience) was added 

to all wells for a final concentration of 2 µM (1:1000 dilution), along with 2 µL/well 

CD107a-PE. Cells were incubated for 4 hours at 37 ˚C, at which point cells were stained 

with Live/Dead Fixable Blue viability dye and fluorophore-conjugated antibodies (see 

Table 15) against cell surface markers, as previously described (section 2.2.2.11). Data 

was acquired on the Fortessa, with compensation and post-acquisition analysis 

performed as described in section 2.2.2.11.  

Table 15: Viability dye and fluorophore-conjugated antibodies for quantification of CAR T cell 
degranulation 

Target Clone Dilution 

Live/Dead Fixable Blue N/A 1:1000 

APC Anti-CD3 UCHT1 1:50 

BV510 Anti-CD4 OKT4 1:50 

APC/H7 Anti-CD8 SK1 1:100 

BV650 Anti-CD34 561 1:50 

PE Anti-CD107a H4A3 1:100 
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2.2.3.6. Annexin PI assays 

To determine CAR T cell toxicity against HUVEC cells, HUVEC apoptosis and necrosis 

was quantified following a period of coculture, using the FITC Annexin V Apoptosis kit 

with PI (BioLegend). CAR T cells were first resuspended at 5 x 105 cells/mL in PBS and 

stained for 10 minutes at 37 ˚C with Cell Trace Violet (Thermo), diluted 1:1000. Cells 

were washed twice with TCM to quench staining and remove any unbound CTV. 

HUVECs and CTV-stained CAR T cells were then plated at a 4:1 effector: target ratio (5 x 

104 HUVECs and 2 x 105 T cells) in 200 µL/well HUVEC media and incubated at 37 ˚C for 

20 hours. HUVEC cells were plated in media alone as negative controls. To generate 

positive control cells and Annexin-FITC and PI single stained samples for compensation, 

HUVECs were plated in media alone, and DMSO was added 1 hour prior to the end of 

the coculture period, at a final concentration of 10 %.  

At the end of the coculture period, the plates were centrifuged to pellet all cells, and 

the supernatant was aspirated and discarded. Residual culture media was removed by 

adding 100 µL/well PBS, which was then aspirated and transferred to a separate plate 

to retain any non-adherent cells. 30 µL/well Accutase Cell Dissociation Reagent 

(StemPro) was added, and cells were incubated at 37 ˚C for 2 minutes to generate a 

single cell suspension. Dissociation was stopped by the addition of 170 µL/well RPMI + 

10 % (v/v) FBS, and the 200 µL suspension was combined with the 100 µL/well PBS 

wash. Cells were then centrifuged and washed twice in 200 µL FACS buffer, prior to 

staining with 50 µL/well Annexin-V binding buffer containing 2.5 µL/well Annexin-V-

FITC and 5 µL/well PI. Staining was allowed to proceed for 15 minutes at room 

temperature in the dark, at which point cells were transferred to polypropylene FACS 

tubes containing 250 µL Annexin-V binding buffer and analysed immediately on the 

Fortessa using BD FACS Diva Software (BD Biosciences). Compensation was performed 

using a mix of stained and unstained T cells (for CTV compensation), and DMSO-

treated HUVECs single stained with either Annexin-V or PI.  FMO samples were 

generated for each fluorophore and used to facilitate the setting of gates.  



87 
 

2.2.3.7. MCAM expression on activated T cells 

To determine if activated CAR T cells displayed any detectable MCAM expression, T 

cells were plated at 1 x 104 cells/well in round-bottomed 96-well plates. Cells were 

cultured for 48 hours in TCM + 200 µL IL-2. At the end of the culture period, cells were 

washed and stained with Live/Dead Fixable Blue and antibodies against cell surface 

markers (Table 16) (see section 2.2.2.11 for full staining protocol). Data acquisition and 

analysis was performed as previously described (section 2.2.2.11). 

Table 16: Viability dye and fluorophore-conjugated antibodies used to quantify MCAM 
expression on CAR T cells. 

Target Clone Dilution 

Live/Dead Fixable Blue N/A 1:1000 

APC Anti-CD3 UCHT1 1:50 

PE Anti-MCAM 361015 1:100 

 

  

 HUVEC network models 

2.2.4.1. Basic HUVEC network model 

To promote the development of network-like structures by HUVECs, µ-plate 96-well 

angiogenesis plates (Ibidi) were pre-cooled on ice and coated with 10 µL/well ice-cold 

Cultrex Basement Membrane Extract (BME, R&D Systems). To set the coating layer, 

plates were then incubated for 1-hour at 37 ˚C. 70 µL/well HUVEC media was overlaid 

on top of the coating, and plates were incubated for 24-48 hours at 37 ˚C, to ensure 

the gel coating was fully hydrated to reduce optical drift during time-lapse imaging. 

HUVECs were resuspended at 1 x 106 cells/mL in serum-free DMEM and stained for 20 

minutes at 37 ˚C with 1:200 Vybrant DiI Cell Labelling Solution (Invitrogen). Staining 

was quenched by the addition of DMEM containing 10 % FBS, and cells were washed 

twice in 200 µL serum supplemented DMEM.  

The pre-coated angiogenesis plates were then prepared for the addition of the HUVECs 

by careful aspiration of the 70 µL/well EGM-2 medium. 1 x 104 HUVECs were gently 
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deposited on top of the basement membrane layer, in 50 µL EGM-2 medium. Plates 

were immediately transferred to the environmental control chamber of a LiveCyte 

Quantitative Phase Imaging microscope (Phasefocus), at 5 % (v/v) CO2 and 37 ˚C.  

Hourly images were acquired over the next 20 hours, using a 10x/ 0.25 Plan N 

objective, C-MOS 52U camera (Hamamatsu) and LiveCyte Acquire software 

(Phasefocus). QPI Images were calculated using a proprietary algorithm (Phasefocus) 

to analyse diffraction patterns generated by transmitted 650nm laser light. 

Fluorescence images were created using a pE-300 LED light source (CoolLED) and Texas 

Red (Vybrant Dil) filter cubes (Olympus).  

2.2.4.2. HUVEC network model with melanoma cells 

To incorporate melanoma cells into the basic HUVEC network model, HUVEC networks 

were established as described in section 2.2.4.1, and allowed to develop over a 6-hour 

incubation period. WM2664 melanoma cells were resuspended in serum-free DMEM 

and stained with Vybrant DiO or DiD (Invitrogen), diluted 1:200, for 20 minutes at 37 

˚C, followed by 2 washes in DMEM containing 10 % (v/v) FBS. 2.5 x 103 cells/well DiO-

labelled WM2664 cells in EGM-2 medium were then added to the HUVEC networks. 

Plates were then imaged immediately as previously described, with additional 

fluorescence images taken using the FITC (Vybrant DiO) or Cy5 (Vybrant DiD) filter 

cubes.  

To investigate the interaction of CAR T cells with the HUVEC-WM2664 cultures, plates 

were set up as described above and for 4 hours to allow the WM2664s to incorporate 

into the network. CAR T cells were labelled with Cell Trace Violet (see section 2.2.3.6 

for staining details) then added at 1 x 104 cells/well. Plates were then imaged (section 

2.2.4.1), with fluorescence images acquired using the Texas Red (Vybrant DiI), FITC 

(Vybrant DiO) and DAPI (CTV) filter cubes.  

2.2.4.3. Image analysis 

Timelapse images were exported from the LiveCyte Analyse software (Phasefocus) as 

Tiff stacks for further image analysis in Image J (Fiji) [395]. Briefly, Tiff stacks were 
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renamed and saved to separate folders according to the channel; CTV+ T cells were 

imaged in the blue channel, DiI+ HUVECs in the red channel and DiO+ WM2664 cells in 

the green channel. Basic image processing was performed in batch to optimise 

contrast, following which all images were converted 8-bit and automatically 

thresholded to create new binary stacks. The inbuilt Fiji measurement tools were used 

to measure the thresholded area (HUVECs and WM2664) or count thresholded 

particles (T cells) for each image within a stack. To quantify the co-localisation of T cells 

with adherent cells, the Fiji Image Calculator application was used to create overlay 

images which mapped the common thresholded pixels for matched T cell and HUVEC 

images. These areas of overlap, corresponding to T cells co-localised with HUVECs, 

were quantified using the measurement tools as described above. This process was 

repeated for the WM2664 images.  

 

Figure 2.1 Image analysis protocol for HUVEC capillary-like network assay. 
  

 

Separately, the Angiogenesis Analyzer tool by Gilles Carpentier [396] was run on the 

phase contrast images to estimate the total branching network length, with the 

following parameters: minimum object size, 25 pixels; minimum branch size, 50 pixels; 

artifactual loop size, 850 pixels; isolated element size threshold, 50 pixels; master 

segment size threshold, 30 pixels; 3 iterations.  

 



90 
 

 Zebrafish husbandry and embryo xenograft assays 

2.2.5.1. Licence details  

All animal work was conducted under personal licence IFD3CD6DB, and project licence 

PF74F0848 (Dr Adam Hurlstone, ‘Zebrafish models for investigating cancer formation 

and progression, immune responses and immunotherapy’), according to National 

Home Office regulations under the Animals (Scientific Procedures) Act 1986.  

2.2.5.2. General husbandry 

Adult zebrafish were housed in the University of Manchester Biological Services Facility 

(BSF) where they were subject to a 14 h/10 h light/dark cycle and a set water 

temperature of 28.5 ˚C. Fish were fed twice-daily with an age-determined diet, 

comprising powdered food, brine shrimp and rotifers. For this study, all assays were 

carried out using nacre fish, which lack melanophores due to a nacW2 mutation [397].  

2.2.5.3. Breeding 

Zebrafish were bred either by marbling or by pairwise breeding in breeding boxes. For 

routine breeding purposes, a specialised crossing tank with mesh insert (Aquaneering) 

was half filled with marbles and placed in the main tank the evening before the 

planned mating. Breeding was initiated by the beginning the light cycle, and embryos 

were collected 1 hour later.    

For zebrafish embryo assays requiring embryos of standardised age, pairwise mating 

was used to ensure synchronous fertilisation. Male and female zebrafish were placed 

in a crossing tank with mesh insert (Aquaneering) either side of a divider which 

spanned the width of the tank and left overnight. On initiation of the light cycle the 

next morning, the divider was removed, and breeding occurred, with fertilised eggs 

collected after 20 minutes.  
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Embryos were raised in petri-dishes (Greiner Bio-One) in chorion water (60 mg/L 

Instant Ocean Salts (Tropic Marin) with 0.0001 % (w/v) methylene blue in dH20), at a 

maximum density of 50 animals per dish. Embryo water was exchanged daily, and 

screening was performed to remove any dead/abnormal animals. To raise new 

generations, fry were transferred to the BSF’s nursery system at 5 days post 

fertilisation (dpf).  

 

2.2.5.4. Zebrafish anaesthesia and euthanasia 

MS222 (tricaine methanesulfonate, Sigma) was used for zebrafish embryo anaesthesia 

and euthanasia. A buffered stock solution of pH 8.5 containing 4 g/L MS222 (15.4 mM) 

and 20 mM Tris was diluted 1:25 for the purposes of anaesthetising embryos, and 1:10 

for euthanasia. Adult zebrafish were euthanised using an overdose of anaesthetic 

(2000-2800 ppm Aqua-Sed) followed by rapid freezing.  

2.2.5.5. Tumour and T cell xenotransplantation 

Tumour and T cells were prepared for xenotransplantation as follows. 888-Mel MCAM 

GFP target cells were labelled with Vybrant DiI (Invitrogen), diluted 1:200 in serum-free 

DMEM for 20 minutes at 37 ˚C. T cells were labelled with Cell Trace Violet as previously 

described (2.2.3.6). Mixed suspensions were generated containing 1 x 107 cells/mL 

888-Mel MCAM-GFP targets, with or without 5 x 105 cells/mL CAR T cells, in PBS with 1 

% (v/v) polyvinylpyrrolidone solution (PVP, Sigma) to reduce clumping. Cell 

suspensions were kept on ice and xenotransplantation assays were performed 

immediately.  

Needles for embryo injections were produced by pulling borosilicate glass capillaries 

(Harvard apparatus, GC100TF-10) in a Flaming/Brown micropipette puller (model P-

97). 4 µL of cell suspension was back-loaded into the needle, which was mounted on a 

micro-manipulator attached to a PLI-90A Pico-Injector micro-injection station (Warner 
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instruments) with inverted microscope. The tip of the loaded needle was broken using 

forceps immediately prior to embryo injections.  

Nacre embryos at 52 hpf were anaesthetised in MS222 (600 µM) in chorion water and 

placed on pre-made injection plates—9 mm petri-dishes (Greiner Bio-One) coated with 

1.5 % (w/v) agarose (Bioline) in chorion water. The needle was advanced into the 

pericardial space (PCS) and approximately 1nL of cell suspension was injected.  

Embryos were screened immediately using a microscope with UV source and 

fluorescent filter cubes, and successfully injected embryos were revived in fresh 

chorion water.  

 

2.2.5.6. Imaging zebrafish embryos 

For confocal imaging, xenografted embryos were embedded in 9mm petri-dishes in 1.5 

% (w/v) low gelling temperature agarose (Sigma) in chorion water without methylene 

blue.  

Images were acquired on a Leica SP8 Upright Confocal microscope, with 25x/0.95 NA 

water-immersion objective and the following confocal settings: format - 1024 x 1024, 

scan speed – 600Hz unidirectional, zoom factor - 1, pinhole – 1 airy unit. Images were 

acquired using hybrid detectors, with the below settings. Due to crosstalk, images 

using the blue diode and white light laser (WLL) were acquired sequentially. 3D optical 

stacks of the pericardiac space region were acquired using a z-step size of 1.4 µm.   

 

Table 17: Laser and detector settings for the SP8 Upright Confocal Microscope. 
Label  Laser line Laser power Hybrid detector setting 

CTV Blue Diode, 405 nm 20 % 408-463 nm 

GFP WLL, 488 nm 25 % 498-545 nm 

DiI  WLL, 549 nm 20 % 559-726 nm 
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2.2.5.7.  Image analysis 

Z-stacks were exported from the Leica microscope as .lif files, for further processing in 

Image J (Fiji)[395]. The Fiji Bio-Formats tool was used to import each z-stack, splitting 

the images acquired on different channels. Basic image processing was performed on 

each z-stack to optimise contrast, following which maximum intensity projections were 

generated. These were converted into 8-bit thresholded binary images to facilitate 

measurement of the tumour and T cell area with the Fiji Analyse tool.  

 Statistical analysis  

 

Figure generation and statistical analysis was performed in GraphPad Prism (Version 

9.0, GraphPad Software Inc). Unless otherwise specified data are presented as mean ± 

standard deviation. Statistical analysis was by paired t-test, one-way or two-way 

ANOVA according to the assay design, followed by Tukey’s multiple comparisons test 

where stated in figure legends. For the HUVEC network assays, best-fit curves were 

estimated using non-linear regression, and compared using the extra sum of squares F 

test. P values less than 0.05 were taken as significant.    
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Chapter 3. Initial assessment of CAR activity in the 
JRT3-T3.5 cell line.  

3.1. Introduction  

 

CAR specificity is determined by the binding properties of the incorporated scFv. To 

generate appropriate anti-MCAM CAR constructs for further study, a series of second 

generation 4-1BB-CD3ζ CARs with differing scFv regions were first screened for their 

ability to induce signalling in the JRT3-T3.5 cell line. JRT3-T3.5 is a CD3/TCR-deficient 

derivative of the E.6 (JM) Jurkat line, a T cell acute lymphoblastic leukaemia (T-ALL) line 

which was originally isolated from the peripheral blood of a 14-year-old male [398] 

Gamma-irradiated E.6 Jurkat cells were cultured in the presence of complement and 

antibody specific to the CD3ε chain (OKT3) in order to enrich for CD3- cells by negative 

selection [399]. Such cells were then isolated by FACS. Characterisation of the JRT3-

T3.5 Jurkat line by flow cytometry confirmed that not only was cell surface CD3 lacking, 

but the TCR was also undetectable [399].  

Subsequent Northern blot analysis for the TCRα and β chains revealed that JRT3-T3.5 

cells express a truncated transcript of the β chain which lacks the variable and diversity 

gene segments [400]. Furthermore, transcription of the α chain is also significantly 

reduced. Transfection with TCRβ cDNA not only restored expression of the TCR (as 

determined by northern blot and flow cytometry) but also the cell surface CD3 

complex, demonstrating a requirement for co-expression.  

This feature makes the JRT3-T3.5 line an attractive model in which to screen CAR 

constructs, as it removes the potentially confounding effect of the endogenous TCR. 

JRT3-T.3 cells also have an oncogenic mutation in CDK6 [401], and non-functional 

tumour suppressor genes PTEN and SHIP (reported for the parental Jurkat line) [402–

404], which likely contributes to their rapid and sustained proliferation. This has 

practical benefits in terms of cell culture, for example through facilitating the 

expansion of transduced cells following FACS. It also increases the cost-effectiveness of 

such a model when contrasted to sourcing primary T cells from multiple donors. The 

use of JRT3-T3.5 removes donor-to-donor variation observed with primary T cells, 
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allowing the differential activity of the CAR constructs to be more easily isolated. 

Lastly, as an established cell line, JRT3-T3.5 have fewer biosafety considerations than 

primary T cells.  

Nevertheless, there are drawbacks to this system, principally that JRT3-T3.5 do not 

retain the full array of effector functions mediated by primary T cells. However, it is 

possible to determine whether CAR constructs can trigger activating signals when 

exposed to their cognate antigen, which is the first fundamental requirement of any 

new CAR. Expression of the early activation marker CD69 has successfully been used to 

detect the activation of CAR-expressing JRT3-T3.5 and predicts to an extent the degree 

of activation mediated by the same constructs in primary T cells [405, 406].   

The production of CAR-expressing JRT3-T3.5 cells first requires an efficient transgene 

delivery system. Multiple gene transfer delivery methods exist, however most CARs 

tested to date have utilised retro- and lentiviral systems [407–414]. Retroviral systems 

generally require virus producer cell lines which stably express the viral gag and pol 

genes under the control of a strong promoter [415]. The third component of the viral 

genome, env, is either stably expressed or can be transiently introduced on a plasmid 

for customisable tropism. Typically, the producer cell lines are then transfected with a 

transfer plasmid which contains the transgene of interest flanked by 5´ and 3´ long 

terminal repeat (LTR) sequences and the ψ Psi packaging sequence [415].  

Assembly of replication-incompetent retrovirus begins with the association between 

RNA dimers (in this case encoding the transfer cassette) and the Gag protein, 

contingent on the presence of the ψ sequence. These complexes assemble with Pol 

and are released from the cell, acquiring a lipid bilayer in the process on which the 

envelope proteins are expressed. Following release, the immature virions undergo a 

maturation process whereby Gag and Pol are cleaved, producing key structural (capsid, 

nucleocapsid and matrix) and functional (integrase and reverse transcriptase) proteins, 

respectively [416].  

The mature virions infect target cells by a process triggered by binding of the envelope 

protein to its cellular target. This triggers the fusion of the viral envelope and the cell 

membrane, releasing the viral core. A cDNA copy of the RNA genome is generated by 
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reverse transcriptase and inserted into the host cell DNA by integrase, whereupon 

transgene expression is driven by promoters and enhancers contained within the LTR 

region [416].  

Described herein is the initial work to express a panel of MCAM-specific second-

generation CAR constructs in the JRT3-T3.5 cell line, and to quantify MCAM-dependent 

CAR activity. This necessitated cloning anti-MCAM scFvs into a retroviral CAR 

construct, optimising the protocols for Jurkat transduction and CAR-driven activation, 

and eventually selecting functional scFvs for further study.  
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3.2. Methods 

 Cloning CAR-encoding retroviral constructs 

The pMP71.tCD34.2A.CD19.CD8.4-1BB.CD3ζ retroviral vector was kindly provided by 

Dr David Gilham [417]. An unmethylated preparation of the plasmid was purified from 

dam-/dcm- competent E.coli (New England Biolabs), allowing a restriction enzyme 

digest to be performed with NotI-HF and ClaI (both New England Biolabs) which cleave 

the plasmid at sites immediately flanking the scFv. The reaction was treated with 

Antarctic Phosphatase and Antarctic Phosphatase Buffer (New England Biolabs) to 

prevent re-annealing, prior to gel purification of the 6.3kb backbone fragment using a 

1 % agarose gel and Monarch DNA Gel Purification Kit (New England Biolabs; section 

2.2.1.2).  

Sequences for 3 MCAM-binding scFvs were kindly provided by Professor Bin Liu (M1 

and M40 scFvs; University of California) and Dr Bridget Hantusch (B6-11 scFv; Medical 

University of Vienna). The sequence of the variable heavy and variable light domains 

from the MCAM-specific ABX-MA1 antibody was obtained from a lapsed antibody 

patent (US-7090844, Dr Bar-Eli et al 2006), whilst Dr Blot-Chabaud (Aix-Marseille 

University) kindly provided the corresponding sequences for the tsCD146 antibody. 

ABX-MA1 and tsCD146 derived scFvs were designed to match the M1, M40 and B6-11 

scFvs, with 5’ variable heavy domains and 3’ variable light domains separated by a 15 

amino acid (G4S)3 glycine-serine linker sequence.  

Genestrings (Thermo Fisher) incorporating the various scFv sequences with flanking 

NotI and ClaI sites were designed and PCR amplified using Q5 Hot Start High Fidelity 

DNA polymerase (New England Biolabs) and complementary primers (see Table 6 for 

primer sequences and section 2.2.1.1 for PCR reaction mix and thermocycling 

conditions). PCR products were purified with Monarch DNA Clean-up Columns (New 

England Biolabs), digested with NotI-HF and ClaI to produce sticky ends compatible 

with the digested backbone, and gel purified as above. T4 DNA Ligase (New England 

Biolabs) was used to insert the scFv sequences into the vector backbone, using a 1:3 

vector-to-insert molar ratio. Ligation reactions were incubated for 24 hours at room 
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temperature, prior to transformation into XL-1 competent cells (Agilent, section 

2.2.1.3). Plasmid DNA was isolated with the Monarch DNA Plasmid Miniprep Kit (New 

England Biolabs; section 2.2.1.3), and bidirectional sequencing over the ligation sites 

(Eurofins Lightrun Services) was used to confirm successful cloning, prior to high 

quality plasmid preparation using the Purelink Fast Low Endotoxin Midi Plasmid 

Purification Kit (Invitrogen). 

 

 JRT3-T3.5 cell culture 

The JRT3-T3.5 Jurkat cell line was maintained in RPMI-1640 medium supplemented 

with 10 % heat-inactivated FBS, 50 IU/ml penicillin, 50 μg/ml streptomycin and 10 

ul/ml Glutamax. Cells were subcultured every 2-3 days to maintain a density of 1-2 x 

106 cells/ml.  

CAR-expressing Jurkat lines were generated by retroviral transduction. Briefly, PhGP 

retrovirus producer cells were transiently transfected with a plasmid bearing the VSVG 

envelope protein and the CAR encoding retroviral vectors (see section 2.2.2.6). Mock 

transfections lacking the pMP71 transfer plasmid were performed to generate mock 

retrovirus.  

In early experiments the resulting retrovirus was used to directly transduce JRT3-T3.5 

cells using a RetroNectin-based protocol (section 2.2.2.7). In later iterations of the 

protocol, stable retrovirus producer cell lines were generated by transducing the PG13 

cell line with the PhGP retroviral supernatant. The resulting cell lines stably produced 

CAR-encoding, GaLV-pseudotyped retrovirus and were enriched for successfully 

transduced cells by magnetic sorting for CD34 (section 2.2.2.6). RetroNectin based 

Jurkat transductions then proceeded as described (section 2.2.2.7) using the PG13 

retroviral supernatant. CAR+ Jurkat were then isolated by flow cytometry, using CD34 

expression as a proxy for CAR expression (section 2.2.2.8). CAR-Jurkat activation on 

coculture with target cell lines was quantified by assessing CD69 and CD62L expression 

by flow cytometry, as described in section 2.2.3.1.  
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 Generating target cell lines  

MCAM-expressing target cell lines were generated using the CSII_lenti_MCAM-GFP 

plasmid, which was kindly provided by Dr Natalie Ahn (University of Colorado). This 

third-generation lentiviral vector encodes full length human MCAM tagged with 

cytoplasmic GFP under the CMV promoter, with HIV-1-derived LTR and ψ packaging 

sequences. A truncated control construct lacking the 5 extracellular immunoglobulin 

domains (CSII_lenti_trunc.MCAM-GFP) was cloned as described below.  

The sequence spanning the GFP tag, MCAM cytoplasmic and transmembrane domains 

and short (50 amino acid) extracellular stalk was PCR amplified using Q5 Hot Start High 

Fidelity DNA polymerase (See sections 2.1.4 and 2.2.1.1). Primers were designed to 

incorporate 5´ NheI and 3´ NotI restriction enzyme sites into the resulting PCR product, 

which was purified using Monarch DNA Clean-up Columns. Restriction enzyme 

digestion with NotI-HF and NheI (New England Biolabs) was performed to generate 

sticky ends, and the 1.2kb trunc.MCAM-GFP encoding PCR product was gel purified 

using a 1.5 % agarose gel and the Monarch DNA Gel Extraction kit.  

Concurrently, the original CSII_lenti_MCAM-GFP vector underwent digestion with 

NotI-HF and NheI to cleave the plasmid at sites flanking the MCAM-GFP sequence. The 

10kb vector backbone was gel purified as described above, and the trunc.MCAM-GFP 

encoding PCR product was ligated in at a 1:3 vector-to-insert ratio using Instant Sticky 

End Mastermix (New England Biolabs) as per manufacturer’s recommendations. 

Ligation reactions were transformed into XL-1 competent cells with ampicillin 

selection. DNA isolation, sequencing and plasmid preparation were performed as 

described above.  

VSVG-pseudotyped MCAM-GFP and trunc-MCAM-GFP encoding lentivirus was 

generated using the Lenti-X producer cells (as described in section 2.2.2.5) and used to 

transduce the 888-Mel cell line. Simultaneously, an 888-Mel line expressing human 

CD19 was generated for use as a target for the anti-CD19 positive control CAR. A 

Murine Moloney Leukaemia virus (MMLV) based retroviral vector encoding full length 

CD19 followed by an internal ribosome entry site and GFP sequence was kindly 

provided by Dr Eleanor Cheadle [418]. Retrovirus was produced by transient 
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transfection of PhGP cells with the vector and a VSVG-encoding plasmid, and 888-Mel 

cells were transduced as above. The resulting 888-Mel MCAM-GFP, 888-Mel trunc-

MCAM-GFP and 888-Mel CD19-GFP cell lines were sorted for GFP expression by FACs 

(see section 2.2.2.8).  

Protein expression was confirmed by western blot (section 2.2.1.6) and flow cytometry 

using the APC anti-MCAM antibody (BioLegend) and Live/Dead Fixable Blue Kit 

(Thermo).  

 

 Rearranging the pMP71 vector backbone  

The pMP71.tCD34.2A.CD19.CD8.4-1BB.CD3ζ retroviral vector was rearranged to place 

the CAR in the 5´ position, separated by the 2A linker from the 3´ tCD34 marker gene. 

A HindIII/EcoRI restriction enzyme digest was performed to cleave the vector either 

side of the tCD34-2A-CAR transgene, and the remaining vector backbone was gel 

purified. The rearranged plasmid sequence was modelled in silico, allowing the design 

of 2 genestrings which spanned the scFv-CD8-4-1BB and CD3ζ-2A-TCD34 transgene 

sequences, respectively. Appropriate homology regions were added to the 5´ and 3´ 

ends of the Genestrings, which were PCR amplified and gel purified. Assembly of the 

DNA fragments into the cleaved vector backbone was performed using the NEBuilder 

HiFi DNA Assembly Master Mix (New England Biolabs) and a 1:2 vector-to-insert molar 

ratio. Bacterial transformation, DNA extraction, sequencing and plasmid preparation 

all proceeded according to standard protocols (see above). Once the correct sequence 

had been confirmed, the CD19 scFv was exchanged for the M1 and M40 scFvs via a 

NotI-HF and ClaI restriction enzyme digest, as described above. PG13 retrovirus 

producer cell lines were then generated and used to transduce Jurkat cells as 

previously described.  
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3.3. Results 

 Generation of MCAM-specific CAR-encoding vectors  

To drive CAR expression on JRT3-T3.5 cells, we utilised a pMP71 retroviral vector kindly 

provided by Dr David Gilham (Figure 3.1a). In this plasmid, Murine Myeloproliferative 

Virus (MMPV) LTR regions surround the transgene cassette. pMP71 vectors are 

particularly efficient in primary human T cells and T cell lines when compared to earlier 

vectors containing LTRs derived from the Moloney Murine Sarcoma Virus (MMSV) 

[419].  The transgene cassette included: 1) a truncated form of human CD34, lacking 

the majority of its intracellular signalling domain but allowing cell surface labelling and 

sorting; 2) a self-cleaving 2A linker from the foot-and-mouth-disease virus [420, 421] to 

allow expression of two proteins from a single mRNA; and 3) the CAR itself 

downstream of an oncostatin M leader sequence for plasma membrane targeting) 

(Figure 3.1a and b). The CAR itself contained a scFv, comprising antibody VH and VL 

domains arranged in tandem with a flexible glycine-serine linker. The scFv is presented 

on a short extracellular stalk derived from human CD8α, which also contributes the 

CAR transmembrane domain. The intracellular portion of the receptor contains 

signalling domains derived from human 4-1BB and CD3ζ (inclusive of its 3 ITAMS) 

(figure 3.1b).  

To redirect the above CAR construct against MCAM, the existing scFv was substituted 

for a panel of 5 different MCAM-specific scFvs. The M1 and M40 scFvs (sequences 

kindly provided by Professor Bin Liu, University of California, San Francisco) were 

originally characterised by a study aiming to identify internalising mesothelioma-

specific scFvs, with a view to conjugating them to chemotherapeutic agents as a means 

of targeted drug delivery [422]. A phage display library of more than 500 million 

human scFv sequences underwent successive rounds of positive selection using 

mesothelioma cell lines. M1 and M40 were amongst the 21 candidate sequences 

which were selected for further study. 
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Subsequent characterisation demonstrated the reactivity of the scFvs against 

epithelioid and sarcomatoid mesothelioma as well as cell lines derived from breast, 

ovarian and prostate cancer, with a lack of activity against the non-malignant cell lines 

tested. Competitive binding analysis using soluble and phage-displayed scFv confirmed 

that M1 and M40 bind to distinct epitopes. MCAM was subsequently identified as the 

target antigen by a screen performed using a yeast-displayed cDNA library of human 

cell surface proteins [423].   

 

Figure 3.1 Schematic of the CAR construct. 
(a) Plasmid map of the pMP71.tCD34.2A.CAR retroviral vector, inclusive of ampicillin resistance 
gene, truncated CD34, 2A linker sequence, oncostatin signal peptide and CAR construct. (b) 
Design of the construct, demonstrating relative contributions from CD34, CD8α, 4-1BB and CD3ζ. 
Top panel, schematic of the receptor; bottom panel, full length proteins. Coloured blocks 
represent protein domains included in the receptor, while grey regions are excluded. TM, 
transmembrane domain; ITAM, immunoreceptor tyrosine-based activation motif. Plasmid maps 
created on SnapGene.   
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The B6-11 scFv (sequence kindly provided by Dr Bridget Hantusch, Clinical Institute of 

Pathology, Medical University of Vienna, Vienna, Austria) was similarly generated by 

phage display, with successive rounds of panning performed using blood endothelial 

cells [424]. MCAM was subsequently identified as its cognate antigen via liquid 

chromatography with tandem mass spectrometry and confirmed by co-labelling of B6-

11 bound antigen with commercially available anti-MCAM antibodies. B6-11 also 

bound to melanoma cell lines and labelled the vasculature in human tissue sections in 

a comparable manner to known MCAM-specific antibodies.  

For the purposes of this project, a fourth anti-MCAM scFv sequence was obtained from 

a lapsed antibody patent (antibody sequence C3.19.1 from patent US-7090844, 

published by Bar-Eli et al in 2006). ABX-MA1 is a fully human monoclonal antibody first 

described by Mills et al [425], which was raised against the SK-MEL-28 melanoma cell 

line in the XenoMouse line (Abgenix). These animals carry human heavy and light chain 

antibody genes in place of the murine counterparts, and therefore produce affinity 

matured human antibodies on immunisation [426].  

The presence of ABX-MA1 in culture media has diverse cellular effects, including 

reduced proteolytic activity and corresponding reductions in invasiveness by 

melanoma cells, and impaired network formation by HUVECs. In vivo, ABX-MA1 

treatment reduced the tumour burden in nude mice with subcutaneous A375SM or 

WM2664 tumours, and inhibited metastasis formation when tumours were inoculated 

intravenously. Ex vivo immunohistochemical analysis of the tumours revealed reduced 

tumour blood vessel formation and increased apoptosis, potentially accounting for the 

observed differences in tumour formation. Contrastingly, when this work was repeated 

with osteosarcoma cells no effect on tumour growth was observed, although the 

impact on metastasis and in vitro behaviour was conserved [427].  

Sequence for the final anti-MCAM scFv was kindly provided by Dr Marcel Blot-Chabaud 

(Aix-Marseille University) [428]. tsCD146 was so named due to its apparent ability to 

discriminate between MCAM expressed on malignant cells (tumour-specific; ts) and 

the physiological form of the protein expressed on healthy tissues such as blood 

vessels. This rat monoclonal antibody displays reactivity against melanoma, pancreatic 

cancer and colon cancer cell lines, but differed from established MCAM-specific 
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antibodies in that it did not bind to HUVEC and HMEC-1. This selective binding was 

further demonstrated in immunofluorescence experiments using whole tissue 

sections, in which tsCD146 selectively labelled tumour cells and did not stain the 

vasculature. As with ABX-MA1, tsCD146 functionally impacted MCAM-expressing 

tumour cells, selectively reducing their proliferation and inducing apoptosis in vitro, 

and significantly reducing melanoma growth in NOD/SCID mice.  

A positive control CAR was also generated using a validated anti-CD19 scFv (provided 

by Dr Eleanor Cheadle), originally derived from the HD37 hybridoma [429]. Expression 

of first-generation CARs bearing the CD19 scFv conferred on primary T cells the ability 

to recognise and kill CD19+ target cells in vitro, as determined by cytokine production, 

degranulation, and target cell lysis [417, 418]. Such cells were also able to eradicate 

established B cell lymphoma in immunocompromised mouse models [417, 418]. 

 

 Optimising the Jurkat transduction method 

Initial attempts to express the CAR constructs in the JRT3-T3.5 Jurkat cell line utilised 

retrovirus generated by the Phoenix GP (PhGP) retroviral producer cell line [415]. PhGP 

cells are a 293T derivative which stably express gag and pol genes from the Moloney 

murine leukaemia virus (MoMLV) under the RSV promoter. As such, they are capable 

of short-term retrovirus production when provided in trans with an env gene and 

retroviral transfer plasmid containing LTR and ψ sequences.  

The PhGP system was used to generate CAR-encoding retroviruses pseudotyped with 

the env gene from the vesicular stomatitis virus Indiana variant (VSVG), which confers 

greater stability and broad cellular tropism compared to earlier viruses bearing the 

MoMLV envelope protein [430]. VSVG-pseudotyped retrovirus and Jurkat cells can be 

colocalised on plates pre-coated with RetroNectin, a chimeric protein with C/CS-1 and 

heparin-binding domains which bind to cells and virions, respectively [431] (Figure 3.2, 

left panel). The VSVG transmembrane G-protein binds to the cell surface LDH receptor 

[432], triggering receptor-mediated endocytosis, and the viral core is released into the 
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cytoplasm by pH-dependent fusion of the viral envelope and endosomal membrane 

[433][434].  

To test this protocol in the context of the Jurkat cell line, retrovirus was produced 

using the pMP71.tCD34.2A.M1.BBz construct. Mock retrovirus was generated by 

transfecting PhGP with the env plasmid alone. Jurkat transductions were performed 

(Figure 3.2a, left panel) and transduction efficiency was assessed 4 days later by flow 

cytometry. The tCD34 marker gene (a proxy measure for CAR expression) was detected 

on less than 30 % of Jurkat cells (Figure 3.2b), indicative of sub-optimal transduction.   

The JRT3-T3.5 Jurkat line is highly proliferative and therefore could potentially be 

expanded from a low seeding density after sorting for successfully transduced cells. 

However, this model was to be used as an intermediary step prior to the use of 

primary T cells, which present additional challenges to successful transduction. In our 

hands, primary T cells proliferate at a much slower rate than Jurkats, so the actively 

dividing fraction which is amenable to transduction will represent a smaller proportion 

of the overall population. In addition, the LDH receptor to which VSVG binds is only 

upregulated on activated T cells [135]. Furthermore, primary T cells cannot be 

expanded ad infinitum, so sorting and expanding a small number successfully 

transduced cells would likely present difficulties.  
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Figure 3.2 Optimisation of the retroviral transduction protocol for the JRT3-T3.5 Jurkat 
cells. 
(a) Schematic of the original and modified transduction protocols. Retroviral supernatant was 
collected from transiently transfected PhGP cells (original protocol) or PG13 cells which had 
been transduced with the CAR constructs (modified protocol) and sorted for to isolate a 
successfully transduced population of stable retrovirus-producing cells. For both protocols, a 
RetroNectin coating process was then used to co-localise retroviral supernatant and the JRT3-
T3.5 cell line. Transduction efficiencies were determined by measuring expression of the tCD34 
marker protein via flow cytometry for mock and M1 JRT3-T3.5 Jurkats generated using the (b) 
original protocol or (c) modified protocol. Results are displayed as mean and standard deviation, 
and assays were performed in triplicate. Schematic made with BioRender.com. 
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For these reasons, further optimisation of the virus production and transduction 

processes was performed using Jurkats. Specifically, stable-retrovirus production was 

achieved using the PG13 line, a derivative of NIH 3T3 mouse embryonic fibroblasts 

[435]. As with PhGP, PG13 cells stably express the MoMLV gag and pol genes, however 

they also have the env gene from the gibbon ape leukaemia virus (GaLV). The broad 

tropism and stability of VSVG have led to its widespread use in retro and lentiviral 

systems, however unlike GaLV it is ultimately toxic when expressed in cells and 

therefore not optimal for use in stable retroviral producer systems [430]. The GaLV 

receptor has been identified as the sodium dependent phosphate transporter SCL20A1 

[436][437], expression of which is detected on T cells [438]. 

The use of this PG13-based system confers 2 major advantages: Firstly, generating 

stocks of stable retrovirus-producing cells eliminates potential variability between 

different transductions introduced by the transfection of PhGP cells. Secondly, 

successfully transduced PG13 cells, which contain all the required elements to produce 

CAR-encoding retrovirus, will express cell surface tCD34. Magnetic sorting for CD34 

was used to enrich for these cells, and Jurkat transductions were performed using the 

supernatant (Figure 3.2a, right panel). This increased the percentage of CD34+ Jurkats 

by more than 2-fold (70.6 %; Figure 3.2c), representing a clear improvement in 

transduction efficiency.  

 

 Generating CAR expressing Jurkat cell lines 

Following the above protocol, retrovirus-producing PG13 lines were generated for the 

anti-MCAM and anti-CD19 second generation CAR constructs. Jurkat transductions 

were performed as described, and the resulting CAR-Jurkat populations were 

characterised by flow cytometry for tCD34 and western blot. CD34 expression ranging 

from 61.1-81.3 % was observed for all CARs (Figure 3.3a) with the highest transduction 

efficiencies observed for the CD19 CAR, as measured by percentage CD34+ and CD34 

staining intensity (Figure 3.3b). Cells were then sorted for tCD34 expression and frozen 

stocks were generated for use in future assays.  
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To detect CAR expression in the sorted CAR-Jurkat populations, flow cytometry was 

first performed to confirmed that all populations were comparably enriched for CD34 

(average percentage CD34 expression across all groups was 93.2 %, range 91.5 - 95.0 

%).  Western blots were then performed under reducing conditions using an antibody 

specific to the intracellular region of CD3ζ. Bands of the expected molecular weight 

(approximately 50kDa) were detected for all constructs apart from mock, however the 

intensity of expression differed, with especially low levels for the B6-11 CAR (Figure 

3.3c). Of interest, the molecular weight of the B6-11 CAR was somewhat higher than 

expected, suggesting aberrant transgene processing may have occurred despite the 

plasmid sequence being correct.  

 

 

Figure 3.3 CAR expression on the Jurkat cell line 
Expression of CD34, as assessed by flow cytometry, on JRT3-T3.5 Jurkats retrovirally transduced 
with MCAM-specific CAR constructs. Mock CAR Jurkats were transduced with OptiMEM alone. 
(a) percentage of live, single cells expressing CD34 and (b) CD34-APC mean fluorescence 
intensity (MFI) of live, single cells. (c) Confirmation of CAR expression on CD34-enriched CAR-
Jurkats via western blot for CD3ζ located within the endodomain of the CAR construct. Results 
are displayed as mean and standard deviation and all assays were carried out in triplicate. 
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 Generating 888-Mel target cell lines 

The 888-Mel cell line was used to generate cellular targets for in vitro assays. This line 

was originally established from a metastatic lesion in the soft palate of a 26 year-old 

female melanoma patient, who later had a (non-sustained) complete response to TILs 

derived from the same tumour biopsy [439–442]. The lack of MCAM expression by 

888-Mel has been reported in the literature [443, 444], and was confirmed by western 

blot for the MCAM endodomain and ectodomain (Figure 3.4b).  

Transduction with a third-generation lentiviral construct was used to achieve 

expression of full length human MCAM with an additional cytoplasmic GFP tag under 

the CMV promoter (Figure 3.4a) [445]. As there is evidence that the cytoplasmic 

domain of MCAM has signalling and binding activity [326, 446–448], a control 

construct was cloned which preserves this region, but has a deletion affecting the 

majority of the sequence encoding the extracellular region. Termed trunc.MCAM-GFP, 

the resultant protein lacks the 5 immunoglobulin domains but retains a short 

extracellular stalk, along with the transmembrane, cytoplasmic and GFP regions (Figure 

3.4a).  

Targets for the control anti-CD19 CAR were generated using an alternative retroviral 

construct which contains full length CD19 and GFP. In this system the GFP does not 

take the form of an endodomain tag, but rather is independently expressed as 

separate protein due to an interposed IRES sequence (Figure 3.4a) [418]. While GFP in 

this system is found within the cytoplasm rather than associated with the membrane, 

it serves the same purpose as a marker of successfully transduced cells and was used 

for cell sorting and as a means of discriminating target cells from effectors in 

downstream flow cytometry-based functional assays. 

888-Mel transductions were performed with the above constructs and successfully 

transduced GFP+ cells were isolated by FACS. Expression of the relevant proteins was 

assessed by western blotting  under reducing conditions along with flow cytometry, 

using the WM2664 melanoma cell line as a positive control on account of its widely 

reported expression of endogenous MCAM [256, 425, 443, 449, 450].  
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Figure 3.4 Development of 888-Mel target cell lines 
(a) Schematic of proteins produced by MCAM-GFP, trunc.MCAM-GFP and CD19.IRES.eGFP 
constructs. (b) Western blot of parental 888-Mels, 888-Mel MCAM-GFP, 888-Mel trunc.MCAM-
GFP and 888-Mel CD19-GFP cell lines with antibodies against the MCAM ecto- and endodomain 
and CD19. (c, d) confirmation of MCAM and GFP expression by flow cytometry.  

 

 

As expected, MCAM is not detected on parental 888-Mel by western blot (Figure 3.4b) 

or flow cytometry (Figure 3.4c and d). Contrastingly, probing the WM2664 lysates with 

antibodies against the MCAM ecto- and endodomains confirms the presence of a 

115kDa species corresponding to endogenous MCAM. This expression is confirmed by 

flow cytometry using an APC-conjugated antibody from an independent clone which 

binds to the extracellular domain of MCAM.  
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The MCAM-GFP protein has an increased expected molecular weight of 150kDa on 

account of the GFP tag. A species of this weight was detected by western blot with 

both anti-MCAM antibodies, suggesting that the 888-Mel line had been successfully 

transduced. These findings were confirmed by flow cytometry, which indicates that 

MCAM expression by the 888-Mel MCAM-GFP and WM2664 lines is broadly 

comparable. As expected, there is also evidence of a positive correlation between 

MCAM and GFP expression by 888-Mel MCAM-GFP. Interestingly a secondary band of 

approximately 115kDa was detected by western blot, which may represent a species of 

MCAM lacking the GFP tag, potentially resulting from a proteolytic cleavage event.  

Western blotting of 888-Mel trunc.MCAM-GFP with the endodomain-specific antibody 

identifies a significantly smaller species of approximately 75kDa, in agreement with the 

expected molecular weight of the truncated protein. This species was not detected 

when lysates were probed with the ectodomain specific antibody. Furthermore, 

analysis of the line by flow cytometry confirmed that such cells lack expression of the 

target antigen of APC anti-MCAM but do retain GFP. Taken together, these findings 

confirm that the 888-Mel trunc.MCAM-GFP line does express a truncated protein 

which lacks the MCAM extracellular domain but retains the endodomain and GFP tag. 

The distribution of GFP within the cell was comparable with the 888-Mel MCAM-GFP 

line by microscopy (data not shown) suggesting that the full length and truncated 

proteins are localised at the cell membrane.  

As expected, probing the 888-Mel CD19-GFP lysate with the anti-MCAM antibodies 

reveals no bands other than those representing non-specific binding by the 

ectodomain antibody. A CD19-specific antibody confirms the presence of a band of the 

predicted molecular weight (95kDa) however this band is faint and is partly obscured 

by a non-specific band immediately below it. Nonetheless, when combined with the 

expression of GFP as confirmed by microscopy and flow cytometry, such cells were 

deemed to have been successfully transduced. Indeed, their ability to activate CD19-

CAR expressing effector cells in downstream function assays appears to validate this 

conclusion (see below).  
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 Assessment of CAR-mediated Jurkat activation  

The ability of anti-MCAM CAR constructs to induce activation in the Jurkat cell line was 

assessed by measuring their expression of the cell surface markers CD69 and CD62L. 

CD69 is an early activation marker which is upregulated on primary T cells following 

stimulation. Elevated expression has been detected as early as 4 hours post 

stimulation [451] and is generally reported to peak at around 24 hours [451–453]. Its 

early-stage upregulation and conserved expression by Jurkats has led to its use as a 

means of detecting the CAR-mediated activation of such cells [405, 406]. Furthermore, 

CAR constructs which mediated CD69 upregulation by Jurkats were also capable of 

activating primary T cells, demonstrating the utility of this marker as an initial 

screening tool [405, 406].  

Initially, pilot experiments were carried out to optimise the assay, using Jurkats 

transduced with the CD19-BBz positive control CAR. Optimal cell seeding numbers 

were determined by incubating CAR Jurkats with either parental or CD19-GFP 888-

Mels at defined effector-to-target ratios. After 24 hours the fraction of the Jurkat 

population expressing CD69 was determined by flow cytometry. When Jurkats were 

cocultured with an equal number or an excess of target cells (1:1 and 1:2 effector-to-

target ratios, respectively), CD69 was upregulated in an apparently antigen-

independent manner. Expression was elevated on Jurkats incubated with both the 

parental and CD19-expressing targets compared to baseline (Jurkats cultured in media; 

Figure 3.5a), potentially due to nutrient depletion due to the high cell input number. 

When target cells were plated at lower density (5:1 and 10:1 effector-to-target ratios), 

CD69 expression on Jurkats cocultured with parental 888-Mels was equivalent to 

baseline levels. Reducing the non-specific activation allowed the CAR-mediated 

increase in CD69 to be resolved. An effector-to-target ratio of 10:1 was selected for 

subsequent assays.  

CD69 is detectable early in the activation of T cells, however the exact kinetics of this 

appear to be influenced by the stimulus [451–453]. To determine the optimal 

coculture length, CD69 upregulation by CD19-BBz Jurkats was assessed as described 

above, using a 10:1 effector-to-target ratio (Figure 3.5b). The incubation times 
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assessed appeared to have minimal impact, however there was a trend towards 

increasing background expression at later time points. Background activation was 

lowest at the 12-hour time point, however for practical reasons a 16-hour culture 

period was selected for subsequent assays.  

 

The extent of the CD69 upregulation observed in these preliminary assays was 

relatively low, and therefore we investigated whether providing an additional stimulus 

would improve their activity, as described in the early Jurkat literature [399, 400]. To 

this end, CD19-BBz Jurkats were pre-incubated with varying concentrations of PMA 

and ionomycin. After 2 hours cells were washed, and CD69-upregulation assays were 

performed as described above. While pre-treatment appeared to mediate a slight 

increase in both the background and CAR-mediated CD69 expression, any effect was 

 

Figure 3.5 Optimisation of the CD69-based CAR-Jurkat activation assay. 
Jurkats transduced with anti-CD19 CAR constructs were cultured in the presence of media, 888-
Mel or 888-Mel CD19-GFP targets to identify the optimal (a) coculture time, (b) effector-to-
target ratio and (c) to determine whether pre-stimulation for 2h with PMA and ionomycin was 
required for optimal activation. Activation was determined as the percentage of live (DAPI-) cells 
expressing CD69, and are presented as either fold change compared to Jurkats cocultured in 
media alone, or as the overall percentages. Results are displayed as mean and standard 
deviation and all assays were carried out in triplicate. 
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minimal and therefore subsequent assays were performed without pre-stimulation 

(Figure 3.5c).  

Based on these pilot assays, activation by the full panel of CAR Jurkat lines was 

determined following a 16-hour coculture with the target-expressing 888-Mel cell 

lines, plated at a 10:1 effector-to-target ratio. In addition to CD69, CD62L served as a 

secondary indication of activation. CD62L (L-selectin) is a transmembrane glycoprotein 

expressed by naïve T cells, which plays a key role in their trafficking and migration into 

peripheral lymphoid organs (reviewed in [454]). Its loss from the cell membrane via 

enzymatic shedding occurs within 4 hours post-activation and correlates with the 

cytotoxic potential [455].  

Cells were stained with antibodies to CD69 and CD62L as well as CD34, which allowed 

the analysis to be limited to CAR-expressing cells (Figure 3.6a). Of the 5 anti-MCAM 

CAR Jurkat lines, only M1.BBz and M40.BBz mediated CD69 upregulation (Figure 3.6b, 

and c) and CD62L loss (Figure 3.6d) on coculture with the 888-Mel MCAM-GFP target 

cell line. As expected, this effect was dependent on the presence of the MCAM-

ectodomain and was not observed on coculture with the trunc.MCAM-GFP lines. While 

the M1.BBz and M40.BBz only activated a minority of the overall population as 

assessed by CD69 expression, the magnitude of the effect is equivalent to that 

observed with the control CD19-BBz Jurkats in the presence of the 888-Mel CD19-GFP 

line.  

The tsCD146 antibody is reported to only bind to MCAM expressed by tumour cells, 

potentially due to recognition of an epitope generated by a tumour-specific post-

translational modification, which may conceivably be absent from the MCAM-GFP 

protein. To whether the tsCD146 could bind to endogenous MCAM, preliminary CD69 

upregulation assays were performed using the 888-Mel and WM2664 cell lines, which 

have absent and strong MCAM expression, respectively (Figure 3.4b). In this context, 

the tsCD146.BBz Jurkats did not display any evidence of activity above that observed 

with the CD19.BBz control, suggesting that this is not the case (Figure 3.6e).  

To assess whether the scFvs could cross react with mouse MCAM, CD69 upregulation 

in response to YUMM cells was assessed. YUMM1.1, YUMM1.7 and YUMM2.1 are 
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mouse melanoma cell lines with common driver mutations including Braf activation 

and Pten inhibition [456]. Western blot analysis revealed that MCAM is expressed at 

low levels by YUMM1.1 but is abundant on YUMM2.1, while YUMM1.7 serves as an 

MCAM-negative control (Figure 3.7a). CD69 expression by CAR Jurkats following 

coculture with the above lines was not suggestive of CAR-driven activation, with 

equivalent CD69 percentages and MFI values observed for the control CD19 CAR 

Jurkats (Figure 3.7b and c).     

Taken together, the above data suggest that second generation 4-1BB-CD3ζ CARs with 

M1 and M40 antigen recognition domains are able to bind selectively to the 

ectodomain of human MCAM and initiate Jurkat activation. No evidence was found to 

suggest that the B6-11, ABX-MA1 or tsCD146 scFvs were able to mediate activation in 

the same context. M1- and M40.BBz CAR constructs were therefore selected for 

further study. 
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Figure 3.6 Activation of CAR-Jurkats in response to 888-Mel target cell lines. 
JRT3-T3.5 Jurkats transduced with anti-MCAM and anti-CD19 CARs were cocultured for 16 h with 
target cell lines or media alone. Activation was determined as CD69 upregulation and CD62L loss 
on CD34 positive CAR Jurkats. (a) gating strategy (b) histogram overlays of CD69 expression on 
CD34 positive Jurkats when cocultured with 888-Mel MCAM-GFP (purple) or CD19-GFP (green) 
cell lines. 888-Mel trunc.MCAM-GFP (blue) is plotted as a negative control. The percentage of 
cells and MFI are presented for (c) CD69 and (d) CD62L. (e) Activation of tsCD146.BBz and 
CD19.BBz Jurkats in response to endogenous MCAM expressed by the WM2664 line.  
All results displayed are for CD34 positive cells, experiments were performed in triplicate. 
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Figure 3.7 Jurkat activation in response to murine MCAM. 
JRT3-T3.5 Jurkats transduced with anti-MCAM and anti-CD19 CARs were cocultured for 16 h with 
target cell lines or media alone. Activation was determined as CD69 upregulation on CD34 
positive CAR Jurkats. (a) Western blot analysis of murine MCAM expression on a panel of mouse 
melanoma cell lines. (b) Percentage of CD34+ Jurkats expressing CD69, and (c) CD69 MFI on 
CD34+ Jurkats. Data is presented as mean and standard deviation; experiments were performed 
in triplicate. 

 

 Rearranging the vector backbone 

The extent of Jurkat activation in the above assays was modest, with even the 

CD19.BBz construct only activating a small proportion of the overall Jurkat population, 

despite the scFv being previously validated. We reasoned that this could be in part due 

to low levels of CAR expression. In the pMP71 construct, tCD34 and the CAR are 

separated by a 2A linker derived from the foot-and-mouth virus. The 22 amino acid 
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sequence contains a 3´ glycine-proline motif, which is the site of a co-translational 

‘cleavage’ event, thought to be due to skipping of the peptide bond [420, 421]. The 

upstream polypeptide (in this case tCD34 with a C-terminal 2A tag) is released from the 

ribosome, while the remaining mRNA is translated to produce the CAR construct, 

complete with an N-terminal proline residue. This system has been used in the context 

of T cells to mediate co-equal expression of both CAR/reporters [417] and other 

immune markers [457].  

Although in theory the 2A linker should ensure that there is equimolar expression of 

the upstream and downstream transgenes, aberrant ribosome skipping could cause 

unequal protein expression. Incomplete cleavage has been observed with the 2A linker 

sequence utilised in this vector [458], and would result in the expression of a 90kDa 

tCD34-CAR fusion protein. Alternatively, successful cleavage followed by a failure to re-

start translation would result in the sole expression of tCD34. Both scenarios would 

result in a reduction in functional CAR protein. Probing CAR-Jurkat lysates with a CD3ζ-

specific antibody only resolved bands corresponding to the CAR, with no evidence of a 

tCD34-CAR fusion protein (Figure 3.3c). However, the variable intensities of CAR 

expression across the Jurkat lines (which had equivalent tCD34 levels) could indicate a 

potential failure of translation downstream of the 2A sequence.  

We reasoned that expression of the protein downstream of the 2A linker is contingent 

on successful translation of the upstream protein, and therefore by placing the 

reporter gene downstream of the CAR construct we could more confidently assume 

that CD34+ cells also expressed the CAR. Therefore, the existing M1.BBz-encoding 

vector (pMP71.tCD34.2A.M1.BBz; Figure 3.8a) was re-cloned to place the CAR 

transgene in the 5´ position, with tCD34 located downstream of the 2A linker 

(pMP71.M1.BBz.2A.tCD34; Figure 3.8b). Transduction of Jurkats with the 2 constructs 

resulted in good CD34 expression, which was marginally lower for the rearranged 

construct (Figure 3.8c). By contrast, CAR expression on such cells was elevated as 

assessed by western blot, which demonstrated an increase in the size of the CAR 

construct commensurate with the 22 amino acid 2A tag which remains attached to the 

upstream protein (Figure 3.8d).  
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Given that the 2A tag is affixed to the C terminal domain of the CD3ζ CAR signalling 

domain, there was a risk that it could have impeded signalling. To test this, activation 

of M1.BBz.2A.tCD34 and tCD34.2A.M1.BBz Jurkats was assessed following coculture 

with MCAM-GFP and trunc-MCAM-GFP expressing 888-Mel targets. Quantification of 

CD69 and CD62L expression by CD34+ Jurkats revealed that the M1.BBz.2A.tCD34 

construct significantly increased MCAM-dependent activation when compared to the 

original plasmid design (Figure 3.8e-h). However, we did also observe a modest 

increase in the background activation of such cells, albeit only as assessed by CD69 

upregulation (media only). This increased tonic signalling could potentially be caused 

by the presence of the 2A tag. Perhaps a more likely explanation is that this does not 

represent an inherent increase in the tonic signalling potential of the CAR, but rather 

reflects the fact that CAR expression on the M1.BBz.2A.tCD34 Jurkats is likely to be 

higher than when tCD34 is placed upstream of the 2A linker.  

Given that the rearranged construct mediated both increased in CAR expression and 

efficacy of Jurkat activation, this plasmid design was selected for use in subsequent 

studies.  
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Figure 3.8 Rearrangement of the pMP71 vector. 
(a) Plasmid map of the original construct, in which tCD34 is upstream of the CAR, and (b) the 
rearranged CAR construct with tCD34 downstream of the CAR. (c) CD34 expression as a proxy for 
CAR expression on JRT3-T3.5 cells transduced with the original and rearranged M1.BBz plasmids. 
(d) Confirmation of CAR expression via western blot for CD3ζ located within the endodomain of 
the CAR construct. To investigate the effect of the rearranging the pMP71 construct on JRT3-T3.5 
Jurkat activation, M1.BBz CAR Jurkats were cocultured for 16 hours with target cell lines or 
media alone. Activation was determined as CD69 upregulation and CD62L loss on CD34 positive 
cells. (e) percentage of cells expressing CD69, (f) CD69 MFI, (g) percentage CD62L negative cells, 
and (h) CD62L MFI. All results displayed are for CD34 positive cells, experiments were performed 
in triplicate. Statistical analysis was by unpaired t-tests (c) or two-way ANOVA with Tukey’s 
multiple comparisons (e-h).  ** p<0.01, *** p<0.001. 
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3.4. Discussion  

Described above is the initial preliminary characterisation of a panel of anti-MCAM 

CAR constructs, performed using CAR-expressing Jurkats. The Jurkat cell line is a 

transformed T cell line which has been widely used in the field of T cell biology to 

advance our understanding of T cell signalling (see [459] for review). However, as with 

all transformed lines, concerns remain over how closely the biology of Jurkat cells 

approximates that of primary human T cells. Most notably, this study made use of the 

JRT3-T3.5 Jurkat sub-line, which lacks expression of the TCR and CD3 due to a TCRβ 

gene mutation [399, 400]. For our purposes, this is advantageous as it eliminates the 

possibility of confounding TCR-driven Jurkat activation, however it does mean that any 

conclusions regarding CAR functionality must be interpreted in this context.  

Subsequent research on the Jurkat parental line has identified further abnormalities 

which raise questions about how closely their signalling models that of normal T cells. 

Physiological T cell responses involve multiple signalling cascades, including those 

which affect lipid metabolism. TCR-driven signalling results in the activation of 

phospholipase C (PLC), which catalyses the hydrolysis of PIP2 into IP3 and DAG. 

Meanwhile PIP2 is also involved in the PI3K signalling cascade, which can be activated 

by a multitude of drivers including cytokines and chemokines, antigenic stimulation, 

and costimulatory ligands. PI3K converts PIP2 to PIP3, to which PH-domain containing 

proteins bind, localising them to the cell surface. Most notably, this results in the 

activation of Akt. PIP3 degradation is mediated by PTEN and SHIP, both of which are 

mutated in the Jurkat cell line. Their defective expression results in high basal PIP3 

levels and constitutive Akt signalling [402–404].  

Furthermore, primary T cells do not just receive signalling through their TCR (or CAR) 

but also receive additional signals in the form of costimulatory ligands, cytokines, and 

chemokines, which serve to modulate their activity and control their differentiation. 

Primary T cell effector functions are diverse, and are not conserved in the Jurkat line, 

activation of which is predominantly assessed by CD69 expression [405, 406]. Put in 

this context, the Jurkat cell line represents a very simplified model of T cell responses 

which limits the conclusions that can be drawn on the efficacy of our CARs. 



122 
 

Nonetheless, they do allow us to address fundamental initial questions about the 

scFvs, specifically whether they are capable of selectively binding to antigen when 

expressed as part of a CAR and whether the affinity of the interaction is sufficient to 

initiate downstream activation signals.  

Preliminary characterisation of the 5 anti-MCAM scFvs suggests that this is the case for 

the M1 and M40 scFvs, however it should be noted that the data that supports this 

conclusion has its limitations. The CD69/62L assays reported above were performed 

with CAR Jurkats from a single transduction, so while the assays were performed in 

triplicate, the work lacks biological repetition. Furthermore, CAR Jurkat activity was 

tested against a narrow panel of target cell lines. Further characterisation of these cell 

lines is required to confirm that their expression of MCAM is within a clinically relevant 

range. This would ideally require comparative assessment of target expression on 

tumour tissues from patients and on the cell lines tested.  

That the responses observed in the M1.BBz and M40.BBz expressing Jurkats were of a 

similar magnitude to those observed with the control CD19 CAR appears promising, 

although caution should be taken when comparing responses between CARs directed 

against different antigens. Western blot analysis of the 888-Mel MCAM-GFP and CD19-

GFP lines serves to confirm the presence of the respective markers. However, it cannot 

reliably confirm whether antigen density is equivalent as band intensity is not only 

determined by the amount of protein, but also the affinity of the detection antibody. 

Furthermore, even if it were possible to demonstrate parity of CAR response to 

equivalent antigen densities, this does not necessarily have clinical relevance. It may 

be that CD19 expression on B cell malignancies is significantly different to the 

magnitude of MCAM expression on melanoma or other solid tumours.   

Nonetheless, the response mediated by M1.BBz and M40.BBz is in accordance with the 

results of Professor Bin Liu et al, who independently characterised an anti-MCAM CAR 

utilising the M1 scFv, which was published after the completion of the Jurkat-based 

assays described above [460]. By chance, the design of the CAR mirrors our second-

generation CAR, with CD8α hinge and transmembrane regions and intracellular 

domains from 4-1BBa and CD3ζ. However, CAR expression was made conditional on 

the recognition of the tumour associated antigen ALPPL2 through the use of a so called 
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SynNotch receptor. Primary T cells redirected using this circuit were able to selectively 

recognise mesothelioma cells in vitro and mediated anti-tumour responses in mouse 

models.  

While the performance of the M1.BBz and M40.BBz CARs in the Jurkat assays supports 

their further characterisation in primary T cells, the same could not be said of the 

other anti-MCAM CAR constructs. No evidence was observed that the B6-11, ABX-MA1 

or tsCD146 constructs were capable of binding MCAM and driving Jurkat activation, as 

measured by CD69 upregulation and CD62L shedding. M1, M40 and B6-11 scFvs were 

all similarly identified through phage display [422, 424, 461], while tsCD146 [428] and 

ABX-MA1 [425, 427] were derived from the sequences of characterised antibodies that 

had not been previously validated in the form of an scFv. It is possible therefore that 

the lack of response from the tsCD146 and ABX-MA1 CARs stems from a failure to 

reconstitute the antigen recognition domain when the VH and VL  domains are 

expressed in tandem. Additionally, the ABX-MA1 sequence was acquired from a lapsed 

patent and it was not possible for us to verify the sequence further, so we cannot rule 

out sequence errors as the underlying cause of the lack of response.  

The tsCD146 antibody differs from the other anti-MCAM reagents in that it is reported 

to bind selectively to tumour-expressed MCAM, potentially due to recognition of a 

specific post-translational modification [428]. MCAM expressed by the 888-Mel line 

might lack this specific epitope, especially given the presence of the GFP tag. However, 

the tsCD146.BBz CAR fails to drive CD69 upregulation in response to WM2664 which 

expresses high levels of endogenous MCAM, suggesting that this is unlikely.  

Unlike the ABX-MA1 and tsCD146 constructs, the B6-11 sequence was identified 

through phage display and therefore by definition should bind to MCAM when 

configured as an scFv. However, the B6-11.BBz construct was notable for its very low 

expression of CAR by western blot relative to cell surface tCD34. While the reason for 

this low-level CAR expression is unclear, it seems likely that it underlies the lack of 

response observed in B6-11 CAR Jurkats. For the B6-11 CAR to be expressed, tCD34 

and the 2A linker must first be translated, and the ribosome skipping event at the C 

terminus of the 2A linker must occur. As evidenced by section 3.3.6, it is apparent that 

translation of the downstream protein does not then always proceed as it should. This 
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would explain the unequal expression of the B6-11 CAR and tCD34; however, the B6-

11 scFv sequence is not immediately 3´ to that of the 2A linker, as all the CARs are 

preceded by the same oncostatin M signal peptide. More likely perhaps is that the B6-

11.BBz CAR is translated but the scFv sequence results in misfolding of the CAR 

protein, leading to improper trafficking and/or proteosome- or lysosome-mediated 

degradation (reviewed in [462]). Indeed, this work has highlighted the importance of 

confirming cell surface CAR expression, leading to the development of an scFv-

detection method for characterisation of primary CAR T cells.  

The lack of response of ABX-MA1, tsCD146 and B6-11 could also be caused by the 

inaccessibility of their respective targets. CARs with scFvs which bind to membrane 

distal epitopes benefit from shorter hinge regions, while the inclusion of longer hinge 

regions may improve recognition of epitopes found closer to the cell surface [463]. The 

location of the epitopes recognised by ABX-MA1, tsCD146 and B6-11 is not known, and 

therefore it may be that the CD8α hinge region is not of an optimal length to facilitate 

scFv-MCAM interactions. Ongoing work in the Hurlstone laboratory aims to optimise 

the hinge for the tsCD146 scFv in light of its reported tumour-specificity; however, this 

fell outside the scope of this PhD project.  

 

3.5. Conclusion 

This initial programme of work, including protocol development and assay design, 

culminated in the generation of five JRT3-T3.5 Jurkat cell lines expressing a panel of 

anti-MCAM second generation CAR constructs. Challenge with target cell lines allowed 

identification of scFv domains which could initiate downstream Jurkat activation 

dependent on MCAM expression by target cells. The response of the M1.BBz and 

M40.BBz CARs, which was relatively low in intensity but specific to the MCAM 

ectodomain, justified selection of these constructs for further functional 

characterisation in primary T cells. Given the improved CAR expression and Jurkat 

activation observed when the tCD34 marker gene was placed downstream of the 2A 

linker, subsequent work was carried out using the rearranged vector design 

(pMP71.scFv.BBz.2A.tCD34).  
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Chapter 4. Characterisation of M1.BBz and M40.BBz 
primary CAR T cells 

4.1. Introduction  

The JRT3-T3.5 CAR Jurkat lines served as an efficient screening tool through which the 

M1.BBz and M40.BBz CARs were identified as capable of initiating MCAM-dependent 

Jurkat activation. Despite being a useful initial model, the Jurkat cell line has very 

limited effector functions and therefore full characterisation of CAR-driven activity 

necessitates their expression in primary human T cells.  

Sources of human T cells for research use include leukapheresis, whole blood 

donations, leukocyte reduction filters (LRFs) and leukocyte reduction system (LRS) 

cones from NHS Blood and Transplant (NHS-BT). Blood products in the UK routinely 

undergo leukodepletion (defined as the removal of >99 % white blood cells [464]), 

which serves to reduce the risk of CMV transmission, alloimmunisation and febrile 

non-haemolytic transfusion reactions [465, 466].  

Leukoreduction of whole blood donations is achieved by passing the blood through 

LRFs (physical filters which trap white blood cells) [467] meanwhile LRS cones 

sequester leukocytes from apheresis products by the process of elutriation [468, 469] 

(Figure 4.1). LRS cones are typically discarded once the apheresis procedure has been 

completed, however if appropriately sealed and processed these by-products provide 

a plentiful source of leukocytes for laboratory use [470–472]. The majority of the 

retained cells are CD3+ T cells, with low numbers of B cells and NK cells [470, 471, 

473]. CD4+ T cells outnumber those expressing CD8 by approximately 2:1, maintaining 

the ratio observed in peripheral blood [470, 471, 473]. LRS-derived T cells are 

functional, and when stimulated by various methods upregulate activation markers 

[470], degranulate [473] and produce cytokines including IFNγ, TNF-α and IL-2 [472–

474].  
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Figure 4.1 Leukocyte isolation in LRS cones 
Leukocytes are retained in LRS chambers by a process of elutriation. Cells and platelets flow into 
the distal end of the cone, which is centrifuged. The position of the cells within the cone 
depends on the balance between the fluid flow rate and the counteracting centrifugal force. Due 
to their larger size, leukocytes are subject to stronger centrifugal forces and therefore are 
retained at the distal end of the chamber, while smaller platelets and red blood cells pass the 
elutriation boundary. The narrow shape of the proximal end of the cone causes an increase in 
the fluid flow, forcing red blood cells and platelets out of the cone. RBC, red blood cells; WBC, 
white blood cells. Adapted from Davis et al, 2001. Figure created with Biorender.com.  

 

 

Potential platelet donors undergo lifestyle screening by NHS Blood and Transplant, so 

LRS cones have safety benefits compared to whole blood donations from research 

volunteers. Additionally, the consent process is simplified as donors provide generic 

consent for research use prior to donating. The low cost per cone, the large number of 

leukocytes that can be harvested and their ready availability from blood donation 

centres combine to make LRS cones an efficient, economical, and practical source of T 

cells for research.  Accordingly, this chapter describes the generation and 

characterisation of M1.BBz and M40.BBz primary T cells derived from LRS cone 

leukocytes.  

Functional characterisation of CARs involves the assessment of T cell effector 

functions, which are diverse and vary according to the CD4/CD8 T cell subtype. CAR T 

cell driven cytotoxicity can be achieved by 2 mechanisms: the release of cytotoxic 
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granules or the ligation of Fas on target cells by Fas ligand (FasL; reviewed in [475, 

476]). Granules contained within cytotoxic CD8+ (and to a lesser extent CD4+ [477]) T 

cells have a dense core comprised of perforin and granzyme, surrounded by a 

lysosomal membrane coated with LAMP1 (CD107a) and LAMP2 (CD107b) 

glycoproteins [478, 479]. On formation of an immunological synapse between a T cell 

and target, granule exocytosis occurs, releasing perforin and granzyme into the 

synapse and resulting in the temporary presence of CD107a/b on the cell surface 

membrane. Granzyme enters the target cells via pores formed by perforin, and triggers 

apoptosis by caspase-dependent and independent mechanisms. Caspase-3 driven 

apoptosis is also induced to a lesser extent by Fas-FasL interactions [476]. Typically, 

CAR driven cytotoxicity is assessed in vitro either directly, by measuring target cell 

viability, or indirectly through the detection of cell surface CD107a as a measure of T 

cell degranulation [480].  

While the killing of target cells by CAR T cells is arguably the most important readout of 

their activity, maximal anti-tumour responses in vivo are likely to require a broader 

range of effector functions. In addition to inducing target cell apoptosis, CD8+ CTLs are 

strong producers of pro-inflammatory cytokines, which can be quantified by ELISA or 

flow cytometry. IFN-γ is a type II interferon secreted by cytotoxic CD8+ effector T cells 

and Th1 CD4+ helper T cells (reviewed in [481, 482]). It has pleiotropic functions, 

promoting anti-tumour immune responses by upregulating tumour antigen 

presentation, enhancing the activation of tumour-associated macrophages, promoting 

the differentiation of CD8+ cytotoxic T cells and inhibiting tumour angiogenesis. 

However, it can mediate counteracting immunosuppressive effects by driving the 

expression of IDO and PD-L1 by tumour cells and recruiting Treg cells to the tumour 

stroma. Similar contradictory functions have been reported for TNF-α which is also 

produced by CD8+ CTLs [483]. On the one hand, it enhances the activation of innate 

immune cells, facilitates lymphocyte migration [483], and can synergise with IFN-γ to 

drive cancer cells into a senescent state [484]. However, it has also been implicated in 

activation induced cell death [485] and favours the accumulation and activation of 

Tregs [486] and MDSCs [487].  



128 
 

While TNF-α and IFN-γ are characteristic CD8+ CTL cytokines, IL-2 is produced 

predominantly by activated CD4+ T cells. A key driver of T cell proliferation, IL-2 also 

promotes the differentiation of CD4+ T cells into Th1 and Th2 subsets. Furthermore, it 

augments the functions of CD8+ CTLs, namely target cell killing and the production of 

IFN-γ, TNF-α, perforin and granzyme (reviewed in [488, 489]).  IL-2 mediates these 

functions by binding to the IL-2 receptor, which is expressed as either a high affinity 

trimeric or low affinity dimeric form. The 2 forms are differentiated by the alpha 

subunit (CD25), which is expressed following TCR ligation on activated CD4+ and CD8+ 

T cells. The upregulation of similar cell surface proteins provides an additional method 

of detecting T cell activation, namely the detection of so-called activation markers by 

flow cytometry. Alongside the cytokine receptor CD25, other canonical activation 

markers include the TNF family costimulatory receptor 4-1BB/CD137 [490] and the 

transmembrane receptor CD69 [491], which can all be detected within the first 24 

hours after T cell stimulation [451, 452]. Expression of inhibitory receptors more 

typically associated with an exhausted phenotype such as PD-1, LAG3 and TIM3 also 

provide confirmation that T cell stimulation has taken place [492].  

This chapter describes the isolation of primary CAR T cells from LRS cones, their 

transduction with CAR-encoding retrovirus, and the expansion and characterisation of 

the resulting CAR T cells. The activity of the M1.BBz and M40.BBz constructs was 

assessed in vitro with the aim of determining whether the MCAM-dependent 

activation observed in Jurkat lines would translate into primary T cell effector 

functions. To this end, multiple assays were performed to quantify CAR-mediated 

cytokine production, degranulation, activation marker expression and target cell 

cytotoxicity. 
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4.2. Methods 

 Generating CAR T cells 

PBMCs were isolated from NHS-BT LRS cones using a Ficoll gradient (section 1.2.2.9) 

and activated with 300IU/mL IL-2 and 50ng/mL each anti-human CD3 and anti-human 

CD28. After 2 days, retroviral transductions were performed according to a 

RetroNectin based protocol (see section 2.2.2.10), in which one full 6-well plate per 

CAR construct was coated with 20μg/mL RetroNectin and incubated overnight at 4 °C, 

then blocked with TCM for 30 minutes at room temperature. Filtered viral supernatant 

from pre-plated PG13 cells was added at 3mL/well. Mock CAR T cells were generated 

using supernatant from mock (Opti-MEM only) transduced PG13 cells. The plates were 

then centrifuged for 2 hours at 2000g/32 °C, with a virus exchange step at the halfway 

point. Plates were washed with PBS prior to the addition of 2mL/well T cell suspension, 

comprising 1 x 106 cells/mL in TCM with 200IU/mL IL-2. A brief centrifugation step (5 

minutes at 200g) deposited the T cells on the base of the wells, at which point plates 

were placed in the incubator overnight. The following day, the cells were harvested 

and transduced for a second time on fresh RetroNectin-virus coated plates, according 

to the above protocol.  

24 hours after the final transduction, T cell were expanded using G-Rex 6-well cell 

culture plates (Wilson Wolf) (section 2.2.2.10). T cells were seeded at a density of 15-

20 x 106 cells/well in 40mL TCM supplemented with 200IU/mL IL-2. On day 4 post-

seeding, a 75 % media exchange was performed, and fresh IL-2 was added to a final 

concentration of 200IU/mL. Subsequent media exchanges took place every 48 hours. 

The expansion phase lasted 12 days, at which point T cells were harvested, counted 

and frozen stocks were established (section 2.2.2.4). 2-3 days prior to their use in in 

vitro assays cells were thawed out and allowed to recover in T cell medium 

supplemented with 200IU/ml IL-2 (see section 2.2.2.4). The CD4:CD8 ratio and CAR 

transduction efficiency were determined by flow cytometry. Cells were stained with 

antibodies against CD3, CD4, CD8 and CD34, along with a 2-step scFv labelling process 

using MCAM-Fc and PE anti-IgG, prior to analysis on a BD Fortessa flow cytometer, 
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with appropriate single stained and FMO controls (see section 2.2.2.11 for further 

details).  

 Characterisation of target cell lines 

CAR T cell activity was initially assessed following coculture with the 888-Mel derived 

cell lines described in section 3.3.4 (888-Mel MCAM-GFP, 888-Mel trunc.MCAM-GFP, 

888-Mel CD19-GFP). Subsequent assays were performed using a panel of melanoma 

cell lines, which included 888-Mel, 501-Mel, C8161 and WM2664. Prior to their use, 

MCAM expression on the cell lines was quantified by flow cytometry (using Live/Dead 

Fixable Blue Viability Reagent and a PE anti-MCAM antibody), and western blot with an 

antibody to the MCAM endodomain.  

To facilitate assessment of CAR-mediated target cell cytotoxicity, all the above cell 

lines were lentivirally transduced with a construct containing firefly luciferase under 

the CMV promoter, downstream of the puromycin resistance gene (see section 2.2.3.4 

for more details). Target cells were then cultured in puromycin-containing culture 

media (at a pre-determined dose) for 5 days to select for successfully transduced cells.  

To quantify growth differences between the lines, the luciferase-expressing variants 

were plated at varying seeding densities (2.5 x 103 – 1 x 104 cells/well) in white walled, 

flat-bottomed TC-treated plates in 200ul/well supplemented media. Luciferase activity 

as a proxy of cell growth was measured at seeding and every 24 hours thereafter, for a 

period of 3 days. 100ul/well Steady Glo Luciferase reagent (Promega) was added per 

well, the assay was incubated at room temperature with gentle agitation for 20 

minutes to ensure lysis was complete, and luminescence was measured in a BioTek 

Synergy plate reader.  

 Characterising primary CAR T cells  

To facilitate the comparison of the different CAR constructs, for each donor CAR T cells 

were equalised for transduction efficiency by the addition of mock T cells prior to their 

use in in vitro assays.  
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Cocultures were established in 96-well round bottomed plates containing 2 x 104 

target cells and 1 x 105 T cells in a total volume of 200ul/well TCM. After 24 hours at 37 

°C and 5 % CO2 plates were centrifuged, and the supernatant and cells were separately 

isolated. Cell culture supernatant was stored at -80 °C in 96-well non-TC coated plates, 

prior to quantification of the levels of IFN-γ, TNF-α and IL-2 by ELISA using the 

respective DuoSet kit (R&D Systems) (see section 2.2.3.2 for more details). Meanwhile 

the expression of activation and exhaustion markers on the T cells was assessed by 

flow cytometry (see section 2.2.3.3 for detailed protocol). Briefly, cells were stained 

with Live Dead Fixable Blue (Thermo) and basic phenotyping antibodies against CD3, 

CD4, CD8 and CD34, with the addition of anti-CD69, CD25 and CD137 (activation 

markers) or anti-TIM3, PD-1 and LAG3 (exhaustion markers). PFA fixation was then 

performed, prior to data acquisition using the BD Fortessa flow cytometer and BD 

FACS DIVA.  

CAR-mediated cytotoxicity was quantified by using luciferase activity as a proxy for cell 

viability (section 2.2.3.4). Briefly, target cells were plated at 5 x 103 cells/well in 96-well 

white-walled, clear-bottomed TC treated plates. CAR T cells were equalised for 

transduction efficiency and seeded at varying target-to-effector ratios in a final volume 

of 100ul/well TCM. Following a 24-hour incubation at 37 °C and 5 % CO2, the assay was 

developed using 75ul/well Steady Glo Luciferase Reagent. Lysis was allowed to 

proceed for 20 minutes at room temperature with gentle agitation on an orbital 

shaker, and luminescence (RLU) measurements were taken on a Biotek Synergy Plate 

reader. Background (media-only) luminescence measurements were subtracted from 

test values, and the percentage target cell survival relative to coculture with mock CAR 

T cells was calculated as 100 x (CAR T cell coculture RLU/mock coculture RLU).  
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4.3. Results 

 Generating primary CAR T cells 

In order to generate primary T cells expressing the M1.BBz, M40.BBz and CD19.BBz 

CARs, it was necessary to first optimise the protocol for their isolation, transduction 

and expansion, as outlined in Figure 4.2. Briefly, LRS cones from NHS-BT were used as a 

source of PBMCs, which were isolated using a Ficoll gradient. To activate and expand T 

cells, PBMCs were cultured for 2 days in the presence of medium-dose IL-2 and 

activating antibodies against CD3 and CD28. CAR retrovirus producing PG13 cells, 

which had previously been sorted for CD34 expression, were plated at a predefined 

density in TCM and allowed to expand. After 2 days, T cells were subjected to 2 rounds 

of retroviral transduction on RetroNectin coated plates, using the resulting PG13 

supernatant.  

The manufacturing of T cell products for clinical use generally requires a post-

transduction expansion phase to generate large numbers of transduced cells for 

patient infusions. In pre-clinical pipelines such as described here, T cell expansion 

protocols similarly serve to generate sufficient cell numbers to facilitate full CAR 

characterisation across a range of assays. For the purposes of this project, CAR T cells 

were expanded in G-Rex cell culture devices (Wilson Wolf Manufacturing), which 

feature a specialised gas permeable silicon membrane on the base of the wells.  

In typical cell culture vessels, diffusion occurs at the surface of the media while the T 

cells settle at the base of the vessel. In G-Rex devices, oxygen/carbon dioxide exchange 

occurs across the basal membrane, closer to the location of the cells. This also allows 

the depth of the vessels to be increased to accommodate a larger volume of media, 

ensuring a ready supply of nutrients and diluting out waste products, and therefore 

reducing the frequency with which the media must be replenished [493]. This 

combines to improve the viability of expanded cells compared to traditional methods 

[494] and has been successfully used to generate large numbers of TILs [495, 496], γδ T 

cells [497], Treg cells [498] and NK cells [499]. For this scheme of work the R&D grade 

G-Rex 24- and 6-well plates were used, which have a surface area of 2cm2 and 10cm2, 
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respectively. However, the system can be readily scaled up to larger GMP-compatible 

devices [493].  

To determine the optimal seeding density for expansion, frozen PBMCs were thawed 

and transduced to generate mock and M1.BBz T cells, which were then incubated for 

13 days at 0.5 – 2 x 106 cells/cm2 in a G-Rex 24-well plate. Cells were cultured in 4 

mL/cm2 TCM with 200 IU/mL IL-2, and 75 % media changes were performed every 2-3 

days, commencing on day 4 post-seeding. Samples were taken at each media change 

to determine the percentage cell viability, the total viable cell count and the 

concentration of glucose and lactate in the culture media.  

Percentage viability for the various experimental conditions was generally acceptable, 

with an average of 91.7 % (SD 6.5 %) over all sampling points (Figure 4.2b). For both 

M1.BBz and mock, a seeding density of 2 x 106 per cm2 gave rise to the highest total 

viable cell count at day 13, with M1.BBz expanding to a greater extent than mock at 

comparable seeding densities (Figure 4.2c). Overall, the fold change expansion for this 

preliminary experiment was low, ranging from 4.8-6.0 for M1.BBz and 1.8-3.8 for 

mock. To determine if this was due to the availability of nutrients, glucose and lactate 

in the culture media were measured at each sampling point. As expected, the 

experimental conditions with the highest seeding densities recorded the lowest 

glucose and highest lactate values, however the frequent media changes kept the 

levels within an acceptable range (Figure 4.2d and e).  

During routine cell culture it was frequently observed that those PBMCs which had 

undergone a freeze thaw cycle displayed reduced viability and growth rates compared 

to freshly isolated cells. Based on the rationale that this may have explained the poor 

expansion rates achieved in the G-Rex plates, future experiments were conducted with 

PBMCs which had been freshly isolated from LRS cones immediately prior to their 

activation. Cells were transduced twice as described above and seeded into G-Rex 6 

well plates at a density of 2 x 106 per cm2 in 4 mL/cm2 TCM with 200 IU/mL IL-2 (total 

capacity 40mL). Media changes were performed every 2 days from day 4, and cells 

were harvested after a 12-day expansion period.  
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Figure 4.2 Feeder-free expansion protocol for primary CAR T cells. 
(a) Schematic of the primary CAR T cell production pipeline (produced with Biorender.com). To 
determine optimal seeding density for CAR T cell expansion, mock and M1.BBz CAR T cells were 
seeded at varying cell densities in G-Rex 24-well plates and cultured in TCM with 200IU/mL IL-2. 
From day 4, 75 % media changes were performed every 2-3 days, with fresh IL-2 added to a final 
concentration of 200IU/mL. Prior to changing the media, samples were taken to monitor CAR T 
cell expansion in terms of (b) percentage cell viability, (c) total viable cell count, and the (d) 
glucose and (e) lactate levels in the media. Each condition was tested in duplicate, mean values 
are plotted. Results are displayed from a single donor. 
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 Characterisation of CAR T cell products 

The above protocol was repeated to generate M1.BBz, M40.BBz, CD19.BBz and mock 

CAR T cells from 3 independent donors. The G-Rex expansion process gave good yields 

of CAR T cells for all groups, with a mean of mean 258 x 106 cells (range 166 - 318 x 

106) (Figure 4.3). Donor-to-donor variability was also observed, with donor 2 displaying 

significantly reduced expansion across the different CAR constructs compared to donor 

1 (p = 0.002) and donor 3 (p = 0.008). Viability was acceptable for all groups, with an 

average of 94 % live cells (range 92 – 96 %) as measured on an automated cell counter 

with Trypan Blue exclusion.   

Prior to their use in in vitro assays, cells underwent basic phenotyping by flow 

cytometry (Figure 4.3a). The use of stimulating antibodies against CD3 and CD28 prior 

to transduction, combined with continuous supplementation with IL-2  preferentially 

expanded T cells from an initial mixed pool of PBMCs, with most of the final population 

expressing CD3 (mean 94 %; range 81-99 %, Figure 4.3c). However, this process was 

not completely efficient, with CD3- cells present in low numbers in all preparations. 

Notably, the percentage of CD3+ T cells was demonstrably lower for the M1.BBz, 

M40.BBz and CD19.BBz populations generated from donor 2, although this was not 

observed in the mock group.  

The CAR T cell generation protocol appeared to preferentially drive the expansion of 

CD8+ T cells, which significantly outnumbered CD4+ cells in the final population (mean 

CD8-to-CD4 ratio of 5.7, range 2.2 - 8.6; Figure 4.3d). The percentages of each subset 

were equivalent across the different CAR constructs for individual donors, but 

significant donor-to-donor variability was observed.  

CAR expression was quantified by flow cytometry using either tCD34 as a proxy, or by 

detecting the anti-MCAM scFv itself using a 2-step staining process with MCAM-Fc and 

anti-IgG PE (Figure 4.4, representative data). CAR/tCD34 expression varied between 

donors, both in terms of the overall percentage of cells on which expression could be 

detected, and the intensity of staining within the positive subset. CD34 expression was 

low-moderate (mean 31 % excluding mock, range 18 - 46 %) and differed according to 

donor (p < 0.001), although no significant differences were detected when comparing 
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across CAR groups (Figure 4.4b). Interestingly, although there were significant numbers 

of CD3- cells in the M1.BBz, M40.BBz and CD19.BBz groups derived from donor 2, such 

cells appear to be CAR negative: CAR-expressing (CD34+) cells are nearly all CD3+ 

(Figure 4.4c). The transduction efficiency of CD8+ cells trended higher than CD4+ cells 

for all CAR constructs, however this did not reach statistical significance (Figure 4.4d). 

As expected, there was a positive correlation between the expression of CD34 and the 

anti-MCAM scFvs in the M1.BBz and M40.BBz populations (Figure 4.4a, representative 

data). The percentage of cells with detectable scFv expression trended higher in the 

M40.BBz group compared to M1.BBz, however this did not reach statistical significance 

(M1 mean 23 %, range 15 - 28 %; M40 mean 30 %, range 23 - 36 %; Figure 4.4e). For all 

preparations of M1.BBz and M40.BBz CAR T cells, the percentage of tCD34+ cells 

exceeded the scFv+ percentage. This may in part be explained by non-specific staining 

observed with the IgG-PE reagent (Figure 4.4a, mock and CD19), which complicated 

the setting of gates and may have led to scFvlow cells being classified as negative. 

However, although the absolute percentage of CD34+ scFv-, CD34- scFv+ and CD34+ 

scFv+ cells varied by donor and construct, there was striking consistency in the 

proportion of CD34+ cells which lacked the scFv (Figure 4.4f). This was significantly 

higher in the M1.BBz group (mean 42 %, range 40 - 44 %) compared to M40.BBz (mean 

25 %, range 23 - 27 %; p < 0.001), suggesting that the M1.BBz CAR may have lower 

inherent stability.  

Detection of the CAR via western blot in reducing conditions with an antibody against 

the intracellular CD3ζ domain appears to support this finding (Figure 4.4g and h). 

Fainter bands were detected for the M1.BBz lysates compared to M40.BBz across all 

donors, despite equivalent levels of endogenous CD3ζ and vinculin. Interestingly, there 

was also variation in the size of the proteins resolved, despite the close predicted 

molecular weights of the receptors. The primary M1.BBz band appears notably smaller 

than that for M40.BBz, which runs at an equivalent molecular weight to the CD19.BBz 

receptor. Furthermore, while the CD19.BBz lysates contained only a single CAR band, 

for M1.BBz and M40.BBz faint secondary bands of a marginally higher molecular 

weight were detected.  
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Figure 4.3 Basic phenotyping of primary CAR T cells. 
On completion of the G-Rex expansion period, CAR T cells from 3 donors were harvested, 
counted, and stained with antibodies to detect CD3, CD4, CD8, CD34 and the anti-MCAM-scFv, 
prior to analysis by flow cytometry as detailed in (a). CAR T cells from 3 donors were 
characterised in terms of (b) the total cell number harvested from the G-Rex plate, (c) the 
percentage of live cells expressing CD3, and the percentage of CD3 cells expressing (d) CD4 
versus CD8. For each donor, triplicate measurements were taken.  
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Figure 4.4 CAR expression on primary CAR T cells. 
Following the REP, CAR T cell expression on primary T cells was assessed by flow cytometry to 
detect the CD34 marker gene or the anti-MCAM scFvs. (a) The relationship between the 
expression of CD34 and the anti-MCAM scFv on CAR T cells (representative dot plots from a 
single donor). (b) The percentage of live, CD3+ cells expressing CD34. (c) CD3 expression on 
CD34+ cells. (d) Relative transduction efficiencies of CD4+ and CD8+ subgroups, as determined 
by the percentage of CD3+ cells expressing CD34. (e) Percentage of CD3+ cells expressing anti-
MCAM scFvs and (f) CD34 in the absence of scFv. (g) Confirmation of CAR expression by reducing 
SDS-PAGE, with antibodies against vinculin and CD3ζ, and (h) quantification of CAR protein 
expression, normalised to vinculin loading control. For each donor, triplicate measurements 
were taken. Statistical analysis of flow data was by one-way ANOVA with Tukey’s multiple 
comparisons, * p<0.05, ** p<0.01, *** p<0.001. 
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Taken together, these data allow the CAR T cell products to be characterised as 

follows: cells harvested following activation, transduction and expansion were 

predominantly CD3+ T cells, of which those expressing CD8+ significantly outnumbered 

the CD4+ group. Across all transductions low to moderate CAR expression was 

achieved, which did not appear to be affected by the CAR construct itself. However, 

significant donor-to-donor variability was observed. This could be caused by donor 

specific factors such as donor age or health, or may represent differences introduced 

during the CAR T cell transduction process. For practical reasons it was not possible to 

bulk-produce CAR T cells for all donors simultaneously, and therefore each donor was 

prepared independently. While variables including PG13 passage number and reagent 

lots were controlled as far as possible, it is feasible that unforeseen variables in this 

process may account for the donor-to-donor variability.  

While CAR expression as measured by cell surface tCD34 and scFv expression did not 

differ significantly between the 2 anti-MCAM CARs, there was evidence that the 

M1.BBz CAR was less stable, with lower expression as detected by western blot and a 

higher proportion of scFv- CD34+ cells. Functional characterisation of the primary CAR 

T cells is therefore essential to shed light on the impacts of these differences.  

 

 Assessment of primary CAR T cell activity against 888-
Mel lines 

To assess the activity of the primary anti-MCAM CAR T cells  in vitro, cocultures were 

initially established with the previously validated 888-Mel lines (section 3.3.4), which 

express either GFP-tagged full length MCAM (MCAM-GFP), MCAM lacking the 

ectodomain (trunc.MCAM-GFP) or CD19 (CD19-GFP). After a 24-hour culture period at 

a 5:1 effector-to-target ratio, levels of pro-inflammatory cytokines in the supernatant 

were quantified by ELISA (Figure 4.5a). Cytokine production for all CAR constructs was 

modest and significant donor-to-donor variability was observed. M1.BBz and M40.BBz 

groups produced elevated levels of IFN-γ and TNF-α on coculture with the 888-Mel 

MCAM-GFP line, however this did not reach statistical significance compared to mock 
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as the absolute levels in pg/mL varied significantly by donor. Contrastingly, higher 

(albeit variable) production of IFN-γ, TNF-α and IL-2 by CD19.BBz CAR T cells on 

coculture with the 888-Mel CD19-GFP line was observed, which reached statistical 

significance compared to mock cocultures. As expected, significantly elevated cytokine 

production was not observed with the 888-Mel trunc.MCAM-GFP line.  

 

Figure 4.5 Cytotoxicity and cytokine production by CAR T cells on coculture with 888-Mel 
target cell lines. 
(a) Production of cytokines by CAR T cells incubated with 888-Mel target cell lines at a 5:1 
effector to target ratio. After 20 hours, supernatant was collected and cytokines were 
quantified by sandwich ELISA. (b) CAR T cells were incubated with luciferase-expressing 888-
Mel target cell lines at varying effector-to-target ratios. After 20 hours, 75ul/well of Steady Glo 
Luciferase Assay System reagent was added, and plates were incubated for 20 minutes prior to 
quantification of luciferase activity (as RLU) on a plate reader. Data was normalised to RLU 
from mock CAR T cell coculture for the corresponding condition. Results displayed are from 3 
donors, and for each donor triplicate measurements were taken. Results are displayed as 
mean and standard deviation. Statistical analysis is by two-way ANOVA with Tukey’s multiple 
comparisons. * p<0.05, ** p<0.01, *** p<0.001. 
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Isolating out the different donors allowed the impact of the various CAR constructs on 

cytokine production to be more easily observed (chapter 4 appendix, Figure 4.13). The 

M1.BBz and M40.BBz CARs mediate MCAM-dependent IFN-γ and TNF-α production, 

however they fail to induce IL-2 secretion above background levels. By contrast, 

production of all 3 pro-inflammatory cytokines by CD19.BBz CAR T cells in response to 

888-Mel CD19-GFP was robust across all donors. Of the 3 donors, donor 2-derived CAR 

T cells were the strongest cytokine producers, in accordance with the higher CAR 

expression achieved in this group (as detected by CD34 and scFv staining).  

To assess M1.BBz and M40.BBz CAR mediated cytotoxicity, variants of the above 888-

Mel lines were generated which constitutively express firefly luciferase under the CMV 

promoter. Cocultures were established using a range of target-to-effector ratios, and 

cytotoxicity was determined after 24 hours using luciferase activity as a proxy for 

target cell survival. To compensate for any non-specific impact of the coculture on 

target cell survival, data is presented as percentage survival relative to control (mock) 

cocultures and compared to the CD19.BBz control CAR (Figure 4.5b).  

As expected, coculture with the CD19.BBz control CAR did not impact on the survival of 

the 888-Mel MCAM-GFP line across the range of seeding densities tested. However, 

coculture with the M1.BBz and M40.BBz CAR T cells significantly reduced viability in a 

dose-dependent manner, with mean survival rates at the highest effector-to-target 

ratio (5:1) of 21 % and 23 %, respectively. This effect was reduced at lower effector-to-

target ratios, with statistical significance compared to CD19.BBz lost at the 0.5:1 

(M1.BBz) and 1:1 (M40.BBz) seeding ratios. By comparison, survival of 888-Mel 

trunc.MCAM-GFP did not differ significantly on coculture with the anti-MCAM CARs 

compared to the CD19.BBz control CAR, across all effector-to-target ratios tested. 

Although the CD19.BBz CAR T cells proved superior in terms of cytokine production, 

this did not correlate with augmented cytotoxicity against the 888-Mel CD19-GFP cell 

line, which had a mean viability of 42 % at the 5:1 effector-to-target ratio. In 

agreement with the cytokine data, cytotoxicity mediated by donor 2 derived T cells 

trended higher than donor 1 or 3, suggesting that it may also correlate with CAR 

expression.  
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To further investigate the activity of anti-MCAM CAR T cells, the expression of T cell 

activation and exhaustion markers was assessed following a 24-hour culture period 

with media alone or with the 888-Mel MCAM-GFP lines (Figure 4.6). In non-stimulated 

conditions (media only) expression of CD25 and CD137 by CD3+ CD34+ cells was 

minimal, whereas a significant percentage of cells upregulated CD69, especially for 

donors 2 and 3, suggesting that some non-specific constitutive CAR signalling may 

occur in the absence of the target antigen. However, this does not appear to be 

dependent on the CAR specificity, as baseline expression of CD69, CD25 and CD137 

was broadly comparable across the different CAR constructs.   

Expression of the activation markers in coculture conditions broadly followed the 

predicted pattern, with elevated levels on M1.BBz and M40.BBz cells cocultured with 

888-Mel MCAM-GFP. Meanwhile CD19.BBz CAR T cells upregulated such markers when 

exposed to CD19-GFP expressing target cells. Expression of CD25 and CD137 activation 

markers closely followed this pattern, with similar levels observed when all three CAR 

lines were activated by their respective target cells. The percentage of cells responding 

in this way was relatively low, with expression of CD25 and CD137 on only 

approximately one-third and one-fifth of the overall CD34+ population, respectively. 

This potentially reflects the longer length of time taken for these markers to be 

expressed at the cell surface [500].  

CD69 expression does not so reliably follow the expected pattern of CAR-mediated 

activation. Its upregulation is observed as expected for donor 1, however very high 

background expression across all culture conditions and a lack of clear trends was 

observed for donors 2 and 3. Broadly comparable results for CD69, CD25 and CD137 

were obtained when the CD34+ population was gated on CD3 alone, or when CD4+ 

and CD8+ subtypes were selected. Of note, due to the greater expansion of CD8+ cells 

during the REP, CD4+ cells represented a minority of events.  

Continuous T cell stimulation eventually leads to an exhausted phenotype, identified 

by the expression of markers such as PD-1, TIM3 and LAG3. Baseline expression of 

these markers was not demonstrably different between CAR constructs, although 

significant donor-to-donor variability was observed in the absolute percentages of cells 

on which they were expressed (Figure 4.7). Expression of TIM3 and LAG3 does seem to 
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follow the same pattern as observed with the activation markers, although CAR-

mediated upregulation is more apparent in the CD8+ population compared to CD4+ 

cells. By contrast, CAR-driven PD-1 upregulation is only apparent for donor 1 derived 

cells, and across all 3 donors CD4+ cells show high PD-1 expression independent of 

culture condition.  
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Figure 4.6 Coculture with MCAM-expressing target cells induces expression of activation 
markers. 
CAR T cells were incubated with 888-Mel target cell lines at a 5:1 effector: target ratio. After 24 
hours, T cells were harvested, washed, and stained with Live/Dead Fixable Blue viability dye and 
antibodies against the basic phenotyping markers (CD3, CD4, CD8 and CD34) and a limited panel 
of activation makers (CD69, CD25 and CD137). Data was acquired on a Fortessa flow cytometer. 
Data is presented for CD34+ cells, for either the entire CD3+ population or CD4+ and CD8+ 
subpopulations. Donor results are displayed separately.  
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Figure 4.7 Coculture with MCAM-expressing target cells induces expression of exhaustion 
markers. 
CAR T cells were incubated with 888-Mel target cell lines at a 5:1 effector: target ratio. After 24 
hours, T cells were harvested, washed, and stained with Live/Dead Fixable Blue viability dye and 
antibodies against the basic phenotyping markers (CD3, CD4, CD8 and CD34) and a limited panel 
of exhaustion makers (PD-1, TIM3 and LAG3). Data was acquired on a Fortessa flow cytometer. 
Data is presented for CD34+ cells, for either the entire CD3+ population or CD4+ and CD8+ 
subpopulations. Donor results are displayed separately.  
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 Primary CAR T cell activity against melanoma cell lines 

Thus far, assessment of CAR activity against human MCAM had only been performed in 

the setting of the 888-Mel cell lines. These provided a useful initial model as the 

control (888-Mel trunc.MCAM-GFP) and test (888-Mel MCAM-GFP) lines were closely 

matched, differing only in the expression of the ectodomain. However, this does have 

its limitations. Firstly, MCAM was highly expressed on the 888-Mel MCAM-GFP line, 

with a mean MFI marginally higher than the WM2664 positive control (Figure 3.4). To 

mediate meaningful anti-tumour responses, CAR T cells would likely require the ability 

to lyse target cells with a range of MCAM expression levels. To model this in vitro, 

alternative cellular targets were required.  

Secondly, different forms of MCAM exist: long and short isoforms are generated by an 

alternative splicing event which results in the truncation of the short form cytoplasmic 

tail, although both isoforms retain identical extracellular and transmembrane domains 

[501]. While the long isoform localises to the basolateral membrane of epithelial cells, 

the short form is found on the apical surface [269], which is likely to impact on the 

accessibility of the antigen to the CAR. Additionally, there is evidence that tumour 

expressed MCAM differs from that on normal cells, whether through dimerisation 

[502] or post-translational modification [428]. The 888-Mel MCAM-GFP line exclusively 

expresses the long isoform, which may not undergo the same post-translational 

modifications as tumour-expressed MCAM due to the presence of the GFP tag, and 

therefore may not fully model the complexity of MCAM expression.  

To test the M1.BBz and M40.BBz CAR T cells against more physiologically 

representative cell models, a panel of melanoma cell lines was selected which 

displayed varying intensities of MCAM expression. As previously described the 888-Mel 

MCAM-negative control line was derived from a patient with recurrent metastatic 

melanoma [439, 442]. Similarly, WM2664 [503, 504], C8161 [505, 506] and 501-Mel 

[439, 507] were also derived from clinical resections of metastatic deposits.  

Prior to their use in assays, the expression of MCAM on the lines was quantified by 

flow cytometry and western blot (Figure 4.8). As expected from previous experiments, 

the 888-Mel line did not express MCAM, while the other 3 melanoma lines 
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demonstrated varied expression levels. MCAM-PE MFI was highest for the WM2664 

line, followed by the C8161 and 501-Mel lines (Figure 4.8b). While the average MCAM 

expression on 501-Mel was low, the population appears heterogenous: a proportion of 

the cells express MCAM at levels equivalent to C8161, while expression on other cells 

is low-absent. Western blot analysis with an antibody against the MCAM endodomain 

confirmed the expression profiles of the 888-Mel and WM2664 lines (Figure 4.8c). 

Probing for MCAM in the 501-Mel and C8161 lysates did not replicate the flow 

cytometry data however, with a stronger band detected for 501-Mel (potentially 

indicative of some intracellular MCAM deposits), although both had demonstrably 

lower expression than WM2664.  

Luciferase-expressing variants of the melanoma cell lines were generated for use in 

cytotoxicity assays. Growth rates of the lines were also estimated using luciferase 

activity as a proxy for cell number (Figure 4.8d). In agreement with my observations 

when culturing the parental cell lines, the luciferase-expressing C8161 cell line showed 

the greatest expansion, while the WM2664 line had the slowest growth rate. However, 

coculture assays with CAR T cells and melanoma cells were incubated for 24-hours 

only, at which point differences in growth had not reached statistical significance.  

To inform their use in subsequent assays, and taking into account the flow cytometry 

and western blot data, the melanoma lines were assigned to categories according to 

their MCAM expression: negative (888-Mel), low-moderate (501-Mel), moderate 

(C8161) and high (WM2664).  
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Figure 4.8 Characterisation of a panel of melanoma cell lines. 
A panel of melanoma cell lines was stained with Live/Dead blue and anti-MCAM-PE. (a) gating 
strategy, (b) MCAM-PE MFI and expression histogram. (c) Western blot for the MCAM 
endodomain and GAPDH loading control. (d) Cell growth curve. Luciferase expressing melanoma 
cell lines were cultured over 3 days at different seeding densities, and cell growth was 
determined via measurement of luciferase activity, presented relative to RLU at day 0. All assays 
were conducted in triplicate. Results are displayed as mean and standard deviation.  
Statistical analysis is by one way (b) or two-way ANOVA (d) with Tukey’s multiple comparisons. P 
values for the growth curve are presented below graph (d).  * p<0.05, ** p<0.01, *** p<0.001. 

 

To determine the activity of the CARs across a range of MCAM intensities, the M1.BBz, 

M40.BBz and CD19.BBz CAR T cells were equalised for transduction efficiency and 

cocultured with the melanoma lines for 24 hours at a 5:1 effector-to-target ratio. 

Secretion of IFN-γ and TNF-α was increased when M1.BBz and M40.BBz CAR T cells 
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were cultured with MCAM-expressing target cell lines with low level basal production 

observed with the 888-Mel MCAM-negative controls (Figure 4.9). IFN-γ was detected 

at higher absolute levels than TNF-α, and as expected the MCAMhigh WM2664 line 

stimulated robust secretion. This contrasted with the lower magnitude IFN-γ response 

observed on coculture with the 501-Mel cell line, in keeping with the lower MCAM 

expression by this line. Surprisingly, while C8161 had a lower average MCAM 

expression per cell than WM2664, they proved a strong stimulus for IFN-γ and TNF-α 

secretion. This cell line had a rapid growth rate (Figure 4.8d), which could conceivably 

alter the effector-to-target ratio and account for the elevated cytokine secretion.   

Production of IFN-γ and TNF-α by M40.BBz in response to all MCAM+ targets trended 

higher than M1.BBz, but this did not achieve statistical significance across all 

conditions. At an individual donor level, the augmented production by M40.BBz CAR T 

cells is apparent (chapter 4 appendix, Figure 4.14). In agreement with the results 

obtained with the 888-Mel MCAM-GFP line, donor 2 derived cells proved to be the 

strongest cytokine producers, in keeping with the higher CAR expression detected on 

this batch of cells.  

While CAR-mediated secretion of IFN-γ and TNF-α was clearly observed, MCAM+ 

target cells did not prove to be a strong stimulus for IL-2 production, mirroring the 

findings with the 888-Mel MCAM-GFP cocultures (Figure 4.5a and Figure 4.9). IFN-γ 

and TNF-α are canonical cytokines produced by cytotoxic CD8+ T cells, while CD4+ cells 

are the main producers of IL-2, so these results likely reflect the skewed composition 

of the final post-expansion CAR T cell products, in which CD8+ cells predominate. 
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Figure 4.9 Production of cytokines by CAR T cells incubated with melanoma target cell 
lines at a 5:1 effector-to-target ratio. 
CAR T cells and melanoma target cells were cocultured for 20 hours. Supernatant was collected, 
and cytokines were quantified by sandwich ELISA. (b) Cell surface CD107a expression on CD34+ T 
cells as a proxy of degranulation. CAR T cells were cocultured for 4 hours at a 5:1 effector-to-
target ratio in the presence of monensin and anti-CD107a-PE, then stained for CD3, CD4, CD8 
and CD34.  
Results displayed are from 3 donors, and for each donor triplicate measurements were taken. 
Results are displayed as mean and standard deviation. Statistical analysis is by two-way ANOVA 
with Tukey’s Multiple Comparisons. * p<0.05, ** p<0.01, *** p<0.001. 

 

 

In addition to cytokine production, CD8+ CTLs induce target cell apoptosis though the 

expression of Fas-L and the release of perforin and granzyme from pre-formed 

granules [476]. To investigate whether this occurred  in vitro, M1.BBz and M40.BBz T 

cells were cultured at a 1:1 ratio with C8161 target cells, on account of the strong 

cytokine response to this line. Short term (4-hour) cocultures were established in the 

presence of the transport inhibitor monensin and an anti-CD107a antibody, to detect 

CD107a which had been transferred to the cell surface following granule exocytosis.  
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As expected, coculture with C8161 resulted in CD107a expression above baseline on 

CD3+ CD34+ M1.BBz (mean 28.8 %, range 16.7-39.8 %) and M40.BBz (mean 44.9 %, 

range 30.7-56.5 %) CAR T cells (Figure 4.10a). Meanwhile MCAM-negative 888-Mels 

did not induce degranulation above baseline (media-only). Degranulation is primarily a 

function of CD8+ CTLs, and as expected on exposure to MCAM the percentage of 

CD107a+ cells was increased within the CD8+ population compared to CD4+, which did 

not reach statistical significance above baseline (M1.BBz – 30 % vs 23 %, M40.BBz – 48 

% vs 29 %). In accordance with previous in vitro assays, greater degranulation was 

observed in the M40.BBz population compared to M1.BBz, although this did not reach 

statistical significance.  

To confirm that CAR mediated degranulation ultimately resulted in target cell death, 

CAR T cells were incubated for 20 hours at varying effector-to-target ratios with the 

luciferase-expressing melanoma lines, and luciferase activity was measured as a proxy 

of target cell viability (Figure 4.10b). As previously described, cell viability is presented 

relative to corresponding mock cocultures to account for non-specific effects of T cells 

on target cell growth.  

As expected, 888-Mel survival was unaffected by the CAR T cell type, although a trend 

towards reduced viability at higher effector-to-target ratios was observed, possibly 

indicative of nutrient depletion. Survival of the MCAM+ melanoma lines was 

significantly reduced in the presence of the M1.BBz and M40.BBz CAR T cells compared 

to the CD19-specific control CAR. This cytotoxic effect was strongest in the C8161 and 

WM2664 cell lines and is maintained even at low effector-to-target ratios. 501-Mel 

cells have heterogenous MCAM expression, including a subset of MCAM low-negative 

cells. Such cells would likely be resistant to direct CAR mediated killing, which may 

explain the reduced efficacy of the MCAM CAR T cells against this line. Interestingly, 

augmented cytotoxicity by the M40.BBz CAR T cells was observed only on coculture 

with 501-Mel – survival of C8161 and WM2664 was equally impacted by both anti-

MCAM CAR T cell groups. This may potentially indicate that M40.BBz retains cytotoxic 

capabilities at lower MCAM expression densities, although it should be noted that this 

effect was only statistically significant at the highest effector-to-target ratio.   
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Figure 4.10 Cytotoxic effector functions of M1.BBz and M40.BBz CAR T cells. 
(a) Cell surface CD107a expression on CD34+ T cells as a proxy of degranulation. CAR T cells were 
cocultured for 4 hours at a 5:1 effector-to-target ratio in the presence of monensin and anti-
CD107a-PE, then stained for CD3, CD4, CD8 and CD34. (b) CAR-mediated cytotoxicity. CAR T cells 
were incubated with luciferase-expressing melanoma target cell lines. After 20 hours, 75ul/well 
of Steady Glo Luciferase Assay System reagent was added, and plates were incubated on an 
orbital shaker for 20 minutes to ensure total cell lysis. Luciferase activity was quantified as RLU, 
on the BioTek Synergy Plate reader. Data was normalised to RLU from mock CAR T cell coculture 
for the corresponding condition. Results displayed are from 3 donors, and for each donor 
triplicate measurements were taken. Results are displayed as mean and standard deviation. 
Statistical analysis is by two-way ANOVA with Tukey’s multiple comparisons. * p<0.05, ** 
p<0.01, *** p<0.001. 
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Taken together, these assays broadly support the findings observed with the 888-Mel 

derived model lines previously described. Effector functions associated with CD8+ CTLs 

followed a CAR-mediated pattern of activity, which was reliant on the presence of the 

MCAM ectodomain and appears to increase in intensity according to the degree of 

MCAM expression on the target cell lines. Donor-to-donor variability was observed 

across all assays; however, the relative activities of the different donor-derived T cells 

were relatively consistent, with the strongest responses mediated by donor 2 derived 

CAR T cells, consistent with the higher transduction efficiencies achieved in these 

groups. Of the 2 anti-MCAM CAR designs, M40.BBz regularly outperformed M1.BBz, 

however the significance of this is unclear as it did not robustly reach statistical 

significance across all assays.  

 

 The effect of soluble MCAM on CAR T cell behaviour 

In addition to the long and short isoforms, a soluble species of MCAM exists (sMCAM) 

[508], generated by the MMP-mediated proteolytic cleavage of the membrane bound 

protein [509]. sMCAM is produced by cultured endothelial cells [508, 509] and cancer 

cells, including melanoma cell lines [272]. Accordingly, it is detectable in the plasma of 

healthy participants [273], but is at elevated levels in cancer patients [273].  

In vitro, recombinant soluble (rsMCAM) drives cancer cell proliferation, induces the 

expression of markers of EMT, and protects cells from DNA fragmentation in the 

presence of apoptotic inducing factors by inducing Bcl-XL expression [272]. In mouse 

xenograft experiments, rsMCAM treatment resulted in increased tumour growth and 

metastatic dissemination in a variety of cell models [272, 276], which it appears to 

achieve by its effects on tumour neovascularisation [272, 510]. These effects were 

counteracted by a blocking antibody specific to the soluble form of MCAM [272, 276, 

511].  

Given that sMCAM contains the full extracellular domain, it would be expected to bind 

to the M1 and M40 scFv domains. Indeed, binding of soluble, Fc-tagged MCAM forms 

the basis of the flow cytometry scFv staining protocol (section 2.2.2.11). This presents 



154 
 

2 possible issues: Firstly, if sMCAM in the plasma is capable of binding to the receptor 

and driving CAR signalling, it could induce premature exhaustion before the T cells 

reach the tumour. Secondly, CAR T cells may be prevented from binding to tumour-cell 

surface expressed MCAM if the scFv antigen binding sites are already occupied by the 

soluble form of the protein.  

To investigate this, a recombinant soluble form of MCAM which lacks the 

transmembrane domain (produced by Biocytex) was kindly sourced from Marcel Blot-

Chabaud. To assess whether rsMCAM could increase baseline T cell activation, M1.BBz 

and M40.BBz cells were incubated with high level (500ng/mL) rsMCAM for 24 hours, 

prior to staining with antibodies for basic phenotyping and for the detection of 

activation and exhaustion markers. While significant donor-to-donor variability was 

observed in terms of the baseline marker expression on CD3+ CD34+ cells, there was 

no evidence of rsMCAM-induced activation or exhaustion (Figure 4.11a). Similarly, 

production of the cytokines IFN-γ and TNF-α by M1.BBz and M40.BBz in response to 

888-Mel MCAM-GFP was not impeded by the presence of rsMCAM in the culture 

media (Figure 4.11b). 
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Figure 4.11 Effect of rsMCAM on M1.BBz and M40.BBz CAR T cells. 
(a) Western blot analysis of soluble MCAM. M1.BBz and M40.BBz CAR T cells were incubated for 
24 hours in the presence of 500ng/mL sMCAM, then stained with a basic panel to detect CD3, 
CD4, CD8 and CD3, plus antibodies to detect (b) activation markers CD69, CD25 and CD137 or (c) 
exhaustion markers PD-1, TIM-2 and LAG-3. (d) To detect changes in CAR T cell efficacy mediated 
by sMCAM, M1.BBz and M40.BBz CAR T cells were incubated for 20 hours with 888-Mel MCAM-
GFP targets at a 5:1 effector-to-target ratio. After 20 hours, supernatant was collected, and 
cytokines were quantified by sandwich ELISA.  
Results displayed are from 3 donors, and for each donor triplicate measurements were taken. 
Results are displayed as mean and standard deviation. Statistical analysis is by unpaired T tests.  
* p<0.05, ** p<0.01, *** p<0.001.  
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 Expression of MCAM on CAR T cells 

In the peripheral blood of healthy donors, MCAM is expressed by <1 % of mononuclear 

cells. Little expression of MCAM has been reported on B cells and NK cells, however it 

is detectable on approximately 2 % of peripheral T cells. In the lymphocyte 

compartment, MCAM identifies a population of memory CD4+ T cells which are 

enriched for markers of the Th17 subset (reviewed in [512]).  

To assess whether MCAM could be detected on the mock, M1.BBz, M40.BBz and 

CD19.BBz CAR T cells, cells were maintained in standard culture conditions (TCM 

supplemented with 200IU/mL IL-2) prior to staining with anti-CD3 and anti-MCAM 

antibodies. Live Dead Fixable Blue viability dye allowed dead cells to be excluded from 

the analysis. In this preliminary experiment, MCAM positive cells accounted for <1.5 % 

of all CD3+ cells for all constructs (Figure 4.12a, representative data). Donor-to-donor 

variation was apparent in the overall percentages of MCAM+ cells, and it should be 

noted that only 2 donors were used for this experiment. However, MCAM+ cells were 

detected to a lesser degree in the M1.BBz and M40.BBz groups compared to mock and 

CD19.BBz, suggesting that clearance of such cells is potentially occurring in such 

cultures (Figure 4.12b). 
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Figure 4.12 Expression of MCAM on resting CAR T cells. 
CAR T cells cultured in standard conditions (TCM supplemented with 200IU/mL IL-2) were stained 
with Live/Dead Fixable Blue viability dye and antibodies against CD3, CD34 and MCAM.  
Data was acquired on a Fortessa flow cytometer. (a) Dot plots for live (top panel) and live, CD3+ cells 
(bottom panel). Representative data from a single donor. (b) The percentage of CD3+ live cells 
expressing MCAM in the different CAR groups, separated by donor.    
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4.4. Discussion 

Numerous manufacturing protocols for CAR T cells exist, ranging from small scale 

culture in traditional tissue culture plates to fully automated closed systems requiring 

minimal manual intervention. The selection of an appropriate method for any specific 

application is likely to be influenced by numerous factors, such as the number and 

purity of T cells required, the intended use of the final product (clinical use requiring 

GMP-compliant processes or laboratory research), and practical considerations such as 

the cost of reagents and access to highly specialised and expensive equipment [513]. 

To minimise manual processing, thereby reducing the risk of contamination and 

increasing batch-to-batch consistency, centres producing CAR T cells for clinical use 

have favoured semi- or fully automated, closed systems, such as the CliniMACS Prodigy 

or the WAVE Bioreactor [514–516]. However, due to its cost, such equipment is out of 

reach for many research laboratories.  

The G-Rex plates were an appealing choice for this project as they strike a balance 

between cost and clinical relevance. From a practical perspective, the G-Rex plates are 

relatively low cost, can be kept in a standard laboratory incubator, and give flexibility 

in terms of the protocol used. However, the 6-well G-Rex plates are also part of a 

bigger product series, which includes high-capacity closed system devices for clinical 

applications [517]. Protocols are standardised according to the area of the basal 

membrane over which gas exchange occurs, which simplifies scaling up across the 

different devices [493]. Culturing mock and CAR T cells in 6 well G-Rex plates yielded 

plentiful cells for downstream in vitro assays, although the total fold expansion was 

modest (range 8-16 fold) compared to reported values for the G-Rex series. It is likely 

therefore that further protocol optimisation would be necessary as a part of any future 

scaling up effort.  

Traditional rapid expansion protocols, especially those for the expansion of TILs, have 

used irradiated allogeneic feeder PBMC cells to achieve fold expansion far in excess of 

what was achieved in this project [518]. Similar feeder-cell dependent protocols have 

also been modified for use in G-Rex culture devices [494]. However, this was not 

adopted as part of the protocol both for practical reasons (such as difficulty accessing a 
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radiation source), and because feeder cells are often now not routinely used in clinical 

protocols.  

Regardless of the expansion protocol or device used, the successful generation of CAR 

T cells is likely to depend on the quality of the starting material, both in terms of 

viability and purity. Most clinical protocols harvest lymphocytes with specialised 

leukapheresis equipment. However, we found that LRS cones, an easily obtained by-

product of apheresis generated during the lymphodepletion process, provided a 

plentiful source of cells. This fraction is enriched for leukocytes, with CD3+ T cells 

accounting for 60-70 % of cells [470, 471, 473], but some RBCs, platelets, monocytes 

and neutrophils are also retained [470, 471, 474]. Density gradient purification has 

been shown to remove the majority of RBCs and platelets [519]; however, B cells, NK 

cells and monocytes still remain in the purified PBMC product. Importantly, the 

presence of monocytes in the starting material has been shown to impair subsequent T 

cell expansion [519, 520] and transduction [519, 521].  

Also of concern are those cell types which are known to expand in the presence of IL-2, 

for example NK cells. NK cells are present in the blood, whereby they account for 

approximately one-tenth of PBMCs [470, 522]. They are broadly categorised into 2 

types, both of which lack CD3: the majority of circulating cells are cytotoxic CD56dim 

CD16+ cells [523–525], while lymphoid organs contain a CD56bright CD16- population 

which are highly responsive to IL-2 and are strong cytokine producers [522, 525, 526]. 

Both populations express a range of stimulatory and inhibitory cell surface receptors, 

with the outcome of their interactions with target cells dependent on the balance of 

signalling. Importantly, CAR constructs with 4-1BB and CD3ζ signalling domains have 

been successfully expressed in NK cells and the resulting CAR-NK populations shown 

capable of mediating cytokine production, cytotoxicity and in vivo tumour control 

[527–531]. CAR NK production protocols generally also involve an IL-2 driven 

expansion step [528, 532], therefore there is a risk that using bulk PBMCs may result in 

a final product which contains both CAR+ T and NK cells.  

CAR T cells derived from donors 1 and 3 were relatively comparable in terms of their 

expansion and percentage CD3+ cells post-expansion, however donor 2 CAR T cells 

proliferated to a lesser extent. Strikingly, the percentage of CD3- cells following 
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expansion was significantly reduced in this donor, in a manner which appeared 

dependent on CAR expression, as the mock group was >98 % CD3+. Why this might be 

is unclear. If this donor had elevated levels of NK cells, one would reasonably expect an 

increased CD3- fraction across the board. Although it is conceivable that tonic 

signalling could potentially drive preferential expansion of CAR NK cells, this does not 

appear to be the case here: for all donors, CAR expressing (CD34+) cells were almost 

exclusively CD3+. Therefore, the CD3- cells in CAR T cell products generated from 

donor 2 represent a CAR- population, potentially attributable to untransduced B cells, 

NK cells or monocytes.  

Given these differences, it would be informative in future rounds of CAR T cell 

generation to first characterise the relative proportions of different cell types in the 

LRS cone harvest prior to activation and transduction. An additional approach that 

could be used is to enrich for CD3+ cells with immunomagnetic beads. Even this would 

not necessarily remove all undesirable cell types, however, as CD3+ Treg cells can also 

be isolated from the PBMC fraction. Inadvertent transduction of such cells would 

generate immunosuppressive Treg cells which have been demonstrated to impair CAR 

cytotoxicity [533]. 

Fine-tuning the specific CD3+ T cell types to be used may therefore be required for 

optimal product generation; however, each additional step adds complexity and does 

not necessarily reflect current clinical manufacturing protocols. One QC step which has 

been successfully incorporated into the clinical manufacturing pipeline is controlling 

the CD4:CD8 ratio of the starting material [534]. CD4+ T cells predominate in the blood 

of healthy donors, accounting for approximately 60 % of CD3+ PBMCs from LRS cones 

[470, 471, 473]. However, by the end of the expansion process, CD8+ cells 

outnumbered CD4+ T cells by an average of nearly 6:1 for all donors and CAR 

constructs. Such an effect has been reported by other groups using a bulk unsorted 

lymphocyte fraction as the starting material for CAR T generation [535, 536]. CD8+ T 

cells show stronger proliferation following stimulation with anti-CD3 and -CD28 

antibodies [537], which would have the effect of increasing the CD4:CD8 ratio in the 

final product. As retrovirally mediated gene transfer can only occur in actively dividing 
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cells, this could also result in increased transduction efficiencies in the CD8+ 

population, as observed in my CAR T cell groups and reported by Moeller et al [536].  

While CD8+ CAR T cells are prototypically cytotoxic and produce the cytokines IFN-γ 

and TNF-α, these effector functions are not limited to this subset. CD4+ CAR T cells are 

also capable of lysing target cells in vitro, albeit to a lesser extent than CD8+ cells [535, 

536, 538]. Furthermore, the production of Th1 cytokines including IFN-γ and TNF-α is 

augmented in CD4+ CAR T cells, which are also much stronger producers of IL-2 [535, 

536, 538–541]. Additionally, CD8+ cells are more prone to activation induced cell death 

and exhaustion [541, 542]. Indeed, at baseline conditions, expression of TIM3 and 

LAG3 was elevated on the CD8+ anti-MCAM and anti-CD19 CAR T cells in comparison 

with their CD4+ counterparts.  

Not only are CD4+ CAR T cells effective in their own right, they also increase the 

proliferation [535, 538, 543] and lytic functions of CD8+ T cells [535]. In vivo, 

preparations containing balanced numbers of CD4 and CD8 T cells mediated stronger 

anti-tumour effects than CAR T cells derived from bulk unfractionated PBMCs, which 

typically contained an excess of CD8+ cells [535, 536, 538, 539, 543]. These differences 

may in part be due to increased persistence of the adoptively transferred cells in the 

balanced CD4:CD8 groups [536]. Furthermore, long term follow-up of some early anti-

CD19 CAR T cell recipients demonstrated that although CD8+ cytotoxic cells were 

important in the early response, it was actually cytotoxic CD4+ T cells that formed the 

bulk of the long surviving CAR+ population at 10 years post treatment [544]. The 

optimal ratio of CD4:CD8 at the time of adoptive transfer appears to be 1:1 [536], 

which can be achieved by separately generating CD4+ and CD8+ CAR T cells [534] or by 

establishing mixed cultures with a starting CD4:CD8 ratio of 70:30 [543].  

In light of this, CAR T cell preparations produced in this project, with their CD8-skewed 

populations, may not mediate optimal anti-tumour effects in vivo. Their in vitro lytic 

activity against MCAM+ target cells was reasonable and appeared to correspond to the 

MCAM expression by the target cells, in agreement with the findings of Hyrenius-

Wittsten et al, who recently published their findings with a similar M1.BBz construct 

[460]. However, production of cytokines in response to target was low-moderate at 

best. IFN-γ was produced to the highest levels, as would be expected with a 
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predominantly CD8+ population, whereas only modest increases in TNF-α were 

detected. No convincing IL-2 response was observed at all for the M1.BBz and M40.BBz 

CAR constructs, which is also in accordance with Hyrenius-Wittsten et al [460].  

Contrastingly, CD19.BBz CAR T cells were robust producers of IL-2 on coculture with 

the 888-Mel CD19-GFP cell line, despite having a comparable CD4:CD8 ratio, implying 

that other factors may determine the cytokine response. For individual donors, CD34 

expression was broadly equivalent across all CAR groups, however it was not possible 

to detect cell surface CAR expression in the CD19.BBz CAR T cells  due to the lack of a 

suitable CD19-Fc reagent. Therefore it is possible that the stronger cytokine response 

could be a result of elevated CAR expression. The expression of activation and 

exhaustion markers at rest and in response to target was relatively equivalent across 

the different CAR groups, however the expression of specific memory markers was not 

assessed. Conceivably the exposure of CD19.BBz CAR T cells to CD19+ B cells carried 

through from the initial PBMC preparation may have impacted on the memory status 

and therefore effector functions of the resulting cells [535], highlighting the 

importance of quantifying the proportion of naïve (TN), central memory T cells (TCM), 

effector memory T cells (TEM) and effector T cells (TEFF) in future work. 

As part of the expansion process T cells were cultured in moderate dose IL-2 for a total 

of 16 days. While necessary for optimal cell expansion [545, 546], long term exposure 

to IL-2 can selectively promote CD8+ T cell expansion, as well as reducing IFN-γ and IL-

2 production, degranulation and in vitro and in vivo tumour cytotoxicity [546]. It also 

reduces the percentage of long-lived memory CAR T cells in the final product, with a 

greater proportion of TEFF cells, which has a negative impact on tumour control [545, 

546]. A 2019 meta-analysis of CAR T cell clinical trials also found that the use of IL-2 

during the in vitro expansion period was correlated with a lower overall response rate 

[176]. 

Therefore, it is possible that the quality of the cell product may be optimised not only 

by controlling the initial CD4+ and CD8+ percentages, but also by optimising the 

culture protocols, for example by using CD3/CD28 Dynabeads and a reduced IL-2 

dosing schedule [546, 547]. Substituting IL-2 altogether for IL-7 and/or IL-15 has been 

suggested to increase the memory cell fraction [548, 549] and generate CAR T cells 
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capable of maintaining anti-tumour effector functions following repeated exposure to 

antigen [550]. IL-7 and IL-15 have also been shown to augment in vivo anti-tumour 

activity [550, 551].  

Following the expansion phase, CAR T cells were characterised and cryopreserved, 

prior to thawing 2-3 days before use in in vitro assays. Cryopreservation is commonly 

used in clinical manufacturing pipelines for logistical reasons, and in a GMP setting this 

process is tightly controlled, reproducible and often automated [513]. Panch et al 

analysed the differential responses of patients receiving fresh or cryopreserved anti-

CD19 or anti-CD22 CAR T cells and found that they did not differ in terms of T cell 

persistence, expansion or clinical responses. Nor did the composition of the product 

change pre- and post-thaw in terms of the percentage CD3+ cells or the CD4:CD8 ratio. 

However, they did find that healthy donor PBMCs subjected to CAR T cell 

manufacturing protocols which included a cryopreservation step were enriched for 

genes involved in apoptosis and damage response pathways [552].  

Although best efforts were made to be consistent in the manual freezing and thawing 

of the CAR T cells in this project, it is likely that the cryopreservation step may have 

impaired their fitness and efficacy in subsequent assays. To optimise this process and 

to confirm whether it impacts their functionality, it would be informative to challenge 

matched CAR T cells before and after cryopreservation in a range of co-culture assays, 

especially focusing on cytokine production, cytotoxicity, and the expression of cell 

surface activation and exhaustion markers.  

It is clear therefore that the CAR T cell generation process would benefit from further 

optimization, and that this may improve the effector responses observed in vitro. 

Increasing the transduction efficiency or enriching cells for CD34 would likely serve a 

similar purpose. On average, approximately 1/3 of T cells were CAR positive as 

measured by CD34 expression (although this varied significantly by donor), which 

could potentially be increased by switching to a lentiviral vector or modifying the 

activation and/or transduction procedures.  

The above protocol refinements would be applicable for all future research, regardless 

of the specific CAR construct, however this research also aimed to address how the 
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M1.BBz and M40.BBz CAR constructs compared. While CD34 expression was 

equivalent for the 2 groups, CAR expression as measured by scFv detection trended 

higher in the M40.BBz group. The percentage of CD34+ cells lacking scFv expression 

was also consistently higher in the M1.BBz cells, which displayed reduced CAR 

expression as detected by western blot. Taken together, it appears that the M1.BBz 

CAR may be less stable than the M40.BBz construct, although why this might be is 

unclear, especially given that the 2 scFv sequences were highly similar, differing only at 

the CDR regions.  

Improved effector functions were detected with the M40.BBz CAR group in certain 

assays; however, this effect was not detected in all conditions and did not always 

achieve statistical significance in the pooled groups. M1.BBz and M40.BBz CAR T cells 

were equalised for transduction efficiency through the addition of mock T cells from 

the same donor. For this purpose, CD34 expression was used as a marker of 

transduction: given the increased percentage of scFv- cells in the M1.BBz CD34+ 

fraction, it is likely that the equalised M40.BBz population still contained a higher 

percentage of CAR-expressing cells. As a result, it is difficult to conclude if the trend 

towards augmented effector functions with M40.BBz was due to increased CAR 

stability or mediated by inherent differences in scFv affinity.  

Targeting MCAM as a tumour-associated antigen also poses some specific challenges 

to CAR T cell efficacy. Soluble MCAM in the plasma or tumour microenvironment could 

potentially drive tonic CAR signalling, leading to AICD [273, 508, 509]. However, short 

term culture with high level sMCAM did not cause T cell activation or exhaustion as 

measured by upregulation of cell surface markers. Although promising, this was only 

measured after 24 hours, and therefore future research should investigate the effect 

of prolonged exposure to sMCAM. Additionally, sMCAM does not appear to abrogate 

cytokine production in response to targets; however, it would be beneficial to rule out 

any impact on a broader range of effector functions, such as degranulation and 

cytotoxicity.  

An additional challenge specific to anti-MCAM CAR T cells is the reported expression of 

MCAM on a subset of CD3+ T cells in the peripheral blood. Accounting for only around 

2 % of circulating T cells [328, 329, 331–333], MCAM+ CD3+ T lymphocytes are 
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predominantly CD4+ [328, 338, 343], polyclonal [329, 330], and have a memory 

phenotype (CD45RO+ CD45RA- CCR7-) [328, 329, 331, 333, 334]. This fraction of cells is 

enriched for the expression of IL-17, CCR6, CXCL13 and IL-23R, identifying them as 

Th17 cells (reviewed in [512]. Present at low numbers in homeostasis, MCAM+ Th17 

cells account for an increased percentage of the CD4+ subset in inflammatory 

conditions including rheumatoid arthritis [328, 336], contact dermatitis, psoriatic 

arthritis [336–338, 343], and multiple sclerosis [331]. MCAM+ T cells have also been 

isolated from the sites of active inflammation (CSF, skin lesions and synovial effusions), 

suggesting that they may play a causal role in such pathologies [328, 341, 343, 553].  

The presence of MCAM+ cells within the M1.BBz and M40.BBz groups could 

conceivably result in trans-activation of the CAR expressing cells, increasing the 

likelihood of exhaustion and resulting in destruction of the MCAM+ Th17 subset. At 

baseline, the percentage of CD3+ positive cells expressing MCAM was minimal for all 

groups, representing <1.5 % of the total population. This is unsurprising given the 

paucity of CD4+ cells in the final CAR preparations, and the fact that the expansion 

protocol did not include any of the cytokines typically required for the expansion of 

Th17 cells [554, 555].  

A reduction in this fraction was apparent in the M1.BBz and M40.BBz groups, 

suggesting that clearance of MCAM-expressing T cells may well have occurred. 

However, this does not appear to be a significant driver of exhaustion, as TIM3, LAG3 

and PD-1 expression is relatively comparable between the anti-MCAM and CD19 

control CAR groups. It should be noted that the data on MCAM expression on CAR T 

cells is preliminary and was only collected for 2 donors, so further repetition is 

required to confirm the findings. Reports suggest that Th17 cells upregulate MCAM in 

response to exogenous activating stimuli [329, 330, 333, 553], and therefore it would 

also be beneficial to assess MCAM expression on stimulated M1.BBz and M40.BBz CAR 

T cells over an extended timescale.  
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4.5. Conclusion 

To conclude, the anti-MCAM activity mediated by M1.BBz and M40.BBz CARs in the 

JRT3-T3.5 Jurkat line was replicated in the context of primary T cells. Such cells were 

able to produce proinflammatory cytokines, degranulate and lyse target cells in an 

MCAM-dependent manner, with evidence that M40.BBz may outperform M1.BBz in 

certain assays. Donor-to-donor variability was high, illustrating the importance of 

repeating this work with additional donors. While the CAR T cell production protocol 

generated significant numbers of CAR+ cells, selective expansion of the CD8+ subset 

was observed which is likely to have had an impact on the overall anti-tumour efficacy 

of such cells. Therefore, protocol optimisation will be required for future studies.   
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4.6. Chapter 4 Appendix  

 

Figure 4.13 Cytokine production by CAR T cells on coculture with 888-Mel target cell lines. 
CAR T cells were incubated with 888-Mel target cell lines at a 5:1 effector-to-target ratio. After 
20 hours, supernatant was collected, and cytokines were quantified by sandwich ELISA. For each 
donor triplicate measurements were taken. Results are displayed as mean and standard 
deviation, one donor per graph.  
Statistical analysis is by two-way ANOVA with Tukey’s multiple comparisons. * p<0.05, ** p<0.01, 
*** p<0.001. 
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Figure 4.14 Cytokine production by CAR T cells on coculture with melanoma target cell 
lines. 
CAR T cells were incubated with melanoma cell lines at a 5:1 effector-to-target ratio. After 20 
hours, supernatant was collected and cytokines were quantified by sandwich ELISA For each 
donor triplicate measurements were taken. Results are displayed as mean and standard 
deviation, one donor per graph.  
Statistical analysis is by two-way ANOVA with Tukey’s multiple comparisons. * p<0.05, ** p<0.01, 
*** p<0.001. 
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Chapter 5. Developing additional models of CAR T 
cell functionality 

5.1. Introduction  

M1.BBz and M40.BBz CAR constructs proved capable of redirecting primary CAR T cells 

against MCAM, inducing various effector functions on exposure to target-expressing 

cancer cell lines in vitro. However, significant questions relating to their efficacy and 

safety remain unanswered, especially regarding their behaviour in the more complex 

immune-modulating environments encountered in vivo. The final chapter of this 

project aimed to address these questions through in vitro and in vivo models.  

While in vitro assays can provide a useful readout of CAR T cell efficacy, certain 

essential functions, such as the ability to traffic to the site of the tumour, survive, and 

mediate anti-tumour responses in the face of the immunosuppressive tumour 

microenvironment can only be assessed in vivo. Typically, this has involved mouse 

xenograft models, commonly performed in NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice 

to avoid the problems posed by CAR T cell immunogenicity and allow the response 

against human cancer cell lines to be assessed [556]. Alternatively, pre-conditioning 

total body irradiation or artificially inducing tolerance to extracellular CAR domains can 

be used to reduce the likelihood of anti-CAR immune responses and improve the 

persistence of CAR T cells in immunocompetent mice [557].  

While mouse studies may differ in terms of the mouse strain and preconditioning 

regimen, they generally all proceed according to a similar protocol: tumour cells are 

implanted and allowed to engraft, prior to the introduction of CAR T cells (of human or 

mouse origin, depending on the model). In vivo CAR efficacy is assessed according to 

tumour growth, signs of overt toxicity and overall mouse survival, often with no means 

of evaluating the intermediate steps such as CAR T cell trafficking and accumulation in 

the tumour microenvironment. 

To address this, various strategies are under development to facilitate in vivo imaging 

of adoptively transferred CAR T cells, which can be broadly categorised into 3 groups: 

those which involve pre-labelling cells with radioactive isotopes such as Indium-111 

[558]; those which utilise radiolabelled antibodies and immunoPET technology to 
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detect CAR T cells [559]; or those which leverage already available PET tracers to 

detect co-expressed proteins such as herpes simplex virus type 1 thymidine kinase, 

somatostatin receptor type 2 or the human sodium iodide symporter [560–563]. Using 

these technologies several groups have demonstrated that CAR T cells appear to 

initially traffic to the lungs, followed by the liver and spleen, with eventual 

accumulation in tumour sites [563, 564]. In the context of B cell malignancies, trapping 

of CD19 and CD20-specific CAR T cells in the lungs was attributable to their formation 

of aggregates with B cells [564, 565]. The feasibility of several of these techniques has 

also been evaluated in preliminary clinical studies, which demonstrated that Lewis Y 

antigen-redirected CAR T cells initially trafficked to the lung and subsequently 

accumulated in the spleen and bone marrow of in patients with haematological 

malignancies [558, 566].  

Although promising, these techniques are specialised and require lengthy mouse 

studies. We proposed that the zebrafish (Danio rerio) could provide an intermediate 

model in between basic in vitro assays and in vivo studies, identifying CAR constructs 

which retain anti-tumour efficacy in a more complex 3D environment. Zebrafish are 

small freshwater fish named for their pattern of longitudinal pigmented stripes. They 

have been increasingly used as a model organism in immunological research for 

several key reasons, including their small size and large number of off spring. Fertilised 

eggs develop ex utero, and are transparent for approximately the first week, allowing 

easy visualisation of embryonic and larval development [567]. Several pigment 

deficient lines have also been created, which facilitate similar imaging in adult fish 

[568, 569]. Many cell types of the innate and adaptive immune systems are conserved 

in zebrafish, including macrophages [570], neutrophils [571], eosinophils [571, 572], 

dendritic-like cells [573] and B and T lymphocytes with VDJ recombined receptors 

[574]. These are largely absent from the early embryo; antibody responses are only 

mounted from 4-6 weeks post fertilisation [575]. 

Tumour cells, when fluorescently labelled and injected into zebrafish embryos, form 

distinct tumours which can be easily monitored with non-invasive imaging [576]. Such 

assays can be carried out in their entirety before 5 days post fertilisation, prior to the 

point at which zebrafish embryos acquire protected status under ASPA 1986 
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legislation, thereby providing a quick, high throughput assay with comparatively low 

barriers to access compared to mouse studies. Furthermore, the lack of adaptive 

immune responses at this early stage of development means that host immune 

responses against xenografted CAR T cells would not be expected.  

With the aim of assessing the feasibility of such a model system, this chapter describes 

my efforts to perform pilot assays in which tumour and T cells were co-injected into 

zebrafish embryos. This was with a view to eventually modifying such a model to allow 

live in vivo tracking of CAR T cell trafficking and anti-tumour responses (although due 

to time constraints it was not possible to develop the model to this stage as part of this 

project).  

An additional pressing concern that would require extensive investigation before 

M1.BBz and M40.BBz could ever be considered for human trials is their safety profile, 

specifically the high risk of on-target off-tumour toxicity directed against the 

vasculature. MCAM expression has been reported on blood vessels, generally localised 

to the endothelium [449, 577–581] with some evidence that it is also expressed 

pericytes [582] and smooth muscle cells [449, 577, 581]. It is generally found on 

capillaries rather than larger calibre vessels [577], although some expression on 

arteries and veins has been reported [579]. It has also been used as a marker of 

circulating endothelial cells in various pathologies, including vasculitis [583], trauma 

[584], atherosclerotic vascular disease [585] and breast cancer [586].  

HUVECs, a widely used laboratory model of endothelial cells, are commonly reported 

to express MCAM [446, 448, 580, 587–589], although this is significantly upregulated 

by in vitro culture compared to in situ [577, 588]. The cellular location of MCAM on 

HUVECs and endothelial progenitor cells is dependent on the isoform of MCAM and 

the confluency of the culture. In subconfluent populations, the long isoform is 

primarily found intracellularly, while the short isoform is comparatively upregulated, 

and localised to the apical membrane, the migrating edge of the cell, and the nucleus 

[590]. At confluency, some diffuse expression of short-MCAM is detectable, but the 

strongest staining is observed at points of cell-cell contact [580, 587]. This is mediated 

by the long isoform of MCAM, which is located at the basolateral membranes and cell-
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cell junctions (although it is not involved in adherens junctions or focal adhesions) 

[590, 591].  

MCAM also appears to play an active role in angiogenesis. VEGF-induced micro-vessel 

formation in Matrigel plugs is significantly reduced in MCAM knock-out mice [447]. 

Similar effects were mediated by the MCAM-targeting inhibitory microRNA, miR329, 

which also significantly reduced vessel formation in a murine model of oxygen induced 

retinopathy [592]. In chick chorioallantoic membrane (CAM) assays, vasculogenesis 

was significantly impaired in the presence of MCAM-blocking antibodies [588]. Finally, 

anti-MCAM and anti-VEGF antibody treatment worked synergistically to reduce vessel 

number and tumour size in mice bearing pancreatic tumours [447].  

As expected, targeting MCAM also alters HUVEC behaviour in vitro. Blocking MCAM 

with antibodies, siRNA or miR329 reduces HUVEC proliferation [588, 589] and 

migration [325, 447, 588, 589, 592], increases monolayer permeability [325, 590] and 

inhibits the formation of capillary-like structures on Matrigel [425, 447, 448, 592, 593]. 

While the short MCAM isoform appears to modulate the early stages of angiogenesis 

(namely HUVEC proliferation and migration), the formation and stabilisation of 

capillary networks is mediated by the longer isoform [590].  

How exactly MCAM mediates these pro-angiogenic effects is not fully understood, but 

several signalling pathways have been implicated [446, 447, 594, 595]. Perhaps most 

importantly, it acts as a co-receptor for tumour-expressed VEGF [447], and is necessary 

for various VEGF induced responses, including migration, motility, and tube formation 

[447, 588, 596]. VEGF-VEGFR2 binding triggers homodimerisation of both MCAM and 

VEGFR2, leading to a downstream p38-IKK-NF-κB signalling cascade which ultimately 

results in the transcription of several genes involved in angiogenesis [447, 596]. Such 

signalling is dependent on the ability of MCAM to dimerise and interact with the 

cytoskeleton by binding to ERM proteins [447, 596]. A similar role has been identified 

for MCAM in PDGFB-PDGFRβ signal transduction, which is also dependent on its 

interaction with ERM proteins [582].  

Given its putative role in angiogenesis, it is perhaps not surprising that MCAM has 

been reported to be expressed at higher levels in tumour vasculature compared to 
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healthy tissue sections [577, 588, 597]. Furthermore, it is unclear whether MCAM on 

quiescent vasculature would be accessible to CAR T cells, given its predominant 

expression at the basolateral membrane and areas of cell-cell contact. While this raises 

the possibility that there may be a therapeutic window for targeting MCAM, it is still an 

area of significant concern. To begin to address these safety questions I aimed to 

characterise CAR T cell activity against HUVECs, both in standard in vitro culture 

conditions and in response to established HUVEC capillary-like networks.  
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5.2. Methods  

 Pilot zebrafish embryo xenograft studies 

For full details of zebrafish husbandry, breeding and xenotransplantation see section 

2.2.5.  

Briefly, 3 days prior to the planned assay date, pairs of nacre zebrafish were placed in a 

crossing tank with mesh insert, separated by a transparent divider. To synchronise 

embryo development, dividers were removed the following morning, with fertilised 

embryos collected 30 minutes later. Embryos were raised in petri dishes in chorion 

water (see section 2.1.1) until they reached approximately 52 hpf, at which point most 

embryos had hatched. Anaesthetised embryos were placed on pre-made injection 

plates and a cell suspension containing a 1:4 ratio of Vybrant DiI labelled 888-Mels and 

CTV-labelled CAR T cells was injected into the pericardiac space using a 

micromanipulator, Pico-injector micro-injection station (Warner Instruments) and 

inverted microscope. 

Embryos were screened immediately, subsequent to embedding in 1.5 % (w/v) low-

gelling temperature agarose in chorion water, to immobilise them and facilitate 

imaging on the Leica SP8 Upright Confocal Microscope (for full details of microscope 

set up see section 2.2.5.6). 

For full details of the image analysis protocol using Fiji, see section 2.2.5.7. Briefly, Z-

stacks were split into their respective channels, from which maximum intensity 

projections were generated. These images were thresholded to create new binary 

images, representative of the tumour and T cells. The Fiji Analyse tool was then utilised 

to measure the respective thresholded areas as an approximation of tumour burden 

and T cell persistence.  
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 Assessment of anti-HUVEC CAR activity in standard 
culture conditions 

Pooled HUVEC cells were acquired from Lonza (C2519A) and cultured in HUVEC media 

(EGM-2 BulletKit medium, Lonza) (section 2.2.2.1). All assays were conducted prior to 

passage 6. Cytokine production by CAR T cells in response to HUVECs was assessed as 

previously described (section 2.2.3.2), with a 4:1 effector-to-target ratio and a 24-hour 

culture period in standard, round-bottomed tissue culture plates. The annexin V/PI cell 

viability assay is described in full in section 2.2.3.6, and involved culturing HUVEC cells 

and CTV-stained CAR T cells at a 4:1 effector-to-target ratio for 20 hours. At the end of 

the culture period, non-adherent cells were harvested, and the plates were washed 

with PBS prior to the addition of accutase to dissociate adherent cells. RPMI + 10 % FBS 

was added to stop the reaction, and cells were subsequently washed twice in FACS 

buffer. Staining then proceeded according to the manufacturer’s instructions, using 

the FITC Annexin V Apoptosis kit with PI (BioLegend). Samples were immediately 

analysed on the Fortessa flow cytometer, using BD FACS Diva software.  

 

 HUVEC network formation assay 

To model the formation of capillary networks by HUVECs, 96-well μ angiogenesis 

plates (Ibidi) were coated with 10μL/well ice-cold Cultrex Basement Membrane Extract 

(BME, R&D Systems) (for full protocol see section 2.2.4). A 1-hour incubation at 37 °C 

ensured the coating was set, at which point 70μL/well HUVEC media was added to 

prevent the wells drying out. Plates were stored at 37 °C for 24-48 hours to ensure that 

the gel layer was fully hydrated. The following day, media was aspirated off prior to 

the addition of 1 x 104 HUVECs per well, which had been stained with Vybrant DiI Cell 

Labelling Solution (Invitrogen) according to manufacturer's instructions.  

Depending on the assay in question, plates were either immediately transferred to the 

LiveCyte Quantitative Phase Imaging Microscope (Phasefocus, see below), or were 

retained in the standard incubator to allow networks to be established prior to the 

addition of melanoma cells and/or T cells. To investigate the effect of melanoma cells 
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on the network, Vybrant DiO- or DiD-labelled WM2664 cells were added at 2.5 x 103 

cells/well to the HUVEC-containing μ angiogenesis plates, which had been incubated 

for 6 hours to allow the formation of visible networks. Imaging either commenced 

immediately, or plates were incubated for a further 4 hours prior to the addition of 1-4 

x 104 CTV-labelled T cells.  

Sequential phase contrast images were acquired for a period of 20-24 hours on the 

LiveCyte Quantitative Phase Imaging Microscope, during which time the attached 

environmental control chamber maintained cells at a temperature of 37 °C with 5 % 

(v/v) CO2. Fluorescence images were acquired concurrently, using the Texas Red 

(Vybrant DiI), FITC (Vybrant DiO), Cy5 (Vybrant DiD) and DAPI (CTV) filter cubes.  

Images were exported as Tiff stacks and were subsequently analysed in Image J (Fiji) 

[395]. The full image analysis protocol is described in section 2.2.4.3. Briefly, the files 

were split by channel into separate Tiff stacks, from which individual time point images 

were extracted. The total branching network length was estimated running the 

Angiogenesis Analyzer plug-in by Gilles Carpentier [396] on the phase contrast images.  

To estimate the network area and co-localisation, each individual fluorescence time 

point image was thresholded to create a new binary image. The thresholded regions, 

corresponding to the HUVEC networks, WM2664 cells or CAR T cells (red, green and 

blue channels, respectively) were measured using the inbuilt Fiji measurement tools. 

To visualise T cell colocalization with the HUVEC (or WM2664) networks, the Fiji Image 

Calculator was used to output new images which displayed common thresholded areas 

for the matched HUVEC and T cell images. The degree of colocalization was quantified 

by measuring the thresholded area in these overlay images, compared to the T cell-

only thresholded images. This protocol was repeated to investigate T cell co-

localisation with WM2664 images.  
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5.3. Results 

 CAR T cell and melanoma zebrafish embryo xenografts 
– a pilot study 

All assessments thus far had been carried out in vitro and therefore any conclusions on 

the efficacy of the M1.BBz and M40.BBz CAR T cells were tentative, pending 

confirmation in industry standard mouse models. Given the length and statutory 

requirements of such studies, a quick intermediate model to bridge the gap between 

in vitro and mouse experiments may add value to the standard CAR T cell testing 

pipeline. The zebrafish embryo is transparent, lacks an adaptive immune response and 

is not subject to ASPA 1986 regulations until 5 days post fertilisation [567, 598]. 

Xenografting human cancer cell lines into zebrafish has been widely used as a strategy 

for identifying therapeutic drugs [576], and therefore we hypothesised that a similar 

model may prove suitable for testing CAR T cells.  

To this end, a protocol was developed which is illustrated in Figure 5.1. For the 

purposes of this assay, the nacre zebrafish line was used, which lacks melanophores 

due to a mutation in the mitf gene, thus aiding non-invasive imaging [569]. To enable 

their tracking, CAR T cells were labelled with CTV, while the 888-Mel MCAM-GFP line 

was labelled with DiI which was found to provide a stronger, more homogenous signal 

than GFP alone. The 888-Mel MCAM-GFP line was selected over other MCAM+ 

melanoma targets as 888-Mels have previously been successfully xenotransplanted 

into zebrafish embryos, where they form distinct tumour masses [599]. Cell 

suspensions containing a 4:1 mix of CAR T cells and tumour cells were injected into the 

pericardiac space of 52 hpf nacre embryos using a micromanipulator. As they had 

shown signs of improved functionality compared to the M1.BBz group in earlier in vitro 

assays, M40.BBz CAR T cells were selected for use in the pilot zebrafish embryo 

xenograft assays, along with mock control cells. Successfully injected embryos were 

screened and immobilised in low melt agarose, a substrate in which they can survive 

for >48 h. Baseline images were acquired at 2 hours post injection (hpi) with end point 

images taken 22-24 hours later.  
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Figure 5.1 Schematic of the zebrafish xenograft model assay. 
CAR T cells labelled with CTV were injected into the pericardiac space of 52 hpf Nacre embryos 
along with Vybrant DiI labelled 888-Mel MCAM-GFP cells. Embryos were screened, immobilised 
in low gelling temperature agarose, and imaged on the Leica SP8 Upright Confocal microscope at 
2 and 24 hpi. Figure created with Biorender.com. 

 

During the 24-hour incubation period plates must be kept at a temperature tolerated 

by both the embryos and the T cells, which normally require respective temperatures 

of 28 °C and 37 °C. Previous studies have shown that 34 °C is an acceptable 

compromise which allows the survival of the engrafted human cells without increased 

embryo mortality [599]. To test whether CAR T cells were active at this temperature, 

cocultures were established with the 888-Mel MCAM-GFP and 888-Mel trunc.MCAM-

GFP cell lines. Production of IFN-γ and TNF-α and CAR-mediated cytotoxicity were not 

significantly reduced by culture at 34 °C (Figure 5.2a). Similarly, labelling CAR T cells 

with CTV did not impact on their activity (Figure 5.2b). 
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Figure 5.2 Investigating CAR T cell activity in allograft culture conditions. 
(a) M40.BBz CAR T cells were incubated with 888-Mel target cell lines at a 5:1 effector-to-target 
ratio for 20 hours at 34 °C or 37 °C. Activity was determined by sandwich ELISA to detect IFN-γ 
and TNF-α. Separate cocultures were set up under the same conditions with luciferase-
expressing 888-Mel cell lines. Cell survival relative to mock was determined via assay 
development with Steady Glo Luciferase Reagent at 20 hours. Supernatant was collected and 
cytokines were quantified by sandwich ELISA. (b) As in (a) except cultures were set up with T 
cells with and without Cell Trace Violet (CTV) labelling and were incubated at 37 °C. Results 
displayed are from 3 donors, and for each donor duplicate measurements were taken. Results 
are displayed as mean and standard deviation. Statistical analysis is by unpaired T test. * p<0.05, 
** p<0.01, *** p<0.001. 
 

 

To confirm whether T cells and tumour cells could survive in zebrafish embryos for the 

duration of the experiment, CTV-labelled M40.BBz CAR T cells or DiI-labelled 888-Mel 

MCAM-GFP cells were implanted into separate groups of 52 hpf nacre embryos and 

imaged at 2 hpi and 24 hpi (Figure 5.3a and b). While the T cells spread out over the 

pericardiac cavity, the tumour cells formed a more distinct mass. Tumour and T cell 

burden were estimated by generating a maximum intensity projection from the z-stack 

images and measuring the total thresholded area. This demonstrated that T cells 

decreased over the incubation period, which may represent cell death or their 

trafficking out of the pericardiac space. Meanwhile tumour area trended higher at 24 

hpi but was not statistically significant at this time point.  
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On the basis that the CAR T cells may be preferentially retained in the pericardiac 

space by the presence of MCAM+ tumour cells, co-injection assays were performed 

with mock or M40.BBz CAR T cells (Figure 5.4a and b) and 888-Mel MCAM-GFP cells, at 

a 4:1 ratio. In this setting, no evidence of CAR-mediated anti-tumour activity was 

observed, with non-significant differences between the tumour burden in M40.BBz 

and mock-injected animals at 24 hours. Interestingly, for both groups tumour area 

decreased from baseline, at variance with the results when tumour cells were 

implanted alone (Figure 5.3). T cell area also decreased over the course of the 

experiment, to a similar degree as observed in Figure 5.3, with no significant 

differences in the persistence of mock and M40.BBz T cells.  

It should be noted that these were early-stage pilot experiments, with a small number 

of fish per group. The microinjection technique required is difficult to standardise 

between animals, highlighting the need for alternative assays of CAR T cell function, 

such as HUVEC based network models.  
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Figure 5.3 Survival of engrafted CAR T cells and tumour cells in zebrafish embryos.  
(a) CTV-labelled M40.BBz CAR T cells or (b) Vybrant DiI labelled 888-Mel MCAM-GFP cells were 
engrafted into the pericardiac space of 52 hpf nacre zebrafish embryos and imaged at 2 and 24 
hpi. Tumour and T cell area was estimated by generating binary maximum intensity projections 
from the z-stacks. Representative images are displayed. Individual results from a single 
experiment with a single CAR T cell donor are plotted, n = 5. Statistical analysis was by paired t-
test. * p<0.05, ** p<0.01. 
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Figure 5.4 Co-injection of CAR T cells and tumour cells in zebrafish embryos.  
DiI-labelled 888-Mel MCAM-GFP cells were implanted into the PCS of 52 hpf nacre embryos 
along with mock or M40.BBz CAR T cells at a 1:4 ratio. Images were acquired at baseline (2 hpi) 
and 24 hpi. Tumour and T cell area was estimated by generating binary maximum intensity 
projections from the z-stacks. Representative images are displayed. Individual results from a 
single experiment with a single CAR T cell donor are plotted, n = 5 (mock), n=8 (M40.BBz). 
Statistical analysis was by unpaired t-test. * p<0.05, ** p<0.01. 



183 
 

 Anti-MCAM CAR T cell responses to standard HUVEC 
cultures 

HUVEC cells have been reported to express MCAM, with some reports suggesting that 

its expression is increased on in vitro culture. To confirm these observations, HUVEC 

cells from pooled human donors (Lonza) were cultured according to established 

protocols, using EGM-2 (Lonza) and standard tissue culture plasticware. MCAM 

expression after 2 passages was assessed by western blot (Figure 5.5a) and flow 

cytometry (Figure 5.5b). As expected, HUVECs strongly expressed MCAM, with levels 

exceeding that of the WM2664 melanoma line which served as a positive control. 

Interestingly, this effect was especially strong in the cell lysates. Cell surface expression 

detected by flow cytometry was elevated to a lesser extent compared to WM2664, 

suggesting that a proportion of the total MCAM may be located intracellularly, as has 

been previously reported [590].  

To assess whether M1.BBz and M40.BBz CAR T cells displayed reactivity against the 

HUVEC cell line, coculture assays were set up as described in section 5.2.2. Production 

of IFN-γ and TNF-α by the anti-MCAM CAR T cells was elevated on coculture with 

HUVECs, while no response occurred with CD19.BBz CAR T cells, as expected (Figure 

5.5c). The magnitude of the M1.BBz and M40.BBz responses was broadly within the 

range that had been observed on coculture with the 888-Mel MCAM-GFP, C8161 and 

WM2664 cell lines (Figure 4.5 and Figure 4.9). As previously described, cytokine 

production was particularly impacted by donor-to-donor variability.  

CAR-mediated cytotoxicity had previously been quantified through the use of 

luciferase-expressing target cell lines. However, this strategy was not easily applicable 

to HUVECs given their low transduction efficiency and the need to select for puromycin 

resistant cells while at the same time retaining a low passage number. Consequently, 

an alternative methodology was employed which used Annexin V and propidium 

iodide (PI) staining to identify apoptotic and necrotic HUVEC cells. Annexin V is a 

phospholipid binding protein which can be used to detect the translocation of 

phosphatidyl serine to the cell membrane, an early step in the process of apoptosis. 

Disrupted membrane integrity, which occurs in late apoptotic and necrotic cells, allows 
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PI to enter the cell and bind to nuclear DNA. Consequently, cells can be categorised as 

live (Annexin-/PI-), early apoptotic (Annexin+/PI-) and late apoptotic/necrotic 

(Annexin+/PI+) [600].  

To detect CAR-driven apoptosis and necrosis, HUVEC cells were cocultured for 24 

hours with CAR T cells, which were first stained with CTV to allow subsequent 

discrimination of targets and effectors. After 24 hours, HUVECs were stained with FITC-

conjugated Annexin V and PI and analysed by flow cytometry. The percentage of live, 

CTV- cells is significantly reduced compared to mock for both anti-MCAM CAR T cells, 

with corresponding increases in the fraction of early and late apoptotic cells (Figure 

5.5c). This effect is strong, with late apoptotic/necrotic cells accounting for 70 % (range 

51 -81 %) and 72 % (range 52 - 84 %) of HUVEC cells in the M1.BBz and M40.BBz 

groups, respectively. While direct comparisons with the cytotoxicity directed against 

melanoma lines is difficult due to methodological differences in the Annexin V/PI and 

luciferase-based protocols, it is clear that M1.BBz and M40.BBz recognise MCAM on 

HUVEC cells in normal culture conditions, and this results in strong cytotoxic activity.  
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Figure 5.5 Anti-MCAM CARs T cells react against HUVEC cells in normal culture conditions. 
Confirmation of MCAM expression on HUVECs and WM2664s via (a) western blot and (b) flow 
cytometry. (c) Production of cytokines by CAR T cells incubated with HUVEC cells at a 4:1 
effector-to-target ratio. After 20 hours, supernatant was collected, and cytokines were 
quantified by sandwich ELISA. (d) HUVEC cells were incubated with media or Cell Trace Violet 
(CTV) stained T cells for 20 hours at a 4:1 effector-to-target ratio. Cells were lifted with accutase, 
washed, and stained with Annexin-FITC and propidium iodide (PI), prior to immediate flow 
cytometry analysis. Single, CTV negative cells were defined as live (Annexin-negative, PI-
negative), early apoptotic (Annexin single positive), and late apoptotic/necrotic (double positive). 
Results displayed are from 3 donors, and for each donor duplicate measurements were taken. 
Results are displayed as mean and standard deviation. Statistical analysis is by (c) two-way and 
(d) one-way ANOVA with Tukey’s Multiple Comparisons. * p<0.05, ** p<0.01. 
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 CAR T cell interactions with HUVECs in capillary-like 
networks 

HUVECs grown in standard tissue culture conditions have a doubling time of 

approximately 24 hours (data not shown), and are therefore in a proliferating, non-

quiescent state. The expression of MCAM in such actively dividing, subconfluent 

cultures differs from that on confluent HUVECs, with diffuse cell membrane staining at 

the apical surface and the migrating edge of the cell. Contrastingly, in more mature 

cultures, the long isoform of MCAM is found at cell-cell junctions [323, 587, 590]. 

Given this differential localisation pattern, it was of interest to see if the strong anti-

HUVEC cytotoxic responses mediated by M1.BBz and M40.BBz were replicated when 

HUVECs were first allowed to form established capillary-like networks on a basement-

membrane extract substrate [601–603]. 

To investigate the formation of such networks, DiI-labelled HUVECs were harvested 

and plated on either normal tissue culture plates (Figure 5.6a) or on plates pre-coated 

with Cultrex (R&D Systems), a commercial preparation of basement membrane 

extract, produced by the Engelbreth-Holm-Swarm (EHS) cell line [601]. Recurrent 

phase and fluorescent images were acquired over the subsequent 24 hours, during 

which time plates were incubated at 37 °C and 5 % (v/v) CO2. In keeping with 

observations from routine culture, in the absence of BME, HUVEC cells acquired a 

cobblestone appearance (Figure 5.6a). During this time, cells proliferated and occupied 

an increasing percentage of the optical field of view. In contrast, when plated on 

Cultrex, HUVECs became elongated, bunching together in cords of cells which formed 

anastomosing networks, as described by Kubota et al [603] (Figure 5.6b). The networks 

had mostly formed by around 6 hours, and further matured over the remaining 18 

hours, with the tubes progressively thinning. In the first few hours following plating, 

the optical area occupied by the HUVECs increased, likely due to them adhering to the 

gel layer and spreading out (Figure 5.6b). From around 4 hours post-seeding the area 

occupied then progressively decreased as the cells assembled into an increasingly 

mature network [603].  
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Figure 5.6 Network formation by HUVEC cells when plated on Cultrex basement 
membrane extract.  
Vybrant DiI stained HUVEC cells were plated in Ibidi Angiogenesis plates either on (a) standard, 
TC coated plastic, or (b) in wells pre-coated with Cultrex basement membrane extract (BME). 
Plates were then incubated in the Phasefocus LiveCyte system at 37 °C, 5 % (v/v) C02 for 24 
hours, with hourly imaging. Representative images are displayed, and HUVEC coverage was 
quantified as the percentage of the optical field occupied by DiI+ cells. All experiments were 
conducted in triplicate.   
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The differential localisation of MCAM at sub- and full confluency has only been 

reported for cells of endothelial origin, with no reported evidence for a similar pattern 

in cancer cells [590]. To investigate whether this had an impact on CAR T cell activity 

against the different cell types, it was first necessary to assess the interaction of 

melanoma cells with HUVEC networks. To this end, HUVECs were plated on Cultrex 

BME as previously described, and incubated for 6 hours to allow networks to form. 

DiO-labelled WM2664 cells were then added, with subsequent 24-hour tracking 

(Figure 5.7a).  

In agreement with the first assay, over the course of the imaging period, the HUVEC 

networks matured and the area they occupied decreased (Figure 5.7b and c). This 

effect was observed both in monoculture and in the presence of WM2664 cells, which 

appear to cause a modest decrease in the HUVEC network area at later time points 

(Figure 5.7d). By contrast, the area occupied by the WM2664 cells increased over the 

course of the experiment (Figure 5.7e), suggesting that such cells are actively dividing, 

something which is not reportedly observed in HUVEC cells forming such networks 

[603]. Interestingly, the melanoma cells appear to interact with the HUVECs, rapidly 

assuming a similar elongated appearance and assembling into branching cords which 

anastomose with the existing HUVEC network.  
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Figure 5.7 Interaction of WM2664 melanoma cells with pre-formed HUVEC networks.  
Vybrant DiI stained HUVEC cells were plated in Ibidi Angiogenesis plates pre-coated with Cultrex 
basement membrane extract (BME). After a 6-hour incubation DiO stained WM2664 melanoma 
cells were added at a 0.25:1 ratio. Plates were then incubated in the Phasefocus LiveCyte system 
at 37 °C, 5 % (v/v) CO2 for 24 hours, with hourly imaging. Representative images are displayed, 
with HUVEC and WM2664 coverage quantified as the percentage of the optical field occupied by 
DiI+ and DiO+ cells, respectively. All experiments were conducted in triplicate.   
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To assess the impact of CAR T cells in the above culture system, HUVEC cultures with 

or without WM2664 cells were first plated as described above (Figure 5.8a and Figure 

5.9a). Plates were incubated for 4 hours to allow the WM2664 cells to adhere to the 

gel and interpose with the HUVEC networks, at which point CTV-labelled CAR T cells 

were added at a 1:1 HUVEC-to-T cell ratio. Plates were then imaged for the following 

20 hours.  

Maturation of the HUVEC networks was observed over the time course in the absence 

of WM2664 cells (Figure 5.8b). Network organisation was conserved in the mock and 

CD19.BBz cocultures. Some evidence of disruption was observed with the M1.BBz and 

M40.BBz CAR T cells, with a complete loss of certain regions of the network at later 

time points. However, this effect was only observed with 1 of the 2 donors. 

Interestingly, CAR T cells of all types interacted with the network, rapidly co-localising 

with DiI+ cells. This was observed with mock and CD19.BBz cells in the absence of 

obvious toxicity, suggesting the involvement of a CAR-independent mechanism such as 

constitutively expressed lymphocyte adhesion receptors.  

When the above assays were repeated with the addition of DiO-labelled WM2664 cells 

the melanoma cells interacted with the network, forming branching processes (Figure 

5.9b). As observed previously, CAR T cells of all types co-localised with the networks, 

with some network disruption apparent only in the cocultures with M40.BBz cells, and 

to a lesser extent M1.BBz cells. Quantification of the total branching length of the 

networks reflected this disruption, with stronger effects mediated by M40.BBz cells 

(Figure 5.10a, c and e). Networks treated with CD19.BBz cells were comparable to 

those with mock cells. Similar results were obtained when the area occupied 

specifically by HUVECs was assessed (Figure 5.10b, d and f). This effect was observed 

to equivalent degrees in matched cultures with or without WM2664 cells, suggesting 

that T cells do not preferentially target MCAM-expressing tumour cells over mature 

HUVEC networks. Indeed, the total area occupied by WM2664 cells remained relatively 

static independent of coculture conditions, although a trend towards lower levels was 

observed with M1.BBz and M40.BBz (Figure 5.11a).  
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The interaction of the CAR T cells with the HUVEC and WM2664 populations was 

quantified by measuring the area of overlap across the different channels (section 

2.2.4.3). While this did show that a lower proportion of the CD19.BBz CAR T cells  

 

 
 

Figure 5.8 Interactions of CAR T cells with HUVEC networks. 
(a) Schematic of the protocol, whereby DiI+ HUVECs were plated on Cultrex BME and incubated 
for 10 hours, prior to the addition of CTV-labelled CAR T cells at a 1:1 ratio. Plates were then 
incubated in the Phasefocus LiveCyte system at 37˚c, 5 % C02 for 20 hours, with hourly imaging. 
(b) Representative phase and fluorescence images are display for each CAR construct. All 
experiments were conducted in duplicate with 2 different T cell donors. 
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colocalised with the HUVEC networks and WM2664 cells, it did not demonstrate any 

differences between M1.BBz, M40.BBz and mock groups, although significant 

variability between replicates did affect the results (Figure 5.11b and c). 

 

Figure 5.9 Interactions of CAR T cells with HUVEC and WM2664 networks. 
(a) Schematic of the protocol, whereby DiI+ HUVECs were plated on Cultrex BME and incubated 
for 10 hours, prior to the addition of DiO-stained WM2664 cells at a 1:4 ratio (HUVEC:WM2664). 
CTV-labelled CAR T cells were added 4 hours later at a 1:1 ratio. Plates were then incubated in 
the Phasefocus LiveCyte system at 37 °C, 5 % (v/v) CO2 for 20 hours, with hourly imaging. (b) 
Representative phase and fluorescence images are display for each CAR construct. All 
experiments were conducted in duplicate with 2 different T cell donors. 
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Figure 5.10 Quantification of HUVEC-WM2664 network area and length. 
To quantify changes in the HUVEC-WM2664 networks on coculture with CAR T cells, timelapse 
images were analysed. (a)(c)(e) The total network length (HUVEC and WM2664) was estimated 
using the Angiogenesis Analyzer application on the phase contrast images. (b)(d)(f) Area of the 
HUVEC networks specifically was assessed by thresholding the appropriate fluorescence 
images to create binary masks, from which the area could be calculated.   
Results displayed are from 2 donors, and for each donor duplicate measurements were taken. 
Results are displayed as mean and standard deviation, relative to baseline values.  
Statistical analysis was via non-linear regression (curve fit) with subsequent comparison of 
curves using the extra sum of squares F test. * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 5.11 Quantification of cell-cell co-localisation in coculture assays.  
To quantify the changes in the area of the HUVEC and WM2664 networks over time, images 
were thresholded to create a binary image, from which the area was calculated. (a) The changes 
in the area occupied by WM2664 cells over time, in coculture with the different CAR T cells. 
Binary images were also created for the T cell channel, which were combined with the respective 
binary HUVEC or WM2664 images to generate overlays, allowing quantification of the 
percentage of T cells colocalised with (b) the HUVEC network or (c) WM2664 cells. Results 
displayed are from 2 donors, and for each donor duplicate measurements were taken. Results 
are displayed as mean and standard deviation.  
Statistical analysis was via simple linear regression with subsequent comparison of the gradients 
of the lines of best fit. * p<0.05, ** p<0.01, *** p<0.001. 

 

To further investigate the potential toxicity mediated by M40.BBz CAR T cells, cultures 

were established as above with DiI- and DiD-stained HUVEC and WM2664 cells. CTV-

stained M40.BBz CAR T cells were then added at a 4:1 effector-to-HUVEC ratio. 

M40.BBz cytotoxicity was clearly apparent from an early time point, with an almost 

complete loss of the network organisation and a corresponding decrease in the total 

branching length. This occurred in cultures with (Figure 5.12) and without (Figure 5.13) 

WM2664 cells and was accompanied by WM2664-independent IFN-γ production. 
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Figure 5.12 M40.BBz CAR T cells destroy HUVEC networks at a high E:T ratio. 
HUVEC were plated on Cultrex BME and incubated for 10 hours, prior to the addition of mock 
and M40.BBz CAR T cells at a 4:1 ratio. Plates were imaged on a 2-hourly basis for the next 20 
hours in the Phasefocus LiveCyte system. Representative images are presented for cocultures 
with (a) mock and (b) M40.BBz CAR T cells. (c) The total network length was estimated by using 
the Angiogenesis Analyzer on the phase contrast images. (d) IFN-gamma in the culture 
supernatant, collected at the 20-hour time point. Results displayed are from 3 donors, and for 
each donor duplicate measurements were taken. Results are displayed as mean and standard 
deviation. Statistical analysis was via non-linear regression (curve fit) with subsequent 
comparison of curves using the extra sum of squares F test for (c) by two-way ANOVA with 
Tukey’s Multiple Comparisons in (d). * p<0.05, ** p<0.01, *** p<0.001. 
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Figure 5.13 M40.BBz CAR T cells at high E:T ratios destroy HUVEC-WM2664 networks.  
HUVEC were plated on Cultrex BME. DiD-labelled WM2664 cells were added at hour 6, followed 
by mock and M40.BBz CAR T cells at a 4:1 ratio at hour 10. Plates were imaged on a 2-hourly 
basis for the next 20 hours in the Phasefocus LiveCyte system. Representative images are 
presented for cocultures with (a) mock and (b) M40.BBz CAR T cells. (c) The total network length 
was estimated by using the Angiogenesis Analyzer on the phase contrast images. (d) IFN-gamma 
in the culture supernatant, collected at the 20-hour time point. Results displayed are from 3 
donors, and for each donor duplicate measurements were taken. Results are displayed as mean 
and standard deviation. Statistical analysis was via non-linear regression (curve fit) with 
subsequent comparison of curves using the extra sum of squares F test for (c) and by two-way 
ANOVA with Tukey’s Multiple Comparisons in (d). * p<0.05, ** p<0.01, *** p<0.001. 
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5.4. Discussion  

Whilst the standard procedure is to assess CAR T cell efficacy in mouse models, these 

experiments can be expensive and time consuming, and do not necessarily allow the 

infused CAR T cells to be tracked in vivo. We hypothesised that the zebrafish embryo 

could provide a unique model system in which to screen CAR T cells, thereby ensuring 

that only the best CAR constructs are selected for further analysis in industry-standard 

mouse studies.  

However, the experiments conducted to date were very early-stage pilot studies, 

utilising a small number of fish and T cells derived from a single donor. These models 

were technically challenging for several reasons. Injecting the cells into the pericardiac 

space requires considerable skill, and standardising the number of cells delivered is 

difficult, especially as cells sediment over time in the injection suspension. When 

imaging the embryos, obtaining higher definition images of the injection site was 

prioritised over imaging the entire animal (which would have necessitated a lower 

resolution). However, as the number of T cells in the pericardiac space decreased over 

the course of the experiment, imaging the entire embryo could have confirmed 

whether this was due to the migration or the death of these cells. To address this 

question, it would also have been informative to fix and stain the embryos to allow 

apoptotic and proliferating cells to be detected.  

To quantify the tumour volume, maximum intensity projections were generated from 

the z-stack images, but more accurate measurements could have been achieved using 

3D volumetric analysis. Unfortunately, labelling the tumour cells with DiI did not give 

provide sufficiently homogenous signal to facilitate this. Additionally, the use of the 

pericardiac space as the injection site caused further complications. While this 

potential space is easily accessible, if the engrafted cells adhere to the heart the 

movement caused by the heartbeat makes acquiring high resolution images difficult. 

Other injection sites, such as the perivitelline space [604] or common cardinal vein 

[604, 605], are more technically challenging to access but may facilitate imaging.  

Unfortunately, it was not possible to surmount the above technical challenges in the 

time available, so it is not possible to draw meaningful conclusions either on the 
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suitability of zebrafish as a model or on the in vivo behaviour of the anti-MCAM CAR T 

cells. More work is required to optimise the procedures and repeat the assays with a 

larger group of animals and with CAR T cells from multiple donors. Obviously 

significantly more time needs to be invested to establish the zebrafish embryo as a 

reliable and reproducible model in which to test CAR T cells, but the utility of such an 

assay has recently been confirmed by 2 other groups, who published similar models 

during the course of this project. Both Pascoal et al [605] and He et al [604] utilised 

CD19+ lymphoma cell lines and established anti-CD19 CAR T cells, which were 

sequentially injected into the circulation of 48 hpf zebrafish embryos to model 

metastasis. Cells preferentially accumulated in the tail region, facilitating imaging, with 

the anti-CD19 CAR T cells eradicating the tumour cells over the subsequent 24 hours. 

He at al also engrafted human primary melanoma cells which were selectively cleared 

by TILs isolated from the same patient, demonstrating that such assays could 

potentially be used in future to model patient-specific responses to therapy.  

While these models are low-cost and can provide a rapid indication of CAR T cell 

functionality, they do have their limitations. The short duration of the assay means 

that it is not possible to detect immune escape or progressive T cell exhaustion. 

Additionally, it is unlikely that implanted tumour cells are fully engrafted by 24 hours, 

and embryos cannot be kept at 37 °C, the normal physiological temperature at which 

CAR T cells would be required to function in a clinical setting.  

To address these limitations, Yan et al [606] generated a mutant zebrafish line lacking 

functional recombination activating gene 2 and IL-2 receptor gamma proteins (rag2Δ/Δ, 

il2rga−/−). Adult fish lacked pigment and had no mature B, T and NK cells, enabling 

human tumour and T cells to be engrafted. T cells persisted for at least 14 days post-

injection and were found in the peripheral blood and kidney marrow. Using this model, 

Yan et al demonstrated that EGFRvIII-positive glioma cells could form established 

tumours when implanted into the peritoneal space. Intra-peritoneal injection of 

suitably targeted CAR T cells at 7- and 14-days post-engraftment efficiently cleared 

such tumours. Additionally, CAR T cells were able to migrate from a distal injection site 

to an established tumour. 3D modelling of individual cell-cell interactions confirmed 

that CAR T cells infiltrated the tumour mass to engage with, and kill, target-expressing 
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tumour cells. The model was also used to demonstrate the relative effectiveness of 

other immunotherapies, namely bi-specific T cell engagers (BiTEs) and antibody-

peptide epitope conjugates (APECs). Interestingly, while T cell accumulation at the 

tumour site was strongest with BiTE therapies, CAR T cells were the best at tumour cell 

killing.  

The above studies clearly illustrate the utility of the zebrafish-based assays as an 

intermediate model to bridge the gap between in vitro work and mouse studies. They 

have their advantages, such as the low cost, the high number of animals which can be 

used per experiment, and the ease of live imaging which facilitates the tracking of 

engrafted cells. It is therefore unfortunate that it was not possible to make sufficient 

progress in developing a model of our own. However, conclusions drawn from such 

models are limited in terms of their clinical applicability due to the lack of similarity 

between zebrafish and human protein sequences. For any given target antigen it is 

unlikely that scFv domains specific to the human protein will bind to the zebrafish 

ortholog with equivalent specificity, if indeed they bind at all. For example, the 

zebrafish ortholog of CD146 only has approximately 30% sequence similarity to human 

forms [279]. This lack of cross reactivity, combined with species-specific expression 

patterns, prevents any meaningful assessment of CAR-mediated toxicities. Any 

conclusions on the efficacy of CAR T cells must also be cautiously interpreted on 

account of the sequence differences in many other key proteins with which CAR T cells 

might normally interact, such as cytokines or adhesion molecules. Where they exist, 

zebrafish orthologs of such proteins are unlikely to bind to human receptors. Given the 

limited uptake of similar models, their inability to model toxicities, and the time and 

resources required for optimisation, this line of research was not prioritised further. 

Instead, as arguably the biggest obstacle to the progression of M1.BBz and M40.BBz 

CAR T cells is the risk of on-target, off-tumour toxicities, I chose to investigate the 

interactions between them and HUVEC cells as a model of the vasculature. MCAM is 

expressed on blood vessels, with particular enrichment on endothelial cells [449, 577–

581]. Nonetheless, its expression on tumour vasculature has been reported to exceed 

that on healthy, quiescent blood vessels [577, 588, 597]. Targeting the endothelial cells 

of tumour blood vessels could theoretically provide an effective tumour control 
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strategy for several reasons: endothelial antigens are easily accessible to circulating T 

cells, and antigen escape is less likely as endothelial cells do not display the same 

genetic instability as tumour cells. T cells would not need to infiltrate the tumour (with 

its immunosuppressive microenvironment) to lyse target-expressing endothelial cells, 

and the resulting destruction could starve the tumour of nutrients and oxygen, with 

widespread anti-tumour effects [607, 608]. Indeed, several groups have generated CAR 

T cells against a range of vascular antigens with elevated expression on angiogenic 

blood vessels [609–611].  

However, for such a strategy to be clinically acceptable, expression of the target 

antigen on healthy vasculature needs to be very minimal; it is unlikely that MCAM, 

with its widespread expression, could be targeted in such a way without significant 

toxicity. To confirm whether this was the case in vitro, CAR T cells were incubated with 

HUVECs. In standard culture conditions anti-MCAM CAR T cells produced 

proinflammatory cytokines and killed HUVEC cells. While the expression of MCAM by 

HUVEC cells is well established [446, 448, 580, 587–589], it is unclear whether this is 

representative of the in vivo situation, or whether its expression and localisation is 

altered on in vitro culture [577, 588]. 

To assess CAR T cell behaviour against HUVECs in a more physiological configuration, 

capillary-like networks were established on basement membrane extract. Ideally, this 

would have been accompanied by visualisation of MCAM and comparison with HUVEC 

grown under standard conditions. At a 1:1 effector-to-target ratio some network 

disruption was detected with MCAM-specific CAR T cells from one donor. Increasing 

the T cell dose fourfold led to almost complete destruction of the networks across 3 

independent donors, demonstrating a clear potential for catastrophic on-target/off-

tumour toxicities. No selective responses against tumour-expressed MCAM were 

detected - this could be on account of the low number of melanoma cells seeded (1:4 

WM2664-to-HUVEC ratio), a number designed to challenge them. Additionally, MCAM 

was expressed at comparably high levels by both HUVEC and WM2664 cells in culture. 

As ex vivo culture is thought to increase MCAM expression on HUVECs, it is possible 

that this is artificially elevated compared to the in vivo situation [577, 588]. It is not 

clear whether HUVEC culture in networks would induce its return to physiological 
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levels, nor how long this would take. The use of growth factor-containing commercial 

media preparations further limits the extent to which the networks could be 

considered representative of quiescent vasculature. Interestingly, all T cell types co-

localised to the vasculature to some extent, suggesting that this is not an exclusively 

CAR-induced behaviour and instead may be mediated by leukocyte adhesion 

molecules, such as selectins or integrins [612, 613].  

The experiments conducted to date relied on the capture of sequential microscopy 

images to assess CAR behaviour; although this demonstrates gross network disruption 

it is not possible to identify the outcome of these interactions at the level of the 

individual cell. Repeating these assays with CAR T cells from additional donors and 

including a means of detecting cell death would therefore be informative, especially at 

low effector-to-target ratios. Networks could also be fixed at the endpoint and IHC 

techniques employed to detect markers of apoptosis along with T cell effector proteins 

such as granzyme and perforin.  

Furthermore, the capillary-like networks formed by HUVECs are a basic model of the 

vasculature. The cells are arranged largely in 2D, and lack the pericytes, smooth muscle 

cells and fibroblasts which contribute to the normal micro- and macro-vessel 

architecture. Although there is some evidence that small ‘lumens’ might form in the 

cords of HUVEC cells [603], this is difficult to visualise using standard techniques and 

could not be confirmed in our assays. If lumens were present, the fact remains that it is 

not possible to administer T cells directly into the network; rather they are added into 

the surrounding area, more akin to a situation in which T cells have already 

extravasated. Therefore, it is not possible to exclusively model the interaction between 

CAR T cells and the luminal surface of HUVECs, which is likely to have a different 

MCAM expression pattern to the basolateral surface [580, 587][590, 591], which is 

more easily assessed by CAR T cells in this assay. Therefore, CAR activity should be 

assessed in a more physiologically relevant context, through tissue engineering to 

generate in vitro models of blood vessels or using tissue explants [614]. This would also 

potentially allow CAR T cells to be delivered to the lumens of the vessels, something 

that is not possible with the HUVEC network models.  
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5.5. Conclusions  

Reflecting the early-stage nature of these final sub-projects, the results are somewhat 

inconclusive with significant further work required. Data collected to date demonstrate 

that M1.BBz and M40.BBz do recognise HUVEC-expressed MCAM, both in standard 

culture conditions and in capillary-like networks. It remains to be seen what their 

response would be to MCAM on more physiological models of the vasculature, 

however it seems clear that this would impede their safe clinical use in the current CAR 

context.    
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Chapter 6. Final discussion  
 

Melanoma is the 5th most common cancer in the UK, and its incidence is increasing 

[252]. Nearly half of patients with stage 4 metastatic melanoma do not survive the first 

year following diagnosis [251]. While immunotherapies including checkpoint inhibitors 

and TIL therapies have been transformative, there remains an ongoing unmet clinical 

need as such therapies are not suitable or effective in all patients [253, 615, 616].  

With this in mind, this project aimed to generate CAR T cells suitable for use in the 

context of melanoma. A panel of anti-MCAM scFv domains was incorporated into a 

retroviral, second-generation CAR construct, complete with CD8α hinge and 

transmembrane regions and a 4-1BB-derived costimulatory domain. These constructs 

were first screened for their ability to activate the JRT3-T3.5 Jurkat cell line in response 

to target antigen. Based on their activity in this context, M1.BBz and M40.BBz CARs 

were subsequently expressed in primary human T cells. This efficiently redirected the T 

cells, leading to MCAM-induced cytokine production, degranulation, and target cell 

lysis, albeit in a manner which displayed significant donor-to-donor variation in terms 

of the magnitude of the response.  

Although upregulated on numerous cancers, MCAM is also expressed on healthy 

tissues throughout the body, creating a significant risk of on-target/off-tumour 

toxicities. MCAM is detected on 2-3 % of circulating lymphocytes, where it is enriched 

on a population of memory CD4+ cells with a Th17 phenotype [512]. This creates a 

potential risk that targeting MCAM with CAR T cells could result in trans-activation, 

leading to exhaustion and loss of transferred cells. MCAM expression on all CAR T cells 

groups was rare (<1.5 % of cells at baseline), and the percentage of positive cells was 

reduced in the M1.BBz and M40.BBz groups, suggesting that some level of targeting 

may be occurring. Despite this, these CAR T cells had minimal expression of exhaustion 

markers at rest. Whether this would be the case clinically, where CAR T cells would 

potentially encounter a greater number of MCAM+ T cells, is unclear. Furthermore, 

there is evidence that T cell stimulation results in increased MCAM expression [329, 

330, 333, 553]. T cell viability and expression of exhaustion and activation markers was 
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broadly comparable between the MCAM-stimulated M1.BBz and M40.BBz and CD19-

stimulated CD19.BBz groups. However, these cocultures were analysed after 24 hours 

at which point MCAM upregulation may not have fully occurred. This area requires 

further investigation and would benefit from longer assays involving repeated CAR 

stimulation.   

The expression of MCAM on endothelial cells across the vasculature poses a particular 

risk of toxicities. To investigate this, CAR T cells were administered to capillary-like 

networks of HUVEC cells, in anticipation that this might more closely mimic the 

expression of MCAM in vivo where it is expressed at sites of cell–cell contact. Coculture 

with M40.BBz at high effector-to-target ratios led to almost complete destruction of 

the networks. Concurrent cytokine production suggests that this was a result of T cell 

activation in response to HUVEC-expressed MCAM. Network disruption was also 

detected to a lesser extent at a 1:1 ratio. Predicting likely in vivo effector-to-target 

ratios is difficult, but nonetheless these results suggest that significant on-target/off-

tumour toxicity could be expected.  

We did not detect any evidence to suggest that WM2664 melanoma cells were 

preferentially targeted, despite previously seeing nearly 50 % lysis at a 1:1 ratio in 

standard cytotoxicity assays. Although further assay optimisation is required, these 

experiments do not support the existence of a therapeutic window in which the 

required threshold for MCAM expression intensity to drive CAR activation is only 

surpassed by malignant cells.  

The HUVEC network model has some significant limitations: it was not possible to 

characterise the polarity or the localisation of MCAM on HUVECs due to time 

constraints; HUVECs cultured in vitro with growth factor-containing commercial media 

preparations may have artificially elevated MCAM expression [617] and may be more 

representative of angiogenic rather than quiescent vasculature; the assay was limited 

in terms of duration and the effector-to-target ratios tested. Furthermore, unlike 

mature blood vessels the system does not contain supporting pericytes, smooth 

muscle cells or fibroblasts, and lacks a ‘luminal’ surface within the cords. Modelling 

normal tissue architecture is essential as it is likely that the degree of on-target/off-

tumour toxicity for a given protein will depend not simply on how frequently 
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expressed it is at a tissue level, but on how accessible it is to circulating CAR T cells, as 

evidenced by the successful targeting of GUCY2C and CLDN18.2. These proteins are 

abundantly expressed on the gastrointestinal epithelium but can be safety targeted by 

CAR T cells due to their sequestration at the luminal epithelial surface or within tight 

junctions [196, 199]. Therefore, this basic model of the vasculature is a long way from 

faithfully recreating the conditions CAR T cells would encounter in the body and more 

complex models are required to detect tumour lysis and on-target/off-tumour toxicity.  

In addition to on-target/off-tumour toxicity, off-target toxicity also poses a substantial 

risk. Typically, antibody-based therapeutics are tested for cross-reactivity using 

immunohistochemistry tissue cross reactivity (IHC-TCR) assays, in which a panel of 

frozen human tissues was probed with the test antibody or scFv to detect unexpected 

staining [618, 619]. Although they are still frequently used, IHC-TCR assays have their 

limitations, including the effect of processing and fixing tissues on tissue architecture 

and antigen availability, the high rate of false positives, and the inability to determine 

if unexpected staining is due to on-target or off-target reactivity.  

Various microarray-based techniques have subsequently been developed to facilitate 

cross-reactivity testing. The HuProt Human Proteome Microarray (Cambridge Protein 

Assays) allows users to test antibody-based therapeutics against a panel of purified 

proteins from more than 16,000 human genes [227]. Although this method provides 

coverage of a large number of proteins, the proteins are produced in yeast which could 

potentially lead to differential post-translational modifications. The glutathione-S-

transferase tag, necessary for protein purification, may further impact protein 

conformation. The Membrane Proteome Array (Integral Molecular) and Cell 

Microarray (Retrogenix) systems avoid these issues by using transfected HEK-293 cells. 

In the Membrane Proteome Array, HEK293 cells are transfected with a library of 

expression plasmids encompassing more than 6000 proteins [230]. They are 

subsequently incubated with the antibody in question and a suitable secondary 

antibody, and binding is identified by flow cytometry. By contrast, Retrogenix’s Cell 

Microarray system deposits expression vectors in distinct locations on specialised 

slides [228, 229]. HEK293 cells are then seeded onto the slides and become reverse 
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transfected with the library of membrane proteins. Incubation with the test antibody 

allows detection of cross-reactivity.   

Comprehensive screening for scFv cross-reactivity requires a broad and exhaustive 

library of proteins which is technically challenging to achieve. It was not possible to 

perform this type of screening during the time course of this project, and therefore it is 

not currently possible to comment on the potential cross reactivity of M1 and M40 

scFvs. This represents a significant risk which would need further investigation using 

the above techniques if these CAR T cells were to progress further in the development 

pipeline.   

More generally, the strength of any conclusions as to the function, specificity, and 

toxicity of M1.BBz and M40.BBz constructs is limited by the nature of the experiments 

conducted to date. These assays are a drastic simplification of the conditions in which 

such T cells would be expected to function if given clinically, where they would have to 

survive in the circulation, traffic to the tumour, extravasate and survive in the 

immunosuppressive tumour microenvironment [189]. Additionally, T cell activity was 

only tested against a limited panel of cell lines. Therefore, further assays are required 

to thoroughly characterise the M1.BBz and M40.BBz CAR constructs in more 

challenging conditions and address the potential risk of toxicities.   

Efficacious CAR T cell therapies must recognise and kill malignant cells with 

heterogenous antigen expression within the tumour microenvironment. M1.BBz and 

M40.BBz were cytotoxic against the cell lines tested, but it is not possible to make 

predictions as to their clinical efficacy based on these assays. Although the cell lines 

selected were originally isolated from metastatic melanoma lesions, further work is 

required to confirm whether their expression of MCAM is comparable to that of 

clinical specimens. To fully address this issue, a range of tumour samples from patients 

with stage IV melanoma should be characterised by IHC, flow cytometry or RT-qPCR to 

determine what the clinically relevant range of MCAM expression is. Characterisation  

of a variety of cell lines in parallel would facilitate rational selection of cell models 

approximating target antigen density in MCAM-low, -medium and -high tumours. In 

vitro assessment of CAR T cell activity against such a panel would increase confidence 

that CAR affinity, avidity and activity may be sufficient to mediate anti-tumour 
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responses if tested clinically. This would also help inform the design of subsequent in 

vivo efficacy studies in mice. 

Clonal cell lines are inherently a simplification of the diverse cellular composition of 

solid tumours, which contain genetically heterogenous tumour cells alongside multiple 

other cell types. Moreover, the simplistic in vitro assays conducted to date do not 

attempt to recreate the 3D structure of malignant lesions. A potential alternative 

model is the use of patient-derived organoids (PDOs), which may better replicate the 

heterogenous nature of tumours whilst providing a more physically and spatially 

complex environment in which to test CAR T cells [620].  

In one such study [621], PDOs generated from glioblastoma biopsies were shown to 

closely resemble parental tumours in terms of cellular morphology and gene 

expression. When EGFR-vIII-specific CAR T cells were administered to the organoids, 

Jacobs et al observed CAR T cell infiltration, proliferation, cytokine production and 

cytotoxicity, which was dependent on EGFR-vIII expression by the organoids. Similar 

systems have been deployed to test anti-HER2 CAR T cells and EPCAM and EGFR-vIII-

specific CAR-NK cells [622]. Whilst protocols for culturing melanoma organoids have 

been developed [623], to date their use to test CAR T cells has not been reported. Such 

systems have clear potential; generating matched PDOs and CAR T cells could better 

identify suitable candidates for CAR T cell therapy. Additionally, the flexibility offered 

by these assays could allow rapid testing of different CAR constructs, modelling their 

effectiveness at low effector-to-target ratios and over extended time periods. Whilst 

establishing melanoma organoids did not fall within the scope of this project, it would 

be a valuable tool to develop to facilitate the assessment of CAR T cell efficacy.  

Although a significant improvement on basic cell line models, CAR T cells are still 

tested in isolation in these PDO systems. To understand the behaviour of M1.BBz and 

M40.BBz in an in vivo setting, where they would need to interact with endogenous 

immune cells, circulate systemically and traffic into the tumour, mouse models will be 

an essential next step.  

Multiple factors must inform the choice of the model required for a given project; the 

cross reactivity of the scFv, the desired primary endpoint (efficacy versus safety) and 
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the expression profile of the target antigen, as well as pragmatic considerations such 

as cost and available expertise. In the CAR T cell research field, mouse studies often 

take the form of a ‘stress test,’ where T cells are administered at a suboptimal dose 

[624]. They broadly fall into 3 categories: immune competent syngeneic models, 

immune compromised xenograft models, and HSC-humanised mouse models.  

In immunocompetent mice models, histocompatible tumour lines are implanted into 

mice and allowed to engraft, prior to treatment with syngeneic mouse T cells 

transduced with CAR constructs containing murine costimulatory and activation 

domains. By contrast, immunocompromised models allow human CAR T cells to be 

xenografted. These models frequently use NOD.Cg-Prkdcscid Il2rgtm1Wjl/SzJ (NSG) mice, 

which lack mature B, T and NK cells, and have defective macrophages and dendritic 

cells [625]. As a result, human CAR T cells can be tested against human tumour cells so 

such models are typically well suited for efficacy studies. Lastly, advances in genetic 

engineering have allowed the development of HSC-humanised mouse models. When 

engrafted into NSG mice, human haematopoietic stem cells can reconstitute the 

immune system, allowing CAR T cells administered at a later date to interact with fully 

human innate and adaptive immune compartments [626]. Given that cytokine release 

syndrome is a common toxicity in CD19-CAR trials, these models are valuable tools and 

allow the detection of CRS-like syndromes [627, 628].  

Immunocompromised mouse models typically involve the engraftment of human 

tumour cells, which can take 2 forms: cell line derived xenografts (CDX) or patient 

derived xenografts (PDX). CDX models are commonly used in preclinical testing, 

allowing CAR T cells to be tested in solid tumours. However, the limitations of cell lines 

discussed above still apply. Cells are clonal and do not necessarily model tumour 

heterogeneity, and the intensity and pattern of target antigen expression may not be 

clinically representative. By contrast, in PDX models small tumour fragments are 

surgically isolated from patients and transplanted subcutaneously or orthotopically 

into immunocompromised mice [629]. PDX tumours have been established for many 

cancers, including melanoma [630–632], and have been demonstrated to maintain the 

characteristics of the parental tumours [629]. Therefore they represent an optimal 

system in which to evaluate CAR T cell efficacy [633, 634].  
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Further development of the M1 and M40 CAR T cells would also require compelling 

evidence of a therapeutic window for targeting MCAM; the ability to detect on-

target/off-tumour toxicities in mouse models is therefore a priority. Where CARs cross-

react against the mouse form of the protein, such toxicities can be detected in 

immunocompetent, immunocompromised, and HSC-humanised mice, albeit with the 

caveat that this assumes that target protein expression intensity and location in mice is 

representative of the situation in humans [635, 636]. However, early work indicated 

that the M1 and M40 scFvs do not recognise murine MCAM and therefore the only 

way to test the anti-MCAM CAR strategy in an immunocompetent setting would be to 

generate fully murine CAR constructs with scFvs specific to the mouse form of the 

protein [637]. This assumes that scFvs against the same target can be used 

interchangeably, however their affinities for their respective targets and the 

accessibility of the epitopes may be significantly different. Additionally, it would be 

difficult to reliably generate murine versions of scFvs which recognise certain tumour 

specific epitopes, such as tsCD146.  

Whilst NSG models would still provide a means of assessing the anti-tumour efficacy of 

human-MCAM specific CAR constructs, the lack of cross reactivity would again prevent 

any conclusions being drawn on their safety. This could however be addressed using 

transgenic mice. CRISPR-Cas9 technology allows the human tumour associated antigen 

to be knocked in alongside its required regulatory elements, thereby driving its 

expression at normal locations [638]. Chimlewski et al [639] utilised a transgenic 

mouse expressing human CEA, demonstrating that anti-CEA CAR T cells accumulated in 

tissues with known CEA expression. Whilst such models are clearly advantageous, they 

are expensive and time consuming to develop, requiring a level of technical expertise 

which may not be accessible for many labs. Additionally, generating humanised lines 

for multiple alternative targets is not practical.  

For the reasons set out above, properly addressing the issue of the safety of M1.BBz 

and M40.BBz CARs would require a longer-term approach involving the generation of a 

humanised MCAM mouse. Whether this would be a worthwhile investment in terms of 

time and funding remains to be seen, especially given the lack of evidence so far for a 

therapeutic window. In the short term, M1 and M40-targeted CAR T cells will be tested 
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in preliminary cell line derived xenograft experiments in immunocompromised NSG 

mice, to give an indication of their in vivo activity. 

If M1.BBz and M40.BBz failed to mediate anti-tumour effects in vivo, a multitude of 

potential techniques have been developed which aim to augment CAR activity, 

although to date their effectiveness has generally only been proven in a pre-clinical 

setting. Firstly, this could involve intrinsic changes to the CAR construct itself, such as 

including additional costimulatory domains, substituting the CD8 transmembrane 

domain for that of CD28, and optimising the hinge length. Optimising the CAR T cell 

generation process by more stringent selection of starting material to remove 

contaminating non-T cells [519, 520], controlling the CD4:CD8 ratio [536] and utilising 

alternative cytokines during expansion may also help increase activity [550, 551]. 

Compared to CAR T cells for haematological malignancies, those targeting solid 

tumours face unique challenges and several strategies have been developed to 

address these. Migration into the tumour microenvironment can be supported by the 

co-expression of chemokine receptors [640] or heparinase, which degrades heparin 

sulphate proteoglycans, facilitating T cell migration through the ECM [641]. Where the 

pathology permits it may be possible to bypass this step by administering CAR T cells 

via injection into the tumour or surrounding area [538, 642, 643].  

Once in the tumour microenvironment, CAR T cells are exposed to numerous 

exhaustion-inducing factors, from immunosuppressive cytokines to immune 

checkpoint ligands [189]. TGF-β is a pleiotropic cytokine which often accumulates in 

the tumour microenvironment and can function to both suppress and promote tumour 

growth and progression [644]. It’s immunosuppressive effects on T cells are numerous, 

and include the inhibition of T cell proliferation, interference with TCR receptor 

signalling, and suppression of T cell effector functions [645]. Several groups have 

sought to circumvent these effects through the development of dominant negative 

TGF-β receptors which can rescue CAR T cell proliferation, persistence and tumour 

control in vivo [646–648]. Similar results were obtained by blocking PD-1 signalling 

with anti-PD-1 antibodies [649] or using dominant negative receptors for PD-L1 [117, 

650]. Other groups have developed a variety of strategies to prevent the exhaustion of 

CAR T cells, including reducing the impact of tonic signalling through fine 
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spatiotemporal control of CAR expression [161, 651–653], knocking-down Fas [654], or 

overexpressing c-Jun [655, 656] or the anti-apoptotic protein Bcl-XL [657].  

Whilst such strategies could be employed to augment the anti-tumour activity of M1 

and M40 directed CAR T cells, it is likely that this would also lead to increased toxicity 

against normal tissues. Even if a therapeutic window for targeting MCAM exists, it is 

likely that further engineering would be required to increase CAR T cell selectivity and 

controllability. Several strategies have been developed which act as permanent or 

temporary ‘brakes’ on CAR T cell activity. Early attempts centred around the 

introduction of so-called ‘suicide systems,’ which in the event of toxicities would allow 

the rapid clearance of CAR T cells on administration of an exogenous agent. In the 

inducible caspase 9 (iCasp9) suicide system, cells are transduced with a construct 

formed of truncated caspase 9 joined to an FKBP domain. Treatment with a chemical 

inducer of dimerization (CID) results in FKBP-mediated caspase 9 dimerisation and 

activation, triggering the intrinsic pathway of apoptosis [658–660]. Use in the context 

of graft-versus host disease following stem cell transplants resulted in a loss of greater 

than 85 % of transduced donor T cells [661, 662]. iCASP9 expressing CD19-CAR T cells 

have been tested in recent clinical trials [663]. Similar systems have been suggested 

which involve the transduction of cells with the gene for herpes simplex virus 

thymidine kinase or CD20, conferring sensitivity to ganciclovir or rituximab, 

respectively [664]. Temporary inhibition of CAR activity has been achieved through the 

use of ligand induced degradation domains, which lead to reversible intracellular CAR 

destruction on administration of a small molecule [665, 666]. Alternatively, 

administration of dasatinib (a tyrosine kinase inhibitor used for the treatment of CML) 

can suppress CAR T cell effector functions by inhibiting essential signalling proteins 

[667, 668].  

In the event of severe on-target/off-tumour toxicity temporary systems would be 

inappropriate, and whilst suicide systems could remove reactive M1.BBz or M40.BBz 

CAR T cells, they are inherently reactive; potentially permanent tissue damage may 

have already occurred by the time they are deployed. Therefore, there is a need for 

more proactive safety mechanisms to provide better temporal and spatial control of 

CAR T cell activation to reduce on-target/off-tumour and off-target effects. It is 
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possible to remotely control CAR T cell activity at the level of transcription through the 

use of synthetic promoters, which have been used to titrate activity in response to 

doxycycline [669–671]. Alternatively, using Synthetic Notch (SynNotch) circuits T cells 

can be ‘armed’ by one antigen and activated by another, improving their specificity 

[672]. SynNotch receptors bind to their target antigen via an scFv which leads to 

cleavage of a portion of the intracellular region, allowing it to enter the nucleus where 

it acts as a transcription factor, inducing expression of the CAR construct. Given that 

the half-life of CAR expression was 8 hours in one study, there is a risk that T cells 

could be ‘armed’ in one location and then traffic to other tissues where the CAR may 

mediate off-tumour toxicities, although there was no evidence of this in mouse models 

[460, 673].  

Hyrenius-Wittsten et al [460] incorporated a similar second generation M1 CAR 

construct into such a circuit, where its expression was driven by a SynNotch receptor 

specific to alkaline phosphatase placental-like 2 (ALPPL2), a tumour-associated antigen 

common in mesothelioma. These SynNotch CAR T cells retained full functionality 

across a range of antigen densities, and the conditional CAR expression appeared to 

protect cells from the deleterious effects of tonic signalling, preventing exhaustion and 

premature differentiation. In vivo, the SynNotch CAR T cells mediated superior anti-

tumour immunity against ALPPL2+ MCAM+ tumours. Importantly, MCAM-single 

positive tumours in the same mice did not regress, suggesting that the SynNotch CAR T 

cells were not capable of being primed in the ALPPL2+ environment before trafficking 

elsewhere. Of note, these experiments were conducted in non-humanised NSG mice, 

and therefore could not detect on-target/off-tumour toxicities specific to the MCAM 

CAR.  

In order to remotely control the activity of cells post infusion, recent research has 

focused on making CAR T cell activity dependent on an external user-generated signal. 

Novel small-molecule gated CARs have been developed to this end in which the 

activation and costimulatory domains are separated on different proteins which are 

brought together into a functional signalling molecule on administration of a chemical 

inducer of dimerisation [653, 674–676]. Alternatively, so called SUPRA- or zip-CAR T 
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cells rely on the titratable administration of soluble scFv to bind to target antigens 

[674, 677–679].  

Bispecific antibodies provide an alternative means of targeting T cells to tumour 

antigens without the expense and difficulties inherent to adoptive cell transfer. They 

include 2 antigen binding domains, one of which typically binds CD3 on T cells whilst 

the other is specific for a pre-defined tumour-associated antigen. Antigen binding 

creates an immune synapse between endogenous T cells and tumour cells, driving T 

cell mediated tumour lysis. Numerous bispecific antibody formats have been designed, 

with the most common being bispecific T cell engagers (BiTE), comprised of 2 linked 

scFv domains [680, 681]. Numerous clinical trials of BiTEs and other bispecific engager 

molecules are currently underway, with several therapies recently receiving FDA 

approval [682–684]. Due to their small size and lack of Fc domain, BiTE molecules have 

a short half-life, so are typically administered by continuous infusion [685]. Although 

this does not allow for long term memory formation, it would provide a method of 

targeting MCAM in a titratable manner, allowing treatment to be rapidly withdrawn if 

toxicities developed.  

Despite recent advances in this area, the fact remains that many of the strategies 

discussed above are inherently reactive. By the time control mechanisms such as 

suicide systems are initiated, self-reactive T cells may have already mediated 

significant damage. Furthermore, the efficacy of many of these systems is yet to be 

proven in the clinic. This returns to the central question, specifically whether it would 

ever be safe to target MCAM given the potential reactivity of such CAR T cells against 

normal tissues and even activated self-T cells [512]. Although there is some suggestion 

in the literature that they may be a therapeutic window for targeting MCAM with 

certain immunotherapeutics [355, 386, 387, 595, 686, 687], this is based on limited 

pre-clinical modelling. MCAM expression by human tissues is also likely to be dynamic; 

a hypothesis that assumes expression is uniformly high on tumours and low on healthy 

cells is probably an oversimplification.  

Although the potential for on-target/off-tumour reactivity of the anti-MCAM scFvs may 

ultimately preclude their safe use as part of a standard CAR, they could be used to 

target chimeric costimulatory receptors (CCRs). In combinatorial antigen recognition 
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systems, T cells express a first generation scFv-CD3ζ CAR alongside a chimeric 

costimulatory receptor (CCR) comprised of a different scFv and a costimulatory 

domain. Provided that the scFvs recognise different tumour associated antigens, the 

CAR T cell will receive both activation and costimulatory signals on interaction with the 

tumour. However, encounter with normal cells expressing only one of the antigens will 

not provide both signals for full T cell activation [688, 689]. M1 or M40-targeted 

chimeric costimulatory receptors could be co-expressed with alternative CARs or on 

TILs, providing an additional boost in the tumour microenvironment whilst reducing 

the danger of antigen encounter on normal tissues. The expression of MCAM in a 

variety of cancer types would mean this strategy could have broad applicability.  

The tsCD146 scFv presented a possible solution to this challenge in that it has been 

reported to be highly selective for tumour-expressed MCAM, potentially due to 

recognition of a specific motif accessible following MCAM homodimerisation [428]. 

Whilst second generation tsCD146.BBz CARs were unable to activate the JRT3-T3.5 cell 

line, ongoing work by other colleagues in the Hurlstone lab has subsequently 

optimised the CAR design. By reducing the length of the hinge region and 

incorporating the CD28 transmembrane/costimulatory domain it was possible to 

partially rescue tsCD146 activity, highlighting the need for a systematic approach to 

CAR development. M1.BBz and M40.BBz may therefore be useful as ‘pan-MCAM’ 

control CARs, supporting the characterisation of the more promising tsCD146 reagent.  

 

To conclude, the present study identified 2 MCAM-specific scFv domains capable of 

redirecting T cell effector functions against melanoma cells in vitro when expressed as 

part of a second-generation, 4-1BB costimulated CAR. Targeting tumour associated 

antigens in this way carries a risk of on-target/off-tumour toxicity. The expression of 

MCAM on the vasculature and the endothelial-cytotoxicity of MCAM-specific CAR T 

cells will likely ultimately preclude their clinical use. Although M1.BBz and M40.BBz 

CARs in their current form may not necessarily represent clinically applicable therapies, 

their development has generated a base of protocols in the lab, providing a foundation 

on which future research can take place.  
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