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Abstract……….... 

  

CD19 targeting chimeric antigen receptor (CAR) T-cells deliver excellent clinical 

responses in relapsed/refractory acute lymphoblastic leukaemia (B-ALL) and high-grade 

B cell lymphoma. However, many patients do not respond or relapse post treatment 

because of poor CAR T-cell expansion and persistence. Adoptive cell transfer studies 

have shown that stem-cell memory/naïve/central memory (Tscm/Tn/Tcm) T-cell subsets 

compared to effector/terminal (Te/Tte) subsets, deliver superior T-cell expansion, 

persistence, and anti-tumour efficacy in-vitro and in-vivo. In patients, the proportion of 

Tn/Tcm subsets can vary considerably, and current manufacturing protocols prioritising 

mass cell expansion often give rise to Te/Tte skewed products. Studies have demonstrated 

that the ex-vivo inhibition of Akt signalling, an important mediator of T-cell activation 

and differentiation, can enrich such Tn/Tcm populations.  

 

A novel CD19 targeting single chain fragment variable (scFv) was developed at UCL and 

named CAT. The CAT scFv was found to have lower affinity for the CD19 target over 

the FMC63 scFv, utilised in current FDA approved KymriahTM, YescartaTM and 

TecartusTM CAR therapies. This CAT CAR has demonstrated durable responses against 

paediatric/adult B-ALL and was used as a model to explore the effects of ex-vivo Akt 

inhibition. We describe a genetic engineering approach of Akt inhibition through the 

expression of a dominant negative Akt1 molecule and highlight the benefits of 

pharmacological Akt inhibition.  

 

We assessed the incorporation of Akt inhibitor VIII (further referred to as VIII), originally 

developed by Merck Research Laboratories, Pennsylvania, USA (Compound 16g) into 

the CliniMACS Prodigy® manufacture process, utilised in current UCL based CAR T-

cell trials, in both heathy/B-ALL patients at small/large scale. We show that ex-vivo Akt 

inhibition can promote enrichment of less differentiated Tscm/Tcm subsets with 

improved expansion and cytotoxicity against antigen expressing targets in-vitro and 

superior anti-tumour activity in-vivo. Inhibition using VIII supported enrichment of CD4 

Th1 and Th17 subsets with no skew towards Th2 and Tregs, as previously reported 

resulting in increased T-cell polyfunctionality. Transcriptome and metabolic analysis 
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revealed a signature for autophagy in CAR CD8 T-cells validated by an increase in 

autophagic vesicles, not previously described in the context of ex-vivo Akt inhibition in 

CAR T-cells. VIII-treated CAR CD8 T-cells were found to have a unique metabolic 

profile with high mitochondrial membrane potential (ΔΨm) and increased fatty acid 

oxidation to support energy demands of enhanced expansion and cytotoxicity.  

 

Lastly, we demonstrate that Akt inhibition can be incorporated into large scale automated 

manufacturing processes with the potential to generate functionally superior products 

compared to standard untreated products. This ultimately may help to improve clinical 

responses by rescuing patients/products at risk of CD19+ relapse.  
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Impact Statement. 

 

At UCL, a novel CD19 CAR called the CAT CAR with a fast off-rate CD19 binding 

domain, designed to reduce CAR T-cell immune toxicity, and improve engraftment, was 

developed and has shown promising clinical activity in both adult and paediatric acute 

lymphoblastic leukaemia (B-ALL). However, some patients do not respond or relapse 

post treatment because of poor CAR T-cell expansion and persistence. The incorporation 

of ex-vivo Akt inhibition with Akt inhibitor VIII (VIII) has shown promise in generating 

CAR T-cells with enhanced anti-tumour efficacy. However, this has only been tested at 

small-scale in CAR T-cells designed with a CD28ζ endodomain. CD28ζ CAR T-cells 

have been reported to suffer from exhaustion and diminished persistence over 41BBζ 

CAR T-cells, attributed to basal signalling events in the absence of target. As vast 

majority of CAR T-cells therapies utilise a 41BBζ endodomain, assessing the effects of 

ex-vivo Akt inhibition in a more clinically relevant model of 41BBζ CAR T-cells is of 

significant impact to the CAR T-cell field. In this study, we show for the first time that 

ex-vivo VIII inhibition can provide phenotypic and functional benefits in the CAT CAR 

designed with a 41BBζ endodomain and implicate several biological pathways 

contributing to this.  

 

By directly comparing CAR T-cell products manufactured from B-ALL patients using 

conventional methods in parallel with VIII treatment, we show that Akt inhibition can 

enhance product phenotype and functionality in a series of in-vitro and in-vivo 

assessments. On the basis of this, we hypothesised that this manufacturing intervention 

may be able to rescue patients at risk of relapse from CD19+ disease due to poor CAR T-

cell function.  

 

We show that this method can be successfully scaled to the closed semi-automated 

CliniMACS Prodigy® CAR T-cell manufacturing platform to permit clinical scale 

manufacture of enhanced CAR T-cells. Such an automated manufacturing approach can 

help support the increasing demand for CAR T-cell manufacturing, providing a more 

standardised approach. The CliniMACS Prodigy® provides additional benefits by 

eliminating the requirement for high-classification manufacturing clean rooms and their 
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associated costs, reducing staffing requirements, and lowering the risks of contaminations 

or other operator handling errors. Work on this study led to the incorporation of this 

manufacturing method in an upcoming UCL based CAR T-cell trial against multiple 

myeloma (NCT04795882) with a chance to improve patient outcomes positively. 
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Chapter 1. Introduction 

1.1. Introduction 

1.1.1. Cancer and the immune system 

Today, cancer is considered a genetic disease and remains a leading cause of mortality. 

Acquired gene abnormalities can contribute to several cancer hallmarks influencing 

uninhibited cancer cell expansion, invasion, and metastasis. Cancer dependent primary 

treatment consists of surgical resection, chemotherapy, and radiotherapy. Identification 

of genetic mutations and aberrant proteins has led to the development of many targeted 

therapies. Some include protein kinase inhibitors against upregulated/mutated epidermal 

growth factor receptor (EGFR) (Erlotinib/Osimertinib) (Leighl et al., 2020) or 

chromosomal fusion Bcr-Abl (Imatinib) (Iqbal and Iqbal, 2014). Other therapies utilise 

monoclonal antibodies to limit vascular endothelial growth factor (VEGF) regulated 

angiogenesis (Bevacizumab) (Braghiroli et al., 2012) or cell proliferation from 

upregulated human epidermal growth factor receptor 2 (HER2) (Trastuzumab) 

(Maximiano et al., 2016). Despite the development of many targeted therapies, cancers 

often develop resistance to such drugs (Hanahan and Weinberg, 2011).    

 

More recently, growing evidence implicates the importance of the immune system in both 

driving and controlling cancer. The immune system consists of two parts, innate and 

adaptive immunity. Natural killer cells (NK), basophils, eosinophils, neutrophils, mast 

cells, dendritic cells (DCs) and macrophages contribute to innate immunity as a rapid first 

line defence against invading bacterial, viral, and parasitic pathogens. Adaptive immunity 

can take several days to develop but can generate long-term immunological memory. It 

involves B lymphocytes (B-cells) and T lymphocytes (T-cells) which confers antigen 

dependent responses to pathogens (Murphy and Weaver, 2016).  

 

T-cells are further classified as CD8 cytotoxic T-cells, which recognise major 

histocompatibility complex (MHC) class I (MHC-I) molecules or CD4 T-helper T-cells, 

which recognise MHC class II (MHC-II). CD8 T-cells can directly kill infected cells 

presenting foreign antigens on MHC-I however, CD4 T-cells recognise MHC-II 
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predominately expressed by antigen expressing cells, including DCs, macrophages and 

B-cells (Murphy and Weaver, 2016). CD4 T-cells can develop into a variety of effector 

T-helper (Th) subsets such as Th1, Th2, Th9, Th17, Th22, Tfh (follicular helper T-cell) 

and TREG. These subsets can be identified by specific extracellular markers, 

transcription factors and cytokine profiles, as illustrated in Figure 1.  Naturally, subsets 

can be evoked by different classes of pathogens. Based on their cytokine profiles, subsets 

can recruit a range of innate immune cells such as macrophages (Th1), 

eosinophils/basophils/mast cells (Th2) and neutrophils (Th17). Tfh and TREGs have 

more unique roles; B-cells can bind and process soluble molecules through the B-cell 

receptor (BCR). Protein components are internalised and processed into peptide 

fragments which can be displayed on the surface by MHC-II. Tfh can activate B-cells by 

recognising peptide/MHC-II presented to give rise to plasma cells which can produce 

neutralising, opsonising, NK/mast cell sensitising and complement activating antibodies. 

TREGs however have a regulatory function and can suppress T-cell and innate immune 

cell activity. Overall providing a regulated defence against pathogens (Murphy et al., 

2017).  

 

 

Figure 1.  Summary of CD4 T-helper subsets 

Summary of the different T-helper (Th) subsets naïve (Tn) CD4 T-cells can differentiate into. The 

figure highlights the polarising cytokines, transcriptional regulators, main cytokines produced and 

expression of surface chemokine receptors specific to each subset, adapted from (Kara et al., 

2014).  
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Tumours can consist of a range of aberrant or mutated proteins that can elicit an immune 

response, a process termed as immunosurveillance. Studies in mice lacking the 

recombinase activating gene (RAG)-2 who fail to rearrange antigen receptors to produce 

T-cells and B-cells, mice depleted for NK cells and IFN-γ, a cytokine critical to support 

NK/T-cell cytotoxicity were more susceptible to chemically induced tumours (Dunn et 

al., 2004, Shankaran et al., 2001, Smyth et al., 2001). Clinical evidence supports that 

breast, lung, prostate, and colon cancers with tumour infiltrating lymphocytes (TILs), NK 

cells and macrophages positively correlated with survival (Corthay, 2014, Galon et al., 

2006, Kawai et al., 2008, Mahmoud et al., 2011).  

 

However, cancers can develop several mechanisms to evade immune attack registering 

evading immune destruction, an emerging hallmark of cancer (Hanahan and Weinberg, 

2011). Some evasion mechanisms include the downregulation of MHC-1 to evade T-cell 

recognition (Anderson et al., 2021, Dhatchinamoorthy et al., 2021, Garrido et al., 1997). 

Infiltration of suppressive TREGs, M2 macrophages, myeloid derived suppressor cells 

(MDSCs) and increased production of immunosuppressive IL-10 and TGF-β cytokines 

(Vinay et al., 2015). TREG infiltration (Curiel et al., 2004, Stenström et al., 2021) and 

elevated serum TGF-β and IL-10 (Lippitz, 2013) have been associated with poor 

prognosis. Production of immunosuppressive enzyme indole 2,3-dioxygenase (IDO) 

produced by myeloid cells induces kynurenine, a metabolite of tryptophan that can 

suppress effector T-cell function and promote the generation of TREGs and MDSCs (Kim 

and Cho, 2022). T lymphocyte associated protein-4 (CTLA-4) expression by infiltrating 

TREGs can further influence tumour suppression. CTLA-4 can competitively bind 

CD80/CD86 ligands of co-stimulatory CD28 to limit T-cell activation (Sansom, 2000). 

Additionally, tumours can express programmed death-ligand 1 (PD-L1), which can 

dampen the activation of T-cells expressing programmed cell death protein-1 (PD-1) (He 

et al., 2015, Spranger et al., 2013).  

 

Given the key role of the immune system in cancer, harnessing components of the 

immune response has led to the development of several therapies. One such approach is 

the production of therapeutic antibodies which can block tumour associated signalling 

pathways such as EGFR and VEGF, as discussed above. Antibodies can mediate 



Chapter 1 Introduction 

 21 

complement dependent cytotoxicity (CDC) and antibody dependent cellular cytotoxicity 

(ADCC), such as, CD20 targeting (Rituximab) against Non-Hodgkin lymphoma (NHL) 

(Weiner, 2010). Others include antibody and cytotoxic drug conjugates targeting human 

epidermal growth factor receptor-2 (HER2) such as (Trastuzumab-Emtansine) for breast 

cancer (Dhillon, 2014). Antibodies have further been developed to block negative 

immune regulators such as, (Ipilimumab (CTLA-4) and Nivolumab (PD-1) (Kooshkaki 

et al., 2020).  

 

This ability of T-cells to recognise target antigens in a highly specific way has also been 

exploited by cancer researchers who have long investigated the utility of T-cells as 

adoptive cell therapies (ACT) for cancer. Pioneered in the early 1970s, bone marrow 

transplantation (BMT) for blood cancers demonstrated that allogeneic (donor) T-cells 

could recognise (patient) leukaemia cells as ‘foreign’ and deliver a graft versus leukaemia 

(GVL) effect. The major risk to these patients is graft versus host disease (GVHD), where 

the same allogeneic T-cells recognise and attack the patient’s normal tissues, often 

leading to fatal outcomes (Weiden et al., 1979, Sadelain et al., 2017).  

 

BMT research paved the way for more sophisticated approaches to ACT without the 

attendant risks of GVHD. Autologous T-cells harvested directly from patient tumours 

(TILs), enriched for tumour-reactive clones, were first explored in clinical studies in the 

1990s. TILs isolated from resected melanomas have been convincingly shown to mediate 

autologous tumour lysis (Rosenberg et al., 1994). However, TIL therapy is limited by the 

immune tolerance mechanisms, as discussed above, and T-cells can fail to initiate 

responses against tumour, as associated antigens are ‘self’ and not ‘foreign’. To overcome 

this, engineering approaches to introduce cancer antigen specific transgenic TCRs or 

chimeric antigen receptors (CARs) for specificity to tumour antigens have been 

extensively investigated (June and Sadelain, 2018).  
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1.1.2. Chimeric Antigen Receptors (CARs) 

CARs are synthetic receptors designed to redirect T-cell effector functions by targeting 

cancer cell surface antigens in an MHC independent manner. CAR structure is illustrated 

in Figure 2 and comprises (Ghorashian et al., 2015): 

 

(1) An extracellular single chain variable fragment (scFv) antigen-binding domain 

consisting of heavy and light chains derived from a monoclonal antibody (mAb).  

(2) An extracellular spacer region, often derived from IgG, CD8 or CD28, to project 

the binding domain off the cell membrane for optimal scFv orientation flexibility. 

(3) A transmembrane domain that anchors the CAR to the cell membrane, derived 

from CD8 or CD28.  

(4) An intracellular signalling domain derived from the TCRζ chain (CD3ζ), ‘first 

generation CARs’. More commonly, CD3ζ is fused to T-cell co-stimulatory 

domains including, 4-1BB, CD28, OX40 and inducible T-cell co-stimulator 

(ICOS) to create ‘second generation CARs’. Such second-generation CARs 

emulate endogenous primary T-cell receptor (TCR) stimulation and secondary 

co-stimulation required for complete T-cell activation.  

 

 

 

 

 

 

 

 

 

 

Figure 2.  CAR Structure 

The ectodomain is comprised of the antigen targeting scFv and spacer region. The spacer region 

links the transmembrane domain (TM) to the endodomain. The endodomain contains TCR 

derived CD3ζ, where more efficacious second and third generation endodomains include one or 
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more T-cell derived co-stimulatory domains such as 4-1BB, CD28, OX40 and ICOS (Ghorashian 

et al., 2015). 

 

The manufacture of CAR T-cells is a multi-step process. Peripheral blood mononuclear 

cells (PBMCs) are harvested from patients (autologous) or donors (matched or third 

party/universal) by leukapheresis, and the CAR transgene is most commonly introduced 

into T-cells via retroviral or lentiviral vectors (Ghorashian et al., 2015). Other platforms 

such as adeno-associated virus (AAV), CRISPR gene editing (Eyquem et al., 2017) and 

transposon-based non-viral integration methods have shown feasibility (Manuri et al., 

2010). Following manufacture, the CAR product is then infused into the patient, and 

clinical studies have shown that these cells can engraft, traffic to and eradicate the tumour 

in an antigen-dependent manner (Schuster et al., 2017, Neelapu et al., 2017, Maude et al., 

2018).  

 

1.1.3. CD19 CARs 

Numerous clinical studies have evaluated CAR therapy against a range of cancers, each 

varying in details of CAR design and T-cell integration methods used. To date, the 

greatest success described with CAR therapy is against CD19, an antigen with confined 

expression to cells of B-cell lineage, which is highly expressed in B-cell derived 

leukaemia and lymphomas. Off-tumour effects of CD19 targeting CAR T-cell therapy 

include complete B-cell aplasia and the attendant risks of infection, which can be readily 

managed with immunoglobulin replacement therapy (June and Sadelain, 2018).  

 

Clinical studies of CD19 CARs have shown unprecedented responses in paediatric and 

adult patients with relapsed/refractory (r/r) B-cell acute lymphoblastic leukaemia (B-

ALL) and Non-Hodgkin’s lymphoma (B-NHL). These results have led to the release of 

three food and drug agency (FDA) approved therapies targeting CD19, KymriahTM 

(tisagenlecleucel) for young adults r/r B-ALL and adult B-NHL (Hcp.novartis.com, 2019), 

YescartaTM (axicabtagene ciloleucel) for adult r/r B-NHL (Yescarta.com, 2019) and 

TecartusTM (brexucabtagene autoleucel) (TECARTUS®, 2022) for adult r/r mantle cell 

lymphoma and r/r B-ALL. While all therapies use second generation CAR structures with 
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the same CD19 binding scFv (FMC63) and CD3ζ signalling domain, their transmembrane 

and co-stimulatory domains differ. With KymriahTM, gene transfer is mediated by 

lentiviral vector and the transgene codes for a CD8 transmembrane and 4-1BB co-

stimulatory endodomain. In contrast, YescartaTM and TecartusTM gene transfer is 

mediated via retroviral vector, and the transgene encodes a CD28 transmembrane and co-

stimulatory endodomain (Guedan et al., 2019, TECARTUS®, 2022).  

 

Early results in the phase II ELIANA (KymriahTM) against r/r paediatric/young adult and 

ZUMA-3 (TecartusTM) r/r adult B-ALL trials demonstrated high complete responses 

(CRs), where 98%/97% responders were minimal residual disease negative (MRD-). 

Although promising, only 50% (Maude et al., 2018) and 52% (Shah et al., 2021) of 

responders remained relapse free at 12 months. Furthermore, clinical studies have shown 

that the likelihood of durable remission from CD19 CAR therapy for, B-NHL and other 

blood cancers, including chronic lymphocytic leukaemia (CLL) is lower still. The phase 

2 trials JULIET (KymriahTM) and ZUMA-1 (YescartaTM) demonstrated ongoing complete 

responses (CR) in 40% of patients at 15.4 and 14 months, respectively (Neelapu et al., 

2017, Schuster et al., 2019). There is more limited clinical data on CLL using CAR 

therapy. Of 134 reported cases, only a minority of patients (20-30%) achieved CR, with 

progression free survival (PFS) limited to 25% at 18 months (Lemal and Tournilhac, 

2019). To date, KymriahTM and YescartaTM remain the only products approved by the 

European Medicines Agency (EMA).  

 

1.1.4. Failure of CD19 CAR T-cell therapy 

CD19 CAR T-cell therapy provides renewed hope for a previously untreatable subset of 

patients, yet it is not a cure for all. With 30-60% relapse rates, clinical studies have 

exposed several factors that can account for the failure of CAR T-cell therapy (Xu et al., 

2019) as summarised, Table 1.  The potential impact of CAR design, leukapheresis 

quality, intrinsic patient T-cell fitness and manufacturing challenges contributing to the 

failure of CAR T-cell therapy is discussed in more detail below. 
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Factors        Causes         Potential Solutions  References 

Poor quality T-

cells from patients  

- Extensive 

chemotherapy 

- Age  

- Cancer mediated 

immunosubversion  

- Harvest T-cells at 

earlier disease time 

point 

- Allogeneic 

manufactures 

- Tscm/Tcm 

enrichment pre-

manufacture 

- Use of cell signalling 

regulators in-vivo or 

ex-vivo to enhance 

Tscm/Tcm subsets 

and T-cell quality 

(Singh et al., 

2016) 

(Rajat K. Das, 

2018) 

(Tu and Rao, 

2016) 

(Riches et al., 

2013) 

(Gattinoni et al., 

2005) 

(Sommermeyer et 

al., 2016) 

Manufacturing 

Failures  

- Poor quality patient 

manufacturing 

materials 

- Manufacturing 

variations/non-

optimised 

manufacturing 

protocols  

- Length of 

manufacture  

- Allogeneic 

manufactures 

(Universal CAR T-

cells) 

- Use of standardised, 

automated 

manufactures 

- Optimised 

manufactures to 

support the 

production of less 

differentiated cells 

via shorter 

manufactures, 

cytokine cocktails 

and ex-vivo use of 

cell signalling 

regulators   

(Grupp SA, 2018) 

(Shah and Fry, 

2019) 

(Schuster et al., 

2017) 

(Roddie et al., 

2019) 

(Vormittag et al., 

2018) 

(Markley and 

Sadelain, 2010) 

(Mock et al., 

2016) 

(Qasim, 2019) 
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Tumour 

Microenvironment  

- Complex network of 

tumour associated 

fibroblasts and blood 

vessels within the 

extracellular matrix 

(ECM) 

- Presence of 

immunosuppressive 

cells such as 

regulatory T-cells 

(Tregs), macrophages, 

myeloid-derived 

suppressor cells 

(MDSCs) 

- Immunosuppressive 

cytokines (TGFβ) 

- Immune checkpoint 

(PD1, PD-L1, CTLA-

4) 

- Use of ‘Armoured’ 

CAR T-cells with 

chemokine receptors 

and ability to secrete 

pro T-cell cytokines 

in the 

microenvironment 

- Optimise CAR design 

with dominant 

negative TGFβ 

- Use of gene-editing 

for the knockdown of 

negative T-cell 

regulators such as 

PD1 

- Combinatory CAR T-

cell treatment with 

checkpoint blockade 

(Ma et al., 2019) 

(Kershaw et al., 

2002) 

(Cheng et al., 

2019) 

(Xia et al., 2017) 

(Chen et al., 2018) 

(Anderson et al., 

2017) 

(Burga et al., 

2015) 

(Kloss et al., 

2018) 

(Kueberuwa et al., 

2018a) 

(Buchbinder and 

Desai, 2016) 

(Rupp et al., 

2017) 

Antigen Loss - Diminished or loss of 

expression through 

CD19 gene mutations 

- Alternative splicing 

variations  

- Presence of antigen 

negative clones before 

therapy 

- Prior therapy with 

CD19 targeting agents 

- Lineage switches 

- Enhanced CAR T-cell 

persistence  

- Simultaneous or 

successive treatments 

targeting multiple 

antigens. CD20, 

CD22 and CD123 are 

additional targets in 

B-cell malignancies 

(Neelapu, 2018) 

(Rosenthal et al., 

2018) 

(Sotillo et al., 

2015) 

(Gardner et al., 

2016) 

(Zoghbi et al., 

2017) 

(Dorantes-Acosta 

and Pelayo, 2012) 

(Mejstrikova et 

al., 2017) 

(Bhojwani et al., 

2019) 

(Maude et al., 

2018) 

(Ghorashian et al., 

2019) 

(Fry, 2015) 

(Ruella and Maus, 

2016) 

(Amrolia, 2019) 

(Yates, 2018) 
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CAR Design  - Variations in scFv, 

spacer and signalling 

domains can each 

alter signalling events  

- CD28 endodomains 

linked with tonic 

signalling and basal 

T-cell activation 

leading to early 

exhaustion  

- Retrospective 

analysis to determine 

optimal CAR design  

- 41BB CARs 

demonstrate greater 

long-term persistence 

and memory 

formation 

(Kochenderfer et 

al., 2015) 

(Maude et al., 

2018) 

(Kawalekar et al., 

2016) 

(Salter et al., 

2018) 

Murine source 

scFv’s 

- FDA approved 

FMC63 is murine 

derived and increases 

the risk of eliciting an 

immune response 

against CAR T-cells, 

leading to toxicity and 

limited persistence. 

- Use of fully 

humanised CAR T-

cells  

(Cheng et al., 

2019) 

(Turtle et al., 

2016) 

(Maus et al., 

2013) 

(Maude, 2016) 
 

Tumour Burden 

vs CAR T-cell 

dose 

- High tumour burden 

negatively impacts 

CAR T-cell expansion 

and persistence.  

- Bridging therapies 

during CAR T-cell 

manufacture and 

lymphodepletion 

chemotherapy pre-

CAR T-cell infusion 

can reduce tumour 

burden and enhance 

CAR T-cell efficacy 

(Hay and Turtle, 

2017) 

(Hucks and 

Rheingold, 2019) 

(Cheng et al., 

2019)  

 

Table 1.  Summary of factors contributing to the failure of CAR T-cell therapy 

The common factors that can lead to the failure of CAR T-cell therapy. Key: Tscm= stem-cell 

memory T-cell, Tcm= central memory T-cell, PD-1= programmed cell death protein 1, PD-L1= 

programmed death ligand 1 and CTLA4= cytotoxic T-lymphocyte associated protein 4. 
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The majority of studies use CARs designed with either a 41BBζ/CD28ζ endodomain 

which can influence persistence and clinical outcomes. Pre-clinical and clinical studies 

have shown that both 41BBζ/CD28ζ second generation CARs can mount effective 

cytotoxic responses against CD19 malignancies but have different characteristics. CD28ζ 

CARs have shown rapid CAR expansion on antigen stimulation but suffer from early 

exhaustion and gain a more differentiated effector transcription profile (Kochenderfer et 

al., 2015). 41BBζ CARs have instead shown more gradual CAR expansion, greater long-

term persistence, efficacy upon chronic antigen stimulation and a less differentiated 

memory phenotype (Maude et al., 2018) (Kawalekar et al., 2016). A study attributed these 

differences to the presence of basal lymphocyte specific protein tyrosine kinase (Lck) 

association with the CD28ζ endodomain and other phosphorylation events at resting state. 

This tonic signalling was accompanied by more rapid and intense protein phosphorylation 

events post-CAR activation in CD28ζ versus 41BBζ CARs and provides a mechanistic 

explanation (Salter et al., 2018). However, the direct comparison of CAR design is 

challenging. Trials can vary considerably in study design, patient populations and 

manufacturing methods. CARs design can possess variable scFv, spacer, transmembrane 

and signalling domains, each with their capacity to alter signalling events. Yet, we must 

consider that despite evidence suggesting that 41BBζ CARs may be superior to CD28ζ 

CARs, both have demonstrated broadly comparable outcomes in trials against CD19 

(Schuster et al., 2019, Locke et al., 2019). As such, determining the ideal CAR design is 

challenging and whether tumours can benefit from both strong early efficacy and long-

term persistence in a mixed CD28ζ and 41BBζ CAR therapy remains to be determined.  

  

Another important consideration is optimal and timely CAR T-cell manufacturing and 

factors contributing to manufacturing failures. FDA approved CAR T-cell therapies 

utilise autologous T-cells for product generation, and from patients enrolled have 

described manufacturing failure rates of 7.6 and 7.3% in the ELIANA and JULIET trials, 

respectively (Maude et al., 2018, Schuster et al., 2019). More so, the median time taken 

from enrolment to product infusion was 45/54 days, respectively. Long periods to 

infusion can leave patients vulnerable to disease progression and other complications of 

active malignancy. This was highlighted in the ELIANA trial, where a further 7.6% of 

patients enrolled died before receiving the CAR product (Maude et al., 2018). 
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Several factors can attribute to manufacturing failures, with variations in the quality of 

apheresis among patients being the most prominent. Absolute lymphocyte counts (ALCs) 

can vary significantly between patients, with the National Cancer Institute suggesting that 

CAR T-cell manufacturing is feasible with lymphocyte counts of ≥150 cells/l identified 

in a 56 patient population with a range of (145-2144) cells/l (Shah and Fry, 2019). 

However, a trial using tisagenlecleucel against diffuse large B cell lymphoma (DLBCL) 

reported five manufacturing failures out of 38 enrolled patients, all of whom had ALCs ≤ 

300 cells/l (Schuster et al., 2017). Further characteristics beyond cell quantity can also 

affect the success of manufacture. High contamination of apheresis with platelets, plasma 

and residual anticoagulant can alter T-cell responses to activation agents. Additional 

contamination with granulocytes and monocytes can inhibit T-cell expansion and 

transduction during the manufacturing process (Roddie et al., 2019, Stroncek et al., 2016).  

 

T-cell subset composition can vary significantly between patients, impacted by factors 

such as age, chemotherapy exposure and underlying cancer diagnosis. 

Immunosenescence is a well characterised phenomenon describing the impairment of 

immune responses associated with ageing. Memory T-cells begin to show signs of 

senescence at approximately 65 years, and objective phenotypic changes include, loss of 

CD28 and progressive accumulation of highly differentiated Tte cells (CD45RA+CD28-

CCR7-CD62L-) (Tu and Rao, 2016).  

 

It is thought that intensive chemotherapy regimens can negatively impact CAR T-cell 

manufacture. Regimens containing cyclophosphamide and cytarabine can adversely 

impact early lineage T-cell populations (Singh et al., 2016) and both clofarabine and 

doxorubicin can lead to poor quality CAR products and even failed manufacture (Rajat 

K. Das, 2018).  

 

Underlying disease can impact T-cell fitness, and nowhere is this better described than in 

CLL, where impaired T-cell phenotype/function is often present at diagnosis (Lemal and 

Tournilhac, 2019). CD4+ T-cells in CLL patients have been found to have an exhausted 

phenotype with high expression of programmed death-1 (PD-1), a negative regulator of 
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immune function. CD8+ T-cells in CLL are characterised by low proliferative and 

cytotoxic functionality (Riches et al., 2013).   

 

Repeated T-cell stimulation can also adversely impact function, leading to activation 

induced cell death (AICD), functional exhaustion and replicative senescence (Akbar and 

Henson, 2011). An unfortunate quandary of CAR T-cell manufacturing is the fact that 

physiologically, processes of T-cell expansion and differentiation are coupled. With 

greater expansion, larger number of cells enter terminal differentiation, and where CAR 

manufacturing methods prioritise expansion to meet the target doses (often over 7-22 

days) (Vormittag et al., 2018), the resulting products are often relatively differentiated.  

 

To address this issue, researchers in Seattle altered their manufacturing protocol to enrich 

the leukapheresis for early lineage CD62L+ T-cells using immunomagnetic bead 

separation prior to CAR T-cell manufacturing. Using this method they reported improved 

short-term CAR T-cell expansion in patients but comparable persistence of ≤ 28 days 

when compared to CARs manufactured by standard methods (Wang et al., 2016). A 

deeper analysis of this study highlights that a median of 24 days of expansion was 

required to achieve the proposed trial dose using this method. Given the paradox between 

expansion and differentiation, it is likely that the initially selected early lineage 

populations were driven through differentiation during manufacture, which could further 

explain the lack of persistence observed in this study. 

 

An overview of CD19 targeting CAR T-cell studies with a 41BBζ design reveals 

comparable relapse rates but highlights variability in CD19+/- relapses, Table 2.  This 

could be attributed to limited follow ups and lack of uniform reporting but could also be 

representative of product variability. Overall, the data highlights that CD19+ relapses can 

account for up to 77.8% of total relapse, suggesting the loss of CAR T-cells or impaired 

activity could also be influenced by leukapheresis characteristics or manufactures. 
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Table 2.  Summary of clinical outcomes in B-ALL patients targeting CD19 antigen using 

CARs designed with a 41BB co-stimulatory domain 

% Early CR is calculated against total number of patients treated. % Relapse is calculated against 

number of patients with early CR. % CD19+/- relapse is calculated against number of relapse 

patients.   

 

There are many advances in CAR T-cell manufacture to enhance products such as 

additional washes, ficoll and counter flow elutriation (CFE) and direct enrichment of 

lymphocytes using immunomagnetic bead separation to remove contaminating platelets, 

plasma, residual anticoagulant, and monocytes (Roddie et al., 2019). However, emerging 

data further highlights that less differentiated stem-cell memory/central memory T-cell 

subsets (Tscm/Tcm) outperform more differentiated effector/terminal T-cell subsets 

(Te/Tte). Patients with a greater number of Tscm/Tcm subsets before manufacturing or 

enrichment of such subsets through manufacturing manipulations are likely to improve 

the chances of generating a successful product (Sommermeyer et al., 2016, Singh et al., 

2016) As such, manufacturing methods have moved towards protocols to enrich 

Tscm/Tcm subsets.  

 

Publication Target 

Antigen 

Co-

stimulatory 

Domain 

Number 

of 

Patients 

Treated 

Patients 

with 

Early 

CR (%) 

Patients 

with 

Relapse 

(%) 

CD19+ 

Relapse 

CD19- 

Relapse 

Treatment 

Group 

(Maude et 

al., 2014) 

CD19 4-1BB 30 27(90%) 7(26%) Unknown 4(57.1%) Paediatric/Adult 

(Turtle et 

al., 2016) 

CD19 4-1BB 30 27(93%) 9(33%) 7(77.8%) 2(22.2%) Adult 

(Gardner et 

al., 2017) 

CD19 4-1BB 43 40(93%) 18(45%) 11(61.1%) 7(38.9%) Paediatric/Young 

Adult 

(Maude et 

al., 2018) 

CD19 4-1BB 75 61(81%) 22(36%) 1(4.5%) 15(68.2%) Paediatric/Young 

Adult 

(Frey et al., 

2020) 

CD19 4-1BB 35 24(69%) 9(38%) Unknown Unknown Adult 

(Ghorashian 

et al., 2019) 

CD19 4-1BB 14 12(86%) 6(50%) 1(16.7%) 5(83.3%) Paediatric/Young 

Adult 

(Roddie et 

al., 2021) 

CD19 4-1BB 20 17(85%) 8(40%) 4(50%) 4(50%) Adult 
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1.1.5. Importance of Tcm/Tscm subsets in CAR T-cell therapy 

Clinical data highlights the importance of CAR T-cell persistence for ongoing responses, 

particularly in the context of B-ALL. The ELIANA trial identified that patients achieving 

CR had detectable CAR at a median of 5.5 months, whereas in non-responders (NR) this 

was limited to 1.6 months (Maude et al., 2018). Furthermore, the average time to reach 

peak CAR concentration was two times longer in cohorts of NR (20 days) versus CR (10 

days). A similar trend was demonstrated in the JULIET trial where CR/partial responders 

(PR) had detectable CAR for an average of 9.5 months compared with 1.9 months in 

patients with stable (SD), progressive (PD) or unknown disease status (Schuster et al., 

2019).  

 

CAR T-cell function can be significantly impacted by T-cell subset composition. CD4/8 

T-cells naturally undergo progressive differentiation through naïve (Tn), stem-cell 

memory (Tscm), central memory (Tcm), effector (Te) states until they reach terminal 

differentiation (Tte), Figure 3. While Tem can rapidly give rise to effector T-cells that 

can mount cytotoxic responses against a target antigen, they fail to persist long term. On 

the other hand, Tscm and Tcm can provide both long term persistence and rapid 

proliferation in response to antigen, generating both Tem and Tcm subsets. Tscm/Tcm 

populations are closely characterised by their expression of C-C chemokine receptor 7 

(CCR7), L-selectin (CD62L) and co-stimulatory molecules CD27 and CD28, but differ 

in their expression of CD45RA. Tscm subsets express CD45RA; however, Tcm subsets 

lose this expression and gain CD45RO (Golubovskaya and Wu, 2016). 
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Figure 3.  T-cell differentiation and associated markers 

Progressive differentiation of T-cells from naïve (TN), stem cell-like (TSCM), central memory 

(TCM), effector memory (TEM) T-cells, to terminally differentiated effector T-cells (TTE) and the 

common cell surface markers used to differentiate between subsets. As T-cells progress from TN 

to TTE, they lose stemness, proliferative potential, become increasingly antigen dependent, 

senescent and undergo a metabolic switch from lipid to glycolytic metabolism (Gattinoni et al., 

2017). 

 

Unsurprisingly, many pre-clinical and clinical studies of adoptive T-cell immunotherapy 

have demonstrated that CD8+ naïve Tscm/Tcm subsets outperform Tem/Tte subsets by 

providing greater proliferative capacity, enhanced metabolic T-cell fitness and longer-

lasting/superior anti-tumour responses (Gattinoni et al., 2005, Graef et al., 2014, Hinrichs 

et al., 2011). Transcriptional profiling in a CD19 CAR T-cell study for CLL showed that 

patients who achieved CR had products enriched for memory related genes, whereas NR 

had an upregulation in genes involved in effector differentiation, exhaustion, apoptosis, 

and glycolysis. In this study, the presence of CD8+ CAR T-cells with a CD27+PD-1- 

phenotype and expressing high levels of IL-6 positively predicted therapeutic response 

and tumour control (Fraietta et al., 2018). A further clinical trial using a second generation 

CD19 CAR with a CD28 endodomain demonstrated that enrichment for CD62L+ Tcm in 

the CAR product positively correlated with engraftment and expansion of CAR T-cells 

in the peripheral blood (Xu et al., 2014b). 
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There is a substantial body of evidence that the transfer of Tscm/Tcm subsets for ACT 

correlates with improved tumour responses. As such, a range of small molecule 

compounds have been tested in cell manufacturing protocols for their ability to enrich 

such subsets. One example is the peroxisome proliferator-activated receptor (PARP) 

agonist GW501516, an agent known to boost fatty acid oxidation (FAO). Tcm survival 

has been linked to a shift in metabolism from glycolysis (essential for Te function) to 

FAO. GW501516 increased FAO in CD8 T-cells, despite the high expression of the 

transcription factor T-bet, which is associated with Th1 fate decisions and is used by some 

as a marker of CD8 T-cell exhaustion, treated cells showed enhanced persistence and 

efficacy in an in-vivo adoptive cell therapy model (Saibil et al., 2019). 

 

Another approach demonstrated by Luca Gattinoni and colleagues is the enhancement of 

Wnt signalling. The use of a glycogen-synthase-kinase-3β (GSK3β) inhibitor induced 

Wnt/β-catenin signalling and arrested CD8 T-cell differentiation at the Tscm stage. Wnt 

signalling enabled the generation of Tscm subsets (CD44 low and CD62L high) with 

proliferative and anti-tumour capacities that exceeded responses seen from Tcm and 

Te/Tem subsets (Gattinoni et al., 2009). More recently, the use of pharmacological 

phosphoinositide-3-kinase (PI3K) and Akt inhibitors in CAR T-cell manufacture to 

promote the generation of Tcm subsets is gaining traction. 

 

1.1.6. Akt and its role in T-cell signalling  

Pharmacologic inhibition of the serine/threonine kinase Akt is a compelling prospect in 

the CAR manufacturing field. Akt (also known as protein kinase B (PKB)) has three 

known isoforms, Akt1, Akt2 and Akt3 (or PKB α/β/γ). Each has a highly conserved 

structure comprising an N-terminal pleckstrin homology (PH) domain, a kinase domain, 

and a C-terminal regulatory tail, Figure 4A. Akt 1 is expressed in a wide range of tissues 

and has a role in cell growth and survival. Akt 2 expression is restricted to insulin 

dependent tissues such as muscle and adipocytes where it is involved in insulin mediated 

glucose homeostasis, whereas Akt3 expression is mostly confined to the brain and testes 

and plays a role in cell growth and survival (Hers et al., 2011).  
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Akt plays a primary role in the PI3K signalling pathway and can regulate many pathways 

related to metabolism, angiogenesis, proliferation, and survival. The PI3K family 

includes three classes, class I/II and III. Class I PI3Ks are further divided into class IA 

and IB heterodimeric enzymes with both regulatory and catalytic subunits. Class IA 

PI3Ks are activated by receptor tyrosine kinase (RTK), cytokine, co-stimulatory or 

antigen specific receptors, consisting of p85α, p85β, p55γ regulatory and p110α, p110β 

and p110δ catalytic subunits. Class IB PI3K are activated by G-protein-coupled receptors 

(GPCR) and have only one regulatory p101 and catalytic p110γ subunit. Whilst less is 

known about the roles of Class II/III PI3Ks in lymphocytes, expression of the catalytic 

p110δ and γ are restricted to leukocytes however, p110α and β are expressed in all cell 

types (Vanhaesebroeck et al., 2012). 

 

On activation, PI3K generates secondary lipid messengers to propagate signal. At the 

plasma membrane, class I PI3K convert phosphatidylinositol (4,5) bisphosphate PI(4,5)P2 

to phosphatidylinositol (3,4,5) trisphosphate (PI(3,4,5)P3). Enzymes containing a PH 

domain can bind the lipid PI(3,4,5)P3, including 3-phosphoinositide-dependent protein 

kinase 1 (PDK1) and Akt to propagate downstream signalling. Akt is usually held in an 

inactive state through phosphorylation at the T450 site on the C-terminus tail docking the 

PH domain to the kinase domain. The generation of PI(3,4,5)P3 initiates recruitment of 

Akt and PDK1 to the cell membrane where they associate with the PI(3,4,5)P3 lipid via 

their PH domains. Interaction with PI(3,4,5)P3 induces a conformational change in Akt 

and permits PDK1 mediated phosphorylation of the threonine 308 (Thr308) site within 

the Akt kinase domain (Siess and Leonard, 2019). Phosphorylation at this site increases 

Akt activity by a 100-fold, but for maximum activity, concurrent phosphorylation at the 

serine 473 (Ser473) site located on the regulatory tail by mammalian target of rapamycin 

complex 2 (mTORC2) is required, Figure 4B/C (Hers et al., 2011). Akt can remain active 

as long as it is associated with PI(3,4,5)P3. Conversion of PI(3,4,5)P3 to PI(4,5)P2 

mediated by phosphate and tensin homolog (PTEN) leads to Akt dissociation and 

pathway downregulation (Siess and Leonard, 2019, Vanhaesebroeck et al., 2012).  

 

Akt activation can modulate numerous downstream effectors to regulate cell proliferation, 

survival, and metabolism, as illustrated in Figure 4.  Notable effects include activation of 
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mTORC1, the cytoplasmic sequestration of forkhead box protein O1 (FOXO1), a 

negative regulator of the PI3K/Akt pathway and the inhibitory phosphorylation of GSK3, 

all with the ability to mediate several pathways involved in cell proliferation, survival and 

metabolism (Hers et al., 2011), as illustrated in Figure 4C. 

 

 

 

 

 

 

 

 

 

 

Figure 4.  Akt structure and pathway 

(A) Akt structure depicting the N-terminal pleckstrin homology (PH) domain, kinase domain, C-

terminal regulatory tail, and associated phosphorylation sites. (B/C) Depict the activation of the 

PI3K pathway through RTK signalling, Akt recruitment and activation. Akt is held in an inactive 

state and activation of through RTK activates PI3K leads to the conversion of PI(4,5)P2 to 
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PI(3,4,5)P3. This reaction can be reversed by the PTEN lipid phosphatase. Association of Akt PH 

domain with the PI(3,4,5)P3 lipid induces a conformational change in Akt, allowing membrane-

associated PDK-1 to access and phosphorylate the Thr308 site in Akt. mTORC2 further 

phosphorylates the Ser473 site to fully activate Akt to regulate numerous downstream substrates. 

Regulation of such substrates can influence various cellular processes as depicted (Hers et al., 

2011, Siess and Leonard, 2019). 

 

Naïve CD4 T-cells (Tn) differentiate into Tscm, Tcm, Te and Tte subsets. However, CD4 

T-cells can acquire additional functional traits and are classified as Th1, Th2, T-helper 

Th17 and TREGs. The PI3K pathway has a critical function in T-cells where the p110δ 

isoform of the PI3K catalytic subunit appears to be highly expressed in leukocytes. 

Studies have shown that maintaining a correct threshold of PI3K activity is critical to 

CD4 T-cell development. Mice with genetically silenced p110δ (germline insertion of a 

kinase-dead p110δD910A allele) (Okkenhaug et al., 2002) have diminished Akt activity 

with an attendant reduction in CD4 effector and suppressive functionality, a reduction in 

Th1/2 cytokine secretion and the emergence of dysfunctional TREGs  (Liu and Uzonna, 

2010, Patton et al., 2006, Ali et al., 2014). Evidence suggests increased PI3K signalling 

skews CD4 Tn cells towards Th1/2/17 effector profiles and can negatively affect Tregs 

(Haxhinasto et al., 2008). This data suggests that PI3K signalling (and consequently Akt 

activation) must be tightly regulated to preserve normal CD4 T-cell differentiation and 

TREG function (Han et al., 2012).  

 

Much like CD4 T-cells, PI3K/Akt signalling plays a crucial role in CD8 T-cell 

development and can drive several cellular processes to influence T-cell fate. In CD8 T-

cells, Akt signalling is stimulated via the T-cell receptor (TCR), co-stimulatory receptors 

or via cytokines such as IL-2/7/15/21/12. Many studies have examined the impact of the 

strength and duration of Akt activation in CD8 T-cell differentiation and metabolism. The 

data indicates that while the absence of Akt signalling was not essential for CD8 

proliferation, it was vital for the development of effector functions in activated CD8 T-

cells (Kim and Suresh, 2013, Macintyre et al., 2011). 
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Strong Akt signalling can down-regulate the expression of CD62L and CCR7, indicating 

T-cell differentiation towards effector phenotype. Furthermore, terminal differentiation 

of CD8 T-cells caused by sustained IL-2 exposure is associated with increased Akt 

activation in-vivo (Kim et al., 2012). Additionally, constitutive mTORC1 activation, loss 

of FOXO and downregulation of the Wnt/β-catenin pathway result in the terminal 

differentiation of CD8 T-cells (Kim and Suresh, 2013), Figure 5. 

 

 

Figure 5.  Role of Akt signalling in CD8 T-cell differentiation 

This figure highlights the role of the Akt in CD8 T-cell differentiation. Akt signalling can be 

induced via cytokine, TCR and co-stimulatory molecules. Greater Akt activation and subsequent 

mTORC1 mediated signalling leads to T-cell deletion or the generation of short-lived effector 

cells (SLECs). However, lower Akt activation and increased Wnt/FOXO activation can give rise 

to memory precursor effector cells (MPECs). Here, if influenced by Akt activation can drive 

MPECs towards Tem cells and sustained low Akt activation form long-lived Tcm CD8 T-cells 

(Kim and Suresh, 2013). 

 

Where Akt signalling is inhibited, CD62L and CCR7 expression is preserved and the 

CD8 transcriptome signature resembles that of a Tcm CD8 population (Macintyre et al., 

2011). Akt signalling can also impact upon T-cell metabolism. Quiescent CD8 T-cells 

undergo FAO for cell maintenance. To allow for the rapid clonal expansion of Te CD8 

T-cells in an antigen driven manner, metabolism must switch from FAO to glycolysis. 

This mechanism has been found to be driven by the transcription factor c-myc, regulated 

by Akt activation (Wang et al., 2011). CD8 T-cells with defective FAO induced by a 
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TRAF6 deficiency demonstrate Akt signalling hyperactivation and decreased CD8 

memory formation. This defect in TRAF6 deficient CD8 T-cells can be countered by 

mTOR suppression via rapamycin, leading to improved memory formation (Pearce et al., 

2009). Clearly, manipulation of Akt and its downstream targets appears to influence T-

cell memory formation and its potential value to manufacture CAR T-cells for clinical 

application is of significant interest. 

1.1.7. Effects of pharmacological Akt inhibition in T-cells  

Several studies have evaluated the use of small-molecule drugs during the ex-vivo 

manufacture to enhance the function of adoptive cell therapies. These include, protein 

tyrosine kinase inhibitors, epigenetic/immuno and peptide-based modulators with an 

overlapping ability to limit T-cell differentiation. PI3K inhibitors, such as LY294002 

(PI3K α/β/δ) (Zheng et al., 2018), Idelalisib (CAL-101) (PI3Kδ) (Stock et al., 2019), 

Duvelisib (IPI-145) (PI3Kδ/γ) (Funk et al., 2022) and Akt inhibitors, including MK2206 

(Zhang et al., 2019), Ipatasertib (GDC-0088) (Mousset et al., 2018), Sirolimus 

(Rapamycin) (Nian et al., 2021) and VIII (Klebanoff et al., 2017, Urak et al., 2017, Van 

der Waart et al., 2014) remain popular for use in ex-vivo T-cell manufacture. Such protein 

tyrosine kinase inhibitors each in their own capacity have demonstrated preservation of 

less differentiated T-cell subsets and enhanced anti-tumour activity (Zhang et al., 2023). 

 

Ex-vivo use of PI3K inhibitors such as Idelalisib (Petersen et al., 2018, Bowers et al., 

2017), LY294002 (Zheng et al., 2018) and Duvelisib (Funk et al., 2022) have 

demonstrated reduced terminal differentiation and improved in-vivo efficacy using an 

anti-CD5 CAR with a CD28ζ endodomain, an anti-CD33 CAR with a 41BBζ endodomain 

and an anti-CD19 CAR with a CD28ζ endodomain, respectively. The incorporation of 

PI3K inhibition in a clinical study of CAR T-cells is underway for multiple myeloma, 

CRB-402 (NTC03274219). CAR T-cells are manufactured in the presence of PI3K 

inhibitor BB007 to enrich for Tcm subsets. Early results are promising with 83% clinical 

responses, long term persistence and manageable cytokine related toxicities consistent to 

those seen with conventional CAR therapy (Berdeja et al., 2019).    
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The use of pharmacological Akt inhibitors have been tested both in-vivo and in-vitro. 

Early studies in mice of rapamycin to target mTOR (a downstream regulator of Akt) 

during both T-cell expansion and contraction greatly enhanced CD8 Tcm formation 

(Araki et al., 2009). Furthermore, sustained use of a pan Akt inhibitor (A-443654) 

following lymphocytic choriomeningitis virus (LCMV) infection in mice led to a 

significant increase in CD8 Tem populations suggesting that this population was rescued 

from terminal differentiation and apoptosis (Kim et al., 2012). This data prompted 

researchers to explore Akt inhibition in the T-cell manufacturing setting to enrich 

Tscm/Tcm subsets for adoptive T-cell therapy.  

 

One such Akt inhibitor termed Akt inhibitor VIII (VIII) has been investigated for these 

properties. VIII was developed by researchers at Merck, and is compound 16g in their 

papers (Zhao et al., 2005, Lindsley et al., 2005). The compound is now off-patent offering 

flexibility for research use. Dr Harry Dolstra’s group were the first to describe the 

advantages of ex-vivo T-cell culture in the presence of Akt inhibitor VIII (Van der Waart 

et al., 2014). In a minor histocompatibility (MiHA) assay of antigen-specific CD8 T-cells, 

the CD8 T-cells were stimulated with peptide-loaded dendritic cells (DCs) with or 

without VIII. There was an observed phenotypic shift towards early Tcm phenotypes 

(high CCR7, CD62L, CD27, CD28, CD45RO and CD95) in VIII-treated CD8 T-cells. 

VIII-treated cells additionally demonstrated superior expansion in-vitro and improved 

anti-tumour function in a multiple myeloma (MM) mouse model (Van der Waart et al., 

2014). A similar study showed that ex-vivo propagation of TILs for 30 days with VIII 

promoted the expansion of TILs with a Tcm transcriptional, metabolic, and functional 

profile, that demonstrated enhanced anti-tumour functionality in a murine model of 

melanoma (Crompton et al., 2015).  

 

In the CAR T-cell space, 2 groups have begun to evaluate the impact of VIII at a 1µM 

concentration during the ex-vivo transduction process of second generation (CD28ζ) 

CD19 CARs. Both groups used different CD19 binding scFvs, different 

transduction/activation methods and different timelines. Klebanoff et al., used retroviral 

integration, soluble CD3 antibody activation and a 10 day in-vitro expansion (Klebanoff 
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et al., 2017) whereas, Urak et al. tested lentiviral integration and CD3/CD28 bead 

activation over a 17-21 day ex-vivo expansion (Urak et al., 2017).  

 

Both studies conclude that VIII inhibition did not compromise CAR T-cell expansion, 

but increased Tcm phenotypes and improved anti-tumour activity in CD19+ tumour 

bearing mice. Furthermore, Klebanoff et al., mechanistically showed that Akt inhibition 

preserved mitogen-activated protein kinase (MAPK) activation and nuclear localisation 

of FOXO1, a transcriptional regulator of T-cell memory. Expression of an Akt resistant 

FOXO1 mutant mirrored the phenotypic T-cell changes observed with pharmacological 

suppression (Klebanoff et al., 2017). Interestingly, a study assessing a variety of 

pharmacological Akt inhibitors demonstrated that each had a variable impact on the 

ability to generate Tscm/Tcm subsets with VIII and GDC-0068 outperforming the other 

agents (Mousset et al., 2018). 

 

1.2. Study rationale and aims 

As a part of the UCL CAR T-cell programme, a novel CD19 targeting scFv referred to as 

‘CAT’ was developed. The CD19 antigen-binding domain is derived from the murine 

CAT13.1E10 hybridoma, formatted as an scFv by linking the VH to the VL via a serine-

glycine linker. The scFv was codon-optimised for transcript stability, fused to the stalk 

and transmembrane domains of human CD8 and to a human 41BBζ endodomain to create 

a second generation CAR. This was subsequently cloned into a pCCL.PGK lentiviral 

transfer vector. 

 

What distinguishes this CAR from other CD19 CARs in clinical trials or that have been 

FDA approved (all of which are based upon the FMC63 CD19-binding scFv), is the 

binding kinetic. CAT showed faster dissociation at 3.1 × 10−3 s−1 (9.8 seconds) vs 

6.8 × 10−5 s−1 (21 minutes) for FMC63 despite binding the same or overlapping epitopes 

on CD19. Benefits of such a lower affinity CAR was seen through enhanced proliferation 

and anti-tumour activity in pre-clinical assessments against FMC63. The CAT scFv is the 

subject of two UCL based clinical trials for paediatric and adult B-ALL: CARPALL 

(NCT02443831) and ALLCAR19 (NCT02935257). The completed phase I CARPALL 
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study validated pre-clinical assessments with increased CAR T-cell expansion and 

persistence in comparison to published studies of KymriahTM/ FMC63 in a similar patient 

group (Ghorashian et al., 2019) and durable responses in adults patients from the phase I 

ALLCAR19 trial (Roddie et al., 2021). Cytokine release syndrome (CRS) and 

neurotoxicity are severe and detrimental side effects of CAR T-cell therapy. The most 

notable benefit of the low affinity CAT CAR in both paediatric and adult trials was its 

favourable safety profile with no severe incidences of CRS (Ghorashian et al., 2019, 

Roddie et al., 2021).  

 

Given the clear benefit of Akt inhibition on the preservation of T-cell memory phenotypes 

and potentially on functionality, we initially planned to evaluate a gene-engineered, 

dominant-negative Akt1 molecule (dnAkt). The dnAkt is a non-functional counterpart of 

endogenous Akt to be expressed in tandem with the CAT CAR to overcome the 

requirement of ex-vivo pharmacological inhibition and to assess the impact of sustained 

Akt inhibition.  

 

Early assessments highlighted the limitation of a gene engineered approach, discussed in 

chapter 3. Comparative evaluations against ex-vivo treatment using pharmacological Akt 

inhibitor VIII (VIII) showed promise, and the study was revised to assess its impact on 

the CAT CAR with a 41BBζ endodomain, not previously assessed. The aims of the 

project include:  

 

- To characterise the phenotypic, transcriptomic, and metabolic effects of ex-vivo 

VIII inhibition in healthy and B-ALL patient derived CD4/CD8 CAR T-cells, 

manufactured as per the UCL trial defined Miltenyi CliniMACS Prodigy® 

protocol. 

 

- Assess how VIII treatment affects product polyfunctionality and test the impact 

on CAR T-cell function in-vitro using a CAR T-cell ‘stress’ model designed to 

replicate chronic antigen and subsequently in-vivo.  
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- Compare trial products delivered to patients on the ALLCAR19 trial with and 

without durable response and evaluate whether VIII treatment can rescue 

patients/products at risk of CD19+ relapse.  

 

- Finally, we aim to review the integration of VIII treatment into the clinical scale 

Miltenyi CliniMACS Prodigy® process, comparing trial products with matched 

scale-ups incorporating VIII inhibition. 
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Chapter 2. Materials & Methods 

2.1. Molecular Cloning  

2.1.1. Construction of retroviral plasmids co-expressing dnAkt with CAT CAR 

Existing CAR constructs were provided by Martin Pule's laboratory. The CAT CAR scFv 

was available in a pCCL lentiviral construct however, to allow for higher titres and 

improved native expression of the dnAkt, the CAT scFv was moved into a SFG retroviral 

construct with RQR8, a CD8a stalk and a 41BB/CD3ζ endodomain. RQR8 is a 

marker/suicide gene separated by a 2A peptide to permit 1:1 suicide gene to CAR 

expression (Philip et al., 2014). This design allowed for a simplified downstream 

construction process by enabling the replacement of RQR8 with the dnAkt through 

simple cloning, Figure 6. 

 

 

Figure 6. Molecular cloning design of dnAkt CAT CAR construct 

This figure depicts the design of the dnAkt CAT CAR construct, where the RQR8 is replaced 

with the dnAkt expressing only the PH domain to ensure no kinase activity. 

 

2.1.2. Moving CAT scFv into SFGmR.RQR8 scaffold 

5ug of plasmids containing the CAT scFV and SFGmR.RQR8 scaffolds were digested 

using NcoI/BamHI (NEB) restriction enzymes. Digests were incubated in a thermocycler 

(DNA Engine Dyad®) at 37oC for 1 hour and run on 1.2% agarose gel (Bioline) 
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supplemented with SYBR® safe dye (ThermoFisher Scientific). Desired bands were cut 

out and DNA was extracted using the QIAquick® PCR & Gel Cleanup Kit (Qiagen). The 

SFG.RQR8 scaffold and CAT scFV were ligated at a 1:3 ratio using the Quick Ligase Kit 

(NEB) in a 20l reaction. The ligation was subsequently transformed in NEB5 high-

efficiency C2987H Escherichia Coli (E.coli) cells. Briefly, 2l of ligation mix was added 

to 25l of bacterial cells. The mixture was incubated for 30 minutes on ice, heat shocked 

at 42oC for 35 seconds and transferred into 250l of SOC media. The mixture was 

incubated in a bacterial shaker at 200 RPM at 37oC for 40 mins prior to spreading onto 

LB agar plates supplemented with 100g/ml Carbenicillin, plates were incubated at 37oC 

for 16 hours. Resulting colonies were grown in 3ml LB miniprep cultures supplemented 

with 100g/ml Carbenicillin. DNA was extracted using the QIAprep® Spin Miniprep Kit 

(Qiagen) and screened using restriction enzymes to confirm ligation. Correct colonies 

were further validated by sanger sequencing. One correct colony was grown up to 

midipreps in 100mls TB supplemented with 100g/ml Carbenicillin. Cultures were 

incubated in the shaker for 16 hours and plasmid DNA was extracted using the Macherey-

Nagel Nucleobond® Xtra Midi kit. Eluted DNA was reconstituted in nuclease free water 

and quantified using the NanoDrop™ spectrophotometer. 

 

2.1.3. Replacing RQR8 with dnAkt 

The dnAkt was constructed from the amino-terminal fragment of Akt1, a chain break 

before the kinase domain permits construction for the sole expression of the PH domain. 

 

The amino-terminal amino acid sequence used for dnAkt construction from uniport 

P31749: 

MSDVAIVKEGWLHKRGEYIKTWRPRYFLLKNDGTFIGYKERPQDVDQREAPLN

NFSVAQCQLMKTERPRPNTFIIRCLQWTTVIERTFHVETPEEREEWTTAIQTVAD

GLKKQEEEEMDFRSGSP 

 

The reverse translated dnAkt1 sequence: 

ATGGGATCAGATGTCGCTATTGTTAAAGAGGGCTGGCTGCACAAAAGGGGG

GAGTATATAAAGACTTGGAGACCACGATATTTCCTGCTCAAGAACGACGGA
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ACGTTTATTGGATACAAGGAACGCCCACAGGATGTCGATCAGCGCGAAGCA

CCTCTCAATAACTTCTCCGTTGCCCAATGCCAGTTGATGAAGACCGAGCGCC

CTCGACCAAACACCTTCATAATTCGATGCCTCCAGTGGACTACTGTGATTGA

ACGCACGTTCCATGTCGAAACACCTGAGGAAAGAGAGGAATGGACCACTGC

GATACAGACTGTGGCCGATGGGCTCAAGAAGCAAGAGGAAGAAGAGATGG

ATTTCAGGTCTGGGTCTCCA 

An amino-terminal G was added after the initiating methionine to improve the kozak 

sequence.  

 

To aid construction, DNA fragments spanning part of the SFG and 2A peptide regions 

were added to dnAkt design sequence upstream and downstream, respectively. The 

complete DNA fragment was synthesised as a double stranded DNA fragment (g-block) 

by integrated DNA technologies (IDT).  

 

Primers were designed to allow for the amplification of the dnAkt g-block fragment. A 

50l PCR reaction was set up by mixing the DNA fragment with Phusion® High-Fidelity 

DNA Polymerase Buffer (NEB), Phusion® High-Fidelity DNA Polymerase (NEB), 

dNTPs and both forward and reverse primers. The mixture was placed in a thermocycler 

at 98oC for 2mins, 98oC for 40 seconds, 65oC for 40 seconds, 72oC for 1 minute. This 

programme was looped from 98oC for 40 seconds 35 times with a final step at 72oC for 

10 minutes. The PCR product was run and extracted from a 1.2% agarose gel. DNA was 

extracted using the QIAquick® PCR & Gel Cleanup Kit (Qiagen). The design allowed 

both the amplified dnAkt g-block fragment and the SFG.RQR8.CATCAR plasmid 

constructed earlier to be digested using AgeI/NcoI (NEB) restriction enzymes, as 

described above. This allowed for the replacement of RQR8 with the dnAkt via ligation. 

The ligation mixture was similarly transformed in bacterial cells and screened. Correct 

colonies were further validated by sanger sequencing and grown up to midipreps for 

adequate DNA amounts for downstream applications.  

2.1.4. Adding a FLAG tag to dnAkt 

To permit the intracellular visualisation of dnAkt by flow cytometry the SFG.dnAkt.CAT 

plasmid was further modified to include a FLAG tag (DYKDDDDK) that could be 
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stained using an anti-FLAG tag antibody. The FLAG tag was designed to directly attach 

to the carboxyl terminal of dnAkt. To achieve this an overlap extension PCR was used 

using 4 specific primers. A primary PCR was set up using Phusion® High-Fidelity DNA 

Polymerase (NEB) to generate the two fragments. The first fragment was generated using 

forward primer 1 which included the upstream sequence to include the AgeI restriction 

site and reverse primer 2 which added the FLAG tag to the carboxyl terminal of the dnAkt. 

The second fragment was generated using forward primer 3 which also added the FLAG 

tag to the carboxyl terminal and reverse primer 4 which included the downstream 

sequence to include the NcoI restriction site. The overlap between primers 2 and 3 permits 

the fusion of the two fragments in a secondary PCR using primers 1 and 4. PCR settings 

were the same as stated above, except for the secondary PCR where the 72oC step was 

extended to 90 seconds to allow for adequate extension times. Figure 7 below illustrates 

the location of the primers used and the FLAG tagged construct generated via this method. 

 

Figure 7. FLAG tag overlap PCR 

This figure illustrates the locations of primers 1/4, upstream and downstream of AgeI/NcoI 

restriction sites, the location of primers 2/3, where they overlap and their role in the addition of a 

FLAG tag at the carboxyl terminal of the dnAkt. 

 

DNA from the secondary PCR was run on a 1.2% agarose gel and the DNA was extracted. 

Both the FLAG tagged dnAkt DNA and original SFG.RQR8.CAT plasmid was digested 

using AgeI/NcoI (NEB) restriction enzymes. This allowed for the replacement of RQR8 

with the FLAG tagged dnAkt via ligation. The ligation mix was subsequently transformed, 

screened, validated by sanger sequencing, and grown up to midipreps, as described above.  
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2.1.5. Summary of plasmid constructs 

All other constructs used in this report were previously constructed in the laboratory. 

Below is a summary of all constructs used: 

 

• SFG.RQR8.CATCAR.41BB-CD3ζ 

• SFG.dnAkt-FLAG.CATCAR.41BB-CD3ζ 

• SFG.RQR8.CATCAR.CD28-CD3ζ 

• pCCL.PGK.CATCAR.41BB-CD3ζ 

 

All plasmids were maintained at 1mg/ml in nuclease free water, stored at -20oC. Plasmids 

were regularly screened by restriction digests to ensure no plasmid degradation had 

occurred.  

 

2.2 Cell culture  

2.2.1. Cell lines  

Martin Pule's laboratory provided all cell lines used in this report. Suspension cells used 

include SUPT1, a human T lymphoblastic lymphoma cell line, RAJI, B lymphocytes 

derived from a child with Burkitt's lymphoma (RAJI-WT) and RAJI CD19 knockout 

(KO) cells, where CRISPR CAS9 was used to knockdown CD19 surface expression 

(RAJI-KO). The RAJI-WT cell line previously transduced to express enhanced green 

fluorescent protein (eGFP) was also used (RAJI-GFP). CD19 and eGFP expression were 

confirmed by flow cytometry, as illustrated in Figure 8. NALM6, derived from an adult 

with acute lymphoblastic leukaemia (ALL) transduced to express the luciferase gene and 

K562s, derived from an adult with chronic myelogenous leukaemia (CML) were 

additional suspension cell lines used. K562s were transduced to secrete an anti-idiotype 

antibody against the CAT CAR. The idiotype antibody was designed with a rabbit Fc, to 

permit secondary staining using a fluorochrome labelled anti-rabbit Fc antibody, allowing 

the visualisation of surface CAT CAR expression via flow cytometry. 293T human 

embryonic kidney cells were additional adherent cells used in this study.  
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Figure 8. CD19 and eGFP expression on target cell lines 

CD19 and eGFP expression on CD19+ (RAJI-WT), CD19+/GFP+ (RAJI-GFP), CD19-/GFP- 

(SUPT1 and RAJI-KO) cell lines determined by flow cytometry.  

 

2.2.2. Cell culture and maintenance  

All suspension cells except for the K562 cell line were cultured in T75cm2 flasks 

containing 20mls RPMI medium (Lonza), supplemented with 10% fetal calf serum (FCS) 

and 1% glutamax (Gibco) (cRPMI). K562s were instead cultured in T75cm2 flasks 

containing 20mls IMDM medium (Lonza) supplemented with 10% FCS and 1% 

glutamax (cIMDM). All cells were maintained with bi-weekly passages at a 1:10 ratio. 

Adherent 293T-cells were cultured in T175cm2 flasks containing 20ml of cIMDM. The 

cells were also maintained with bi-weekly passages at a 1:10 ratio using trypsin EDTA 

(Sigma Aldrich). All cells were cultured in a humified incubator at 37oC and 5%CO2. 
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2.3 Virus production 

2.3.1. Retrovirus vector production 

293Ts were plated at a concentration of 2x106 cells in cIMDM per 10cm plate to ensure 

50-60% confluency was reached post 24-hours. Plates were transfected by mixing 470ul 

plainIMDM (pIMDM) with 30ul genejuice (Merck Millipore) per plate. The mixture was 

incubated at room temperature (RT) for 5 minutes before the addition of 3.1g of RDF 

(RD114) envelope, 4.7g of PeqPam-env gagpol packaging plasmid and 4.7g of the 

desired CAR plasmid per plate. The mixture was incubated for a further 15 minutes at 

room temperature and 500l was added dropwise per plate. Plates were incubated till 

harvest at both 48 and 72-hours post transfection. Virus supernatants were pooled, filtered 

through a 0.45m PES membrane, aliquoted and snap frozen in a dry ice and ethanol bath. 

Supernatants were stored at -80oC for downstream use.  

 

2.3.2. Third generation lentivirus vector production, concentration, and titration  

Third generation lentivirus was used to mimic the cGMP Prodigy CAR T-cell 

manufacturing process used in the UCL ALLCAR19 trial. Third generation lentiviruses 

have an improved safety profile over second generation where packaging plasmids are 

split into two, one containing Rev and the other Gag and Pol. This greatly eliminates the 

risk of recombination and the production of replication-competent viral particles. Whilst 

the risk of insertional mutagenesis and the potential activation of oncogenes with the use 

of integrating viruses cannot be completely eliminated, clinical studies utilising lentivirus 

for CAR delivery have a low risk profile (Milone and O’Doherty, 2018).    

 

293Ts were plated at a concentration of 35x106 cells in cIMDM per Millicell HY-T1000 

multilayer flask (Merck Millipore) to ensure 70-85% confluency was reached post 48-

hours. Flasks were transfected by mixing 8550l of pIMDM with 546l genejuice per 

flask. The mixture was incubated for 5 minutes at RT before adding 73.8g of 

pMDLg/RRE and 56.8g RSV-rev packaging plasmids, 39.9g of pMD.G2 envelope and 

56.8g of the desired CAR plasmid per flask. The mixture was incubated for a further 15 
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minutes at RT and added to the flask. Flasks were incubated for 48-hours before virus 

supernatant harvest. The supernatant was filtered through a 0.45m PES membrane and 

immediately precipitated for concentration using the Lenti-X concentrator (Takara), 

following the manufacturer's instructions. The concentrated virus was aliquoted and 

frozen at -80oC for downstream use. 

 

The titre of the concentrated virus was determined by flow cytometry by analysing CAR 

expression on 293Ts following transduction. 1x105 293T-cells were plated per well of a 

12 well plate in 1ml cIMDM supplemented with 5g/ml polybrene. Plated cells were 

incubated for 4 hours prior to the addition of viral vector. Various vector dilutions were 

added, starting from 2l of the concentrated virus, and the vector was serially diluted at 

a 1:5 ratio. Plates were incubated for 72-hours and CAR expression was determined using 

flow cytometry. Only transduction efficiencies between 5-25% CAR+ cells were used to 

determine the titre using the formula below.  

 

𝑇𝑖𝑡𝑟𝑒 (
𝐼𝑈

𝑚𝑙
) =

𝑛𝑜. 𝑜𝑓𝑐𝑒𝑙𝑙𝑠 𝑎𝑡 𝑡𝑟𝑎𝑛𝑠𝑑𝑢𝑐𝑡𝑖𝑜𝑛 𝑥
% 𝐶𝐴𝑅 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

100

𝐸𝑛𝑑 𝑑𝑖𝑙𝑢𝑡𝑒𝑑 𝑣𝑒𝑐𝑡𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒 (𝑚𝑙)
 

 

 

2.4. PBMC/T-cell isolation, cryopreservation, and recovery 

2.4.1. PBMC isolation from whole blood  

Whole blood PBMCs were isolated from healthy donors. Blood was collected into EDTA 

blood tubes, and PBMCs were isolated using density gradient centrifugation. Whole 

blood was diluted at a 1:1 ratio in plain RPMI (pRPMI) and layered on Ficoll® Paque (GE 

Healthcare). Tubes were spun at 750G for 40 minutes with no break and acceleration to 

generate plasma, PBMC, Ficoll and granulocyte/erythrocyte gradients. PBMCs were 

carefully collected and washed twice in pRPMI. Isolated PBMCs were either immediately 

depleted for natural killer (NK) cells using anti-human CD56 antibodies conjugated to a 

magnetic microbead (Miltenyi Biotec) or enriched for CD4/8 T-cells using a microbead 

based Pan T-cell isolation kit (Miltenyi Biotec), as per the manufacturer's instructions. 
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2.4.2. T-cell isolation from leucocyte cones 

Leukocyte cones were processed using SepMateTM (Stemcell Technologies) tubes. These 

tubes utilise Ficoll® Paque density grade centrifugation and contain an insert to separate 

red blood cell (RBC) and PBMC layers. The tubes can be coupled with Stemcell 

Technologies RosetteSepTM reagent, which crosslinks unwanted cells to red blood cells 

(RBCs), permitting enrichment of desired cell subsets above the insert. 50ul of 

RosetteSepTM T-cell enrichment cocktail was added per ml of blood and incubated for 10 

minutes at room temperature. Blood was diluted 1:1 in pRMPI and added above the 

Ficoll® Paque separating insert. Tubes were spun at 1200G for 10 minutes, and enriched 

CD4/8 T-cells were poured into a new tube. Cells were washed twice in pRPMI prior to 

use in downstream applications.  

 

2.4.3. PBMC isolation from cryopreserved leukapheresis bags  

Cryopreserved leukapheresis bags were thawed in a 37oC water bath. The contents were 

removed with a 50ml syringe and diluted at a 1:1 ratio with CliniMACS® buffer (Miltenyi 

Biotech). The buffer is a mix of PBS and EDTA to prevent leukapheresis coagulation. 

Cells were spun at a low speed at 120g for 15 minutes without break and acceleration. 

RBCs were immediately lysed by resuspending the resulting pellet in ACK Lysis Buffer 

(Thermofisher Scientific) for 10 minutes at room temperature. Cells were washed twice 

in CliniMACS® buffer and rested overnight in cRPMI, or TexMACSTM medium (Miltenyi 

Biotec) supplemented with 3% human serum (Sigma Aldrich, Life Science Production) 

at 37oC and 5%CO2. Rested cells were enriched for CD4/8 T-cells using a microbead 

based Pan T-cell isolation kit (Miltenyi Biotec), as per the manufacturer's instructions.  

 

2.4.4. PBMC cryopreservation and recovery  

Excess PBMCs, enriched lymphocytes and end of process CAR transduced T-cells were 

cryopreserved in CS10 CryoStor® (Merck Millipore) at 10 to 50 million cells per ml. 

Vials were frozen at a controlled rate in Nalgene® Mr Frosty containers. Cryopreserved 

cell vials were placed in liquid nitrogen for long term storage. Cell vials were recovered 
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by rapidly thawing in a 37oC water bath. Cells were transferred dropwise into tubes 

containing 30mls of cRMPI or TexMACSTM medium supplemented with 3% human 

serum and spun at 300g for 10 minutes. Recovered PBMCs and enriched lymphocytes 

were rested overnight in serum supplemented media with no cytokines at 1x106 c/ml. All 

recovered CAR T-cells were instead rested overnight in TexMACSTM medium 

supplemented with 3% human serum (Sigma Aldrich, Life Science Production) and 

10ng/ml IL-7/IL-15 (cTexMACS) at 1x106 c/ml. Recovery media for Akt inhibitor VIII 

(VIII) (Merck Millipore/Radboudumc) treated cells was supplemented with the inhibitor 

at working concentrations between 1-5M.  

2.5. PBMC/T-cell activation and transduction   

2.5.1. PBMC activation and retrovirus transduction 

PBMCs were resuspended at 2x106c/ml in cRPMI and activated using 0.5mg/ml anti-

CD3 (OKT3) and anti-CD28 (15E8) soluble antibodies (Miltenyi Biotec). PBMCs were 

activated for 48-hours prior to transduction. PBMCs were transduced on 24 well plates 

pre-coated with recombinant human fibronectin (Retronectin, Takara). 1.5mls of neat 

retrovirus supernatant was added per well to be transduced. Activated PBMCs were 

resuspended in cRPMI such that 3x105 cells were added to each transduction well in 

500l. IL-2 was added to the RPMI medium for a final concentration of 200IU/ml. Plates 

were spun at 1000G for 40 minutes before incubation for 72-hours. PBMCs were 

harvested and maintained at 1x106c/ml in cRPMI supplemented with 200IU/ml IL-2 for 

48-hours or further expanded for five days before use in downstream assays. Experiment 

dependent, in the treated arms, either 5M or 1M of VIII (Merck Millipore) was either 

added at transduction or activation. Once added, treated cells were maintained in media 

supplemented with the inhibitor until use in downstream assays. All cells were subjected 

to a media change every 48-hours.  

2.5.2. T-cell activation and lentivirus transduction 

This method was designed to mimic the cGMP Prodigy CAR T-cell manufacturing 

process used in the UCL ALLCAR19 trial. Selected T-cells were re-suspended at 

1x106c/ml in TexMACSTM medium (Miltenyi Biotec) supplemented with 3% human 



Chapter 2 Materials and Methods 

 

 54 

serum and 10ng/ml IL-7/IL-15 (cTexMACS). Cells were activated for 24-hours by 

adding 10l/ml of the TransActTM (Miltenyi Biotec) reagent.  

 

As above, T-cells were transduced on retronectin coated plates. The concentrated 

lentivirus was mixed with cTexMACS media to attain a multiplicity of infection (MOI) 

of 5 per well to be transduced. 500l of this mix was added to the coated 24 well plates. 

Activated T-cells were resuspended in cTexMACS such that 3x105 cells were added to 

each transduction well in 500l. Plates were spun at 1000G for 40 minutes before 

incubation for 72-hours. PBMCs were harvested and maintained at 1x106c/ml in 

cTexMACS and expanded for four days prior to use in downstream assays. Experiment 

dependent, in the treated arm, 1 to 5M of VIII (Merck Millipore/Radboudumc) was 

added at activation. Treated cells were continuously maintained in media supplemented 

with the inhibitor until use in downstream assays. All cells were subjected to a media 

change every 48-hours.  

 

2.5.2. Scale-ups on the CliniMACS Prodigy® 

The CAR T-cell products for patients on the ALLCAR19 trial are manufactured on semi-

automated CliniMACS Prodigy® (Miltenyi Biotec) platform. To assess the feasibility of 

incorporating VIII onto this platform we carried out three manufacturing scale-ups. These 

were conducted at Royal Free Hospital by the ALLCAR19 trial manufacturing team. 

Excess frozen leukapheresis from patients recruited on ALLCAR19 trial was used for the 

scale-ups. This enabled downstream comparison of VIII scale-up CAR T-cells to trial 

products. The trial manufacturing protocol is as described in (Roddie et al., 2021). This 

scale-up method mimics this protocol where the only difference was the addition of VIII 

to the cTexMACS culture medium. A GMP grade version of the VIII AKT inhibitor was 

manufactured by ChemConnection BV and provided by Dr Harry Dolstra from 

Radboudumc.  

 

Briefly, leukapheresis bags were thawed and loaded on the CliniMACS Prodigy®. In an 

automated cycle, the leukapheresis is first enriched for CD4/CD8 via microbeads 

(Miltenyi Biotec). 100-200 million enriched T-cells are transferred into a new bag to 
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proceed with automated activation and transduction steps. T-cells are transferred to the 

CentriCult unit for culture and maintained in TexMACSTM medium (Miltenyi Biotec) 

supplemented with 3% human serum (Life Science Production), 10ng/ml IL-7/IL-15 and 

2.5µM of GMP grade VIII (Radboudumc) (cTexMACS VIII). Cells are activated with 

Miltenyi Biotec’s TransActTM reagent for 24-hours prior to the addition of lentivirus 

vector at an MOI of 5. Cells are cultured till Day 4, washed, and maintained in 

cTexMACS VIII till Day 8. Manufactured cells were harvested and frozen in a mixture 

of human serum albumin (Bio Products Laboratory) and 10% DMSO (Wak chemie 

medical GMBH) at a controlled rate in Nalgene® Mr Frosty containers and stored in liquid 

nitrogen.  

 

2.6. Cell based assays  

2.6.1. Co-culture assay  

Before set-up, the transduction efficiency of all conditions was determined using flow 

cytometry. PBMCs/T-cell effectors were then re-suspended to 5x105c/ml. RAJI-WT and 

RAJI-KO cell lines were irradiated at 60Gy. Targets were similarly resuspended to 

5x105c/ml. Cell number dependent, either 500l or 1ml of effectors and targets were 

plated at a 1:1 in 48 or 24 well plates. Plates were incubated for 7 days prior to use in 

downstream assays. On day 3, 500l of cell supernatant was harvested and frozen at -

20oC for cytokine analysis. Subsequently, 500l of cells were harvested on Day 6 for 

analysis by flow cytometry for viability, CD4, CD8, CAR, CD45RA, CD62L, CCR7, 

CD27, CD28 and CD95 expression. 10,000 CountBright™ counting beads (Thermofisher 

Scientific) were added to each sample during flow cytometry to determine absolute cell 

numbers. Co-cultures were either set up in serum supplemented RPMI or TexMACS 

media, with no additional cytokines. Where indicated, 1M /5M of VIII was added to 

the media throughout the co-culture. 

2.5.2. Flow cytometry based killing assay (FBK) 

FBK assays were either performed at the end of manufacture or at re-challenge where T-

cells from the 7-day co-culture with RAJI-WT targets were restimulated in a killing assay. 
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Non-transduced PBMC/T-cell effectors were resuspended to 5x105c/ml. Whereas, CAR 

transduced cells were resuspended to 5x105c/ml CAR T-cells per ml.  RAJI-GFP cells 

were resuspended to 5x105c/ml. 5x104 effectors were serially diluted two fold in a 96 well 

U-bottom plate for a final volume of 100µl. 5x104 target cells in 100µls were mixed with 

the effectors for final effector to target ratios of 1:1, 1:2, 1:4 and 1:8. Cells were incubated 

for 72-hours and evaluated by flow cytometry to determine viability, CD3 and GFP 

expression. 10,000 counting beads were added to each sample during flow cytometry 

analysis to determine absolute cell numbers. Killing was assessed by determining the 

number of viable GFP+ target cells at the end of the assay. FBK assays were set up in 

serum supplemented RPMI or TexMACS medium with no additional cytokines or VIII.  

 

2.7. Cytokine analysis 

2.7.1. Cytokine Bead Array (CBA)  

A CBA was performed on Day 3 cell culture supernatant obtained from the 7-day co-

culture assay. The concentration of IL-2, IFN-γ, TNF-α, IL-4, IL-10, IL-6, IL-22, IL-17A 

and IL-17F cytokines was determined using the LEGENDplex™ Human Th Cytokine 

CBA kit (BioLegend), following the manufacturer's guidance. Fluorescence intensities 

were measured using the BD LSRFortessaTM flow cytometer, and concentrations were 

determined using the LEGENDplexTM software.  

2.7.2. Isoplexis 

Cryopreserved CAR T-cells were recovered and rested overnight in cTexMACS or 

cTexMACS VIII medium, as described above. Recovered cells were first stained with a 

violet membrane stain 405 provided with each kit. Labelled T-cells were then co-cultured 

with RAJI-WT targets at a 1:2 CAR:RAJI-WT ratio for 20 hours. Cells were harvested 

and split to individually select for CD4 and CD8 using magnetic microbeads on LS 

columns (Miltenyi Biotec), as per the manufacturer’s instructions. Selected cells were 

then stained for CD4/8 using Alexa Fluor 647 conjugated antibodies provided in the kit. 

Cells were washed, counted, and resuspended to 1x106c/ml in TexMACS medium 



Chapter 2 Materials and Methods 

 

 57 

supplemented with 3% human serum. 30µl of 30,000 total cells were loaded onto each 

Isoplexis chip and loaded onto the machine.  

 

Chips measure 31-plex cytokines grouped as, Effector (GranzymeB, IFN-γ, MIP-1α, 

Perforin, TNF-α, TNF-β), Stimulatory (GM-CSF, IL-12, IL-15, IL-2, IL-5, IL-7, IL-8, 

IL-9), Chemoattractive (CCL-11, IP-10, MIP-1β, RANTES), Regulatory (IL-10, IL-13, 

IL-22, IL-4, sCD137, sCD40L, TGF-β1) and Inflammatory (IL-17A, IL-17F, IL-1β, IL-

6, MCP-1 and MCP-4). On the chip, single cells are loaded into lanes lined with 

antibodies against each cytokine. Chips are incubated in the machine at 37oC and 5%CO2 

to permit cytokine secretion from stimulated cells. Cytokine secretion is measured in an 

automated process using secondary antibodies and fluorescent microscopy. Lanes are 

barcoded to permit the identification of cytokines secreted from each cell.  

 

Data from the chips were analysed using the company’s proprietary image processing 

software Isospeak 2.9.0. The analysis provides data on the secretion frequency of each 

cytokine and permits the identification of the % of polyfunctional cells secreting 2 or 

more cytokines. The software further provides a polyfunctionality strength index (PSI) 

that is computed by identifying the % of polyfunctional cells and multiplying this by the 

mean fluorescence intensity (MFI) of each secreted cytokine.   

  

2.8. Flow Cytometry 

2.8.1. General staining and analysis 

2.5x105 to 2x106 cells were used for flow cytometry staining. A primary stain using 250µl 

of cell supernatant obtained from K562 cells transduced to secrete an idiotype antibody 

against the CAT CAR scFv was performed to stain for CAT CAR expression. The 

idiotype antibody was designed to have a rabbit IgG, allowing the antibody to be 

visualised using a fluorochrome labelled anti-rabbit IgG antibody (Jackson 

ImmunoResearch) as a secondary stain. Fixable viability dyes, eFluor™ 780, eFluor™ 

450 and eFluor™ 506 (InvitrogenTM), were used to discriminate between live and dead 

cells. Antibodies used include, anti-human CD4 (RPA-T4), CD8 (RPA-T8), CD45RA 
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(HI100), CD62L (DREG-56), CCR7 (G025H7), CD27 (M-T271), CD28 (CD28.2), 

CD95 (DX2), CCR4 (L291H4), CCR6 (G034E3), CXCR3 (G025H7), CD127 (A019D5), 

CD25 (BC69), CD45 (HI30) and HA tag (16B12). All antibodies were purchased from 

BioLegend. Cells were primarily stained for CAR with anti-idiotype supernatant for 30 

minutes at 4oC, washed twice in PBS and stained for all other secondary antibodies, 

including viability dyes for an additional 30 minutes at 4oC. Cells were washed twice in 

PBS and analysed on BD LSRFortessaTM, BD CytoFLEX, or Agilent Novocyte flow 

cytometers. All flow cytometry analysis was performed using FlowJo v10 software.  

 

2.8.2. Intracellular cytokine and transcription factor staining  

Prior to the detection of intracellular cytokines and transcription factors, 5x105 CAR T-

cells were stimulated with RAJI-WT cells irradiated at 60Gy overnight in the presence of 

GolgiStop™ Protein Transport Inhibitor (BD Bioscience). Following primary CAR and 

subsequent secondary staining of cells, as described above, panel dependent, cells were 

either fixed and permeabilised using the BD Cytofix/Cytoperm™ solution or via the 

fixation buffer in the BD Pharmingen™ Transcription-Factor Buffer kit, as per the 

manufacturer's instructions. Following permeabilisation, cells were stained in respective 

permeabilisation/wash buffers containing intracellular antibodies for 30 minutes to 1 hour 

at RT. Cells were washed twice with the permeabilization/wash buffers and resuspended 

in PBS. Intracellular antibodies used include anti-human IL-2 (MQ1-17H12), IFN-γ 

(B27) (BD), TNF-α (Mab-11), GranzymeB (GB11) (BD), T-bet (4B10) (InvitrogenTM), 

IFN-γ (B27) (BD), GATA3 (16E10A23), IL-4 (8D4-8) (BD), RORgt (AFKJS-9) 

(InvitrogenTM), IL-17A (VL168), FoxP3 (PCH101) (InvitrogenTM) and IL-10 (JES3-

19F1) (BD), remaining antibodies were purchased from BioLegend. 

 

2.8.3. Phosphoflow and FLAG tag staining 

1x106 to 2x106 cells were first stained for CAR and subsequent secondary antibodies and 

viability dye, as described above. Cells were fixed with 4% formaldehyde (Thermofisher 

Scientific) for 15 mins at RT. Cells were washed once in PBS supplemented with 0.5% 

Bovine Serum Albumin (BSA) (Sigma-Aldrich) and permeabilised with 250µl of 90% 
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methanol. Cells were incubated at 4oC for 30 minutes and washed twice with PBS/BSA 

before the addition of intracellular antibodies. Antibodies used included, fluorochrome 

conjugated Phospho-Akt Ser473 (D9E), Phospho-Akt Thr308 (D25E6) from Cell 

Signalling Technologies and Anti-DYKDDDDK (FLAG) (Miltenyi Biotech). Antibodies 

were stained in PBS/BSA for 1 hour at RT, washed twice and analysed.  

 

2.8.4. CytoID Staining  

Autophagy was measured using the CYTO-ID® Autophagy Detection Kit 2.0 (Enzo Life 

Sciences). This kit contains a 488nm excitable green fluorescent dye that can selectively 

label pre-autophagosomes, autophagosomes and autolysosomes in live cells. CYTO-ID® 

is a cationic amphiphilic tracer dye taken up by passive diffusion across the plasma 

membrane. Selection of titratable pH based functional moieties on the dye prevents the 

accumulation of the dye in lysosomes. Whilst potential background staining of lysosomes 

cannot be completely eliminated, CYTO-ID® has demonstrated proven specificity for 

autophagic vesicles (Chan et al., 2012, Oeste et al., 2013). 2.5x105 to 5x105 cells were 

primarily stained for viability, CD4, CD8 and CAR, as described above. The CYTO-ID® 

stain was diluted 1:1000 in assay buffer and 250µl was added to the cells. Cells were 

incubated in the dark at 37oC, 5%CO2 for 30 minutes, washed in PBS and analysed by 

flow cytometry.  

 

2.9. Mitochondrial/Metabolic Assessments  

2.9.1. Mitrotracker staining   

Total mitochondria were measured using the MitoTracker™ Green FM (InvitrogenTM), a 

490/514nm excitable green, fluorescent stain. 2.5x105 to 5x105 cells were primarily 

stained for viability, CD4, CD8 and CAR, as described above. A 1mM stock solution of 

MitoTracker™ was prepared in DMSO. The stock was diluted to 100nM in PBS and cells 

were stained at 37oC, 5%CO2 for 30 minutes, washed in PBS and analysed by flow 

cytometry. 



Chapter 2 Materials and Methods 

 

 60 

2.9.2. Mitochondrial membrane potential 

Mitochondrial membrane potential was measured using the MitoProbe™ JC-1 Assay Kit. 

JC-1 is a membrane permeable dye that can accumulate in mitochondria in a potential 

dependent manner measured by a fluorescence emission shift from green (monomer) 

(514/528nm) to red (aggregate) (590nm). Membrane depolarisation can be measured by 

a decrease in red to green fluorescence ratios. A 200nM stock of JC-1 was prepared in 

DMSO. 2.5x105 to 5x105 cells were stained in 1ml cTexMACS or cTexMACS VIII media 

with a final JC-1 concentration of 2µM. Cells were incubated at 37oC, 5%CO2 for 30 

minutes washed twice with PBS and subsequently stained for viability, CD4, CD8 and 

CAR as described above. Cells were washed twice with PBS and analysed by flow 

cytometry.  

 

2.9.3. Seahorse  

Cryopreserved CAR T-cells were recovered overnight in cTexMACS or cTexMACS VIII 

as described above. Samples were enriched for CD8 T-cells using CD8 microbeads 

(Miltenyi Biotec), as per the manufacturer's instructions. Selected cells were further 

cultured overnight in cTexMACS or cTexMACS VIII medium at 1x106 c/ml. 2x105 cells 

were loaded per well of Seahorse XFe96 cell culture microplates coated with 0.1 mg/ml 

Poly-D-Lysine. Microplates were spun at 400G for 5 minutes to create cell monolayers. 

Seahorse XFe96 sensor cartridges were hydrated overnight in sterile water and incubated 

in XF Calibrant Solution for 1 hour in a 37oC, non CO2 incubator prior to the addition of 

assay drugs as stated below. Microplates and sensor cartridges were loaded on the 

Seahorse XFe96 Analyzer where the oxygen consumption (OCR) and extracellular 

acidification (ECAR) rates were measured. Results were analysed using Agilent Seahorse 

Analytics and GraphPad Prism 9.3.1 Software.  

 

Mitochondrial Stress and Long Chain Fatty Acid Oxidation Stress were measured using 

the Seahorse XF Long Chain Fatty Acid Oxidation Test Kit (Agilent). Cells were plated 

in Seahorse XF RPMI medium, pH 7.4 supplemented with 1mM pyruvate, 2mM 

glutamine and 10mM glucose. Long Chain Fatty Acid Assay drugs used include 4µM 
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Etomoxir, 2µM Oligomycin, 0.5µM FCCP and 0.5µM Rotenone/Antimycin A. As a 

control, cells were run in parallel without the addition of Etomoxir which was further 

used to inform Mitochondrial Stress.  

 

Glycolysis was measured using the XF Glycolysis Stress Kit (Agilent). Cells were plated 

in Seahorse XF RPMI medium, pH 7.4 supplemented with only 2mM glutamine. 

Glycolysis Stress drugs used include, 10mM Glucose, 2µM Oligomycin and 50mM 2-

DG. 

 

2.10. RNA extraction, sequencing, and analysis  

Cryopreserved CAR T-cells were recovered overnight in cTexMACS or cTexMACS VIII 

as described above. Cells were immediately stained for viability, CD4, CD8 and CAR. 

CAR expressing CD4 and CD8 T-cells were simultaneously sorted using the BD 

FACSAria™ III cell sorter into cTexMACS or cTexMACS VIII media and stored on ice. 

RNA was directly extracted from the sorted cells using the RNeasy Plus (Qiagen) kit, as 

per the manufacturer’s instructions. RNA was eluted in nuclease free water and stored at 

-80oC.   

 

Library preparation and sequencing were carried out by the UCL Great Ormond Street 

Institute of Child Health Genomics Facility. RNA was quality checked on the Agilent 

TapeStation. cDNA synthesis and library preparation were subsequently done using the 

KAPA mRNA HyperPrep Kit (Roche). Single end sequencing was performed on the 

Illumina NextSeq 500 using the high output 75 Cycle Kit. Approximately 33 million 

reads were generated per sample.  

 

Output FASTQ files were mapped to the target genome and differential gene analysis was 

carried out by the genomics facility using the DESeq2 and EdgeR based R pipeline, 

SARTools (Varet et al., 2016). To identify enriched pathways, count-based gene 

enrichment tests were performed on differential gene data using the topGO package 

mapped against Gene Ontology Pathway Database.  
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2.11. In-vivo Procedures  

2.11.1. Establishment of a systemic leukaemia model and in-vivo imaging 

All protocols were performed in accordance to a UK Home Office approved project 

licence. 8-12 week old NOD scid gamma (NSG) mice housed in individually ventilated 

cages (IVCs) were used. Systemic leukaemia was established in mice via intravenous 

injection of 5x105 NALM6 luciferase transduced ALL tumour cell line in 200µl PBS via 

the tail vein followed by either 1x106 or 5x105 non-transduced or CAR T-cells 4 days 

later.  Tumour burden was measured bi-weekly via bioluminescent imaging (BLI) using 

the IVIS spectrum in-vivo imaging system (PerkinElmer) following the intraperitoneal 

injection of 2mg D-luciferin in 200µl PBS. Photon emission from NALM6 cells was 

measured as photons/sec/cm2/steradian. Experiment dependent, mice were monitored for 

signs of sickness to evaluate survival or humanely euthanised at Day 21 where spleen and 

bone marrow samples were taken for downstream analysis.  

 

2.11.2. Spleen Harvest and Staining 

Spleens were excised and stored in cold Hanks Balanced Salt Solution (HBSS) (Sigma 

Aldrich). The spleens were gently pressed over a 70µm and subsequently a 30µm cell 

strainer to dissociate. Strainers were washed with PBS and cell suspensions were spun at 

400G for 5 minutes to collect the cells. Cells were lysed with 2mls ACK lysis buffer for 

10 minutes at RT to remove contaminating RBCs. Suspensions were washed again in 

PBS and immediately stained for flow cytometry analysis of viability, CD45, CAR, CD4, 

CD8 and HA tag (NALM6 tumour cells).  

 

2.11.3. Bone Marrow Harvest and Staining  

Mouse femurs were excised and stored in cold HBSS. Both ends of the bone were cut and 

the bone marrow was flushed out with PBS using a 25 gauge needle and syringe over a 

70µm and subsequent 30µm cell strainer. The marrow was further pressed through the 

strainer and washed with PBS to maximise cell collection. Cell suspensions were spun at 
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400G for 5 minutes to collect the cells and pellets were lysed with 2mls ACK lysis buffer 

for 10 minutes at RT to remove RBCs. Suspensions were washed again in PBS and 

immediately stained for flow cytometry analysis of viability, CD45, CAR, CD4, CD8 and 

HA tag (NALM6 tumour cells). 

2.12. Statistical analysis  

Statistical tests were performed on data sets n ≥ 3, the tests used are described in the figure 

legends. Statistical analysis was performed on GraphPad Prism 9.3.1. Statistical analysis 

for transcriptome data was carried out on R. Transcripts were filtered, where those with 

a mean count below 5 were removed. The remaining genes were fit in a negative binomial 

model for differential expression. A Wald test was used to identify significantly 

differentially expressed genes subsequently corrected for multiple testing using the 

Benjamin-Hochberg false discovery rate (FDR) method. The FDR rate was set to 5%. A 

Fisher test was used to identify significantly overrepresented gene fractions in each 

pathway at a P<0.05 cut off.  
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Chapter 3. Effects of pharmacologic and dnAkt mediated Akt 

inhibition on CAR T-cells 

3.1. Introduction  

PI3K and Akt signalling pathway inhibitors have been widely investigated for use during 

the manufacture of T-cell therapies. Products manufactured in the presence of such 

pharmacological inhibitors were enriched in Tscm/Tcm subsets expressing CD62L and 

CCR7 T-cell homing markers and exhibited superior anti-tumour activity (Urak et al., 

2017, Van der Waart et al., 2014, Crompton et al., 2015, Klebanoff et al., 2017, Bowers 

et al., 2017, Kim et al., 2012, Araki et al., 2009, Petersen et al., 2018, Zheng et al., 2018, 

Mousset et al., 2018, Funk et al., 2022). One such inhibitor, Akt inhibitor VIII (VIII), a 

PH domain dependent, cell permeable, and reversible allosteric inhibitor that inhibits Akt 

1,2 and 3 activity at IC50 = 58 nM, 210 nM, and 2.12 µM, respectively has been 

particularly investigated for these properties, Figure 9. In the CAR T-cell space, two 

groups have evaluated the impact of VIII during the ex-vivo manufacturing process of 

second generation CD19 targeting CAR T-cells with a CD28ζ endodomain. Both groups 

used different CD19 scFvs, with variable manufacturing processes however, both studies 

conclude that VIII did not compromise CAR T-cell expansion, increased Tcm phenotypes 

and improved anti-tumour activity in CD19+ tumour bearing mice (Urak et al., 2017, 

Klebanoff et al., 2017).  

 

 

 

 

 

 

 

 

Figure 9. Chemical Structure of Akt Inhibitor VIII 

This figure illustrates the chemical structure of Akt Inhibitor VIII, which is Compound 16g, 

originally developed by Merck Laboratories, Pennsylvania, USA (Lindsley et al., 2005). A cell 

permeable and reversible drug that can potently inhibit Akt1/2 in a PH domain dependent manner.  
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Given the benefit of VIII mediated Akt inhibition, we evaluated a gene engineered 

dominant negative Akt1 molecule (dnAkt) expressed in tandem with a novel CD19 

targeting scFv referred to as the ‘CAT CAR’. The dominant negative Akt is a non-

functional counterpart of endogenous Akt. Transient expression of dnAkt constructs 

using adenovirus have shown successful Akt inhibition in other studies. A double mutant 

Akt with alanine substitutions at the Ser-473 and Thr-308 sites successfully inhibited 

insulin-induced endogenous Akt activity in hepatoma cells (Kotani et al., 1999). A further 

triple mutant kinase dead Akt created with alanine substitutions within Lys-179 (involved 

in ATP binding) and in Ser473/Thr-308 phosphorylation sites, enabled apoptosis and 

growth arrest in pancreatic cancer cell lines (Stoll et al., 2005).  

 

Here, we propose the use of a novel dnAkt design of Akt1 with sole expression of the PH 

domain. We predict this will permit competitive lipid membrane binding with 

endogenous Akt without subsequent kinase activity and Akt activation. Whilst transient 

Akt downregulation can be achieved through the expression of the dnAkt using non-

integrating viruses such as adenovirus and the use of short hairpin RNAs (shRNAs)/short 

interfering RNAs (siRNAs), we hypothesise that this strategy of dnAkt co-expression 

with the CAT CAR, as illustrated in Figure 10 will result in down regulated Akt signalling 

exclusively in CAR transduced cells sparing effects on total T-cell populations As prior 

data with transient dnAkt expression led to growth arrest and apoptosis (Stoll et al., 2005), 

it is possible that this strategy of permanently expressing a dnAkt in CAR T-cells could 

significantly impact survival however, does provide us with a model to determine the 

long term effects of Akt downregulation on CAR T-cell phenotype and function.  

 

We primarily set out to evaluate the impact of the dnAkt transgene via T-cell phenotyping 

and through functional assessments of proliferation and cytotoxicity compared to CAR 

alone. As an additional control, we tested this along the pharmacological Akt inhibitor 

VIII guided by its demonstrated effects on CAR T-cells and comparable activity on the 

Akt PH domain.  
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Figure 10. Illustration of dnAkt design 

(A) Depicted here is the normal structure of inactivated Akt. (B) Illustration of novel dnAkt design 

expressing the PH domain only in combination with a second-generation CAT CAR with a 41BB 

and CD3ζ endodomain. 

 

3.2. Phenotypic and functional assessment of dnAkt and 

pharmacological Akt inhibition  

3.2.1. Phenotypic and functional assessment of dnAkt in CAR T-cells 

As per previous studies, we set out to determine whether expression of the dnAkt could 

enrich for Tcm subsets and provide any functional benefits. We began by retrovirally 

transducing PBMCs with the CAT CAR or CAT CAR dnAkt constructs. 2 days post 

transduction, CAR T-cells were assessed for T-cell phenotype by flow cytometry, as 

summarised in Figure 11. Transduced T-cells were further assessed for their killing and 

proliferative abilities. Killing assays were performed by co-culturing either non-

transduced (NT) PBMCs or CAR transduced PBMCs with CD19 expressing RAJI-GFP 

cells at 1:1, 1:2 and 1:4 effector to target ratios (E:T) for 72-hours. Killing was determined 

by assessing the reduction in GFP target cells by flow cytometry. Proliferation was 

assessed by co-culturing CAR transduced PBMCs with either CD19 negative SUPT1s or 

CD19 expressing RAJI-WT targets. Proliferation was measured after 7-days by 

determining absolute cell counts for each subset using flow cytometry.  
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CAR T-cell Tn, Tcm, Te and Tte phenotype subsets were characterised via flow 

cytometry using CD62L and CD45RA markers. dnAkt expressing CD4/CD8 CAR T-

cells failed to show any enrichment in Tcm subsets. Both conditions showed comparable 

phenotype with predominantly Te subsets, Figure 12A. Functionally, CD4/CD8 CAR T-

cells expanded more against RAJI-WT over SUPT1 targets, as expected however both 

CAR T-cell groups were found to have the same proliferative and cytotoxic capabilities, 

Figure 12B and C.  

 

 

Figure 11. Method of CAR T-cell generation to evaluate the CAT CAR co-expressing the dnAkt. 

Schematic representation of the method used to generate CAT CAR T-cells co-expressing the 

dnAkt. 
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Figure 12. Phenotypic and functional assessment of dnAkt in CAR T-cells 

(A) Phenotype characterised by CD62L and CD45RA expression. Subsets, Tn 

(CD62L+/CD45RA+), Tcm (CD62L+/CD45RA-), Te (CD62L-/CD45RA-), Tte 

(CD62L-/CD45RA+) in CAR CD4/CD8 T-cells. (B) Fold expansion of CD4/CD8 CAR T-cells 

following 7-day co-culture with SUPT1 and RAJI-WT cell lines. (C) Graph representing the 

percentage killing of targets post co-culture of transduced PBMCs in a 72-hour killing assay 

against RAJI-GFP target cells. Results depicted are normalised against NT PBMCs at each E:T 

ratio. All data sets are n =3 per condition ± SD (A)/(B) or individual data points (C). No statistical 

significance was found via two-way ANNOVA corrected for multiple comparisons by Tukey’s 

test (A)/(C) or two tailed Mann-Whitney U test (B).   

 

3.2.2. Effects of pharmacologic versus dnAkt mediated Akt inhibition on CAR T-

cells 

As initial experiments showed no apparent phenotypic enrichment for Tcm subsets in the 

dnAkt or functional benefit in VIII conditions, we questioned the expression of the dnAkt 

and the feasibility of this strategy. We used a new dnAkt construct designed with a FLAG 

tag to enable intracellular visualisation of the dnAkt as a confirmation of protein 

expression. As a control for this strategy, we looked to compare dnAkt with 

pharmacological inhibition using Akt inhibitor VIII, as summarised in Figure 13. Studies 

have shown Tcm enrichment in T-cells using this inhibitor at concentrations between 1-

18µM (Urak et al., 2017, Van der Waart et al., 2014, Klebanoff et al., 2017, Mousset et 

al., 2018).  

 

As the dnAkt would only be expressed post transduction, to enable direct comparison, 

5µM VIII was only added post transduction and maintained in culture throughout. CAR 

T-cell phenotype was assessed by flow cytometry, and proliferative capacity was assessed 

in a 7-day co-culture with CD19 negative SUPT1s or CD19 expressing RAJI-WT targets. 

To further assess if the dnAkt can reduce native Akt signalling compared to VIII, CAR 

T-cells were stained for Akt phosphorylation sites Thr308 and Ser473, indicative of 

moderate and strong signalling through Akt, respectively.  
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Figure 13. Method of CAR T-cell generation to evaluate the CAT CAR co-expressing the 

dnAkt with late pharmacological inhibition 

Schema of CAT CAR T-cell generation to evaluate the effects of the CAR CAR co-expressing 

the dnAkt with late pharmacological inhibition where Akt inhibitor VIII was added at Day 5 to 

mimic when the dnAkt expression would arise in transduced T-cells. 

 

3 days post transduction, cells were stained to determine surface CAR and intercellular 

dnAkt expression, Figure 14A. This demonstrated successful and comparable 

transduction between CAT CAR alone, CAT + VIII and CAT + dnAkt conditions. dnAkt 

expression was confirmed by intracellular expression of the FLAG tag using an anti-

FLAG antibody. Flow cytometry analysis showed a clear 1:1 expression of CAR to 

dnAkt. However, at this time point no difference in CAR T-cell phenotype was observed 

as characterised by both CD62L, CCR7 and CD45RA expression, Figure 14B. Subsets in 

all conditions were predominantly Te, as seen previously.  

 

As expected, minimal CAR T-cell expansion was observed when cells were co-cultured 

with SUPT1s. Greater expansion was observed following co-culture with RAJI-WT cells. 

No differences in expansion were observed between CAT CAR alone and CAT + dnAkt 

conditions. To mimic dnAkt, VIII was continually added during the co-culture in VIII-

treated cells at 5µM. CAR T-cells in this condition showed dramatically reduced CAR 

expansion in all conditions, Figure 14C. This may be attributed to sustained Akt inhibition 

causing T-cell toxicity. Akt inhibition during the co-culture may have further had 

cytotoxic effects on the SUPT1/RAJI target cells used, contributing to the lack of 

expansion.  
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To assess if the dnAkt could reduce native Akt signalling, CAR T-cells were stained for 

phosphorylation at Thr308 and Ser473, 2 days post transduction. The mean fluorescence 

intensity (MFI) of each antibody shows a reduced pThr308 and pSer473 staining in dnAkt 

expressing CAR T-cells. The same however was not seen in the VIII-treated arm. Here, 

pThr308 remained unchanged and a small variable donor dependent decrease in pSer473 

MFI was seen, Figure 14D.   
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Figure 14. Effects of pharmacologic versus dnAkt mediated inhibition of Akt on CAR T-

cells 

(A) Flow cytometry plots depicting transduction efficiencies between CAR alone, CAR + VIII 

and CAR + dnAkt, 3 days post transduction. (B) Phenotype characterised by both CD62L, CCR7 

and CD45RA expression. Subsets, Tn (CD62L+/CD45RA+)/(CCR7+/CD45RA+), Tcm 

(CD62L+/CD45RA-)/(CCR7+/CD45RA-), Te (CD62L-/CD45RA-)/(CCR7-/CD45RA-) and Tte 

(CD62L-/CD45RA+)/(CCR7-/CD45RA+) in CAR CD4/CD8 T-cells.  (C) Fold expansion of 

CD4/CD8 CAR T-cells following 7-day co-culture with SUPT1 and RAJI-WT-cell lines. (D) 

Graph representing MFI of anti pThr308 and pSer473 antibodies in CAR T-cells 3 days post 

transduction. All data sets are n =2 per condition ± SD (B) and/or individual data points (C)/(D).  
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3.3. Discussion 

Whilst the data suggests dnAkt may be actively competing for binding sites with native 

Akt and reducing phosphorylation of pSer473 and pThr308, phenotypically no shift 

towards Tcm or functional benefit against CD19+ targets was observed. This naturally 

leads to question whether the dnAkt is truly functional and if the 1:1 expression of 

dnAkt:CAR is enough for substantial and sustained suppression of Akt signalling. 

However, no subset enrichment or functional benefits was seen in the CAR/VIII condition 

either. This raises an important consideration of when the Akt pathway is stimulated in 

T-cells and from which point Akt signalling should be inhibited to achieve phenotypic 

and functional gains.  

 

Akt signalling can be initiated upon engagement of TCRs, cytokine receptors and 

costimulatory molecules (e.g. CD28) and we know that activated T-cells can lose 

expression of markers such as CD62L in an Akt1/2 dependent manner (Kim et al., 2012, 

Kim and Suresh, 2013, Macintyre et al., 2011). In preclinical studies of the 

pharmacological Akt inhibitor VIII where CD62L/CCR7 expression was preserved, VIII 

was added at the point of T-cell activation (Urak et al., 2017, Klebanoff et al., 2017), 48-

hours earlier than our tested protocol. Therefore, one possible explanation for this data is 

that the potency of Akt signalling and the downstream effects initiated following T-cell 

activation, proceeding unhindered over 48-hours, outcompetes the ability of the 

CAR/dnAkt and even CAR/VIII to suppress this axis.  

 

A further point of consideration is the potential for Akt inhibition to be variably impactful 

dependent upon the CAR endodomain used. The co-stimulatory receptor CD28 directly 

signals through the PI3K/Akt pathway and CD28ζ endodomain CARs have been shown 

to have basal activation of Akt signalling, even in the absence of antigenic target (Salter 

et al., 2018). With this in mind, it may be that Akt inhibition strategies would be of 

maximal impact in CD28 CARs. In the experiments above we used a CAR incorporating 

a 41BBζ endodomain. Native 41BB signals through a TRAF pathway and not directly 

through Akt. 41BBζ endodomain CAR T-cells demonstrate greater long-term persistence 

and memory formation over CD28ζ endodomain CAR T-cells (Milone et al., 2009, Dai 
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et al., 2020). Thus, in our next assessments, we wanted to investigate whether earlier Akt 

inhibition at activation is enough for Tcm enrichment and functional benefits in 41BBζ 

endodomain CAR T-cells or if sustained Akt signalling through CD28 is required for 

optimal benefits. 

3.4. Effects of early pharmacologic Akt inhibition in both 41BBζ/CD28ζ 

CAR T-cells 

To evaluate if Akt inhibition at the point of T-cell activation is key to enriching for Tcm 

subsets with preserved CD62L/CCR7 expression, a protocol by (Klebanoff et al., 2017) 

was adopted for use in this experiment. PBMCs were either untreated (UT) or treated 

with 1µM of VIII at the point of T-cell activation with anti-CD3/CD28 soluble antibodies. 

The inhibitor was maintained in the culture of the treated arm throughout transduction 

until functional assessment as depicted in Figure 15. To assess if there is a differential 

effect of pharmacological Akt inhibition based on CAR endodomain, this method was 

evaluated in CAT CAR T-cells designed with both 41BBζ and CD28ζ endodomains. 

Phenotype was again assessed by flow cytometry, and proliferative capacity was assessed 

in a 7-day co-culture with CD19 expressing RAJI-WT targets. 

 

 

 

 

 

 

Figure 15. Method of 41BBζ and CD28ζ CAT CAR T-cell generation following early Akt 

inhibition 

Schema of the generation of CAT CAR T-cells with either a 41BBζ or CD28ζ endodomain where 

pharmacologic Akt inhibitor VIII was added from the start of manufacture and maintained till the 

end of manufacture Day 10.  
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Phenotype subsets were identified using CD62L, CCR7 and CD45RA markers. At Day 9 

of the CAR T-cell transduction/expansion process, enrichment of Tcm and decrease in 

Te was observed in both CD4/CD8 CD28ζ endodomain CAR T-cells treated with VIII 

from activation using both CD62L/CCR7 markers. However, VIII-treated 41BBζ CAR 

T-cells showed only a minimal increase in CD4/CD8 CAR Tcm characterised by CD62L 

staining. CCR7 staining failed to show an enrichment in 41BBζ CAR CD4 T-cells but 

showed a marked increase in Tcm in CAR CD8 T-cells, Figure 16A. To assess 

functionality, CAR T-cell proliferation was tested in a 7-day co-culture with CD19 

expressing RAJI-WT targets. Improved expansion of both CD4/CD8 CAR T-cells was 

seen in both 41BB and CD28 endodomain CARs. A modest 3.4/4.9-fold increase in VIII-

treated 41BBζ CD4/8 CAR T-cells was seen compared to a far greater 30/35.8 9-fold 

increase in VIII-treated CD28ζ CD4/8 CAR T-cells post stimulation with CD19 target, 

Figure 16B.  

 



Chapter 3 Results 

 

 77 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Effects of early pharmacologic Akt inhibition in both 41BBζ/CD28ζ CAR T-cells 

(A) Phenotype characterised by both CD62L/CCR7 and CD45RA expression. Subsets, Tn 

(CD62L+/CD45RA+)/(CCR7+/CD45RA+), Tcm (CD62L+/CD45RA-)/(CCR7+/CD45RA-), Te 

(CD62L-/CD45RA-)/(CCR7-/CD45RA-) and Tte (CD62L-/CD45RA+)/(CCR7-/CD45RA+) in 

CAR CD4/CD8 T-cells.  (B) Fold expansion of CD4/CD8 CAR T-cells following 7-day co-

culture with RAJI-WT cell line. All data sets are n=2 per condition ± SD (A) and/or individual 

data points (B).  
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3.5. Conclusion  

Taken together, this data suggests that early Akt inhibition prior to T-cell activation is 

key to preserving less differentiated T-cell phenotypes leading to improved CAR T-cell 

function. 

 

The literature has established that CD28ζ CAR T-cells demonstrate rapid CAR expansion 

and cytotoxicity upon antigen stimulation. A consequence of this however is maturation 

towards a more effector phenotype, a transcriptional profile of T-cell exhaustion and poor 

persistence in-vivo. This has been attributed to basal CD28 signalling activity at rest and 

post target mediated activation, which tiggers signalling through the PI3K/Akt pathway, 

driving T-cell differentiation (Kawalekar et al., 2016, Salter et al., 2018). Thus, as 

predicted, it is unsurprising that early Akt inhibition provides a greater phenotypic and 

functional benefit in CAR T-cells with a CD28ζ endodomain. Ex-vivo inhibition of Akt 

is likely protecting against basal/cell activation induced Akt activity, halting early T-cell 

differentiation during the CAR manufacturing process. Although the question remains 

whether this advantage gained in-vitro is lost early in-vivo when potent CD28ζ CAR 

activation and downstream Akt signalling overwhelm the balance and drives these Tcm 

populations towards exhaustion.  

 

Persistence following ex-vivo Akt inhibition in CD28ζ CAR T-cells has not been 

demonstrated in previous studies. Despite early expansion, improved cytotoxicity and 

overall survival, studies observed no significant improvement in the persistence of CD28ζ 

CD19 CAR T-cells in immunodeficient NOD scid γ (NSG) mouse models between VIII-

treated and untreated arms (Urak et al., 2017, Klebanoff et al., 2017). This suggests a 

short-term gain in function but not one sustained long-term. Conversely, ex-vivo Akt 

inhibition studies in tumour reactive and tumour infiltrating T-cells generated interesting 

results. Under physiological TCR signalling, ex-vivo T-cell expansion in the presence of 

an Akt inhibitor resulted in Tcm enriched cell populations which upon adoptive transfer 

into a murine model of melanoma, showed greater expansion and enhanced persistence 

compared with controls. Long-lived populations of memory T-cells could be detected in 

lymphoid and non-lymphoid organs up to 600 days post transfer (Crompton et al., 2015).  
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41BBζ CAR T-cells activate PI3K/Akt signalling to a lesser degree than CD28ζ CAR T-

cells. The biology of 41BBζ CARs compared to CD28ζ is of more gradual expansion, a 

Tcm skew, greater long-term persistence, and ongoing efficacy despite chronic antigen 

stimulation (Jang et al., 1998, Lee et al., 2003, van der Stegen et al., 2015). It is therefore 

understandable that ex-vivo Akt inhibition provides a lesser benefit in 41BBζ CAR T-

cells.  

 

Both endodomains provide distinct functional properties and different malignancies may 

benefit from each. Third generation CAR T-cells incorporating two co-stimulatory 

domains in succession with a CD3ζ endodomain have been evaluated in both pre-clinical 

and clinical assessments. Third generation CAR T-cells incorporating both 41BBζ and 

CD28ζ endodomains have shown variable results. Whilst some studies demonstrated 

improved persistence and anti-tumour responses from third generation CAR T-cells 

compared to second generation (Zhao et al., 2015, Zhong et al., 2010), other studies failed 

to show a benefit (Abate-Daga et al., 2014, Milone et al., 2009). Although clinical data 

remains promising where a study co-administered second generation CAR T-cells with a 

CD28ζ endodomain and third generation CAR T-cells with both 41BBζ and CD28ζ 

endodomains demonstrated improved expansion and longer persistence of third 

generation CAR T-cells over second generation (Ramos et al., 2018). Despite this, 

conclusive evidence of the clinical benefit of third generation CAR T-cells is yet to be 

determined. A key limitation with the combination of multiple co-stimulatory domains is 

the potential of increased tonic signalling and CAR T-cell exhaustion, where the ideal 

CAR T-cell design remains to be determined.  

 

Clinical response to CAR T-cell therapy has been linked to enhanced in-vivo expansion 

and long-term persistence, further correlated with less differentiated T-cell phenotypes. 

Given the characteristics of the 41BBζ endodomain, and as our early experiments 

suggests that early Akt inhibition can limit activation induced differentiation in 41BBζ 

CAR T-cells, enrich Tcm subsets, and provide a functional benefit, we wanted to explore 

this further in the context of the CAT CAR.  
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At UCL, the current paediatric and adult ALL clinical trial protocols utilise the CAT CAR 

with a 41BBζ endodomain, delivered by a lentivirus vector and manufactured under Tcm 

supporting cytokines IL-7 and IL-15. Trial manufactures for the adult ALL study is 

performed using the semi-automated CliniMACS Prodigy® platform (Miltenyi Biotec). 

We next set out to determine if the inclusion of the Akt inhibitor VIII in the current trial 

manufacturing process can deliver functionally superior 41BBζ CAR T-cells.  
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Chapter 4. Effects of pharmacological VIII inhibition in CAT 

CAR 41BBζ CAR T-cells, using the CliniMACS Prodigy® 

manufacturing protocol 

4.1. Introduction  

Methods of CAR T-cell production vary considerably between studies, as summarised in 

Figure 17. The majority of manufacturing processes utilise anti-CD3/CD28 paramagnetic 

beads, with lentivirus CAR delivery and expansion in a rocking bioreactor such as 

WAVETM/ Biostat® RM/XuriTM systems, a process used as a part of trials evaluating 

KymriahTM (CTL019) (Schuster et al., 2019, Maude et al., 2018). Manufacture times 

further vary from less than 10 to greater than 30 days, majority of which are manufactured 

under 20 days (Roddie et al., 2021, Vormittag et al., 2018, Kalos et al., 2011, Tumaini et 

al., 2013, Lu et al., 2016).  

 

Figure 17. Illustration of CAR T-cell manufacturing processes 

Commonly used clinical CAR T-cell manufacturing methods. Frequency of each method used is 

shown as percentages over each illustration as summarised from published studies, (Vormittag et 

al., 2018). 
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Additional variability in manufacturing comes from the use of enrichment/depletion steps 

commonly utilising the CliniMACS® system. Whilst some studies assessed the impact of 

directly selecting CD4/CD8 T-cell subsets to infuse defined ratios (Turtle et al., 2016), 

others enriched for Tcm (CD62L+) subsets (Wang et al., 2016), whole CD3+ T-cells 

(Roddie et al., 2021) or depleted NK cells (CD56+) (Singh et al., 2013). The use of 

cytokines can further impact products. Expansion is commonly achieved using 

interleukin-2 (IL-2) at highly variable concentrations. The use of IL-2 has been associated 

with driving T-cells toward a more exhausted Te phenotype with increasing evidence 

supporting a shift towards the use of interleukin-7/15/21 (IL-7/IL-15/IL-21), shown to 

enrich for less differentiated T-cell phenotypes (Ghassemi et al., 2016, Kaneko et al., 

2009).  

 

Current manufacturing methods generate products with highly variable transduction 

efficiencies, phenotype, and expansion, all of which can have consequences on patient 

outcomes. This is further exacerbated by unavoidable variability in patient apheresis used 

in autologous manufacture, often impacted by age, disease, and prior therapy. A study 

showed between 23.6 to 385-fold variability in the expansion of clinical products and 

retroviral transduction efficiencies ranging from 4%-70% (Brentjens et al., 2011). A 

study utilising lentiviral vector demonstrated similar variability from 5.5%-45.3% (Guo 

et al., 2016). However, despite such variability, a study forced to infuse 0.03-0.48x106 

CAR T-cells/kg, lower than the planned 1-3x106 CAR T-cells/kg dose demonstrated that 

patients achieved stable disease, complete minimal residual (MRD) negative disease and 

had similar numbers of circulating CAR T-cells in the blood as those treated with the 

planned dose (Lee et al., 2015). The lack of standardised manufacturing methods and no 

uniformity in testing/reporting product characteristics make it difficult to determine the 

impact of manufacturing on CAR T-cell therapy outcomes. 

 

As CAR T-cell therapy expands, the need for scalable, standardised, good manufacturing 

practice (GMP) compliant automated production process is high. With the emergence of 

new automated platforms such as the Cocoon® by Lonza, the most popular platform has 

been the use of the CliniMACS Prodigy® by Miltenyi Biotech. The Prodigy® allows for 

automated T-cell selection, activation, and expansion steps. Additional benefits of an 
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automated platform are the reduced requirements for high-classification manufacturing 

clean rooms and their associated costs. More so, such platforms require reduced staff 

interaction, further lowering costs and risks of contaminations or other operator handling 

errors (Roddie et al., 2019).  

 

At UCL, a direct comparison of manual versus automated manufacturing was made as a 

part of the phase I ALLCAR19 (NCT02935257) trial (Roddie et al., 2021). Here, 6 patient 

products were manufactured using manual process A, where fresh apheresis was activated 

with human CD3/CD28 DynabeadsTM (CTSTM, Gibco) in X-VivoTM 15 (Lonza) medium 

supplemented with 5% human AB serum (Life Science Production). 500x106 CD45+ 

haematopoietic cells were transduced with lentiviral vector encoding the CAT CAR at an 

MOI of 2.5-5. Cells were expanded on the XuriTM Wave Bioreactor (GE Healthcare). Post 

expansion, DynabeadsTM were removed with the CTSTM DynaMagTM magnet and cells 

were incubated for an additional 2 hours prior to dose cryopreservation after a total of 9 

days of culture. Manufacture was designed for the use of no exogenous cytokines 

however if expansion was impaired, cultures were supplemented with IL-2, as 

summarised in Figure 18. 

 

An additional 18 products were manufactured in an automated process B, using the 

CliniMACS Prodigy®. CD4/CD8 T-cells were first selected in an automated process. 100-

125x106 selected T-cells were reloaded for automated activation using TransAct®, (a 

polymeric nanomatrix conjugated to human CD3/CD28, Miltenyi Biotech), lentiviral 

transduction with the CAT CAR at an MOI of 2.5-5 and expansion steps. Cultures were 

maintained in TexMACsTM (Miltenyi Biotech) supplemented with 3% human AB serum 

(Life Science Production). Cultures were further supported with IL-7 and IL-15 cytokines 

and cryopreserved after a total of 8 days of culture, as summarised in Figure 18.  
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Figure 18. Schema of manufacturing processes used in ALLCAR19 trial  

CAR T-cell products were generated from autologous PBMCs using either manual (Process A), 

n=6 or automated (Process B), n=18 (Roddie et al., 2021).  

 

The goal of each manufacture was to successfully generate a total dose of 410x106 CAR 

T-cells. The dose was successfully reached for all but one patient manufactured by each 

process. Unpublished data provided by Dr Claire Roddie showed no significant 

differences between the total number of CAR T-cells generated from both manufactures, 

Figure 19A. Supplementary findings plotted from (Roddie et al., 2021) further showed 

no significant differences in transduction or phenotype by CCR7/CD45RA staining, 

Figure 19B/C. However, a significant reduction in PD-1 expression, a negative regulator 

of immune function was seen in products manufactured via the automated Prodigy® 
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platform, Figure 19D. Despite lack of significance, the distribution of data points 

demonstrates more consistent end of manufacture CAR T-cell doses and transduction in 

automated process B manufactures. More so, a trend towards enrichment in Tn (mean (A) 

9.8% vs (B) 14.5%) and Tcm (mean (A) 23.3% vs (B) 30.5%) subsets can be seen in 

automated manufactures versus manual, Figure 19A/B/C. 

 

 

Figure 19. Expansion, transduction, and phenotype of CAR T-cells manufactured in the 

ALLCAR19 trial 

(A) Volcano plot of total number of CAR T-cells generated at the end of manual or automated 

manufactures, dose required was 410x106 CAR T-cells, Process A, n=6 and Process B, n=17. 

Two tailed Mann-Whitney U test, ns P>0.05. (B) Volcano plot of percentage transduction of 

CD3+ cells. Two tailed Mann-Whitney U test, ns P>0.05. (C) Phenotype characterised by CCR7 

and CD45RA expression. Subsets, Tn (CCR7+/CD45RA+), Tcm (CCR7+/CD45RA-), Te 

(CCR7-/CD45RA-) and Tte (CCR7-/CD45RA+). Two tailed Mann-Whitney U test, ns P>0.05 
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(D) Volcano plot depicting PD-1 expression on CAR T-cells. Two tailed Mann-Whitney U test, 

**** P<0.0001. (A-D) Process A, n=6 and Process B, n=18. 

 

Given the scalability and consistency of automated manufactures on the CliniMACS 

Prodigy® platform, this manufacturing method is set to be used in a larger Phase II trial 

NCT04404660I.  As our early assessments showed improved phenotype and function in 

CAT CAR T-cells manufactured in the presence of the VIII inhibitor. Our next aim was 

to assess if the use of the Akt VIII could be incorporated into the Prodigy® manufacturing 

protocol and evaluate subsequent effects on CAR T-cell phenotype and function.  

 

4.2. GMP Akt inhibitor VIII drug comparability and titration  

We established a collaboration with Dr Harry Dolstra’s group, who were the first to 

describe the advantages of ex-vivo T-cell culture in the presence of Akt inhibitor VIII, 

Merck Millipore in 2014. CD8 tumour reactive T-cells were stimulated ex-vivo with 

dendritic cells (DC’s) ±VIII for 14 days. VIII-treated T-cells had an enriched early 

memory phenotype and demonstrated superior expansion and antitumor activity in an in-

vivo myeloma model (Van der Waart et al., 2014). Following this, other studies have 

described similar benefits in CAR T-cells, as described earlier (Klebanoff et al., 2017, 

Urak et al., 2017).  

 

In a move towards the use of this Akt VIII inhibitor for clinical manufacturing, Dr Dolstra 

led the production of the VIII drug to GMP specifications with ChemConnection BV, 

following a 2 step synthesis and purification steps, as described in literature (Craig W. 

Lindsley, 2003, Lindsley et al., 2005). In collaboration with Dr Dolstra’s group, we were 

provided with the GMP grade inhibitor to perform subsequent testing. As the literature 

standard was the VIII drug from Merck Millipore, we first set out to test the comparability 

of both drugs and titrate the GMP drug to identify the optimal concentration.  
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4.2.1. Phenotype of CAR T-cells treated with Merck VIII vs GMP VIII Akt 

inhibitors 

Both drugs were tested by mimicking the Prodigy® manufacture at small-scale. Briefly, 

CD4/CD8 T-cells were enriched and activated overnight using TransAct® (Miltenyi 

Biotech) reagent. Activated T-cells were transduced the next day with lentivirus encoding 

the CAT CAR at an MOI of 5. Virus was removed and cells were washed 72-hours post 

transduction. Cells were expanded for an additional four days prior to downstream 

experiments. Cultures were maintained in TexMACsTM (Miltenyi Biotech) supplemented 

with 3% human AB serum (Life Science Production) and 10ng/ml IL-7/IL-15 (Miltenyi 

Biotech) cytokines. In VIII conditions, the drug was added at testing concentrations from 

activation and maintained throughout the culture, as outlined in Figure 22. A direct 

comparison of 1µM Merck vs 1µM GMP VIII was made. The GMP VIII drug was further 

tested at 2.5µM and 5 µM to identify the optimal concentration.  

 

Total T-cell expansion remained unchanged between untreated (UT) and treatment with 

1µM of Merck VIII Akt inhibitor. Expansion with 1µM of the GMP VIII inhibitor was 

comparable to the Merck drug however, higher concentrations of the GMP drug at 2.5µM 

and 5µM limited T-cell expansion by 45.3% and 52.4%, respectively, Figure 20A.  

 

A greater effect on CAR T-cell phenotype was seen in CAR CD8 T-cells. Thus, the CD8 

T-cells were used to compare the effect of each drug and concentration on phenotype. 

Here, all Merck and GMP VIII-treated T-cells demonstrated a comparable increase in 

Tcm subsets characterised by both CD62L and CCR7. Subsets CD62L+/CD45RA- and 

CCR7+/CD45RA- were designated as Tcm, Figure 20B. Further extended phenotyping 

demonstrated that all VIII-treated T-cells had comparably higher proportions of 

CD27+/CD28+ double positive cells, Figure 20C. CD27 and CD28 are T-cell surface co-

stimulation proteins and are lost as T-cells differentiate towards Te/Tte. Loss of these 

markers in T-cells has also been linked to senescence (Gattinoni et al., 2017, Tu and Rao, 

2016). 
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Figure 20. Phenotype of CAR T-cells treated with Merck VIII vs GMP VIII Akt inhibitors 

(A) Total T-cell fold expansion by the end of manufacture at Day 8. (B) % Tcm subset in CAR 

CD8s at Day 8, determined by flow cytometry as (CD62L+/CD45RA-) and (CCR7+/CD45RA). 

(C) Extended phenotyping depicting % CD27/CD28 double positive cells characterised by flow 

cytometry. Representation flow cytometry plots from one donor in the UT and 1µM VIII GMP 

are depicted to the right. All data sets are n=2 per condition ± SD and individual data points. 
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4.2.2. Function of CAR T-cells treated with Merck VIII vs GMP VIII Akt inhibitors 

Following the 8 day manufacture of the CAR T-cells, cells were tested for functionality.  

CAR T-cell proliferation was tested in a 7-day co-culture with irradiated CD19 

expressing RAJI-WT targets. Expansion of the CAR CD4 T-cells remained unchanged 

regardless of treatment however, a marked increase in expansion was seen in all VIII-

treated CAR CD8 T-cells. A 7.7, 12.6, 14.2 and 11.2 average fold increase was seen in 

all 1µM Merck, 1µM GMP, 2.5µM GMP and 5µM GMP VIII conditions, respectively, 

Figure 21A. 

 

Killing abilities were tested on re-challenge. Non-transduced (NT) or CAR T-cells were 

harvested from the 7-day co-culture used to assess proliferation and re-challenged in a 

killing assay against CD19 expressing RAJI-GFP targets. CAR T-cells and targets were 

co-cultured at 1:1, 1:2, 1:4 and 1:8 Effector:Target (E:T) for 72-hours. No killing of RAJI 

targets was observed by NT T-cells. All VIII-treated CAR T-cells showed improved 

killing at all E:T ratios. Killing between 1µM treated Merck and GMP VIII Akt inhibitors 

were comparable. However, greater killing was observed in CAR T-cells treated with the 

higher 2.5µM and 5µM of the GMP VIII drug, with 2.5µM providing the greatest killing 

capabilities at all E:Ts, Figure 21B.  
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Figure 21. Function of CAR T-cells treated with Merck VIII vs GMP VIII Akt inhibitors 

(A) CD4/CD8 CAR fold expansion following a 7-day co-culture with irradiated RAJI-WT target 

cell lines. (B) Graphs depicting % killing of RAJI-GFP target cells post re-challenge of NT or 

CAR T-cells in a 72-hour killing assay. Results from all conditions were normalised to the 



Chapter 4 Results 

 

 91 

untreated NT condition at each E:T ratio. All data sets are n=2 per condition ± SD and individual 

data points (A) or only individual data points (B). 

 

Ex-vivo manufacture of CAR T-cells in the presence of the new GMP VIII inhibitor 

showed comparable enhancement of phenotype, CAR CD8 expansion and killing against 

RAJI targets to the Merck Millipore VIII inhibitor at the 1µM concentration. Further 

titration of the GMP VIII inhibitor demonstrated improved killing of RAJI target cells at 

rechallenge, particularly at lower E:T ratios at a higher concentration of 2.5µM however, 

at a cost of reduced overall T-cell expansion. 

 

Comparability of the GMP VIII inhibitor to Merck Millipore VIII was encouraging. 

Following these findings, we next set out to explore the effects of ex-vivo AKT inhibition 

across multiple donors. Evaluating in depth effects on phenotype, function, cytokine 

release and metabolism. The GMP VIII inhibitor at a concentration of 2.5µM was used 

for all future experiments. 

 

4.3. Assessing GMP inhibitor VIII in healthy donor T-cells 

All assessments were carried out as before by manufacturing CAR T-cells at a small-

scale following the CliniMACS Prodigy® protocol. CD4/CD8 T-cells were enriched from 

healthy donor PBMCs and activated with TransAct® (Miltenyi Biotech) and transduced 

the next day with lentivirus encoding the CAT CAR at an MOI of 5. Virus was removed 

and cells were washed 72-hours post transduction. Cells were expanded for four days 

prior to downstream experiments. Cultures were maintained in TexMACsTM (Miltenyi 

Biotech) supplemented with 3% human AB serum (Life Science Production) and 10ng/ml 

IL-7/IL-15 (Miltenyi Biotech) cytokines. Cells were either maintained as UT or VIII-

treated, where 2.5µM GMP VIII was added from the start till the end of manufacture, as 

summarised in Figure 22.  
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Figure 22. Schema of CAR T-cell manufacturing process 

Process of CAR T-cell manufacturing at small-scale following the CliniMACS Prodigy® 

protocol. 

 

CAR T-cells were assessed at Day 8 post manufacture. Cells underwent in-dept analysis 

for the effects of VIII inhibitor treatment on CAR T-cell phenotype, transduction, 

function, cytokine secretion, CD4 T-helper subsets, transcriptome analysis for gene 

enrichment signatures and metabolism.   

 

4.3.1. Effects of GMP Akt inhibitor VIII treatment on expansion and phenotype 

Total T-cell expansion was determined throughout the CAR T-cell manufacturing process 

from Day 0 – Day 8. Like previous experiments, manufacture in the presence of the GMP 

VIII inhibitor at the higher 2.5µM significantly impacted expansion. Despite initiating 

manufactures with the same number of selected T-cells, VIII-treated cells had reduced 

expansion by 52.5%, 52.5% and 60.4% at Day 4, 6 and 8, respectively, Figure 23A. A 

small significant increase was found in overall CAR T-cell transduction in VIII-treated 

cells however, average transduction was generally comparable at 61.2% (UT) and 67.7% 

(VIII), Figure 23B.  

 

Like previous experiments, an improved phenotype was also observed at the end of 

manufacture in VIII-treated CAR CD4/CD8 T-cells. CCR7/CD45RA staining showed 

significant enrichment of less differentiated Tcm subsets and a significant reduction in 

more differentiated Te and Tte subsets in both CD4/CD8 CAR T-cells. A more marked 
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Tcm enrichment was seen in VIII-treated CAR CD8s where, CAR CD4s only 

demonstrated a 10.2% average increase but CAR CD8s increased by 19.2%, Figure 23C. 

 

Although no marked changes were seen in Tn subsets, we performed extended 

phenotyping to identify stem cell like memory subsets (Tscm). Tscm subsets can be 

identified in Tn (CCR7+/CD45RA+) pools by sub gating for FAS receptor CD95. Tscm 

subsets are known to have a robust proliferative capacity and possess the ability to rapidly 

acquire effector functions following stimulation, much like memory T-cells. 

Transcriptional analysis shows Tscm subsets to have a unique gene profile with some 

features closely related to Tcm subsets (Gattinoni et al., 2011). In this experiment, flow 

cytometry analysis of Tn subsets sub gated to identify CD95 expression showed a 

significant increase in Tscm subsets in VIII-treated total CAR T-cells from mean 12.8% 

(UT) to 28.5% (VIII), Figure 23D.  

 

Flow cytometry plots demonstrating representative CCR7/CD45RA staining in pre-

manufactured CD8 T-cells and CAR CD8 T-cells throughout the manufacture are 

depicted in Figure 23E. The phenotype of starting CD8 T-cells comprises of mostly Tn 

subsets. This subset was found to expand post T-cell activation and differentiate towards 

Tcm, as the manufacture progresses. UT CAR T-cells eventually differentiate towards, 

Te/Tte subsets. However, VIII-treated cells retain greater CCR7 expression and have 

greater proportions of Tcm subsets at the end of manufacture. 

 

For further extended phenotyping, like previous experiments we looked at the expression 

of CD27 and CD28, markers associated with less differentiated T-cell subsets (Gattinoni 

et al., 2017, Tu and Rao, 2016). A small non-significant increase in the percentage of 

CD27/28 double positive CAR CD4s was seen in VIII-treated cells. However, a marked 

average increase of 55.4% double positive cells was seen in VIII-treated CAR CD8s, 

Figure 23F. Additionally, we investigated IL-2 and Granzyme B secretion by CAR T-

cells following stimulation. The literature shows that Tcm memory subsets can produce 

high levels of IL-2 but not cytotoxic molecules including Perforin and Granzymes 

(Mahnke et al., 2013, Sallusto et al., 1999, Xu and Larbi, 2017). We similarly saw a 

significantly greater proportion of both CAR CD4/CD8 T-cells producing IL-2 but not 
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Granzyme B following manufacture in the presence of the VIII inhibitor. CD4 CAR T-

cells have greater proportions of IL-2+/Granzyme B- cells at 10.2% (UT) vs 29.8% (VIII) 

whereas CD8 CAR T-cells were lower 0.3% (UT) vs 4.8% (VIII), Figure 23F.  
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Figure 23. Effects of GMP Akt inhibitor VIII treatment on expansion and phenotype 

(A) Total T-cell fold expansion throughout manufacture, ± SEM. (B) CAT CAR T-cell 

transduction at end of manufacture Day 8, ± SD/induvial data points. (C) Graphical representation 

of Tn (CCR7+/CD45RA+), Tcm (CCR7+/CD45RA-), Te (CCR7-/CD45RA-) and Tte (CCR7-

/CD45RA+) subsets in CD4/CD8 CAR T-cells determined by flow cytometry, ± SD. (D) 

Percentage CD95+ positive, sub gated from Tn population, ± SD/induvial data points. (E) 

Representative flow cytometry plot from one donor demonstrating CCR7/CD45RA staining in T-

cell starting material and subsequently in CAR CD8s throughout manufacture. (F) Percentage 
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CD27+/CD28+ and IL-2+/Granzyme- in CD4/8 CAR T-cells at end of manufacture, determined 

by flow cytometry, graphs depicting individual data points. (A-D/F) n=6, Two tailed Mann-

Whitney U test, ns P>0.05. *P<0.05 and ** P<0.01.  

 

4.3.2. Effects of GMP Akt inhibitor VIII treatment on CAR T-cell function and 

cytokine secretion 

Similar to previous experiments, T-cell proliferation was first assessed in a 7-day co-

culture with RAJI-WT targets. As an improved control, proliferation was compared 

against RAJI-KO cells, where CD19 expression was knocked out using CRISPR. Killing 

was assessed at two time points, the first directly at end of manufacture, Day 8 and 

subsequently at rechallenge. Here, NT and CAR T-cells cultured with RAJI-WT targets 

in the 7-day co-culture were harvested and rechallenged in a killing assay against RAJI-

GFP targets at 1:1, 1:2, 1:4 and 1:8 E:T for 72-hours. Killing was determined by 

measuring the reduction in GFP by flow cytometry. Cytokine secretion was measured 

from media supernatant collected at Day 3 of the 7-day co-culture using the 

LEGENDplex™ Human Th Cytokine Bead Array (CBA) kit (BioLegend), against IL-2, 

IFN-γ, TNF-α, IL-4, IL-10, IL-6, IL-22, IL-17A and IL-17F cytokines.  

 

No significant change in expansion was seen in CAR CD4 T-cells following VIII 

treatment against both RAJI-KO and RAJI-WT cell lines. However, a marked benefit was 

seen in CAR CD8 T-cells where improved survival and a 22.4-fold increase in expansion 

was observed in the absence of target against RAJI-KO targets. A far more significant 

57.9-fold increase in expansion was seen against CD19 expressing RAJI targets, Figure 

24A.  

 

Assessment of killing abilities at the end of manufacture showed no killing by NTs and 

comparable killing between both UT and VIII-treated CAR T-cells. A greater difference 

in killing was seen at rechallenge where, VIII-treated CAR T-cells exhibited a 26%, 35%, 

30% and 21% increase at 1:1. 1:2, 1:4 and 1:8 E:T, respectively, Figure 24B.  
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Cytokine analysis by CBA showed VIII-treated cells were able to produce significantly 

more cytokines associated with effector functions. A 2.9, 4.6 and 2.7-fold increase in IL-

2, IFN-γ and TNF-α secretion, respectively was observed. Assessment of other regulatory 

and inflammatory cytokines showed a significant increase in IL-4 following VIII 

treatment, although present at low concentrations at an average of 49.3 and 121.3 pg/ml. 

Significant increases in IL-6, IL-22 and IL-17A were also seen following VIII treatment 

however, no differences were seen in IL-10 and IL-17F, Figure 24C.  
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Figure 24. Effects of GMP Akt inhibitor VIII treatment on CAR T-cell function and 

cytokine secretion 

(A) CD4/CD8 CAR fold expansion following a 7-day co-culture with irradiated RAJI-KO or 

RAJI-WT target cell lines, ± SD/induvial data points. (B) Graphs depicting % killing of RAJI-

GFP target cells at the end of manufacture or post re-challenge by NT or CAR T-cells in a 72-

hour killing assay. Results from all conditions were normalised to the untreated NT condition at 

each E:T ratio, graphs show individual data points. (C) Cytokine concentrations measured by 

CBA from Day 3 of the 7-day co-culture with RAJI-WT targets, graphs show individual data 

points. (A-C) n=6, Two tailed Mann-Whitney U test, ns P>0.05. *P<0.05 and ** P<0.01. 

 

4.3.3. Effects of GMP Akt inhibitor VIII treatment on CD4 T-helper (Th) cells and 

polyfunctionality 

In the context of tumour immunity, Th1, Th2, Th17 and TREG subsets have been 

evaluated. Th1 demonstrates superior anti-tumour activity due to their ability to secrete 

IFN-γ which can enhance the expansion of CD8 T-cells (Nishimura et al., 1999, 

Nishimura et al., 2000). Th1 can further help recruit components of the innate immune 

system such as endogenous macrophages to aid tumour elimination (Corthay et al., 2005). 

 

The contribution of Th2 and Th17 to tumour immunity is more controversial. Whilst some 

studies suggest Th2 can offer anti-tumour effects by recruiting endogenous macrophages 

and eosinophils (Tepper et al., 1992) others show that tumour antigen specific Th2 cells 

can promote tumour growth. IL-5 produced by Th2 cells has been correlated with 
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progressive disease in follicular lymphoma (Rawal et al., 2011), melanoma (Tatsumi  et 

al., 2002), pancreatic (Ochi et al., 2012) and prostate (Nappo et al., 2017) cancer patients. 

Intratumor IL-17 from Th17 cells has been shown to promote angiogenesis (Numasaki et 

al., 2005) and can induce inflammatory processes (Langrish et al., 2005) promoting a pro-

tumour environment. Other studies show that the transfer of polarised Th17 cells had 

greater anti-tumour activity than Th1 polarised cells. This correlated with the recruitment 

of leukocytes and CD8 T-cell priming (Martin-Orozco et al., 2009, Muranski et al., 2008). 

Spontaneous antigen specific Th17 cells from lung cancer patients have also 

demonstrated the ability to produce IFN-γ (Hamaï et al., 2012).  

 

TREG cells conversely have an entirely pro-tumour association. Their ability to produce 

cytokines such as IL-10, IL-35 and transforming growth factor-β (TGF-β) can down 

regulate the activity of effector T-cells and antigen presenting cells (APCs). TREGs 

further have a high dependency on IL-2, depleting it from the surroundings and 

constitutively express cytotoxic T lymphocyte antigen 4 (CTLA4) that can bind CD80/86 

on APCs reducing their ability to activate effector T-cells (Togashi et al., 2019). Tumours 

enriched with TREGs, strongly correlate with poor prognosis in multiple cancer types 

(Curiel et al., 2004, Stenström et al., 2021).  

 

The composition of CD4 T-helper subsets in CAR T-cell products is rarely characterised. 

Whilst CD4 T-cells can enhance CD8 T-cell activity through cytokine production, studies 

have shown CD4 CAR T-cells play an important role with comparable cytotoxic 

capabilities to CD8 CAR T-cells (Wang et al., 2018, Csaplár et al., 2021). Moreso, CD4 

CAR T-cells demonstrate better persistence and less exhaustion following repeated 

antigen exposure than CD8 counterparts (Agarwal et al., 2020, Melenhorst et al., 2022). 

 

(Mousset et al., 2020) reported concerns that the inclusion of CD4 T-cells in mixed 

cultures could reduce the beneficial effects of VIII inhibition on CD8 T-cells. 

Polyfunctionality is the ability of T-cells to secrete two or more cytokines and in the 

setting of mixed CD4/CD8 T-cell cultures, ex-vivo VIII inhibition of T-cells stimulated 

with dendritic cells (DCs) skewed CD4 Th differentiation towards Th2. This resulted in 

diminished favourable effects on CD8 T-cells, particularly reducing CD8 T-cell 
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polyfunctionality. (Mousset et al., 2020) suggest a split culture process where CD4 T-

cells are manufactured independently without VIII treatment and CD8 T-cells with. 

Whilst they clearly outline the rationale for this, practically this is a more complicated, 

labour-intensive, and costly approach of limited feasibility where broad delivery of CAR 

T-cells for multiple patients is the desired goal and bulk cell culture is the current gold 

standard. 

 

To identify functional CAR CD4 subsets at the end of CAR T-cell manufacture, T-cells 

were stained for Th1, Th2, Th17 and TREG specific surface markers and transcription 

factors. Expression of such surface markers and transcription factors can be associated 

with many functions particularly influenced by T-cell activation. To overcome this and 

generate an accurate representation of CD4 subsets, intracellular cytokines specific to 

each subset were also assessed. End manufacture CAR T-cells were stimulated overnight 

1:1 with CD19 expressing RAJI-WT targets, stained for all markers, and evaluated by 

flow cytometry. Markers, transcription factors and cytokines used to characterise each 

subset were Th1 (CXCR3, T-bet, IFN-), Th2 (CCR4, CCR6, GATA3, IL-4), Th17 

(CCR4, CCR6, RORt, IL-17A) and TREG (CD127, CD25, FOXP3, IL-10).  

 

Results demonstrated a significant 2.2 and 3.7-fold enrichment of Th1 and Th17 subsets 

in CD4 CAR T-cells manufactured in the presence of VIII inhibitor. No significant 

differences were seen Th2 or TREG subsets following VIII treatment, Figure 25A.  

 

To further evaluate changes in polyfunctionality, end manufacture CAR T-cells were 

assessed on the Isoplexis platform. This platform can uniquely identify cytokine secretion 

from single cells, identifying overall percentages of polyfunctional T-cells and the 

polyfunctionality strength index (PSI). VIII-treated T-cells showed an increase in the 

proportion of both CD4/CD8 polyfunctional cells however, more significantly in CD4 T-

cells, Figure 25B. Calculated PSI further showed a 1.6-fold overall increase in VIII-

treated CD4/CD8 T-cells. Particularly, a marked increase in cytokines represented by 

effector and stimulatory subsets in CD4/CD8 T-cells. Results were significant in CD4s 

with CD8 T-cells demonstrating the same trend. Additionally, no significant increase in 

the regulatory cytokine subsets was seen in VIII-treated cells, Figure 25C. Principal 
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component analysis computed by the Isospeak software further illustrates far more robust 

CD4/CD8 polyfunctional populations in VIII-treated cells with a skew towards effector 

and stimulatory GM-CSF, IL-2, TNF-α and TNF-β cytokines, Figure 25D.  
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Figure 25. Effects of GMP Akt inhibitor VIII treatment on CD4 T-helper (Th) cells and 

polyfunctionality 

(A) Graphs representing percentage of CAR CD4 Th1, Th2, Th17 and TREG subsets determined 

by flow cytometry post overnight stimulation at 1:1 with RAJI-WT targets, graphs show 

individual data points. (B) Total percentage of polyfunctional cells per sample ± SD. Statistical 

comparisons were made against paired UT samples (C) Polyfunctionality Strength Index (PSI) 

calculated by multiplying the total percentage of polyfunctional cells with the secretion intensity 

of each cytokine grouped into effector, stimulatory, chemoattractive, regulatory and inflammatory 

subsets ± SD. All statistical comparisons were made against paired UT sample in each subset. (D) 

Polyfunctionality Activity Topography (PAT), Principal Component Analysis (PCA) of 

CD4/CD8 subsets demonstrating primary polyfunctional profiles of CD4/CD8 T-cells where 

radius is proportional to secretion frequency. (A) n=6, (B-D) Determined using IsoplexisTM 

platform, following 20 hour 2:1 RAJI-WT:CAR stimulation, n=4. (A-C) Two tailed Mann-

Whitney U test, ns P>0.05. *P<0.05 and ** P<0.01. 

 

4.3.4. Effects of GMP Akt inhibitor VIII treatment on CAR T-cell transcriptome  

To attain a global assessment of the effects of VIII treatment we next performed 

transcriptome analysis of CAR CD4/CD8 subsets from three independent donors. UT or 

VIII-treated CAR T-cells cryopreserved at end of manufactured were thawed and 

immediately sorted for CAR+ populations by flow cytometry. RNA was extracted and 

sequenced. Analysis revealed 417 and 609 significantly differentially expressed 

transcripts in CAR CD4s and CD8s, respectively. Principal Component Analysis (PCA) 

revealed some variability between donors analysed however, showed general clustering 

based on treatment, Figure 26A.  

 

Count based enrichment tests on differential genes mapped to the Gene Ontology 

Pathway Database demonstrated downregulation of transcripts specific to leukocyte 

migration, activation, lymphocyte differentiation and proliferation pathways in CAR CD4 

T-cells treated with VIII, Figure 26B. Conversely, CAR CD8 T-cells treated with VIII 

instead revealed upregulation of transcripts specific to leukocyte migration, T-cell 

activation, and autophagy, Figure 26C.  
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Further analysis of individual genes represented in CAR CD8 pathways showed a large, 

significantly upregulated signature for T-cell activation following VIII treatment, 

including co-stimulatory CD28 and ICOS transcripts, consistent with increased CD28 

expression seen by flow cytometry. We additionally saw significantly downregulated 

Granzyme A (GZMA), Granzyme M (GZMM) and FASLG transcripts specific to 

effector function. Consistent with the decreased Granzyme B (GZMB) expression seen 

by flow cytometry, Figure 26C.  

 

These findings were comparable with previous transcriptome analysis of CD19 targeting 

CAR T-cells with a CD28ζ endodomain following ex-vivo manufacture with or without 

VIII. This study found VIII to act in a manner dependent on the FOXO1 transcription 

factor (Klebanoff et al., 2017). FOXO1 has been described as essential for the 

maintenance and longevity of Tn cells (Kerdiles et al., 2009), it is sequestered in the 

cytoplasm under active Akt signalling conditions and shows nuclear accumulation 

following Akt inhibition (Greer and Brunet, 2005). The study showed upregulated 

transcripts for SELL, IL7R, KLF2, S1PR1 and S1PR2 (Klebanoff et al., 2017), which are 

directly regulated by FOXO1 (Kerdiles et al., 2009) following VIII treatment. 

Additionally, overexpression of a mutant phosphorylation resistant FOXO1, permitted 

nuclear accumulation and generation of CAR T-cells with a memory profile like those 

treated with VIII (Klebanoff et al., 2017). On the assessment of our transcripts, VIII-

treated CD8 CAR T-cells showed a similar dependency on FOXO1 with significantly 

upregulated transcripts of SELL, IL7R, KLF2 and S1PR1, Figure 26C. Despite seemingly 

differential pathway effects between CD4/8 CAR T-cells, CD4 CAR T-cells also showed 

upregulated FOXO1 dependent, SELL and IL7R transcripts and upregulated co-

stimulatory CD28 and ICOS transcripts like CD8 CAR T-cells following VIII treatment, 

Figure 26D. Suggesting that inhibition of Akt signalling has some comparable effects on 

both CD4/8 CAR T-cells. Almost identical transcriptional profiles were also seen in an 

independent study of spleen and lymph node derived CD8 T-cells activated and cultured 

in the presence of VIII (Macintyre et al., 2011).  

 

Overall, transcript profiles following VIII treatment correlate with less differentiated Tn 

and Tcm subset profiles. SELL, the gene encoding CD62L was significantly upregulated 
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in both CAR CD4/CD8 T-cells. CD62L expression is associated with Tn/Tcm subsets 

where expression correlates with effective adoptive therapies (Klebanoff et al., 2012). 

CD62L expression is often lost following T-cell activation in a Akt dependent manner 

(Abu Eid et al., 2015) but shows preservation here following VIII inhibition. Other 

transcripts including IL7R, KLF2 have further been associated with Tcm and T-cell 

persistence (Kerdiles et al., 2009, Macintyre et al., 2011). Upregulation of costimulatory 

CD28 and ICOS transcripts may further enhance CAR T-cell function by enhancing 

activation signals where CAR T-cells designed with both CD28 and ICOS endodomains 

show potent anti-tumour activity (Frigault et al., 2015). CD28 expression and 

downregulation of granzymes are also associated with less differentiated non effector 

Tn/Tcm subsets (de Koning et al., 2010, Gattinoni et al., 2017, Takata and Takiguchi, 

2006), supported here with upregulated CD28 and reduced GZMA and GZMM 

transcripts.  
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Figure 26. Effects of GMP Akt inhibitor VIII treatment on CAR T-cell transcriptome 

(A) Principal component analysis (PCA) depicting transcript variation in CD4/CD8 CAR T-cells 

manufactured with (VIII) or without (UT) VIII treatment. Percentages represent variance in each 

component. (B) Dot plots of cellular pathways mapped to Gene Ontology database. Size of dots 

represents the number of genes contributing to a pathway, dot colour represents adjusted p-values 

and x-axis shows the fraction of mapped genes in each pathway. (C) Heat map representation of 

transcripts specific to cell activation, FOXO1 and effector function in CD8 CAR T-cells. (D) Heat 
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map representation of transcripts specific to FOXO1 and co-stimulatory transcripts in CD4 CAR 

T-cells. (C) and (D) Colour represents low to high transcript expression. Rows are specific to 

each gene and columns highlights expression in each donor following manufactured with (VIII) 

or without (UT) VIII treatment. Only significantly differentially expressed pathways and genes 

are included in figures at a p<0.05 cut off. All data sets represent n=3.  

 

4.3.5. Effects of GMP Akt inhibitor VIII treatment on CD8 CAR T-cell Autophagy, 

Mitochondria and Metabolism  

Transcriptome analysis of CAR CD8 T-cells additionally revealed an upregulation in 

transcripts specific for autophagy following VIII inhibition, Figure 26B and Figure 27. 

Autophagy encompasses lysosome mediated degradation of cellular material to maintain 

cell homeostasis or for the removal of damaged organelles, misfolded proteins, or 

intracellular pathogens. Autophagy is orchestrated through a complex process and is 

inhibited during active PI3K/Akt signalling through mTOR (Glick et al., 2010), as 

summarised in Figure 27B. Inhibition has been shown to be reversible using rapamycin, 

an mTOR inhibitor. As Akt is a positive regulator of mTOR, it is unsurprising that VIII 

inhibition of Akt1/2 resulted in increased autophagy transcripts.  
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Figure 27. Autophagy signature in CD8 CAR T-cells and simplified autophagy pathway 

(A) Heat map representation of autophagy signature in CAR CD8 T-cells. Colour represents low 

to high transcript expression. Rows are specific to each gene and columns highlights expression 

in each donor following UT/VIII manufacture. (B) Autophagy is initiated through phagophore 

formation via ULK1/2-ATG and Beclin-1/Vps34 complexes which can be directly inhibited by 

the mTOR pathway. LC3-I is converted to LC3-II via ATG4/7/3 to permit elongation and 

circularisation of autophagosomes. Fusion with lysosomes completes the degradation of cellular 

content, Adapted from (Deas et al., 2011).  

 

The CYTO-ID® stain permits the detection of pre-autophagosomes, autophagosomes, and 

autolysosomic vesicles as a phenotypic measure of autophagy. Here, CYTO-ID® mean 

fluorescence intensity (MFI) assessment of VIII-treated total CAR and CD8+ CAR T-

cell subsets showed increased autophagy by 61% and 46%, respectively, Figure 28A.  

 

What role autophagy may play in CAR T-cells is unclear. Autophagy has been shown to 

aid T-cell survival by the removal of dysfunctional mitochondria (mitophagy) (Gupta et 

al., 2019, Glick et al., 2010) and has been implicated in fatty acid oxidation (FAO) 

(O'Sullivan et al., 2014). To investigate these, we used MitoTracker™ Green to quantify 

the mitochondrial mass in live cells at end of manufacture which demonstrated a small 
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reduction in VIII-treated total CAR (-9%) and CD8+ CAR T-cell subsets (-7%), Figure 

28B. To characterise FAO by oxygen consumption rate (OCR), CD8 T-cells were treated 

with etomoxir, a long chain fatty acid oxidation inhibitor of carnitine 

palmitoyltransferase-1 (CPT-1). FAO-dependent cultures show inhibition of maximal 

respiration following etomoxir treatment. The effect on maximal respiration can be 

assessed against a media only control. We showed a 2.8-fold reduction in maximal 

respiration following etomoxir treatment in VIII-treated CD8s, Figure 28C/D. Overall, 

this data suggests a trend towards increased mitophagy and FAO in VIII-treated CD8s, 

consistent with autophagy.  

 

Tcm subsets have additionally been shown to have a greater capacity for mitochondrial 

respiration over Tn/Te/Tte as measured by OCR reading for spare respiratory capacity 

(SCR) (van der Windt et al., 2012). An increase in SCR has been reported in VIII-treated 

TILs (Crompton et al., 2015) however, the same was not replicated in another study of 

tumour reactive T-cells, which showed no change following VIII treatment. This may be 

attributed to variations in VIII concentrations used or stimulation methods. Here, despite 

phenotypic trends towards Tcm, OCR readings showed no change in SCR in VIII-treated 

CAT CAR CD8 T-cells, Figure 28C/D. 

 

Metabolic CAR T-cell fitness correlates with anti-tumour efficacy (Kawalekar et al., 2016, 

Sabatino et al., 2016). Research has shown that PI3K inhibitors and the mTOR inhibitor 

rapamycin can increase mitochondrial membrane potential (ΔΨm) however, the effects 

of VIII treatment on CAR T-cell ΔΨm have not been characterised. In T-cells, low-ΔΨm 

has been associated with superior persistence (Sukumar et al., 2016) however, high-ΔΨm 

represents energy stored that can ultimately be used to produce ATP and has been shown 

to enhance CD8 effector function (Amitrano et al., 2021). ΔΨm measurements using the 

JC-1-dye revealed a 4/4.9-fold increase in ΔΨm in VIII-treated total CAR and CAR CD8s, 

respectively, Figure 28E, representing an increased capacity to produce ATP. 

 

Whilst AKT can regulate glycolysis (Frauwirth et al., 2002, Wieman et al., 2007), 

investigators report variable effects of VIII treatment on glycolysis (Klebanoff et al., 2017, 

Mousset et al., 2018). This may be attributed to experimental variations, with assessments 
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in bulk T-cells and failure to report whether assessments were carried out in the 

presence/absence of VIII. Time post stimulation and stimulation methods may have 

further impacts. Here, we focused our assessments on end of manufacture VIII-treated 

CD8s which showed no changes in basal or glycolytic capacity compared to UT CD8s 

following assessments in the absence of continual VIII treatment, Figure 28F/G. Together, 

the data demonstrates a metabolically charged phenotype in VIII-treated CD8s capable 

of supporting enhanced function.  



Chapter 4 Results 

 

 113 

 

 

 

 

 

 

 



Chapter 4 Results 

 

 114 

 



Chapter 4 Results 

 

 115 

Figure 28. Effects of GMP Akt inhibitor VIII treatment on CD8 CAR T-cell Autophagy, 

Mitochondria and Metabolism 

(A) Histogram and MFI representation of CytoID® staining for autophagic vesicles in total CAR 

and CD8 CAR T-cells. (B) Mitochondrial mass determined using MitroTracker GreenTM 

measured by MFI in total CAR and CAR CD8 T-cells. (C) Oxygen consumption rates (OCR) in 

CD8 T-cells treated with etomoxir or media control. (D) Graphs representing decrease in maximal 

respiration following etomoxir treatment compared to media alone and mitochondrial spare 

respiratory capacity (SCR). (E) ΔΨm of total CAR and CAR CD8 T-cells using the JC-1TM dye, 

ratio of aggregate (red) to monomer (green) fluorescence. (F) Extracellular acidification rates 

(ECAR) in CD8 T-cells. (G) Graph representing basal and maximal glycolysis. (A/B/E) n=6, 

depicting individual data points. (C/D/F/G) Seahorse experiments represent pooled data from two 

independent experiments, n=6 each ± SEM. (A/B/D/E/G) Two tailed Mann-Whitney U test, ns 

P>0.05. *P<0.05 and ** P<0.01. 

 

4.3.6. Effects of GMP Akt inhibitor VIII treated CAR T-cells in-vivo 

Following Tcm phenotypic traits, increased cytokine release, improved expansion, and 

increased cytotoxicity at rechallenge, we lastly determined whether VIII-treated CAR T-

cells could improve anti-tumour activity in-vivo. Systemic ALL was established in NOD 

scid γ (NSG) mice using B-ALL cell line, NALM6. Mice were either treated with a low 

dose of 5x105 untreated (UT), VIII-treated (VIII) CAR T-cells or non-transduced (NT) 

T-cells as a control, from a single healthy donor Figure 29A. Bi-weekly bioluminescent 

imaging (BLI) revealed improved tumour control in all mice treated with CAR over NT 

T-cells. VIII-treated mice had significantly reduced tumour burden compared to the UT 

group Figure 29B. At Day 21, the VIII-treated group showed persisting T-cells and a 

virtual absence of tumour in the spleen and BM over the UT group, Figure 29C.  

 

Isolated CAR T-cells revealed greater preservation of VIII-treated CD8s in the spleen and 

increased proportions of VIII-treated CD4s in the BM, revealing a more balanced 

CD4:CD8 ratio at the late D21 timepoint, Figure 29D. Phenotype analysis demonstrated 

a trend of preserved Tn/Tcm and reduced Te CAR subsets in the BM of VIII-treated mice, 

Figure 29E. Total VIII-treated CAR cells from the BM had greater proportions of 

CCR7+/CD27+ total CAR T-cells and CD27+/CD28+ VIII-treated CD8s at the D21 
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timepoint, Figure 29F , where such phenotypes have been found to positively correlate 

with response (Deng et al., 2020, Fraietta et al., 2018). 
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Figure 29. Effects of GMP Akt inhibitor VIII treated CAR T-cells in-vivo 

(A) Schematic of tumour mouse model. (B) Tumour burden measured by BLI in NALM6 tumour 

established mice treated with NT T-cells or UT/VIII CAR T-cells, ± SEM (C) Residual 

percentages of total T-cell and tumour cells in mouse spleen and BM at Day 21, individual data 

points (D) Percentage of CAR+ CD4/8s in spleen and BM at Day 21, individual data points. (E) 

Graphical representation of Tn (CCR7+/CD45RA+), Tcm (CCR7+/CD45RA-), Te (CCR7-

/CD45RA-) and Tte (CCR7-/CD45RA+) subsets in total CAR T-cells at Day 21, ± SD. (F) 

Frequencies of (CCR7+/CD27+) in total CAR T-cells and (CD27+/CD28+) in CD8 CAR T-cells 

from BM at Day 21, depicting individual data points. (B-F) Cells derived from one healthy donor, 

n=4 mice per group. (B) Two-way ANNOVA corrected for multiple comparisons by Tukey’s test 

on log transformed data, ns P>0.05 and ** P<0.01. (C/D) Two-way ANNOVA corrected for 

multiple comparisons by Bonferroni’s test, ns P>0.05. (E/F) Two tailed Mann-Whitney U test, 

ns P>0.05.  

 

4.4. Discussion  

Pre-clinical and clinical studies of adoptive T-cell immunotherapy demonstrate that 

Tscm/Tcm subsets outperform Tem/Tte subsets providing greater proliferative capacity, 

enhanced metabolic T-cell fitness and superior anti-tumour responses (Gattinoni et al., 

2005, Graef et al., 2014, Hinrichs et al., 2011).  

 

Prior studies manufacturing CD19-targeting CAR T-cells with VIII inhibition show Tcm 

subset enrichment and superior in-vivo anti-tumour responses (Klebanoff et al., 2017, 

Urak et al., 2017). The clinical use of VIII is confounded by its lack of availability in 

GMP grade. We overcame this by procuring the drug at GMP grade. Titration revealed a 

higher 2.5µM concentration over 1µM previously tested (Klebanoff et al., 2017, Urak et 

al., 2017) affected expansion throughout manufacture, but resulting CAR T-cells 

conferred superior expansion and cytotoxicity against tumour target. As expansion drives 

differentiation (Ghassemi et al., 2018, Akbar and Henson, 2011), this provided an 

additional advantage of limiting unnecessary expansion. Consistent with prior studies, 

manufacture of CAT CAR with VIII inhibition conferred Tscm/Tcm enrichment, superior 

in-vitro expansion and cytotoxicity against target (Klebanoff et al., 2017, Urak et al., 
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2017) We found superior tumour control in-vivo with a trend towards a greater proportion 

of circulating Tn/Tcm and CCR7+/CD27+ CAR T-cells, previously found to positively 

correlate with response (Deng et al., 2020, Fraietta et al., 2018).  

 

Transcriptional analysis primarily implicated an upregulation of transcripts regulated by 

transcription factor FOXO1 and autophagy. Transcriptional dependency on FOXO1 has 

been previously demonstrated by other studies following Akt inhibition (Macintyre et al., 

2011, Klebanoff et al., 2017) and is increasingly implicated as a target to enhance CAR 

T-cell therapy. FOXO1 is required for the maintenance of Tscm properties in T-cells 

(Delpoux et al., 2021) and inducible expression of FOXO1-3A, resistant to Akt mediated 

phosphorylation with sustained nuclear retention in CAR T-cells led to a preserved less 

differentiated Tscm/Tcm phenotype and improved CAR T-cell expansion in an in-vivo 

ovarian tumour model (Smole et al., 2022). This data highlights that evaluating the role 

of FOXO1 beyond CAR T-cell manufacturing for maintained functional benefits in-vivo 

is worthy of further investigation.  

 

Our investigations are the first to describe enhanced autophagy in CAR T-cells following 

ex-vivo Akt inhibition. Previous work in CD8 virus specific T-cells found autophagy was 

critical to the survival of effector T-cells that form memory during the T-cell contraction 

phase, by aiding the elimination of misfolded or protein aggregates, reactive oxygen 

species (ROS) and dysfunctional or damaged mitochondria (mitophagy) (Xu et al., 

2014a). CD8 T-cells with increased autophagy have been shown to have improved 

proliferation, cytotoxicity, and cytokine production. Whereas blocking autophagy led to 

the accumulation of depolarised mitochondria associated with T-cell exhaustion 

(Swadling et al., 2020). Autophagy has further been shown to regulate fatty acid oxidation 

(FAO) via the breakdown of lipid stores (Singh et al., 2009), vital for the generation and 

maintenance of memory T-cells (Sabatino et al., 2016). Autophagy related Atg7 molecule 

deficient tumour cells have been shown to have reduced FAO and defective mitochondria 

(Guo et al., 2013). Mitophagy has additionally been shown to promote self-renewal and 

persistence (Vannini et al., 2016, Kishton et al., 2017). Consistent with prior studies, our 

assessments of mitochondrial mass and FAO shows increased mitophagy and FAO in 
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VIII-treated CD8s, supporting survival. The results implicate that modulating autophagy 

is an attractive target of further investigation to enhance CAR T-cell therapy.  

 

A potential caveat of utilising VIII inhibition was reported where T-cells stimulated with 

dendritic cells (DCs), cultured with VIII skewed CD4 Th differentiation towards Th2, 

impairing CD8 T-cell polyfunctionality (Mousset et al., 2020). A similar effect was seen 

in CAR T-cells treated PI3K inhibitor duvelisib, with increased frequencies of 

proliferating Th2 cells although this was accompanied by Th1 polarisation (Funk et al., 

2022). Here, single cell cytokine assessments on the IsoplexisTM platform and 

intracellular staining following CD19-target stimulation failed to show a skew towards 

Th2 or TREGs. This may be attributed to the testing of CAR T-cells versus endogenous 

T-cells, differential stimulation methods and the higher 18µM VIII concentrations 

previously tested (Mousset et al., 2020). Although CBA analysis from co-culture with 

targets revealed an increase in IL-4 and IL-10 cytokines following VIII treatment, these 

were detected at low concentrations of ≤121.3 pg/ml. Th1/Th2 responses demonstrate 

some cross-regulation where responses are often described as co-inhibitory, dominated 

by either Th1 or Th2 (Fishman and Perelson, 1994). Whilst we see a cytokine pattern 

dominated by Th1 we also saw an increase in Th2 cytokines, although without a skew 

towards Th2 subsets by Isoplexis and flow cytometry characterisation. This could partly 

be explained by cross-regulation where a study demonstrated that IL-2/IFN-γ 

significantly enhanced IL-4 production from Th2 in the presence of B-cells (Singh and 

Agrewala, 2006). Additionally, CBA measurements were carried out in supernatant from 

mixed CD4/8 co-cultures and evidence indicates that CD8 T-cells can also produce 

cytokines associated with Th2 (Lev Bar-Or, 2000, Nakamura et al., 2005).  

 

Our results instead revealed a skew toward Th1 and Th17 profiles with the production of 

predominantly effector and stimulatory GM-CSF, IL-2, TNF-α and TNF-β cytokines. 

Th1 subsets are associated with superior anti-tumour activity for their ability to secrete 

IFNγ and support CD8 T-cells (Nishimura et al., 2000, Wilde et al., 2012). Other studies 

show that the transfer of polarised Th17 cells has greater anti-tumour activity than Th1 

polarised cells with a less differentiated phenotype, akin to Tscm (Muranski et al., 2011, 

Martin-Orozco et al., 2009). This provides them with a capacity to self-renew and harbour 
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a degree of plasticity. Indeed, repetitive stimulation of Th17 cells in-vitro has been shown 

to result in progeny with Th1 features (Muranski et al., 2011, Hamaï et al., 2012). 

Th1/Th17 subset enrichment may be attributed to ICOS, which we observed to be 

enriched in VIII-treated CAR CD4 T-cells by transcriptome analysis. Previous studies 

implicate ICOS in the induction and regulation of Th1/Th2 and Th17 responses (Wilson 

et al., 2006, Wikenheiser and Stumhofer, 2016). This is further supported in CAR T-cells 

where CAR T-cells engineered with an ICOS endodomain conferred Th1/Th17 

bipolarisation with improved persistence compared to CD28ζ/4-1BBζ endodomain CAR 

T-cells (Guedan et al., 2014). IL-6 was also found to be increased in VIII-treated CAR T-

cells and has been shown to drive Th17 differentiation and maintenance (Korn and 

Hiltensperger, 2021), further supporting the Th17 skew observed in our VIII-treated CAR 

co-cultures. IL-6 additionally positively correlated with therapeutic response and tumour 

control in a study of CAR T-cell treated chronic lymphocytic leukaemia (CLL) patients 

(Fraietta et al., 2018). 

 

The effects of VIII inhibition on oxidative phosphorylation (OXPHOS) and glycolysis 

have varied between studies. Studies have shown differential effects on non-engineered 

T-cells and CAR T-cells where the presence of the signalling endodmain in the latter can 

directly impact metabolism (Crompton et al., 2015, Klebanoff et al., 2017, Mousset et al., 

2018). Tn/Tcm subsets are recognised to be dependent on oxidative phosphorylation 

(OXPHOS) and FAO whereas activated Te cells are associated with enhanced glycolysis 

(Zhang et al., 2021). Overall, our metabolic profiles demonstrate hybrid features of 

longevity (Tn/Tcm) and effector (Te) function.  

 

The literature suggests that low-ΔΨm is associated with superior T-cell persistence 

(Sukumar et al., 2016), and that high-ΔΨm is associated with CD8 effector function 

(Amitrano et al., 2021), supporting a Te profile. Our data shows results consistent with a 

Te profile, in that we observe no overt change in glycolysis, no increase in SRC and high-

ΔΨm in VIII-treated CD8 T-cells. A small increase in FAO in our experiments supports 

the emergence of a Tcm profile following VIII treatment, but in the absence of a change 

in glycolysis or SRC, it is likely that this is mechanistically an autophagy driven process 

rather than a global metabolic shift. Together, these findings support the presence of 
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multiple active metabolic pathways to support the energy requirements of rapid activation, 

expansion, and longevity in VIII-treated CD8s, corroborated by functional tests. 

 

Together, the data demonstrates several mechanisms to support enhanced functionality 

following VIII treatment. As all experiments were carried out on healthy donor material, 

we next wanted to assess if VIII treatment could provide the same benefits in T-cells 

derived from B-ALL patients. CAR T-cell manufacture in adult patients is challenging, 

due to several factors which contribute to poor quality T-cells. We used T-cells from 6 

patients enrolled on the ALLCAR19 trial, and manufactured CAR T-cells with and 

without VIII using our small-scale version of the Prodigy® manufacturing protocol to 

evaluate the effects on CAR T-cell phenotype and function.  
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Chapter 5. Effects of pharmacological VIII inhibition in 

patient derived CAT CAR T-cells, using the CliniMACS 

Prodigy® manufacturing protocol 

5.1. Introduction  

As highlighted in chapter 1, T-cell subset composition can vary significantly between 

patients, impacted by factors such as age, chemotherapy exposure and underlying cancer 

diagnosis (Lemal and Tournilhac, 2019, Rajat K. Das, 2018, Riches et al., 2013, Singh et 

al., 2016, Tu and Rao, 2016). Consistent with these, a study in DLBCL showed that 

patient T-cells had significantly fewer CD27+/CD28+ cells following chemotherapy, and 

cells lacking CD27/CD28 expression failed to proliferate following stimulation (Petersen 

et al., 2018).  

 

We addressed this in our samples by comparing the baseline phenotype of B-ALL patient 

total T-cells to healthy donors using CCR7/CD45RA and CD27/CD28 markers. This 

revealed lower proportions of Tn (mean, 54.2% vs 29.4%) and greater Te (mean, 22.4% 

vs 31.1%)/Tte (mean, 6.3% vs 10.5%) subsets in adult patient material over healthy 

donors Figure 30A, with significantly fewer CD27+/CD28+ T-cells at baseline (mean, 

81.7% vs 51.6% Figure 30B. 

 

We further assessed the phenotype of CAT CAR T-cells manufactured as part of 

ALLCAR19 and CARPALL trials for adult and paediatric B-ALL, respectively. A subset 

of patients on the CARPALL trial were manufactured on the automated CliniMACS 

Prodigy® process (B), as depicted in Figure 18.  The data was provided by Dr Claire 

Roddie and allowed us to compare products from the automated process (B) cohort from 

the adult ALLCAR19 trial with paediatric patients. We found baseline paediatric products 

had phenotypic profiles that more closely matched that of heathy donors, Figure 30A. 

Resulting CAR T-cell products from paediatric patients were significantly enriched in 

Tcm phenotypes and the frequency of memory phenotypes in adults was impaired where 

products composed primarily of Te subsets, characterised by CCR7/CD45RA (Roddie et 

al., 2021, Ghorashian et al., 2019), Figure 30C.   
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These findings support an overall poorer quality of T-cells derived from adult B-ALL 

patients compared with healthy donor and paediatric B-ALL patients. It was important to 

address if VIII inhibition could positively impact patient T-cells as per healthy donors or 

if VIII treatment would exhibit limitations in this suboptimal starting material.  

 

CAR T-cells were manufactured at small-scale following the CliniMACS Prodigy® 

protocol as illustrated in, Figure 22 using excess leukapheresis from six B-ALL patients 

on the ALLCAR19 trial. These specific patient samples were selected as they represent 

two distinct groups with respect to outcome on the study. Three patients achieved long-

term remission, and three patients relapsed with CD19+ disease following a loss of CAR 

T-cell persistence. We wished to determine whether the CAR T-cell product 

profile/functionality between the groups differed and whether VIII treatment could 

impact/improve these products with respect to phenotype, function, cytokines, autophagy, 

and mitochondrial activity/mass.  
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Figure 30. Phenotype comparison of T-cells from adult B-ALL patients with healthy donor 

and paediatric patients 

(A) Graphical representation of Tn (CCR7+/CD45RA+), Tcm (CCR7+/CD45RA-), Te (CCR7-

/CD45RA-) and Tte (CCR7-/CD45RA+) subsets in total T-cells from healthy donor (HD) (n=6), 

B-ALL adult (n=6) and B-ALL paediatric patients (n=8) at baseline determined by flow 

cytometry, ± SD. (B) Percentage CD27+/CD28+ in total T-cells from HD and adult B-ALL 

patients at baseline, depicting individual data points. Black squares in patient group represent 

patients in remission and red squares represent patients with CD19+ relapse. (C) Mean CAR 

phenotype characterised as, Tn (CCR7+/CD45RA+), Tcm (CCR7+/CD45RA-), Te (CCR7-
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/CD45RA-) and Tte (CCR7-/CD45RA+) subsets from adult and paediatric B-ALL patients 

manufactured as a part of ALLCAR19 (n=18) and CARPALL (n=8) trials, ± SD. (A-C) Two 

tailed Mann-Whitney U test, ns P>0.05, * P<0.05 and ** P<0.01. Statistical comparisons for (A) 

were made against HD for each patient group. 

 

5.2. Assessing GMP Akt inhibitor VIII inhibitor in B-ALL patient 

derived T-cells 

5.2.1. Effects of GMP Akt inhibitor VIII treatment on B-ALL patient phenotype 

T-cells from six B-ALL patients were manufactured at small-scale, with/without GMP 

VIII inhibitor at 2.5µM. End of manufacture phenotype analysis by flow cytometry 

showed improved phenotype in VIII-treated CAR CD4/8 T-cells. Subsets were 

characterised using CCR7/CD45RA markers and showed general trends towards 

increased Tn/Tcm and decreased Te/Tte subsets following VIII treatment. Similar to 

healthy donors, a more marked Tcm enrichment was seen in VIII-treated CAR CD8s 

where, CAR CD4s demonstrated a 23.4% average increase but CAR CD8s increased by 

42.6%, Figure 31A. The Tn subset was sub gated for FAS receptor CD95 expression to 

identify Tscm subsets known to confer superior persistence and proliferative capacity 

(Biasco et al., 2021, Gattinoni et al., 2011). VIII-treated total CAR T-cells showed a 

significant increase from mean 8.4% (UT) to 18.3% (VIII), Figure 31B.  

 

Further extended phenotyping was carried out with CD27/CD28 markers. The absence of 

these markers is associated with T-cell senescence and differentiation (Gattinoni et al., 

2017, Tu and Rao, 2016). A small non-significant increase in the percentage of 

CD27+/CD28+ CAR CD4s was seen in VIII-treated cells. However, a marked average 

increase by 3-fold of double positive cells was seen in VIII-treated CAR CD8s, Figure 

31C. We also investigated IL-2 and Granzyme B secretion by CAR T-cells following 

stimulation where literature characterises Tcm subsets as IL-2 secreting but lacking 

cytotoxic molecules including Perforin and Granzymes (Mahnke et al., 2013, Sallusto et 

al., 1999, Xu and Larbi, 2017). Much like healthy donors, we similarly saw a significantly 

greater proportion of both CAR CD4 and CD8 T-cells producing IL-2 but not Granzyme 

B following manufacture in the presence of the VIII inhibitor. CD4 CAR T-cells had 
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greater proportions of IL-2+/Granzyme B- cells at 2.5% (UT) vs 20.3% (VIII) whereas, 

CD8 CAR T-cells were lower 0.1% (UT) vs 4% (VIII), Figure 31D. 
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Figure 31. Effects of GMP Akt inhibitor VIII treatment on B-ALL patient phenotype 

(A) Graphical representation of Tn (CCR7+/CD45RA+), Tcm (CCR7+/CD45RA-), Te (CCR7-

/CD45RA-) and Tte (CCR7-/CD45RA+) subsets in CD4 and CD8 CAR T-cells determined by 

flow cytometry, ± SD. (B) Percentage CD95+ positive, sub gated from Tn population, ± 

SD/induvial data points. (C) Percentage CD27+/CD28+ in CD4/8 CAR T-cells (D) Percentage 

of IL-2+/Granzyme- in CD4/8 CAR T-cells. (C-D) Markers at end of manufacture, determined 

by flow cytometry, graphs depicting individual data points. (A-D) n=6, Two tailed Mann-Whitney 

U test, ns P>0.05. *P<0.05 and ** P<0.01. 

 

5.2.2. Effects of GMP Akt inhibitor VIII treatment on B-ALL patient derived CAR 

T-cell function and cytokines  

Proliferative abilities of CAR T-cells were assessed in a 7-day co-culture against CD19+ 

RAJI-WT and CD19- RAJI-KO cell lines. Killing was assessed at both end of 

manufacture and at rechallenge where NT and CAR T-cells cultured with RAJI-WT 

targets in the 7-day co-culture were harvested and rechallenged in a killing assay against 

RAJI-GFP targets for 72-hours. Killing was determined by measuring the reduction in 

GFP by flow cytometry. Cytokine secretion was measured from media supernatant 

collected on Day 3 of the 7-day co-culture using the LEGENDplex™ Human Th 

Cytokine Bead Array (CBA) kit (BioLegend), against IL-2, IFN-γ, TNF-α, IL-4, IL-10, 

IL-6, IL-22, IL-17A and IL-17F cytokines.  

 

In healthy donors, a marked increase in proliferation was seen in CD8 CAR T-cells but 

no change in expansion was seen in CAR CD4 T-cells following VIII treatment. 

Interestingly, in patient derived CAR T-cells VIII-treated CAR CD4 and CD8 T-cells 

both showed improved survival in absence of CD19 target against RAJI-KO and 

significant 5.7 and 5.3-fold expansion against RAJI-WT expressing CD19, Figure 32A. 

 

Killing assessments in healthy donors revealed comparable killing against RAJI-GFP 

cells at the end of manufacture. Patient derived CAR T-cells however, retained high 

killing capabilities but showed a small reduction in cytotoxicity in VIII-treated conditions 

compared to UT at all E:T ratios. Yet, at rechallenge, VIII-treated CAR T-cells showed 
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improved cytotoxicity for all donors and by an average of 2.1, 3.1, 4.9 and 6.7-fold at 1:1. 

1:2, 1:4 and 1:8 E:T, respectively, Figure 32B.  

 

Cytokine analysis by CBA showed the same trend as healthy donors where VIII-treated 

cells were able to produce more cytokines associated with effector functions. A 403.4, 

6.9 and 8.3-fold increase in IL-2, IFN-γ and TNF-α secretion, respectively was observed. 

Similarly, increases in IL-6, IL-22 and IL-17A were also seen following VIII treatment, 

and no differences were seen in IL-17F. Assessment of other regulatory cytokines showed 

a significant increase in IL-4 and IL-10 following VIII treatment, although present at low 

concentrations at an average of 21.4 (UT) vs 57 (VIII) pg/ml IL4 and  17 (UT) vs 63.6 

(VIII) pg/ml, IL-10, Figure 32C. 
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Figure 32. Effects of GMP Akt inhibitor VIII treatment on B-ALL patient derived CAR T-

cell function and cytokines 

(A) CD4/CD8 CAR fold expansion following a 7-day co-culture with irradiated RAJI-KO or 

RAJI-WT target cell lines. ± SD/induvial data points. (B) Graphs depicting % killing of RAJI-
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GFP target cells at the end of manufacture or post re-challenge by NT or CAR T-cells in a 72-

hour killing assay. Results from all conditions were normalised to the untreated NT condition at 

each E:T ratio, graphs show individual data points. (C) Cytokine concentrations measured by 

CBA from Day 3 of the 7-day co-culture with RAJI-WT targets, graphs show individual data 

points. (A-C) n=6, Two tailed Mann-Whitney U test, ns P>0.05. *P<0.05 and ** P<0.01. 

 

5.2.3. Effects of GMP Akt inhibitor VIII treatment on B-ALL patient derived CD4 

T-helper (Th) cells and polyfunctionality  

To identify functional CAR CD4 subsets at the end of CAR T-cell manufacture, T-cells 

were stained for Th1, Th2, Th17 and TREG specific surface markers and transcription 

factors. End manufacture CAR T-cells were stimulated overnight 1:1 with CD19 

expressing RAJI-WT targets, stained for all markers, and evaluated by flow cytometry. 

Markers, transcription factors and cytokines used to characterise each subset were Th1 

(CXCR3, T-bet, IFN-), Th2 (CCR4, CCR6, GATA3, IL-4), Th17 (CCR4, CCR6, RORt, 

IL-17A) and TREG (CD127, CD25, FOXP3, IL-10). Overall, results in patients were 

more variable but demonstrated the same trend as healthy donors with 1.7 and 9-fold 

enrichment of Th1 and Th17 subsets in CD4 CAR T-cells manufactured in the presence 

of VIII inhibitor. No differences were seen Th2 or TREG subsets following VIII treatment, 

Figure 33A.  

 

We have previously shown that VIII treatment predominantly impacts measures of 

polyfunctionality through the production of the effector cytokines IL-2, IFN-γ, TNF-α 

and GZMB. For this reason, we assessed polyfunctionality for B-ALL patient-derived 

products using intracellular flow cytometry for these cytokines/chemotoxins following 

stimulation with RAJI-WT targets.  Consistent with results from the Isoplexis platform 

in healthy donor T-cells, patient VIII-treated CAR T-cells showed increased production 

and polyfunctionality in relation to effector cytokines and a reduction in GZMB, Figure 

33B.  
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Figure 33. Effects of GMP Akt inhibitor VIII treatment on B-ALL patient derived CD4 T-

helper (Th) cells and polyfunctionality 

(A) Percentage of CAR CD4 Th1, Th2, Th17 and TREG subsets determined by flow cytometry 

post overnight stimulation at 1:1 with RAJI-WT targets, graphs show individual data points, n=6, 

Two tailed Mann-Whitney U test, ns P>0.05. (B) Pie chart of proportion of intracellular cytokines/ 

chemotoxins measured following RAJI-WT stimulation. Arcs represent proportion of single or 

polyfunctional secretion, n=6.   
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5.2.4. Effects of GMP Akt inhibitor VIII treatment on B-ALL patient derived CAR 

T-cell autophagy and mitochondria  

Healthy donor T-cells showed a marked autophagy gene signature in CAR CD8 T-cells. 

As a phenotypic measurement of autophagy, CYTO-ID® staining of total CAR T-cells 

confirmed the presence of increased pre-autophagosomes, autophagosomes, and 

autolysosomic vesicles following VIII-treatment. The same was seen in patient derived 

CAR T-cells. MFI assessment of VIII-treated total CAR and CD8+ CAR T-cell subsets 

showed increased autophagy by 107.3% and 69.5%, respectively, Figure 34A.  

 

We additionally assessed mitophagy using the MitoTracker™ Green to quantify the 

mitochondrial mass in live cells at end of manufacture which demonstrated a significant 

reduction in VIII-treated total CAR (-20%) and CD8+ CAR T-cell subsets (-19.7%), 

Figure 34B. Further, ΔΨm measurements using the JC-1-dye revealed a 2-fold increase 

in ΔΨm in both VIII-treated total CAR and CAR CD8s, Figure 34C representing an 

increased capacity to produce ATP and comparable trends to healthy donors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5. Results 

 

 135 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 34. Effects of GMP Akt inhibitor VIII treatment on B-ALL patient derived CAR T-

cell autophagy and mitochondria 

 (A) CytoID®, (B) MitoTracker GreenTM and (C) JC-1TM staining of CAR and CAR CD8 T-cells 

for autophagy, mitochondrial mass and ΔΨm, respectively. (A-C) All graphs depicting individual 

data points, n=6, Two tailed Mann-Whitney U test, ns P>0.05. *P<0.05 and ** P<0.01. 
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5.3. Discussion 

CAR T-cells manufactured in the presence of VIII treatment from B-ALL patients 

showed increased Tscm/Tcm subsets and Tcm supporting CD27+/CD28+ and IL-

2+/GZMB- profiles.  Functionally, they exhibited improved total CAR T-cell expansion 

against target and enhanced cytotoxicity at rechallenge. Treated cells additionally 

demonstrated increased effector cytokine release and polyfunctionality with increased 

autophagy, ΔΨm, decreased mitochondrial mass and CD4 Th1/Th17 skew which no 

enrichment of Th2/TREG regulatory subsets.  

 

Overall, B-ALL patient derived CARs had increased variability which impacted 

significance in some assessments but followed the same trends as healthy donor derived 

CAR T-cells. In general, fold expansion against targets and levels of cytokines produced 

were lower in patient CAR T-cells in comparison to healthy donor. Interestingly, VIII-

treated CAR T-cells from patients showed an overall improvement in total CAR T-cells 

and not predominately in CAR CD8s as seen with healthy donors. There was improved 

expansion following VIII treatment of both CD4/8 CAR T-cells against target, and a 

significant increase in cytotoxicity at tumour rechallenge. VIII treatment further 

remarkably improved both IL-2 and TNF-α production.  

 

Analysis of the metabolism data from healthy donors led us to speculate that the increased 

autophagy observed could be contributing to mitophagy to enhance T-cell survival. 

Mitophagy has been shown to promote self-renewal and persistence (Vannini et al., 2016, 

Kishton et al., 2017) where terminally exhausted TILs show decreased mitophagy with 

the accumulation of depolarised mitochondria (Denk et al., 2022). However, healthy 

donor T-cells only had small reductions of 9% and 7% in mitochondrial mass in total 

CAR and CD8+ CAR T-cells, respectively. This was further validated in patient CAR T-

cells which showed a more significant reduction in mitochondrial mass by 20% and 19% 

in total CAR and CD8+ CAR T-cells, respectively. Chemotherapy has been shown to 

have a profound impact resulting in T-cells with small, depolarised, damaged 

mitochondria with disrupted energy reserves (Das et al., 2020). Thus, the presence of 
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increased damaged mitochondria in baseline B-ALL patient T-cells is not unlikely and 

could explain the greater impact of mitophagy in patient T-cells.  

 

Taken together, this data demonstrates that a functional benefit could be achieved by all 

patient CAR T-cells manufactured with ex-vivo VIII inhibition and may be of particular 

value in patients where impaired ‘T-cell fitness’ is recognised to compromise in-vivo 

function, with the attendant risks of CD19+ disease relapse post CAR T-cell therapy. Our 

final step in the project was to assess if this manufacturing protocol could be adapted to 

large-scale manufacture on the CliniMACS Prodigy® platform. 
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Chapter 6. Large-scale manufacture of B-ALL patient CAR T-

cells on the CliniMACS Prodigy® with VIII treatment 

6.1. Introduction 

The CliniMACS Prodigy® is a semi-automated platform for the manufacture of CAR T-

cells, Figure 32. This platform can perform automated T-cell selection, activation, 

transduction, and expansion steps and was used for the manufacture of products for the 

UCL based ALLCAR19 trial for adult B-ALL and has shown greater product consistency, 

as discussed in Chapter 4.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. The CliniMACS Prodigy® 

Illustration of the CliniMACS Prodigy® platform for semi-automated CAR T-cell manufacturing.  

 

All prior experiments were carried out at small-scale, designed to mimic the CliniMACS 

Prodigy® protocol and the next step was to assess if the protocol could be adapted in 

large-scale GMP to provide the same phenotypic and functional benefits. Here, CAR T-

cells were manufactured using excess leukapheresis material from 3 patients on the 

ALLCAR19 trial. In an automated process, outlined in Figure 18, CD4/8 T-cells were 

enriched and manufactures were initiated with 100-200 million total T-cells. Cells were 

subsequently activated with TransactTM and transduced the following day. Cells were 
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washed on Day 4 and expanded until Day 8, maintained throughout in TexMACSTM 

supplemented with 10ng/ml IL-7/15 and 2.5µM of GMP VIII. The resulting products 

were evaluated against non-VIII exposed CAR T-cell trial products, manufactured for the 

same 3 patients during the trial.  

 

6.2. Characteristics of clinically scaled CAR T-cells  

To test whether the desirable phenotypic and functional profiles of VIII treatment in-vitro 

and in-vivo can be reproduced at GMP clinical scale, we used surplus leukapheresis from 

three B-ALL patients on ALLCAR19 and manufactured with VIII treatment (VIII). The 

resulting products were compared with surplus products manufactured as a part of the 

trial (UT). As per small-scale findings, T-cell expansion was reduced following VIII-

treatment by 73.6%, similar to the 60.4% reduction seen at small-scale. Despite this, 

scaled manufacture comfortably generated the 410x106 target dose as specified in the 

ALLCAR19 study. Mean transduction efficiency was broadly comparable between the 

two conditions 72.6 (UT) and 79% (VIII), Figure 36A. 

 

End of manufacture phenotype was analysed by flow cytometry. Subsets were 

characterised using CCR7/CD45RA markers. Tcm subsets were increased by 2.2 and 3.6-

fold in VIII-treated CAR CD4/8 T-cells, respectively, Figure 36B. The Tn subset was sub 

gated for FAS receptor CD95 expression to identify Tscm subsets. VIII-treated total CAR 

T-cells showed an increase from mean 17.8% (UT) to 41.5% (VIII), Figure 36B.  

 

As prior results showed marked effects on the production of effector cytokines IL-2, IFN-

γ, TNF-α and GZMB. We assessed polyfunctionality in products using intracellular flow 

cytometry for these cytokines/chemotoxins following stimulation with RAJI-WT targets.  

Consistent with previous results, VIII-treated CAR T-cells showed increased production 

and polyfunctionality in relation to IL-2 and TNF-α effector cytokines and a reduction in 

GZMB, Figure 36C.  
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Figure 36. Characteristics of clinically scaled CAR T-cells 

(A)  Total number of T-cells and  CAT CAR transduction percentage at the end of scaled 

manufactures with (VIII) or without (UT), individual data points ± SD. (B) Graphical 

representation of Tn (CCR7+/CD45RA+), Tcm (CCR7+/CD45RA-), Te (CCR7-/CD45RA-) and 

Tte (CCR7-/CD45RA+) subsets in CD4 and CD8 CAR T-cells determined by flow cytometry, ± 

SD and percentage CD95+ positive, sub gated from Tn population, ± SD/induvial data points. (A-
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B) n=3, Two tailed Mann-Whitney U test, ns P>0.05. (C) Pie chart of proportion of intracellular 

cytokines measured following RAJI-WT stimulation. Arcs represent proportion of single or 

polyfunctional secretion, n=3. 

 

6.3. In-vivo functionality of B-ALL patient CAR T-cells  

To assess functionality, CAR T-cells generated from a trial patient who developed CD19+ 

relapse with and without VIII treatment were tested in-vivo using the NSG NALM6 

mouse model as defined in Figure 29A. As small-scale experiments showed that patient 

derived CAR T-cells had lower fold-expansion than healthy donor, mice were treated 

with a higher dose of 1x106 NT, UT, or VIII-treated T-cells. Bi-weekly BLI revealed 

significantly improved tumour control Figure 37A/B and survival Figure 37C in all VIII-

treated CAR T-cell mice over NT and UT groups.  
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Figure 37. In-vivo functionality of B-ALL patient CAR T-cells 

(A) Tumour burden measured by bioluminescent imagining (BLI) in NALM6 tumour established 

mice treated with NT T-cells or CAR T-cells manufactured with (VIII) or without (UT) VIII ± 
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SEM. (B) Representative BLI images of 4 mice per NT/CAR treatment group, pre CAR (Day 4) 

and post CAR (Day 10/17). (C) Overall survival of mice.  (A-C) Cells derived from one ALL 

patient, n=5 mice per group. Two-way ANNOVA corrected for multiple comparisons by Tukey’s 

test on log transformed data, ns P>0.05, *** P<0.001 and **** P<0.0001. Differences in survival 

were determined using Mantel Cox test.   

 

6.4. Discussion 

Results demonstrate the feasibility of large-scale clinical manufacture of CAR T-cells 

with ex-vivo VIII inhibition. Expansion of VIII-treated scaled products was similarly 

affected as per previous assessments however, the stipulated 410x106 target dose defined 

by ALLCAR19 trial was reached for all donors. This further aided in limiting expansion 

mediated differentiation resulting in Tscm/Tcm enrichment and increased effector 

cytokine production and polyfunctionality in VIII-treated CAR T-cells.  

 

Cytokine assessments further validate a more effector cytokine profile and unaffected 

polyfunctionality of CD8 CAR T-cells following VIII inhibition in a mixed CD4/8 culture, 

unlike previously described by (Mousset et al., 2020). We acknowledge that findings 

failed to reach significance due to variability from B-ALL patient donors as seen in small-

scale assessments and due to replication constraints associated with the costs of large-

scale manufactures. Yet, VIII-treated products showed the same phenotypic and 

functional trends to small-scale assessments in healthy and B-ALL patient donors. 

 

Most encouragingly, in-vivo assessments of mice with systemic leukaemia treated with 

CAR T-cells derived from a donor who previously relapsed with CD19+ disease on trial 

following conventional CAR T-cells treatment showed improved tumour control and 

significantly enhanced survival in the VIII-treated group. Mice were treated with a low 

dose of 1x106 CAR T-cells to provide a stress factor to identify differences between UT 

and VIII groups. Results highlight that complete tumour clearance and long-term survival 

could be achieved with a larger CAR T-cell dose.  
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We show that this method can be successfully incorporated into the CliniMACS Prodigy® 

manufacture to provide superior CAR T-cell products for patients. The success of large-

scale GMP production has led to the approval of this manufacturing protocol for future 

UCL based CAR T-cell trials.  
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Chapter 7. General Discussion and Future Work 

There are many factors that require consideration for optimal CAR T-cell therapy in 

adults. To date, TECARTUSTM (brexucabtagene autoleucel) based on the FMC63 scFv 

remains the only CAR T-cell therapy with FDA approval for adult B-ALL. Approval was 

based on findings of the phase II ZUMA-3 trial with 52% complete remissions (CR) at 

12 months. However, there were high incidences of cytokine release syndrome (CRS) in 

ALL patients at 26% Grade ≥ 3 and 35% Grade ≥ 3 neurological events (TECARTUS®, 

2022, Shah et al., 2021). At UCL, the phase I adult B-ALL ALLCAR19 trial with the 

CAT scFv revealed similar response rates at 50% CR at 12 months but holds promise for 

its superior safety profile of no Grade ≥ 3 CRS and lower Grade 3 neurotoxicity at 15%, 

attributed to fast off rate kinetics (Roddie et al., 2021).  

 

The manufacture of CAR T-cell products in adults can be challenging. Previous studies 

report impaired phenotypes in patients treated with chemotherapy (Petersen et al., 2018), 

which our assessment corroborated in comparison to healthy donor T-cells, Figure 30A. 

Age related senescence also seemed to contribute where end CAT CAR products 

manufactured for paediatric B-ALL patients on the CARPALL trial had better enrichment 

of less differentiated Tcm subsets than adults, Figure 30C. Interestingly, as per Table 2, 

CD19+ relapses in paediatric patients only accounted for 16.7% whereas the remaining 

relapses were due to loss of CD19 antigen. Whereas in adults, CD19+ relapses on the 

ALLCAR19 trial were more frequent and may be addressed by optimised CAR T-cell 

products.   

 

The ZUMA-3 trial used a non-automated protocol with T-cell enrichment prior to 

activation with subsequent retroviral CAR transduction and expansion in the presence of 

IL-2 for 6 to 10 days (Sabatino et al., 2016). The UCL ALLCAR19 trial validated the use 

of the automated CliniMACS Prodigy® platform with T-cell enrichment, activation, 

lentiviral CAR transduction and expansion in the presence of IL-7/IL-15 for 8 days  

(Roddie et al., 2021, Shah et al., 2021). Despite trial variations, both trials suffered from 

high 48-50% relapse rates (Roddie et al., 2021, Shah et al., 2021). This highlights the 

importance of addressing CAR T-cell manufacture to limit failure in patients with 
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impaired starting material. Prior studies have assessed shortened manufactures and the 

incorporation of small molecule compounds to target several pathways from Wnt/β-

catenin signalling, FAO to phosphoinositide-3-kinase (PI3K)/AKT pathways (Funk et al., 

2022, Gattinoni et al., 2009, Klebanoff et al., 2017, Petersen et al., 2018, Urak et al., 

2017), with a common aim to arrest T-cell differentiation during ex-vivo T-cell 

manufacture.  

 

The only clinically tested compound in the manufacture of 41BBζ CAR T-cells is PI3K 

inhibitor BB007, part of the CRB-402 (NTC03274219) trial targeting multiple myeloma. 

Results correlate the presence of memory markers in drug products with increased peak 

expansion and superior clinical outcomes (Raje et al., 2021). Remaining pre-clinical 

studies have predominantly assessed the use of PI3K and AKT inhibitors in CD28ζ CAR 

T-cells, manufactured with CD3/CD28 dynabead or CD3 antibody stimulation coupled 

with IL-2 supplementation (Funk et al., 2022, Klebanoff et al., 2017, Petersen et al., 2018, 

Urak et al., 2017).  

 

As functional characteristics of CD28ζ/4-1BBζ endodomains and their reliance on the 

AKT pathway differ (Salter et al., 2018, Kawalekar et al., 2016), it was important to 

explore the effects of VIII in 4-1BBζ CAR T-cells. We were the first to investigate this 

in a manufacturing process using TransActTM stimulation and IL-7/IL-15 cytokine 

supplementation to further support the production of less differentiated T-cells. Our 

results showed that ex-vivo VIII inhibition was a successful method leading to Tscm/Tcm 

enrichment, superior expansion against target and sustained cytotoxicity at re-challenge. 

We additionally found dependency on the FOXO1 transcription factor as previously 

described with a novel signature for autophagy which we suspect may be contributing to 

mitophagy and FAO to aid survival. We found the presence of multiple active metabolic 

pathways to support energy demands of superior functionality and enhanced production 

and polyfunctionality of cells producing effector cytokines. Unlike prior studies (Funk et 

al., 2022, Mousset et al., 2020), we found no skew to regulatory Th2 CD4 subsets and 

instead a skew toward Th1/Th17 with no negative impacts on the polyfunctionality of 

CD8 CAR T-cells, Chapters 4/5. We were further successful in scaling this to clinical 

manufacture, validating that ex-vivo VIII inhibition is a valuable addition to our current 
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manufacturing process which can enhance functionality in adult patients vulnerable to 

relapse, Chapter 6.  

 

Ex-vivo VIII treatment does have some limitations, a key feature of the CAT CAR is the 

low incidences of CRS (Ghorashian et al., 2019, Roddie et al., 2021). Our results show 

an increase in effector cytokines as well as the inflammatory cytokine, IL-6 following 

VIII treatment. IL-6 positively associates with superior clinical outcomes (Fraietta et al., 

2018) but may enhance the risk of Grade ≥ 3 CRS events. Whether this exceeds 

incidences seen with the FMC63 CAR remains to be determined however, 41BBζ CAR 

T-cells used in CRB-402 trial manufactured with ex-vivo PI3K inhibitor maintained 

tolerable toxicities (Raje et al., 2021) and the use of anti-IL-6 monoclonal antibody, 

tocilizumab to treat CRS is common clinical practice in CAR T-cell therapy, (Si and 

Teachey, 2020). 

 

A previous report suggests that VIII treatment fails to provide phenotypic benefits in 

manufactures initiated with entirely differentiated Te/Tte T-cells (Klebanoff et al., 2017). 

This supports a VIII mechanism of limiting activation induced differentiation over 

reprogramming of differentiated T-cells and highlights that VIII may not be a solution in 

incidences where Tn/Tcm populations are entirely absent from patient baseline starting 

material. 

 

More recent studies have assessed shortened 1-3 day manufacturing processes (Ghassemi 

et al., 2018) some without an T-cell activation step (Ghassemi et al., 2022). Biotech 

companies such as Novartis (TchargeTM) (Novartis), and Gracell Biotechnologies (F-

CAR-T) (Yang et al., 2022) are in the race to shrink the manufacture process to 1-4 days 

in-vitro with the potential advantages of less time in cGMP with subsequent impacts on 

lowering costs of staff/room hire per product and a reduction in vein-to-vein time, which 

is particularly important for patients with rapidly progressive chemo-refractory disease. 

From a product perspective, shorter ex-vivo expansion is proposed to preserve T-cell 

stemness in the final product and provide a functional improvement by limiting 

activation/expansion related CAR T-cell differentiation during manufacture (Ghassemi 

et al., 2022, Yang et al., 2022).   
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As the technology stands currently, shorter manufacture protocols possess several 

challenges which may impede their broad deliverability into the clinic. First, whilst 

shortened manufacturing to 3 days with T-cell activation was able to increase CAR T-

cell proliferation against target in healthy donors, it failed to provide a benefit in CAR 

products from B-ALL patients. Researchers further highlight that producing viable 

products within 3 days was more challenging in patient derived T-cells, attributed to 

significantly fewer Tn and increased Te subsets in baseline material (Ghassemi et al., 

2018). Shortened manufacture without activation is yet to be tested on patient derived T-

cells and we hypothesise that this method is likely to encounter similar difficulties in 

Te/Tte enriched patient leukapheresis, but this requires further research. Secondly, much 

higher T-cell numbers are required at baseline for a non-expansion protocol, and this may 

be difficult to obtain from lymphopenic patient leukapheresis. Third, high viral vector 

volumes are required to modify large cell numbers ex-vivo, thus negatively impacting the 

cost per patient product, as vector is the most expensive component of current CAR-T 

manufacture processes. Further, from a practical perspective, shortened manufacture 

must be accompanied by shortened duration release testing and quality sign-off to realise 

a truly shortened vein-vein time. Despite advances in technical know-how, the issue of 

expedited release remains a major bottleneck. 

 

By contrast, VIII based manufacture does not require higher starting T-cell numbers, nor 

higher vector volumes, and consistently yields Tscm/Tcm enrichment, even in heavily 

pre-treated patient starting material, Chapter 5/6. Ultimately, whether VIII driven effects 

on phenotype, autophagy/metabolism, or whether the incorporation of VIII in a shortened 

process can provide additional functional benefits over current shortened manufacturing 

processes requires testing in comparison.  

 

Other potential methods to improve CAR T-cell products beyond exogenous VIII 

treatment include transcriptional reprogramming of Te/Tte material, where 

overexpression of transcription factors such as FOXO1 and BACH2, may be able to 

induce and maintain less differentiated Tn populations (Lu et al., 2020, Yao et al., 2021). 

Another approach to overcome the problems associated with poor quality starting 

material is the use of healthy donor derived allogeneic CAR T-cells or universal CAR T-
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cells where gene editing can be utilised to knock-down TCR/MHC expression in healthy 

donors to eliminate the risks of GvHD and CAR T-cell allorejection observed with 

allogeneic CAR T-cell therapy (Lin et al., 2021).  

 

Whilst studies support that increased frequencies of Tscm subsets support long term 

persistence (Biasco et al., 2021), even CAR T-cell products enriched for such subsets are 

likely to eventually reach exhaustion upon repetitive stimulation in-vivo. We 

acknowledge that our assessments are not designed to directly assess the impact of VIII 

treatment on long-term persistence. Although 41BBζ endodomain CAR T-cells are 

known for superior persistence over CD28ζ and our assessments show better long-term 

cytotoxicity, in-vivo assessments failed to show any definitive effects in persistence 

following spleen/BM analysis at the D21 timepoint, Figure 29. Whilst there was a degree 

of variability between mice which underpowered this study, xenogeneic B-ALL murine 

models are challenging to model persistence, due to the inevitability of xenogeneic GvHD. 

It is possible that a syngeneic fully murine model such as the A20 B-cell leukaemia model 

(Kueberuwa et al., 2018b) treated with murine CAR T-cells may begin to answer these 

questions. However, such an approach also poses challenges for its lack of comparability 

to a human therapeutic and difficulty modelling the specific characteristics of existing 

CAR T-cell therapies.  

 

Taken together, we propose the following future assessments that would add value to this 

project.  

 

1. An in-vivo rechallenge model, where mice are treated with a high dose of patient 

derived CAR T-cells and re-challenged with tumour cells following primary 

clearance would help inform persistence.  

2. Additional functional assessments comparing shortened manufacturing methods 

with ex-vivo pharmacologic inhibition to delineate the pro’s and con’s of both 

approaches.  

3. Lastly, to combat eventual in-vivo exhaustion a combinatorial approach of 

transient rest in-vitro with VIII treatment and subsequently in-vivo to prolong anti-
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tumour efficacy as seen with the use of the tyrosine kinase inhibitor Dasatinib to 

reversibly dampen CAR signalling  (Weber et al., 2021) can also be assessed.  

 

Furthermore, CAR T-cells have shown reduced efficacy against solid tumours. Although 

CAR T-cells offer increased specificity to tumour they are likely to suffer similar 

inhibitory factors caused by the tumour environment affecting other cell therapies such 

as TILs as discussed in Chapter 1. With a move towards the treatment of solid tumours, 

ex-vivo VIII inhibition still provides an attractive universal approach to improve the 

functionality of CAR T-cells but will likely require other combinatory strategies to 

protect against or reshape the tumour microenvironment to favour CAR T-cells.  

 

Some strategies include the blocking of growth factors such as granulocyte macrophage 

colony stimulating factor (GM-CSF) to inhibit immunosuppressive MDSCs (Burga et al., 

2015). The expression of a dominant negative TGFβ receptor in CAR T-cells has 

demonstrated superior anti-tumour activity, resistance to exhaustion and long-term in-

vivo persistence in a prostate cancer model (Kloss et al., 2018). The increased presence 

of pro T-cell cytokines such as IL-2, IL-12 and IL-15 could aid in overcoming the 

immunosuppressive factors and improve CAR T-cell therapy. One approach includes the 

use of CAR T-cells that permits constitutive or inducible cytokine expression. These CAR 

T-cells are referred to as T-cells redirected for universal cytokine mediated killing 

(TRUCKs). With this approach, a murine lymphoma model demonstrated tumour 

clearance and the recruitment of host immune cells using CD19 targeting CAR T-cells 

secreting IL-12 (Kueberuwa et al., 2018a). A further glioblastoma model demonstrated 

improved anti-tumour activity in-vivo using IL-13Rα2 targeting CAR T-cells secreting 

IL-15 (Krenciute et al., 2017). Other strategies using checkpoint inhibitors against PD-1, 

CTLA-4 and PD-L1 have demonstrated improved T-cell response in patients (Buchbinder 

and Desai, 2016). Further novel strategies including designing CAR T-cells to secrete 

anti-PD-L1 antibodies (Suarez et al., 2016) have also demonstrated reduced tumour 

progression with increasing work to evaluate the potential use of CRISPR gene editing to 

allow for the complete knockout of negative T-cells regulators. A study demonstrated 

reduced tumour burden in PD-1 knockout CD19 targeting CAR T-cells when compared 
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to control CAR T-cells in a CD19 myelogenous leukaemia model engineered to 

overexpress PD-L1 (Rupp et al., 2017). 

 

Nonetheless, in applicable patients, VIII treatment forms an attractive approach as we 

demonstrate its ability to improve tumour response and survival in patients who have 

failed CAR T-cell therapy. Ex-vivo VIII in culture can also be an additional advantage in 

other adoptive cell therapies that may require long term ex-vivo culture including, TIL 

and virus specific T-cell therapies. Work on this study had led to the incorporation of this 

manufacturing method in an upcoming UCL based CAR T-cell trial against multiple 

myeloma (NCT04795882).  
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