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Abstract 

Acute myeloid leukaemia is a cancer of the myeloid cells in the bone marrow. AML alters the 

bone marrow niche, creating an immunosuppressive microenvironment. AML increases 

tryptophan metabolism and cystine uptake. T-cells require sufficient nutrients to function. 

Due to a lack of clinical activity, CAR T-cell therapies are currently only used in a limited 

number of cancers. We hypothesised that the lack of nutrients in the AML microenvironment 

supresses CAR T-cell function.  

This work discusses how the availability of tryptophan and cystine affected T-cell and CAR T-

cell proliferation. We designed CAR T-cells with the overexpression of tryptophan or cystine 

transporters, SLC7A5 and SLC7A11, respectively. We first demonstrated that the addition of 

SLC7A5 and SLC7A11 to Jurkat CAR T-cells provided increased metabolic rates in low 

tryptophan and cystine environments, respectively. The addition of SLC7A5 and SLC7A11 to 

CAR T-cells increased tryptophan and cystine uptake, respectively. CAR T-cells with SLC7A5 or 

SLC7A11 overexpression had increased proliferation in low tryptophan and cystine 

environments, respectively. The CAR T-cells with overexpression of SLC7A5 and SLC7A11 

improved cancer clearance in murine models. Performing RNA sequencing of CAR-T cells 

following interaction with tumour cells, we showed a significant alteration of pathways 

associated with T-cell activation, metabolism, and migration, caused by the addition of the 

transporters to the CAR T-cells. These results demonstrate that the addition of SLC7A5 and 

SLC7A11 could improve CAR T-cell function in low amino acid environments. 
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1. Introduction 

1.1 The Immune system 

1.1.1 Introducing the Immune System 

The immune system's most known function is to prevent infection by identifying and 

removing non-self-material such as pathogens. However, the immune system has many 

additional roles that are just as important, including removing dead cells, removing aberrant 

cells, preventing autoimmune responses, preventing foetal rejection during pregnancy and 

wound healing (Julier et al., 2017). 

The immune system components include primary lymphoid organs, secondary lymphoid 

organs, lymphoid vessels, immune cells, cytokines, and antibodies. The primary lymphoid 

organs are the bone marrow and thymus, where immune cells develop, differentiate and 

mature. Secondary lymphoid organs such as the spleen, tonsils, lymph nodes, liver, and skin, 

are locations of extensive immune cell cross-talk and activation against pathogens. The 

immune system components must be highly coordinated to perform all the above-mentioned 

roles successfully and mount an effective immune response. 

During evolution, the immune system developed in life forms in two stages: innate immunity 

around 1 billion years ago and adaptive immunity only some 450 million years ago (Martins 

et al., 2023, Marshall et al., 2018). The mechanisms of innate immunity are always present, 

circulating throughout the body, allowing for rapid and effective recognition and removal of 

most harmful materials within minutes or hours of their arrival. However, if the innate 

immune system is insufficient and cannot clear the harmful material by itself, it induces the 

activation of the adaptive immune system (Mirchandani et al., 2014, Iwasaki and Medzhitov, 

2015).  
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1.1.2 Innate immunity 

The innate immune system provides rapid non-specific responses and can be split into four 

components. The first components and lines of defence against infection are physical barriers 

to pathogen entry into the host, such as the skin, epithelial layers, and mucosal membranes. 

The next component of the innate immune system is physiological barriers, which eliminate 

pathogens through adverse conditions such as low pH and phagocytic cell enzymes found in 

stomach acid and saliva. The third component of the innate immune system is inflammatory 

barriers. These barriers are induced during cell stresses, including infection, resulting in the 

release of intracellular components that are recognised as markers of tissue damage and are 

known as danger-associated molecular patterns (DAMPs). These DAMPs activate the 

complement cascade, marking cells for destruction by other immune cells, recruiting immune 

cells to the site, and causing cell lysis. The DAMPs can be recognised by pattern recognition 

receptors (PRRs) on the surface of innate immune cells, causing innate immune cell activation. 

These inflammatory barriers can also be triggered by circulating innate immune cells, such as 

neutrophils, mast cells, eosinophils, and basophils, that will identify pathogens through PRRs 

that bind to pathogen-associated molecular patterns (PAMPs) on the surface of pathogens 

and then the innate immune cells release pro-inflammatory cytokines. These PRRs allow the 

innate immune system to recognise a wide range of pathogens as the PAMPs they recognise 

are commonly conserved small surface molecules found on the surface of a wide range of 

pathogens but are not present on host cells. The final component is phagocytosis, performed 

by specialised innate immune cells such as monocytes and neutrophils. Using the same 
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identification process described above, these cells identify the pathogens, internalise, and 

eliminate them by digestion, as depicted in Figure 1.  

Figure 1: Antigen processing and presentation 
Major histocompatibility complex two (MHCII), T-cell receptor (TCR). Diagram created in BioRender.   
 

This process of phagocytosis also allows the innate immune cells to process protein fragments 

from the pathogen, known as antigens and present them to the adaptive immune system 

(Munz, 2011). This cross-talk between the two immune systems is crucial for an effective 

immune response to pathogens that cannot be eliminated by the innate immune system 

alone.  

When activated, monocytes differentiate into macrophages and dendritic cells (DCs), which 

are collectively called antigen-presenting cells (APCs). APCs are immune cells that express 

class two major histocompatibility complexes (MHCII) designed to effectively present these 

engulfed pathogen derived antigens to the adaptive immune system for screening, as shown 

in Figure 1.  
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1.1.3 Adaptive immunity 

The adaptive immune system comprises two cell types derived from a common lymphoid cell 

progenitor: B-lymphocytes (B-cells) and T-lymphocytes (T-cells). These lymphocytes have 

receptors allowing each cell to recognise a specific antigen and produce a tailored response 

to that antigen. These receptors differ for B-cells and T-cells; B-cells have B-cell receptors 

(BCRs), and T-cells have T-cell receptors (TCRs). These cells have a screening process to 

identify their specific antigen and then mount a response to that antigen, which is a much 

slower process than that of the innate immune system. This slower response means the 

adaptive immune system can take days or weeks to establish a meaningful response to a 

pathogen. However, once the adaptive immune system has been exposed to a pathogen, it 

develops memory cells that react faster and develop a stronger response to that antigen upon 

re-exposure. 

B-cells are immune cells that develop in the bone marrow, migrate into the bloodstream, and 

typically reside in secondary lymphoid organs. When activated against specific target 

antigens, such as proteins on pathogens or toxins pathogens have produced, B-cells 

differentiate into effector B-cells, memory B-cells, or regulatory B-cells. Effector B-cells can 

produce proteins known as immunoglobulins. These immunoglobulins bind to the specific 

target antigens, covering them and marking them for phagocytosis, known as opsonisation. 

Immunoglobulins can also activate the complement system, causing cell lysis and immune cell 

recruitment. Effector B-cells also release important cytokines for the recruitment, activation, 

and differentiation of other immune cells, and they can act as APCs. Memory B-cells are 

essential for providing quicker responses during re-exposure to an antigen by allowing faster 

effector B-cell clonal expansion and immunoglobulin production. Conversely, regulatory B-

cells inhibit the immune response by producing immunosuppressive cytokines. 
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T-cells are immune cells that start developing in the bone marrow but migrate to the thymus 

to undergo extra development and maturation. Like B-cells, upon T-cells recognising a specific 

antigen, they differentiate into cytotoxic, memory, helper and regulatory T-cells. Cytotoxic T-

cells, when activated, release cytokines that induce cell death upon the target cells. Helper T-

cells are required for most adaptive immune responses and have several subgroups that 

provide different responses using various signalling pathways. Depending on the subgroup of 

T helper cells, the signalling proteins presented to the immune cells will differ, promoting 

different types of innate and adaptive immune cells to be activated, shaping the response to 

the target antigens. Memory T-cells, like memory B-cells, provide a swifter immune response 

when re-exposed to an antigen. Regulatory T-cells (Treg) recognise host cells to prevent 

autoimmune responses and regulate immune responses to prevent chronic inflammatory 

diseases (Vignali et al., 2008).   
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Figure 2: Diagram of the interactions required to form the immunological 
synapse.  
Taken from (Huppa and Davis, 2003)   

 

1.1.6 T-cell co-stimulation 

The conditions in which T-cells are activated can determine the differentiation pathway the 

naïve T-cells will take. T-cells can also be put into a state of anergy or apoptosis in response 

to the binding of their TCR to a complementary MHC-antigen complex.  

As depicted in Figure 4, whilst present on the cell surface, the TCR (transmembrane region, a 

constant region and a variable region) is associated with a CD3 molecule, which is used to 

begin a signalling cascade through zeta-chain-associated protein kinase 70 (Zap70). However, 

this signalling will only occur during a TCR-antigen MHC complex interaction if the T-cell forms 

an immunological synapse, which is composed of the TCR-antigen MHC complex and 

surrounding complexes that provide essential costimulatory interactions, enabling the T-cell 

to activate successfully.  
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As depicted in Figure 4, the immunological synapse stabilises the cell-to-cell interaction and 

provides supporting signals to promote T-cell activation. The immunological synapse includes 

the interaction of adhesion receptors and costimulatory signals, as shown in Figure 4. As 

previously mentioned, CD28 on T-cells bound to CD80/CD86 on APCs provides essential 

signalling to support the signals received from the bound TCR. Some of the well-established 

interactions at this immunological synapse, as shown in Figure 4, include lymphocyte function 

associate-1 (LFA-1) on T-cells complexed with intracellular adhesion molecule 1 (ICAM-1) on 

APCs, CD4/CD8 interaction with the MHC complex and, CD45 interaction with the 

lymphocyte-specific protein tyrosine kinase (Lck) (Shah et al., 2021a). The CD28 to CD80/CD86 

interaction provides essential costimulatory signalling through protein tyrosine kinase 

phosphorylation, which promotes T-cell survival, activation, and interleukin-2 (IL-2) 

production (Ogawa et al., 2013). The LFA-1-ICAM-1 provides prolonged TCR-MHC binding, 

ensuring sufficient interaction time for the transmission of activation signalling (Ma et al., 

2022). During the binding of the TCR-MHC complex, CD45 promotes the phosphorylation of 

the molecule Lck, allowing the protein tyrosine kinase ZAP70 to bind to CD3 (Rossy et al., 

2012). CD4 or CD8 cooperatively bind to the antigen-MHC complex with the TCR, enabling 

increased TCR docking and a more robust interaction between the antigen-MHC complex 

compared to the interaction between TCR and the antigen-MHC complex alone (Rushdi et al., 

2022, Jiang et al., 2011). 
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1.1.4 TCR generation 

 T-cells start in the bone marrow as common lymphoid progenitor cells that migrate to the 

thymus, where the majority of their development occurs. These early development stage 

thymocytes are known as double negative (DN) T-cells as they do not express cluster 

differentiation 4 (CD4) or CD8 on their surface, which are upregulated later in the maturation 

process and are mutually exclusively expressed on all adult T-cells. CD4 and CD8 are important 

co-receptors that bind to MHC complexes, stabilising the TCR MHC complex. CD4 binds to 

MHC class 2 (present on APCs), and CD8 binds to MHC class 1 (present on all nucleated cells). 

The thymus is a primary lymphoid organ in the thoracic cavity and has two regions: the cortex 

and the medulla. The intersection of these two regions is known as the cortico-medullar 

junction (Shah and Zuniga-Pflucker, 2014). 

Figure 3: T-cell development and cell to cell interactions in the thymus.  
Taken from (Klein et al., 2014)   
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The cortico-medullary junction is where the common lymphoid progenitors enter the thymus. 

The common lymphoid progenitors migrate to the cortex, become thymocytes and start 

developing their TCR by randomly generating a pre-TCRβ chain through rearrangement of the 

variable (V), diversity (D), and joining (J) regions called V(D)J regions of the gene segments by 

V(D)J recombinase. V(D)J recombinase recognises deoxyribonucleic acid (DNA) sequence 

elements located next to each of the V(D)J regions, known as recombinant signal sequences 

(Schatz and Swanson, 2011). This pre-TCRβ chain binds with a pre-TCRα chain and CD3 

molecule to form a pre-TCR. Pre-TCRs can interact with cortical thymic epithelial cells for the 

first stage of screening, known as β-selection, which occurs at DN3, as shown in Figure 2 (Klein 

et al., 2014). The thymocytes with TCR β chains that are determined to be correctly interacting 

with the MHC complex will receive anti-apoptotic signalling, proliferate, and pass to the next 

stage of development (Kreslavsky et al., 2012). Without this successful binding, the 

thymocytes will die of apoptosis as these cells require anti-apoptotic signalling to survive. 

After β-selection, the thymocytes upregulate CD4 and CD8 expression and are known as 

double-positive (DP) cells. These DP cells undergo the V(D)J recombination for the TCR α chain 

to complete their TCR. Then, with their completed TCR, these thymocytes migrate through 

the cortex, interacting with cortical thymic epithelial cells undergoing positive selection. 

Positive selection ensures that the completed TCR has a sufficient binding affinity to the MHC 

and will upregulate the chemokine receptors, allowing these cells to migrate to the medulla. 

Once in the medulla, the thymocytes downregulate either CD4 or CD8 expression, locking 

them in as single positive cells that either interact with all cells or only APCs. Again, any 

thymocytes which cannot fulfil this requirement will undergo apoptosis due to a lack of anti-

apoptotic signalling. These single positive cells then begin the process of negative selection. 

The negative selection phase eliminates TCRs that are reactive to self-peptides.  
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In the thymic medulla, the thymocytes interact with medullary thymic epithelial cells (mTEC), 

which can express proteins from a broad range of peripheral cells, enabling them to express 

a broad range of self-peptides to the thymocytes. The interaction of mTEC and thymocytes is 

the next selection process, known as negative selection. This time, the strength of the 

interaction between the TCR and self-peptide MHC complex must land within the Goldilocks 

threshold region; it must not be too strong or too weak, as shown in Figure 4. If the 

interactions are too weak, the thymocytes will not provide enough interaction with the MHC 

complex to screen the peptides effectively and, therefore, die due to neglect, as depicted in 

Figure 3. Interactions that are too strong indicate that the thymocytes are unsuitable as they 

would be self-reactive, leading to autoimmune responses if they were let out into circulation. 

Therefore, thymocytes that do exceed this threshold will either be differentiated into 

regulatory T-cells or undergo apoptosis. 

Figure 4:  Diagram of negative selection goldilocks threshold region required 
for T-cell selection.  
Taken from (Klein et al., 2014). 
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After negative selection, the thymocytes become naive T-cells and can migrate to secondary 

lymph organs and circulate throughout the body, ready for surveillance and, ultimately, 

activation.  

1.1.5 Antigen recognition and T-cell activation 

Each TCR can recognise only one specific antigen through specific antigen binding. As 

described above, during their development, these cells undergo rigorous selection processes 

that define the acceptable strength of the interactions these receptors can have with their 

targets. Therefore, the MHC molecules, whilst bound to the target antigen, will form 

complexes of sufficient strength with a TCR that is reciprocal for that antigen, fulfilling the 

first requirement during the start of the activation process for the T-cell. The stimulation 

solely of an antigen or the MHC complex is insufficient to elicit the activation of T-cells; the 

antigen-MHC complex needs to interact with the BCR or TCR. However, TCR stimulation must 

occur alongside costimulatory signalling, such as through CD80/CD86 on an APC to CD28 on 

T-cells for successful T-cell activation (Chambers and Allison, 1997).  

1.1.7 T-cell differentiation 

Naïve T-cells, when they leave the thymus to circulate the body, can differentiate into several 

types of T-cells with different functions, proliferative capacity, metabolism, ability to self-

renew, and cytotoxicity against their target. This differentiation is determined by a few 

factors, including the strength of the activating stimulation, engagement of the costimulatory 

elements, the immune cells present, the amino acids, and the cytokines present during 

activation (Shah et al., 2021a, Lee et al., 2013, Martinez-Mendez et al., 2022). 

Naïve T-cells can differentiate into effector T-cells, effector memory T-cells, central memory 

T-cells, resident memory T-cells, stem cell memory T-cells, and regulatory T-cells.  
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Effector memory T-cells persist in peripheral organs and vascular circulation to protect against 

future infections. Central memory T-cells persist in lymphoid organs and vascular circulation 

to protect against future infections. Resident memory T-cells are located in mucosal tissues 

and provide a first line of defence from infection (Thom et al., 2015). Stem cell memory T-

cells protect against future infections for decades after the initial antigen exposure (Fuertes 

Marraco et al., 2015).  

Effector CD8+ T-cells, upon activation, eliminate target cells through target cell interactions 

via the expression of Fas ligand, which stimulates death in Fas-expressing cells. CD8+ T-cells 

secrete cytotoxic granules containing a variety of cytotoxic molecules such as perforins, 

granzymes, cathepsin C and granulysin (Raskov et al., 2021). These cytotoxic proteins create 

pores in the target cell membrane and cause DNA fragmentation, leading to target cell death 

(Smyth et al., 2001). 

Effector CD4+ T-cells are divided into subgroups called T helper 1 (Th1), Th2, Th9, Th17, Th22, 

and T Follicular Helper Cells (Tfh). Each of these CD4+ T-cells produces a different profile of 

cytokines (Golubovskaya and Wu, 2016). Th1 cells clear viruses and intracellular bacteria. Th2 

cells recruit other immune cells to protect against parasites. Th17 cells protect against 

extracellular bacteria. Tfh cells reside in secondary lymphoid organs and assist the function of 

specialised microstructure called germinal centres that specialise in B-cell responses (Xia et 

al., 2023). The final phenotype discussed here is regulatory T-cells that suppress the immune 

response to inhibit autoimmune or over-reactive immune responses to maintain immune 

homeostasis (Apert et al., 2022, Wong et al., 2021). 
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homeostasis (Apert et al., 2022, Wong et al., 2021). 

1.1.8 Mechanisms of T-cell homeostasis 

An essential part of the immune response is immune homeostasis. Immune responses must 

be strong enough to eliminate pathogens but not react to self-antigens, balancing tolerance 

with over-reactive responses. The immune system must also eliminate cancer cells, 

originating solely from host cells without reacting to healthy cells, balancing cancer 

elimination and autoimmunity. Immune homeostasis starts during immune cell development, 

known as central tolerance. Innate immune cells' pattern recognition receptors only 

recognise antigens not expressed on host cells. Adaptive immune cells go through a selection 

process to remove any self-reactive cells or divert them to be regulatory T-cells. However, 

even if some self-reactive adaptive immune cells escape the selection process, peripheral 

tolerance can divert these cells' differentiation into a regulatory phenotype or eliminate them 

(Wong et al., 2021).  

Self-reactive naïve T-cells that escape thymic development without being converted into 

regulatory T-cells when activated can still be differentiated into induced regulatory T-cells 

(Campbell et al., 2020). Differentiation into induced regulatory T-cells occurs if the T-cells TCR 

is activated with sub-optimal co-stimulation and in the presence of cytokines Tumour growth 

factor-β (TGF-β) and IL-2 (Li et al., 2023). Tregs will inhibit self-reactive T-cells through 4 

mechanisms of action, including inhibitory cytokine secretion, cytolysis, metabolic disruption, 

and modulation of dendritic cell function. Secretion of inhibitory cytokines such as IL-10, IL-

35, and TGF-β inhibits phagocyte function, suppresses T-cell proliferation, and differentiates 

T-cells into Tregs (Ness et al., 2021). Tregs cause cytolysis through the secretion of Granzyme 

B (Loebbermann et al., 2012, Ulbar et al., 2020). Tregs metabolically disrupt T-cell function by 

upregulating amino acid-depleting enzyme arginase II to reduce the environmental arginine 
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availability, an amino acid crucial for T-cell proliferation (Lowe et al., 2019). Tregs modulate 

DC function by upregulating Cytotoxic T-Lymphocyte Associated protein 4 (CTLA-4), a 

receptor with a higher affinity for CD80/CD86 than CD28. The binding of CD80/CD86 by CTLA-

4 down-regulates CD80/CD86 expression, preventing T-cell CD28 co-stimulation and thus 

inhibiting T-cell activation (Chen et al., 2017). 

Activated T-cells upregulate immune checkpoint receptors that, when stimulated, cause T-

cell exhaustion. T-cell exhaustion is where immune checkpoint receptors are activated, or 

repeated antigen exposure leads to the inhibition of T-cell activation, differentiation, and 

function (Scharping et al., 2021). T-cell exhaustion is a part of normal T-cell homeostasis to 

prevent overactive immune responses. There are many regulatory immune checkpoint 

inhibitors, such as Programmed death-1 (PD-1), Lymphocyte-activating gene 3 (LAG3), and T-

cell immunoglobulin and mucin domain-containing protein 3 (TIM3). PD-1 is an immune 

checkpoint upregulated on activated T-cells, and its ligand, programmed death-ligand 1  (PD-

L1), is expressed on APCs, non-hematopoietic cells and tumours (Freeman et al., 2000, Li et 

al., 2021). PD-L1 binding to PD-1 causes inhibition of T-cell function by clustering directly with 

TCR, inhibiting TCR phosphorylation and signalling (Yokosuka et al., 2012, Takehara et al., 

2021). LAG3 is a CD4 homolog that binds to peptide-bound MHC class 2 molecules, preventing 

the stabilisation of the TCR MHC class interaction (Maruhashi et al., 2018). TIM3 ligands are 

soluble lectin galectin-1 and carcinoembryonic antigen-related cell adhesion molecule-1. The 

downstream signalling of TIM3 is not well elucidated, but it is known that TIM3 is recruited 

during immune synapse formation and, if activated, will reduce the synapse stability (Wolf et 

al., 2020, Clayton et al., 2014).  
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The immune checkpoint receptors that these therapies target are not always exclusive to T-

cells. PD-1 is expressed on natural killer cells, tumour-associated macrophages, tumour cells, 

and B-cells (Kim and Ha, 2021). LAG-3 is expressed on DCs (Huo et al., 2022). Although these 

immune checkpoint receptors are designed to prevent excessive immune reactions, these 

mechanisms have been abused by the tumour microenvironment (TME) to promote tumour 

growth and suppress anti-tumour immune activity. 

Tolerogenic DCs differentiate from monocytes when they come into direct contact with 

regulatory and activated helper T-cells in the presence of IL-10 and TGF-β (Zhang et al., 

2020b). Tolerogenic DCs have low expression of costimulatory molecules and high anti-

inflammatory cytokine expression. Tolerogenic DCs differentiate naïve T-cells into regulatory 

T-cells via IL-10 and TGF-β.  

These mechanisms of homeostasis are often taken advantage of by cancers to ensure their 

survival. 
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1.2 Cancer 

1.2.1 Introduction to Cancer 

Cancer is an extensive and varied group of diseases categorised by uncontrolled division of 

cells. Cancer is the second leading cause of premature death worldwide (Bray et al., 2021). 

Cancer is a non-communicable disease, and each individual has different risk factors such as 

genetics, age, carcinogen exposure, and weight that can contribute to the percentage chance 

of whether an individual develops cancer. Cancer can occur in almost any cell in the body and 

thus has a variety of causes, symptoms, and severity. Therefore, there is no common solution 

to the treatment of all cancers. However, currently, most cancers are treated using a 

combination of surgical removal of the cancer, radiotherapy, and chemotherapy. Since cancer 

is the second leading cause of death worldwide, it is clear that these three treatment options 

do not always provide a sufficient solution. Therefore, researchers, in the hope of improving 

outcomes, have continued to develop a range of alternative treatments to replace or to be 

used in conjunction with pre-existing treatments. Recently, these treatments have become 

more specific to the type of cancer they target. One example of this is hormone therapies; 

breast cancers and prostate cancers rely heavily on hormones for their growth, so there are 

hormone therapies that suppress hormone production or inhibit hormone signalling to shrink 

the cancer before surgery or be used to prevent relapse after surgery (Cold et al., 2022, Liu et 

al., 2021). However, these treatments would not affect cancers that do not rely heavily on 

these hormones for their growth. 

1.2.2 Oncogenesis 

DNA damage occurs daily as a consequence of exposure to exogenous agents (ultraviolet 

light, asbestos, viral insertion), endogenous agents (reactive oxygen species (ROS), nitrogen 

oxygen species), and erroneous DNA synthesis (nucleotide misincorporations during 
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replication or repair) (Schumacher et al., 2021). However, despite the damage cell DNA is 

exposed to, DNA sequences have high replicative fidelity between cells and their daughter 

cells, and mutation is rare because of the extensive mechanisms of protection in place. The 

mechanisms prevent DNA damage, prevent DNA alteration, repair DNA damage, and maintain 

conservation during replication, and if the DNA damage is deemed irreparable, cells will 

undergo apoptosis. However, in rare cases, these protection mechanisms fail, and cells with 

a mutation can continue to grow and proliferate, passing the mutation on to their daughter 

cells. These mutations can be benign and not affect the cell phenotype or function, known as 

carrier mutations. However, mutations known as driver mutations make the cells more prone 

to developing into cancerous cells (Mack et al., 2020).  

There is no single mutation or series of mutations that cause cancer; even within the same 

type of cancer, the progression of mutations varies, as they are non-communicable diseases 

that occur due to random mutations. During progression towards cancer, a healthy cell 

acquires chance or inherited genetic mutations that induce genomic instability and mutation 

through genetic mutations that negatively impact the efficacy of the cell's DNA repair 

machinery. When a cell's DNA repair machinery is damaged, the cell and its daughter cells 

enter an evolution-like process. These cells acquire random genetic mutations at an increased 

rate and undergo natural selection to determine which mutations survive. The tumour 

protein 53 gene, which encodes the p53 protein that inhibits the cell cycle to enable DNA 

repair and apoptosis of cells with DNA damage, is commonly mutated in many cancers (Olivier 

et al., 2010, Grob et al., 2022). The breast cancer gene 1 (BRCA1) and BRCA2 genes help repair 

DNA by arresting the cell cycle, and the inheritance of mutations in these genes is well 

described as leading to increased rates of breast cancer and prostate cancer in populations 

with these mutations (Yarden et al., 2002, Andreassen et al., 2021). 
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The progression of normal cells to cancerous cells is a heterogeneous multistep process of 

genetic mutations that provide the cells with several universal characteristics they require to 

be cancerous. These characteristics, known as the "Hallmarks of cancer", were first compiled 

by Hanahan and Weinburg (Hanahan and Weinberg, 2000). They were a list of 6 traits that 

most, if not all, cancers acquire during development. Hanahan and Weinburg expanded this 

to 10 hallmarks in 2011 (Hanahan and Weinberg, 2011). These hallmarks are sustaining 

proliferative signalling, evading growth suppressors, activating invasion and metastasis, 

enabling replicative immortality, inducing angiogenesis, resisting cell death, avoiding immune 

destruction, deregulating cellular energetics, genome instability and mutation, and tumour-

promoting inflammation. Together, these characteristics enable uncontrolled replication and 

the evasion or inhibition of all processes that would suppress that replication. 

1.2.3 Elimination equilibrium escape 

Despite cells that have the potential to become cancerous cells being generated in the body 

regularly, the immune system recognises them as abnormal cells and eliminates them before 

they become cancer. The immune system's role in cancer clearance has been apparent from 

early reports of spontaneous cancer clearance in patients with bacterial infections (McCarthy, 

2006, Ottaiano et al., 2021). However, the immune system's mechanisms to eliminate 

cancerous cells are not always effective. Consequently, these cells may either develop an 

equilibrium with the immune system or manage to escape it entirely and develop into cancer 

(Dunn et al., 2004). Benign tumours are cancerous cells that develop an equilibrium with the 

immune system so the cancer cannot expand or metastasise, but the immune system cannot 

eliminate the cancerous cells.   
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1.2.4 Development of the tumour microenvironment 

During the growth of cancer, a tumour microenvironment develops. The tumour 

microenvironment consists of stromal cells, endothelial cells, extracellular matrix, cytokines 

and immune cells. During cancer development, tumours become either "hot" or "cold" 

tumours. This label of hot or cold refers to the presence of immune cells in the tumour; a 

tumour with many immune cells is "hot", whereas tumours without immune cell infiltration 

are called "cold" tumours (Newman et al., 2020). The presence of the immune system in 

tumours, such as tertiary lymphoid structures (hubs of immune cell interactions formed at 

sites of persistent inflammation), correlates with improved patient outcomes (Zhao et al., 

2021). However, immune cell presence is not always an indicator of improved outcomes, as 

high regulatory T-cell populations in the tumour microenvironment correlate with a poor 

prognosis (Bergsland et al., 2022).  

Many factors generated by tumour cells lead to the development of the tumour 

microenvironment. Tumour endothelial cells (TECs) are endothelial cells that encourage 

angiogenesis in the tumour microenvironment in response to the tumour cells inducing 

hypoxia (Kondoh et al., 2013, Mao et al., 2019). Hypoxia causes T-cell dysfunction and 

exhaustion (Liu et al., 2020, Bannoud et al., 2021). TECs can alter the type of immune cells 

entering the tumour microenvironment, favouring regulatory T-cell infiltration compared to 

activated CD8+ T-cells by increasing cell adhesion molecule production, such as endothelial 

adhesion molecule and cell barrier molecule. These cell adhesion molecules can also inhibit 

the function of activated T-cells that have infiltrated into the tumour microenvironment 

(Markel et al., 2006, Chae et al., 2018).  

The TME interactions with fibroblasts, connective tissue cells that support and connect tissue 

within the body, cause them to alter their function to support cancer survival, resulting in 
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fibroblast differentiation into cancer-associated fibroblasts (CAF) (Mayer et al., 2023). In 

ovarian cancer, the cancer cells produce TGF-β, which causes CAF to secrete cytokines that 

promote glycolysis in cancer cells  (Curtis et al., 2019). 

The extracellular matrix (ECM) is material secreted by cells that provides structural support 

to cells. It is well-documented in cancer that the ECM is dysregulated and poorly structured, 

enabling a cancer-supporting niche that increases tumour cell survival signalling and 

migration into the vascular system (Paszek et al., 2014, Han et al., 2016, Cheung et al., 2024). 

The production of a high-density extracellular matrix can limit immune cell migration into the 

cancer cell sites and reduce immune cell proliferation (Kuczek et al., 2019). CAF modulate the 

ECM composition, resulting in poorer prognosis, such as the production of lysyl oxidase 

enzyme by CAF in gastric and breast cancer that crosslinks collagen I—the increase of collagen 

I by CAF results in increased metastasis and poorer prognosis (Li et al., 2019, Ramos et al., 

2022). CAF secrete matrix metalloproteinase-9 that degrades elastin, collagens and the 

chemokines that attract T helper cells (Taguchi et al., 2014, Denney et al., 2009). 

Immunosuppressive cytokines such as IL-10 and TGF-β are produced by cancer-associated 

fibroblasts, and regulatory T-cells (Jarnicki et al., 2006, Takahashi et al., 2017). TGF-β can 

convert naïve T-cells into induced Treg, prevent DC recirculation into lymph nodes by 

downregulating C-C motif chemokine 7 (CCR7) on DC, and convert fibroblasts into CAF (Yoon 

et al., 2021).  

IL-35 is an immunosuppressive cytokine that is produced by Tregs and cancer cells that is 

upregulated in the tumour microenvironment, suppresses T-cell proliferation, and promotes 

Treg function (Collison et al., 2007, Sullivan et al., 2020, Ren et al., 2023). IL-35 promotes 

tumour metastasis (Huang et al., 2017, He et al., 2021).  



34 
 

1.2.5 Metabolic switch and nutrition depletion 

Cancers alter their metabolism, switching from oxidative phosphorylation to glycolysis to 

provide enough energy, substrates, and nutrients to sustain their excessive levels of 

proliferation. This altered metabolic state was defined as deregulating cellular energetics by 

the hallmarks of cancer, as stated by Hanahan and Weinberg 2011 (Hanahan and Weinberg, 

2011). Although glycolysis has a lower glucose-to- Adenosine triphosphate (ATP) efficiency 

rate, cancer cells often switch to glycolysis and instead upregulate glucose transporters such 

as glucose transporter 1 (GLUT1) and sodium-glucose co-transporter-2, to increase glucose 

uptake to compensate for the lower efficiency (Zambrano et al., 2019, Zhou et al., 2020a). 

The increased glucose uptake by cancer cells restricts glucose availability to T-cells, which is 

essential to effector T-cell proliferation, ultimately leading to reduced effector T-cell 

proliferation and cytokine production (Chang et al., 2013, Fu et al., 2023).  

This metabolic switch also alters the availability of certain amino acids in the tumour 

microenvironment. Many cancers increase arginine uptake by increasing arginine transporter 

cationic amino acid transporter 1, which promotes cancer cell proliferation and survival (Lu 

et al., 2013, Werner et al., 2019, You et al., 2022). Cancers also upregulate arginine enzymes, 

such as arginase II  (Arg2), which further depletes the microenvironment of arginine, resulting 

in the development of an immunosuppressive environment as immune cells rely on arginine 

for proliferation and survival (Mussai et al., 2015a, De Santo et al., 2018). 

Glutamine is another amino acid essential to many tumours proliferation and survival. 

Glutamine is the most abundant amino acid in blood and tissues. Usually, glutamine is used 

for oxidative phosphorylation. However, in cancers, glutamine is used to produce glutathione 

and nicotinamide adenine dinucleotide phosphate, all of which are used to protect against 

ROS (Gregory et al., 2019). Glutamine ROS clearance capabilities are important as cancer cells' 
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constant proliferation causes increased ROS production. Glutamine is also used to generate 

asparagine, which is used for the biosynthesis of nucleotides (Krall et al., 2016, Nilsson et al., 

2020). Therefore, without glutamine, cancer cells cannot proliferate (Gwangwa et al., 2019). 
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1.3 Immunotherapies 
Immunotherapies have generated considerable interest in the research community as they 

promote the patient's immune system to recognise and eliminate cancer. These can be potent 

tools, but each type of immunotherapy has complications that must be acknowledged.  

1.3.1 Immune checkpoint inhibitor therapy 

Immune checkpoint inhibitor therapies, such as anti-PD-1, anti-CTLA-4 and anti-LAG3 

therapies, block the T-cell surface receptors involved in immunosuppressive signalling. 

Blocking these receptors prevents the tumour microenvironment from inhibiting T-cell 

function, restoring T-cell function.  

These therapies have shown great success, and combinations of immune checkpoint 

therapies have been approved by the Food and Drug Administration (FDA) for multiple 

cancers and have become part of first-line therapies for several cancers (Lu et al., 2022). 

Nivolumab (anti-PD1) and Ipilimumab (anti-CTLA-4) were approved for use in metastatic 

melanoma in 2015, renal clear cell carcinoma and colorectal cancer in 2018, hepatocellular 

carcinoma, non-small cell lung cancer (NSCLC), and urothelial mesothelioma in 2020 (Lu et al., 

2022). These treatments have excellent response rates; in renal cancer, the use of Nivolumab 

and Ipilimumab have a 75% higher overall survival than Sunitinib (the previous first-line 

treatment for renal cancer) (Motzer et al., 2018, Kooshkaki et al., 2020).  

Anti-LAG3 immunotherapy, Relatlimab, became the first anti-LAG3 therapy to be FDA-

approved for metastatic melanoma and is in further clinical trials to be used in NSCLC 

(NCT01968109) (Chocarro et al., 2022). Several anti-LAG3 therapies are currently in clinical 

trials for various cancers, as LAG3 is a promising candidate for becoming an immune 

checkpoint inhibitor (NCT03489369, NCT02658981). 
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1.3.2 Cytokines 

Cytokines are crucial to directing immune cell responses and can promote anti-tumour 

activity; therefore, the modulation of cytokine availability as immunotherapies has been 

researched. The FDA has approved two cytokine therapies: IL-2 and Interferon-α (Berraondo 

et al., 2019). IL-2 was approved by the FDA in 1998 and can be used to treat renal carcinoma 

and metastatic melanoma (Atkins et al., 1999, Fyfe et al., 1995). IFN-α was approved for use 

in 2011 and approved for the treatment of hairy cell leukaemia, renal cell cancer, follicular 

non-Hodgkin lymphoma, Kaposi’s sarcoma and melanoma (Herndon et al., 2012). These 

therapies are used in conjunction with other therapies, such as chemotherapy. 

1.3.3 Cancer vaccines 

There are three types of cancer vaccines: pre-defined antigen, ex vivo anonymous antigen 

and in situ anonymous antigen vaccines (Lin et al., 2022). In ex vivo anonymous antigen 

vaccines, cancerous tissue is extracted and loaded into patient APCs to be injected back into 

the patient. In in-situ cancer vaccines, the cancer is induced to release antigens through 

immunogenic cell death, leading to APC recruitment and activation. In pre-defined antigen 

vaccines, antigens are pre-selected and determined by cancer-specific mutations; these can 

be antigens shared across many patients or antigens specific to one patient. The cancer 

vaccines developed so far have been shown to typically have a favourable safety profile (Chia 

et al., 2012, Fritah et al., 2022). However, the cancer vaccine's efficacy in activating a 

meaningful immune response against their target cancers without triggering an autoimmune 

response is currently under further development (Hollingsworth and Jansen, 2019). 

1.3.4 TIL therapy 

Adoptive T-cell therapy involves the isolation of the patient's tumour infiltrating T-cells (TIL), 

expanding the TIL, and injecting TIL back into the patient. This type of treatment has had some 

positive results in tumours with TIL present, and there are many TIL therapies in clinical trials 
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against a variety of solid tumours (NCT01993719, NCT05087745, NCT05098197, 

NCT06084299) (Stevanovic et al., 2015, van den Berg et al., 2020). The TIL isolated from the 

tumour have T-cells of multiple TCRs, reducing the risk of antigen escape and lowering 

toxicities due to them being isolated from the patient's cells. However, TIL therapy is 

unsuitable for many patients as the amount of TIL present in cancers is highly variable. 

Moreover, the patient's cancer may not be suitable for the surgery necessary to isolate the 

TIL due to the patient's health or cancer location, and the expansion of TIL can be a complex 

process without guarantee of success (Zhao et al., 2022b). TIL therapy can be combined with 

other immunotherapies to enhance the TIL anti-tumour activity, such as the combination of 

TIL with anti-PD-1 to prevent TIL exhaustion or the addition of IL-12 with TIL therapy to 

enhance cytotoxicity (Hall et al., 2022, Jones et al., 2022). 

1.3.5 Therapies targeting amino acid depletion in cancer 

One method to target cancers is to disrupt the cancer metabolism. Cancers are dependent on 

external sources of amino acids for survival as their altered metabolism can result in cancers 

being unable to synthesise non-essential amino acids.  

One example of altered cancer metabolism that is targetable for therapies is the upregulation 

of amino acid transporters to increase amino acid uptake. Large neutral amino acid 

transporter 1 (LAT1), also known as SL7A5, is a transporter for many amino acids, including 

tryptophan, tyrosine, phenylalanine, methionine, valine, and isoleucine. LAT1 is upregulated 

in many cancers as cancers need high amino acid uptake to maintain their high rates of 

proliferation and have been linked to a poorer prognosis, such as in renal cell carcinoma, 

adenocarcinoma, and colorectal cancer (Higuchi et al., 2019, Shibasaki et al., 2023, 

Yanagisawa et al., 2014). JPH203 and SKN103 are LAT1 inhibitors. SKN103 has been shown to 

reduce cancer cell line growth in in vitro models (Kongpracha et al., 2017). JPH203 has been 
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shown to reduce cancer growth in solid cancer murine models with high LAT1 expression and 

biliary tract cancer patients had a 60% response rate (Hafliger et al., 2018, Okano et al., 2020). 

Another example is asparaginase, an enzyme that depletes the non-essential amino acids 

asparagine and glutamine. Many cancers depend heavily on asparagine and glutamine 

metabolism for survival as a nitrogen source for nucleic acid synthesis and regulation of 

cellular redox (Altman et al., 2016, Xu et al., 2022b, Krall et al., 2021). Asparaginase derived 

from Erwinia Chrysanthemi bacteria is FDA-approved for acute lymphoblastic leukaemia and 

has shown positive responses in patients with acute myeloid leukaemia (AML) (Keating, 2013, 

Emadi et al., 2018b).  
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1.4 CAR T-cells 

1.4.1 CAR T-cells  

Chimeric antigen receptor (CAR) T-cells are a personalised immunotherapy that involves 

isolating patient T-cells, genetically modifying them to target the patient's cancer and then 

re-introducing those T-cells into the patient. The CAR is a TCR-like receptor designed to allow 

T-cells to recognise the cancer and lead to anti-tumour T-cell activity. The CAR typically 

comprises four regions: a single chain variable fragment (scFv), a hinge region, a 

transmembrane domain, and an intracellular signalling domain (Yoo and Harapan, 2021). The 

scFv is comprised of heavy and light chain variable regions that recognise the cancer antigens. 

The hinge region provides flexibility, increasing interactions between CAR T-cells and their 

targets. The transmembrane domain anchors the receptor into the plasma membrane and 

transports signalling from the scFv to the intracellular signalling domain. The intracellular 

signalling domain comprises the CD3ζ, which triggers the signalling cascade that activates the 

CAR T-cell (Salter et al., 2018). As the CAR technology has been improving since its initial 

development in the 1980s, additional components have been added, such as costimulatory 

domains Tumour Necrosis Factor ligand superfamily member 9 (4-1BB),  Tumour Necrosis 

Factor Receptor Superfamily Member 4 (OX-40), CD27 and CD28, to provide improved 

responses (Gross et al., 1989, Kuwana et al., 1987). CAR T-cells with CD28 have been shown 

to have a higher proliferative response to target cells, whereas CAR T-cells with the addition 

of 4-1BB have increased persistence (Ying et al., 2019). The design of the CAR molecule is 

crucial not only to the recognition of the cancer by the T-cells but also to the efficacy of the 

CAR T-cells' response to the cancer, such as mitigating T-cell exhaustion (Gumber and Wang, 

2022).  
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The hypothesis behind this treatment is not only that it could provide a targeted treatment 

to eliminate cancers but also that as they are made of the host's immune system, the CAR T-

cells have the ability to provide long-term surveillance to prevent relapse.  

1.4.2 CAR T-cell successes 

CAR T-cells have succeeded in treating B-cell malignancies such as diffuse large B-cell 

lymphoma and acute lymphoblastic leukaemia and were approved as a treatment by the FDA 

in 2017 (Schuster et al., 2017). In the UK, the National Institute for Health and Clinical 

Excellence (NICE) has approved three CAR T-cell therapies for third-line use, two in primary 

mediastinal B-cell lymphoma and one in diffuse large B-cell lymphoma (Wilkinson, 2023). In 

the US, 6 CAR T-cell treatments are approved by the FDA: 4 targeting CD19 and 2 targeting 

the B-cell maturation antigen (Chen et al., 2023). These treatments have provided effective 

therapy to patients who have exhausted other treatment possibilities, with overall 5-year 

survival rates of 86% being reported (Srour et al., 2020). These results vastly improved on the 

previous survival rates for acute lymphoblastic leukaemia, which had a 5-year survival rate of 

40% (Anagnostou et al., 2020). 

1.4.3 CAR T-cell failures 

However, despite these promising results and considerable amounts of research being 

undertaken across a wide range of cancers, there have yet to be further CAR treatments 

approved outside of haematological malignancies. The tumour microenvironment is one 

barrier to achieving these results that is currently being investigated (Rafiq et al., 2020). The 

tumour microenvironment and repeated antigen exposure prevent the host's immune system 

from effectively eliminating the cancer and pose significant obstacles to CAR T-cell anti-

tumour activity, exhaustion, and persistence (Kong et al., 2023).   
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CAR T-cells have high rates of associated toxicities affecting patients' tolerances to this 

treatment, such as anaemia, nausea, hypotension, headache, vomiting, diarrhoea, tremor, 

neutropenia, tachycardia, encephalopathy, thrombocytopenia, cytokine release syndrome 

(CRS) and immune effector cell-associated neurotoxicity syndrome (ICANS) (Locke et al., 

2019). The most serious of these CAR T-cell-associated toxicities are CRS and ICANS. CRS is a 

systemic inflammatory response that increases IL-6, IL-10 and Interferon-Gamma (IFN-γ) 

serum levels. CRS symptoms can be varied, ranging from fever, fatigue, and nausea to organ 

failure, seizures, and acute heart failure (Shimabukuro-Vornhagen et al., 2018). CRS occurs in 

many CAR T-cell therapy patients between hours and up to 14 days after infusion (Jain et al., 

2023, Porter et al., 2015). ICANS is an inflammatory response that increases inflammatory 

cytokines such as IL-6 and IL-8 in the blood-cerebrospinal fluid (Santomasso et al., 2018). 

Symptoms can include attention deficits, language deficits, impaired levels of consciousness, 

and seizures (Sterner and Sterner, 2022). These toxicities have inhibited the progress of CAR 

T-cell use by preventing higher therapeutic dosages, as a higher disease burden is linked with 

the severity of toxicities. An extensive release of cytokines causes cytokine release syndrome, 

resulting in fatigue, fever, diarrhoea, headache, myalgia, hypotension, cardiac dysfunction, 

organ failure, and progression to death.  

1.4.4 Considerations during CAR T-cell design 

Current limitations of CAR T-cells that must be considered during CAR T-cell design are antigen 

escape, on-target off-tumour effects, CAR T-cell trafficking, CAR T-cell tumour infiltration, 

survival and function in the tumour immunosuppressive microenvironment, and CAR T-cell-

associated toxicities (Sterner and Sterner, 2021, Wei et al., 2019).  

The target antigens used for CAR T-cell targets must have sufficient coverage across the 

cancerous cells, which can be difficult as cancers are often very heterogeneous. The target 
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antigen must also be highly specific, only being expressed on the cancer cells so that the CAR 

T-cells do not kill healthy, non-cancerous cells that just happen to express that antigen. The 

homogenous expression of an antigen exclusively found on cancer cells can be problematic 

since cancer cells originate from host tissues, so compromises must often be made. CD19 is 

the antigen used to target B-cell malignancies with great success, but CD19 is also a marker 

expressed on all B-cells; consequently, anti-CD19 CAR T-cell therapy results in long-term B-

cell aplasia (Kochenderfer et al., 2010, Gabelli et al., 2024). This B-cell aplasia causes 

hypogammaglobulinemia and agammaglobulinemia, causing increased infection risk in these 

patients. However, this is considered an acceptable risk, and the use of subcutaneous 

immunoglobulin replacement has been shown to reduce the infection risk of these patients 

(Arnold et al., 2020).  

Target antigen expression must be stable to ensure target antigen downregulation does not 

render CAR T-cell treatment ineffective. After treatment with anti-CD19 CAR T-cells, 30-60% 

of patients relapse, and 10-20% of relapsed patients are CD19 negative (Xu et al., 2019). These 

patients have CD19 antigen loss through loss-of-function mutations within the CD19 exons, 

preventing persisting anti-CD19 CAR T-cells from eliminating the cancerous cells (Orlando et 

al., 2018). Multi-antigen-target CAR T-cells or treatment using multiple types of CAR T-cells 

have been proposed to avoid antigen escape. However, these multi-antigen-target CAR T-cells 

are limited by on-target off-tumour responses; finding a singular suitable target can be 

difficult for many cancers (Han et al., 2019).  

The tumour microenvironment inhibits CAR T-cell trafficking, infiltration, survival and 

function. To overcome a lack of CAR T-cell trafficking and infiltration into a tumour, some 

researchers have injected the CAR T-cells intratumorally to bypass CAR T-cell trafficking and 
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tumour infiltration with success in both safety and anti-tumour activity (NCT01837602) 

(Tchou et al., 2017).  

1.4.5 CAR T-cell safety  

Safety measures have been designed into CAR T-cells to protect patients against CAR T-cell 

therapy-related toxicities. The first safety measure in CAR T-cell design is choosing an 

appropriate antigen to prevent off-tumour responses or to anticipate and manage any off-

tumour immune responses that would occur. Another hypothesis to limit on-target off-

tumour responses currently showing promising results in pre-clinical research is altering the 

CAR T-cell binding affinity to the target antigen. This affinity-tuning of the CAR for its antigen 

limits CAR T-cell activation against low-level physiological antigen expression in healthy cells 

but enables activation against high antigen-expressing cancer cells (Liu et al., 2015, Vander 

Mause et al., 2023). 

A vast improvement in the safety of CAR T-cell products is the insertion of safety switches. 

Safety switches currently have three varieties: suicide, activation, and inhibition switches, 

which can modulate CAR T-cell death, CAR T-cell activation, and CAR expression (Yu et al., 

2019, Moghanloo et al., 2021). The safety switches that have been sufficiently researched for 

clinical trials are mainly suicide switches. 

A suicide switch, called inducible caspase-9, has been successfully used in adoptive cell 

therapies previously in haploidentical stem-cell transplants; patients expressing graft versus 

host disease (GVHD) received the caspase-9 activating molecule AP1903, reversing GVHD as 

90% of the transplanted T-cells were removed within 30 minutes (Di Stasi et al., 2011). 

Inducible caspase-9 has been used in CAR T-cell constructs in clinical trials, successfully 

eliminating CAR T-cells when necessary (Yu et al., 2022, Del Bufalo et al., 2023).  
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Cells expressing herpes simplex virus thymidine kinase (HSV-tk) will convert the non-toxic pro-

drug ganciclovir into toxic competitive inhibitors of DNA polymerase, causing inhibition of 

DNA synthesis leading to cell death (Chen et al., 2014). Insertion of HSV-tk into CAR T-cells 

allows CAR T-cell elimination upon exposure to ganciclovir in a dose-dependent manner 

(Casucci et al., 2018). However, clinical trials using this switch in CAR T-cells have yet to be 

completed (NCT04097301). 

Other possible safety measures include those used to counteract or manage the side effects 

of CAR T-cell therapy. Immunosuppressive treatments such as corticosteroids and 

Tocilizumab can be used to manage CAR T-cell-induced CRS and ICANS (Jain et al., 2023). The 

pre-emptive use of Tocilizumab has been proven to reduce the onset and severity of CRS and 

ICANS (Caimi et al., 2021).  
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1.5 CAR T-cells future 

1.5.1 Autologous vs Allogeneic CAR T-cells  

Currently, autologous CAR T-cells are the only FDA-approved CAR T-cell products available. 

The prevailing consensus was that the risk of an autologous CAR T-cell product would be lower 

than that of an equivalent allogeneic product. Autologous CAR T-cells are derived from the 

patient's cells, therefore resulting in a lower risk of GVHD (Zhang et al., 2023c). However, 

autologous CAR T-cells are subject to lengthy manufacturing times before the patient receives 

treatment, and the T-cell fitness may not be optimal (Watanabe et al., 2022). Conversely, 

allogeneic CAR T-cells are derived from a healthy third party, providing T-cells with increased 

fitness and reduced patient waiting times. Despite these positives, these allogeneic CAR T-

cells have a higher risk of donor rejection.   

Allogeneic CAR T-cells are currently mostly in early development in clinical trials. However, 

some surprisingly positive preliminary results have shown higher efficacy of allogeneic CAR T-

cells than autologous CAR T-cells without increasing the toxicity profile. This indicates there 

is potential that patients may tolerate this therapy better than autologous CAR T-cells (Zhang 

et al., 2023c, Bader, 2023, Martinez Bedoya et al., 2021, Shahzad et al., 2021, Hu et al., 2024).  

1.5.2 Addressing CAR T-cells in the tumour microenvironment 

“Armoured” CAR T-cells has been a name given to CAR T-cells with additional proteins, 

antibodies, or cytokine expression alongside their CAR molecule to protect the CAR T-cells 

from the immunosuppressive effects of the tumour microenvironment (Hawkins et al., 2021).  

Inducing CAR T-cell co-expression of pro-inflammatory cytokines is a compelling hypothesis 

as they have the possibility to not only increase CAR T-cell efficacy but also stimulate 

surrounding immune cells.  
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One example of this is using IL-12 in combination with CAR T-cells. IL-12 is a pro-inflammatory 

cytokine that binds to the IL-12 receptor, which activates signal transducer and activator of 

transcription (STAT4),  promoting naïve T-cell differentiation into pro-inflammatory T helper 

cells (Sun et al., 2015). CAR T-cells with cell surface tethered IL-12 expression have been 

shown to have the potential to increase T-cell anti-tumour responses without systemic 

toxicities (Jones et al., 2022). 

One example of CAR T-cell design to tackle CAR T-cell exhaustion is CAR T-cells that excrete 

an anti-PD-1 ligand antibody to inhibit exhaustion signalling through PD-1 on CAR T-cells. 

These anti-PD-1 excreting CAR T-cells have been shown to have reduced exhaustion rates and 

increased tumour clearance in mouse models (Suarez et al., 2016). 
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1.6 Acute myeloid leukaemia 

1.6.1 Introduction to AML 

AML is a name given to a group of heterogeneous leukaemia’s that stem from malignancies 

of myeloid lineage stem cells. AML cases often present as genetic evolutions of pre-existing 

myeloproliferative or myelodysplastic neoplasms, which carry a risk of progressing into AML 

(Jain et al., 2024). The difference between these diseases has been defined by the percentage 

of abnormal myeloid cells, known as blasts, in their bone marrow and peripheral blood (Estey 

et al., 2022). The classification of AML was most recently updated by the World Health 

Organisation (WHO) to define patients with above 10% of blasts with recurrent genetic 

abnormalities in their blood or bone marrow. This cut-off is 20% when the AML has a fusion 

mutation of BCR: ABL1 to prevent overlapping diagnosis criteria with chronic myeloid 

leukaemia (Huber et al., 2023).  

AML's primary peak of incidence is above 65 years of age. However, AML also has a small peak 

incidence in 0-4 years of age (Deschler and Lubbert, 2006, Schraw et al., 2022). AML has 

increased incidence in correlation to inherited genetic abnormalities that affect the bone 

marrow, such as Fanconi anaemia (Alter, 2014) and Shwachman-Diamond syndrome (Myers 

et al., 2020). Increased AML incidence is correlated with many environmental factors, such as 

cigarette smoking, maternal alcohol consumption, radiation exposure, asbestos exposure, 

and arsenic exposure (West et al., 2000, Shu et al., 1996, Kumar et al., 2023). Unfortunately, 

current treatments for many cancers, such as radiation and chemotherapy, have many side 

effects and can lead to increased cancer risk, as cells that already have inherited oncogenic 

mutations during treatment will undergo the positive selection for resistance to cancer cell 

treatments (Puglisi et al., 2020, Sun et al., 2022).   
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AML patients have impaired blood cell development, causing symptoms such as frequent 

infections, nausea, haemorrhage, swelling in limbs, weight loss, and fatigue, adversely 

affecting the patient's quality of life (De Kouchkovsky and Abdul-Hay, 2016, Chae et al., 2024).  

Patients with AML exhibit heterogeneous cytogenetic mutations that can be classified into 

favourable, intermediate, and adverse prognostic groups. These groups have a 5-year survival 

rate of 64%, 42%, and 20%, respectively (Herold et al., 2020). The incidence of AML is currently 

increasing, which has been attributed to multiple factors such as chemotherapy and radiation 

therapy use that, as described earlier, can induce relapse (Dong et al., 2020b). An example of 

a favourable prognostic factor is an AML the chromosomal translocation, t(8;21)(q22;q22). 

This fusion inhibits the function of the runt-related transcription factor 1 from binding to DNA, 

which regulates osteoblast proliferation and differentiation. This translocation results in a 

more favourable treatment response and prognosis compared to other translocations 

associated with AML (Christen et al., 2019, Tang et al., 2020). An example of an adverse 

prognostic factor is AML containing t(6;9)(p23;q34) chromosomal mutation, a rare mutation 

resulting in a fusion of DEK and NUP214 proteins known to alter DNA coiling associated with 

genes involved with DNA damage responses and proliferation. This mutation leads to poor 

response to chemotherapy, resulting in an adverse prognosis for the patient (Diaz-Beya et al., 

2020, Kayser et al., 2020). 

1.6.2 The immunosuppressive microenvironment of AML 

The bone marrow is a specialised niche enabling blood cell formation, protecting 

hematopoietic stem cells from overstimulation and the trafficking of cells into the 

bloodstream (Frobel et al., 2021, Heil et al., 2021). Therefore, to maintain these roles, the 

bone marrow niche requires an intricate series of interactions between the extracellular 
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matrix, hematopoietic cells, blood vessel endothelial cells, mesenchymal cells, progenitor 

cells and sinusoids (Dolgalev and Tikhonova, 2021, Tikhonova et al., 2019).  

AML disrupts this bone marrow niche and exploits it to develop the AML tumour 

microenvironment that inhibits immune responses and the success of treatments. The 

components of and how to target the AML tumour microenvironment are under scrutiny to 

develop new and improve AML treatment options (Hino et al., 2022, Menter and Tzankov, 

2022, Tettamanti et al., 2022, Bakhtiyari et al., 2023). 

AML disrupts the bone marrow niche by altering the AML blasts interactions with the 

surrounding cells, creating an immunosuppressive environment (Ayyadurai et al., 2022).  

AML upregulates the excretion of oncoprotein Mucin 1, which promotes the expansion of 

myeloid-derived suppressor cells (MDSC), which supress the immune response (Pyzer et al., 

2017, Fultang et al., 2019).  

AML cells target other immune cells more directly through overexpression of CD47, which 

inhibits macrophage phagocytosis and prevents immune presentation of cancer cell proteins 

to the adaptive immune system (Wang et al., 2021a). CD47 overexpression is associated with 

a poorer prognosis in AML (Majeti et al., 2009, Pan et al., 2022).  

One mechanism AML uses to suppress the T-cell immune response is through the promotion 

of T-cells immune checkpoint markers that cause T-cell exhaustion, inhibiting the T-cell anti-

cancer responses. In the presence of AML, T-cells upregulate  immune checkpoint molecules 

such as PD-1, LAG3 and CTLA-4, which inhibit T-cell function (Chen et al., 2020, Radwan et al., 

2020). These immune checkpoint markers' expression is associated with reduced overall 

survival in AML (Chen et al., 2020, Radwan et al., 2020).  
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To further suppress the T-cell immune response, AML cells recruit regulatory T-cells through 

C-X-C chemokine receptor 4 (CXCR4) expression (Wan et al., 2020). AML further increase 

regulatory T-cell presence in the AML niche by promoting the differentiation of T-cells into 

regulatory T-cells through the upregulation of ligands such as inducible T-cell costimulatory 

ligand expression (ICOSL) and PD-L1, which promote Forkhead box protein 3 (FoxP3) 

expression through altering the phosphoinositide 3-kinase-Akt pathway (Wan et al., 2020, 

Han et al., 2018, Dong et al., 2020a). AML patients have higher plasma concentrations of the 

immunosuppressive cytokine IL-10, which promotes T-cell differentiation into regulatory T-

cells (Wu et al., 2012, Stevens et al., 2023). Regulatory T-cells in AML predict a poor prognosis 

(Zhao et al., 2020, Bruck et al., 2020).  

One major contributor to the immunosuppressive abilities of the AML tumour 

microenvironment is the relationship of AML cells with bone marrow mesenchymal stromal 

cells (BM-MSC). AML-derived BM-MSCs have the ability to inhibit immune cell proliferation 

and immune cell secretion of pro-inflammatory cytokines (Towers et al., 2024). BM-MSCs 

induce resistance against chemotherapy, reducing apoptosis in response to chemotherapy by 

transferring their mitochondria to AML cells (Saito et al., 2021). AML-derived BM-MSC release 

higher levels of IL-10, which promotes T-cell differentiation to Treg as described earlier (Diaz 

de la Guardia et al., 2017).  

Another way that AML inhibits treatment efficacy is by developing resistence to the 

treatment. One example of this is, AML down-regulating human leukocyte antigens (HLA) 

expression after hematopoietic cell transplant (Jan et al., 2019, Toffalori et al., 2019). 

Hematopoietic cell transplant relies on injecting donor immune system cells into the patient 

to identify and kill the cancer. However, HLA encodes the MHC genes required for immune 
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cells' ability to detect the cancer cells. Therefore, loss of HLA hides the AML cells from the 

immune systems survaliance rendering further HCT treatments ineffective. 

 

1.6.3 Metabolism in the AML microenvironment 

One component of tumours and their microenvironment that is an expanding area of interest 

is understanding amino acid metabolic vulnerabilities developed in tumours during their 

conversion from healthy cells to malignancy, which has been valuable in the development of 

new therapies (Fultang et al., 2021). AML is well known to reprogram their metabolism to 

enable their excessive growth. Treatments targeting the mechanisms that cancers use to 

acquire the nutrients they need have been shown to reduce the burden of the cancer (Folger 

et al., 2011, Gregory et al., 2019, Pardieu et al., 2022, Hafliger et al., 2018). Examples include 

treatments that target cancers uptake of amino acids.  

AML depends on the uptake of the essential amino acid methionine for survival and cell 

proliferation, leading to methionine depletion in patient plasma (Muscaritoli et al., 1999, 

Cunningham et al., 2022). AML upregulates S-adenosyl-methionine production, a methionine 

derivative catalysed by the isoenzymes methionine adenosyl transferase family. The 

importance of methionine to AML has become a target of several therapies, such as 

Pinometostat (EPZ-5676), which is a competitive small molecule inhibitor for a methionine 

derivative s-adenyl-methionine (Stein et al., 2018, Lonetti et al., 2020). S-adenyl-methionine 

binds to H3 lysine-9 methylation, a methyltransferase that controls the gene transcription 

required for leukemic fusion genes. Patients tolerate Pinometostat well, but clinical results 

have not shown a meaningful response in cancer clearance (Stein et al., 2018). 

AML proliferation is dependent on the uptake of amino acid arginine (Mussai et al., 2015a, 

Cunningham et al., 2022). AML blasts are reliant on extracellular arginine uptake to maintain 



53 
 

this dependence. The use of therapeutics to take advantage of this, such as BCT-100, a 

pegylated human recombinant arginase to deplete extracellular arginine, inhibits AML blast 

proliferation (Mussai et al., 2023, Fenwick et al., 2024).  

1.6.4 The importance of tryptophan and cytsine in AML 

Tryptophan uptake and metabolism have been identified as potential targets because 

tryptophan is essential to many tumours (Fultang et al., 2021).  Cancers convert tryptophan 

into kynurenine, which promotes T-cell differentiation into regulatory T-cells and deprives T-

cells of tryptophan (Curti et al., 2007, Brincks et al., 2020, Bracho-Sanchez et al., 2019). 

Tryptophan metabolism also creates a tryptophan-starved environment, leading to amino 

acid starvation signals and increasing T-cell apoptosis (Fallarino et al., 2002, Lee et al., 2002, 

Siska et al., 2021). Cancer cells can create a microenvironment that suppresses and eliminates 

effector T-cells, including CAR T-cells, through tryptophan metabolism (Arandi et al., 2018, 

Towers et al., 2024).  AML blasts increase their expression of indoleamine 2,3-dioxygenase 

(IDO), an immunomodulatory enzyme known to be a rate-limiting step of tryptophan 

metabolism into the kynurenine pathway (Wells et al., 2021). This depletion of the essential 

amino acid tryptophan and conversion into the kynurenine pathways downstream derivatives 

causes immunosuppressive effects on T-cells, resulting in a reduction in T-cell proliferation 

and generation of regulatory T-cells (Yang et al., 2022b, Wu and Zhu, 2021, Bracho-Sanchez 

et al., 2019). Expression of IDO and kynurenine levels are both well-documented to be 

correlated with a poorer prognosis (Hara et al., 2016, Mabuchi et al., 2016, Arandi et al., 2018, 

Kierdorf et al., 2022, Muller-Thomas et al., 2020). To target this, in vitro studies of IDO 

inhibitors such as Indoximod have shown increased effector T-cell proliferation and reduced 

regulatory T-cell generation (Brincks et al., 2020). Indoximod has been described as well 

tolerated by patients in combination with chemotherapy Cytarabine and Idarubicin but 
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further study of this combination in AML have yet to be published (NCT02835729) (Soliman 

et al., 2014, Emadi et al., 2018a).  

Cancers overexpress the cystine transporter SLC7A11, decreasing the availability of cystine in 

patient plasma (Zhao et al., 2018, Pardieu et al., 2022). Cystine is a non-essential amino acid 

but is essential for activated T-cell function as T-cells cannot synthesise cysteine, which is 

required for DNA and protein synthesis, rendering it vital for T-cell proliferation and survival 

(Edinger and Thompson, 2002, Garg et al., 2011, Han et al., 2024). Therefore, reduced cystine 

availability due to cancer cell uptake reduces T-cell function. AML upregulates xCT expression, 

an importer of cystine, the oxidised dimer of the semi-essential amino acid cysteine (Zhao et 

al., 2018, Pardieu et al., 2022). Cysteine is required even in leukemic stem cells (LSC), which 

are progenitor cells which AML can arise from, for their glutathione production, which in turn 

is required for their ATP production in AML (Jones et al., 2019, Cramer et al., 2017). Cystine 

depletion using cyst(e)inase has been shown to suppress tumour growth without off-target 

effects in murine models (Cramer et al., 2017). AML cancers’ uptake of cystine is so significant 

that AML patients have cystine depletion in their plasma (Zhou et al., 2020b). Inhibition of 

SLC7A11 by sulfasalazine induces AML cell death and augmented anti-leukaemia activity 

when used in combination with chemotherapy (Pardieu et al., 2022) 
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1.6.5 Current Treatment  

The current first-line treatment for AML with FLT3 mutations is a continuous infusion of 2 

chemotherapies: Cytarabine for 7-days and Daunorubin for 3-days (Dombret and Gardin, 

2016). Several clinical trials have been performed to assess the effectiveness of different 

dosages and add additional agents to this combination. This treatment has an overall survival 

below 50% (Lancet et al., 2021, Garg et al., 2020, Othus et al., 2023). 

1.6.6 CD33 in AML 

CD33 is a sialic acid-binding immunoglobulin-like lectin that is upregulated during the myeloid 

commitment of hematopoietic progenitors and remains expressed for their lifespan. 

Therefore, CD33 is expressed on all myeloid-derived cells; the only exception is granulocytes, 

which down-regulate their CD33 expression to low levels. CD33 is expressed in 80-90% of AML 

cases (Ehninger et al., 2014, Liu et al., 2022). This makes CD33 an ideal target for AML, as the 

FDA has already approved an anti-CD33 antibody bound to calicheamicin known as 

Gemtuzumab Ozogomicin used in combination with standard chemotherapies. Gemtuzumab 

Ozogomicin binds to CD33 positive cells, is internalised and then causes DNA damage leading 

to cell death (van Der Velden et al., 2001). Adding CD33 targeting treatment reduces patient 

relapse and improves overall survival (Swaminathan and Cortes, 2023).  

The ability of CD33 to be used as a target for AML treatments has been developed into an 

anti-CD33 CAR T-cell with successful anti-leukemic activity in patient-derived xenograft 

models (Qin et al., 2021). These treatments have been taken to phase 1 trial for both adult 

and paediatric AML (NCT03971799, NCT05672147, and NCT05984199). The clinical trial 

results show no dose-limiting toxicities but no meaningful anti-cancer activity at the first dose 

level (Tambaro et al., 2021).  
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There also has been interest in generating anti-CD33 CAR cells outside of T-cells. 

Developments in anti-CD33 CAR natural killer cells have demonstrated safety at phase 1 trial 

(NCT05008575) (Huang et al., 2023). 
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1.7 Aims and objectives of the thesis 
This thesis aims to improve anti-CD33 CAR T-cell therapies in AML and their anti-tumour 

function. Previous members of this laboratory have also designed CAR T-cells with increased 

expression of the arginase enzymes arginase I and arginase II, which increased CAR T-cells' 

proliferation and anti-tumour activity in the AML microenvironment (Panetti et al., 2023). As 

identified in the introduction, the amino acid depletion in the tumour microenvironment is 

crucial to T-cell function. However, currently there has been very few studies looking at the 

alteration to CAR T-cell design to aid amino acid uptake that could protect CAR T-cells from 

the amino acid depletion present in tumour microenvironments. Therefore, we hypothesised 

that improving amino acid uptake of crucial amino acids could improve CAR T-cell function in 

the tumour microenvironment.  

The amino acids we decided to target were cystine and tryptophan as these amino acids have 

been shown to be crucial to tumour survival and their depletion has been shown to 

significantly reduce T-cell function. AML is known to upregulate tryptophan degrading 

enzymes that produce immunosuppressive compounds (Wells et al., 2021). AML uses 

extracellular cystine uptake to prevent ROS accumulation and inhibit ferroptosis 

(Cunningham et al., 2024).  

How the availability of these amino acids affect T-cells function is discussed in more detail in 

chapter 3 but one example is that both tryptophan and cystine are required for mammalian 

target of rapamycin (mTOR) activity that is required for T-cell activation and the maintenance 

of the activated state (Ma et al., 2023b). To improve uptake of these amino acids by CAR T-

cells, we designed anti-CD33 CAR T-cells with increased amino acid transporters SLC7A5 or 

SLC7A11 expression. SLC7A11 imports cystine. SLC7A5 uptakes tryptophan as well as the 

amino acids methionine, histidine, leucine, and tyrosine. 
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2. Material and Methods 

2.1 Research Project Ethics 
The study received ethical approval from the Regional Ethics Committee. 

2.2 Media composition 
Table 1: Compositions of media 
Media Reagent Concentration Supplier 

 
 
 
R10% 

RPMI-1640 - Sigma 

Foetal Bovine Serum (FBS) 10% Sigma 

L-Glutamine 2mM Gibco 

Penicillin-streptomycin 100U/mL Gibco 

Sodium Pyruvate 1mM Gibco 

Hepes 5mM Gibco 

Non-essential amino acids 100X 1% Gibco 

 
 
 
Tryptophan 
free media 

RPMI1640 without L-Tryptophan - PAN Biotech 

Dialysed FBS 10% Gibco 

L-Glutamine 2mM Gibco 

Penicillin-streptomycin 100U/mL Gibco 

Sodium Pyruvate 1mM Gibco 

Hepes 5mM Gibco 

Non-essential amino acids 100X 1% Gibco 

β-mercaptoethanol 0.1% Gibco 

 
 
 
Cystine free 
media 

RPMI 1640 without L-Cystine - PAN Biotech 

Dialysed FBS 10% Gibco 

L-Glutamine 2mM Gibco 

Penicillin-streptomycin 100U/mL Gibco 

Sodium Pyruvate 1mM Gibco 

Hepes 5mM Gibco 

Non-essential amino acids 100X 1% Gibco 

Freezing 
Media 

FBS - Sigma 

Dimethyl Sulfoxide (DMSO) 10% Sigma 

Phoenix 
Ampho 
Medium 

Dulbecco's Modified Eagle Medium 
(DMEM) 

- Sigma 

FBS 10% Sigma 

L-Glutamine 2mM Gibco 

Sodium Pyruvate 1mM Gibco 

T-cell media RPMI 1640  Sigma 

FBS 10% Sigma 

Human serum 1% Gibco 

Penicillin streptomycin 100U/mL Gibco 

L-glutamine 2 mmol/L Gibco 

Hepes 5mM Gibco 

Sodium pyruvate 1 mmol/L Gibco 

non-essential amino acids 1% Gibco 

β-mercaptoethanol 0.1% ThermoFisher  
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Scientific 

IL-2 100U/ml Peprotech 

MACs Dulbecco's Phosphate-buffered Saline 
(PBS) 

- Sigma 

Bovine serum albumin (BSA) 0.5% Merk 

Ethylenediaminetetraacetic acid (EDTA) 2mM ThermoFisher 

FACs Dulbecco's Phosphate-buffered Saline  - Sigma 

FBS 10% Sigma 

 

2.3 Cell line culturing 
HL60, THP1 and Jurkat cell lines were obtained from American Type Culture Collection (ATCC) 

and validated using short DNA tandem repeats. All these suspension cell lines were routinely 

cultured in R10% media, RPMI 1640 (Sigma), 10% Foetal bovine serum (Sigma), 2mM L-

Glutamine (Gibco), 100U/mL Penicilin-streptomycin (Gibco), 1mM sodium pyruvate (Gibco), 

5mM Hepes (Gibco), and 1% non-essential amino acids (Gibco), in T75 flasks at 37°C 4% CO2. 

They were passaged at a 1:10 ratio when the cell lines reached 70-80% cell density. The cell 

lines were routinely tested for mycoplasma by PCR analysis. Cell line expression of CD33 was 

assessed by flow cytometry, as depicted in Figure 5. Cell lines were washed with flow-assisted 

cell sorting media (FACs), incubated for 20 minutes at 4°C with CD33 BV421 (Biolegend), 

rewashed with FACs media and then stained with Propidium Iodide in FACs and read by flow 

cytometry (Beckman Coulter). 

 

 

 
 

 
Figure 5: CD33 expression on HL60 and THP1 determined by flow cytometry. 
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2.4 Cell line viability 
AML cell lines HL60, K562, KGIA, U937, NOMO, and THP1 were cultured in R10%, Tryptophan 

free or cystine free media for 72 hours. After 72 hours, cells were harvested, washed with 

FACs media, stained with propidium iodide, and assessed for viability using flow cytometry. 

 

2.5 Tryptophan and cystine uptake  
The concentration of tryptophan and cystine was measured in the patient's serum and 

conditioned media. Conditioned media was generated from supernatant harvested at the end 

of in vitro assays by harvesting and then centrifuging the cell culture at 300g for 5 minutes. 

The supernatant would then be collected. Conditioned media was stored at -80°C from the 

day of harvest until the day of the experiment. 

The concentration of tryptophan was measured using a tryptophan Assay kit (Alpha 

Diagnostic).  

To measure the cystine concentration, the cystine must first be reduced to cysteine using 

20mM 2-carboxyethylphosphine to reduce the cystine into cysteine. The resulting cysteine 

was measured using the Human Cysteine (enzyme-linked immunosorbent assay) ELISA kit 

(BlueGene Biognosis Ltd). Both were carried out as per the manufacturer's instructions.  

 

2.6 Isolation of PBMCs from whole blood and blood products  
Peripheral blood mononuclear cells (PBMCs) were isolated from healthy apheresis cones 

obtained from NHS Blood and Transplant Blood Bank (Birmingham). The blood products were 

first diluted in RPMI (Sigma) to four times the original volume of the cone and layered on top 

of LymphoprepTM (StemCell technologies). Alternatively, PBMCs isolated from healthy 
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controls were diluted to double the original volume and layered on top of LymphoprepTM. All 

blood products were processed on the same day as they were received.  

The blood and LymphoprepTM mixture were centrifuged for 20 minutes at 800xg at room 

temperature with the brake off. The PBMC layer was collected and washed in RPMI at 300xg 

for 10 minutes. If the pellet was red after this wash, indicating that the PBMC layer collected 

was contaminated with red blood cells, an additional step to remove the red cells was carried 

out. The pellet would be resuspended in Puregene Red Blood Cell lysis buffer (Qiagen) and 

incubated for 5 minutes at room temperature. Once the PBMCs were not contaminated with 

red blood cells, they were washed twice with RPMI for 10 minutes at 300xg.  

 

2.7 Isolation of T-cells from PBMCs 
The PBMCs were washed in magnetic assisted cell sorting buffer (MACs), which comprises 

PBS (Gibco), 0.5% bovine albumin serum (Merk), and 2 mM EDTA (ThermoFisher). To enrich 

T-cells from the PBMC mix, the washed PBMCs were resuspended in MACs buffer at 30µl per 

107 cells with Pan T-cell isolation Microbeads (Miltenyi Biotec), a T-cell negative selection kit, 

at 20µl per 1x107 cells and incubated for 20 minutes at 4°C. Post incubation, the cells were 

passed through a pre-washed LS magnetic column (Miltenyi Biotec) on a QuadroMACs 

Separator (Miltenyi Biotec). Up to 1x108 cells were sorted per LS column. The column was 

washed three times with 3ml MACs buffer for the LS column to ensure all non-bound cells 

passed through the column. The negative fraction, which is comprised solely of T-cells, was 

collected. The isolated T-cells could be used immediately or stored at 10x106 cells per millilitre 

of freezing media [DMSO (Bioworld), 10% FBS] in cryovials at -80°C. 
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2.8.1 Proliferation assay using anti-CD3 anti-CD28 stimulation  
T-cell proliferation assays were performed to determine the effect of amino acid depletion 

on proliferation. The conditional medias used for these assays were R10%, R10% with 0.1% 

β-mercaptoethanol, tryptophan-free media (PAN Biotech) and cystine-free media (PAN 

Biotech). The composition of each media has been described in Table A. Where indicated for 

tryptophan and cystine-free media, there was an addition of 50μM of tryptophan (Scientific 

laboratory supplies [SLS]) or cystine (SLS) to the corresponding amino acid-free media.  

Healthy T-cells were washed in PBS and stained with 1µM of the cell tracker 

carboxyfluorescein succinimidyl ester (CFSE) (ThermoFisher Scientific) per 1x106 cells for 30 

minutes at room temperature. Post incubation, 1x105 CFSE labelled cells were washed three 

times in RPMI-1640 (ThermoFisher) and incubated for 10 minutes at room temperature 

before they were aliquoted into plates. The T-cells were put into plates that had been coated 

with anti-CD3 Monoclonal antibody (eBioscienceTM) in 200µl in the required media as 

described above with anti-CD28 monoclonal antibody (eBioscienceTM) and 100U/ml IL-2 

(Peprotech). 

The plated T-cells were incubated at 37°C, 5% CO2 for 3 days. The T-cells were washed with 

stained CD4-APC and CD8-APC-Cy7 (Bioscience) for 20 minutes at 4°C. T-cells were washed 

and stained with Propidium Iodide viability stain (Invitrogen) and read by flow cytometry on 

the CytoFLEX Flow Cytometer (Beckman Coulter). Flow cytometry data was analysed using 

the FlowJo software (BD Biosciences).  

Figure 6: Example of gating used to identify proliferating populations when 
investigating proliferation by CFSE. 
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2.8.2 Proliferation assay using tumour cell stimulation  
CAR T-cells were plated with THP1 cells or patient AML cells at a ratio of 5 CAR T-cells to 1 

target cells. The plated T-cells and CAR T-cells with THP1 cells were incubated at 37°C, 5% CO2 

for 3 days. The CAR T-cells plated with patient AML cells were incubated at 37°C, 5% CO2 for 

7 days. The CAR T-cells were stained with CD34- APC (Biolegend) and CD33 BV421 (Biolegend). 

Both CAR T-cells were washed and stained with Propidium Iodide viability stain (Invitrogen) 

and read by flow cytometry on the CytoFLEX Flow Cytometer (Beckman Coulter). Flow 

cytometry data was analysed using the FlowJo software (BD Biosciences).  

 

2.9 Assessing T-cell activation 
Plates were pre-coated with anti-CD3 Monoclonal antibody (1μg/ml)(eBioscienceTM) 

overnight before the addition of T-cells, anti-CD28 monoclonal antibody 

(1μg/ml)(eBioscienceTM) and 100U/ml IL-2 (Peprotech).  

To assess IFN-γ, the plate was incubated at 37°C 5% CO2 for 20 hours, then Golgi stop (BD 

Biosciences) was added, and the plates were returned to the incubator for 4 hours. The T-

cells were harvested and washed with FACs buffer, then stained with CD8 FITC (Biolegend), 

CD4- PE (Biolegend), and CD69 PE Cy7 (Biolegend) in FACs buffer for 20 minutes at 4°C in the 

dark. After washing again with FACs, the cells were fixed with fixative buffer (Biolegend) and 

washed twice with Permeabilisation buffer (Biolegend). After permeabilisation, the cells were 

stained with IFN-γ APC (BioLegend) for 20 minutes in the dark at room temperature. The cells 

were then assessed by flow cytometry (Beckman Coulter). 

To assess activation markers, the plate was incubated at 37°C 5% CO2 for 72 hours, the cells 

were harvested, washed with FACs buffer and stained with CD8 FITC (Biolegend), CD4 PE 

(Biolegend), CD69 APC (Biolegend), and CD25 BV421 (Biolegend) for 20 minutes at 4°C in the 
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dark. Post-staining, the cells were washed and stained with propidium iodide and read by flow 

cytometry (Beckman Coulter). 

 

2.10 Metabolic analysis of CAR-Jurkat 
CAR-Jurkat were cultured for 3 hours in R10% with or without β-mercaptoethanol, 

tryptophan-free media, and cystine-free media. The CAR Jurkat were plated and incubated 

for 1 hour at 37°C at 1x105 cells per well respectively on Cell Tak-coated (Corning) Agilent 

Seahorse XFe96 cell culture microplates (Agilent Technologies) in 175µl per well XF RPMI 

(#103576-100, Agilent Technologies) with 5mM glucose, 2mM L-Glutamine and 1mM sodium 

pyruvate and 5mM HEPES.  

 

 

 

 

 

 

Figure 7: Oxygen consumption rate by time 
Post incubation, the cells were analysed using the Seahorse XFe96 extracellular flux analyser. 

The Seahorse analyser uses 4 cycles with the injection of 4 drugs to measure the oxygen 

consumption rate (OCR) and extracellular acidification rate (ECAR). These 4 cycles have a 3-

minute mix and 3-minute measure period. In between each cycle, to investigate the 

mitochondrial function, there is the addition of one inhibitor, added in the order listed here: 

2μg/ml oligomycin, 3μM N5,N6-bis(2-fluorophenyl)-[1,2,5]oxadiazolo[3,4-b]pyrazine-5,6-
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diamine (BAM15), 2μM rotenone with 2μM antimycin A as demonstrated in Figure 7. All work 

and analysis related to metabolic analysis using the seahorse analyser was done with the 

support of Dr. Jonathon Barlow of the Birmingham Metabolomics team. 

2.11 Viral production 
The Phoenix Ampho packaging cell line (ATCC) was cultured in Phoenix antibiotic-free Ampho 

medium (DMEM, 10% FBS, 1mM sodium pyruvate and 200mM Glutamine). This cell line was 

seeded and cultured in sterile T150 flasks at 3x106 cells per flask. To passage the Phoenix 

Ampho cell line, the cells were trypsinised with TrypLE (Gibco) for a maximum of 5 minutes 

at 37°C to dissociate the cells from the flask. The cells were washed and returned to a flask. 

The day before the transfection of the Phoenix Ampho cell line, they are passaged as 

described and returned to the flask at 4x106 cells per flask so that they would reach a 50-80% 

confluency for the next day. Once the Phoenix Ampho had reached 50-70% confluency, the 

supernatant was gently removed, and a new 9ml of Ampho media was added with the 

transfection mix. The transfection mix per flask included 12µl of validated CAR-plasmid 

constructs (Genscript), 12µl of pCL-Ampho retroviral packaging vector (Bio-techne), 120µl 

FuGENE 6 transfection reagent (Promega) and 3480µl OptiMEM (Gibco). pCL-Ampho contains 

the gag, pol and env coding regions which create the viral core protein structure, the reverse 

transcriptase and the envelope (Naviaux et al., 1996). Fugene 6 contains cationic polymers 

that interact with both the plasmid and the cell membrane of the Phoniex Ampho to promote 

uptake (Hasan et al., 2021). One of the three CAR-plasmid constructs were used to transduce 

the cells, which are depicted in Figure 8. The plasmids were designed by Carmela DeSanto, 

Livingstone Fultang, and Francis Mussai inserting the sequencing coding for SLC7A11 and 

SLC7A5 in this laboratories original CAR construct coding for anti-CD33 CAR. The plasmid was 

manufactured by Genscript (sequencing supplementary data 1 and 2). The anti-CD33 CAR 
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construct contains several sections surrounded by long terminal repeat sequences on either 

side of the transcription zone (Figure 8). All of the constructs contain a truncated CD34 tag, 

an F2A self-signal peptide, anti-CD33 scFv, a CD8-derived hinge/trnasmembrane region, a 4-

1BB co-intracellular signalling domain, and a CD3 ζ-chain signalling domain. The anti-CD33 

SLC7A5 construct additionally contains the SLC7A5 sequence after the 4-1BB code. The anti-

CD33 SLC7A11 construct additionally contains the SLC7A11 sequence after the 4-1BB code. 

  

Figure 8: Anti-CD33, anti-CD33 SLC7A5, and anti-CD33 SLC7A11 cassettes 
depicting the components of the CAR constructs 
 

This mix was rested at room temperature for 30 minutes before addition to the Phoenix 

Ampho to enable the formation of DNA-FuGENE complexes. The transfected Phoenix Ampho 

cells were incubated for 24 hours at 37°C, 4% CO2. To prevent FuGENE toxicity, 24 hours after 

transfection, the supernatant containing the transfection mix was discarded after 24 hours, 

and new Ampho media was added to replace this. The transfected Phoenix Ampho cells were 

incubated for 24 hours at 37°C, 4% CO2. On day 2, after transfection, the supernatants were 

harvested off the Phoenix Ampho and centrifuged at 3000g for 5 minutes. The final resulting 

supernatant was the retroviral media used to transfect the T-cells.  

The day before harvesting the supernatant from the Phoenix Ampho cells, 6-well non-tissue 

culture plates were coated in 2ml of PBS with 30µg/ml RetroNectin (Takara Clontech) and 
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incubated at room temperature overnight. After overnight incubation, the RetroNectin was 

removed from the plates, 2ml of the retroviral media, harvested from the transfected Phoenix 

Ampho cells, was added to each well, and the plates were centrifuged at 2000g for 2 hours. 

The supernatant was removed, and the retroviral-coated plates were ready for T-cell or Jurkat 

transduction. 

2.12 Transduction of T-cells 
On the same day as the Phoenix Ampho cell line transfection, the healthy T-cells acquired 

from Lymphoprep and MACs sorting as described above were activated with anti-CD3/anti-

CD28 Dynabeads (Gibco) (2 beads per cell) for 2 hours and incubated for 48 hours in T-cell 

media which is comprised of RPMI 1640 (Sigma), 10% FBS, 1% Human serum, 1% Penicillin 

streptomycin, 1% L-glutamine, 1% Hepes, 1% Sodium pyruvate, 1% non-essential amino acids, 

0.1% β-mercaptoethanol, 300U IL-2) at a concentration of 1x106 cells per ml. The activated T-

cells were then washed and added to T-cell media with 100U/ML IL-2 and rested for 30 

minutes before they were plated in 2ml containing 2x106 T-cells per well on the retroviral 

coated plates described above. The T-cells were then incubated at 37°C, 5% CO2 for 24 hours. 

The plates were filled with 4ml of T-cell media per well and incubated for 72 hours at 37°C, 

5% CO2. To check the transduction efficiency, the cells are stained with CD34-APC (Biolegend) 

and live dead stained with propidium iodide viability stain (Invitrogen) and read by flow 

cytometry on day 4 on the CytoFLEX Flow Cytometer (Beckman Coulter). The cytometry data 

was then analysed using the FlowJo software (BD Biosciences). Additional staining was 

performed alongside CD34 with CD8 FITC (Biolegend) and CD4 PE (Biolegend). 
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2.13 Transduction of Jurkat 
The suspension Jurkat cell line (ATCC) used to generate Jurkat-CAR was designed to model 

the T-cell transduction preliminarily. The Jurkat were harvested and plated on the retroviral 

coated plates at 0.5x106/ml without activation. The Jurkat transduction then continued in the 

same way as the T-cell transduction. 

 

2.14 Purification of CAR products 
Once transduced, the CAR T-cells required purification to ensure only the desired transduced 

population remained. The transduced cells were washed with MACs buffer, counted and 

resuspended in MACs buffer at 300µl per 108 cells with CD34 anti-human microbeads 

(Miltenyi Biotec) at 100µl per 108 cells and incubated for 30 minutes at 4°C. Post incubation, 

the cells were washed and resuspended in 2mL MACs buffer and passed through an MS 

column (Miltenyi Biotec) on a QuadroMACs Separator (Miltenyi Biotec). Up to 108 cells could 

be sorted per MS column. The column was washed 3 times with 500µl MACs buffer to ensure 

all non-bound cells passed through the column. The positive fraction was collected, as this 

positive fraction should comprise solely of transduced cells. 

 

2.15 Western blot 
The cells isolated for Western blot were washed in PBS, counted, and resuspended in 100µl 

of RIPA++, which comprised of Pierce RIPA Buffer (Thermo Scientific), 4% EDTA-free protease 

inhibitor (Roche) and 10% PhosSTOP phosphatase (Sigma). This isolates proteins from cells 

without the proteins being degraded by the enzyme present in the cells. The cells were then 

vortexed every 5 minutes during a 20-minute incubation at 4°C. Post incubation, the cells 

were centrifuged at 13,000g for 20 minutes at 4°C and the resulting supernatants were then 

collected. To quantify the protein concentration, 2µl of the supernatant was added to 98µl 
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Coomassie Plus Protein assay reagent (Thermo Scientific) in a 96-well flat bottom plate 

(Corning) and incubated for 5 minutes at room temperature in the dark. The plate was then 

read at 595nm on a microplate reader (Bio-rad). A standard curve of known protein 

concentrations was generated to determine the protein level in the samples.  

The samples were added to each mix at the same concentration with a ratio of 1:4 of sample 

to Laemmli buffer loading dye (Bio-Rad). RIPA 1X Buffer was added to make the volume across 

each sample equal. The protein mixes were then incubated at 95°C for 5 minutes to denature 

the proteins. The mix was then loaded onto the Pre-cast 4-20% Midi protein gel (Bio-Rad) with 

a 10-250kDa pre-stained protein standard (BioLabs), and the gel was run in 1X 

Tris/Glycine/SDS Buffer (Bio-rad) at 150V for 1 hour. The proteins were transferred onto 

Trans-Blot Turbo 0.2µm poly-1,1-difluoroethene (PVDF) membrane (Bio-rad) over 7 minutes 

using a Trans-Blot Turbo machine (Bio-Rad). The protein-loaded PVDF membrane was blocked 

with PBS, 5% Bovine serum albumin (BSA) fraction V (Roche) for 1 hour.  

The membrane was stained with PBS, 5% BSA containing the appropriate primary antibodies 

diluted per the manufacturer's instruction overnight on a shaker at 4°C. The primary antibody 

was removed from the membrane by washing 3 times with PBS, 0.1% Tween 20 (VWR Life 

Science) on a shaker for 10 minutes at room temperature. The membrane was covered with 

an appropriate Horse-Radish Peroxidase secondary antibody (Cell signalling) in PBS 5% BSA 

for 45 minutes on a shaker at room temperature. The membrane was washed in the same 

manner as described above 3 times to remove excess secondary antibody. The Amersham 

enhanced luminol-based chemiluminescent (ECL) western blotting detection reagent (Cytiva) 

was added to the membrane for 1 minute at room temperature before the excess ECL was 

drained off and the membrane was exposed using chemiluminescence by the ChemiDocMP 
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system (Bio-rad). After analysis, the membrane was washed in the same manner as described 

above, and the membrane was ready for the next probing primary antibody.  

2.16 CAR T-cell proliferation and phenotyping 
CAR T-cell proliferation and assays were performed to determine the effect of amino acid 

depletion on CAR T-cell proliferation and phenotype. The conditional medias used for these 

assays were R10% with or without β-mercaptoethanol, tryptophan-free media and cystine-

free media. The compositions of each media have been described in Table 1. Low tryptophan 

and low cystine media contain 25% R10% and 75% of their corresponding depleted media.  

For proliferation assays, CAR T-cells were washed in PBS and stained with 1µM of the cell 

tracker CFSE (ThermoFisher Scientific) per 1x106 cells for 30 minutes at room temperature. 

Post incubation, CFSE labelled CAR T-cells were washed three times in RPMI-1640 

(ThermoFisher) and incubated for 10 minutes at room temperature. The 1x105 CAR T-cells 

were plated on 96-well plates in 200µl of the appropriate media with 100U/ml IL-2. The plated 

CAR T-cells were incubated at 37°C, 5% CO2 for 3 days. On day 3, they were washed with 

stained CD4-APC and CD8-APC-Cy7 (Bioscience) with Propidium Iodide viability stain 

(Invitrogen) and read by flow cytometry on day 3 on the CytoFLEX Flow Cytometer (Beckman 

Coulter). All flow cytometry data was analysed using the FlowJo software (BD Biosciences). 

For phenotype assays, the CAR T-cells were harvested, washed in PBS, and stained with CFSE 

for 20 minutes at 4°C. Post incubation, the cells were washed with FACs, stained with CD3 PE-

Cy7 (Biolegend) for 20 minutes at 4C, then washed and stained with Propidium Iodide in FACs 

and read by flow cytometry.  

The CAR T-cells were plated with THP1 at a 5 CAR T-cell to 1 THP1 cell ratio. The CAR T-cells 

were re-stimulated with THP1 cells on days 3 and 6 for repeat exposure to target cells. The 
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mix to assess exhaustion markers: CD3 PE-Cy7 (BioLegend), LAG3 FITC (BioLegend), PD-1 PE 

(BioLegend), CD69 BV421 (Biolegend) and TIM3 APC-Cy7 (BioLegend). The mix to assess 

phenotypic markers: CD3 PE-Cy7 (BioLegend), CD45RO FITC (BioLegend), CD45RA APC-Cy7 

(BioLegend), CD62L PE (BioLegend), and CCR7 BV421 (BioLegend). 

 

2.17 Murine xenografts 
Axis Bioservices was employed to conduct all animal studies described in this thesis. All 

experimental protocols were approved and monitored by Axis Bioservices Animal Welfare 

and Ethical Review Board (I2AE50C0) in compliance with the UK Home Office Animals 

(Scientific Procedures) Act 1986, the United Kingdom National Cancer Research Institute 

guidelines for the welfare of animals in cancer research, and the ARRIVE guidelines. 

To assess the effectiveness of the CAR T-cells in an in vivo model, 10-14-week-old NOD/Shi-

scid/IL-2R SCIDγnull (NSG) mice were used. 1x106 cells of the HL60 AML cell line were injected 

into the tail vein of the mice. A bone marrow biopsy was taken to confirm the HL60 had 

engrafted, the sample was stained for CD45 CD33 by flow cytometry, and a 5-10% 

engraftment was considered successful. Anti-CD33 CAR T-cells were generated from 3 healthy 

donors and used in this experiment. The successfully engrafted mice would then be injected 

with 2.5x106 anti-CD33 CAR T-cells were injected.  

2.18 Sequencing 
Purified populations of unmodified and modified CAR T-cells were cultured in 75% amino acid 

free media 25% R10 for 72 hours in the presence of THP1 cells. Post incubation the CAR T-

cells were isolated by flow assisted cell sorting (Beckman coulter) using CD34-APC 

(Biolegend). The RNA was extracted using the RNeasyPLus Micro Kit (Qiagen). The samples 

were then handled by the Birmingham Genomics team for the rest of the sample processing 
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steps. Illumina TruSeq RNA sample preparation kit v2 was used to prepare a library and the 

library was sequenced using the HighSeq 500 platform (Illumina) using Truseqv3 chemistry 

reagents over 76 cycles. The data analysis was performed by Birmingham University Genomics 

team members Boris Noyvert and Yi Pan. The sequences were aligned using the STAR RNA-

Seq aligner software to the GRCh37 human genome.  

 

2.19 Statistical analysis 
The statistical analysis employed in this study primarily consisted of unpaired parametric t-

tests to compare differences between groups, unless otherwise specified in the respective 

figure legends. These tests were chosen for their ability to assess whether the means of two 

independent groups differ significantly under the assumption of normal distribution. 

All statistical analyses were conducted using GraphPad Prism 10 (GraphPad Software), a 

widely used platform for performing rigorous statistical tests and generating high-quality 

graphical representations of data. This software facilitated the visualization and 

interpretation of experimental results, ensuring statistical robustness and reproducibility.  

Where necessary, additional statistical tests, including two-way ANOVA for multiple group 

comparisons, were used to analyse more complex experimental designs. Data are presented 

as mean ± standard deviation unless otherwise stated, and statistical significance was defined 

as p < 0.05. 
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3. T-cells in amino acid-restricted environments 

3.1 Overview 
In AML, amino acid metabolism is altered to support cancer progression; for example, AML 

blasts upregulate SLC7A11 expression to increase cystine uptake and IDO expression to 

metabolise tryptophan (Zhao et al., 2018, Arandi et al., 2018). T-cells require the amino acids 

tryptophan and cystine to proliferate and clear target cells optimally; therefore, the reduced 

availability of these amino acids reduces T-cell function (Dimeloe et al., 2017, Fultang et al., 

2021). Cancer treatments using CAR T-cells have produced remarkable clinical responses with 

B-cell leukaemia and lymphoma (Chow et al., 2018, Zhang et al., 2020a). However, many 

challenges limit CAR T-cells' therapeutic efficacy in other cancers (Pearson et al., 2022, Shah 

et al., 2021b). Barriers to effective CAR T-cell therapy include low patient suitability due to 

rapid disease progression, modest anti-cancer activity, finding appropriate target antigens, 

loss of target antigen, and high-level toxicities at low dose levels (Tambaro et al., 2021, 

Pearson et al., 2022). There is a need to continue improving CAR T-cell expansion and 

persistence upon injection into patients to ensure effective and sustained anti-cancer 

responses (Ritchie et al., 2013, Baumeister et al., 2019). To enhance the efficacy of AML 

targeting CAR T-cells, we speculated that increasing their ability to compete for the amino 

acids when there are limited amounts available would improve CAR T-cells' adaptation to the 

tumour microenvironment. From investigating the literature and previous work performed in 

this lab it was decided to investigate how altering CAR T-cells' ability to uptake tryptophan 

and cystine could affect their function in AML. To begin this work, we must first understand 

how T-cells are affected by low tryptophan and cystine environments. 
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3.2 Objectives 
In this chapter, we aim to: 

- To investigate the effect of cystine and tryptophan on T-cell activation and 

proliferation. 

- To investigate the effect of cystine and tryptophan on CAR T-cell proliferation 

- To investigate the effect of cystine and tryptophan uptake on CAR Jurkat transduced 

with anti-CD33 SLC7A5 and anti-CD33 SLC7A11 CAR constructs. 

- Assess whether the modified constructs affect the CAR Jurkat activation in response 

to the target antigen. 

- Assess whether the modified constructs increase the CAR Jurkat activation in low 

tryptophan and cystine environments. 
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3.3 Results 

3.3.1 Cystine and tryptophan essential for T-cell function 

Cell viability and proliferation were assessed in low amino acid environments to examine the 

effect of cystine and tryptophan depletion on T-cells. 

CFSE labelled T-cells were cultured in cystine or tryptophan free media with and without the 

addition of cystine or tryptophan, respectively, for 72 hours, and their proliferation was 

measured by flow cytometry. The proliferation of T-cells in cystine and tryptophan-depleted 

media was significantly reduced when compared to T-cells in R10% (p=0.0003 and p=0.0002, 

respectively) (Figure 9A and B). Adding 50μM of cystine or tryptophan to the respective amino 

acid-depleted media restored T-cell proliferation compared to T-cells in depleted media, 

p=0.0005 and p=0.0093, respectively (Figure 9B). 

 

  



78 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: Depletion of Cystine and Tryptophan causes reduced T-cell 
proliferation. 
(A) Representative dot plots and histograms demonstrating T-cell proliferation after 72 hours of culture 
with cystine and tryptophan free media. (B) The percentage of T-cell proliferation in amino acid deplete 
media. Anti-CD3/CD28 dynabeads activated T-cells were stained with CFSE prior to culture and the 
proliferation was assessed by flow cytometry. Statistical analysis was performed using unpaired 
parametric t-test. Each point represents an independent experiment (n=4). 
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The IFN-γ production and the upregulation of activation markers CD69 and CD25 were 

measured on CD4 and CD8 T cells, to understand if cystine and tryptophan depletion affected 

T-cell activation and function. The CD3 molecules on T-cell surface were masked due to their 

prior engagement in the activation process (anti-CD3 beads used the same clone as the flow 

antibody), preventing their use for identifying T-cells. As a result, alternative markers, anti-

CD4 and anti-CD8 antibodies, were utilized to accurately distinguish T-cell populations. IFN-γ 

release was assessed 24 hours post-T-cell activation in the amino acid deplete media. T-cells 

were activated in cystine or tryptophan-depleted media for 20 hours. Next, the GolgiStop 

(Monensin) was added to inhibit the release of intracellular IFN-γ. After 4 hours, the 

intracellular level of IFN-γ was assessed by flow cytometry (Figure 10A).  

IFN-γ production was increased at 24 hours in activated T-cells in R10% in CD4+ and CD8+ T-

cells (p=0.0140, p=0.0045, p=0.0073 and p=0.0053, respectively). Tryptophan and cystine 

depletion did not significantly affect CD4+ T-cells or CD8+ T-cells intracellular production of 

IFN-γ after 24 hours of activation compared to the T-cells activated in R10% (p=ns) (Figure 

10B and C).  
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Figure 10: The effect of cystine and tryptophan depletion on T-cell IFN-γ 
production. 
T-cells were activated by anti-CD3/CD28 dynabeads and cultured in tryptophan or cystine free media 
for 24 hours. After 20 hours, GolgiStop (Monensin) was added to prevent the release of IFN-γ. INF-γ 
and CD69 expression were measured by flow cytometry. (A) Representative dot plots of the gating 
strategy used to isolate INF-γ positive T-cells. (B) Percentage of CD4+ and CD8+ T-cells expressing 
IFN-γ in tryptophan free media. (C) Percentage of CD4+ and CD8+ T-cells expressing IFN-γ in cystine 
free media. Statistical analysis was performed using unpaired parametric t-tests. Each dot represents 
an independent experiment (n=7).  
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CD69 is an early marker of T-cell activation that begins to be transcribed within minutes of 

stimulation, and the CD69 protein is upregulated on the T-cell surface within 2 hours of 

activation. However, CD69 transcription stops after 4-6 hours post-stimulation, leading to 

CD69 surface expression being downregulated between 48-72 hours post-activation (Reddy 

et al., 2004).  

To investigate whether low amino acid conditions altered the expression levels of CD69 on 

activated T-cells, T-cells were cultured with CD3/CD28 antibodies in tryptophan and cystine-

free media for 24 hours, and CD69 expression was assessed by flow cytometry. When amino 

acid availability is limited, T cells experience metabolic stress, leading to reduced expansion 

and impaired functionality. We analysed the percentage of CD69 positive T-cells and the 

intensity of the CD69 expression on the same cell population. The percentage of live CD69 

positive T-cells did not change over time in the both experimental conditions (data not shown) 

instead the intensity of CD69 expression showed significant change. 

As expected, CD3/CD28 stimulation significantly upregulated CD69 on T cells compared to 

unstimulated cells. At 24 hours, there is no significant difference in CD69 expression observed 

on activated CD4+ or CD8+ T-cells in both cystine (p=0.8471 and p=0.6751) or tryptophan free 

media (p=0.4602 and p=0.7561) (Figure 11). 
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Figure 11: Cystine and tryptophan depletion do not affect T-cell CD69 
expression after 24 hours. 
Geometric mean of T-cells in tryptophan and cystine free media. (A) Dot plots representative of the 
gating used to identify the T-cell population which was then assessed for its geometric mean of CD69. 
(B) Geometric mean of CD4+ and CD8+ T-cells in tryptophan free media. (C) Geometric mean of CD4+ 
and CD8+ T-cells in cystine free media. Statistical analysis was performed using unpaired parametric 
t-tests. Each colour of point represents an independent experiment (n=7).  
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As expected, CD69 expression in T-cells cultured in R10% had lower CD69 expression at 72 

hours compared to their CD69 expression at 24 hours. CD8+ T-cells CD69 expression was not 

significantly different from unstimulated T-cells.  

Interestingly, at 72 hours, stimulated CD4+ and CD8+ T-cells had a significantly higher CD69 

expression when cultured in cystine-free media (p=0.0219 and p=0.0074, respectively) and 

tryptophan-free media (p=0.0263 and p=0.0029 respectively) compared to the activated T-

cells in R10% (Figure 12B and C).   
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Figure 12: Depletion of tryptophan and cystine alters T-cell CD69 expression 
after 72 hours. 
T-cells activated and cultured for 72 hours in tryptophan and cystine free media were analysed by flow 
cytometry. (A) Dot plots representive of the gating used to identify the T-cell population which was then 
assessed for its geometric mean of CD69 and CD25 expression. (B) The geometric mean of CD69 
expressed on live CD4+ and CD8+ T-cells cultured in cystine free media (n=5). (C) The geometric mean 
of CD69 expressed on live CD4+ and CD8+ T-cells cultured in tryptophan free media. Statistical 
analysis was performed using unpaired parametric t-test. Each point represents an independent 
experiment (n=5). 
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Additionally, we analysed the expression of CD25, a protein involved in the assembly of the 

high-affinity IL-2 receptor and is a crucial marker of T-cell activation. CD25 is upregulated 24 

hours post T-cell stimulation, with expression peaking at 72 hours (Reddy et al., 2004).  

Stimulated CD8+ T-cells cultured in cystine and tryptophan free media (p=0.0499 and 

p=0.0458, respectively) had a significantly lower CD25 expression after 72 hours compared to 

stimulated T-cells in R10% (Figure 13B). Stimulated CD4+ T-cells cultured in cystine-depleted 

and tryptophan-depleted media (p=0.0628 and p=0.0968, respectively) did not have 

significantly lower CD69 expression (Figure 13C). This data shows that cystine and tryptophan 

depletion significantly inhibit the activation of CD8+ T-cells. 
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Figure 13: Depletion of tryptophan and cystine decreases T-cell CD25 
expression. 
T-cells activated and cultured for 72 hours in tryptophan and cystine free media were analysed by flow 
cytometry. (A) Histogram of the CD25 geometric mean present on live CD4+ T-cells. (B) Summaries of 
the CD25 geometric mean present on live CD4+ and CD8+ T-cells cultured in cystine deplete free (n=5). 
(C) Summaries of the CD25 geometric mean present on live CD4+ and CD8+ T-cells cultured in 
tryptophan free media. Statistical analysis was performed using unpaired parametric t-test. Each colour 
point represents an independent experiment (n=5). 
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3.3.2 Cystine and tryptophan are essential for CAR T-cell function 

Following the evidence that cystine and tryptophan depletion affected T-cell activation and 

proliferation, we investigated if low amino acid environments could also affect CAR T-cell 

activity. The Phoenix Ampho retroviral cell line was transfected with vectors that contained 

an anti-CD33 CAR construct.  

After 24 hours of incubation, the virus-containing supernatant was harvested and 

immobilised onto RetroNectin-coated plates using spinfection. The anti-CD33 CAR construct 

contains several sections surrounded by long terminal repeat sequences on either side of the 

transcription zone (Figure 8A). The first section contains a truncated CD34 tag, an F2A self-

cleaving peptide (Philip et al., 2014). The CAR section of the construct included a CD8-derived 

signal peptide to localise the CAR into the cell membrane, the anti-CD33 scFv with a CD8 hinge 

region to allow flexibility needed for antigen recognition, CD3 ζ-chain signalling domain to 

enable signal transmitting and T-cell activation, and a 4-1BB co-stimulation domain which 

improves anti-tumour activity and CAR T-cell persistence. 

T-cells were isolated from healthy apheresis cones via Lymphoprep and magnetic-assisted cell 

sorting before activation with anti-CD3/CD28 Dynabeads for 48 hours. The activated T-cells 

were added to the virally coated plates for 96 hours. Post incubation, the transduced T-cells 

were harvested, and the transduction efficiency was assessed by flow cytometry using the 

CD34 tag inserted into the CAR T-cell construct (Figure 14A). The same CD34 tag was used to 

isolate the transduced CAR T-cell population from the non-transduced population (Figure 

14B). 
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Figure 14: Transducing and sorting anti-CD33 CAR T-cells 
(A) Representative dot plots demonstrating the transduction efficiency of anti-CD33 CAR T-cells pre-
sorting. (B) Representative dot plots demonstrating the transduction efficiency of anti-CD33 CAR T-
cells post-sorting.   
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The enriched CAR T-cells were cultured with CD33+ THP1 in R10%, tryptophan-depleted, or 

cystine-depleted media. CAR proliferation was measured by flow cytometry after 72 hours.  

Across all three donors tested, the anti-CD33 CAR T-cell proliferation was significantly 

decreased in tryptophan-depleted and cystine-depleted media compared to the CAR T-cells 

cultured in R10% (p>0.05) (Figure 15A and B).  
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Figure 15: Anti-CD33 CAR T-cells are affected by amino acid depletion 
(A) Representative dot plots demonstrating the gating used to identify anti-CD33 CAR T-cell population.  
(B) Anti-CD33 CAR T-cells were cultured with THP1 cells in low amino acid media for 72 hours and 
then read by flow cytometry to assess proliferation by count. Statistical analysis performed was unpaired 
parametric t-tests. Each donor represents an independent experiment n=3 with 2 technical repeats per 
donor. 
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3.3.3 Transducing anti-CD33 Jurkat 

Following these results, we decided to add the amino acid transporters for tryptophan 

(SLC7A5) and cystine (SLC7A11) to the original CAR anti-CD33 construct transcriptome (Figure 

8). The hypothesis was that these modified CAR T-cells would better compete with any 

surrounding cells to access their respective amino acids in the low amino acid conditions.  

Unlike the anti-CD33 construct, the two transporter CAR T constructs have an additional P2A 

self-cleaving peptide to remove the CAR sequence from the transporter sequence and either 

a SLC7A5 or SLC7A11 gene to provide the CAR T-cells with the appropriate transporters 

(Figure 8).   

Firstly, the CAR constructs were transduced into Jurkat cells, a T-cell leukaemia cell line widely 

used as a T-cell analogue, to create CAR Jurkat. The retroviral cell line, Phoenix Ampho cells, 

were transfected with the CAR vectors, and 24 hours later, the supernatant was used to 

transduce the Jurkat cell lines. The CAR Jurkat cells were identified using a truncated CD34 

tag inserted into the CAR construct that would be expressed on the surface of transduced 

cells. Successfully engineered Jurkat cells were isolated by positive selection using anti-CD34 

magnetic beads, and flow cytometry was used to assess population purity (Figure 16A-B).  
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Figure 16: Transduction of CAR T-cells. 
(A) At day 3 the efficiency of transduction was assessed by measuring the CD34 expression on 
transduced T cells by flow cytometry. The live/death marker propidium iodide was added to exclude 
death population. Representative dot plots has been shown. (B) After assessing the percentage of CAR 
on T cells, the CAR-T were enriched using a CD34 magnetic beds and the cells were staining to verify 
the purity of CAR-T.  Representative dot plots of each CAR-T show a similar frequency of CD34 positive 
cells. 
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To ensure SLC7A5 and SLC7A11 transporter expression in the modified CAR Jurkat, the 

expression of their respective transporters was assessed by western blot, using -actin as a 

loading control. SLC7A5 expression was higher in anti-CD33 SLC7A5-Jurkat CAR compared to 

unmodified anti-CD33 Jurkat CAR (Figure 17). SLC7A11 expression was higher in anti-CD33 

SLC7A11 Jurkat CAR compared to anti-CD33 CAR Jurkat (Figure 17). To measure the surface 

expression of SLC7A5 and SLC7A11 transporters on the CAR Jurkat cells following transduction 

the cells were stained with specific antibodies. However, to measure transporter expression 

by flow cytometry was not possible due to lack of clear staining obtained with the antibodies 

available. Therefore, western blot was determined to be the most suitable assay to assess 

protein expression of the transporters. 

 

 

 

 

 

 

 

Figure 17: The successful transduction of Jurkat CAR. 
Jurkat cell line were cultured for 48 hours in plates coated with retrovirus harvested from Phoenix 
AMPHO cells that had been transduced with our CAR containing retrovirus. Post incubation the Jurkat 
were harvested and analysed by flow cytometry and western blot. (A)  Jurkat CAR cell assessed by 
western blot for expression of SCL7A5, SLC7A11, and β-actin. THP1 were used as a positive control. 
The protein size is indicated next to each band. 
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3.3.4 Assessing AML recognition and early activation in modified CAR Jurkat 

Firstly, we assessed whether the modified CAR Jurkat cells had an altered ability to recognise 

and respond to the tumour target. THP1 and HL60 leukaemia cell lines were used for the 

following experiments due to their high surface expression of CD33, our target antigen (Figure 

5). The three types of CAR Jurkat cells were co-cultured with decreasing concentrations of the 

CD33+ cell lines. After 48 hours of culture, the cells were harvested and analysed by flow 

cytometry for the expression of the activation marker CD69. Like T-cells, the Jurkat cell line 

upregulates CD69 during activation, and this upregulation is used, as shown in the literature, 

to model CAR antigen-specific responses in Jurkat (Bloemberg et al., 2020).  

All CAR Jurkat showed a significantly increased expression of CD69 following antigen 

presentation (Figure 18). The level of CD69 expression decreased incrementally with the 

decreasing ratio of CAR-Jurkat: target cells demonstrating a dose-dependent response.  

Without stimulation, the addition of the SLC7A5 transporter to the anti-CD33 CAR Jurkat did 

not alter the baseline expression of CD69 (p=0.9281) compared to unmodified CAR Jurkat 

(Figure 18B).  In response to the target antigen stimulation, anti-CD33 SLC7A5 CAR Jurkat 

CD69 expression significantly increased compared to unmodified CAR Jurkat (p=0.0257) 

(Figure 18B).  

There is a significant increase in CD69 expression on CAR Jurkat following the co-culture of 

the increasing concentration of CD33+ cell lines comparing the anti-CD33 CAR T-cells with anti-

CD33 SLC7A5 CAR T-cells (p=<0.0001) and with anti-CD33 SLC7A11 CAR T-cells (p=0.0007). 
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Figure 18: CAR Jurkat are responsive to target cells 
CAR Jurkat were co-cultured with CD33+ cell line HL60 (square) or THP1 (circle) at a range of effector 
to target concentrations. These included the ratios of 1:2, 1:1, 2:1, and 5:1 CD33+ cell to CAR Jurkat 
cultured for 48 hours in R10. (A) Representative dot plots demonstrating the gating strategy used to 
isolate the desired population. (B and C) The geometric mean of the CD69 expression of the CAR 
Jurkat after 48 hours. Two-way ANOVA were used to determine statistical significance. Each point 
represents the mean of five individual experiments. Red circle anti-CD33 CAR T-cells. The blue circle 
represents the modified anti-CD33 CAR T-cells. 
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3.3.5 Metabolomics of modified CAR Jurkat 

To understand how the insertion of SLC7A5/SLC7A11 can influence Jurkat CAR metabolism, 

we cultured the 3 CAR Jurkat in different conditions. As described in Figure 17A and B, both 

tryptophan and cystine, through various metabolic and signalling pathways, are used for 

protein synthesis and provide signalling that promote T-cell proliferation, activation, 

differentiation and survival (Fallarino et al., 2002, Mak et al., 2017, Han et al., 2024, Rashidi 

et al., 2020). Additionally, cystine can be converted to glutathione, which reduces ROS 

synthesis (Figure 19 A) (Siska et al., 2016).  

Furthermore, tryptophan inhibits a stress response mediated through GCN2 that, in 

tryptophan depletion, causes T-cell apoptosis (Rashidi et al., 2020). Tryptophan is converted 

into purine nucleotide rings that are essential for DNA, RNA and membrane lipid synthesis 

(Figure 19B). However, the enzyme IDO, expressed in AML, will break down tryptophan into 

the kynurenine pathway, which causes inhibitory signals for T-cell proliferation and activation 

and promotes Treg differentiation (Munn et al., 1999, Komrokji et al., 2019, Yang et al., 

2022b). 

T-cell proliferation and activation alter the metabolic pathways of T-cells, resulting in altered 

glycolytic and mitochondrial metabolism (Sena et al., 2013). Tryptophan and cystine 

abundance promotes mTOR activity, which induces the transcription factor c-myc, which in 

turn promotes glycolysis (Ma et al., 2023b). A seahorse XF analyser Agilent system was used 

to quantify the metabolomic rate of cells by measuring the dissolved oxygen concentration 

and extracellular pH, which were measured across multiple time points. The addition of 

inhibitors of the electron transport chain, oligomycin, BAM15, Rotenone, and Antimycin A, 

allows the measurement of different aspects of mitochondrial respiration and glycolysis, 
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that together enable the assessment of the basal mitochondrial respiration rate and the 

glycolytic rate (Figure 19 C). 

 

 

 

 

Figure 19: Cystine and Tryptophan are involved in T-cell metabolism. 
(A) Cystine metabolism in T-cells. Diagram created using Biorender.com 
(B) Tryptophan function and metabolism in T-cells. Diagram generated using biorender.com. 
(C) Representative diagrams demonstrating how the seahorse XF analyser Agilent systems calculate 
glycolysis and mitochondrial respiration. Diagrams sourced from Aligent.com 
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The CAR Jurkat were cultured in R10%, tryptophan, and cystine-depleted media. After three 

hours, the cells were assessed for respiration rates using the seahorse XF analyser. This 

experiment was repeated four times. The results showed that a higher rate of oxygen was 

consumed by both the anti-CD33 SLC7A5 and anti-CD33 SLC7A11 CAR Jurkat, compared to 

the anti-CD33 CAR Jurkat across the total assay (Figure 20 A and B). Anti-CD33 SLC7A5 Jurkat 

had an increased glycolytic proton efflux rate compared to the anti-CD33 CAR Jurkat (Figure 

20 C). Anti-CD33 SLC7A11 CAR Jurkat had an increased basal mitochondrial respiration rate 

compared to the anti-CD33 CAR Jurkat (Figure 20 C). Both anti-CD33 SLC7A5 CAR Jurkat and 

anti-CD33 SLC7A11 CAR Jurkat had a significantly higher ATP production rate when under 

starved conditions (Figure 20 C). 
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Figure 20: Metabolomics of CAR Jurkat under starved conditions 
The CAR Jurkats were cultured in R10% or amino acid depleted media for 3 hours and then transferred 
to the seahorse XF analyser Algilent. (A and B) Representative OCR and ECAR diagrams 
demonstrating the raw data gathered from the seahorse XF analyser from anti-CD33 SLC7A5 and anti-
CD33 SLC7A11 CAR Jurkat, respectively. (C) The graphs showing the analysed data from the seahorse 
XF analyser demonstrating the respirations rates of glycolysis, basal mitochondrial rate, and ATP 
production levels. Biological replicates were used to perform experiments (n=4). Seahorse analysis was 
done with the support of Jonathon Barlow of the Birmingham metabolomics team. 
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3.4 Discussion 
This chapter demonstrated how low tryptophan and cystine environments can affect the 

proliferation and function of T-cells and anti-CD33 CAR T-cells. The results in this chapter 

demonstrated the design of CAR constructs that attempt to mitigate the effects of low cystine 

and tryptophan environments. The final section of this chapter demonstrated the 

transduction of Jurkat using the modified CAR constructs and the altered metabolomics, 

which these CAR constructs facilitated in low amino acid environments. 

During T-cell activation, the transporters SLC7A5 and SLC7A11 are upregulated as the amino 

acids they transport are required for T-cell function (Srivastava et al., 2010, Hayashi et al., 

2013, Garg et al., 2011, Zhang et al., 2023b).  

As anticipated in the literature, healthy activated T-cells cultured in vitro in low tryptophan or 

low cystine conditions had significantly decreased proliferative capacity. The addition of 

cystine and tryptophan to the respective low amino acid media recovers the T-cell 

proliferation.  

Activated CD8+ and CD4+ T-cells highly express IFN-γ. IFN-γ has many roles in immunity as it 

can improve T-cell anti-tumour activity, increase immune cell trafficking, induce T-cell 

mediated killing and increase tumour antigenicity through increasing MHC expression (Zhang 

et al., 2019). IFN-γ expression by activated CD4+ T-cells is lower than CD8+ T-cells, but CD4+ T-

cell derived IFN-γ can still be involved in direct T-cell mediated killing and supports CD8+ T-cell 

function, including CD8+ T-cell IFN-γ production (Green et al., 2013). Culturing activated CD4+ 

and CD8+ T-cells in low cystine or low tryptophan media did not reduce IFN-γ expression 24 

hours after activation compared to activated CD4+ and CD8+ T-cells cultured in R10%.  
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CD69 suppresses autoimmune responses and is often used as an early marker of T-cell 

activation as it is upregulated on the T-cell surface within 2-3 hours of T-cell activation, peaking 

12-24 hours after activation. The expression of CD69 was not altered on CD4+ or CD8+ T-cells 

when cultured in cystine or tryptophan free media. Therefore, we determined that low 

tryptophan and cystine availability did not affect early activation of T-cells. 

CD69 transcriptional expression is only active for the first six hours after activation. Therefore, 

CD69 surface expression decreases 48-72 hours after activation (Reddy et al., 2004). Seventy-

two hours after activation, the CD69 expression of CD8+ T-cells in R10% had been 

downregulated to the same level as unstimulated T-cells. However, the low cystine and 

tryptophan conditions caused CD69 expression to continue to be highly expressed in T-cells 

72 hours after activation. It has been described previously in the literature that T-cells resident 

in the tumour microenvironment and tumour-draining lymph nodes have CD69 expression. 

CD69 expression has been shown to reduce the effector function of intra-tumoral T-cells. 

Sustained CD69 expression is present on resident memory T-cells and can promote Treg 

differentiation and suppressive function (Walsh et al., 2019, Yu et al., 2018). This suggests that 

the amino acid deprivation within the tumour microenvironment inhibits proliferative 

capacity and reduces T-cell effector function. 

CD25 is the alpha chain of the IL-2 receptor that is upregulated after activation, peaking 

between 48-72 hours (Naghizadeh et al., 2022). IL-2 signalling through CD25 is crucial for T-

cell activation and involved in a wide range of T-cell signalling through janus kinase (JAK)/STAT, 

mitogen-activated protein kinase (MAPK), phosphoinositide 3-kinase (PI3K), and protein 

kinase B (Akt)-dependent signalling pathways promoting T-cell proliferation, differentiation, 

cell death and responsiveness (Bachmann and Oxenius, 2007, Zhang et al., 2021a). CD8+ T-
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cells activated in cystine or tryptophan free environments had decreased CD25 expression. 

Cystine or tryptophan free media did not significantly decrease CD25 expression in CD4+ T-

cells.  

The effects of low cystine or low tryptophan conditions on T-cell proliferation remain in CAR 

T-cell proliferation. CAR T-cells in cystine and tryptophan free media had reduced proliferation. 

CAR T-cells have been shown to lack clinical activity and have off-target effects in AML 

(Baumeister et al., 2019, Atilla and Benabdellah, 2023). The effect of amino acid depletion on 

CAR T-cells could contribute to these current results, as CAR T-cell function would be limited 

without effective proliferation. 

The Jurkat cell line was successfully transduced with CAR constructs with additional 

transporter regions for SLC7A5 or SLC7A11. The successful integration of the construct was 

detected using a CD34 tag that was expressed on the surface of transduced cells. The cells 

were sorted using the CD34 tag to generate pure populations of transduced CAR Jurkat for all 

three constructs. The success of the transduction was further ensured by the assessment of 

the transporter expression using western blot. The transporter expression was demonstrated 

to be increased SLC7A5 and SLC7A11 in their respective anti-CD33 SLC7A5 and anti-CD33 

SLC7A11 CAR Jurkat.  

As described by Bloemberg et al. 2020, Jurkat do not have cytotoxic abilities, and therefore, 

the killing cannot be used to determine CAR Jurkat antigen recognition. Instead, activation 

marker CD69 expression was used as a proxy to assess the effectiveness of target recognition 

by the CAR receptor (Bloemberg et al., 2020). Jurkat cells have a baseline CD69 expression 

even without target exposure due to the nature of Jurkat cells' constitutive proliferation. Both 

unmodified and modified CAR Jurkat were responsive to target cells in a dose-dependent 
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manner, even at the lowest concentrations. This demonstrates that the CAR receptor could 

initiate signalling in the CAR Jurkat in response to the target antigen. The anti-CD33 

SLC7A5/SLC7A11 CAR Jurkat significantly upregulated CD69 following culture with leukaemia 

cell lines compared to the unmodified anti-CD33 CAR Jurkat. This shows that the modified CAR 

could produce more potent anti-target activity than the unmodified CAR Jurkat. 

An increased metabolic rate is crucial for activated T-cell survival function (Maciver et al., 

2008), and therefore, assessing glycolysis and oxidative phosphorylation using Agilent 

seahorse technologies has been optimised to be used as indicators of T-cell performance 

(Mercier-Letondal et al., 2021). Anti-CD33 SLC7A5 CAR Jurkat and anti-CD33 SLC7A11 CAR 

Jurkat had increased ATP production rates compared to unmodified CAR Jurkat even though 

they were cultured in their respective starved conditions. This demonstrated that the 

modified CAR provides increased metabolic fitness in starved conditions, facilitating 

adaptation to metabolic changes. The anti-CD33 SLC7A5 CAR Jurkat had increased glycolytic 

proton-efflux rate in tryptophan-low conditions to achieve these increased metabolic rates. In 

contrast, the anti-CD33 SLC7A11 CAR Jurkat had increased basal mitochondrial respiration in 

low cystine conditions. 

Overall, tryptophan and cystine were shown to be essential for T-cell activation, function and 

proliferation, and the addition of the anti-CD33 SLC7A5 and anti-CD33 SLC7A11 CAR 

constructs increased the metabolic fitness of CAR Jurkat in amino acid starved conditions.  

 

  



104 
 

 

  



105 
 

4. Studying anti-CD33 CAR T-cells with the addition of SLC7A5 or SLC7A11 

4.1 Overview 
The results described in Chapter 3 demonstrate that the anti-CD33 SLC7A5/SLC7A11 CAR 

Jurkat have higher activation levels following antigen presentation, as shown by CD69 

upregulation. Additionally, the CAR Jurkat have increased metabolic activation, as shown by 

the measurements of ATP. ATP production is linked with T-cell proliferation and activation 

(Holthaus et al., 2021). Increased ATP could provide essential energy for CAR T-cell activation 

and proliferation in low amino acid conditions. Therefore, the next step in this research was 

to transduce primary human T-cells with the modified construct.  

4.2 Objectives 
In this chapter, we aim to: 

- Successfully transduce primary T-cells with the anti-CD33 SLC7A5 or anti-CD33 

SLC7A11 constructs. 

- Ensure the transporters are successfully expressed in the modified CAR T-cells.   

- Ensure the transporters are functional within the CAR T-cells. 

- Assess the anti-tumour activity of the modified CAR T-cells. 

- Assess the effect of the transporter insertion on CAR T-cell phenotype and function. 

- Identify whether the addition of the transporters to the anti-CD33 CAR T-cells saves T-

cell proliferation in their respective low amino acid conditions. 
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4.3 Results  

 4.3.1 Transduction of primary T-cells with modified CAR constructs 

To build on the evidence from Chapter 3, we inserted the amino acid transporter SLC7A5 and 

SLC7A11 CAR into primary T-cells. The three constructs, as described in Figure 8, were 

transfected separately into the Phoenix-Ampho cell line with FuGene and pCL-AMPHO 

plasmid for 24 hours. Primary T-cells were first activated for 48 hours with anti-CD3/CD28 

Dynabeads and then incubated with harvested supernatant of the transfected Phoenix-

Ampho cell, pre-coated onto RetroNectin plates for 96 hours in 37°C 5% CO2. Flow cytometry 

measured the transduction efficiency on day four using an anti-CD34 antibody. 

All three constructs were successfully transduced into primary T-cells (Figure 21 A). The mean 

transduction efficiency was 28% for anti-CD33 CAR T cells. As expected, the larger constructs 

of the transporter CAR T-cells had significantly lower transduction efficiencies (p=0.002 and 

p=<0.0001). The anti-CD33 SLC7A5 construct had a mean transduction efficiency of 13%, and 

the anti-CD33 SLC7A11 construct had a mean transduction efficiency of 7% (Figure 21 B).  
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Figure 21: Transducing primary T-cells with modified anti-CD33 CAR constructs. 
Primary T-cells were isolated from healthy peripheral blood from human donors and activated with anti-
CD3/CD28 Dynabeads for 48 hours and then incubated with the modified CAR retrovirus for 96 hours.  
After incubation the activated T-cells were harvested and read by flow cytometry to assess the 
transduction efficiency. (A) Dot plots from 2 donors representing the CD34 expression on the anti-CD33, 
anti-CD33 SLC7A5, and anti-CD33 SLC7A11 CAR T-cells post transduction. (B) Summary of the 
transduction efficiencies from all transduced donors. Parametric unpaired T-tests were used to 
determine statistical significance. Each point represents an individual experiment (n=16). 
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It has been shown in the literature that there are optimal ratios of CD4+ and CD8+ T-cells to 

enhance the anti-tumour reactivity of CAR T-cells and alter the efficiency of the therapy 

(Sommermeyer et al., 2016, Bove et al., 2023). In murine models, it has been shown that CD4+ 

CAR T-cells induce severe cytokine release syndrome, which is not seen in CD8+ only CAR T-

cell populations. Cytokine release syndrome is a common toxicity associated with CAR T-cell 

treatment that can range from acute to life-threatening (Locke et al., 2019, Kumar et al., 

2018). However, despite having a lower cytolytic capacity than CD8+ T-cells, CD4+ T-cells 

promote increasing proliferation activation and are required for effective anti-tumour 

suppression in CAR T-cell products. Therefore, we examined what proportions of CD4+ and 

CD8+ T-cells were present and whether the addition of the transporter affected the 

proportion of CD4+ and CD8+ CAR T-cells. The transduced T-cells were stained for CD34, CD4 

and CD8 and analysed by flow cytometry. We observed that the insertion of transporters did 

not affect the percentage of CD4+ and CD8+ T-cells present compared to the unmodified CAR 

T-cells (p=ns)(Figure 22). 
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Figure 22: CD4 and CD8 T-cells had equal uptake of the CAR construct. 
Human healthy T-cells were activated for 48 hours and incubated with retrovirus for 96 hours and then 
the transduction efficiency was assessed by flow cytometry. (A) Representative flow cytometry dot plots 
and the gating used to determine the desired populations. (B and C) The percentage of transduced 
anti-CD33 SLC7A5 and anti-CD33 SLC7A11 CAR T-cells that are CD4 or CD8 positive respective. 
Parametric unpaired T-tests were used to determine statistical significance. Each point represents an 
individual experiment (n=5).  
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4.3.2 Assessing the success of transporter integration 

The transduced CAR T-cell populations were purified using anti-CD34 magnetic beads to 

ensure consistently pure populations (Figure 23 A). To understand whether the transduction 

efficiency, determined by CD34 expression, correlated with the successfully increased 

expression of the respective transporters, we assessed transporter protein levels using 

western blot. Following the CAR T-cell enrichment, the expression level of SLC7A5 and 

SLC7A11 by the respective CAR T-cell products were analysed by western blot using β-actin 

as a loading control (Figure 23 B). The expression of SLC7A5 and SLC7A11 was determined to 

be higher in anti-CD33 SLC7A5 CAR T-cells and anti-CD33 SLC7A11 CAR T-cells, respectively 

compared to the anti-CD33 CAR T-cells (Figure 23 B), as shown in all three transduced donors.  
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Figure 23: Transporter expression was successfully induced in transporter CAR 
T-cells 
(A) The representative dot plots of   the transduced CAR T-cells were purified using anti-CD34 magnetic 
beads and then assessed by flow cytometry for purity. (B) Western blot showing the expression of β-
actin and the respective transporters inserted into the CAR T-cells (n=3). The protein size is indicated 
next to each band. 
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4.3.3 Modified CAR T-cell function and phenotype 

To understand the ability of modified CAR T-cells to recognise and eliminate target cells, CAR 

T-cells were cultured with THP1 in R10% for 72 hours. The THP1 viability was assessed by flow 

cytometry using propidium iodide. Each type of CAR T-cells killed THP1 (p=0.0022) with the 

same efficiency (p=ns) (Figure 24 A). 

To further confirm the effectiveness of the CAR T-cells, patient CD33+ AML blasts were 

cultured for 72 hours with the three types of CAR T-cells in R10%. After 72 hours, the 

percentage of AML blasts was measured using flow cytometry (Figure 24 B). The percentage 

of AML blasts killed was significant in all CAR T-cell constructs when compared to AML alone 

(p=<0.05). No significant difference was observed in anti-AML activity between anti-CD33 

SLC7A5 or anti-CD33 SLC7A11 CAR T-cells when compared to anti-CD33 CAR T-cells (p=0.9485 

and p=0.2967, respectively) (Figure 24 B and C).  
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Figure 24: The addition of transporters did not affect the CAR T-cells CD33+ cell 
clearance. 
(A) The three types of CAR T-cells were co-cultured with THP1 cells for 72 hours in R10% media. The 
percentage of remaining THP1 was determined by flow cytometry (n=6). (B) The CAR T-cells were co-
cultured with patient derived AML blasts for 7 days for anti-CD33 SLC7A5 and anti-CD33 SLC7A11 
CAR T-cell respectively (n=3). Parametric unpaired T-tests were used to determine statistical 
significance. Each point represents an individual experiment. 
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Selli et al., 2003 have shown that repeated stimulations of CAR T-cells result in T-cell 

exhaustion and gain a terminal effector phenotype (Selli et al., 2023). To understand whether 

repeated stimulations of wild-type and transporters CAR T-cells altered CAR phenotype, the 

CAR T-cells were stimulated with THP1 on days 1, 4 and 6. Results were analysed on days 4, 6 

and 9 by flow cytometry assessing for phenotype, activation, and exhaustion markers.  

The markers used to determine the CAR T-cell phenotype were CD45RA, CD45RO, CCR7, and 

CD62L. In Figure 25 A-B, we have depicted that the combination of specific phenotypic 

markers can help to differentiate central memory (CD45RO+ CD45RA- CCR7+ CD62L+), 

effector memory (CD45RO+ CD45RA- CCR7- CD62L-), terminal effector (CD45RO- CD45RA+ 

CCR7- CD62L-) and naïve (CD45RO- CD45RA+ CCR7+ CD62L+) T-cells. Central memory cells are 

described as the preferred subtype of CAR T-cells as they are considered to generate a 

population of CAR T-cells that is highly functional and has the potential to expand to sustain 

the anti-tumour response (Blaeschke et al., 2018).   
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Figure 25: The gating used to determine the CAR T-cell phenotype. 
(A) The representative diagram showing the gating used to determine the CAR T-cell phenotype. 
(B) Representative dot plots demonstrating the gating used to determine T-cell phenotype  
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The phenotype of CAR T-cells is an essential factor that correlates with CAR T-cell anti-tumour 

function (Tantalo et al., 2021). The addition of the transporters did not affect the percentage 

of the central memory CAR T-cell cells (p=ns); consistently, the most prevalent phenotype of 

the CAR T-cells present were central memory T-cells when co-cultured with THP1 cells (Figure 

26 A and B).  
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Figure 26: Phenotype of modified CAR T-cells after repeated stimulation with 
THP1 cells. 
Anti-CD33 CAR T-cells were cultured with CD33+ THP1 cells and re-stimulated on day 4, and day 6. 
Samples were harvested on day 4, day 6 and day 9 and assessed by flow cytometry for phenotype. (A 
and B) The percentage of anti-CD33 SLC7A5 and SLC7A11 CAR T-cells which expressed a central 
memory phenotype (CD45RO+ CD45RA- CD62L+ CCR7+) at each time point when cultured with or 
without THP1 cells (n=3). Parametric unpaired T-tests were used to determine statistical significance. 
Each point represents an individual experiment.  
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The addition of the transporters did not affect the percentage of the effector memory CAR T-

cell (p=ns) (Figure 27 A and B). 
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Figure 27: The addition of amino acid transporters does not alter the phenotype 
of the CAR T-cells 
CAR T-cells were cultured with CD33+ THP1 cells and re-stimulated with THP1 on day 4, and 6. The 
analysis was performed on samples taken on day 4, 6, and 9 by flow cytometry. 
(A and B) The percentage of anti-CD33 SLC7A5 and SLC7A11 CAR T-cells which expressed an 
effector memory phenotype (CD45RO+ CD45RA- CD62L+ CCR7+) at each time point when cultured 
with or without THP1 cells (n=3). Each colour point represents an individual experiment. 
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Then, we analysed the activation of the CAR T-cells following antigen stimulation.  CD69 was 

analysed by flow cytometry on days 4, 6, and 9. Anti-CD33 SLC7A5 CAR T-cells showed a 

significantly increased CD69 expression when cultured with CD33+ AML blasts on days 6 and 

9 (p=0.04 and p=0.03, respectively) compared with anti-CD33 CAR T-cells (Figure 28 A). 

Instead, anti-CD33 SLC7A11 CAR T-cells significantly increased CD69 expression at day 4 but 

not at day 6 or 9 (p=0.04) (Figure 28 B). 
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Figure 28: The activation levels of the CAR T-cells following repeated antigen 
presentation. 
CAR T-cells were cultured with CD33+ THP1 cells and re-stimulated with THP1 on day 4, and 6. The 
analysis was performed on samples taken on day 4, 6, and 9 by flow cytometry. (A and B) The geometric 
mean of CD69 expressed by the CAR T-cells at each time point or anti-CD33, anti-CD33 SLC7A5, and 
anti-SLC7A11 CAR T-cells. Statistical analysis performed using parametric unpaired t-test. Each dot 
represents an individual experiment (n=3). ns=p<0.05. 
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4.3.4 Modified T-cell exhaustion markers 

CAR T-cells are susceptible to becoming exhausted once injected into patients. These 

exhausted CAR T-cells are not functional and reduce patient treatment efficacy (Deng et al., 

2020). The cause of T-cell exhaustion can be multifaceted, and previous literature has shown 

that CAR structure significantly influences CAR T-cell sensitivity to exhaustion. Increasing CAR 

T-cell resistance to exhaustion has already become essential to CAR T-cell design, such as 

inserting the co-stimulatory factor 41-BB into CAR T-cell constructs, reducing T-cell 

exhaustion (Long et al., 2015). 

Therefore, it was important to confirm that the addition of the transporters did not burden 

the CAR T-cells, leading to increased susceptibility to T-cell exhaustion.  We investigated the 

expression of LAG3, PD-1, and TIM3, the main markers of T-cell anergy, which causes reduced 

proliferation and an inability to respond to target cells. The CAR T-cells were stimulated with 

THP1 on days 1, 4 and 6 and assessed by flow cytometry on days 4, 6 and 9.  The results 

showed that the addition of the transporters did not alter the expression of any of the 

exhaustion markers investigated (p=ns) (Figure 29). 
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Figure 29: The CAR T-cells expression of exhaustion markers is not increased 
by the addition of the transporter. 
Anti-CD33, anti-CD33 SLC7A5 and anti-CD33 SLC7A11 CAR T-cells were cultured in R10% with 
CD33+ THP1 cells and then re-stimulated on day 4, and day 6 with CD33+ THP1 cells. Results were 
read on day 4, 6 and 9 by flow cytometry. The markers stained were (A) LAG3 (B) PD-1 (C) TIM3. 
Statistical analysis performed using parametric t-test. Each dot represents an individual experiment 
(n=3). ns =p<0.05. 
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4.3.5 Modified CAR T-cell cytokine expression 

Following the activation, T-cells start to secrete cytokines that affect T-cell differentiation and 

function. To understand whether the transporter CAR T-cells following co-culture with THP-1 

secrete different cytokines compared to the wild-type CAR T-cells, the supernatants were 

harvested at days 4, 6 and 9 and analysed for tumour necrosis factor-alpha (TNF-α), IL-10 IFN-

γ, IL-17a, IL-6, IFN-2a, and IL-8. The concentrations of these cytokines were measured by flow 

cytometry using the BioLegend LEGENDplex kit. Following antigen recognition, no difference 

in cytokine production was measured between anti-CD33 SLC7A5 CAR T-cells and the anti-

CD33 CAR T-cells (Figure 30) (p=ns). The same results were observed for the SLC7A11 

transporter; this receptor's overexpression did not affect the anti-CD33 CAR T-cells cytokine 

expression profile (Figure 30) (p=ns). 
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Figure 30: Addition of SLC7A5 to the CAR T-cells did not alter the cytokines the 
CAR T-cells produced. 
Anti-CD33 CAR T-cells and anti-CD33 SLC7A5 CAR T-cells were cultured in R10% with CD33+ THP1 
cells and then re-stimulated on day 4, and day 6 with CD33+ THP1 cells. The supernatant was 
harvested on day 4, 6, and 9. The supernatant was assessed for the cytokines IL-8, IL-10, TNF-α, IL-
17a, INF-γ, IL-6, and IFN-α2 using the LegendPlex Human Inflammation panel 1 on the flow cytometer. 
Statistical analysis performed using parametric t-test. Each dot represents an individual experiment 
(n=3). Red circle represent anti-CD33 ns =p<0.05. 
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4.3.6 Modified CAR T-cell transporter functionality 

To determine whether the inserted transporters were functional, we measured the 

concentration of tryptophan and cystine by ELISA from the supernatant of CAR T-cells 

cultured with THP1 for 72 hours.  The anti-CD33 CAR T-cells do not decrease the tryptophan 

concentration compared to the R10% media and the THP1 culture alone (p=ns) (Figure 31A). 

The addition of the SLC7A5 transporter to the anti-CD33 CAR T-cells caused significantly 

increased tryptophan uptake and, therefore, decreased tryptophan levels in the supernatant 

compared to anti-CD33 CAR T-cells (p=0.01) (Figure 31A).  

An ELISA to directly measure the cystine concentration was not available. Instead, we 

reduced all the present cystine in the media into its monomer form, cysteine, which was 

measurable. There was no detectable free cysteine in the media prior to the addition of the 

reduction agent (Figure 31 B). However, cysteine was detectable once the reduction agent, 

Tris(2-carboxyethyl) phosphine (TCEP), was introduced to the media. This detectable, 

reduced cysteine correlates to the levels of cystine that had been in the media before 

reduction, as demonstrated by the increase of cysteine levels in R10% post-adding TCEP 

(Figure 29B). The SLC7A11 CAR T-cells were cultured with THP1 cells for 72 hours. CAR T-

cells overexpressing the SLC7A11 transporter significantly decreased the amount of cystine 

in the media compared to anti-CD33 CAR T-cells (p=0.02) (Figure 31 B). 
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Figure 31: The transporters were functional and increased amino acid uptake 
Anti-CD33 CAR T-cells, anti-CD33 SLC7A11 CAR T-cells, and anti-CD33 SLC7A5 CAR T-cells were 
cultured in R10% with THP1 cells for 72 hours. The supernatant was harvested and assessed for the 
amino acid composition (n=3). (A) The supernatants harvested from anti-CD33 CAR T-cells and anti-
CD33 SLC7A5 CAR T-cells were assessed for tryptophan content by the tryptophan colorimetric assay, 
Tryptophan Assay kit. The results were read by a microplate reader (Biorad iMark) at 450nm 
absorbance. (B) The supernatants harvested from anti-CD33 CAR T-cells and anti-CD33 SLC7A11 
CAR T-cells. The cystine was reduced to cysteine by TCEP where indicated and then the cysteine was 
measured using human cysteine ELISA kit assay (Bluegene) (n=3). Statistical analysis performed using 
parametric t-test. Each dot represents an individual experiment.  
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4.3.7 Assessing modified CAR T-cell proliferation 

This chapter demonstrated that the transporters were successfully incorporated into the CAR 

T-cells and were functional in vitro. It was then essential to assess whether the addition of the 

transporters affected T-cell proliferation in low amino acid environments. The CAR T-cells 

were labelled with CFSE and cultured with THP1 cells in R10%, tryptophan low or cystine low 

media (Figure 32 A). After 72 hours, the CAR T-cell proliferation was analysed by flow 

cytometry. Anti-CD33 SLC7A5 CAR T-cells proliferated more in tryptophan low media than 

anti-CD33 CAR T-cells (p=0.0286) (Figure 32 B). The same results were observed for CAR T-

cells transduced with SLC7A11 transporter; these CAR T-cells were able to proliferate more in 

cystine low media compared to anti-CD33 CAR T-cells (p=0.0286) (Figure 32 B).  
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Figure 32: Addition if the transporters enabled increased proliferation in low 
amino acid conditions. 
Anti-CD33 CAR T-cells, anti-CD33 SLC7A5 CAR T-cells, and anti-CD33 SLC7A11 CAR T-cells labelled 
with CSFE were cultured with THP1 cells in R10%, low tryptophan, or low cystine acid media for 72 
hours as indicated and then read by flow cytometry to assess proliferation. (A) Representative dot plot 
of gating used to identify proliferating CAR T-cell population. (B) The percentage of proliferated anti-
CD33, anti-CD33 SLC7A5 or anti-CD33 SLC7A11 CAR T-cells relative to the control when cultured 
with THP1 cells in R10%, low cystine or low tryptophan media. Statistical analysis performed using 
parametric t-test. Each dot represents an individual experiment (n=4).  
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4.4 Discussion 

This chapter described successfully transducing the modified anti-CD33 CAR constructs 

containing tryptophan or cystine transporters into primary T-cells. The addition of the 

transporter to the CAR T-cells did not alter the CD4+ to CD8+ T-cell ratio. The percentage of T-

cells transduced was inconsistent between constructs; therefore, successfully transduced CAR 

T-cells were sorted post-transduction, resulting in CAR T-cell populations of equal purity. The 

inserted transporter transcripts were transduced by the CAR T-cells as the anti-CD33 SLC7A5 

and anti-CD33 SLC7A11 CAR T-cells had increased protein expression of their respective 

transporters showing that the inserted transporters were successfully integrated into the cell 

and translated up to the protein level. All the transduced CAR T-cells gained the ability to 

eliminate CD33+ cells in vitro.  

The addition of the transporters did not alter the CAR T-cell phenotype, which remained the 

same as non-modified CAR T-cells over repeated antigen exposure. All three CAR T-cells were 

demonstrated to maintain their largest present population as a central memory phenotype. 

At the time points measured, the CAR T-cell phenotype was CD45RO+ and CD45RA-. Central 

memory cells have a long lifespan, and despite their lower cytotoxic capacity, they still secret 

TNF-α and IL-2. The ability of T-cell immunotherapies to maintain a population of central 

memory cells enables improved persistence and more significant anti-tumour activity post-

injection (Kueberuwa et al., 2017). Therefore, all the CAR T-cells maintain a population of cells 

with proliferative capacity in vitro. We did not see a population of naïve or effector T-cells, 

potentially because after stimulation and killing of the target cells the CAR T-cells died.  

When testing the modified CAR T-cells' response to repeated antigen exposure, their CD69 

expression was assessed. Both transporter CAR T-cells expressed significantly increased CD69 

expression compared to anti-CD33 CAR T-cells at different time points. Anti-CD33 SLC7A5 CAR 
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T-cells had increased CD69 expression on days 6 and 9. Anti-CD33 SLC7A11 CAR T-cells had 

increased CD69 expression on day 4. The CD69 is a marker of T-cell activation as it is quickly 

upregulated after T-cell activation. CD69, when activated, causes the sphingosine-1-

phosphate receptor 1 internalisation, leading to T-cell retention in the lymph nodes, but this 

can negatively regulate the intratumoral T-cell function (Koyama-Nasu et al., 2022).  

After initial and repeated exposure to target antigens, the modified CAR T-cell exhaustion 

marker expression (PD-1, LAG3, and TIM3) was assessed.  There was no increase in exhaustion 

marker expression following repeated antigen exposure compared to the last antigen 

exposure, and the addition of the transporters did not affect the expression of exhaustion 

markers in our in vitro assessment.  

At all time points, there was a significant decrease in TNF-α expression found in both of the 

modified CAR T-cells. TNF-α has both immune-inflammatory and regulatory functions. TNF-α 

produced during activation of T-cells can promote T-cell activation of naïve T-cells and 

proliferation of T-cell populations (Alam et al., 2021). However, TNF-α also can induce the 

differentiation of regulatory T-cells (Yang et al., 2019). Therefore, understanding the effects of 

this reduced TNF-α would require further investigation such as defining the TNF-α receptors 

expressed on the CAR T-cell surface. 

The addition of SLC7A5 and SLC7A11 constructs provided their respective anti-CD33 CAR T-

cells with increased capacity to uptake their respective amino acids. This shows that the 

inserted transporters are not only expressed at the protein level but are also functional. 

In amino acid-depleted environments in co-culture with their target cells, modified CAR T-cells 

have reduced proliferation, unlike the unmodified anti-CD33 CAR T-cells. Instead, the 

transporter CAR T-cell proliferation increased under these adverse conditions. This could be 

caused by the transporter CAR T-cells' increased internal reservoir of tryptophan and cystine, 
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allowing them to undergo proliferation even during amino acid depletion induced by tumour 

cells. 
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5. Chapter 3 Assessing the differential RNA sequences and in vivo function of 

modified CAR T-cells 

5.1. Overview 

The previous chapter demonstrated that the modification of the CAR by the addition of amino 

acid transporters increased CAR T-cell proliferation and demonstrated altered metabolic rates 

in CAR Jurkat. The addition of the transporters ideally enables these CAR T-cells to access 

amino acids despite low availability and promotes T-cell function. Tryptophan and cystine 

both have complex pathways associated with their metabolism that can have wide reaching 

effects as the availability of amino acids correlates to T-cells ability to proliferate and activate. 

Moreover, the knock-on effects of tryptophan and cystine availability could affect pathways 

not directly linked to tryptophan and cystine metabolism. Therefore, these transporters could 

alter the activation state and mechanisms of actions occurring within the CAR T-cells, which 

would be reflected in their transcriptome. RNA sequencing can generate a comprehensive 

snapshot of the cells transcriptome allowing us to develop a clearer understand of what 

pathways are altered by the transporters and increased availability of tryptophan and cystine.  

A crucial part of CAR T-cell function is the complex nature of cell-to-cell and cell-to-

environment interactions that occur in vivo, which are currently not truly replicable with in 

vitro techniques. CAR T-cells interact not only with the target cells and the tumour 

microenvironment but also with the host's immune system. These interactions have allowed 

other modified CAR T-cells to promote immune cell infiltration or alter the immune infiltrate 

phenotype (Chmielewski and Abken, 2017, Zhu et al., 2023). NOD SCID mice are immune-

deficient mice that lack T-cells, B-cells and NK cells which allows the xerographic transplant 

of human cells allowing human tumour engraftment and injection of CAR T-cells without 



134 
 

immune rejection from the murine host. This means that tumour engraftment is possible 

without radio-ablation, a high-risk procedure which alters the bone marrow 

microenvironment and has numerous side effects such as higher risk of infections, chronic 

inflammation responses, cataracts, premature ageing and death. Therefore, removing this 

step enables the reduction of mice used in this experiment and minimises the stress and pain 

on the mice used within this study. However, this means that the engraftment of the tumour 

was not uniform across the mice and therefore the engraftment of mice was assessed prior 

to CAR T-cell injection and only mice with successful engraftment were used for the 

remainder of this experiment. 

5.2 Objectives  

In this chapter, we aim to, 

- Understand whether the addition of the transporters to the CAR T-cells affected the 

transcriptome. 

- Understand if the modified CAR T-cells provided better target cell clearance in vivo 

when compared to anti-CD33 CAR T-cells.  
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5.3 Results 

5.3.1 Analysis of modified CAR T-cell RNA transcriptome  

In the previous chapters, it was shown that the addition of the transporters to Jurkat CAR 

altered cell metabolism and increased the proliferation of CAR T-cells. To assess whether 

these changes were reflected in the transcriptome of the CAR T-cells, mRNA sequencing was 

performed.   

T-cells from 5 human donors were transduced with the three constructs and then cultured 

with THP1 in low amino acid media for 72 hours. CAR-T cells were then enriched using CD34 

antibody and processed for mRNA sequencing. Sequencing was performed using the Illumina 

HiSeq 2000 system. 

Firstly, we decided to examine the top 500 differentially expressed genes. Differential gene 

expression analysis revealed significant changes between standard and transporter-modified 

CAR T cells (Figure 33 A and B). 

  



136 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 

 
Figure 33: Top 500 differentially expressed genes between anti-CD33 CAR T-
cells and anti-CD33 transporter CAR T-cells.  
The CAR T-cells transduced from 5 healthy human donors were activated and cultured in 75% cystine 
free media with THP1 cells for 72 hours. The CAR T-cells were then isolated by FACs sorting and RNA 
was extracted for analysis. (A) Heat map of anti-CD33 SLC7A5 CAR T-cell top 500 differentially 
expressed genes compared to anti-CD33 CAR T-cells. (B) Heat map of anti-CD33 SLC7A11 CAR T-
cell top 500 differentially expressed genes compared to anti-CD33 CAR T-cells. Statistical analysis was 
performed by CRUK Birmingham Centre bioinformaticians Noyvert B. and Pan Y.  
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This identified that anti-CD33 SLC7A5 CAR T-cells showed significant changes in genes 

associated with T-cell activation, such as chemokine ligand 3 (CCL3), a chemokine produced 

by activated T-cells, involved in CD8+ T-cell recruitment, and promotes CD8+ T-cell interactions 

with CD4+ T-cells and DCs that primes the T-cells for activation (Castellino et al., 2006, Brewitz 

et al., 2017, Song et al., 2020) (Figure 35). There was the downregulation of genes such as 

Schlafen 5 (SLFN5), a gene that is downregulated during T-cell activation except in regulatory 

T-cells (Puck et al., 2015, Xu et al., 2022a) (Figure 34). 

Anti-CD33 SLC7A11 upregulates genes such as SLC3A2, Lymphotoxin-α (LTA), and colony-

stimulating factor-2 (CSF2) (Figure 34B). SLC3A2 is a chaperone protein required for trafficking 

SLC7A11 into the plasma membrane. LTA is a member of the tumour necrosis factor family 

that has been linked to cytotoxic capabilities, immune cell recruitment and the formation of 

secondary lymphoid structures (Chin et al., 2003, Borelli and Irla, 2021). Colony-stimulating 

factor 2 encodes granulocyte-macrophage colony-stimulating factor, promoting phagocyte 

inflammatory phenotypes (Rasouli et al., 2015, Inaba et al., 1992, Zhan et al., 2019).  

Anti-CD33 SLC7A11 downregulates genes such as IL7R, the IL-7 receptor. IL7R is expressed 

on naive T-cells and is down-regulated upon T-cell activation or IL-7 binding. The 

downregulation is either transient or temporary, depending on the T-cell phenotype (Alves 

et al., 2008). This modulation of the IL7R occurs at both the protein and transcription levels. 

Therefore, further investigations would be required to understand the significance of IL7R 

downregulation by the anti-CD33 SLC7A11 CAR T-cells (Guler et al., 2020). 
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The top two differentially expressed transcripts included increased expression of retinol 

dehydrogenase 10 (RDH10) and long intergenic non-protein coding RNA 1281 (LINC01281) for 

both anti-CD33 SLC7A5 and anti-CD33 SLC7A11 (Figure 34). LINC01281 is a long non-coding 

RNA correlated with increased T-cell infiltration into cervical cancer and was deemed a 

protective factor in lung adenocarcinoma (Ye et al., 2021, Sun et al., 2023). RDH10 encodes 

for retinol dehydrogenase 10, which promotes effector T-cell differentiation (Fujiki et al., 

2022). Early growth response-1 is upregulated in anti-CD33 SLC7A5 and anti-CD33 SLC7A11 

CAR T-cells when compared to non-modified CAR T-cells, which stimulates T-cell activation 

and promotes IL-2 production (Figure 34) (Lin and Leonard, 1997, Damasio et al., 2021). 

VIM, which encodes for a cytoskeletal protein called vimentin, is downregulated in anti-CD33 

SLC7A5 CAR T-cells compared to anti-CD33 CAR T-cells (Figure 34 A). Vimentin may modulate 

lymphocyte migration and apoptosis (Su et al., 2019). E2F2, a gene associated with the 

regulation of T-cell activation and survival, was downregulated in the anti-CD33 SLC7A5 CAR 

T-cells compared to non-modified CAR T-cells (Figure 36 A)(Zhu et al., 2001, Mustafa et al., 

2021). SLFN5, a gene associated with T-cell exhaustion, naive T-cells and regulatory T-cells, 

was downregulated in the anti-CD33 SLC7A5 CAR T-cells compared to non-modified CAR T-

cells (Figure 36 A)(Xu et al., 2022a). CCL3, a chemokine associated with increased T-cell 

activity, was upregulated by anti-CD33 SLC7A5 CAR T-cells when compared to non-modified 

CAR T-cells (Figure 34 A)(Kang et al., 2021). 

LTA, the gene encoding lymphotoxin-α, which promotes T-cell proliferation, was upregulated 

in anti-CD33 SLC7A11 CAR T-cells when compared to non-modified CAR T-cells (Figure 34 

B)(Legut et al., 2022). IL7R, the gene encoding the IL-7 receptor associated with T-cell effector 

memory phenotype, was downregulated in anti-CD33 SLC7A11 CAR T-cells when compared 
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to non-modified CAR T-cells (Figure 34 B)(Zhang et al., 2021b). SLC3A2, the gene encoding for 

a chaperone protein that is crucial for SLC7A11 uptake into the cell membrane, is upregulated 

by anti-CD33 SLC7A11 CAR T-cells when compared to anti-CD33 CAR T-cells (Figure 34 

B)(Parker et al., 2021). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34: Differentially expressed genes in anti-CD33 CAR T-cells and anti-
CD33 transporter CAR T-cells.  
The CAR T-cells transduced from 5 health human donors were activated and cultured in 75% cystine 
free media or 75% tryptophan free media with THP1 cells for 72 hours. The CAR T-cells were then 
isolated by FACs sorting and RNA was extracted for analysis. (A) Plot of the differentially expressed 
genes between anti-CD33 SLC7A5 CAR T-cell and anti-CD33 CAR T-cells that held statistical 
significance. (B) Plot of the differentially expressed genes between anti-CD33 SLC7A11 CAR T-cell 
and anti-CD33 CAR T-cells that held statistical significance. Statistical analysis was performed by 
CRUK Birmingham Centre bioinformaticians Noyvert B. and Pan Y.  
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Interestingly, we identified that both SLC7A5- and SLC7A11-modified CAR T cells upregulated 

ARG2 expression. Previously this lab has shown that AML blasts cause a deprivation of 

arginine in AML patients due their upregulation of ARG2. A significant reduction of arginine 

in microenvironment decreases the ability T cell to proliferate (Mussai et al., 2015a). Arginine 

modulates T-cell metabolism, phenotype and anti-tumour activity. ARG2 metabolism of 

arginine has been shown to modulate T-cell proliferation (Mussai et al., 2019, Geiger et al., 

2016). This laboratory has previously shown that the overexpression of ARG2 in CAR T-cells 

has improved their proliferation and anti-tumour activity (Panetti et al., 2023). Therefore, it 

was of interest to examine whether the upregulated ARG2 gene expression in our SLC7A5 and 

SLC7A11 CAR T-cells correlated to protein expression and function.  

 The respective unmodified and modified CAR T-cells were cultured with THP1 in R10 or low 

tryptophan/cystine media and then intracellularly stained with Arginase II (Figure 35A). The 

arginase II expression in the anti-CD33 SLC7A5 and anti-CD33 SLC7A11 CAR T-cells was 

significantly increased in their respective low media (p=0.028 and p=0.005, respectively) 

(Figure 35B).  
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Figure 35: Measuring arginase II expression in activated CAR T-cells in low 
amino acids conditions  
Intracellular levels of arginase II in modified CAR T-cells after being cultured in their respective 75% 
amino acid free for 48 hours. (A) Representative dot plots (B) Summary data of arginine expression. 
Each dot represents an individual experiment. Statistics performed were unpaired t-tests (n=3). 
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To ensure the arginase II expression shown was related to functional arginase II, the activity 

of arginase was measured using arginine activity assay on lysed CAR T-cells. The anti-CD33 

SLC7A5 and anti-CD33 SLC7A11 CAR T-cells had significantly increased arginase activity 

compared to anti-CD33 CAR T-cells (Figure 36). 

 

 

 

 

 

 

 

Figure 36: Arginase II expression and activity levels were elevated in modified 
CAR T-cells 
Intracellular levels of arginase II in modified CAR T-cells after being cultured in their respective 75% 

amino acid free for 48 hours. CAR T-cells were lysed to assess arginase activity (mU/106 cells). Each 

dot represents an individual experiment. Statistical test performed were unpaired t-test (n=4). 
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We wanted to understand whether the addition of the amino acid transporters had altered 

the metabolic pathway transcriptome. The genes associated with these pathways were 

chosen using the Gene Set Enrichment Analysis database (MSigDB), focusing on the Hallmark 

gene sets for metabolism (Liberzon et al., 2015). The data sets used were Hallmark Oxidative 

Phosphorylation, Hallmark glycolysis, and Kegg Citrate cycle. The hypothesis was that the 

addition of the transporters would provide enough of the respective amino acids to inhibit 

the stress response by inhibiting CHOP and mTOR, thus allowing for increased metabolic 

rates.  

The data set was obtained by comparing anti-CD33 CAR T-cells to anti-CD33 SLC7A5 CAR T-

cells and anti-CD33 CAR T-cells to anti-CD33 SLC7A11 CAR T-cells. The addition of the 

transporter had no statistically significant effect on the RNA associated with glycolysis, 

oxidative phosphorylation or the citrate cycle (Figure 37 and 38). 
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Figure 37: Differential gene expression between unmodified CAR T-cells and 
modified CAR T-cells on genes associated with glycolysis, oxidative 
phosphorylation, and the citrate cycle. 
Heat maps of anti-CD33 SLC7A11 CAR T-cell gene expression compared to anti-CD33 CAR T-cells. 
The CAR T-cells transduced from 5 healthy human donors were activated and cultured in 75% cystine 
free media with THP1 cells for 72 hours. The CAR T-cells were then isolated by FACs sorting and RNA 
was extracted for analysis.  
The data shown were chosen using the gene sets, Hallmark Oxidative Phosphorylation, Hallmark 
glycolysis, and Kegg Citrate cycle from the Gene Set enrichment analysis database (MSigDB). 
Statistical analysis was performed by CRUK Birmingham Centre bioinformaticians Noyvert B. and Pan 
Y. 
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Figure 38: Differential gene expression between unmodified CAR T-cells and 
modified CAR T-cells on genes associated with glycolysis, oxidative 
phosphorylation, and the citrate cycle.  
Heat maps of anti-CD33 SLC7A5 CAR T-cell gene expression compared to anti-CD33 CAR T-cells. 
The CAR T-cells transduced from 5 healthy human donors were activated and cultured in 75% 
tryptophan free media with THP1 cells for 72 hours. The CAR T-cells were then isolated by FACs sorting 
and RNA was extracted for analysis.  
The data was generated using the gene sets: Hallmark Oxidative Phosphorylation, Hallmark glycolysis, 
and Kegg Citrate cycle from the Gene Set enrichment analysis database (MSigDB). Statistical analysis 
was performed by CRUK Birmingham Centre bioinformation’s Noyvert B. and Pan Y 
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5.3.2 Modified CAR T-cell function in vivo 
To assess if the overexpression on SLC7A5 and SLC7A11 by CAR T-cells significantly impacted 

tumour clearance, a xenographic model was used. 1x106 cells of CD33+ HL60 were 

intravenously injected into NOD SCID mice tail vein at 10-14 weeks of age. The engraftment 

into the mice's bone marrow was assessed by aspiration twenty-three days post-implantation 

using a CD33 antibody. The engraftment was considered successful if the bone marrow 

contained above a percentage of 2% HL60 cells. HL60 engrafted mice were then randomised 

into treatment groups (Figure 39). Twenty-four days post-HL60 injection, 2.5x106 cells of 

unmodified and modified CAR T-cells or vehicle control were injected into the mice 

intravenously. The CAR T-cells were generated from 3 human donors that were cryopreserved 

until injection. Fourteen days and twenty-four days after CAR T-cell infusion, the mice's bone 

marrow was aspirated to measure the occurrence of AML Blasts by flow cytometry. Axis 

Bioservices, an external company, performed the in vivo protocol described above under the 

instructions of the De Santo laboratory and the guidelines stated by the Animal (Scientific 

Procedures) Act 1986. Post-harvest, the bone marrow was assessed by flow cytometry. Mice 

bone marrow was harvested either upon sacrifice due to declining health or at a maximum of 

45 days. 
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Figure 39: Design of CAR T-cell murine experiment  
Mice were engrafted with HL60 AML cell line intravenously. Engrafted mice were split into 4 experiment 
conditions, mice intravenously injected with: Vehicle, anti-CD33 CAR T-cells, anti-CD33 SLC7A5 CAR 
T-cells, or anti-CD33 SLC7A11 CAR T-cells. Bone marrow was aspirated after murine sacrifice or on 
day 45. 
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The mice's body weight was regularly measured for the duration of the experiment to assess 

the overall health of the mice. The body weight of the mice was significantly not affected 

throughout the course of the experiment (Figure 40). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 40: Summary of murine body weight for each treatment group. 
The body weight in grams of the mice in all treatment groups was measured on (A) day 0, (B) day 21 
and (C) day 28 (grams). Each dot represents an individual sample. Statistical test performed were 
unpaired t-test. Each colour dot represents a CAR T-cell donor. 
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The bone marrow was processed when the mice were culled to measure the frequency of 

CAR T-cells.  

qPCR was used to measure the CAR T-cell frequency as this is the standard for detecting CAR 

T-cells in tissue (Narayan et al., 2022, Wang et al., 2021b). CAR T-cells were detected using a 

primer for the human CD34 truncated sequence (Figure 41B). There was an increase in CAR 

T-cells detected in all treatment groups compared to the control mice (p=0.07, 0.03, 0.0013) 

(Figure 39B). There was no significant difference in the amount of anti-CD33 SLC7A5, and anti-

CD33 SLC7A11 CAR T-cells detected in the bone marrow compared to the unmodified CAR T-

cells (p=0.3 and p=0.17, respectively) (Figure 41B).  

Although the CAR T-cells were detected in equal amounts in the bone marrow there was 

significantly increased AML clearance for the anti-CD33 SLC7A5 and anti-CD33 SLC7A11 CAR 

T-cells (p=0.004 and 0.0037, respectively) (Figure 41C). 
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Figure 41: In vivo engraftment AML cell line HL60 into murine model 
Female NOD SCID mice were implanted via intravenous injections with 1x106 HL-60 cells.  
Twenty-three days post implantation bone marrow aspirates were taken to ensure engraftment and 
engrafted mice were randomised into treatment groups. (A) CAR T-cell frequency in the bone marrow 
of day of harvest identified by qPCR. (B) The HL60 remaining in the bone marrow on day of harvest 
identified by flow cytometer. Statistical tests performed were unpaired t-tests (n=12). 
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5.4 Discussion 

This chapter demonstrates that the modified CAR T-cells are transcriptionally and functionally 

different from the unmodified CAR T-cells.  

Analysing the alterations in the transcriptome caused by the addition of the transporters of 

the CAR T-cells allowed us to identify the effect of altered amino acid availability on the 

pathways associated with CAR T-cell's fitness or function. The addition of the transporters did 

not alter the metabolic transcriptome profile of genes directly associated with glycolysis, 

oxidative phosphorylation, or the citrate cycle. However, there were significant alterations of 

RNA expression in other pathways associated with CAR T-cell function and fitness.  

There was shared statistically significant upregulation of the RNA expression such as early 

growth response protein 1 (ERG1), RDH10, Nedd4 Family Interacting Protein 2 (NDFIP2) and 

LINC01281 in both anti-CD33 SLC7A5 and SLC7A11 CAR T-cells compared to anti-CD33 CAR T-

cells. EGR1 is upregulated upon T-cell activation and promotes IL-2 production in T-cells 

(Collins et al., 2006, Waldrip et al., 2021). NDFIP2 expression is increased during T-cell 

activation and limits T-cell expansion to prevent excessive T-cell responses (O'Leary et al., 

2016). RDH10 promotes effector T-cell differentiation (Fujiki et al., 2022). LINC01281 has been 

correlated with increased T-cell infiltration in some cancers (Ye et al., 2021, Sun et al., 2023). 

The upregulation of these genes demonstrates that the modified CAR T-cells have an 

increased capacity to undergo activation signalling even in low amino acid conditions. This 

demonstrates how the amino acid transporters have altered the CAR T-cell signalling 

associated with activation, expansion and differentiation. 

Anti-CD33 SLC7A11 CAR T-cells upregulate SLC3A2. SLC3A2 is a chaperone protein 

upregulated during T-cell activation that is required for cell surface presentation of amino 
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acid transporters such as SLC7A5, SLC7A8, SLC7A10, and SLC7A11 (Wu et al., 2024, 

Jeckelmann and Fotiadis, 2019, Li et al., 2024, Ma et al., 2023a). Additional SLC3A2 protein 

expression allows not only increased cell surface presentation of SLC7A11 but also other 

amino transporters to be expressed on the cell surface, enabling increased amino acid uptake 

and, consequently, providing essential nutrients for anti-SLC7A11 CAR T-cells function. 

In both modified CAR T-cells, the expression of other amino acid-related genes, such as ARG2 

was upregulated. High expression of arginase by cancer cells, has been linked to the 

generation of an immunosuppressive environment due to T-cells requirement for arginine 

during proliferation (Mussai et al., 2015b). Further investigations into ARG2 expression were 

performed, demonstrating that modified CAR T-cells in low amino acid conditions increased 

ARG2 mRNA, resulting in increased protein expression of arginase II  and increased arginase 

activity compared to anti-CD33 CAR T-cells. Previously, arginase II  has been inserted into GD2 

CAR T-cells, which provided increased proliferative capacity and tumour clearance in a murine 

model of neuroblastoma, demonstrating the importance of arginase II to T-cell function 

(Panetti et al., 2023). 

Despite having no difference in the number of CAR T-cells in the bone marrow across the CAR 

T-cell types, the modified CAR T-cells significantly reduced the frequency of the AML blasts 

present in the bone marrow. Therefore, the modified CAR T-cells had increased potency 

against the target cells and the addition of amino acid transporters to CAR T-cells could 

improve patient results. 

 

  



153 
 

  



154 
 

6. Final discussion 

6.1 Summary 

This thesis discussed designing CAR T-cell therapies to function better in low-amino acid 

environments generated by cancers.  

- Cystine and tryptophan are essential for T-cell and CAR T-cell function. 

- Inserting amino acid transporters SLC7A5 and SLC7A11 into CAR T-cells resulted in 

functional amino acid transporters that increased amino acid uptake in the modified 

CAR T-cells. 

- Inserting amino acid transporters SLC7A5 and SLC7A11 into CAR T-cells increased CAR 

T-cell proliferation in vitro. 

- Inserting amino acid transporters SLC7A5 and SLC7A11 into CAR T-cells increased CAR 

T-cell target cell clearance in vivo. 
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6.2 Discussion 

CAR T-cell therapy has shown promise in haematological cancers such as B-cell lymphoma, 

multiple myeloma and B-cell acute lymphoblastic leukaemia. For these cancers, CAR T-cells 

provide complete remission for patients who previously had very limited options with dismal 

prognoses. Long-term follow-up of patients treated with CAR T-cells for B-cell lymphoma and 

multiple myeloma has shown a relapse incidence rate below 20% (Chong et al., 2021, Zhao et 

al., 2022a, Cappell et al., 2020). However, CAR T-cell therapy targeting AML has yet to receive 

approval due to limited clinical activity (Baumeister et al., 2019). The AML inhibits the function 

of the immune system by generating an immunosuppressive environment. AML secrete c-

myc to expand MDSCs that suppress T-cell function (Pyzer et al., 2017). AML upregulates T-

cell-suppressing molecules which induce T-cell exhaustion, such as PD-L1 and TIM-3 (Chen et 

al., 2020, Goncalves Silva et al., 2017). Importantly, AML alters the prevalence of amino acids 

in the TME. AML increases tryptophan metabolism, increasing the production of the 

immunosuppressive molecule kynurenine. Kynurenine inhibits T-cell function and promotes 

regulatory T-cell differentiation (Mabuchi et al., 2016, Arandi et al., 2018). AML down-

regulates cystine generation from methionine. Instead, AML relies on the uptake of cystine 

from extracellular sources and, therefore, upregulates the cystine transporter SLC7A11 to 

aggressively increase cystine uptake, causing depletion of cystine levels in patient plasma 

(Cunningham et al., 2024, Zhou et al., 2020b). 

We hypothesised that the introduction of the amino acid transporters SLC7A5 and SLC7A11 

would enhance anti-CD33 CAR T-cell efficacy in the immunosuppressive environment by 

improving amino acid uptake. T-cells require tryptophan and cystine for T-cell proliferation. 

The analysis of anti-CD33 CAR T-cells in low tryptophan and cystine environments shows a 
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reduction in CAR T-cell proliferation. In the CAR Jurkat model, the addition of the tryptophan 

and cystine amino acid transporters improved ATP production and enhanced CAR Jurkat 

activation in low amino acid environments. 

The addition of the amino acid transporters into the CAR T-cells resulted in a population of 

CAR T-cells that had increased protein expression of their respective transporters and 

increased amino acid uptake.  

SLC7A5 and SLC7A11 transport other amino acids than tryptophan and cystine. SLC7A5 

transports branched-chain amino acids, including leucine, isoleucine, phenylalanine, tyrosine, 

methionine, histidine and valine. SLC7A11 exchanges cystine uptake for glutamate export. 

Therefore, further analysis of the effect of the movement of the other amino acids 

transported by SLC7A5 and SLC7A11, for example, through metabolite labelling, could alter 

the perspective of how these amino acid transporters may be altering the CAR T-cell function 

and the surrounding cells. Studying whether CAR T-cells with increased amino acid uptake 

have the capability to reduce cancer cell proliferation without cell-to-cell contact through 

depletion of available amino acids could provide interesting insights into the effects of amino 

acid depletion on cancer cells.  

Blocking cystine uptake and thioredoxin production from cystine causes cancer cell death 

(Harris et al., 2015, Cunningham et al., 2024). The inhibition of amino acid uptake via SLC7A5 

by cancer cells suppresses cancer cell proliferation (Maimaiti et al., 2020). Therefore, reducing 

cystine and tryptophan availability to cancer cells could provide additional anti-tumour 

efficacy to CAR T-cells overexpressing these amino acid transporters. 
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Furthermore, the concept of adding amino acid transporters to CAR T-cells could be expanded 

beyond the amino acid transporters used here to other amino acid transporters in different 

CAR T-cell therapies. 

The unmodified and the transporter CAR T-cells predominantly expressed a central memory 

phenotype, which has both proliferative capacity and the capability to differentiate into 

effector T-cells. This has been identified as one of the ideal phenotypes for CAR T-cells prior 

to use because this phenotype preserves the high proliferative capacity and effector function 

of the CAR T-cells (Doan et al., 2024, Arcangeli et al., 2022). It would be interesting to expand 

the phenotypic analysis to define further the subtype of these CAR T-cells, such as helper T-

cells, type 1, 2, 17, or regulatory T-cells.  

Retroviral CAR T-cells require T-cell activation to integrate CAR constructs into the T-cell 

genome during transduction. Therefore, the retroviral CAR T-cells injected into patients have 

previously been activated. The use of lentiviral vectors which do not require T-cell activation 

for successful transduction could provide a more naïve-like T-cell product with more 

functional capacity than pre-activated retroviral CAR T-cells (Ghassemi et al., 2022). The lack 

of expansion prior to injection would result in a smaller number of cells injected. However, 

the reduced manufacturing time of the CAR T-cells outside the patient has been previously 

shown to improve anti-cancer activity in leukaemia and would be beneficial to patients who 

otherwise would be waiting for treatment 7-14 days post leukapheresis (Ghassemi et al., 

2018, Yang et al., 2022a). However, the use of lentiviral vectors without activation of the T-

cells would not be suitable for the constructs used in this work as the larger constructs result 

in low transduction efficiency and, therefore, only a negligible number of CAR T-cells would 

be generated (Sweeney and Vink, 2021, Schambach et al., 2006). 
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Beyond this, the use of allogeneic CAR T-cells instead of autologous CAR T-cells could improve 

CAR T-cell potency. T-cells must be isolated from the patient's peripheral blood to generate 

autologous CAR T-cells. These patient-derived T-cells’ fitness is affected by the cancer burden.  

Therefore, some patient's T-cells are not suitable for CAR T-cell therapy. Screening for specific 

T-cell phenotypes found in the leukapheresis of patients, such as increased LAG3 expression, 

has been shown to correlate with a lack of anti-cancer activity once injected into patients as 

a CAR T-cell product (Finney et al., 2019). Therefore, once the technology to prevent GVHD in 

allogeneic CAR T-cells has been improved, allogeneic CAR T-cell products may provide a more 

effective therapy for some patients. The technology of allogeneic CAR T-cells has reached 

phase 1 trials to be assessed for safety and cancer clearance (NCT04093596, NCT04516551) 

(Mailankody et al., 2023, Luo et al., 2024). 

The addition of the amino acid transporters did not increase the expression of exhaustion 

markers PD-1, LAG3 or TIM3. Expression of these markers is expected due to prior activation 

during transduction, which induces the upregulation of these exhaustion markers. The 

upregulation of these markers by activated T-cells is often abused by cancers, including AML, 

to inhibit T-cell responses through cancer upregulation of the exhaustion ligands such as PD-

L1, Galectin -3, and galectin-9 (Dama et al., 2019, Wang et al., 2022, Gao et al., 2017). 

Therefore, studying the effectiveness of anti-CD33 SLC7A5/SLC7A11 CAR T-cells when 

administered in combination with immune checkpoint blockades could provide essential 

protection for the CAR T-cell’s function within the tumour microenvironment (Sailer et al., 

2023, Zhou et al., 2023).  

The addition of the amino acid transporters did not alter the killing capacity of the CAR T-cells 

in vitro.  
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The addition of the transporters reduced the expression of TNF-α. TNF-α can induce T-cell 

proliferation but also T-cell death (Psarras et al., 2021, Kumar et al., 2022). Therefore, the 

effects of the decreased TNF-α production by the CAR T-cells needs to be studied more. 

Despite the increase in ATP production seen in the modified Jurkat CAR, the addition of the 

transporters did not affect the expression of genes associated with glycolysis, oxidative 

phosphorylation, and the citrate cycle in CAR T-cells. However, other genes involved in T-cell 

proliferation and function had altered expression. 

Both transporters had differential expression of genes associated with T-cell activation, 

survival, proliferation and differentiation. The differential expression of the genes by the anti-

CD33 transporter CAR T-cells suggests increased fitness and function in low amino acid 

conditions compared to anti-CD33 CAR T-cells. 

Arginase II, a gene associated with amino acid metabolism, was upregulated by both modified 

CAR T-cells, resulting in increased expression of arginase II at the protein level and increased 

arginase activity in the modified CAR T-cells. Arginine is another essential amino acid for T-

cell function, and therefore, the increased metabolism of arginine could provide improved 

CAR T-cell functions in the immunosuppressive environment. Further analysis of the protein 

expression levels associated with the altered RNA expression described in the transcriptome 

data via western blot or flow cytometry could further demonstrate how the addition of amino 

acid transporters exerted an effect on the CAR T-cell function. 

In the in vivo model of leukaemia, following the injection of CAR T-cells, the frequency of the 

different CAR T-cells in the bone marrow was not altered. However, unlike unmodified CAR 

T-cells, the transporter CAR T-cells reduced the cancer burden in murine models, 

demonstrating increased potency of anti-tumour activity. 
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Armoured CAR T-cells have been discussed in the literature as potential to overcome the 

failures of CAR T-cell therapy (Pievani et al., 2024, Hawkins et al., 2021, Zhang et al., 2023a). 

Armoured CAR T-cells refer to the CAR T-cells designed with various mechanisms to overcome 

or target the tumour microenvironment. CAR T-cells designed to increase the production of 

cytokines such as IL-2 and IL-33 have been shown to have increased survival and decreased 

tumour growth in solid tumour mouse models compared to those that are not modified. (Brog 

et al., 2022). More relevantly to this thesis, the overexpression of kynurenine enzyme, 

kynureninase, in CAR T-cells improved anti-leukemic activity (Yang et al., 2022b). Further in 

vivo testing and clinical trials would be required to prove the efficacy of these armoured CAR 

T-cells within the solid microenvironment.  

In the future, combining these armoured CAR T-cells and adding amino acid transporters 

could provide resistance to the TME, tailoring CAR design to individual TME types and 

protecting against CAR function from the heterogeneity of the TME. Combining the 

kynurenine-clearing ability of kynureninase-producing CAR T-cells with increased tryptophan 

uptake could provide a robust response to cancers with altered tryptophan metabolism 

within the TME. Additionally, in TMEs identified to have increased ROS production, CAR T-

cells with increased catalase expression to protect from increased ROS exposure could be 

combined with increased cystine uptake as cystine is utilised to protect against ROS species 

could provide resistance against the TME (Ligtenberg et al., 2016, Han et al., 2024). 

Conversely, an amalgamation of these designs targeting a combination of pathways could 

provide protection in heterogeneous TMEs and prevent tumour escape via cancer 

upregulation of alternative mechanisms of immunosuppression. 
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6.3 Limitations 

As discussed in the previous chapter, one of the difficulties with the transduction efficiency 

of the modified CAR T-cells was the construct's size. The insertion of the transporters to the 

construct adds significant length to the construct, decreasing the transduction efficiency. This 

significantly decreases the number of cells obtained following the CAR T-cell enrichment. 

Optimisation and upscaling of the transduction process would enable additional work to be 

carried out to allow experiments which require a larger cell count to be completed. 

Optimisation of the process, such as altering media composition, transduction enhancer type 

or concentration, and cytokine exposure, all have been shown in other CAR T-cell models to 

alter transduction efficiency (Ghassemi et al., 2020, Nasiri et al., 2023, Du et al., 2021).  
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6.5 Conclusion 

This thesis demonstrated that the addition of amino acid transporters to CAR T-cells is viable 

and can result in functional amino acid transporters that increase CAR T-cell uptake of 

available amino acids. Therefore, this could be an avenue of CAR T-cell design that could 

unlock improved results within CAR T-cell therapy, especially within cancer 

microenvironments where the amino acid availability is altered. Considerable expansion upon 

the results described here would need to be completed before clinical application to develop 

the most effective amino acid transporter CAR T-cells and assess which patients they would 

benefit most. However, these results show proof of concept that CAR T-cell design benefits 

from metabolic considerations. 
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8. Supplementary data 

8.1 anti-CD33 SLC7A5 CAR T-cell sequence 
This is the code for the following components: truncated CD34, F2A peptide linker, CD8 

signal peptide, CD33 ScFV, CD8 Hinge/transmembrane, 4-1BB intracellular signalling 

domain, CD3zeta intracellular signalling domain, P2A peptide linker, and SLC7A5. 

 

ATGCCTCGCGGCTGGACAGCCCTGTGCCTGCTGTCTCTGCTGCCATCCGGCTTCATGAGCCTGGATA

ATAACGGCACAGCCACCCCAGAGCTGCCTACACAGGGCACCTTCAGCAATGTGTCCACAAACGTGA

GCTATCAGGAGACCACAACCCCTTCTACCCTGGGATCCACAAGCCTGCACCCCGTGTCTCAGCACGG

CAACGAAGCCACCACCAACATCACCGAGACCACAGTGAAGTTTACCTCCACCTCTGTGATTACCTCTG

TGTACGGAAATACAAACTCCAGCGTGCAGTCTCAGACATCTGTGATCTCCACAGTGTTTACAACACCT

GCCAATGTGTCCACCCCAGAGACAACCCTGAAGCCCAGCCTGTCTCCTGGAAATGTGTCCGATCTGT

CTACCACCTCCACCAGCCTGGCCACCTCTCCCACCAAGCCCTATACCTCCTCTTCTCCCATCCTGAGCG

ATATCAAAGCCGAGATCAAATGCAGCGGGATTCGGGAAGTGAAACTGACACAGGGCATCTGCCTGG

AACAGAATAAGACATCCAGCTGCGCCGAGTTTAAGAAAGATAGAGGAGAGGGACTGGCCAGGGTG

CTGTGTGGCGAAGAGCAGGCCGACGCCGATGCCGGCGCCCAGGTGTGTTCCCTGCTGCTGGCCCAG

TCTGAGGTGCGCCCCCAGTGCCTGCTGCTGGTGCTGGCCAATCGGACAGAAATTAGCAGCAAGCTG

CAGCTGATGAAAAAACACCAGAGCGATCTGAAAAAGCTGGGCATCCTGGACTTTACCGAGCAGGAC

GTGGCCTCTCACCAGAGCTACAGCCAGAAAACACTGATCGCCCTGGTGACCAGCGGAGCCCTGCTG

GCCGTGCTGGGCATCACCGGATATTTCCTGATGAATAGGCGCAGCTGGAGCCCCACCGGCGAACGG

CTGGAGCTGGAGCCTGTCGACCGAGTGAAGCAGACCCTGAACTTTGATCTGCTGAAGCTGGCCGGC

GACGTGGAGTCCAACCCCGGGCCAGGGAATATGGCCTTACCAGTGACCGCCTTGCTCCTGCCGCTG

GCCTTGCTGCTCCACGCCGCCAGGCCGGGATCCAACATCATGCTGACCCAGAGCCCTAGCAGCCTGG

CCGTGTCTGCCGGCGAGAAAGTGACCATGAGCTGCAAGAGCAGCCAGAGCGTGTTCTTCAGCAGCT

CCCAGAAGAACTACCTAGCCTGGTATCAGCAGATCCCAGGCCAGAGCCCTAAGCTGCTGATCTACTG

GGCCAGCACCAGAGAAAGCGGCGTGCCCGATAGATTCACCGGAAGCGGTTCTGGCACCGACTTCAC

CCTGACAATCAGCAGCGTGCAGAGCGAGGACCTGGCCATCTACTACTGCCACCAGTACCTGAGCAG

CCGGACCTTTGGCGGAGGCACCAAGCTGGAAATCAAGAGAGGCGGCGGAGGCTCAGGCGGAGGC

GGATCTAGTGGCGGAGGATCTCAGGTGCAGCTGCAGCAGCCAGGCGCCGAGGTCGTGAAACCTGG

CGCCTCTGTGAAGATGTCCTGCAAGGCCAGCGGCTACACCTTCACCAGCTACTACATCCACTGGATC

AAGCAGACCCCTGGACAGGGCCTGGAATGGGTGGGAGTGATCTACCCCGGCAACGACGACATCAG

CTACAACCAGAAGTTCAAGGGCAAGGCCACCCTGACCGCCGACAAGTCTAGCACCACCGCCTACAT

GCAGCTGTCCAGCCTGACCAGCGAGGACAGCGCCGTGTACTACTGCGCCAGAGAAGTGCGGCTGC

GGTACTTCGATGTGTGGGGAGCCGGCACCACCGTGACCGTGTCATCTACCACGACGCCAGCACCGC

GACCACCAACACCGGCGCCAACCATCGCATCGCAGCCCCTGTCCCTGCGCCCAGAGGCGTGCCGACC

AGCGGCGGGGGGCGCAGTGCACACGAGGGGGCTGGACTTCGCCTGTGATATCTACATCTGGGCGC

CCTTGGCCGGGACTTGTGGGGTCCTTCTCCTGTCACTGGTTATCACCCTTTACTGCAAACGGGGCAG

AAAGAAACTCCTGTATATATTCAAACAACCATTTATGAGACCAGTACAAACTACTCAAGAGGAAGAT

GGCTGTAGCTGCCGATTTCCAGAAGAAGAAGAAGGAGGATGTGAACTGAGAGTGAAGTTCAGCAG

GAGCGCAGACGCCCCCGCGTACAAGCAGGGCCAGAACCAGCTCTATAACGAGCTCAATCTAGGACG

AAGAGAGGAGTACGATGTTTTGGACAAGAGACGTGGCCGGGACCCTGAGATGGGGGGAAAGCCG

AGAAGGAAGAACCCTCAGGAAGGCCTGTACAATGAACTGCAGAAAGATAAGATGGCGGAGGCCTA
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CAGTGAGATTGGGATGAAAGGCGAGCGCCGGAGGGGCAAGGGGCACGATGGCCTTTACCAGGGT

CTCAGTACAGCCACCAAGGACACCTACGACGCCCTTCACATGCAGGCCCTGCCCCCTCGCGCCACCA

ACTTCAGCCTGCTGAAGCAGGCCGGCGACGTGGAGGAAAACCCTGGCCCCATGGCCGGCGCTGGA

CCTAAGAGAAGGGCTCTGGCTGCTCCCGCTGCTGAGGAGAAAGAAGAGGCTAGAGAGAAGATGCT

GGCTGCTAAGAGCGCCGATGGCTCCGCTCCCGCCGGAGAAGGAGAGGGCGTGACACTGCAGAGGA

ACATCACACTGCTCAACGGCGTCGCCATTATCGTGGGCACCATCATTGGAAGCGGCATCTTCGTGAC

CCCCACCGGCGTGCTGAAGGAGGCTGGATCCCCCGGACTGGCTCTGGTGGTCTGGGCTGCTTGCGG

CGTGTTCAGCATTGTGGGCGCTCTGTGTTACGCCGAACTGGGCACCACCATTAGCAAAAGCGGAGG

AGACTACGCCTACATGCTGGAAGTGTACGGAAGCCTCCCCGCCTTCCTCAAGCTGTGGATCGAGCTG

CTGATCATTAGGCCTTCCAGCCAGTACATCGTCGCCCTCGTCTTCGCCACATATCTGCTCAAGCCTCT

GTTTCCCACATGCCCCGTGCCCGAGGAGGCTGCTAAACTGGTCGCTTGTCTCTGTGTGCTGCTGCTG

ACAGCCGTCAATTGTTACAGCGTCAAGGCTGCCACAAGAGTGCAAGACGCTTTTGCCGCCGCTAAGC

TGCTCGCCCTCGCTCTGATCATTCTGCTGGGCTTCGTCCAAATTGGCAAGGGCGATGTCAGCAATCT

GGACCCCAACTTCTCCTTCGAGGGCACCAAACTCGACGTGGGCAACATCGTGCTCGCTCTGTATTCC

GGACTGTTCGCTTACGGAGGCTGGAACTATCTGAACTTCGTCACCGAGGAGATGATCAACCCCTATA

GAAATCTGCCTCTGGCTATCATCATCTCTCTGCCCATCGTCACACTGGTGTATGTGCTCACCAATCTG

GCCTACTTCACCACACTGAGCACAGAACAGATGCTGTCCAGCGAAGCCGTCGCCGTGGACTTTGGCA

ACTATCATCTGGGCGTGATGAGCTGGATCATCCCCGTGTTCGTCGGACTGAGCTGCTTCGGCTCCGT

GAATGGATCCCTCTTTACAAGCTCTAGACTCTTCTTCGTGGGCTCTAGAGAGGGACATCTGCCTAGC

ATCCTCAGCATGATTCACCCTCAGCTGCTGACCCCCGTGCCCTCTCTGGTGTTCACATGCGTGATGAC

ACTGCTGTACGCCTTCAGCAAGGATATCTTCAGCGTGATTAATTTTTTTAGCTTTTTCAACTGGCTCTG

CGTGGCTCTGGCCATCATTGGCATGATTTGGCTGAGACATAGAAAACCCGAGCTGGAGAGGCCCAT

CAAAGTGAATCTGGCTCTGCCCGTGTTCTTCATTCTCGCTTGTCTGTTTCTGATTGCCGTGTCCTTCTG

GAAGACCCCCGTGGAATGCGGCATTGGCTTCACCATCATTCTGTCCGGCCTCCCCGTGTACTTCTTCG

GCGTCTGGTGGAAGAACAAGCCCAAGTGGCTGCTGCAAGGCATCTTCAGCACCACAGTGCTGTGCC

AAAAGCTGATGCAAGTGGTGCCCCAAGAGACATGA 
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8.2 anti-CD33 SLC7A11 CAR T-cell sequence 
This is the code for the following components: Truncated CD34, F2A peptide linker, CD8 

signal peptide, CD33 ScFV, CD8 Hinge/transmembrane, 4-1BB intrcellular signalling domain, 

CD3z signalling domain, P2A peptide linker, and SLC7A11 transporter. 

 

ATGCCTCGCGGCTGGACAGCCCTGTGCCTGCTGTCTCTGCTGCCATCCGGCTTCATGAGCCTGGATA

ATAACGGCACAGCCACCCCAGAGCTGCCTACACAGGGCACCTTCAGCAATGTGTCCACAAACGTGA

GCTATCAGGAGACCACAACCCCTTCTACCCTGGGATCCACAAGCCTGCACCCCGTGTCTCAGCACGG

CAACGAAGCCACCACCAACATCACCGAGACCACAGTGAAGTTTACCTCCACCTCTGTGATTACCTCTG

TGTACGGAAATACAAACTCCAGCGTGCAGTCTCAGACATCTGTGATCTCCACAGTGTTTACAACACCT

GCCAATGTGTCCACCCCAGAGACAACCCTGAAGCCCAGCCTGTCTCCTGGAAATGTGTCCGATCTGT

CTACCACCTCCACCAGCCTGGCCACCTCTCCCACCAAGCCCTATACCTCCTCTTCTCCCATCCTGAGCG

ATATCAAAGCCGAGATCAAATGCAGCGGGATTCGGGAAGTGAAACTGACACAGGGCATCTGCCTGG

AACAGAATAAGACATCCAGCTGCGCCGAGTTTAAGAAAGATAGAGGAGAGGGACTGGCCAGGGTG

CTGTGTGGCGAAGAGCAGGCCGACGCCGATGCCGGCGCCCAGGTGTGTTCCCTGCTGCTGGCCCAG

TCTGAGGTGCGCCCCCAGTGCCTGCTGCTGGTGCTGGCCAATCGGACAGAAATTAGCAGCAAGCTG

CAGCTGATGAAAAAACACCAGAGCGATCTGAAAAAGCTGGGCATCCTGGACTTTACCGAGCAGGAC

GTGGCCTCTCACCAGAGCTACAGCCAGAAAACACTGATCGCCCTGGTGACCAGCGGAGCCCTGCTG

GCCGTGCTGGGCATCACCGGATATTTCCTGATGAATAGGCGCAGCTGGAGCCCCACCGGCGAACGG

CTGGAGCTGGAGCCTGTCGACCGAGTGAAGCAGACCCTGAACTTTGATCTGCTGAAGCTGGCCGGC

GACGTGGAGTCCAACCCCGGGCCAGGGAATATGGCCTTACCAGTGACCGCCTTGCTCCTGCCGCTG

GCCTTGCTGCTCCACGCCGCCAGGCCGGGATCCAACATCATGCTGACCCAGAGCCCTAGCAGCCTGG

CCGTGTCTGCCGGCGAGAAAGTGACCATGAGCTGCAAGAGCAGCCAGAGCGTGTTCTTCAGCAGCT

CCCAGAAGAACTACCTAGCCTGGTATCAGCAGATCCCAGGCCAGAGCCCTAAGCTGCTGATCTACTG

GGCCAGCACCAGAGAAAGCGGCGTGCCCGATAGATTCACCGGAAGCGGTTCTGGCACCGACTTCAC

CCTGACAATCAGCAGCGTGCAGAGCGAGGACCTGGCCATCTACTACTGCCACCAGTACCTGAGCAG

CCGGACCTTTGGCGGAGGCACCAAGCTGGAAATCAAGAGAGGCGGCGGAGGCTCAGGCGGAGGC

GGATCTAGTGGCGGAGGATCTCAGGTGCAGCTGCAGCAGCCAGGCGCCGAGGTCGTGAAACCTGG

CGCCTCTGTGAAGATGTCCTGCAAGGCCAGCGGCTACACCTTCACCAGCTACTACATCCACTGGATC

AAGCAGACCCCTGGACAGGGCCTGGAATGGGTGGGAGTGATCTACCCCGGCAACGACGACATCAG

CTACAACCAGAAGTTCAAGGGCAAGGCCACCCTGACCGCCGACAAGTCTAGCACCACCGCCTACAT

GCAGCTGTCCAGCCTGACCAGCGAGGACAGCGCCGTGTACTACTGCGCCAGAGAAGTGCGGCTGC

GGTACTTCGATGTGTGGGGAGCCGGCACCACCGTGACCGTGTCATCTACCACGACGCCAGCACCGC

GACCACCAACACCGGCGCCAACCATCGCATCGCAGCCCCTGTCCCTGCGCCCAGAGGCGTGCCGACC

AGCGGCGGGGGGCGCAGTGCACACGAGGGGGCTGGACTTCGCCTGTGATATCTACATCTGGGCGC

CCTTGGCCGGGACTTGTGGGGTCCTTCTCCTGTCACTGGTTATCACCCTTTACTGCAAACGGGGCAG

AAAGAAACTCCTGTATATATTCAAACAACCATTTATGAGACCAGTACAAACTACTCAAGAGGAAGAT

GGCTGTAGCTGCCGATTTCCAGAAGAAGAAGAAGGAGGATGTGAACTGAGAGTGAAGTTCAGCAG

GAGCGCAGACGCCCCCGCGTACAAGCAGGGCCAGAACCAGCTCTATAACGAGCTCAATCTAGGACG

AAGAGAGGAGTACGATGTTTTGGACAAGAGACGTGGCCGGGACCCTGAGATGGGGGGAAAGCCG

AGAAGGAAGAACCCTCAGGAAGGCCTGTACAATGAACTGCAGAAAGATAAGATGGCGGAGGCCTA

CAGTGAGATTGGGATGAAAGGCGAGCGCCGGAGGGGCAAGGGGCACGATGGCCTTTACCAGGGT

CTCAGTACAGCCACCAAGGACACCTACGACGCCCTTCACATGCAGGCCCTGCCCCCTCGCGCCACCA
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ACTTCAGCCTGCTGAAGCAGGCCGGCGACGTGGAGGAAAACCCTGGCCCCATGGTGAGGAAACCC

GTGGTGTCCACAATCAGCAAGGGCGGCTATCTGCAAGGCAATGTGAACGGCAGACTGCCTAGCCTC

GGAAACAAGGAACCCCCCGGCCAAGAGAAGGTGCAGCTGAAGAGGAAAGTGACACTGCTGAGAG

GCGTCTCCATCATTATCGGCACCATCATCGGAGCTGGCATCTTCATCAGCCCTAAGGGCGTGCTCCA

GAACACCGGATCCGTCGGCATGTCTCTGACCATCTGGACCGTCTGCGGCGTGCTGTCTCTGTTTGGC

GCCCTCTCCTACGCCGAGCTGGGAACAACCATCAAGAAGTCCGGCGGCCACTATACCTACATTCTGG

AAGTCTTCGGCCCTCTGCCCGCCTTTGTGAGAGTGTGGGTGGAGCTGCTGATCATTAGACCCGCCGC

CACCGCTGTCATTTCTCTGGCTTTCGGAAGGTACATTCTGGAGCCCTTCTTCATCCAGTGTGAGATCC

CCGAGCTGGCTATCAAGCTGATCACCGCTGTCGGCATCACCGTGGTCATGGTCCTCAACAGCATGAG

CGTGAGCTGGAGCGCTAGGATCCAGATCTTTCTGACCTTCTGCAAGCTGACAGCCATTCTGATCATC

ATTGTCCCCGGAGTCATGCAGCTGATTAAGGGCCAGACCCAGAACTTTAAGGACGCCTTTAGCGGA

AGAGACAGCAGCATCACAAGGCTGCCCCTCGCCTTTTACTACGGCATGTACGCCTATGCCGGCTGGT

TTTATCTGAACTTCGTCACCGAGGAGGTGGAGAACCCCGAGAAGACCATCCCTCTGGCCATCTGCAT

CTCCATGGCCATCGTGACAATCGGATACGTGCTCACCAACGTCGCCTACTTTACCACCATCAATGCCG

AAGAGCTGCTGCTCTCCAATGCTGTCGCCGTCACATTTTCCGAAAGGCTGCTGGGCAATTTCTCTCTG

GCCGTGCCTATCTTTGTGGCTCTGAGCTGTTTCGGCAGCATGAACGGCGGAGTGTTCGCCGTGTCTA

GACTGTTCTACGTGGCCTCCAGAGAGGGACATCTGCCCGAGATCCTCTCCATGATCCACGTGAGGAA

GCACACCCCTCTGCCCGCCGTGATCGTGCTCCACCCTCTGACCATGATCATGCTCTTTTCCGGAGATC

TGGATTCTCTGCTGAACTTTCTGTCCTTCGCTAGATGGCTGTTTATCGGACTGGCTGTGGCCGGACTG

ATTTATCTGAGATACAAGTGCCCCGACATGCACAGACCCTTTAAGGTGCCTCTGTTTATCCCCGCTCT

GTTCAGCTTCACATGTCTGTTCATGGTCGCCCTCTCCCTCTACAGCGACCCCTTCTCCACCGGCATCGG

ATTCGTCATTACACTGACCGGCGTGCCCGCCTATTACCTCTTTATCATCTGGGACAAGAAGCCTAGAT

GGTTTAGGATCATGAGCGAGAAGATCACAAGAACCCTCCAAATCATTCTCGAGGTGGTCCCCGAGG

AAGATAAGCTGTGA 
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