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Abstract
Chimeric Antigen Receptor (CAR) T cell therapy has emerged as a treatment for

haematological malignancies with currently two products approved by the FDA in the

USA and EMA in Europe (Kymriah™ and Yescarta™). Recent clinical studies demon-

strated that the presence of less differentiated and long-lasting subsets such, as T Central

Memory (TCM) cells in the CAR-T products is required to improve their clinical effi-

cacy. Most manufacturing protocols use media containing high glucose concentration

when expanding CAR-T cells ex vivo. Effector subsets primarily utilise glucose and

glycolysis as a primary metabolic pathway, therefore, the hypothesis was that culturing

T cells in a glucose-deprived environment would limit T cell differentiation and effector

subsets growth, producing TCM enriched products. It was demonstrated that a 2-stage

feeding strategy, where CAR-T cells are activated and transduced in the presence of

glucose and fed with a glucose-free medium during the expansion phase, would con-

sistently produce a TCM enriched CAR-T product. Improved in vitro functionality and

proliferation capability was demonstrated using TCM enriched CAR-T therapy com-

pared to the CD19-specific CAR-T cells generated using a standard protocol where a

high glucose medium was used throughout the ex vivo expansion. The impact of differ-

ent bioreactor operating conditions on T cells growth and phenotypic composition was

further investigated. Two different levels of Dissolved Oxygen (dO2; 25% and 90%),

pH (6.9 and 7.4), and shaking speeds (100 rpm and 200 rpm), as well as the interaction



between them were assessed. The results demonstrated that the optimal culture con-

dition for generating a high number of CD8+ TCM cells is a combination of 200 rpm,

25% dO2, and pH of 7.4. This thesis highlights the importance of investigating the im-

pact of metabolites in the medium and bioreactor parameters during the T cell therapies

manufacturing in order to improve the quality and quantity of the final product.



Impact statement
With the successful approval and commercialisation of CAR-T therapies, the focus

of cell and gene therapy industry has turned into characterising and optimising the man-

ufacturing to improve the final product quality and to reduce the high cost of CAR-T

therapies (∼ £300,000 per dose). This doctoral thesis aimed to improve the under-

standing of the ex vivo manufacturing by investigating how different metabolites in the

medium (i.e. glucose) and bioreactor conditions (i.e. dissolved oxygen and pH) affect

the quality and quantity of T cell therapies such as CAR-T cells.

This thesis showed how altering the medium glucose concentration in a novel 2-

stage feeding strategy, can be used to improve the quality of CAR-T therapy. Differ-

ent therapeutic manufacturers or academic institutes can use this novel 2-stage feeding

regime to improve the CAR-T product by producing a high content of favourable less

differentiated subsets. Other key advantages of the proposed feeding regime are that

less volume of medium, cytokines and a smaller size bioreactor will be required for

the manufacturing, which ultimately reduces the cost of manufacturing. The presented

results also showed the importance of the concentration of glucose in the cell culture

medium, which can be used to develop a new cell culture medium suitable for CAR-T

cells manufacturing.

Bioreactor conditions were also investigated in this thesis. It was shown that T cells

could be expanded in an agitated condition without adversely affecting their quality.



This means that already available and characterised stirred bioreactors can be used to

produce various T cell therapies, hence increasing the available expansion platforms for

CAR-T therapy manufacturers. Furthermore, this thesis demonstrated the importance

of studying the interactions between multiple parameters, rather than studying each pa-

rameter individually during process development. Studying the interactions early during

the process development would reduce the number of experiments required to charac-

terisation and optimisation, which in turn would accelerate the research and lower the

development costs.

Screening multiple parameters using the micro-Matrix system showed the potential

application of this platform for research and development. Each well in the micro-

Matrix system is an individual bioreactor with a low working volume of 1-7mL. There-

fore, this small scale high throughout platform can be used by commercial companies or

academic institutes for screening different manufacturing parameters to accelerate their

research and to decrease the time to market for under development products.
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Chapter 1

Introduction

Rapid advances in Adoptive T cell therapy (ACT) and protein engineering have led

to different therapeutic products aiming to treat several previously incurable diseases.

The recent success story of Chimeric Antigen Receptor T (CAR-T) therapies for curing

blood malignancies is a great example of how patients’ immune system can be harnessed

to fight cancer cells. There are currently more than one hundred companies developing

different CAR-T therapies for different types of diseases. As different products move

from the first phase of the clinical trial to later stages, the focus of CAR-T companies is

turning toward the manufacturing of these treatments.

In this thesis, the focus was to characterise different aspects of CAR-T therapy man-

ufacturing process, including the impact of medium metabolites and manufacturing pro-

cess parameters such as dissolved oxygen and pH on the quality of CAR-T cells. The
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following will offer a general introduction to Adoptive T cell therapy approaches, with

the primary focus directed toward Chimeric Antigen Receptor (CAR)- T therapy.

1.1 Adoptive T cell therapies

Adoptive T cell therapy is a type of treatment, where patients’ immune cells are genet-

ically modified to gain specificity for a specific cell surface protein. There have been

reports citing clinical efficacy of adoptive T cell therapies for different categories of

diseases mainly including blood malignancies. Based on the type of gene modification

and T cells used in ACTs, this field can be divided into three categories (Steven A.

Rosenberg et al., 2015):

1. Tumour-infiltrating lymphocytes (TILs)

2. Genetically engineered T cell receptor (TCR) T cells

3. Chimeric antigen receptor (CAR) T cells

1.1.1 Tumour-infiltrating lymphocytes

TIL therapy consists of the administration of ex vivo expanded TILs that were isolated

from tumours. Earliest work on TILs goes back to 1980s, where Steven A. Rosen-

berg et al. (1986) pioneering pre-clinical work showed that lymphocytes infiltrating and

growing in tumours are a great source of lymphocytes capable of recognising and re-
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gressing the tumour. This study was followed by clinical investigations which showed

the potential therapeutic application of TILs for treating metastatic melanoma (Steven

A. Rosenberg et al., 1986; S A Rosenberg et al., 1988). The manufacturing of TIL

therapies starts with the isolation of tumour mass containing tumour resident T cells

through a surgical procedure. Tumour mass and tumour resident T cells are then pro-

cessed to smaller fragments and seeded in a suitable medium containing Interleukin-2

(IL-2). During expansion, tumour resident T cells overgrow and kill the tumour cells.

TILs expanded from different tumour fragments are then assessed for their specific re-

activity against tumour cells. The TILs that are reactive against tumour cells, are then

further expanded with IL-2 and feeder cells and a T cell activating reagent such as OKT3

to stimulate T cells growth (Steven A. Rosenberg et al., 2015; Wolf et al., 2019). The

TILs are then re-infused back to the patient following a lymphodepletion chemotherapy

to achieve tumour remission. This therapy has so far showed successful remissions of

metastatic melanoma (Steven A. Rosenberg et al., 2011), ovarian cancer (Fujita et al.,

1995) and colorectal cancer (Fabbri et al., n.d.) in different clinical studies. TIL ther-

apy is currently the most effective approach to induce complete remission in metastatic

melanoma patients (Steven A. Rosenberg et al., 2015).
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1.1.2 Genetically modified peripheral blood T cells

TCR gene therapy and CART therapy, unlike TIL therapy, involve genetically modifi-

cation and ex vivo expansion of T cells that were isolated from peripheral blood. These

genetically modified T cell therapies were developed to overcome and bypass peripheral

immune tolerance. An effective immune response to cancer cells consists of process-

ing and presentation of tumour-associated antigens by dendritic cells, activation and

expansion of T cells (Mellman et al., 2011; Makkouk et al., 2015). The disruption or

suppression at any point of this process is called peripheral immune tolerance. The main

causes of peripheral immune tolerance are:

• Cancer immunoediting from immune surveillance (Kim et al., 2007): the inter-

action between tumour cells and the immune system, which ultimately leads to

cancer immunoediting is categorised to three phases: elimination, equilibrium

and escape. Initially, innate immune cells such as Natural Killer (NK) cells, Nat-

ural Killer T (NKT) cells and γδ T cells are activated by inflammatory cytokines

and consequently start to target cancer cells. The second wave of response is

produced by antigen-specific T cells, where tumour cell variants that lack ma-

jor histocompatibility complex class I and II antigens, survive and ultimately re-

duce the tumour antigens in the equilibrium phase. Finally in the escape phase,

tumour-derived soluble factors such as vascular endothelial growth factor (VEGF)

(Gabrilovich et al., 1998), Fas and FasL (Erdogan et al., 2005) create a local im-
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munosuppressive environment, which leads to tumour growth and metastasis.

• Lack of effective costimulatory signals to activate tumour specific T cells (Driessens

et al., 2009): TCR activation without costimulation can result in T cells an-

ergy rather than activation. Many tumour cells lack the costimulatory molecules.

These molecules such as B7 and 4-1BBL, which are found on antigen-presenting

cells (APC), pair with T cells surface proteins such as CD28 and 4-1BB, resulting

in strong T cell activation, proliferation and persistence (Driessens et al., 2009).

Therefore, the inclusion of these costimulatory receptors such as CD28 and 4-

1BB on genetically modified T cells is considered as a strategy to improve T cell

therapies anti-tumour efficacy (Weinkove et al., 2019).

• Lack of trafficking and accumulation of immune cells at the tumour site (Bel-

lone et al., 2013): Exhaustion and immunosuppression due to the extreme tumour

microenvironment is another key contributor to peripheral immune tolerance, par-

ticularly in solid tumours. The tumour microenvironment is normally associated

with low pH, lack of oxygen and an imbalance of free radicals and antioxidants

and lack of nutrients such as arginine and cysteine. These conditions result in the

inhibition of T cell activation and expansion and induce lymphocyte apoptosis,

which leads to an impaired immune response to tumour cells (Rabinovich et al.,

2007).
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1.1.2.1 TCR gene therapy

T cell receptor (TCR) drives the antigen specificity of T cells to a peptide in the ma-

jor histocompatibility complex (MHC). Modification and changes in two main arms

of TCR, α and β chains, could therefore be used to redirect T cells toward tumour

associated antigens (TAA’s). TCR gene therapy consists of administration of ex vivo

expanded T cells that were isolated from peripheral blood and genetically modified to

express TAA specific TCR. The common issue with this approach is the downregula-

tion of MHC-I expression as an immune escape mechanism by cancer cells (Romero

et al., 2005), and off-tumour on-target toxicity due to recognition of peptide on MHC

expressed on normal tissue (Raman et al., 2016; Wolf et al., 2019).

1.1.2.2 CAR-T cell therapy

Chimeric Antigen Receptors are recombinant protein receptors that have been designed

to have specificity for a particular antigen through their extracellular domain coupled

with an intracellular domain, which enables T cell activation and costimulation (Eshhar

et al., 1993). The use of a CAR protein for immunotherapy was first suggested in the

1990s when Eshhar et al. (1993) and Kuwana et al. (1987) demonstrated that these

chimeric proteins could be used to redirect the specificity of T cells and result in a cell-

mediated immune response in a MHC independent manner (Eshhar et al., 1993; Kuwana

et al., 1987).
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1.2 CAR-T therapy: the current landscape

CD19-specific CAR-T therapies have recently shown promising clinical responses re-

cently, which was followed by the first approval of two commerical products, Kym-

riah (Novartis) and Yescarta (Gilead) by U.S. Food and Drug Administration (FDA)

for treating B-cell precursor Acute Lymphoblastic Leukaemia (ALL) and non-Hodgkin

lymphoma. In this section, the structure, different generations of CAR protein and the

most recent advances and applications of CAR-T therapies will be reviewed.

1.2.1 CAR structure

The recombinant protein structure of a CAR consists of three regions;

1. An extracellular domain that binds to a specific antigen: the extracellular domain

typically comprises of a single-chain variable fragment (scFV) from variable do-

mains of a monoclonal antibody or a fragment antigen-binding structure from

already available libraries or a natural ligand (Sadelain et al., 2013; Gilham et al.,

2017). This part of the CAR structure determines CAR specificity and affinity.

2. A transmembrane domain anchoring the CAR structure on the cell: The trans-

membrane domain is attached to the extracellular domain via a spacer. There

are suggestions that the transmembrane domain and CAR length could affect the

binding and function of the CAR-T cells (Sadelain et al., 2013).
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3. An intracellular signalling domain: This is typically made of one or more sig-

nalling domain required for activation and proliferation of T cells.

1.2.2 CAR generations

First-generation CARs were made from the fusion of a CD3ζ chain to an extracellular

domain, which is similar to the structure of TCR-CD3 complex. The addition of a

CD3ζ chain allowed to achieve an efficient activation of T cells (Irving et al., 1991) in

the first-generation CARs. However, limited immune response and anti-tumour efficacy

were observed when using the first-generation CARs (Brocker et al., 1995; Brocker,

2000).

In second-generation CARs, a costimulatory signalling domain was added to the

CAR structure. This costimulatory component could be derived from different proteins

such as CD28, CD27, CD137 (4-1BB) (Kershaw et al., 2013). The presence of costimu-

latory signalling domain enhanced the in vivo survival, IL-2 secretion and proliferation

of T cells (Krause et al., 1998; Hombach et al., 2001; Maher et al., 2002). Improved in

vivo persistence of CAR-T cells consequently enhanced the clinical efficacy of CD19-

specific CAR-T cells in ALL and B-cell malignancies patients (Shannon L. Maude et

al., 2014; Kochenderfer et al., 2013; Cameron J Turtle et al., 2016). The summary of

success rates and different second-generation CAR clinical trials are reviewed compre-

hensively by Sadelain et al. (2017). Currently, the most commonly used costimulatory
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Figure 1.1: Examples of
second and third-generation
Chimeric Antigen Receptor
constructs: a) Second-
generation CAR with CD28
costimulatory domain, b)
Second-generation CAR with
the 4-1BB costimulatory
domain, c) Third-generation
CAR with 4-1BB and CD28
costimulatory domains.

domains are CD28 and 4-1BB (Sadelain et al., 2017). CD28 costimulation causes fast

proliferation and induces glycolytic metabolism in CAR-T cells. The rapid high peak

expansion persists for 1-2 months (D. W. Lee et al., 2015; Park et al., 2018). In contrast,

CAR-T cells activated via 4-1BB domain showed to adopt lipid oxidation and to favour

CAR-T cells persistence rather than rapid activation (H. Zhang et al., 2007; Majzner

et al., 2019). The CAR-T cells expansion in vivo with 4-1BB domain is slower and has

lower but wider expansion peak, which often goes beyond months or years (Shannon L.

Maude et al., 2014; S. L. Maude et al., 2018; Gardner et al., 2017). The longer persis-

tence poses a significant advantage for the 4-1BB domain as CAR-T cells continue the

immunosurveillance after the initial elimination of CD19+ cancer cells and potentially

reduce the relapse in treated patients.

There are limited studies directly comparing the 4-1BB domain with the CD28 do-

main in clinical trials. Clinical studies using CD19-targeted CART cells with either
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the 4-1BB or the CD28 protein has been performed in parallel for treating B cell non-

Hodgkin’s Lymphoma. Severe adverse events such as neurotoxicity and cytokine re-

lease syndrome were observed in CD19-targeted CAR-T cells with CD28 costimula-

tory domain. On the contrary, CAR-T therapy with 4-1BB was well-tolerated (Ying

et al., 2019). CAR-T therapies using the 4-1BB domain have produced better clinical

outcomes in children or young adults with ALL, where it appears that persistence of

CAR-T cells is an important requirement for complete remission (Shannon L. Maude

et al., 2014; S. L. Maude et al., 2018; Gardner et al., 2017). In contrast, CD28 domain

in CD19-specific CAR-T therapies for paediatric ALL often results in disease relapse

(Jacoby et al., 2018; Majzner et al., 2019). The persistence requirement for CAR-T

therapies to treat ALL in older adults has not been proved yet, and there is no clinical

evidence suggesting the superiority of 4-1BB domains compared to CD28 domains to

cure ALL in older adults. As for treating non-Hodgkin lymphoma, CAR-T therapies

using 4-1BB or CD28 domain have shown similar complete response rates (Majzner

et al., 2019), suggesting an equivalence in the efficacy of the two domains.

1.2.3 CAR-T applications and advances

The majority of pre-clinical and clinical studies using CAR-T therapies have been fo-

cusing on targeting CD19+ cells for treating B cell malignancies. The success story

of CAR-T for treating B cell malignancies has inspired researchers and scientists to
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explore CAR-T applications beyond the CD19 target antigen.

1.2.3.1 B cell malignancies

There are currently two major antigen targets for CAR-T therapies to treat B cell malig-

nancies; CD19-specific CAR with 60-93% complete response rates in various studies

(Majzner et al., 2019). CD22-specific CAR-T cells also demonstrated successful clin-

ical outcomes in paediatric ALL patients (Majzner et al., 2019). On the other hand,

the success rates of CD19-specific CAR-T therapies were not as good for Chronic

Lymphoblastic Leukaemia (CLL), where complete response rates were only 15-30%

(Cameron J. Turtle et al., 2017; Geyer et al., 2018). A recent study showed that CAR-

T cells from non-responders CLL patients have phenotypic and metabolic profiles of

exhausted cells, whereas, partial or complete responders CAR-T cells have memory

phenotypes (Fraietta et al., 2018). Other two B cell malignancies that are being stud-

ied extensively are B cell Non-Hodgkin Lymphoma (C. J. Turtle et al., 2016; Schuster

et al., 2019; Neelapu et al., 2017; Schuster et al., 2017; Kochenderfer et al., 2017) and

multiple myeloma (Brudno et al., 2018; Ali et al., 2016; Raje et al., 2019), where CD19

and B cell maturation antigen (BCMA) are used as targets, respectively.

Another white blood cell cancer that is being investigated is acute myeloid leukaemia

(AML), where different targets such as CD123, CD38, and CD33 are being tested (Mar-

diana et al., 2020). Treating AML is inherently more difficult due to the lack of unique

antigens on the surface of AML cells that would allow CAR-T cells to target malignant
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myeloid cells without killing the hematopoietic stem cells or progenitor cells.

1.2.3.2 Solid tumours

Multiple clinical trials are currently going on for various types of solid tumours. The

solid tumours currently being investigated are neuroblastoma, colon cancer, sarcomas,

glioblastoma, prostate cancer and breast cancer (Majzner et al., 2019). The main hurdle

for solid tumour treatment with CAR-T cells is finding the appropriate target antigens

specific to tumour cells. Target antigens currently being trialled are disialoganglioside

(GD2), human epidermal growth factor receptor 2 (Her2), Epidermal growth factor re-

ceptor (EGFR) and Interleukin-13 receptor (IL13R). These proteins are also expressed

on healthy tissues. Therefore, there is a high chance of observing on-target, off-tumour

toxicity in treated patients. To overcome this challenge, various bispecific CARs have

been designed to target two specific target antigens. This would reduce on-target, off-

tumour toxicity, since bispecific CAR-T cells only recognise cancer cells that co-express

both target antigens (Roybal et al., 2016; Fedorov et al., 2013). Another challenge with

solid tumours is their hostile microenvironment, where extremely low pH, hypoxia, lack

of nutrients and high level of tumour secreted inhibitory cytokines create a challenging

environment for CAR-T cells to function and survive (DeRenzo et al., 2019).
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1.2.3.3 Viral infections

CAR-T therapies are also currently being explored for the treatment of chronic viral in-

fections. CAR-T therapies for treating HIV infections have been developed to simulta-

neously target two or three HIV envelope domains (Anthony-Gonda et al., 2019). These

gene-modified T cells showed in vitro potency against HIV infected cells (Anthony-

Gonda et al., 2019). Currently, at least two clinical trials are assessing anti-HIV CAR-T

cells (Seif et al., 2019). The key challenges for anti-HIV CAR-T therapies are overcom-

ing HIV escape mechanism and protecting CAR-T cells from being infected themselves

(Seif et al., 2019). Other viral infections such as Hepatitis B and C are also being ex-

plored in pre-clinical studies (Krebs et al., 2013; Festag et al., 2019).

1.2.3.4 Autoimmune diseases

Another promising field in adoptive cell therapy is CAR-Treg therapies for treating au-

toimmune diseases. Immunosuppressive property of Treg combined with CAR speci-

ficity creates an opportunity to tackle autoimmune diseases such as Graft-versus-host

disease (GvHD), transplant rejection and multiple sclerosis (Q. Zhang et al., 2018).

Majority of the studies in this field are at a preclinical or early clinical stage. For

instance, Boardman et al. (2017) study demonstrated that human leukocyte antigen

(HLA)-specific (class I molecule A2) CAR-Treg cells successfully prevented rejection

of skin transplant in an animal model. Colitis is another autoimmune disease where car-
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cinoembryonic antigen-specific CAR-Treg cells demonstrated promising potential (Blat

et al., 2014).

1.3 CAR-T cell therapy manufacturing

Standard CAR-T cell therapy manufacturing process consists of multiple steps includ-

ing, apheresis, enrichment, activation, expansion and cryopreservation. Although each

manufacturing step alone is relatively simple and well-known, there are risks and com-

plexities associated with the whole manufacturing process. Some of the risks and chal-

lenges associated with manufacturing include:

1. High variability in raw materials such as donors’ cells.

2. Absence of standardisation in each step.

3. Lack of in-process controls, monitoring and automation.

4. High manual intervention between and within each step.

5. Limited understanding of critical process parameters and their impacts on quality

of CAR-T cells.

6. Large clean rooms and GMP space requirement for manufacturing.

7. Highly trained GMP technicians are needed for manufacturing.
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Collectively, these manufacturing challenges lead to expensive, inconsistent and subop-

timal manufacturing. Currently, both Kymriah and Yescarta cost around £300,000 per

patient. Here, the main steps of CAR-T therapy manufacturing and available options for

each step is reviewed.

1.3.1 Selection

1.3.1.1 Apheresis

CAR-T cell manufacturing starts with a cell collection step from the patient, which oc-

curs at point of care. Leukapheresis process is a gold standard procedure for this step.

The purpose of this step is to separate peripheral blood mononuclear cells (PBMC)

from the blood and to return all other cell types such as red blood cell to the patient.

Leukapheresis is commonly performed via counterflow centrifugal elutriation. Coun-

terflow centrifugal elutriation is a density gradient separation method in which cells are

separated based on size and density. Although this method works well for separating

red blood cells from PBMCs, it cannot discriminate between different populations of

PBMCs. Therefore, the PBMC fraction collected after leukapheresis step from cancer

patients contains lymphocytes, monocytes, NK cells and leukaemia cells (Stroncek et

al., 2014). Currently, there are different automated systems available that use this tech-

nique; these include the Sepax II (GE healthcare) and Elutra (Terumo BCT) (Stroncek

et al., 2014).
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1.3.1.2 Selection and enrichment

The next step after leukapheresis is an enrichment step in which non-T cell contami-

nants are removed. Non-T cells contaminants in PBMCs include monocytes, granulo-

cytes, platelets and macrophages. It is well known that non-T cell contaminants such as

monocytes, granulocytes, circulating blasts and myeloid-derived suppressor cells neg-

atively impact activation and expansion of T cells (Munn et al., 1996; Munder et al.,

2006; Chiao et al., 1986; Gohil et al., 2019). The composition of PBMCs varies from

patient-to-patient. This step ensures that the starting cells for CAR-T manufacturing are

less variable between different patients, minimising the patient-to-patient variability in

the process.

Magnetic bead isolation is currently the most commonly used procedure to isolate

CD3+ T cells from the other cells in clinical manufacturing of T cells (Vormittag et

al., 2018). In this method, antibodies that either target T cells (positive isolation) or

target non-T cells (negative isolation) are conjugated to magnetic beads. The main ad-

vantages of magnetic cell sorting compared to other antibody-based sorting techniques

such as Fluorescence-Activated Cell Sorting (FACS) are higher speed and better scala-

bility (Plouffe et al., 2015).
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1.3.2 Activation

The activation of T cells, a critical step in the T cell manufacturing process, induces the

proliferation of T cells. Activation is also pre-requisite for the gene-modification when

using retroviruses since retroviral vectors transduce only diving cells. In the human

body, T cells are activated by antigen-presenting cells (APCs). APCs such as dendritic

cells and macrophages activate T cells via interaction of their major histocompatibil-

ity complex with TCR. APCs are currently used for the activation of Tumour Infiltrat-

ing Lymphocytes (TILs) (Dudley et al., 2003) and viral-specific T cells such as CMV-

specific Cytotoxic T cells (Peggs et al., 2001; Szmania et al., 2001). Other approaches

currently used for T cell activation can be divided into: 1) monoclonal antibodies and IL-

2, 2) micro-size particles with superparamagnetic properties coated with anti-CD3/anti-

CD28 monoclonal antibodies, 3) nano-size particles coated with anti-CD3/anti-CD28

monoclonal antibodies, 4) artificial antigen-presenting cells.

1.3.2.1 Monoclonal antibodies and IL-2

The combination of Anti-CD3 mAb and IL-2 is commonly used for activation of T cells

for immunotherapy applications. This method has been extensively used in different

clinical trials (Vormittag et al., 2018). Anti-CD3 antibodies provide an initial activation

signal to the TCR-CD3 complex. However, TCR-CD3 stimulation is often not enough

to stimulate T cell proliferation (Walker et al., 1987). The anti-CD3 antibody does not
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provide cross-linking between TCR-CD3 complex and other costimulatory molecules

such as CD28. The importance of costimulation and cross-linking of costimulatory

molecules to the TCR-CD3 complex for activation and proliferation of T cells has been

extensively reviewed by Kenneth A. Frauwirth et al. (2002a). Free soluble antibodies

frequently showed to provide limited cross-linking between CD28 and CD3 complex,

hence impairing T cell proliferation. In contrast, anti-CD3/anti-C28 mAbs immobilised

on beads or a solid surface efficiently expanded T cells (Levine et al., 1996) and could

reverse CD3 unresponsiveness in patient T cells that did not respond to anti-CD3 anti-

body (Shibuya et al., 2000).

1.3.2.2 Anti-CD3/anti-CD28 coated beads

Bead-based activation is the most common activation method for the manufacturing of

CAR-T cell therapies used in clinical trials (Vormittag et al., 2018). Cell-sized (4.5 μm)

magnetic beads, Dynabead (ThermoFisher) coated with anti-CD3 and anti-CD28 have

been used for the two commercially available CAR-T therapies (Kymriah and Yescarta).

The small size and high density of the Dynabeads poses a significant mixing challenge

when trying to completely suspend the Dynabeads in the medium. Another process

challenge attributed to Dynabeads is the additional bead removal step that is required in

the manufacturing process to remove the magnetic beads from the final product.

Nano-sized particles, TransAct (Miltenyi Biotec) coated with anti-CD3, and anti-

CD28 antibodies have been developed as an activation reagent to minimise the com-
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plexity of the manufacturing process. The biodegradable polymeric nano matrix beads

are a soluble colloidal reagent; Therefore, they can be removed from the final product

via cell culture wash methods such as centrifugation or LOVO cell processing system

(Mock et al., 2016).

1.3.2.3 Artificial antigen presenting cells

Activation with artificial Antigen Presenting Cells (aAPCs) is another approach for clin-

ical manufacturing of T cells. Cell lines such as K562 cells need to be modified to

express the desired antibodies and stimulating protein and then need to be γ-irradiated

(100 Gγ) to make them non-viable aAPCs. This approach was used to selectively ac-

tivate and expand CD19-specific T cells to treat B cell malignancies (H. Singh et al.,

2011; H. Singh et al., 2013). Although aAPCs can be produced under current GMP

guidelines and this method is compliant with the clinical manufacturing of T cells, the

idea of infusing T cell therapies with malignant cells into cancer patients is consid-

ered inappropriate (Neal et al., 2017). Furthermore, generating non-viable aAPC adds

another step to the already complex manufacturing process.

1.3.3 Genetic-modification

Gene delivery to produce CAR-T therapies can be categorised to viral and non-viral

methods.
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1.3.3.1 Viral vectors

Retroviral vectors have been used for transduction of T cells to achieve high transduc-

tion efficiencies. Viral transduction works optimally when the cells are activated and

proliferating (Merten et al., 2016). Therefore, transduction with viral vectors normally

occurs within three days after the activation step. Viral gene delivery is more expensive

than other methods due to the costly GMP manufacturing of viral vectors. Viral vectors

are commonly produced through transient transfection of cell lines such as HEK293T,

where a large amount of different plasmids is used. The current manufacturing process

of viral vectors is still highly costly, labour intensive and lacks batch-to-batch consis-

tency and scalability. To mitigate the challenges associated with transient transfection,

stable packaging cell lines have been developed (Sanber et al., 2015; Merten et al.,

2016). Stable packaging cell lines continuously produce lentiviral vectors and do not

require the costly transient transfection and continuous supply of GMP-grade plasmids

(Milone et al., 2018).

1.3.3.2 Non-viral vectors

Non-viral vectors mainly rely on the transfer of DNA plasmids directly into T cells.

However, naked DNA plasmid delivery into T cells often results in low transfection ef-

ficiency due to transgene expression silencing (Bestor, 2000). Alternatively, Sleeping

Beauty, a Transposon/transposase system, relies on inserting the CAR transgene into
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a transposon sequence within a plasmid and the transponase on another plasmid. The

plasmids are then directly transferred into T cells, commonly via electroporation (H.

Singh et al., 2013). After translation, the transponase enzyme will insert the CAR se-

quence into the T cell genome (H. Singh et al., 2014). This approach has been success-

fully tested in CAR-T clinical trials (H. Singh et al., 2014). The limitations associated

with the Sleeping Beauty system are that efficiency of gene delivery is inversely propor-

tional to the size of the transgene and this method relies on electroporation devices such

Nucleofector (Lonza) integrated to the T cell manufacturing process.

1.3.4 Expansion

Cell expansion is the longest step for CAR-T cell therapy manufacturing and is required

to achieve enough cells for the final product. During expansion, the cell culture volume

is adjusted and increased to allow the cells to grow without the limitation of nutrients

and space. This is achieved either by building up the culture volume in one vessel or

scaling out to a higher number of cell culture vessels. For T cell expansion, there are

different expansion platforms available and used in clinical trials including, static T-

flask, gas permeable bags, G-Rex bioreactors, the Miltenyi Prodigy system and rocking

motion bioreactor (Vormittag et al., 2018).
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1.3.4.1 Static culture platforms

T-flasks are the most commonly used cell culture vessel in the life sciences field. How-

ever, fluid handling to and from T-flasks is limited to manual open-handling and working

in biosafety cabinets (Cleanroom Grade A). Alternatively, gas-permeable bags offer a

static platform designed to achieve a high rate of gas transfer to the cell culture me-

dia. Sterile tubings can be welded directly to gas-permeable bags, which allows some

of the steps to be undertaken in lower clean room environment grades (Grades C and

D) for GMP manufacturing of T cell therapies (Tumaini et al., 2013b; Vormittag et al.,

2018). The main challenge associated with gas-permeable bags is that the majority of

the operations such as medium addition and sampling must be done manually through

tube welding. Additionally, gas-permeable bags lack in-line sensing capabilities and

process controls. The G-Rex vessel (Wilson Wolf) is another type of gas permeable

vessel. The base of the G-Rex bioreactor is made of a thin silicon layer, which allows

a high gas exchange. The G-Rex large culture medium capacity allows users to fill the

cell culture chamber only once during the beginning of the expansion without an addi-

tional feed required for 8-14 days (Bajgain et al., 2014). G-Rex single medium addition

also decreases labour intensiveness and the contamination risk associated with continu-

ous manual feeding. Similar to gas-permeable bags, the G-Rex bioreactor lacks in-line

sensing capabilities. Another limitation when using G-Rex bioreactor is the sampling;

due to the lack of mechanical agitation in G-Rex system, prior to sampling the vessel
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needs to be manually mixed in order to resuspend cells in the medium to achieve a

representative sample.

1.3.4.2 Rocking motion bioreactor

Rocking motion bioreactors such as WAVE bioreactor (GE healthcare) offers a great

alternative option to gas-permeable bags. The WAVE bioreactor is a low-shear agitated

cell culture platform (V. Singh, 1999). It can be operated under active continuous me-

dia perfusion in a semi-automated manner and hence less manual handling is involved.

Continuous perfusion removes waste metabolites and supplements T cells with fresh

medium, allowing expansion and maintenance of highly viable cell concentrations, up

to 35 million T cells per millilitre (Hollyman et al., 2009). The standard expansion

workflow before inoculating the WAVE bioreactor is activation, transduction and pre-

expansion for 3-5 days in gas-permeable bags and then transferring the cells to a WAVE

bag (Hollyman et al., 2009; Ghassemi et al., 2018). The pre-expansion is necessary

due to the large minimum working volume of the current rocking motion bags available

(300 mL minimum working volume for a Xuri 1L bag). Furthermore, single-use dis-

posable sensors such as DO, pH and biomass can be integrated for process monitoring

and control.
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1.3.4.3 Novel all-in-one bioreactors

The CliniMACS Prodigy (Miltenyi Biotec) and the Cocoon Bioreactor (Lonza) are cur-

rently the only commercially available all-in-one bioreactors. These platforms are ca-

pable of performing isolation, gene modification, cell expansion and cell wash all in

one device (Mock et al., 2016). The all-in-one approach minimises the manufactur-

ing cleanroom footprint per patient and decreases the manual transfer between each

step. The main limitation associated with all-in-one bioreactors is the lack of flexibil-

ity within the device and its function. For instance, the CliniMACS Prodigy activation

method is limited to TransAct (Miltenyi Biotec).

1.3.4.4 Summary of expansion platforms

Various manufacturing platforms are available for the manufacturing of CAR-T thera-

pies. The main characteristics of each platform is summarised in Table 1.1:
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1.3.5 Strategies for optimising CAR-T therapy manufacturing

CAR-T therapy manufacturing process consists of multiples stages with various vari-

ables and inputs in each step. To achieve an optimal CAR-T cell manufacturing in

regards to cell yield and quality, critical process parameters in each step need to be

identified and optimised. Critical process parameters are parameters that have an im-

pact on the critical quality attributes (CQAs). Critical quality attributes for CAR-T

therapy are characteristics of the cell products that need to be maintained within a cer-

tain range to ensure the desired product quality. Cell number (or Growth rate), viability,

transduction efficiency and phenotypic composition are some of the key and common

CQAs between different CAR-T therapies (Levine et al., 2016). In this section, different

approaches currently being used to improve the quality and yield of T cell products are

reviewed.

1.3.5.1 Supplemented cytokines

Exogenous cytokine addition during T cell manufacturing process provides stimulatory

and priming signals for T cells activation and growth and ultimately affects T cells abil-

ity to mediate immune response when infused back to the patients. Understanding how

different cytokine types and concentrations affect T cell functions is therefore crucial

for the manufacturing of CAR-T therapies.

IL-2 was the first cytokine used for adoptive cell therapy (Steven A. Rosenberg et al.,
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1986). As explained in section 1.3.2.1, IL-2 can activate T cells and currently is used

for ex vivo expansion of T cell therapies. According to Vormittag et al. (2018), IL-2

is the most commonly used cytokine for CAR-T manufacturing. There are limitations

associated with the use of IL-2 for ex vivo expansion of T cells; IL-2 promotes the

development and growth of the immunosuppressive subset of T cells, Treg. This is due

to the high expression level of IL-2 receptor α chain on the Treg subset (H. Zhang et

al., 2005). Additionally, T cells expanded with IL-2 are predominantly composed of

effector cells.

Recently, there were suggestions that the use of other cytokines such as IL-7, IL-

15 and IL-21 could result in a higher percentage of memory T cells and consequently

improve the persistence of CAR-T therapies in vivo (Barrett et al., 2014; Xu et al.,

2013; Xu et al., 2014; Ghassemi et al., 2016). IL-15 is similar to IL-2 in regards to its

receptor subunits since it engages the same β and γ chains as the IL-2 receptor. The

specificity of IL-2 and IL-15 receptors is determined by an α chain subunit in their re-

ceptors IL2Rα (CD25) or IL15Rα (CD215), respectively (Giri et al., 1995). Despite the

similarity in IL-2 and IL-15 receptors, Christopher A Klebanoff et al. (2003) compared

in vivo functionality of T cells cultured in IL-2 and IL-15 and showed that IL-2 could

induce apoptosis and limit CD8+ memory survival, whereas IL-15 improved in vivo

anti-tumour efficacy. IL-7 is another cytokine that plays a key role in the development,

maturation and homeostasis of T cells (Sprent et al., 2011). Several groups, including

27



Cieri et al. (2013) and Cha et al. (2010) suggested that the combination of IL-7 and IL-

15 as supplemental cytokines resulted in a better in vivo anti-tumour activity compared

to IL-2. The combination of IL-7 and IL-15 also showed to generate and preserve T

memory stem cells, which are associated with superior in vivo self-renewal, longevity

and anti-tumour response (Gattinoni et al., 2011; Cieri et al., 2013).

IL-21 is another cytokine that belongs to γ chain family and structurally is very

similar to IL-2 (Spolski et al., 2008). Hinrichs et al. (2008) reported that priming T cells

with IL-21 compared to IL-2 limited the effector differentiation of CD8+ T cells and

enhanced the in vivo anti-tumour efficacy of CD8+ T cells after adoptive cell transfer.

The combination of IL-7 and IL-21 as medium supplements was also suggested by

Sabatino et al. (2016) to generate a CD19-specific CAR-T therapy enriched in CD8+

memory stem cell, which showed to have enhanced anti-tumour responses.

These studies laid down the foundations of a new group of studies, in which IL-7,

IL-15 and IL-21 were used in different combinations and concentrations during CAR-T

cells expansion. The optimal combination of these cytokines and their concentrations

for CAR-T therapy manufacturing is still unknown. There is no direct comparison to

assess and compare them and their clinical efficacy. Therefore this is one area of the

manufacturing, where further optimisation is required.
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1.3.5.2 Culture media

During CAR-T therapy manufacturing, T cells are activated, genetically modified and

expanded over 7-14 days. One of the key challenges for the manufacturing of CAR-T

therapies is that human serum is used as a supplement to the medium (Brindley et al.,

2012). There are different challenges associated with adding the human serum to the

medium;

1. Human serum is very expensive and increases the Cost of Goods for the manu-

facturing.

2. GMP-grade human serum must go through an extensive testing to ensure the ab-

sence of infectious agents

3. Inherently human serum is acquired from different donors; therefore it has high

lot-to-lot variability, which in turn increases variability in the manufacturing pro-

cess.

4. Current supply chain of human serum would not be able to meet the demand if

multiple commercial CAR-T products come to market, and therefore it would

pose a further bottleneck in the manufacturing process.

5. Human serum often needs to be added to the media at the manufacturing site,

adding an extra step and manual handling to the already labour intensive process

of manufacturing.
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Having serum-free media for expanding CAR-T cells is one of the key requirements for

successful commercialisation and manufacturing of CAR-T therapies. Other serum-like

supplements such as human growth factor concentrate (Physiologix™ XF SR) (Ghas-

semi et al., 2020) or human platelet lysate (hPL) (Thieme et al., 2018; Canestrari et al.,

2019) have been developed to tackle this challenge. Although newly developed supple-

ments address some of the above-mentioned issues, the challenge around supply chain

still persists.

Currently, the most commonly used medium for T cell culture and expansion is

RPMI 1640 medium supplemented with 10% fetal bovine serum. In the cancer im-

munotherapy industry, there is no consensus on which media is the most suitable for

manufacturing CAR-T cells. However, X-VIVO15 (Hollyman et al., 2009; David L.

Porter et al., 2011; Shannon L. Maude et al., 2014; Grupp et al., 2013; Brentjens et al.,

n.d.[a]; Davila et al., 2014), TexMACS (Mock et al., 2016; Lu et al., 2016; Lock et al.,

2017; Vedvyas et al., 2019) and AIM V (Johnson et al., 2009; Tumaini et al., 2013b;

D. W. Lee et al., 2015; Kochenderfer et al., 2010) are currently the most common media

used in clinical manufacturing of T cells. Although these media are commercialised as

”serum-free media”, in most of the clinical manufacturing processes reviewed, typically

between 1-5% human AB serum is added to the medium. This is largely due to subop-

timal growth and reduced transduction efficiency, when using patient T cells compared

to healthy donor T cells (Medvec et al., 2018).
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An overlooked aspect of T cell media is the composition of the medium and how the

presence or absence of different nutrients or medium components affect the quality and

function of CAR-T cells. T cells metabolism is well established and studied (reviewed

below in Section 1.4). However, how exogenous nutrients in the media can be used to

optimise the CAR-T cell function, in vivo persistence and ultimately clinical outcome

of cancer treatment is still unknown.

The feeding strategy used to deliver the nutrients to T cells is another important as-

pect of the manufacturing process for CAR-T therapies. Currently, different expansion

platforms use different feeding regimes to supply nutrients to the cells; For instance, the

WAVE bioreactor and the Quantum hollow fibre bioreactor use continuous perfusion

(up to 1000 mL per day) throughout the expansion period (Ludwig et al., 2020). This

means cells are continuously fed with high levels of nutrients available in the medium,

and the spent medium is continuously removed regardless of levels of waste metabolites.

Continuous feeding strategy has its own advantages such as the ability of the system to

produce extremely high density (< 15×106 cells/mL) and to prevent waste metabolites

build up in the medium. On the other hand, a much larger volume of medium and cy-

tokines will be required to continuously run a perfusion system, which in turn increases

the cost of goods. Also, continuous exposure of T cells to high levels of supplemen-

tal cytokines could have a negative impact on CAR-T cell quality and functions. For

instance, continuous exposure to IL-2 could result in a CAR-T product predominantly
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made of effector cells (Hinrichs et al., 2008; Cha et al., 2010).

For fed-batch systems, CAR-T cells require to be fed frequently (e.g. every two

or three days). However, the feeding volume varies between different manufacturing

batches and processes and depends on the growth rate. The disadvantages of this type

of feeding are: 1) during 2-3 days feeding interval, cells might experience certain nu-

trients limitation or high level of waste metabolites, 2) because the amount of feeding

volume varies from batch-to-batch, process standardisation will be difficult. However,

fed-batch feeding potentially requires less amount of medium and cytokines compared

to continuous perfusion.

Batch feeding is currently only being used in the G-Rex protocol. The main chal-

lenge for batch protocols is that amount of nutrients and media added at the beginning

of the process would determine the length of the process and how much cells can grow.

For instance, if the patient’s cells grow faster than expected, the manufacturing process

must be terminated and harvested earlier than scheduled, or medium exchange must be

performed.
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1.3.5.3 Reprogramming T cell differentiation in culture

CAR-T product quality is assessed by the phenotypic composition of T cells and the per-

centage of CAR-positive cells in the final product. Therefore, understanding how T cells

differentiate and proliferate both during in vitro expansion and in vivo tumour mediated

response, is critical in order to improve T cell quality during the CAR-T manufacturing.

On one side of the differentiation spectrum (Figure 1.2) there is the least differ-

entiated subset of T cells, Naı̈ve T cells (TN), that have not been exposed to antigen-

presenting cells or stimulatory signals. Upon polyclonal activation or antigen-specific

activation, T cells start to proliferate and differentiate to different subsets, gaining or los-

ing phenotypic characteristics and functional properties through progressive epigenetic

changes (Luca Gattinoni et al., 2012; Busch et al., 2016). During activation, highly dif-

ferentiated effector cells known as terminally differentiated T effector (TTE) and mem-

ory cells are formed. After cancer cells are eliminated in the body, effector T cells die,

and a small subset of long-lived memory cells remains in the body to provide long-term

immunity. Currently, there are different ways to categorise memory cells and T cell

subsets based on their traits and functions (Jameson et al., 2018). In this thesis, mem-

ory cells are categorised in different groups, including T memory stem cells (TSCM),

T central memory (TCM), and T effector memory (TEM) cells. The markers used to

characterise each subset are described in Section 2.5.3.

The optimal composition of T cells for adoptive cell therapy in regards to CD8+

33



Figure 1.2: Different subsets of T cells; T Naive TN, T Stem Cell Memory (TSCM), T Cell
Memory (TCM), T Effector Memory (TEM), T Terminally differentiated Effector (TTE)
.

subsets and the ratio of CD4 to CD8 subsets is still undefined and unknown. There

have been suggestions that CAR-T products enriched in less differentiated cells, such as

TSCM or TCM cells produce a superior anti-cancer response upon injection as they have

greater in vivo proliferation capability and persistence (Lipp et al., 1999; Gattinoni et al.,

2005; Louis et al., 2011; Kochenderfer et al., 2017; Fraietta et al., 2018). Therefore, new

approaches to improve the quality of T cell therapies via generating less-differentiated

T cells have been emerged.

One recent novel approach is limiting the differentiation of T cells by reducing the

length of expansion. Ghassemi et al. (2018) reported that reducing the duration of cell

culture from 9 to 3 days, produce less number of cells but with a higher proportion

of memory phenotypes with improved anti-tumour efficacy and potency (Ghassemi et

al., 2018). The shorter manufacturing process is also more desirable as the length of
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manufacturing impacts the number of patients that can be treated in a year and the

costs associated with the quantity of reagent, consumables and labour needed for the

manufacturing. Moreover, Lu et al. (2016) developed a rapid expansion protocol by

optimising multiple manufacturing steps. The rapid expansion protocol reduced the

length of manufacturing from 10 days to 6 days with no impact on functionality and

quality of the cells (Lu et al., 2016).

Other strategies to produce less-differentiated T cells mainly targets specific metabolic

pathways, involved in the differentiation and development of T cells. These methods are

reviewed in the next section (Section 1.4).
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1.4 T cell metabolism: a potential target to improve im-

munotherapy

1.4.1 T cell metabolism: General overview

T cell metabolism is tightly linked with differentiation and their phenotypic fate. In

this section, the main metabolic pathways used by different T cell subsets and how

different metabolite constituents could affect T cell fates are discussed. During T cell

development, haemopoietic stem cell progenitors move from the bone marrow to the

thymus, where they acquire a functional TCR. Mature naive T cells then enter the blood

circulation and are primarily dependent on oxidation of pyruvate and fatty acid through

oxidative phosphorylation (OXPHOS) to generate ATP (Fauci et al., 2005; Heiden et al.,

2009).

Naive T cells circulate between the peripheral vascular system and the secondary

lymphoid tissues. Once stimulated by TCR ligation and growth factors, T cells undergo

metabolic reprogramming to achieve an anabolic metabolism profile. The key regulator

of this metabolic programming and switch to glycolysis is the Phosphoinositide 3-kinase

(PI3K)/AKT/mammalian target of rapamycin (mTOR) pathway (Kenneth A Frauwirth

et al., 2002b; Wieman et al., 2007). Although there is enough oxygen for the cells

to support tricarboxylic acid cycle (TCA) and OXPHOS cycle, the cells increase the

rate of aerobic glycolysis in response to stimulation by TCR ligation, a phenomenon
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termed “ the Warburg effect” (Heiden et al., 2009). Aerobic glycolysis is less efficient

than OXPHOS in terms of generating ATP per one molecule of glucose. However,

aerobic glycolysis occurs much faster than OXPHOS and can generate intermediates

needed for biosynthetic pathways to support cell growth and proliferation and to balance

NAD+/NADH ratio in the cell (Heiden et al., 2009; MacIver et al., 2013).

It is established that different T cell subsets acquire metabolic reprogramming to

support specific function (MacIver et al., 2013). For instance, effector T cells are highly

glycolytic to support their pro-inflammatory cytokine production (R. Wang et al., 2011;

Michalek et al., 2011). In contrast, memory cells and Treg cells utilise fatty acid oxida-

tion as a primary metabolic pathway to support their long-term persistence (Michalek

et al., 2011; Pearce et al., 2009).

1.4.2 Key metabolites and their roles in T cell metabolic pathways

In the following section, the importance of some of the key metabolites for T cell acti-

vation, proliferation and function are briefly reviewed.

1.4.2.1 Glucose

Glucose provides energy for T cells by providing the input to glycolysis. ATP molecules

will be generated either through glycolysis (Warburg phenomenon) or through TCA cy-

cle and OXPHOS. To generate ATP through OXPHOS, glucose molecules first enter

the cells via glucose transporter 1 (Glut1) (Wieman et al., 2007) and then converted to
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pyruvate through glycolysis. Pyruvate is then converted to acetyl-CoA, which is used

in the TCA cycle to form citrate from oxaloacetate. Citrate can then move to the cy-

tosol to generate acetyl-CoA (via ATP citrate lyase). The cytosolic acetyl-CoA can be

utilised for lipid synthesis, and it is essential for cell proliferation (Bauer et al., 2005).

The TCA cycle generates the reduced coenzyme NADH, which donates electrons to the

electron transport chain and results in ATP generation through OXPHOS. Alternatively,

glucose-6-phosphate, an intermediate substrate from glycolysis, can be used in the pen-

tose phosphate pathway.The pentose phosphate pathway can generate building blocks

such as ribose sugar for the synthesis of nucleotides and amino acids. NADPH can also

be produced through this pathway in T cells (R. Wang et al., 2011).

Glucogenesis, the reversal of glucose catabolism, is a pathway used by mammalian

cells to generate glucose from pyruvate. This pathway requires the conversion of pyru-

vate to oxaloacetate through TCA cycle and then to phosphoenolpyruvate (PEP) via

phosphoenolpyruvate carboxykinase (PCK) (J. M. Berg et al., 2012). In further down-

stream of glucogenesis, glucose-6-phosphate (G6P) generated from PEP is converted to

glucose or glycogen (J. M. Berg et al., 2012). Results reported by Ma et al. (2018) sug-

gested that memory T cells shift glucogenesis towards glycogen synthesis. The stored

glycogen is converted to produce a stockpile of G6P through the glycogenolysis path-

way. This so-called gluconeogenesis–glycogenolysis cycle, which is fuelled by multiple

metabolites including glucose, glutamine, pyruvate and acetate was shown to be critical
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for memory T cell differentiation and maintenance both in vitro and in animal models.

Interestingly, pyruvate or non-carbohydrates such as lactate, amino acids and glycerol

can be used to fuel gluconeogenesis–glycogenolysis cycle (J. Berg et al., 2002).

1.4.2.2 Amino acids

The amino acid consumption profile of T cells before and after activation differs signifi-

cantly. One of the crucial amino acids for activation of T cells is glutamine. Upon TCR

ligation and activation, T cells increase the expression of glutamine transporters (Carr

et al., 2010). Additionally, there are studies suggesting that CD4+ and CD8+ T cells

deprived of leucine due to lack of amino acid transporter, Slc7a5, have dysfunctional

effector function and impaired clonal expansion (Sinclair et al., 2013). This is due to

impaired mTORC1 activation and possibly other key activation-associated mechanisms

(Sinclair et al., 2013). Upon activation, alanine serine and cysteine transporter system

(ASCT2/SIc1a5) expression also increases on CD4+ T cells (Levring et al., 2012). Im-

pairing this transport system, which also transports glutamine, resulted in decreased

OXPHOS (Nakaya et al., 2014). The increasing intracellular level of glutamine can

increase leucine uptake as the result of glutamine export and concomitant import of

leucine by Slc7a5 (Nicklin et al., 2009). T cells growing in arginine free medium have

shown impaired proliferation, aerobic glycolysis and effector function but normal OX-

PHOS (Fletcher et al., 2015). However, T cells can uptake citrulline and synthesise

arginine de novo, through arginino-succinate pathway (Qualls et al., 2012).
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1.4.2.3 Fatty acids

Fatty acids are another source of energy for T cells. Upon TCR ligation, within the

first 24h, the balance between fatty acid oxidation (FAO) and fatty acid synthesis (FAS)

changes such that FAO is decreased while FAS is increased. This results in an accumu-

lation of fatty acids necessary for membrane synthesis and proliferation (R. Wang et al.,

2011). Although activated T cells continue to uptake extracellular fatty acids, it appears

that either fatty acid uptake is not sufficient to cover the cellular needs or that there is an

essential requirement for de novo-synthesized fatty acids (Berod et al., 2014; J. Lee et

al., 2014). Additionally, it was shown that after inhibition of FAS, T cells can function

normally if provided with high levels of fatty acids in the medium (Berod et al., 2014;

J. Lee et al., 2014). The balance of FAS to FAO differs significantly between different

T cell subsets (Berod et al., 2014). In effector T cells, this balance favours FAS, but

effector T cells still use FAO to satisfy their high energy demand or to compensate for a

low level of glucose (Byersdorfer et al., 2013). This balance shifts toward FAO in CD8+

memory T cells for their development and long-term persistence (Pearce et al., 2009;

Windt et al., 2012; Windt et al., 2013). Windt et al. (2013) reported that increasing FAO

in memory T cells through increased expression of carnitine palmitoyl-transferase 1a

(CPT1a), the rate limiting enzyme for the transport of long-chain fatty acids, enhances

CD8+ memory T cell generation upon TCR ligation. O’Sullivan et al. (2014a) discov-

ered that CD8+ memory T cells preferentially use de novo FAS to fuel FAO rather than
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simply uptaking extracellular fatty acids. CD8+ memory T cells use glucose to produce

triacylglycerides (TAGs) which are subsequently hydrolysed by lysosomal acid lipase

(LAL) to support mitochondrial FAO (O’Sullivan et al., 2014a). de novo FAS require-

ment in CD8+ memory T cells is further supported by a study by G. Cui et al. (2015),

which showed that glycerol, a molecular backbone for TAGs, is required for memory T

cell formation and survival after activation (G. Cui et al., 2015).

1.4.3 Targeting metabolism in immunotherapy design

Targeting the metabolism of T cells to enhance their function and persistence is an

emerging area in the optimisation of CAR-T product quality. These strategies can

be divided into two categories; 1) targeting inhibitory receptors or administration of

metabolism modulators in vivo, 2) metabolic alterations during in vitro expansion of T

cell products manufacturing,

Administration of metabolic modulators such as mTOR inhibitor during cancer has

promoted and inhibited effector T cells in two different models (Y. Wang et al., 2011;

Chaoul et al., 2015). For instance, systemic PD-1 antibody administration has become

a viable cancer treatment option for non–small-cell lung cancer (Topalian et al., 2012;

McGowan et al., 2020). This is as the result of the metabolic switch of effector cells

from glycolysis to FAO, which diminish their effector function and enhance their per-

sistence (Patsoukis et al., 2015).
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Targeting T cell metabolism during manufacturing falls under the second category,

where several different clinical and non-clinical protocols and strategies currently exist

to achieve a T cell therapy product with fewer differentiated T cells. These strategies

often include supplementing T cell expansion media with a metabolic inhibitor and are

listed below:

• Disruption of metabolic balance: this category includes small molecule inhibitors

that targets PI3K/AKT/mTOR pathways. Christopher A Klebanoff et al. (2017)

created a clinical protocol using AKT Inhibitor VIII as an additional supplement

to the medium in order to preserve minimally differentiated memory cells while

allowing T cell expansion and transduction (Christopher A Klebanoff et al., 2017).

A similar protocol was also used by Urak et al. (2017) to produce T cells with

higher levels of CD62L and CD28. CD19 CAR-T cells produced using these pro-

tocols exhibited an improved clinical outcome and superior anti-tumour activity.

• Disrupting T cell development: this group includes a small molecule inhibitor

that induces Wnt-β signalling pathways. Gattinoni et al. (2009) used TWS119,

a potent pyrrolopyrimidine inhibitor of glycogen synthase kinase 3 beta (GSK-

3β), to induce Wnt signalling through triggering the accumulation of β-catenin.

The consequence of Wnt signalling is the upregulation of T cell factor-1 (Tcf-7)

and lymphoid enhance-binding factor-1 (Lef-1), which decreases differentiation

of CD8+ T cells from naive to central and effector memory cells in humans (Will-
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inger et al., 2006). Based on this approach, Sabatino et al. (2016) developed a

clinical manufacturing protocol for producing CD19-specific CAR-T therapy en-

riched with memory stem cells. This protocol includes activation of isolated of

naive CD8+ T cells in the presence of IL-7, IL-21, and TWS119. In this proto-

col, limited T cell expansion (5-fold less of total CAR-T cells) was achieved with

this protocol but with high purity of TSCM was achieved compared to the standard

CAR-T manufacturing protocol, suggesting that the quality of the final CAR-T

product is as critical as the cell number.
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1.5 Project aims

The main hypothesis of this thesis is to target metabolic pathways associated with differ-

ent T cell subsets by modulating the provision of critical metabolites in culture media.

This novel strategy can be applied to improve CAR-T therapy quality by producing a

high content of favourable less differentiated subsets, without the need to supplement

the medium with chemical inhibitors. Furthermore, the impact of bioreactor process pa-

rameters, including dissolved oxygen and pH, on the growth and the quality of CAR-T

cells were investigated. To achieve the aim of this doctoral thesis, the following objec-

tives have been formulated:

1. Investigate the impact of different medium components, including glucose, sodium

pyruvate, and fatty acids on T cells phenotype and growth.

2. Establish a new feeding strategy and medium composition suitable for CAR-T

expansion in gas-permeable bags, based on previous data.

3. Demonstrate that the produced CAR-T cells using the selected conditions exhibit

the desired phenotypic profile, retain their potency and have enhanced prolifera-

tion capability.

4. Investigate other process parameters including shaking speed, dissolved oxygen

and pH and their impact on T cells growth and phenotype. This will facilitate the

translation of the process into bioreactors for clinical manufacturing.
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Chapter 2

Materials and Methods

2.1 Materials

2.1.1 Cell lines

Table 2.1: Cell lines used in this doctoral thesis.

Cell line/Type Vendor Catalogue Number
HEK293T Takara Bio 632180
Raji DSMZ ACC 319
NALM6 DSMZ ACC 128
NEB® Stable Competent E.coli New England BioLabs C3040I
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2.1.2 Tissue culture plasticware

Table 2.2: General plastic ware used in the experiments.

Item Vendor Catalogue Number
10 µL sterile pipette tips Sardstedt 70.1130.210
1000 µL sterile pipette tip Sardstedt 70.762.211
12 well plate Thermo Fisher 150628
150mm Petri dish (TC-treated) Corning 430599
20 µL sterile pipette tips Sardstedt 70.760.213
200 µL sterile pipette tips Sardstedt 70.760.211
24 well plate Thermo Fisher 142475
25 mL yellow centrifuge tubes Sardstedt 60.9922.243
6 well plate Thermo Fisher 140675
96 well plate Thermo Fisher 167008
CoolCell LX Freezing container Corning 432001
Cryogenic vial Thermo Fisher 5000-0012
Falcon 15 mL tube Fisher Scientific 10773501
Falcon 50 mL tube Fisher Scientific 10788561
Serological pipette 10 mL Sardstedt 86.1254.001
Serological pipette 25 mL Sardstedt 86.1685.001
Serological pipette 50 mL Sardstedt 86.1256.001
Serological pipette 5 mL Sardstedt 86.1253.001
Stericup-GP Sterile Vacuum Filtration (500 mL) Merck SCGPU05RE
T-175 flasks Thermo Fisher 159910
T-25 flasks Thermo Fisher 156367
T-75 flasks Thermo Fisher 156499
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2.1.3 Media, buffers and supplements

Table 2.3: General reagents, buffers, media used in the experiments.

Item Vendor Catalogue Number
Pan T Cell Isolation Kit Miltenyi Biotec 130-096-535
CD34 MicroBead Kit, human Miltenyi Biotec 130-046-702
Cell dissociation medium Sigma-Aldrich C5914
CryoStor® CS10 Stemcell Technologies 7930
Dynabeads CD3/CD28 Gibco 11132D
FBS Gibco 10270106
Lymphoprep Stemcell Technologies 7861
SepMate-50 (IVD) Stemcell Technologies 85460
Genejuice Merck Chemicals Ltd 70967
L-Glutamine (200mM) Gibco 25030081
IL-7 Miltenyi Biotec 130-095-367
IL-15 Miltenyi Biotec 130-095-760
Ionomycin Sigma-Aldrich I0634-1MG
PHA Sigma-Aldrich L9017
Retronectin Takara Bio T100B
RPMI 1640 Medium, no glutamine Gibco 21870076
RPMI 1640 Medium, no glucose Gibco 11879020
DMEM Gibco 11995073
DMEM Advanced serum-free medium Gibco 12491023
Linoleic acid-Oleic acid- Albumin Sigma-Aldrich L9655-5mL
Bovine Serum Albumin Sigma-Aldrich A7906
EDTA (0.5 M) Thermofisher AM9260G
PBS Lonza BE17-516F/12
PFA Sigma-Aldrich P6148
Brilliant Stain Buffer Plus BD Biosciences 566385
Stain Buffer BD Biosciences 554656
Geneticin™ (G418 Sulfate) Thermofisher 10131035
Ampicilin Sigma-Aldrich A5354
PES membrane filter Thermofisher 721-1345
Trypsin-EDTA (0.05%) Gibco 25300054
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2.1.4 Antibodies, staining reagents and kits

Table 2.4: The list of antibodies used flow cytometry analysis.

Staining Antibodies
Marker Colour/Format Isotype Clone Catalogue Vendor
CD3 BUV395 IgG2a SK7 564001 BD Biosciences
CD8 BUV737 IgG1 SK1 564629 BD Biosciences
CD4 BUV805 IgG1 SK3 564910 BD Biosciences
CCR7 BV421 IgG2a 150503 562555 BD Biosciences
CD27 BV786 IgG1 L128 563327 BD Biosciences
CD45RA FITC IgG2b HI100 555488 BD Biosciences
CD95 PE IgG1 DX2 555674 BD Biosciences
CD45RO PE-Cy7 IgG2a UCHL-1 337168 BD Biosciences
CD62L APC IgG1 Dreg-56 559772 BD Biosciences
LAG-3 AF647 IgG1 T47-530 565717 BD Biosciences
PD-1 PE IgG1 MIH4 560908 BD Biosciences
CD34 PE IgG1 QBEND/10 MA5-16927 Invitrogen
TNF–α AF488 IgG1 MAb11 557722 BD Biosciences
CD107a BV786 IgG1 H4A3 563869 BD Biosciences
IL-2 PE IgG2a MQ1-17H12 554566 BD Biosciences
IFN–γ APC IgG1 B27 554702 BD Biosciences
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Table 2.5: The list of different kits used in this doctoral thesis.

Item Vendor Catalogue Number
Pan T Cell Isolation Kit (human) Miltenyi Biotec 130-096-535
LS columns Miltenyi Biotec 130-042-401
CD3 microBead Kit Miltenyi Biotec 130-050-101
CD34 microBead Kit Miltenyi Biotec 130-046-702
QIAGEN Plasmid Maxi Kit Qiagen 12163
QIAGEN Plasmid Mini Kit Qiagen 12125
Fixation/permeabilisation Solution Kit BD Biosciences 554714
Human Th1/Th2/Th17 Kit BD Biosciences 560484
SYTOX™ Red Dead Cell Stain Thermo Fisher S34859
CountBright™ Absolute Counting Beads Thermo Fisher C36950

2.1.5 Equipment and Software

Table 2.6: Equipment and software used in this doctoral thesis.

Equipment and Software Vendor
BD Fortessa X20 (UV) BD Biosciences
Bioprofile FLEX Nova Biomedical
Cubian HT270
Dynabead Removal Magent IBA Life Sciences
Eppendorf 5810R Eppendorf
FACS Verse BD Biosciences
FCAP Array Software V3 BD Biosciences
FlowJo V10 BD Biosciences
Nucleocounter NC-3000 Chemometec
Prism V7 Graph Pad
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2.2 Primary T cells processing

2.2.1 PBMCs isolation

Fresh blood samples from different healthy donors were purchased from Cambridge

Bioscience. All samples were collected from healthy, paid volunteers under informed

consent that explicitly permits the use of blood samples and derivatives in a wide range

of research applications. The 495 mL of fresh whole blood was collected in the morning

and dispatched to the UCL biochemical engineering department at ambient temperature.

The freshly collected blood was processed straight after delivery.

Two to four hours before the blood sample was delivered, 33 SepMate-50 tubes

were filled with 15 mL of Lymphoprep solution, while avoiding making bubbles under

the SepMate-50 membrane. Upon fresh blood delivery, all blood samples were pooled

from their containers (50 mL Falcon tubes) to a 2L sterile bottle. The whole blood

was then diluted 1:1 with RPMI 1640 medium supplemented with 2% FBS, which was

warmed up to room temperature. The whole blood was then gently mixed with the

medium by gently pipetting up and down. 30 mL of the diluted whole blood was then

added to each SepMate tube while avoid disturbing the Lymphoprep layer.

SepMate tubes were then centrifuged at 1200g for 15 minutes with centrifuge brake

on 3. Following the centrifuging, approximately 20 mL of plasma was aspirated without

disturbing the PBMC layer, using the pipette gun and 50 mL serological pipette. After

plasma aspiration, the PBMCs from all SepMate tubes were pooled together by pouring
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the liquid cell layer on top of SepMate tubes membrane in a 1L sterile bottle. The

majority of red blood cells and the Lymphoprep solution remain below the SepMate

tube membrane, which were then discarded. The pooled PBMCs were then diluted 1:3

with RPMI 1640 containing 2% FBS. The aim of this step was to remove the remnant

of Lymphoprep to avoid losing recovery yield.

The diluted PBMCs were then transferred into multiple non-skirted Falcon tubes

(40 mL in each tube) using 50 mL serological pipette. All Falcon tubes were then cen-

trifuged at 500g for 10 minutes at room temperature. After centrifuging, the supernatant

from each tube was removed by pouring it into a waste bottle. The cell pellet in each

tube was then resuspended in 20 mL of RPMI 1640 containing 2% FBS. The resus-

pended cells from two Falcon tubes (20 mL each) were then pooled into one Falcon

tube (40 mL). The Falcon tubes were then centrifuged at 400g for 10 minutes with the

centrifuge brake on. After centrifuging, the supernatant was poured off, and the cell pel-

lets were resuspended in RPMI 1640 containing 2% FBS. The cell suspension was then

centrifuged again at 150g for 10 minutes with brake off. This step was crucial to reduce

the number of platelets in the PBMCs before the isolation step or cryopreservation.

Following the centrifugation step, the supernatant was removed. The pellets were

resuspended and pooled together in 50 mL of isolation buffer. The isolation buffer was

prepared in PBS solution with the addition of 0.5% bovine serum albumin and 2mM

EDTA. A sample was taken at this point to calculate the density of PBMCs or the purity
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of CD3+ T cells.

2.2.2 Pan T cell isolation

Lyophilised IL-7 and IL-15 cytokines were reconstituted in deionized sterile- filtered

water at a final concentration of 0.1 mg/mL and stored at -20◦C. Further dilutions were

made, when needed, by thawing an aliquot of frozen cytokine and diluting it with PBS

containing 1% BSA. The combination and concentrations of cytokines used during T

cell activation, transduction and expansion were 25 ng/mL of IL-7 and 10 ng/mL of IL-

15. After the cell count at the end of PBMCs isolation step, the cells were centrifuged at

400g for 5 minutes, and resuspended in 40 μL of isolation buffer at 4◦C per 10 million

cells. Then 10 μL of Pan T cell Biotin-Antibody cocktail was added per 10 million cells.

The solutions were mixed by pipetting gently up and down multiple times. The mixture

was then incubated for 5 minutes at 4◦C in the fridge. 30 μL of the isolation buffer was

added per 10 million cells. In the next step, 20 μL pf Pan T cell microbead cocktail was

added per 10 million cells and mixed well by pipetting up and down gently. The mixture

was then incubated for 10 minutes at 4◦C in the fridge. During the incubation, the LS

columns were placed inside the magnet. One LS column was used for 500 million cells.

Each column was rinsed with 3 mL of isolation buffer. After the incubation step, the

cells and beads mixture was gently added with a P1000 pipette to the LS columns, while

avoiding making any bubbles or foam. The flow-through containing CD3+ T cells was
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collected in a Falcon tube. Each LS column was washed with 3 mL of the isolation

buffer and the flow-through unlabelled cells were added to the rest of the CD3+ cells

collected in the previous step. A sample was taken at this step to assess the purity of

CD3+ cells, cell density and viability. The cell suspension was then centrifuged at 400g

for 5 minutes to remove microbeads and the isolation buffer. The cell pellets were then

resuspended either in the desired medium or in cryopreservation medium for freezing.

2.2.3 Cytokine and Media Preparation

Lyophilised IL-7 and IL-15 cytokines were reconstituted in deionised sterile- filtered

water at a final concentration of 0.1 mg/mL and stored in -20◦C. Further dilutions were

made by thawing an aliquot of frozen cytokine and diluting it with PBS containing 1%

BSA. The combination and concentrations of cytokines used during T cell activation,

transduction and activation are 25 ng/mL of IL-7 and 10 ng/mL of IL-15. Complete

RPMI 1640 (cRPMI 1640) medium was made by supplementing 10% FBS, 2mM L-

glutamine and 1% Antibiotic-Antimycotic solution.

2.2.4 Activation with Dynabeads

Primary T cells were seeded between 0.4– 1.0×106 cells per mL. Primary T cells were

activated with Dynabeads at 3 beads to 1 T cell ratio. Dynabeads were washed twice

with at least 10 mL of complete medium each time, before adding them to the T cells.
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After mixing cells and beads, the cell culture plate, flask or bag was placed inside a

humidified incubator at 5% CO2 and 37◦C.

2.2.5 Transduction

Twenty-four hours before the transduction step, a 6-well plate was coated with Retronectin

as per manufacturer’s instructions. The concentration of Retronectin used was 18 μg/mL,

where 2 mL was used to coat each well (6-well plate). The plate was incubated and

coated overnight at 4◦C in the fridge. After overnight incubation, the Retronectin so-

lution was aspirated from each well and each well was washed once with PBS (2 mL

per well). A lentiviral vector aliquot was thawed from -80◦C on ice. 1 mL of lentivirus

was added to each well. The 6-well plate was incubated at 4◦C in the fridge for 30

minutes. The lentivirus was then aspirated from all wells and discarded. 5 mL of fresh

lentivirus was then added to each well and kept at room temperature until the T cells

were prepared for transduction.

At this stage, a sample from activated T cells was taken for cell counting. T cells

were then moved to a Falcon tube and centrifuged for 5 minutes (400g). The pellet

was resuspended in cRPMI 1640 medium supplemented with the cytokines in order

to achieve a cell density of 3× 106 cells per mL. Then, 0.5 mL of T cells containing

1.5×106 T cells was added to each well of the 6-well plate already containing lentivirus.

The plate was centrifuged for 40 minutes at 1000g at room temperature. After spinoc-
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ulation, the well plate was placed inside a humidified incubator at 37◦C and 5% CO2

for 24 hours. After 24 hours, the cells were removed from each well, pooled together

and centrifuged in a Falcon tube. The cells were then resuspended in the appropriate

amount of medium supplemented with the cytokines. The earliest time point at which

transduction efficiency was assessed was five days post-transduction.

2.2.6 Cryopreservation and Thawing

For cryopreservation of isolated T cells, after centrifuging and washing the cell pellet,

the cell pellets were resuspended in the desired volume of cold (4◦C) CryoStor CS10.

The cell pellet was resuspended thoroughly in Cryostor medium using a P1000 pipette.

The freezing density used was between 10 – 50× 106 cells per mL. The cells in the

freezing medium were then gently transferred to 1.2 mL or 2 mL cryogenic tubes. The

closed vials were then labelled at placed in CoolCell LX freezing container and placed

in the -80◦C freezer for at least 24 hours. The cryopreserved cells were then moved

from -80◦C freezer into a liquid nitrogen tank for long-term storage.

For the cryopreservation of expanded T cells, firstly Dynabeads were removed by

placing a 50 mL Falcon tube containing the cell suspension and beads inside a magnet.

After one minute, the cells were carefully removed from the centre of the Falcon tube

using a 25 mL serological pipette without disturbing the Dynabeads attached to the wall

of the Falcon tubes. The cells were then counted and centrifuged at 400g for 5 minutes
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before proceeding to the freezing step as described above.

For the thawing of cryopreserved T cells, one vial was removed from -80◦C or liquid

nitrogen and was placed in 37◦C water bath for 2 minutes. The cryovial was then moved

into a microbiological Safety Cabinets (MSC) hood and the cell suspension contained

in the vial was transferred to a 50 mL Falcon tube using a P1000 pipette. Then by using

25 mL serological pipette, 19 mL of pre-warmed complete medium was slowly added to

the cell suspension while gently swirling the tube. The Falcon tube was then centrifuged

at 400g for 5 minutes. The supernatant was removed by pouring and the cell pellet was

gently resuspended. Finally, the pre-warmed complete medium was added to the cells

and mixed gently by pipetting up and down. A sample was then taken for cell counting

and phenotyping.

2.2.7 Feeding

Before feeding, the complete medium used for the feeding was warmed up to 37◦C

in the water bath. At the same time, the cytokines were thawed at room temperature.

The cytokines were then added to the medium to achieve desired concentration, and the

medium was used for feeding.

2.2.7.1 Fed-batch: T-flask, Well plate and Bag

Medium additions in T-flasks and well plates, were performed using a serological pipette

inside a MSC hood. For gas-permeable bags, a syringe was used; first, the plunger was
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removed in MSC hood and a syringe was attached to the gas-permeable bag through the

Luer lock port. The desired amount of medium was then added via a serological pipette

to the syringe. The plunger was used to push the medium to the bag. The syringe was

then removed, and the Luer lock port was closed with its lid.

2.2.7.2 Pseudo-perfusion: micro-Matrix

The micro-Matrix microbioreactor plate was removed from the bioreactor and placed in

MSC hood. The plate lid and its clamps were removed and replaced with a temporary

sterile plastic lid from a 24 well-plate lid. This was necessary in order to fit the plate

inside the centrifuge. The temporary lid was taped to the plate, and the plate was placed

in the centrifuge plate holder. The plate was centrifuged at 150g for 10 minutes (24◦C).

After centrifuging, the plate was carefully removed from the plate holder and transferred

into a MSC hood. The temporary lid was removed, and the plate was held at a 45-degree

angle. The desired amount of supernatant was then carefully removed from each well

using a P1000 pipette without disturbing the cell layer formed at the bottom of each

well. Warm complete medium with the cytokines was then added to each well. The

microbioreactor plate lid was finally placed back on and attached to the micro-Matrix

control system. Further details on how the micro-Matrix system works and its setup can

found in Chapter 5.
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2.3 Lentivirus Production

2.3.1 Plasmid Preparation

CD19-CAR plasmid was kindly given by Dr Martin Pule (Cancer Institute, UCL). The

CD19-CAR consist of the FMC63 scFV, CD8 alpha stalk, RQR8 site with 4-1BB en-

dodomain as described in Philip et al. (2014) and Stavrou et al. (2018). RQR8 has

the CD34 epitope and is recognised by QBEND/10 anti-CD34 mAb, which is used in

CD34 isolation kit (Miltenyi Biotec). RQR8 site can also be stained with CD34-PE

mAb (QBEND/10), and therefore the expression of CAR on T cells and transduction

efficiency can be measured via staining with CD34-PE mAb (QBEND/10).

2.3.1.1 Transformation

A tube of NEB E.Coli cells was thawed on ice. The cells were then gently mixed, and

50 μL of cells was moved to the transformation tube on ice. 1 μL of CAR plasmid DNA

equivalent to approximately 100ng was added to the transformation tube. The cells and

DNA plasmid were mixed by flicking the tube. The mixture was kept on ice for 30

minutes. Meanwhile, the water bath was warmed up to 42◦C. After 30 minutes on ice,

the mixture was placed in the water bath for 30 seconds and then moved back on ice

for 5 minutes. 950 μL of NEB-10 beta medium was added to the mixture, and the tube

was placed inside the 32◦C incubator shaker (300rpm) for one hour. The day before, a

selection Agar-Lysogeny broth (LB) plate was prepared with Geneticin (G-418 Sulfate)
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at the concentration of 50 μg/mL and kept in the fridge. The plate was warmed up

to 32◦C during one-hour incubation of transformed bacteria. 100 μL of cells was then

added to a selection plate, and the plate was incubated at 37◦C overnight.

2.3.1.2 Small scale plasmid preparation

Following the transformation and overnight incubation, a single colony was picked from

the selection plate and added to 10 mL of LB supplemented with an appropriate antibi-

otic in a Falcon tube. For the CAR plasmid, 50 μg/mL of Geneticin was used, whereas,

for the lentivirus packaging plasmids, 100 μg/mL of Ampicillin was used. The Falcon

tube was placed on an incubator shaker (37◦C) overnight. After overnight culture, the

Qiagen miniprep kit was used to verify the plasmid with restrictive digest enzymes. Af-

ter verification, the transformed bacteria were frozen by mixing 500 μL of the overnight

culture with 500 μL of 50% glycerol in a 2 mL cryovial. The cryovial was frozen at

-80◦C.

2.3.1.3 Large scale plasmid preparation

A selection Agar-LB plate was prepared with an antibiotic (as explained above). The

cryovial of transformed CAR bacteria or packaging plasmid bacteria was thawed overnight.

100 μL of cells was added to a selection plate, and the plate was incubated for 16 hours

at 37◦C overnight. After overnight incubation, a single colony was picked from the

selection plate and added to 10 mL of LB supplemented with an appropriate antibiotic

59



in a Falcon tube. The Falcon tube was placed in 37◦C shaker incubator (250rpm) for 8

hours to prepare the inoculum. 500-1000 mL of LB broth was autoclaved and added to

1-2L shaker flask. After, 8 hours incubation the inoculum was added to the shaker flask

and placed 37◦C shaker incubator (250rpm) overnight. The Qiagen maxiprep kit was

used to isolate the plasmid DNA as per the manufacturer’s instructions. After plasmid

isolation, the DNA concentration was measured by absorbance of light at 260nm wave-

length with a Nanodrop spectrophotometer. The ratio of absorbance at 260nm:280nm

was used to establish purity, where 1.8 indicates a high degree of purity with no/little

protein contamination. The DNA was frozen at the concentration of 500 ng/μL in -20◦C

freezer.

2.3.2 Lentiviral vector production

2.3.2.1 Lentivirus system

The 2nd generation lentivirus system (Didier Trono Lab) was used to produce CAR-

lentiviral vector. This system consists of one transfer plasmid (CD19-CAR), one enve-

lope plasmid (pMD2.G for VSV-G) and one packaging plasmid (pCMVR8.74 for gag,

pol, tat and rev). The packaging and envelope plasmids were delivered as agar stab.

The plasmids were produced initially at small scale and verified with restrictive digest

enzymes, before producing them in large scale. Both pMD2.G and pCMVR8.74 were

purchased from Addgene with catalogue numbers 1225 and 22036, respectively.
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2.3.2.2 HEK293T culture

HEK293T were thawed and passaged at least two times in T-175 flask before being

used for lentiviral vector production. 40 mL of high glucose DMEM containing sodium

pyruvate and Glutamax supplemented with 10% FBS was used for culturing HEK293T

cells in T-175 flasks. For passaging, the medium was aspirated from the T-flask, and the

cells were washed once with PBS. Then, 15 mL of Trypsin-EDTA (0.05%) was added

and incubated for 5 minutes at 37◦C. The T-flask was then tapped to detach the cells

from the surface. 15 mL of DMEM supplemented with 10% FBS was added to the cells

to inactivate the Trypsin-EDTA. The cell suspension was then transferred into a Falcon

tube and centrifuged at 300g for 10 minutes. The supernatant was then aspirated, and

the cell pellet was resuspended in the appropriate amount of the DMEM medium. The

HEK293T cells were split at a ratio of 1:10 dilution when they reached 90% confluency.

2.3.2.3 Transient transfection

4×106 HEK293T cells were seeded in a 15cm TC-treated culture dish in DMEM sup-

plemented with 10% FBS. When approximately 70% was achieved, normally after two

days, the transfection protocol was performed. Initially, the serum-containing medium

the cells were cultured in was removed, and the cells were carefully washed once with

PBS solution using a 25 mL serological pipette to remove serum residues. 20 mL of pre-

warmed advance serum-free (SF) DMEM medium was then added to each plate. The
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HEK293T cells were then placed inside a 37◦C and 5% CO2 incubator, while prepar-

ing the transfection reagent. To prepare the transfection reagent, 30 μL of Gene Juice

was added dropwise to 470 μL of SF DMEM for each plate. The mixture was vor-

texed and incubated at room temperature for 5 minutes. Then, the following amounts

of DNA were added to make the transfection mixture: 5.4 μg of pCMVR8.74, 2.9 μg of

pMDG.2, and 4.2 μg of CD19-CAR DNA. The mixture was gently mixed by pipetting

and incubated for 15 minutes at room temperature. The mixture was added dropwise

to the HEK293T cells. The plate was then gently rocked before placing it inside the

37◦C and 5% CO2 incubator. After 2 hours incubation, the medium was aspirated with-

out disturbing the cells using a 25 mL serological pipette. Pre-warmed fresh DMEM

medium supplemented with 10% FBS was added (20 mL per plate). The plate was then

transferred back to the 37◦C and 5% CO2 incubator for 48 hours. After 48 hours, the su-

pernatant containing lentiviral particles was collected from each plate. The supernatant

was filtered using a 0.45 μm PES filter and a 50 mL syringe. A quality control sample

was then taken for characterisation, and the rest of the supernatant was frozen in -80c

freezer in 25 mL and 50 mL aliquots.

2.3.2.4 FACS titration of lentivirus

HEK293T cells were seeded at 3×105 cells per well in 1 mL of DMEM medium sup-

plemented with 10% FBS in 12-well plates. After 24 hours, one well was sacrificed for

cell count. The medium was aspirated from the other 11 wells and replaced with the
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volume of lentivirus as shown in Figure 2.1. Subsequently, each well was topped up

using DMEM supplemented with 10% FBS to reach the final volume of 500 μL. For

the non-transduced control, 500 μL of DMEM supplemented with 10% FBS was added.

The plate was then returned to 37◦C and 5% CO2 incubator for 24 hours. After 24 hours,

1 mL of DMEM supplemented with 10% FBS was added to each well to feed the cells.

72 hours after transduction, the supernatant was removed and Trypsin-EDTA (0.05%)

solution was added to each. The cells were incubated with Trypsin-EDTA (0.05%) solu-

tion for 5 minutes in a 37◦C and 5% CO2 incubator. The cells were then removed from

each well and placed in a Falcon tube and centrifuged at 300g for 10 minutes. The cell

pellets were washed once with PBS and stained with anti-CD34 PE antibody. The cells

were then fixed with 1% PFA for 15 minutes and washed twice prior to resuspending

them in PBS and running them on the flow cytometer.

For analysis, CD34 positive cells were gated using Flowjo software. The percent-

age of the positive population for each dilution was calculated based on two technical

replicates. The value between 1% to 20% positive population was then selected. The

following formula (Equation2.1) was used to calculate the titre. The average of titre for

each dilution was calculated and used as an infectious titre.

Titre(TU/mL) =
Number of cells on day one× (Percentage of positive cells

100 )

Volume of viral supernatant (mL)
(2.1)
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Figure 2.1: The plate layout used to perform the infectivity assay for lentivirus. The dilution
ratio indicates how diluted the lentivirus supernatant was in each well. The volume value written
on each well indicates how much of lentivirus supernatant was added.

2.4 In vitro assays

2.4.1 CD34 magnetic bead isolation

On the day of harvest, Dynabeads from expanded CAR-T cells were removed using a

magnet as explained in Section 2.2.6. The transduced T cells with the CD19-specific

RQR8 CAR construct were isolated using CD34 positive isolation beads with LS columns

(Miltenyi Biotec) as per manufacturer’s instructions. Isolated CAR-T cells from all con-

ditions were then rested overnight in RPMI 1640 supplemented with 10% FBS and 2

mM L-glutamine and used in the killing assay or proliferation assay or cytokine release

assay.
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2.4.2 FACS killing assay

The killing assay was performed using CD19-positive NALM6 and Raji as target cells.

To ensure healthy cells were being used for the killing assay, both cell lines were cul-

tured for at least seven days after thawing. The medium used for culturing NALM6 and

Raji cells was RPMI 1640 supplemented with 10% FBS and 2mM L-glutamine.

The killing assay was performed in three technical replicates for each donor. 50 μL

of isolated CAR-T cells containing 50,000 cells were added in a flat bottom 96-well

plate. 50 μL of either NALM6 or Raji cells containing 50,000 cells were added to each

well to achieve 1:1 effector to target ratio. Non transduced T-cells and target cells alone

were seeded in separate wells as controls. The plate was then placed in a 37◦C and 5%

CO2 incubator for 48 hours.

After 48 hours, using a multi-channel pipette, the whole plate containing all the con-

ditions was transferred from the flat bottom 96-well plate to a V bottom 96-well plate.

The flat bottom 96-well plate was washed with 100 μL of PBS which were then added

to the V bottom plate. The plate was centrifuged at 300g for 5 minutes. The super-

natant was removed by flicking the plate carefully. The pellets were then resuspended

and washed in 100 μL of PBS and centrifuged again. In the meantime, a staining so-

lution with CD3 antibody was prepared by mixing 1 mL of PBS with 6.25 μL of CD3

BUV395 antibody. After centrifuging and removing the supernatant, the pellets were

resuspended in 100 μL of the staining solution using a multi-channel pipette. The plate
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was incubated on ice for 30 minutes. After the incubation, 100 μL of PBS was added

to each well, and the plate was centrifuged at 300g for 5 minutes. After centrifuging,

the cells were washed once and resuspended in 200 μL 0.1% SYTOX red solution for

live/dead staining. The content of the well plate was then transferred to multiple FACS

tubes. 25 μL of CountBright absolute counting beads were added to each FACS tube.

The samples were analysed using the BD Fortessa X20 (with a UV laser). On the

flow cytometer, first the FSC-H and SSC-H were adjusted to capture all Countbeads.

Then, 2000 events were recorded on Countbead gate. The following equations were

used to calculate the total number of viable target cells (VTCs) and the remaining target

viable cell (%). The example of gating strategy is shown in Figure 2.2.

Total number of VTCs=
number of VTC events
Number of bead events

×number of beads in 25 μL of Countbead

(2.2)

Remaining target viable cell (%)=
Total number of VTCs (in CAR-T wells)

Total number of VTCs (in Non-transduced well)
×100

(2.3)
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Figure 2.2: Gating strategy for target only, non-transduced T cells with target cells and CAR-T
cells with target cells are shown. Target only sample was used to set live/dead gating for other
samples.
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2.4.3 Soluble Cytokine Analysis

To assess the soluble cytokine secreted by CAR-T cells, the same experimental setup, as

explained in Section 2.4.2 was used. 50 μL of isolated CAR-T cells containing 50,000

cells were added to 50 μL of NALM6 cells containing 50,000 cells in a 96 well plate

to achieve 1:1 effector to target ratio. The plate was then placed in 5% CO2 incubator

for 24 hours. After incubation, the plate was centrifuged at 300g for 5 minutes, and

50 μL of supernatant was removed using a multi-channel pipette. The samples were

transferred to another 96-well plate and stored in -80◦C until ready to be processed and

analysed. Once the samples were thawed, the analysis of cytokines in the supernatant

was performed using the BD Cytometric Bead Array (CBA) Human Th1/Th2/Th17

Cytokine Kit as per the manufacturer’s instructions. The samples were analysed using

BD FACSVerse, and the data were analysed using FCAP Array™ software.

2.4.4 Proliferation assay

The proliferation assay was designed to assess the proliferation capability of CD19-

specific CAR-T cells after repeated exposure to CD19-positive NALM6 cells. The iso-

lated CAR-T cells from each donor were mixed with NALM6 cells in a 6-well plate at a

1:1 ratio, using 2×106 CAR-T cells and 2×106 NALM6 cells in each well. The plate

was placed in a 37◦C and 5% CO2 incubator . After 72 hours of co-culture, a 200 μL

sample was taken from each well for flow cytometry analysis. The sample was stained
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with CD3 BUV395 and SYTOX Red to distinguish the live CD3+ cells from the cancer

target cells. The Countbright beads were also used to calculate the absolute number of

live CD3+ cells.

After the 72 hours sample was taken, the co-culture was fed with fresh cRPMI 1640

at 1:1 dilution. The plate was incubated in a 37◦C and 5% CO2 incubator for further

72 hours. After 144 hours (6 days) of co-culture and 72 hours after the last sample was

taken, another 200 μL sample was taken from each well in order to assess the absolute

number of live CD3+ cells via flow cytometry assay as described above.

After flow cytometry analysis, the co-cultured cells were harvested and washed once

in PBS to remove debris. Then, CD3+ cells were isolated from any remaining target

cells using CD3+ positive isolation kit with LS columns (Miltenyi Biotec). The iso-

lated CAR-T cells (CD3+ T cells) were then rested overnight in the incubator, prior to

starting the second round of co-culture. For the second and third runs of co-culture, the

experimental procedure explained above was repeated two times.
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2.5 Analytical Techniques

2.5.1 Cell density and viability

Total cell count, viable cell count and viability were determined using NucleoCounter

NC-3000 cell counter. Before taking the cell count, the cell suspension was mixed

gently either by pipetting up and down in T-flasks and well plates or by gently massaging

the bag in gas-permeable bags. To perform the cell count, 200 μL of the sample was

taken after mixing the cell suspension and transferred to a 1.5 mL Eppendorf tube.

The sample was then immediately taken for analysis, where Via-1 Cassette containing

acridine orange and DAPI was used with the NucleoCounter to determine the cell count

and viability. The automated cell counter calculated the number of cells and viability

based on captured images. After the cell count, the images were checked to ensure the

absence of bubbles in the sample. If a bubble was observed, another sample was taken

with a new Via-1 Cassette.

The fold expansion was calculated using the equation below:

Fold Expansion =
VCCi×Vi

VCC0×V0
(2.4)

where VCCi and Vi are the viable cell concentration and volume of cell culture at ti,

respectively. where VCC0 and V0 are the viable cell concentration and volume of cell

culture at t0, respectively.
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2.5.2 Metabolite Analysis

To analyse different metabolites such as glucose, lactate, ammonia and glutamine, 0.5

mL of spent medium was taken throughout the cell culture. The samples were stored

at -20◦C for a maximum of two months. Before analysing the metabolites, the sam-

ples were thawed in room temperature and vortexed to ensure well-mixed samples were

loaded into the Cubian HT270 medium analyser. After media analysis, the specific con-

sumption rate or production rate for each metabolite was calculated using the following

equations:

qMet (g/cell.h) =
ci–1 – ci
IVCCi

(2.5)

Where ci is the concentration of the metabolite in the cell culture sample at ti and ci–1

is the concentration of the metabolite in the cell culture sample at ti–1. The IVCC was

calculated as below:

IVCC (cells/mL/h) =
xi+xi–1

2
× (ti – ti–1) (2.6)

Where xi is the viable cell concentration at ti and xi–1 is the viable cell concentration at

ti–1.
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The lactate yield from glucose was calculated as below:

YLac/Gluc =
qLac
qGluc

(2.7)

Where qGluc is the specific consumption rate of glucose, qLac is the specific production

rate of lactate.

2.5.3 Phenotypic characterisation

Different flow cytometry panels were designed and used to characterise T cells. All flow

cytometry data were analysed using FlowJo v10 software.

2.5.3.1 Extracellular marker staining protocol

For antibodies cocktail preparation, 50 μL of BD Horizon Brilliant stain buffer was

added to an Eppendorf tube. Each fluorescent reagent at the recommended volume per

test as determined in titration was added and mixed well with Briliant stain buffer. BD

stain buffer was added to make up the volume of antibody cocktail to 90 μL per test. To

stain a sample of cells, 0.5 – 1.0×106 cells were transferred to an Eppendorf tube. The

sample volume was centrifuged at 400 g for 5 minutes at room temperature. The pellet

was then resuspended in 1 mL BD stain buffer and centrifuged again. Following the

last wash, the supernatant was removed, and the pellet was resuspended in 50 μL of BD

stain buffer. 2.5 μg of Human BD Fc Block was added to each sample and incubated at
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room temperature for 10 minutes. Following the FC blocking step, 90 μL of antibody

cocktail prepared previously (as explained above) was added to each tube. The mixture

was then incubated over ice for 30 minutes. After incubation, the sample was washed

twice with minimum 1 mL of BD stain buffer. The sample was kept at +4◦C in the

fridge and analysed within the next 2 hours. If the sample had to be analysed after 24

hours or overnight, fixing procedure was performed. Following, two washes, the stained

cells were resuspended in the 2% paraformaldehyde solution and incubated on ice for

15 minutes, Following the fixation, the cells were washed once, resuspended in BD stain

buffer and stored at +4◦C until analysed.

2.5.3.2 Memory panel

To characterise memory cells, two panels were designed; The first 9 markers panel was

designed to characterise T naive cells (TN), T memory stem cells (TSCM), T central

memory cells (TCM), T effector memory cells (TEM) and T terminally effector cells

(TTE). The second panel was a reduced version of the first panel with only 5 markers,

and was used when T memory stem cells characterisation was not needed.

2.5.3.3 Exhaustion panels

In order to measure the expression of different exhaustion markers, including PD-1 and

LAG-3, two panels were designed. Exhaustion Panel 1 consists of CD3 BUV395, CD8+

BUV737, CD4 BUV805, LAG-3 AF647, whereas exhaustion panel 2 consists of CD3
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Table 2.7: 9-colour flow cytometry panel to characterise different CD8+ phenotypes, including
T Memory Stem Cell.

Memory Panel 1 CD8+ Characterisation
Marker Colour/Format Clone TN TSCM TCM TEM TTE
CD3 BUV395 SK7 + + + + +
CD8 BUV737 SK1 + + + + +
CD4 BUV805 SK3 - - - - -
CCR7 BV421 150503 + + + - -
CD45RO PE-Cy7 UCHL-1 - - + + -
CD27 BV786 L128 +
CD45RA FITC HI100 -
CD95 PE DX2 +
CD62L APC Dreg-56 +

Table 2.8: 5-colour Flow cytometry panel to characterise different CD8+ phenotypes.

Memory Panel 2 CD8+ Characterisation
Marker Colour/Format Clone TN TCM TEM TTE
CD3 BUV395 SK7 + + + +
CD8 BUV737 SK1 + + + +
CD4 BUV805 SK3 - - - -
CCR7 BV421 150503 + + - -
CD45RO PE-Cy7 UCHL-1 - + + -
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BUV395, CD8+ BUV737, CD4 BUV805 and PD-1 PE.

2.5.3.4 Transduction efficiency

In order to measure the transduction efficiency on CD4+ and CD8+ T cells, the follow-

ing panel was used: CD3 BUV395, CD8+ BUV737, CD4 BUV805, CD34 (QBEND/10)

PE. The CAR construct used in this thesis has RQR8, which is recognised by QBEND/10

anti-CD34 mAb.The level of CD34 expression was therefore used to measure the level

of CAR expression on T cells.

2.5.4 Intracellular staining

In order to measure the intracellular cytokine level of T cells, non-specific stimulation

protocol with PMA and Ionomycin was used. First of all, a blocking solution was

prepared; 1 μL of Golgi plug and 0.7 μL of Golgi stop was mixed in 198.3 μL of PBS

to make a blocking solution. 20 μL of this solution was added to each well in a 96-

well plate. For samples preparation, T cells were centrifuged at 400g for 5 minutes and

resuspended in the cRPMI 1640 medium to achieve 107 cells/mL. 100 μL of the cells

containing 106 cells were added to each well. In order to activate the T cells, appropriate

amount of PMA and Ionomycin were added to achieve the final concentration of 10

ng/mL and 1.0 μg/mL, respectively in 200 μL in each well. 10 μL of anti-human CD107a

PE antibody was added to each well, and the volume of each well was adjusted to 200

μL with PBS. The mixture was incubated for 5 hours in a 5% CO2 and 37◦C incubator.
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2.5.4.1 Intracellular staining protocol

Following the incubation step at the end of the stimulation protocol, the samples were

washed and stained with extracellular staining protocol. The following extracellular

antibodies were used extracellular staining: CD3 BUV395, CD8+ BUV737, CCR7

BV421. After the extracellular staining, the following steps were taken for intracellular

staining. First of all, the cells were resuspended in 250 μL of BD Fixation/permeabilisation

solution for 20 minutes at +4◦C. The cells were then washed twice in 1x BD Perm/Wash

buffer (1 mL minimum per sample). The cells were then resuspended in 50 μL of BD

Perm/Wash buffer containing a predetermined concentration of fluorochrome-conjugated

anti-cytokine antibodies as per vendor’s instructions. The following intracellular anti-

bodies were used: TNF–α AF488, IL-2 PE, IFN–γ APC. The mixture was incubated

on ice for 30 minutes. The samples were washed twice with BD Perm/Wash buffer (1

mL minimum per sample). The cells were then resuspended in BD staining buffer and

analysed on the flow cytometer.

76



2.6 Statistical analyses

Data analysis was performed using GraphPad Prism 7. All results are presented as Mean

± Standard Deviation. One-way analysis of variance (ANOVA) was used to analyse

whether there is a significant difference between the means of three or more unrelated

groups. One-way ANOVA was only used where the effect of one factor was assessed

between different groups. t-test was used to compare the mean of two different group

to assess whether there is significant difference. A two-way ANOVA was used to assess

whether there are interactions between two independent factors. For further analysis

and to compare different groups, Tukey’s multiple comparison tests was used following

two-way ANOVA test. The confidence interval used for all the data, unless otherwise

stated in the figure legend, was 95% (P< 0.05) for *, 99% (P< 0.01) for ** and 99.9%

(P< 0.001) for ***. Normal distribution and homogeneity of variances between groups,

the two key assumptions for ANOVA tests, were performed before analysing data using

Shapiro-Wilk normality test and Levene’s test.
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Chapter 3

Effect of Glucose, Pyruvate and

Fatty Acids on T cells

3.1 Introduction

With CAR-T therapy emerging as a successful treatment for different kinds of cancers,

a wide range of serum-free media were developed to accommodate the need for clini-

cal manufacturing of T cell therapies. A successful CAR-T cell manufacturing process

requires medium formulations that produce enough cells for a therapeutic dose without

sacrificing the quality of the end product. The quality of CAR-T cells could be charac-

terised by the phenotypic composition of T cells. Several researchers have found that the

number of CAR-T cells with memory phenotype in the end product is highly correlated
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with improved clinical outcome (Lipp et al., 1999; Gattinoni et al., 2005; Louis et al.,

2011; Kochenderfer et al., 2017; Fraietta et al., 2018). Therefore, different strategies

were developed to maintain or increase the number of memory cells in CAR-T products

(explained in Section 1.4.3).

T cell metabolism is coupled with T cell function and differentiation. Also, differ-

ent T cell subsets preferentially use different pathways; memory subsets rely preferen-

tially on OXPHOS, whereas effector cells primarily utilise glycolysis (R. Wang et al.,

2011; Michalek et al., 2011; Pearce et al., 2009). Therefore, the availability of essen-

tial nutrients required for different metabolic pathways would have an impact on T cell

expansion, differentiation and the final phenotypic composition. In this chapter, it was

assessed how by modulating the provision of key metabolites in the culture medium,

the phenotypic composition of T cells could be manipulated and skewed toward central

memory subset. The metabolites assessed in this section are glucose, pyruvate and fatty

acids. These metabolites are considered essential for T cell expansion and are some

of the critical inputs into the major metabolic pathways, including glycolysis and OX-

PHOS (as explained in Section 1.4). Understanding the effect of these metabolites on T

cell quality will allow designing new medium formulations or adjusting feeding strategy

to improve the manufacturing of T cell therapies.
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3.2 Experimental procedure

Different RPMI 1640 media with various concentrations of glucose, sodium pyruvate

and fatty acids were prepared and tested in this chapter. The detailed compositions of

the media used in this chapter were provided at the beginning of each experiment.

The following T cell activation and expansion protocol was used in this chapter. T

cells were seeded at a density of 500,000 cells/mL in 1 mL of different media in 12-

well plate and placed in a 37◦C and 5% CO2 incubator. T cells were stimulated with

anti-CD3/anti-CD28 Dynabeads at three beads to one cell ratio as suggested by different

manufacturing protocols (David L Porter et al., 2006; Brentjens et al., n.d.[b]; Tumaini

et al., 2013a; Cameron J Turtle et al., 2016; N. Singh et al., 2016). Regarding cytokine,

the combination of IL-7 (25 ng/mL) and IL-15 (10 ng/mL) was used to supplement the

media as suggested by N. Singh et al. (2016), Cha et al. (2010), Cieri et al. (2013), and

Xu et al. (2014). For feeding, unless otherwise stated, the fresh medium containing the

cytokines was added on day 3, 6 and 7. The dilution ratio of 1:1 was used for feeding,

which means the volume of the cell culture was doubled with fresh medium on feeding

days. The cells were harvested on day 8. The fold expansion and viability were assessed

by using the NC-3000 cell counter. The composition of T cells was assessed by flow

cytometry using either flow cytometry panel 1 or 2 (Section 2.5.3). For more detailed

procedure for analytical assays, please refer to Section 2.5.
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3.3 Results: effect of media metabolites on T cells

This first experiment was designed to: 1) investigate the effect of glucose, sodium pyru-

vate and fatty acids on T cells and 2) to assess whether it is possible to redirect T cell

differentiation through targeting metabolism via nutrient availability in the medium.

3.3.1 Glucose & pyruvate

Glucose is the main input to the glycolysis pathway, whereas pyruvate is one of the

products of glycolysis and one of the inputs to the TCA cycle (J. M. Berg et al., 2012).

Here, it was hypothesised that by limiting glucose but providing pyruvate, T cells would

not have key metabolites to carry out glycolysis but can use the exogenous sodium

pyruvate to fuel the TCA cycle, OXPHOS and glucogenesis. Glycolysis is the primary

pathway used by effector T cells, whereas, memory cells preferentially use OXPHOS

(Windt et al., 2012; Pearce et al., 2013a; Chang et al., 2013; O’Sullivan et al., 2014a).

Using this approach, the level of differentiated effector cells or memory cells can be

altered. To test this hypothesis and to elucidate the role of glucose and sodium pyruvate

in the activation and expansion of T cells, four different combinations of glucose and

sodium pyruvate were tested (Table 3.1). To create these combinations, RPMI 1640

medium without glucose was used. The medium was first supplemented with 10%

FBS, 2mM of L-glutamine and 1% Antibiotic-Antimycotic solution and then different

concentrations of glucose and sodium pyruvate were added (Table 3.1).
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Table 3.1: The table shows four conditions with different combinations of glucose and sodium
pyruvate tested in this section.

Condition Glucose (11mM) Sodium pyruvate (2mM)
1 + +
2 - +
3 + -
4 - -

3.3.1.1 Growth kinetics

T cells from four healthy donors were activated and expanded in 4 different media con-

ditions (Table 3.1. The fold expansions achieved after eight days are shown in Figure

3.1 (a). Similar fold expansions were achieved in the conditions where glucose were

present, regardless of sodium pyruvate presence. Lack of glucose in the medium had a

significant impact on the fold expansion; The fold expansion of T cells cultured in the

media with no glucose but with sodium pyruvate (4.3 ± 0.6) was significantly lower

(P < 0.05) than T cells cultured in the media with both glucose and sodium pyruvate

(19.4 ± 4.2). Similarly, the absence of glucose in the medium without sodium pyruvate

resulted in a significantly lower (P< 0.05) fold expansion of 2.8 ± 0.6.

Figure 3.1 (b) shows the viability of T cells post eight days of expansion in different

media. High viability (> 90%) was achieved in glucose-containing media, regardless

of sodium pyruvate presence. Lower viability of 80.6% ± 3.6 and 79.7% ± 4.6 were

achieved by glucose-deprived T cells in the presence and absence of sodium pyruvate,

respectively. This result indicates that the presence of glucose in the medium is the main

contributing factor to the viability achieved after expansion.
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Figure 3.1: Fold expansion (a) and viability (b) of primary T cells after eight days of expansion
in different media with different combinations of glucose and sodium pyruvate concentrations.
Glucose (+) media contains 11mM of glucose, whereas sodium pyruvate (+) media contain 2mM
of sodium pyruvate. Glucose (-) and sodium pyruvate (-) media contain no glucose and sodium
pyruvate, respectively. Mean ± SD, 4 healthy donors are shown. Statistical comparisons were
performed using one-way ANOVA followed by Tukey’s multiple comparison tests.

3.3.1.2 Immunophenotypic Analysis

Figure 3.2 shows the ratio of CD4+ to CD8+ T cells at the end of eight days of expansion

in different media. The CD4:CD8 ratio achieved in glucose-deprived T cells in presence

and absence of sodium pyruvate were 3.6 ± 0.7 and 3.2 ± 0.5, which is significantly

higher (P< 0.05) than the control condition (1.8± 0.8) where both glucose and sodium

pyruvate were present. From this result, it is evident that the lack of glucose in the

media increases CD4:CD8 ratio, whereas sodium pyruvate had no significant impact of

CD4:CD8 ratio.

Furthermore, subsets of cytotoxic T cells were assessed by flow cytometry in or-

der to compare the subsets of CD8+ T cells. Figure 3.3 shows the percentages of T

Stem Cell Memory cells (TSCM), T central memory (TCM), T effector memory (TEM)
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Figure 3.2: CD4:CD8 ratio of T
cells at the end of eight days ex-
pansion in different media with
different combinations of glucose
and sodium pyruvate concentra-
tions. Mean ± SD, 4healthy donors
are shown. Statistical compar-
isons were performed using one-
way ANOVA followed by Tukey’s
multiple comparison tests.

and T terminally differentiated effector (TTE) cells, based on expression of CCR7+ and

CD45RO+ markers. Interestingly, the phenotypic analysis showed that the composition

of T cells cultured in glucose-free medium was made of significantly high TCM and low

TEM percentages. TCM percentages were 80.3% ± 6.6 and 80.7 % ± 5.2 for T cells ex-

panded in glucose-free medium with and without sodium pyruvate, respectively. These

results were significantly higher compared to the T cells grown in medium containing

both glucose and sodium pyruvate (30.4% ± 9.4). Figure 3.3 (e) and (f) shows mem-

ory markers CD27 and CD62L median fluorescence intensity (MFI) on CD3+ T cells.

The results showed similar CD27 MFI was observed across the different conditions. In

contrast significantly lower (P < 0.001) MFI was observed for CD62L, when T cells

were expanded in glucose deprivation conditions compared to the T cells expanded in

the medium containing glucose.

Collectively, these data suggest that the glucose deprivation conditions produced T

cells enriched with TCM population at the cost of lower fold expansion. The presence of
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sodium pyruvate had no impact on growth and phenotypic data. Although, CD27 MFI

were similar in all conditions, CD62L MFI was decreased in the glucose deprivation

conditions.
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Figure 3.3: Flow cytometry characterisation of CD8+ T cells after eight days expansion. Per-
centages of CD8+ a) T stem cell memory, b) T central memory, c) T effector memory and d) T
terminally differentiated cells. Expression of CD27 (e) and CD62L (f) markers on CD3+ cells
are indicated with MFI. Mean ± SD, 4 healthy donors are shown. Statistical comparisons were
performed using one-way ANOVA followed by Tukey’s multiple comparison tests.
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3.3.2 Fatty Acids

T cell cellular metabolism of fatty acids in two major pathways of fatty acid oxidation

(FAO) and de novo fatty acid synthesis (FAS) is critical for their differentiation and

proliferation (as explained in Section 1.4.2.3). Additionally, Ecker et al. (2018) showed

that T cells uptake exogenous fatty acids in the medium to fuel the OXPHOS. It is

also established that FAO is the preferential metabolic pathway for CD8+ memory T

cells for development and long-term persistence (Pearce et al., 2009; Windt et al., 2012;

Windt et al., 2013). Here, it was assessed whether supplementing the medium with two

different fatty acids, linoleic acid and oleic acid, has an impact on differentiation and

proliferation. For this experiment, the medium for each condition (shown in Table 3.2)

was prepared by supplementing cRPMI 1640 with either 1% linoleic acid (30 μM) or

1% oleic acid (30 μM). The control condition was cRPMI 1640 with no fatty acids.

Table 3.2: The table shows three conditions with different combinations of linoleic acid and
oleic acid tested in this section.

Condition Linoleic acid (30μM) Oleic acid (30μM)
+ Linoleic acid + -
+ Oleic acid - +
Control - -

3.3.2.1 Growth kinetics

Figure 3.4 shows T cell fold expansion achieved over eight days in cRPMI 1640 medium

supplemeted either with linoleic acid or oleic acid. The fold expansion in the medium
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containing linoleic acid (24.8 ± 3.9) or oleic acid (23.7 ± 3.2) was higher than the

control condition (19.4 ± 4.2) but failed to meet statistical significance (P > 0.05).

High viabilities (> 90%) were observed in all the conditions.

The data presented in this section suggests
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Figure 3.4: Fold expansion (a) and viability (b) of primary T cells after eight days expansion in
different media. Control media is cRPMI 1640. +Linoleic acid condition is made of the control
media with 1% linoleic acid, +Oleic acid condition is made of the control medium with 1% oleic
acid. Mean ± SD, 4 healthy donors are shown. Statistical comparisons were performed using
one-way ANOVA followed by Tukey’s multiple comparison tests.

3.3.2.2 Immunophenotypic Analysis

The CD4:CD8 ratio following the eight days culture in different media can be seen

in Figure 3.5. Higher CD4:CD8 ratio was achieved, when linoleic acid was present

in the medium compared to the control (3.0 ± 0.8 vs 1.8 ± 0.8). Supplementing the

medium with oleic acid did not affect CD4:CD8 ratio. Flow cytometry analysis of

subsets of CD8+ T cells on day eight is presented in Figure 3.6 (a-d). No significant
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Figure 3.5: CD4:CD8 ratios of T cells at the
end of 8 days expansion in presence of either
linoleic acid or oleic acid or glycerol. Mean
± SD, 4 healthy donors are shown. Statisti-
cal comparisons were performed using one-way
ANOVA followed by Tukey’s multiple compar-
ison tests.

difference was observed on CD8+ T SCM population percentage in different media. The

percentage of T CM subset of cytotoxic T cells was significantly higher (P < 0.05) in

media supplemented with either linoleic acid (47.1 % ± 2.9) or oleic acid (47.4 % ±

2.7) compared to the control medium (30.4 %± 9.4). On the other hand, the percentage

of CD8+ T EM was significantly lower (P< 0.05) in presence of linoleic acid (49.9 %±

4.3) and oleic acid (50.0 ± 3.9). No significant difference was observed in CD8+ T EM

(%) across different media. MFI of CD27 and CD62L markers are presented in Figure

3.6 (e,f). No significant difference was observed comparing CD27 and CD62L MFI.

These findings suggest that supplementing the medium with linoleic acid or oleic acid

improved the growth of T cells and increase the TCM population in the final product.

89



+L
ino

lei
c ac

id

+O
lei

c ac
id

Con
tro

l
0

1

2

3

4

C
D

8
+

T
T

E
(%

)

+L
ino

lei
c ac

id

+O
lei

c ac
id

Con
tro

l
40

50

60

70

80

90

C
D

8
+

T
E

M
(%

) *
*

+L
ino

lei
c ac

id

+O
lei

c ac
id

Con
tro

l
0

20

40

60

C
D

8
+

T
C

M
(%

)

*
*

+L
ino

lei
c ac

id

+O
lei

c ac
id

Con
tro

l
0.1

1

10
C

D
8

+
T

S
C

M
(%

)

+L
ino

lei
c ac

id

+O
lei

c ac
id

Con
tro

l
0

2000

4000

6000

C
D

2
7

M
F

I

+L
ino

lei
c ac

id

+O
lei

c ac
id

Con
tro

l
0

200

400

600

800

1000

C
D

6
2

L
M

F
I

(a) (b)

(c) (d)

(e) (f)

Figure 3.6: Flow cytometry characterisation of CD8+ T cells after eight days expansion in
different media in presence of either linoleic acid or oleic acid or glycerol. Percentages of
CD8+ a) T stem cell memory, b) T central memory, c) T effector memory and d) T terminally
differentiated cells. Expression of CD27 (e) and CD62L (f) markers on CD3+ cells are indicated
with MFI. Mean ± SD, 4 healthy donors are shown. Statistical comparisons were performed
using one-way ANOVA followed by Tukey’s multiple comparison tests.
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3.4 Results: Developing a new feeding strategy

In Section 3.3.1, it was observed that expansion and activation of T cells in glucose-

free medium resulted in central memory enriched T cell product. In this section, a

new set of experiments was designed to: 1) verify the previous results in Section 3.3.1,

where high central memory percentage was achieved in absence of glucose, 2) assess

the impact of different concentrations of glucose in the medium on T cells, 3) evaluate

the functionality of glucose-deprived T cells, 4) explore different feeding strategies to

improve the fold expansion achieved in the glucose-free medium, while maintaining a

high percentage of central memory T cells.

3.4.1 Glucose titration

Media with different glucose concentrations were prepared by varying the glucose level

between 0mM and 25mM in a glucose-free RPMI 1640 (supplemented with 10% FBS,

2mM L-glutamine, 1% Antibiotic-Antimycotic solution). Negatively isolated pan T

cells were then activated and expanded in different glucose concentrations. The same

medium used for inoculation of each condition was used for the feeding of the T cells

during eight days of expansion.

Additionally, the feeding strategy used in this section was slightly adjusted. The

previous feeding strategy (1:1 dilution on day 3,5,7) was applied to both glucose-free

and glucose-containing conditions. This could potentially reduce cell density (per vol-
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ume and per surface area) of T cells in glucose-free media after every feeding, as

the growth of T cells in glucose deprivation conditions were significantly lower than

glucose-containing conditions. Therefore, a new adjusted feeding strategy was designed

to minimise over-diluting slow-growing glucose deprived T cells, while maintaining

enough nutrients for the fast-growing T cells. In the new adjusted feeding, on day 5 and

7, pseudo-perfusion feeding was performed, where 1 mL of supernatant was aspirated

carefully from each well without disturbing the cell aggregates. The supernatant was

then replaced with fresh medium.

3.4.1.1 Growth kinetics

Figure 3.7 (a,b) shows the mean fold expansion and viability achieved by three healthy

donors after eight days of expansion in different glucose concentrations. Similar fold

expansion was achieved in the media with 5mM, 11mM and 25mM glucose concentra-

tion (16.8 ± 7.4, 17.2 ± 2.4, 17.3 ± 2.9, respectively). On the other hand, significantly

(P < 0.05) lower fold expansion (2.9 ± 0.5) was observed in T cells expanded in glu-

cose deprived medium. Likewise, the viability of T cell expanded in glucose-free media

on day eight was significantly lower (P< 0.001) than other conditions.

3.4.1.2 Immunophenotypic Analysis

Figure 3.7 (c) shows the CD4:CD8 ratio of the final products. Similar CD4:CD8 ratio

was observed in medium supplemented with 5mM, 11mM and 25mM glucose. In the
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Figure 3.7: Fold expansion (a), Viability (b), CD4:CD8 ratio (c) and the percentage of CD8+
TCM (d) after expansion in RPMI1640 media supplemented with different glucose concentra-
tions (0, 4, 11, 25mM). Mean ± SD, 3 healthy donors are shown. Statistical comparisons were
performed using one-way ANOVA followed by Tukey’s multiple comparison tests.
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glucose deprivation condition, higher CD4:CD8 ratio was observed. TCM population of

cytotoxic T cells is shown in Figure 3.7 (d), where significantly higher TCM percentage

was achieved in the final product when T cells were cultured in glucose-free medium

compared to other conditions. No significant differences (P> 0.05) were observed be-

tween the cells grown in medium supplemented with 5mM, 11mM and 25mM glucose.

3.4.2 Non-specific stimulation of T cells

To better understand of the functional characteristics of T-cells expanded in the glucose-

free medium or 11mM glucose concentration medium, the production of IL-2, IFN-

γ, TNF-α and the degranulation of CD107a were measured by intracellular cytokine

staining. Central memory-enriched T cells produced in glucose deprivation condition

were stimulated with non-specific reagents, PMA and Ionomycin for 5 hours in the

cRPMI 1640 (with 11mM of glucose). The cRPMI 1640 medium containing glucose

was used to resemble the in vivo environment. More details on stimulation protocol

and intracellular staining can be found in Section 2.5.4. The gating strategy used in this

section can be found in Section A.1.

In order to compare the level of cytokines produced in each condition, MFI of IL-2,

IFN-γ, TNF-α and CD107a were measured and averaged after gating on CD3+ T cells

(Figure 3.8). Interestingly, T cells expanded in glucose-free media exhibited signifi-

cantly higher (P< 0.05) IL-2 MFIs than the control medium containing 11mM glucose.
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Figure 3.8: Mean fluorescence in-
tensity of each cytokine produced
by CD8+ T cells following non-
specific stimulation are shown. Data
representing results from 3 healthy
donors are shown as Mean ± SD.
Statistical comparisons were per-
formed using multiple t-tests.

Regarding IFN-γ and TNF-α, higher MFI were observed in the glucose deprivation

condition compared to the control; however, they failed to meet statistical significance

(P < 0.05). Similar degranulation was observed in both conditions. These findings re-

vealed that effector functions of T cells represented by the production of IL-2, IFN-γ,

TNF-α and the degranulation of CD107a were not impaired as the result of expansion

in glucose-free media.
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3.4.3 New feeding strategy

A new feeding strategy for T cell expansion was tested. In this feeding strategy, T cells

were exposed to different glucose concentrations throughout the expansion period. The

objective of this experiment was to assess whether fold expansion can be improved while

maintaining high TCM portion in the final product by varying the glucose concentration

in the medium at different stages of expansion. Activation of T cells require glucose

to fuel both glycolysis and OXPHOS pathways after TCR stimulation (Chang et al.,

2013). Here, it was investigated whether by providing enough glucose for activation

(the first three days) and then exposing the T cells to glucose-deprivation during the

expansion period (next five days), the absolute number of central memory T cells can be

improved in the final product, compared to using glucose-free media for both activation

and expansion periods.

Four different conditions were assessed in this experiment (Table 3.3). Control con-

ditions used for this experiment were T cells activated and expanded for eight days

in glucose-free media (Condition 1) and the RPMI 1640 medium with 11mM glucose

concentration (Condition 3). In condition 2, T cells were activated and expanded in the

glucose-free RPMI 1640 medium for the first three days; Then the cells were fed with

the RPMI 1640 medium with 11mM glucose concentration for the next five days. In

condition 4, T cells were seeded and activated in the RPMI 1640 medium with 11mM

glucose concentration for the first three days; Then, T cells were fed using glucose-
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Table 3.3: The table shows four conditions tested in this section. The eight days of cell culture
was divided into two periods; activation period (day 0-3) and expansion period (day 3-8). The
table shows whether the medium used for feeding in each period in each condition contained
glucose.

Glucose presence in the medium
Condition Activation period (day 0-3) Expansion period (day 3-8)
1) 0mM - -
2) 0mM→ 11mM - +
3) 11mM + +
4) 11mM→ 0mM + -

free the RPMI1640 for the next five days. Similar feeding time points and strategy, as

explained in 3.4.1 were used in this section.

Fold expansion and viability in the final products for the different conditions are

shown in Figure 3.9 (a) and (b). The fold expansion achieved in condition 2 was 9.6 ±

3.1 which was significantly higher (P < 0.05) than condition 1 but significantly lower

(P< 0.01) by 44% than condition 3. The fold expansion on day 8 in condition 4 was 6.8

± 0.7 which was 135% higher than condition 1, but significantly lower (P< 0.01) than

condition 3. The final viability in condition 4 was 79.3 % ± 4.0, similar to the viability

of condition 1 (78.7 % ± 3.0). Whereas, the viability of T cells in condition 2 was

84.9 % ± 1.4, relatively lower than condition 3 (91.8 ± 0.9), although not significantly

(P> 0.05).

The average of CD4:CD8 ratios achieved on day 8 were 3.6 ± 2.0 and 2.7 ± 1.5

for condition 2 and 4, respectively, which were higher than condition 3 with 11mM

glucose concentration but lower than glucose deprivation condition (condition 1). Inter-
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Figure 3.9: Fold expansion (a), Viability (b), CD4:CD8 ratio (c) and the percentage of CD8+
TCM (d) after eight days expansion. In conditions 2 and 4, the feeding medium used was switched
on day three. Data are shown as Mean ± SD for 3 healthy donors. Statistical comparisons were
performed using one-way ANOVA followed by Tukey’s multiple comparison tests.
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estingly, similar portion of less differentiated CD8+ TCM was achieved in condition 1

and condition 4 (72.6 %± 12.7 vs 70.3 %± 5.4). On the other hand, significantly lower

(P < 0.05) CD8+ TCM percentages of 25.1% ± 2.0 and 34.9% ± 8.2 were achieved in

conditions 2 and 3, respectively.

99



3.5 Discussion

Metabolic reprogramming during T cell activation has been associated with T cell func-

tionality and persistence (Cham et al., 2008; Jacobs et al., 2008; Marko et al., 2010;

R. Wang et al., 2011). This metabolic reprogramming was previously reviewed in Sec-

tion 1.4.1, where the importance of some of the essential metabolites for T cells was

highlighted. A better understanding of how different essential nutrients in the cell cul-

ture medium affect the cell growth and phenotype can lead to the development of an

optimised cell culture medium and designing of efficient feeding strategy for CAR-T

therapy manufacturing with focus on improving the quality of final products. As pre-

viously explained (Section 3.1), several studies have demonstrated that one of the key

contributing factors to improving the quality of CAR-T therapies is the presence of high

number of memory cells in the final product (Lipp et al., 1999; Gattinoni et al., 2005;

Louis et al., 2011; Kochenderfer et al., 2017; Fraietta et al., 2018). Therefore, in this

chapter, a series of experiments were conducted to study whether by supplementing

or restricting key nutrients in the cell culture medium, a T cell product enriched with

memory cells could be produced.

3.5.1 Glucose and pyruvate

Glucose is an essential metabolite for T cells and the primary input to the glycolysis

pathway. Multiple studies have observed elevated glucose metabolism and glycolysis
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after stimulation of T cells in both murine and human systems (Kenneth A Frauwirth et

al., 2002b; Gubser et al., 2013; Dziurla et al., 2010; Renner et al., 2015). The increased

glucose uptake is channelled to increase glycolysis (Warburg effect) and to produce

lactate from pyruvate, despite the presence of enough oxygen for OXPHOS to occur

Warburg (1956) and MacIver et al. (2013). Following T cell activation, different T

cell subsets acquire metabolic reprogramming to support specific function (MacIver

et al., 2013). Effector T cells are highly glycolytic to support their pro-inflammatory

cytokine production (R. Wang et al., 2011; Michalek et al., 2011). In contrast, memory

cells and Treg cells utilise FAO as a primary metabolic pathway to support their long-

term persistence (Michalek et al., 2011; Pearce et al., 2009). Here, it was assessed

whether it is possible to limit the formation and proliferation of effector T cells by

glucose restriction, while allowing the memory cells development and survival.

The results in this study (Figure 3.1, 3.7) showed that growth of T cells was signifi-

cantly impaired in conditions where glucose was absent in the cell culture media. Sim-

ilarly, the viability of T cells cultured in the glucose-free media was lower than T cells

cultured in the media containing glucose. The presence of glutamine and pyruvate did

not rescue lower viability and cell growth in glucose deprivation condition by providing

an input to TCA cycle and consequently mitochondrial metabolism, or potentially by

fuelling glucogenesis and providing key intermediates produced during glycolysis.

Several studies have investigated the effect of glucose deprivation on mammalian
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cells (Cham et al., 2005; Graham et al., 2012; Sena et al., 2013). Similar results to

the ones presented in this chapter were observed in Sena et al. (2013) study, where the

addition of glutamine or pyruvate failed to improve the viability and proliferation due

to glucose deprivation. Interestingly, Renner et al. (2015) observed that glucose depri-

vation did not affect activation markers, including CD25 and CD95, whereas addition

of 2-Deoxy-D-glucose (2DG) significantly reduced the activation markers expression

(Renner et al., 2015). 2DG is a glucose analog, which suppresses glycolysis by inhibit-

ing hexokinase 2, an enzyme that catalyses the first step of glycolysis. Renner et al.

(2015) suggested that 2DG potentially affects mitochondrial integrity in addition to gly-

colysis, inhibiting T cell metabolism more compared to glucose deprivation. Therefore,

it was argued that glucose deprivation could be compensated by increased OXPHOS

and potentially glucogenesis, whereas the 2DG treatment blocks both glycolysis and

OXPHOS pathways.

Another study showed that reduced proliferation and viability were observed in

GLUT1-deficient T cells, due to lack of glucose transportation into the cells (Mac-

intyre et al., 2014). The suggested underlying mechanisms for suppressed prolifer-

ation were the lack of essential nutrients to support biosynthesis and increased lev-

els of phspho-AMPK (adenosine monophosphate-activated protein kinase). Increased

phospho-AMPK suppresses the mammalian target of rapamycin complex 1 (mTORC1)

signalling (Macintyre et al., 2014). mTORC1 activity drives T cell differentiation and
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proliferation (Araki et al., 2009). Lack of G6P produced through glycolysis results in

reduction of the pentose phosphate pathway activity (Wellen et al., 2010). Activated T

cells use the pentose phosphate pathway to generate ribose sugar for the synthesis of

nucleotides and amino acids and to reduce the cellular level of reactive oxygen species

to increase cell survival (J. M. Berg et al., 2012). Therefore, the suppressed proliferation

observed in glucose deprivation condition is potentially due to the lack of biosynthesis

mainly supported by glycolysis pathway and the inhibition of mTORC1 activity.

The absence of glucose resulted in significantly higher CD4:CD8 ratio in the final

T cell product, indicating that CD4 cells adapt better to glucose restriction compared to

CD8 T cells (Figure 3.2, 3.7). The high CD4:CD8 ratio observed in glucose depriva-

tion condition is potentially due to the difference in metabolic reprogramming between

CD4+ and CD8+ T subsets. Both CD4+ and CD8+ T cells adopt aerobic glycolysis

after stimulation to provide a high level of ATP in a short period to boost proliferation

(Miller et al., 1994). Interestingly, CD4+ T cells have a higher proliferation rate, gly-

colytic activity and mitochondrial oxidative metabolism upon activation, compared to

CD8+ T cells (Renner et al., 2015; Cao et al., 2014). Sena et al. (2013) showed that mi-

tochondrial metabolism could support the activation of CD4+ T cells measured by the

expression of CD25 and CD69 marker in the absence of glucose. The likely explanation

for high CD4+ to CD8+ ratio observed in the results in glucose deprivation conditions

is that CD4+ T cells have higher metabolic plasticity than CD8+ T cells and do not rely
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on glucose metabolism as much as CD8+ T cells. Thus, helper T cells can compensate

the lack of glucose metabolism by using their greater mitochondrial content and spare

respiratory capacity to generate ATP (Cao et al., 2014). Our results also showed that

the presence of pyruvate in the cell culture medium did not affect the CD4 to CD8 ra-

tio in glucose deprivation condition (Figure 3.2). This suggests that CD4+ T cells are

potentially using other metabolites in the cell culture medium such as glutamine to fuel

their OXPHOS cycle. Higher CD4+ plasticity and adaptation to glucose-free medium

was further supported from the results when the cell culture media was switched from

glucose-free to the medium containing 11mM glucose after three days or vice versa

(Figure 3.9), higher CD4:CD8 ratio was observed compared to T cells expanded in

glucose-containing medium from the beginning.

Further analyses into CD8+ T cells subsets showed that glucose deprivation resulted

in significantly higher CD8+ TCM and lower CD8+ TEM in the final product (Figure

3.3). Different subsets of T cells primarily use specific metabolic pathway; Effector

cells highly rely on glycolysis to produce inflammatory cytokines (Chang et al., 2013).

Effector T cells are highly glycolytic, but also use mitochondrial metabolism for prolif-

eration (Sena et al., 2013; Almeida et al., 2016). On the other hand, memory cells have

increased spare respiratory capacity and use OXPHOS and FAO to fuel their mainte-

nance and survival (O’Sullivan et al., 2014b). Interestingly, as discussed in Section 1.4,

memory cells primarily use Acetyl-CoA to fuel FAS and FAO rather than extracellular
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fatty acids (O’Sullivan et al., 2014b). The results presented in this chapter indicated

that in the absence of glucose in the medium, memory cells could still be developed. In

this study, the presence of sodium pyruvate also did not impact the phenotypic compo-

sition of the memory compartment in the glucose deprivation conditions. This suggests

that either not enough sodium pyruvate was supplemented in the medium to observe its

effect or bypassing glycolysis to TCA cycle via uptaking extracellular pyruvate has no

role in the generation of memory cells.

It is not conclusive from the results, whether glucose deprivation just inhibited the

generation of effector cells or promoted the development of memory cells or both sce-

narios. Further studies would be required to investigate how glucose deprivation resulted

in the final T cell product enriched in memory cells. Similar to the results presented,

Sukumar et al. (2013) study demonstrated that augmenting the glycolytic flux by using

glucose analog and glycolysis inhibitor, 2DG, throughout the activation and expansion

periods resulted in inhibition of terminally differentiated T cells and preservation the of

memory T cells in murine systems, characterised by CD62L and CD27 expression.

Furthermore, the results presented in Figure 3.3 (e,f) showed that the expression of

CD62L was significantly reduced (P < 0.05) on T cells grown in glucose deprivation

conditions. In contrast, (Sukumar et al., 2013) observed a high expression of CD62L

marker on 2DG treated T cells. CD62L, another major lymph node homing receptor,

can help to identify memory subsets. CD27, a member of the tumour necrosis factor
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receptor family, is another receptor used to characterise central memory T cells. Dif-

ferent groups have used a different combination of CCR7, CD62L and CD27 markers

to characterise central memory and effector memory CD8+ T cells. In this doctoral

thesis, CCR7+ expression has been used alone to distinguish between central memory

and effector memory cells. CD62L and CD27 markers were only used to identify the

recently found subset of T cells, known as TSCM (Gattinoni et al., 2009). Unsoeld et al.

(2005) suggested that using the combination of memory markers such as CD62L and

CCR7 to characterise central memory T cells may result in the exclusion of a large part

of central memory T cells which express only one of the central memory markers (e,g,

CD62L-CCR7+ central memory T cells). It is known that CD62L expression is variably

lost with freeze-thaw cycles (Weinberg et al., 2009; Mahnke et al., 2013). However, the

underlying mechanism why T cells in glucose deprivation express a significantly lower

(P< 0.05) amount of CD62L is still unknown.

In the 2-stage feeding experiment (Figure 3.9 (d)), it was showed that by using

glucose-free media to feed T cells in the second half of the cell culture period, similar

percentages of CD8+ subsets but with improved fold expansion were obtained compared

to using glucose-free media throughout the cell culture. Chang et al. (2013) indicated

that both glycolysis and OXPHOS are required for successful stimulation of naive cells.

Activating T cells initially in glucose-containing medium would allow both glycolysis

and OXPHOS to fuel activation. Additionally, glucose-derived citrate can be used for
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de novo FAS and lipid storage, which is also required for FAO in memory T cells (Ecker

et al., 2018; O’Sullivan et al., 2014a). In the 2-stage feeding regime, the glucose-free

media was used for feeding during the expansion period (day 3-8). In this period, only

central memory T cells are metabolically fit to survive the glucose restriction. Therefore,

using the 2-stage feeding regime would improve the fold expansion, while maintaining

the memory phenotype, compared to using glucose-free medium for both activation and

expansion periods.

Furthermore, the capacity of T cells to produce inflammatory cytokines was com-

pared via intracellular cytokine staining of T cells produced either in the control media

or glucose deprivation condition. T cells that were cultured in glucose deprivation con-

dition produced a significantly higher level of IL-2, when stimulated with PMA/ionomycin

(Figure 3.8). Although higher levels of IFN-γ, TNF-α were observed, both failed to

achieve statistically significant differences (P > 0.05). These results indicate that T

cells generated under glucose deprivation condition retain their ability to produce in-

flammatory cytokine. An increased IL-2 secretion observed in the T cells grown in

glucose-free media could be due to a high percentage of memory cells or different com-

position of CD4+ subsets available in the final product of glucose deprivation condition,

compared to the control. However, Renner et al. (2015) showed IFN-γ secretion is sim-

ilar between effector memory and central memory T cells, therefore it is unlikely that

the secretion difference was due to different phenotypic composition of T cells. Further
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investigations will be required in order to determine whether specific T cell ability to

kill cancer cells is enhanced or impaired and to understand the underlying mechanism

for increased inflammatory cytokine secretion.

Several studies have looked into the effect of glucose deprivation associated with

solid tumour microenvironment on T cell effector function. In the murine system, Cham

et al. (2005) and Cham et al. (2008) observed a significant reduction in IFN-γ but no

impact on IL-2 production in glucose deprivation. In human T cells, similar IL-2, TNF-

α and IFN-γ production were observed in presence or absence of glucose after T cell

activation with anti-CD3/anti-CD28, suggesting that glycolytic restriction does not im-

pact cytokine production (Renner et al., 2015). It must be noted that in these studies,

T cells were stimulated in glucose-free media to simulate the in vivo microenvironment

around solid tumours. This is indeed different from the experimental setup presented

in this chapter, where T cells were cultured in glucose-free media and then stimulated

them in glucose containing medium. In addition, different studies have achieved ”glu-

cose deprivation” in two different ways; one group of studies use no glucose in the

medium, whereas the other group use 2DG, an analog of glucose, which blocks glucose

metabolism in a media supplemented with glucose to resemble low glucose availabil-

ity. This is potentially one of the reasons for contradictions in different studies findings

regarding TNF-γ. Renner et al. (2015) suggested that 2DG potentially affects mitochon-

drial integrity in addition to glycolysis, inhabiting T cell metabolism more compared to

108



glucose deprivation. The activation method between different also varies; in this study,

PMA in combination with ionomycin was used, whereas other mentioned studies use

anti-CD3/anti-CD28 antibodies to measure the functionality of T cells. PMA/ionomycin

has been commonly used in immunological research. However, it was shown that the

cytokine profiles observed after stimulation with PMA/ionomycin and anti-CD3/anti-

CD28 are different (Olsen et al., 2013). This factor, in addition to aforementioned

differences, could also contribute to the contradictory difference observed between dif-

ferent studies. Overall, glucose deprivation did not cause irreversible damage to the T

cells to produce cytokines, assessed by non-specific stimulation. Oppositely the glucose

deprived T cells, when stimulated in normal glucose media, exhibited enhanced ability

to secrete cytokines such as IL-2.

3.5.2 Fatty acids

Fatty acids are another group of essential metabolites for naive and proliferating T cells.

Upon T cell activation the balance between FAO and FAS changes, where FAO de-

creases and FAS increases in order to maximise the availability of lipids needed for

membrane synthesis during the rapid proliferation (R. Wang et al., 2011). In this sec-

tion, the effect of two different unsaturated fatty acids, Linoleic and Oleic acids, on T

cell growth and proliferation was assessed. Linoleic acid is a long-chain polyunsatu-

rated omega-6 fatty acid, whereas oleic acid is a short-chain monounsaturated omega-9
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fatty acid (J. M. Berg et al., 2012). The fatty acid metabolism profile of different T cell

subsets is well understood; FAO plays a critical role in CD8+ memory T cells devel-

opment and long-term persistence (Pearce et al., 2009; Windt et al., 2012; Windt et al.,

2013). Interestingly, O’Sullivan et al. (2014a) demonstrated that effector T cells uptake

extracellular FAs significantly higher than memory T cells. O’Sullivan et al. (2014a)

concluded that memory T cells utilise intrinsic lipolysis of triacylglycerol (TAG) to

supplies fatty acids for FAO. In contrast to O’Sullivan et al. (2014a) study, the results

presented in this work showed that the presence of either linoleic acid or oleic acid in the

media increased the CD8+ TCM subset in the final T cell product, suggesting fatty acid

presence in the medium promotes generation of memory cells during T cells expansion.

The results presented suggested a slight increase in CD4:CD8 ratio when linoleic

acid was present in the medium. Angela et al. (2016) also reported that CD4+ memory

cells actively acquire external fatty acids. However, no study reporting a direct compar-

ison between the FA metabolism of CD4+ and CD8+ to explain whether the absence

or presence of FAs in the media provides a favourable condition for a particular subset

has been found. Further investigation will be required to directly compare CD4+ and

CD8+ T cells in regards to FA consumption and oxidation to determine whether fatty

acids promote the growth of CD4+ T cells over CD8+ subsets.
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3.6 Conclusion

In this chapter, the effects of glucose, pyruvate and fatty acids on T cells were assessed.

It was shown that by providing glucose to T cells during activation but exposing them

to glucose deprivation during the expansion period, a T cell product enriched with TCM

subset could be produced. Supplementing the glucose-free medium with sodium pyru-

vate failed to improve the fold expansion. Adding other metabolites to glucose-free

media such as membrane-permeable α–ketoglutarate or succinate to bypass glycolysis

could be considered for further optimising the glucose deprived condition. Also, the

glucose-free medium used in this chapter was supplemented with 10% FBS serum. It

will be important to assess whether this approach is feasible for GMP manufacturing

with the current serum-free media or with human serum.

The T cells produced in the glucose-free medium retain their functionality to pro-

duce inflammatory cytokines. However, whether the specific killing ability of glucose-

deprived T cells is affected remains a question. This is particularly important for trans-

lating this feeding strategy to CAR-T therapies. Further studies are needed to under-

stand, whether a high percentage of central memory T cells generated through this ap-

proach have improved proliferation and persistence capability upon exposure to cancer

cells.

The results presented in this chapter provide a basis for further assessment of the

2-stage feeding strategy with glucose deprivation for the manufacturing of CAR-T ther-
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apies. Translation of this feeding strategy to a bioreactor system also raises a question

on how manufacturing conditions such as dissolved oxygen and pH affect the quality of

CAR-T therapies.
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Chapter 4

Glucose Deprivation Enriches

For Central Memory T Cells

During CAR-T Cell Expansion

4.1 Introduction

The emphasis of ACT manufacturing has been on ex vivo proliferation capability and

producing a high number of cells. However, several pre-clinical studies and clinical

trials have recently suggested that infusion of less-differentiated T cells such as TCM is

highly correlated with greater anti-tumour efficacy (Lipp et al., 1999; Gattinoni et al.,
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2005; Louis et al., 2011; Kochenderfer et al., 2017; Fraietta et al., 2018). Therefore, the

generation of a T cell product enriched with TCM subset remains one of the main aims

in improving CAR-T therapies.

The polyclonal expansion and differentiation of T cells are tightly linked to each

other. As T cells expand and increase in cell number, a large proportion of cells becomes

terminally differentiated (Gerlach et al., 2013). Currently, the clinical manufacturing

primarily focuses on producing a large number of CAR-T cells in order to meet the

requirements for a therapeutic dose; thus the final product normally contains a high

proportion of differentiated cells (Kagoya et al., 2017).

In the previous chapter, a new feeding strategy for T cells was proposed. The 2-stage

feeding approach with glucose-free media consists of feeding T cells with a glucose-

containing medium during the activation stage (first 3 days) and then using glucose-

free media to feed the cells during their expansion. The baseline data was produced

using this approach, where it was shown that a final T cell product enriched with less-

differentiated T cells could be produced.

In this chapter, the feasibility of the 2-stage feeding strategy for manufacturing

CD19-specific CAR-T cells was investigated. The feeding strategy was adopted to

make it suitable for clinical manufacturing of CAR-T therapies and to accommodate the

presence of extra stages such as transduction and lentiviral vector washing and removal.

Then proliferation capability and cytotoxicity of the TCM- enriched CAR-T cells against
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CD19 expressing cancer cells was assessed. Finally, potential manufacturing implica-

tions of this approach to produce CD19-specific CAR-T therapy enriched with TCM in

a GMP clinical setting was discussed.
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4.2 Experimental procedure

CAR-T cells were generated using healthy donor pan T cells and the lentivirus en-

coding the CD19-specific 2nd generation CAR with the 4-1BB costimulatory domain.

The CAR structure and the protocol to produce CAR-lentivirus was described in Sec-

tion 2.3.1. The 2-stage approach tested in the previous chapter was used with a slight

adjustment; T cells were activated and transduced at the first stage (first 4 days) in the

medium containing 2 g/L (11mM) glucose and then CAR-T cells were fed with glucose-

free medium for the second part of the culture period (second 4 days). The duration of

initial glucose deprivation period was increased from 3 days in the previous chapter to

4 days in this chapter to accommodate for the transduction step and its wash step. The

2-stage feeding regime was tested in gas-permeable bags as they are widely used for

the manufacturing of CAR-T therapies (Vormittag et al., 2018). Primary pan T cells

from 6 healthy donors were thawed and rested overnight before seeding in T25 flasks

at 400,000 cells/mL in 10 mL of cRPMI 1640 media containing 2 g/L (11mM) of glu-

cose, 10% FBS, 2mM sodium pyruvate and 1% antibiotic-antimycotic supplemented

with IL-7 (25 ng/mL) and IL-15 (10 ng/mL). After 24 hours co-culture of T cells with

Dynabeads (3:1 bead to cell ratio), the cells were resuspended in lentiviral vector super-

natant and transduced in 6-well plate as detailed in Section 2.2.5. The same batch of

lentivirus was used to exclude lentiviral vector batch-to-batch variability from the ex-

periment. Following 24 hours incubation with lentivirus, T cells from each donor were
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centrifuged and resuspended in cRPMI 1640 medium (with glucose) in order to remove

the viral supernatant. T cells were then transferred to a gas-permeable bag. After 48

hours of incubation on day 4, each gas-permeable bag containing CAR-T cells was split

into two bags. Each bag was used for a different feeding regime, either with cRPMI

1640 medium containing no glucose (cRPMI 1640 -glucose condition) or using cRPMI

1640 media containing 2 g/L (11mM) glucose (cRPMI 1640 +glucose condition). In

the first feeding on day 4, the cells in each bags were diluted at 1:1 ratio with the fresh

medium. On day 5, a further dilution at 1:1 ratio for both cRPMI 1640 +glucose and

cRPMI 1640 +glucose conditions was performed. On day 7, to prevent over-dilution

of T cells due to slower growth in glucose-free condition, only CAR-T cells in cRPMI

1640 +glucose condition were fed (1:1 dilution). All conditions were harvested on day

8. The visual summary of the protocol used in this experiment is shown in Figure 4.1.

A sample of 500 μL was taken daily from each bag and used to measure cell density

and viability. The samples were then centrifuged, and the supernatant was stored in

-20◦ to be used for medium metabolite analysis. The T cells from each sampling point

were also analysed with panel 2 (Section 2.5.3) to characterise TN, TCM, TEM and TTE

subsets of CD8+ T cells.
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Figure 4.1: The schema shows the CAR-T cells generation protocol used for the experiments
performed in this chapter. The medium used throughout the experiment for the control condition
(+Glucose condition) was cRPMI 1640. The medium used for glucose deprivation (-Glucose
condition) condition was cRPMI 1640 for the first 4 days, and then RPMI 1640 with no glucose
was used for medium addition for the next 4 days. All media were supplemented with IL-7 (25
ng/mL) and IL-15 (10 ng/mL). The volume of cell culture medium in each bag for both condi-
tions was doubled with the addition of fresh media on day 4 and 5. An extra medium addition
(1:1 dilution) labelled as ”Media addition*” was performed only for the control condition on day
7. The activation beads were added on day 0 at 3:1 beads to cells ratio. The transduction was
performed on day 1 using lentiviral vector.
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4.3 Results

4.3.1 Effect of glucose deprivation on T cell culture

4.3.1.1 Growth kinetics

Viable cell concentration (VCC) and viability of CAR-T cells expanded either in glucose-

free medium (shown in red; -glucose condition) or with cRPMI 1640 medium con-

taining glucose (shown in green; +glucose condition) over eight days culture period

are shown in Figure 4.2 (a,b). The average viable cell density of T cells on day 1

was (4.2± 1.0)× 105 cells/mL prior to centrifuging and resuspending cells in lentivi-

ral vector for transduction. On day 2, after removing the lentiviral vector supernatant

and resuspending them in the complete fresh medium, the average viable cell density

of (4.2± 1.0)× 105 cells/mL was achieved. CAR-T cells reached a cell density of

(1.4± 0.4)× 106 cells/mL on day 4. At this point, the cells were split into two gas-

permeable bags, each containing half of the cells. One bag was then fed (1:1 dilution)

with glucose-free medium (shown in red), while the other bag was fed with standard

medium (shown in green). After the first feeding (day 4), the VCC of CAR-T cells

growing in medium with glucose reached (9.7± 3.2)× 105 cells/mL, whereas lower

VCC of (8.0±1.7)×105 cells/mL was achieved in CAR-T cells fed with glucose-free

medium. Two more feeding were performed on day 5 and 6. On day 7, the cell den-

sity reached (1.2±0.3)×106 cells/mL and (0.5±0.1)×106 cells/mL in +glucose and
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-glucose conditions, respectively. The CAR-T cells in both conditions grew until day 8,

when both conditions were harvested.

The seeding cell viability (Figure 4.2 (b)) across the 6 different healthy donors were

94.7±1.9%. There was a decrease in viability on day two after removing the cells from

viral vector supernatant, where viability dropped to 91.6± 3.8%. During the second

half of the expansion period, the average viability across four days for CAR-T cells

in cRPMI 1640 medium with glucose and without glucose were 94.7% and 91.3%,

respectively.

In order to compare the growth of T cells in both conditions, the total number of

viable cells throughout eight days culture and the fold expansion achieved on day 8 were

plotted and are shown in Figure 4.2 (c) and (d). The total number of viable cells achieved

on day 8 was (4.9± 1.3)× 106 and (2.0± 0.6)× 107 for the standard condition and

the glucose-deprived condition, respectively. In terms of fold expansion, significantly

higher (P< 0.001) fold expansion was achieved in the standard condition compared to

the glucose-deprived CAR-T cells (12.2 ± 3.2 vs 5.0 ± 1.6).

4.3.1.2 Metabolite analysis

Figure 4.3 shows glucose, lactate, glutamine and ammonia concentrations in the cell

culture supernatant throughout eight days culture period. Notably, during the transduc-

tion period, T cells were exposed to lentivirus supernatant, in which the concentrations

of the metabolites were different to the cRPMI 1640 medium. The glucose concentra-
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Figure 4.2: Viable cell density (a), viability (b), total number of viable cells (c) and fold ex-
pansion achieved after 8 days expansion (d) for CAR-T cells grown in complete medium with
glucose (green, +glucose condition) and without glucose (red, -glucose condition) are shown.
The black arrows indicate the medium addition for both conditions on day 4 and 5. The green
arrow indicates the media addition only for the +glucose condition on day 7. Mean ± SD, 6
healthy donors are shown. Statistical comparison was performed using a two-tailed paired t-test.
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tion of the lentivirus supernatant was 1.0 g/L, which is lower than cRPMI 1640 medium

that the T cells were seeded in (1.68 g/L ± 0.01). The lactate, glutamine and ammonia

levels of the lentivirus were 2.47, 0.44 and 0.024 g/L, respectively. Interestingly, during

transduction period between day 1 and 2, no change in glucose, ammonia and lactate

concentrations were observed. However, glutamine concentration decreased to 0.34 g/L

± 0.018 (Figure 4.3).

During the second half of the eight days culture period, the glucose concentration

in the glucose deprivation condition was 0 g/L as expected. The glucose concentration

in the control condition was ranging between 0.94 g/L and 0.18 g/L. This indicates

that the feeding strategy was successfully providing enough glucose to prevent glucose

limitation in the control condition. The lactate concentration in the glucose deprivation

condition remained unchanged and was approximately 0.56 g/L between day 5 and 8,

while it was ranging between 1.69 g/L to 0.65 g/L in the control condition. A decrease

in glutamine concentration was observed in both conditions; however, glutamine levels

were maintained between 0.1 g/L and 0.4 g/L in both control and glucose deprivation

conditions. Ammonia concentration was steadily increasing in both glucose deprivation

and control conditions. Ammonia levels increased to 0.021 g/L and 0.032 g/L on day 7

in the control condition and the glucose deprivation condition, respectively.

To further investigate the metabolite consumption and production per cell, metabo-

lite concentrations were normalised to cell density throughout the post-transduction ex-
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Figure 4.3: Glucose (a), lactate (b), glutamine (c) and ammonia concentrations measured in the
cell culture medium throughout eight days expansion. The black arrows indicate the medium
addition for both conditions on day 4 and 5. The green arrow indicates the media addition only
for the +glucose condition on day 7. The grey area shows the transduction period with the
lentiviral vector. Mean ± SD, 6 healthy donors are shown.
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pansion period. Specific consumption and production rates during the transduction pe-

riod were excluded due to loss of cells and yield in this step, mainly due to transferring

and centrifuging cells multiple times.

Figure 4.4 shows glucose and glutamine specific consumption rates and lactate and

ammonia specific production rates over the culture period after transduction for both

conditions. The negative values indicate that the metabolites were produced by the

T cells, whereas the positive values indicate the metabolites were consumed. As ex-

pected, glucose specific consumption rate in the glucose deprivation condition reached

zero after feeding the cells with glucose-free medium on day 4. In the control con-

dition, glucose consumption dropped after day 4 but remained steady around ∼500

pg.cell–1.days–1 until the harvest day. Lactate specific production rates for both condi-

tions decreased from day 3 to 5 in both conditions. The lactate specific production rate

was approximately zero in glucose deprivation condition on day 5, While in the control

condition, it reached to ∼-200 pg.cell–1.days–1. The control condition lactate produc-

tion rate then increased on day 6 to ∼-700 pg.cell–1.days–1 and then decreased to reach

∼-300 pg.cell–1.days–1 on day 8 (Figure 4.4).

Glutamine consumption rate profile (Figure 4.4 (c)) shows steady decrease in glu-

tamine consumption rate (∼200 pg.cell–1.days–1 to ∼60 pg.cell–1.days–1 in average)

from day 3 to 5 in both the conditions. Interestingly, glutamine specific consumption

rate increased in the glucose deprivation condition to reach ∼120 pg.cell–1.days–1 on
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Figure 4.4: Specific glucose consumption rate (qGlucose) (a), specific lactate production rate
(qLactate) (b), specific glutamine consumption rate (c) and ammonia production rate (d) in
pg.cells–1.days–1 for the control (green) and the glucose deprivation (red) conditions. Mean
± SD, 6 healthy donors are shown.

day 7 and∼80 pg.cell–1.days–1 on day 8, whereas, in the control condition, it decreased

to reach∼20 pg.cell–1.days–1 on day 8. The ammonia production rate decreased for the

standard condition from ∼-15 pg.cell–1.days–1 on day 3 to ∼-5 pg.cell–1.days–1 on day

5 and reached ∼-2 pg.cell–1.days–1 on day 8. On the other hand, in the glucose depri-

vation condition, it remained in average around ∼-13 pg.cell–1.days–1 between day 4 to

8.
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To better understand the metabolite consumption and production rates during the

glucose deprivation period, the average of consumption or production rates for each

metabolite during the second half of expansion period (from day 4 to day 8) were cal-

culated (Figure 4.5). The average glucose consumption and lactate production rates

were significantly lower (P < 0.001) in the glucose deprivation condition compared to

the standard condition. On the other hand, the glutamine consumption was rate was

higher in the glucose deprivation condition but failed to achieve the significance differ-

ence (P > 0.05). The average of ammonia production rate, however, was significantly

higher (P< 0.01) for T cells that were grown in the glucose-free medium compared to

the control, indicating they were producing more ammonia per cell in the second half of

the expansion period.

4.3.1.3 Immunophenotypic Analysis

In order to track phenotypic changes of CAR-T cells in both conditions, daily samples

were taken and analysed by flow cytometry. Figure 4.6 (a,b) shows the change in per-

centages of CD4+ and CD8+ T cells. The average of CD4+ and CD8+ populations in

the starting T cells were 69.2 ± 6.5 % and 22.7 ± 4.4 %, respectively. The fraction of

CD4+ population slightly decreased in the first four days and reached 64.6 ± 7.6 % on

day four, while the percentage of CD8+ cells increased and reached 30.0 ± 5.6 % on

day four. In the second half of cell culture, a relatively higher percentage of CD4+ cells

and a lower percentage of CD8+ cells were achieved in the glucose deprivation condi-
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Figure 4.5: The average of specific glucose consumption rate (qGlucose) (a), specific lactate
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127



0 1 2 3 4 5 6 7 8
0

20

40

60

Time (Day)

C
D

8
(%

)

0 1 2 3 4 5 6 7 8
40

50

60

70

80

Time (Day)

C
D

4
(%

)
(b)

(c)

cRPMI 1640 -Glucose

cRPMI 1640 +Glucose

(a)

0

1

2

3

C
D

4:
C

D
8

ra
tio

ns

Figure 4.6: The percentages of CD4+ (a) and CD8+ (b) cells throughput the eight days expan-
sion. CD4:CD8 ratio of T cells in the final products (c). Mean ± SD, 6 healthy donors are
shown. Statistical comparisons were performed using two-tailed paired t-test.

tion, compared to the control condition. In the final T cell product grown under standard

conditions, 56.9 ± 10.2 % of T cells were CD4+ cells, and 40.2 % ± 9.1 % were CD8+

cells. In comparison in the glucose deprivation condition, 61.1 ± 8.8 % of T cells were

CD4+ cells, and 34.3 ± 8.3 % were CD8+ cells. This equivalent to CD4:CD8 ratio of

1.5± 0.6 for the control condition and 1.9± 0.6 for the glucose deprivation (Figure 4.6

(c)).

Figure 4.7 shows changes in percentage of each CD8+ subset throughout the expan-

sion period. After the T cell activation, the percentage of TN decreased from 51.2 ±
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23.4% prior to the inoculation to 0.05 ± 0.04 % for the control condition and 0.11 %

± 0.01 for the glucose deprivation condition in the final product (Figure 4.8 (a) and 4.7

(a)). No significance difference was observed in the final proportion of CD8+ TN cells

in in the glucose deprivation condition compared to the control (Figure 4.8 (a)).

The proportion of CD8+ TCM increased in the first half of the culture period from

16.5 ± 6.6 % in the starting material to 41.9 ± 5.6% on day three and 39.1 ± 3.8% on

day four. After feeding with either standard cRPMI 1640 medium containing glucose or

glucose-free medium, different trends in the proportion of CD8+ TCM were observed.

The proportion of CD8+ TCM increased in the glucose deprivation condition to reach

90.4 ± 4.8 % on day eight. Whereas, in the control condition, the fraction of CD8+

TCM cells remained unchanged in the final product compared to day 4. Statistical com-

parison showed that the proportion of CD8+ TCM achieved in the glucose deprivation

was significantly higher (P< 0.001) in the glucose deprivation condition (90.4 %± 4.8

%) compared to the standard condition (45.1 ± 17.6 %) (Figure 4.8 (b)).

The fraction of CD8+ effector memory T cells (Figure 4.7 (c)) increased from 19.2

± 12.0 % in the starting material to 54.9 ± 4.8% on day four. After feeding with

glucose-free medium, the effector memory proportion of cytotoxic T cells dropped to

9.5 ± 4.8 % in the glucose deprivation condition, significantly lower (P < 0.001) than

54.8 ± 17.5 % achieved in the control condition (Figure 4.8 (c)).

Looking at the percentage of terminally effector T cells throughout the culture period
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Figure 4.7: Phenotypic characterisation of CD8+ T cells in the glucose deprivation condition
(red) compared with the control condition (green). a) percentage of CD8+ T naive cells, b)
percentage of CD8+ T central memory cells, c) percentage of CD8+ T effector memory cells
and d) percentage of CD8+ T terminally effector cells. Mean± SD, 6 healthy donors are shown.

(Figure 4.7), a decrease in the fraction of TTE was observed between day 0 to day 4. A

similar trend was observed in the second half of the expansion period, where both the

control and glucose deprivation conditions resulted in a decrease in the proportion of

CD8+ TTE cells.

Furthermore, to track how the number of each subset of cytotoxic cells has changed,

the viable absolute number of each CD8+ subset was calculated throughout the culture

period (Figure 4.9). A similar trend was observed in the total number of CD8+ TN and
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Figure 4.8: Phenotypic characterisation of CD8+ T cells on day eight in glucose deprivation
condition compared with the control condition. Percentage of CD8+ subset a) TN, b) TCM,
c) TEM and d) TTE. Mean ± SD, 6 healthy donors are shown. Statistical comparisons were
performed using two-tailed paired t test.
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out eight days expansion in the glucose deprivation condition (red) compared with the control
(green) condition are shown. Mean ± SD, 6 healthy donors are shown.

CD8+ TCM cells in both conditions. Interestingly, the total number of CD8+ TEM cells

(Figure 4.9 (c)) started to decline after feeding with glucose-free medium was started on

day four. Whereas for the control condition, the total number of CD8+ TEM continued

to increase. Similarly, the total number of CD8+ TTE cells started to drop after feeding

with glucose-free medium. Therefore, it appears that the high percentage of CD8+ TCM

achieved on the last day of the culture period (Figure 4.8) was as a result of the decline

in the total number of effector cells.
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Figure 4.10: Expression of exhaustion markers PD1 (a) and LAG3 (b) on CD4+ and CD8+
T cells indicated with MFI in the glucose deprivation (red) and the control (green) conditions.
Mean ± SD, 6 healthy donors are shown. Statistical comparisons were performed using two-
tailed paired t-tests.

The expression of exhaustion markers, PD-1 and LAG-3, was also assessed on CD4+

ad CD8+ T cells at the end of the culture period (Figure 4.10). PD-1 expression shown

as median fluorescence intensity (MFI) was significantly higher (P < 0.01) in CD4+ T

cells and CD8+ T cells in the glucose-free condition compared to the control condition.

On the other hand, LAG-3 MFI was significantly higher (P < 0.001) on CD4+ and

CD8+ T cells cultured in the cRPMI 1640 medium containing glucose compared to

glucose-deprived T cells.

Finally, the impact of glucose deprivation on expression of CAR was assessed. Al-

though, during transduction period (day 1-2), the T cells from both conditions were ex-

posed to the same level of glucose (∼ 1g/L; Figure 4.3 (a)), the expression of Chimeric
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Figure 4.11: Transduction effi-
ciency of CD4+ T cells (left) and
CD8+ T cells (right) in both the con-
trol (green) and the glucose depriva-
tion (red) conditions measured on fi-
nal day of the culture period. Mean
± SD, 6 healthy donors are shown.
Statistical comparisons were per-
formed using two-tailed paired t
tests.

Antigen Receptor might have been affected due to lack of glucose in the second half of

the culture period. Figure 4.11 shows the transduction efficiency achieved on day eight

on CD4+ and CD8+ T cells. The transduction efficiencies achieved in the control condi-

tion were 43.9 ± 7.9 % and 42.8 ± 8.4 % for CD4+ and CD8+ T cells, respectively. In

the glucose deprivation condition, the transduction efficiencies were 46.2 ± 8.1 % and

41.9 ± 7.5 % for CD4+ and CD8+ T cells, respectively. The result collectively showed

that glucose-free feeding does not affect the expression of CAR on T cells.

In summary, the immunophenotypic analysis in this section showed that during the

glucose deprivation period in the 2-stage feeding method, CD8+ TEM and TTE cells

stopped growing. This consequently resulted in a TCM-enriched CAR-T product. Trans-

duction and the CAR expression on T cells were unaffected in the 2-stage feeding
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method. Conflicting results were observed on the effect of glucose deprivation on the

level of exhaustion; a higher level of PD-1, but a lower level of LAG-3 were observed

on CAR-T cells that were expanded using the 2-stage feeding regime.

4.3.2 Functionality of glucose-deprived T cells

We sought to assess functionality and persistence of the CD19-specific CAR-T cells

generated in the glucose deprivation condition from different aspects; firstly, in vitro

specific killing ability and cytokine secretion ability of the generated CAR-T cells

against CD19-positive cancer cells were assessed. Then, the CAR-T cells proliferation

capability upon exposure to CD19 antigen was evaluated. In this section, the CAR-T

product generated with the 2-stage feeding using the glucose-free medium will be re-

ferred to as TCM-enriched CAR-T product. Whereas, the CAR-T cells produced with

the standard level of glucose will be referred to as the standard CAR-T product.

4.3.2.1 In vitro killing assay

The in vitro cytotoxicity of CAR-T cells against two target cell lines expressing the

CD19 antigen, Raji and NALM6, were evaluated. Raji is a Burkitt’s Lymphoma cell

line, whereas, NALM6 is a CD19 positive acute lymphoblastic leukaemia (ALL) cell

line. These two cell lines are commonly used to assess the cytotoxicity of immune

cells such as Natural Killer cells (Yan et al., 1998), gamma delta T cells (Lamb et al.,

2001), and currently commonly used to evaluate the anti-tumour activity of genetically
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modified T cells such as CAR-T cells. There are different approaches for measuring in

vitro cytotoxicity including, Chromium-51 release assay (Holden et al., 1977), lactate

dehydrogenase (LDH) release assay (An et al., 2016) and flow cytometric based assays

Zaritskaya et al., 2010; Kandarian et al., 2017. In this work, the flow cytometric bead

assay was used to measure the absolute number of remaining live target cells after 48

hours co-culture with CAR-T cells at 1:1 effector to target ratio. This protocol was

adapted from the protocol used in Stavrou et al. (2018) study. Further details about the

protocol can be found in Section 2.4.2.

The CAR-T cells generated in the standard or glucose-free medium were composed

of different percentages of transduced CAR-T cells, as shown in Figure 4.11. Therefore,

in order to start with the similar percentage of transduction across different donors for

the killing assay, transduced T cells were isolated after harvesting on day eight using

Miltenyi CD34 magnetic beads, which select T cells expressing CAR containing the

Q8/RQR8 domain. The standard cRPMI 1640 medium containing glucose was used

for the killing assay to test both TCM-enriched CAR-T product and the standard CAR-

T product. Figure 4.12 shows the percentage of viable target cells remaining after 48

hours of the co-culture at 1:1 effector to target ratio. All data were normalised to the

percentage of viable target cells remaining after co-culture with non-transduced T cells

to exclude the background cytotoxicity of T cells from the results. Similar viable target

cells remaining of 8.3 ± 2.9 % and 6.0 ± 0.6 % were achieved in the NALM6 killing
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Figure 4.12: The percentages of viable remaining NALM6 (a) and Raji (b) after 48 hours co-
culture with TCM-enriched CAR-T product (red) or the standard CAR-T product (green). The
cell killing was measured by the absolute number of live target cells remaining, identified with
SYTOX™ Red staining and CountBright counting beads. Mean ± SD, 6 healthy donors are
shown. The percentage calculated for each donor is an average of 3 technical replicates for in
vitro killing assay. Statistical comparisons were performed using two-tailed paired t-tests.

assay for the standard and TCM-enriched CAR-T products, respectively (Figure 4.12

(a)). Similarly, no significant difference was observed in the in vitro killing ability of

both products against Raji cells (Figure 4.12 (b)). The results in this section suggested

that the killing ability of the anti-CD19 CAR-T cells generated through the 2-stage

feeding method was not impaired.
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4.3.2.2 Cytokine secretion

To further analyse the potential impact of glucose deprivation on the functionality of

CD4+ and CD8+ subsets, seven soluble cytokines were measured in the supernatant

after 24 hours co-culture with the NALM6 target cells (Figure 4.13). The isolated CAR-

T cells were co-cultured with the NALM6 cells at 1:1 effector to target ratio in the

standard cRPMI 1640 media containing glucose. After 24 hours co-culture with cancer

cells, the supernatant was used to measure multiple cytokines including, IFN-γ, TNF-α,

and IL-2 using the Cytometric Bead Array assay(more details in Section 2.4.3 .

The seven cytokines measured in the supernatant are key cytokines produced by

CD4+ subsets including T helper-1, T helper-2, T helper-17 and Treg and cytotoxic T

cells. The result showed that significantly lower (P< 0.01) level of IL-17A, a cytokine

mainly produced by T helper-17 cells, was produced by TCM-enriched CAR-T cells

compared to the standard CAR-T product (Figure 4.13). Similar IFN-γ profile was ob-

served in both conditions, whereas, significantly higher (P< 0.001) TNF-α, a cytokine

associated with both T helper-1 and cytotoxic T cells, was produced by TCM-enriched

CAR-T cells. Comparing the level of IL-10, the main cytokine produced by regulatory T

cells, between the two products showed that there was a significantly higher (P< 0.01)

level of IL-10 in the supernatant of TCM-enriched CAR-T cells. The concentration of

IL-4, produced by T helper-2 cells, was also significantly lower (P < 0.001) in the co-

culture supernatant of CAR-T cells produced in the glucose deprivation condition com-
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Figure 4.13: Concentration of different cytokines (IL-17A, IFN-γ, TNF-α, IL-10, IL-6, IL-4 and
IL-2) in the supernatant of CAR-T cells after 24 hours co-culture with NALM6 CD19 positive
cells. Mean ± SD, 4 healthy donors are shown. Statistical comparisons were performed using
two-tailed paired t tests.

pared to the control. Finally, TCM-enriched CAR-T cells produced significantly higher

(P< 0.01) level of IL-2 cytokine compared to the standard CAR-T cells. To summarise,

TCM-enriched cells generated from glucose deprivation condition produced higher level

of TNF-α, IL-10 and IL-2 than the standard CAR-T product (Figure 4.13).
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4.3.2.3 Proliferation assay

In order to assess the proliferation, longevity and re-stimulation capabilities of T cells

generated in different conditions, a proliferation assay was designed and performed.

The isolated CAR-T cells were co-cultured at 1:1 effector to target ratio with CD19-

positive NALM6 cells for six days. After three and six days of co-culture, a sample was

taken and analysed via flow cytometry to identify and measure the density of CAR-T

cells. More details about the proliferation assay could be found in Section 2.4.4. The

visual summary of the proliferation assay is shown in Figure 4.14. After six days of co-

culture, CAR-T cells were isolated with CD3+ isolation kit and the proliferation assay

was repeated two more times. In the first stimulation, the fold expansion achieved for

the TCM-enriched CAR-T cells was 3.9 ± 1.5 for day three and 13.25 ± 5.1 for day six

(Figure 4.15 (a)). These were significantly higher (P < 0.05) than the fold expansion

achieved in the standard CAR-T products, where the 1.0 ± 0.3 fold expansion was

achieved on day three, and 4.6± 1.9 fold expansion was achieved on day six. During the

second re-stimulation assay (Figure 4.15 (b)), the TCM-enriched CAR-T cells showed

better proliferation capability compared to the control. On day three and six 2.8 ±

1.2 and 3.6 ± 1.4 fold expansion were achieved for the TCM-enriched CAR-T cells

compared to 1.6 ± 0.7 and 3.1 ± 1.5 for the standard CAR-T products. In the third

re-stimulation assay (Figure 4.15 (c)), 0.3 ± 0.2 and 1.4 ± 0.9 fold expansion were

achieved in the TCM-enriched CAR-T cells on day three and six respectively, compared
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to 0.4 ± 0.1 and 1.7 ± 1.0 fold expansion in the control condition.

Figure 4.14: The schema shows the methodology used during the re-stimulation assay. Isolated
CAR-T cells were co-cultured with CD19-positive NALM6 cells at 1:1 effector to target ratio
for 6 days. The CAR-T cells fold expansion was measured on day 3 and 6, using anti-CD3
antibody and CountBright counting beads. CAR-T cells were then isolated from NALM6 cells
and co-cultured again with NALM6 cells. This process was repeated three times.
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4.4 Discussion

Limiting the level of glucose and other metabolites such as glutamine have been used

previously in the bioprocessing field to improve CHO cell culture performance (Cruz

et al., 1999; Gagnon et al., 2011; Wong et al., 2005). Pre-conditioning cells before

transplantation using different type environment and metabolites in various cell thera-

pies such as with Mesenchymal Stem cells is another approach that has been used to

improve the in vivo longevity of the cells (Moya et al., 2017; Salazar-Noratto et al.,

2020). In adoptive T cell therapy, strategies such as modulating T cell metabolic bal-

ance or T cell development through chemical inhibitors such as Akt inhibitors have been

suggested and successfully demonstrated (reviewed in Section 1.4.3).

4.4.1 Glucose deprivation enriches for central memory T cells

In this chapter, we adapted the 2-stage feeding strategy developed in Chapter 3 to a

feeding strategy suitable for CAR-T therapy manufacturing. The new feeding regime

switches from the glucose-containing medium to the glucose-free medium on day four.

Therefore, early steps of the manufacturing, including, cell activation with Dynabeads

and transduction with the lentiviral vector were performed in the presence of glucose.

After starting glucose-free media feeding, multiple events were observed; 1) the total

number of viable cells and viability declined compared the control (Figure 4.2), 2) the

percentage of TCM cells increased, 3) the percentage of TEM cells declined. Ultimately,
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these events led to similar observations as in chapter 3, where T cells generated through

the 2-stage feeding approach were highly enriched with TCM cells.

There were two potential explanations discussed in the previous chapter; 1) glucose

deprivation resulted in increased growth and formation of TCM cells, or 2) glucose depri-

vation limited the formation and growth of other subsets but TCM. From comparing the

absolute number of each subset (Figure 4.9), it was clear that CD8+ TEM cells stopped

growing and potentially died when glucose-free feeding started. Similarly, a drop in

the absolute number of CD8+ TTE was observed during the glucose deprivation period.

The absolute number of CD8+ TCM and TN followed a similar trend in both control and

glucose deprivation conditions. Altogether these data suggest that glucose deprivation

resulted in CAR-T product enriched with memory cells by limiting the growth of ef-

fector cells, evident by the decline in the number of CD8+ TEM and TTE cells (Figure

4.9).

Regarding CD4:CD8 ratio, in the previous chapter, we observed an increase in

CD4:CD8 ratio when T cells were cultured in glucose deprivation. However, similar

CD4:CD8 ratio was observed when the 2-stage feeding regime was used. Similarly,

there was no significant difference between CD4:CD8 ratio (Figure 4.6) in the final

CAR-T cells produced with the 2-stage feeding strategy compared to the control. How-

ever, a change in the trend of CD4+ (%) and CD8+ (%) was observed; during glucose

deprivation period, the percentage of CD4+ cells increased slightly, whereas the per-
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centage of CD8+ cells decreased. Therefore, with a similar trend potentially this can

result in a significant difference in CD4:CD8 ratio in CAR-T processes longer than eight

days. As discussed in Section 3.5.1, the likely explanation for this trend is that CD4+ T

cells have higher metabolic plasticity than CD8+ T cells and can use their greater mi-

tochondrial content and spare respiratory capacity to generate ATP to compensate the

lack of glucose in the medium (Cao et al., 2014).

The concentrations of glucose, lactate, glutamine and ammonia were also moni-

tored during the CAR-T expansion (Figure 4.3). No glucose and glutamine exhaustion

throughout the eight days expansion was observed in the control condition, indicating

that the feeding strategy used in this experiment was not limiting in terms of glucose

and glutamine delivery to CAR-T cells. In order to understand the metabolite intake or

waste metabolites production at the cellular level, glucose, glutamine, lactate and am-

monia concentrations were normalised to cell number (Figure 4.4 and 4.5). The specific

glucose consumption and lactate production rates were at the highest on day 3. This is

called the ”Warburg” phenomenon, in which T cells preferentially use glycolysis upon

activation and channel glucose-driven pyruvate to lactate production (Warburg, 1956;

MacIver et al., 2013).

The specific consumption of glucose dropped to zero during the glucose deprivation

period, since no glucose was available for T cells to consume. Similarly, the specific

production of lactate also dropped to zero. These data collectively suggest limited or no
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glycolytic activity during the glucose-free period and limited conversion of pyruvate to

lactate.

The glutamine consumption rate initially (day 4-6) followed the same downward

trend in both the glucose deprivation and the control conditions. However, between

day 6-8, the glutamine consumption rate increased in the glucose deprivation condition.

The difference in glutamine consumption rate was also reflected in the average glu-

tamine consumption rate between day 4-8 (Figure 4.5); however, it did not reach statis-

tical significance. Interestingly, the ammonia specific production rate was significantly

higher during the glucose deprivation period (Figure 4.5). Glutamine is an essential

amino acid, and a nitrogen and energy source for proliferating T cells and its uptake and

metabolism has been shown to be critical for T cell function (Newsholme et al., 1985;

Kenneth A Frauwirth et al., 2002b; Carr et al., 2010). Ammonia is mainly generated by

nitrogen-based molecules catabolism such as amino acids and particularly by glutamine

catabolism through glutaminase pathway (DeBerardinis et al., 2008). In the previous

chapter, it was discussed that in the absence of glucose, T cells could utilise pyruvate,

fatty acids and glutamine to fuel OXPHOS. It is evident from the presented results that

during glucose deprivation glutamine consumption and ammonia production are higher

per cell, suggesting that glucose-deprived T cells were consuming glutamine and poten-

tially supplemented sodium pyruvate to fuel OXPHOS and to generate energy. Wellen

et al. (2010) reported that depleting extracellular glucose results in disruption of the
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hexosamine pathway and consequently reduces the glutamine uptake in IL-3-dependent

cells such as hematopoietic cells. However, this effect was not observed in this study,

likely due to the fact that interleukin-3 receptor, CD123, is absent on T cells and is pre-

dominantly restricted to cells of the myeloid lineage (Sato et al., 1993; Wellen et al.,

2010).

4.4.2 Functionality of central memory enriched CAR-T cells

4.4.2.1 Transduction

The transduction efficiency was assessed to determine whether the 2-stage feeding strat-

egy with glucose-free media is feasible for CAR-T cell manufacturing. The first period

(four days) of CAR-T expansion, including the transduction step, was exactly the same

in both control and glucose deprivation conditions. Therefore no impact from glucose

derivation on transduction efficiency was expected. The results clearly confirmed this;

the glucose deprivation condition did not affect CAR expression on CD4+ and CD8+

T cells, indicating that four days of glucose deprivation did not negatively affect CAR

transgene expression or resulted in CAR shedding on T cells. Further studies are re-

quired to verify this data with patient cells. However, it can be argued, that since the

transduction step in both conditions was performed in the medium containing glucose,

no difference should be expected in future studies using patients cells.
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4.4.2.2 Exhaustion

T cell exhaustion is a term used for T cell dysfunction due to chronic infections or cancer

(Zajac et al., 1998). T cell exhaustion is characterised with T cell inability to produce

inflammatory cytokines such as TNF-α, IL-2, IFN-γ, reduced proliferative capability

and longevity (Barber et al., 2006; Blank et al., 2007; C. Wang et al., 2017). Different

regulatory markers including Programmed cell death protein 1 (PD-1), Lymphocyte ac-

tivation gene-3 (LAG-3), T cell immunoglobulin mucin-3 (TIM-3) are reported to have

key roles in exhaustion and are associated with T cell exhaustion. For cancer treatment,

various studies reported that dysfunctional CD8+ T cells in vivo express these mark-

ers (Chauvin et al., 2015; C. Wang et al., 2017). Therefore, their expression is being

used in various studies as an indicator of T cell exhaustion in manufacturing (Bajgain

et al., 2014; Mock et al., 2016; Alnabhan et al., 2018). This is particularly evident in

the Fraietta et al. (2018) study, where it was demonstrated that the CAR-T therapies

that resulted in complete remission for treating Chronic Lymphocytic Leukemia (CLL)

were expressing significantly lower amount of LAG-3 and PD-1 markers on their CD8+

T cells, compared to partial or no remission.

The expression of PD-1, a key negative regulator of T cells, was assessed at the end

of the CAR-T expansion in this study. The data indicate that both CD4+ and CD8+

populations of T cells exposed to the glucose-free medium are exhausted based on PD-

1 expression (Figure 4.10). A similar observation was shown by Chang et al. (2013)
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in his study, in which it was found that PD-1 expression was directly affected by the

cellular metabolism of the T cells. Chang et al. (2013) demonstrated that suppressing

aerobic glycolysis by glucose deprivation increases PD-1 expression. However, PD-1

expression was relatively lowered and the ability of CD4+ T cells to produce IFN-γ

was reversed, when the cells were cultured in glucose-containing medium. A similar

explanation applies to the data presented in this chapter; the elevated PD-1 expression

observed in glucose-deprived T cells is likely due to a change in their metabolic status,

rather than exhaustion driven by chronic stimulation of T cells Barber et al. (2006).

Chang et al. (2013) data suggested that the exhaustion is reversible when T cells are

stimulated in normal glucose environment, similar to the in vivo conditions. Therefore,

glucose deprivation driven exhaustion in CAR-T cells would likely be reversed when

they are re-stimulated by cancer cells in the body in the presence of glucose.

To further verify the exhaustion status of T cells, LAG-3 expression was also as-

sessed. LAG-3 is another inhibitory receptor found both on CD4+ and CD8+ T cells,

which regulates IFN-γ production and cell proliferation (Workman et al., 2003; Work-

man et al., 2004). Contrary to PD-1 expression, LAG-3 expression was significantly

lower on glucose-deprived T cells, indicating less exhaustion of glucose-deprived CAR-

T cells (Figure 4.10). Macon-Lemaitre et al. (2005) demonstrated that LAG-3 signalling

inhibits activation and expansion of both CD4+ and CD8+ T cells. High expression of

LAG-3 on CAR-T cells cultured with glucose is potentially the inhibitory response of
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T cells to activation and expansion. Whereas, in glucose-deprived CAR-T cells, lack of

glucose already suppressed the activation and proliferation of T cells. Scharping et al.

(2016) also reported that there is an inverse correlation between mitochondrial mass, mi-

tochondrial activity and LAG-3 expression in tumour infiltrating T cells. This could be

seen in this study, where CAR-T cells generated in glucose deprivation condition were

highly enriched in central memory cells, known to have higher mitochondrial content

(Windt et al., 2013). Moreover, T cells that were expressing LAG-3 had high glucose

intake relative to LAG-3 negative T cells, similar to our study where glucose availabil-

ity for T cells was correlated with LAG-3 expression. PD-1 and LAG-3 expression in

this study was used as an indicator for the function of CAR-T cells. Further studies

are required to investigate the contradictory results in PD-1 and LAG-3 expression and

the underlying mechanism, which is out of the scope of this thesis. However, further

investigations were performed to examine the function and proliferative capability of

TCM-enriched CAR-T cells generated with the 2-stage feeding regime.

4.4.2.3 In vitro cytotoxicity

The in vitro killing capability of CAR-T cells was assessed and verified with two CD19+

cell lines, NALM6 and Raji (Figure 4.12). The in vitro killing assay must resemble

the in vivo condition, where the killing of cancer cells will occur, hence the medium

with glucose was used for the duration of co-culture. No significant difference was

observed in the short-term killing capability of the TCM enriched CAR-T cells compared
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to the standard CAR-T cells, indicating that killing ability was unaffected by glucose

restriction.

To further characterise the functionality of CAR-T cells during in vitro killing assay,

the soluble cytokines were measured in the supernatant after 24 hours of the co-culture

with NALM6 cells (Figure 4.13). Understanding the cytokines profile of CAR-T cells

also helps to understand more about the function of helper (CD4+) T cells, which com-

pose more than 50% of the final product. IL-2, IFN-γ and TNF-α are produced by both

CD4+ T helper-1 (Th-1) cells and CD8+ T cells upon activation. The Th-1 subset has

been demonstrated to have superior anti-tumour efficacy compared to other CD4+ T

cells (Nishimura et al., 2000). Therefore, its cytokines are commonly used to evaluate

the in vitro efficacy of CAR-T cells. Despite having a high number of effector cells in

standard CAR-T cells, and a higher level of PD-1 marker on glucose-deprived CAR-

T cells, the effector cytokines IL-2, IFN-γ and TNF-α were similar or higher in TCM

enriched CAR-T cells . This indicates that the T CM cells in the TCM enriched CAR-

T product were activated by the CD19 protein on the target cells and gained effector

functions.

IL-17A and IL-4 were produced at a significantly higher level by standard CAR-T

cells compared to TCM enriched CAR-T cells. IL-4 is a cytokine produced mainly by T

helper-2 (Th-2) T cells and plays a key role in the differentiation of naive T helper cells

to Th-2 cells. Th-2 cells produce inhibitory cytokines such as IL-5 and IL-13 (Seder
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et al., 1992; Golubovskaya et al., 2016). Activated T cells also express IL-4 receptor,

allowing IL-4 to promote proliferation in both CD4+ and CD8+ T cells (Mitchell et al.,

1989). There are suggestions that endogenous IL-4 produced by cancer cells or by T

cells protect cancer cells from apoptosis (Conticello et al., 2004; Todaro et al., 2008;

Yuzhalin et al., 2014), hence unfavourable for cancer immunotherapy. In contradiction,

exogenous IL-4 has shown to have anti-tumour activity in several studies (Eguchi et al.,

2005; Post et al., 2007; Wilkie et al., 2010). To our knowledge, although IL-4 secretion

was observed in CD19 specific CAR-T cell activation (Xue et al., 2017), no positive

anti-tumour effect has been associated with higher IL-4 secretion for CAR-T therapy.

Physiologically, IL-17A, the main cytokine produced by T helper-17 (Th-17), is

thought to be a pro-inflammatory which plays an important role in immunity against in-

fection, by engaging neutrophils and macrophages to infected tissues (Denman, 1992).

Regarding cancer therapy, there are pieces of evidence that Th-7 cells and IL-17A im-

prove anti-tumour activity against melanoma in vivo (Muranski et al., 2015). In contrast,

IL-17A, IL-6 and IL-23 have been associated with impairing immune surveillance by

CD8+ T cells (Tartour et al., 1999; Yu et al., 2007). Majchrzak et al. (2016) argued that

the benefits of lymphocytes that produce IL-17A outweighs the negative impact and

suggested the potential application of Th-17 cells for cellular cancer therapies. How-

ever, there is no direct correlation between the clinical efficacy of CAR-T therapies and

the level of IL-17A secretion from CAR-T cells.
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A significantly higher concentration of IL-10 was found in TCM enriched CAR-

T cells during the in vitro killing assay. CD4+ Treg cells, the main producer of IL-

10, are well characterised in terms of their immunosuppressive function on both CD4+

and CD8+ T cells (Thornton et al., 1998; Antony et al., 2005). The presence of T-

reg cells showed to prevent effective immunotherapy treatment (Antony et al., 2005;

Kofler et al., 2011). Although T-reg cells in the context of this study are considered

immunosuppressive and potentially not favourable for cancer immunotherapies such

melanoma or acute lymphoblastic leukaemia, their application for cellular therapy of

autoimmune diseases are demonstrated as explained in Section 1.2.3.

In summary, the differences in concentrations of different cytokines likely reflect

the difference in the frequency of CD4+ and CD8+ T cells and their subsets in standard

CAR-T product compared to TCM enriched CAR-T. The observation on lower concen-

trations of IL-4 and IL-17A were an indicator of a possibly lower number of Th-2 and

Th-17 CD4+ T cells in the glucose-deprived CAR-T cells. This is potentially due to

suppression of glycolysis as the result of glucose deprivation, which suppresses the dif-

ferentiation and proliferation of T helper cells such as Th-1, Th-2, Th-17 (Shi et al.,

2011; Wei et al., 2017). On the other hand, T-reg cells are more dependent on lipid

metabolism and have a low level of glut1 (Pearce et al., 2013b); therefore, glucose de-

privation provided a more suitable environment for T-reg cells and potentially resulted

in selective expansion of T-reg cells compared to other helper cells.
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Overall, TCM enriched CAR-T cells generated through the 2-stage feeding regime

surprisingly produced higher cytokines associated with the effector function of T cells

and Th-1 phenotype compared to the standard CAR-T cells. Although, both standard

and TCM enriched CAR-T cells produced cytokines associated with T-reg, Th-2 and

Th-17 cells, the concentrations of these cytokines were logarithmically lower relative to

the effector cytokines and similar to other CD19-specific CAR-T studies such as Mock

et al. (2016) and Sabatino et al. (2016). The results, therefore, indicated that glucose-

deprived CAR-T cells are capable of producing different cytokines when stimulated in

a glucose containing environment. However, the high level of IL-10 secretion from the

TCM enriched CAR-T requires further investigation and characterisation.

4.4.2.4 Proliferative capacity

The proliferative capacity and the persistence of generated CAR-T cells were examined

(Figure 4.15). The method used in this study was in vitro serial re-stimulation of the

CAR-T cells with the CD19-positive NALM6 cells. TCM enriched CAR-T cells demon-

strated improved proliferative response upon the first stimulation. The proliferative ca-

pacity continued to be higher for TCM enriched CAR-T cells in the second stimulation.

However, in the third stimulation, similar expansion capacity was observed in both con-

ditions. The expansion capacity of T cells is a key contributor to the successful tumour

eradication and is directly associated with their differentiation identity. Gattinoni et al.

(2005) and Hinrichs et al. (2009) demonstrated that T cell products enriched in central
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memory cells, characterised with high levels of lymphoid-homing molecules such as

CCR7, CD62L and CD27 resulted in an improved in vivo anti-tumour efficacy. Further-

more, Gattinoni et al. (2011) showed in a mouse model that sorted TCM, or TSCM subsets

have better survival and antitumour activity compared to TEM cells. Interestingly, Ghas-

semi et al. (2018) demonstrated that early harvested CAR-T cells that have not gone

through prolonged and extensive ex vivo expansion had enhanced proliferation, persis-

tence and clinical efficacy in vivo. Similarly, in this study, the glucose-deprived CAR-T

cells underwent less proliferation and differentiation during ex vivo culture compared

to the standard CAR-T cells, hence, had enhanced proliferation and persistence in vitro

tested with the serial re-stimulation assay.

4.4.3 Manufacturing Feasibility

4.4.3.1 CAR-T Release Criteria

In this section, the final attributes of TCM enriched CAR-T cells were assessed against

the common release criteria acceptance range and the control condition. Different im-

munotherapies, including CAR-T therapies, have different release criteria post-manufacturing.

Release criteria cannot be generalised, and each clinical trial and manufacturing proto-

col has its own acceptance range for release criteria. However, Roddie et al. (2019) re-

viewed the most common release assays used for CAR-T therapy manufacturing. These

release assays include viability, identity, purity, mubiological sterility, stability and po-
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tency. The relevant non-GMP criteria for this study are viability, purity and potency.

Regarding viability, normally above 70% viability is accepted at the end of manufactur-

ing (Gee, 2018; Roddie et al., 2019). Although the viability in TCM enriched CAR-T

product was lower than the standard CAR-T cells, the viability in all the tested donors

still fell within the acceptance range. It must be noted that the viability achieved in this

study was with healthy donor cells; therefore, the tests must be verified with less healthy

and potentially slow growing patients’ cells.

The purity acceptance range is particularly important in the manufacturing processes

where the starting material is the mixture of different cell types such as PBMCs. There-

fore, this is less relevant in this study as the starting T cells were negatively isolated

for CD3+ T cells; hence very high purity (> 95%) of CD3+ T cells was achieved after

expansion.

Regarding transduction efficiency, the minimum required for product release varies

in different clinical trials or manufacturing processes (Kalos et al. (2011), Schuster et

al. (2017), and Shannon L. Maude et al. (2014) protocols); Kalos et al. (2011) proto-

col set the release criteria at 20% transduction efficiency. Moreover, David L Porter

et al. (2015) reported the median of 20.1% during the manufacturing with a similar

CAR transgene to our study. Therefore in this study, 20% was used as a minimum

requirement and benchmark for transduction. A direct comparison was not possible

due to differences in concentration and functional titre of lentivirus used in different
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studies and variation in protocols used for transduction step. While the results from

the benchmark studies mentioned above were generated with patient cells and not the

healthy donor cells as shown in this investigation, studying the transduction efficiency

on healthy donor still provides a meaningful baseline for further investigations with

patient cells Levine et al. (2016).

For potency assay, both IFN-γ release and cytotoxicity toward a CD19+ cancer cell

lines were assessed. Comparable potency was observed in the TCM enriched CAR-T

product compared to the control condition. The number of CAR-T cells required per

dose varies in different CAR-T therapies; The threshold to meet clinical dose is defined

by the type and stage of cancer, age and weight of the patient. The contributing factors to

the final number of CAR-T product in the manufacturing are transduction efficiency, the

proliferation rate of CAR-T cells and manufacturing yield in each step. Sabatino et al.

(2016) and Ghassemi et al. (2018) discussed that although there may be an association

between the number of CAR-T cells in a dose and the clinical outcome, the quality of

CAR-T cells is what determines the CD19-specific CAR-T therapy potency for treating

leukaemia. Ghassemi et al. (2018) showed that CAR-T cells that were harvested early

on day three rather than day 9 showed an improved tumour control and antileukemic

activity in murine ALL models. This was despite having a 6-fold lower number of CAR-

T cells in the CAR-T doses that were harvested earlier compared to day 9. Similarly,

Sabatino et al. (2016) also showed that despite achieving 2-3 fold lower fold expansion
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in TSCM enriched product compared to the standard product, the antitumour response

achieved in TSCM enriched CAR-T cells were more long-lasting and robust.

Here, we similarly argue that TCM enriched CAR-T cells generated through the 2-

stage feeding regime could provide a more robust and long-lasting response compared

to the standard CAR-T products. The absolute number of CD8+ TCM cells was sim-

ilar in the final product of both TCM enriched CAR-T and the standard CAR-T prod-

uct (Figure 4.9). Whether the presence of effector cells in the CAR-T therapy affects

the clinical outcome or could potentially result in any adverse effect is still unknown.

Christopher A. Klebanoff et al. (2016) demonstrated that antigen-experienced memory

cells significantly enhance naive T cells differentiation through Fas-FasL interaction.

Whether such an interaction exists between effector and memory CD8+ T-cell subsets

and whether they can influence one another’s differentiation status and ultimately anti-

tumour function remains unknown (Linnemann et al., 2011; Christopher A. Klebanoff

et al., 2012). If effector subsets have a deleterious effect the anti-tumour function of the

memory cells, then the innovative feeding presented in this doctoral thesis can be used

to generate a pool of enriched memory cells.

Furthermore, the main CAR-T therapies side effects, including Cytokine Release

Syndrome (CRS) and Neurological toxicity, are associated with elevated inflammatory

cytokines upon infusion of CAR-T cells (Bonifant et al., 2016). Here, we are arguing

that by infusing a lower number of CAR-T cells, but enriched with only more potent and
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long-lasting cells such as CD8+ TCM, the elevated inflammatory cytokines that typically

occur early (<1 week) after the infusion, could be better managed and the occurrence

of side effects could be reduced. However, so far, no study has found a correlation

between the purity TCM cells in the final CAR-T products and the occurrence of CRS or

neurological toxicity.

4.4.3.2 GMP and clinical suitability

The feasibility of the 2-stage feeding in gas-permeable bags, which are widely used

for CAR-T cell activation and expansion was demonstrated (Vormittag et al., 2018).

Regarding clinical-grade manufacturing, other aspects including, the difficulty of the

manufacturing protocol for execution and the suitability for GMP operations must be

considered. The 2-stage feeding protocol suggested includes a change of the feeding

medium from glucose-containing medium to glucose-free medium half-way through the

expansion period. In practice, this means cleanroom operators must use two different

media throughout the manufacturing of an autologous therapy, which imposes further

complexity in medium preparation and increases the risk of human error during each

feeding step. Furthermore, there is limited GMP-grade medium available in the market

that offers glucose-free formulation; to our knowledge, none of the widely used media

such as X-VIVO15, TexMACS and AIM V has a glucose-free variety. However, many

vendors such as Thermofisher and Lonza development service offer customisation of

medium formulation. One remaining question is whether glucose-free feeding would
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work with serum-free media. In this study, glucose-free RPMI 1640 was supplemented

with 10% FBS. But in clinical manufacturing, either serum-free media or serum content

(human AB serum) less than 5% are being used (Medvec et al., 2018).

The 2-stage feeding strategy poses other advantages other than enriching the final

product with TCM cells. The 2-stage feeding protocol as executed and explained in this

chapter, required lower amount of medium and cytokine. This is because, during the

glucose deprivation period, ”less favourable” effector T cells stopped growing. There-

fore, there is lower number of CAR-T cells to maintain and grow. This also means there

is less competition for key nutrients such as amino acids for TCM cells. Alternatively,

this study provides the basis for other feeding strategies widely used in bioprocessing

such as bolus fed-batch feeding (Kochanowski et al., 2011). For instance, CAR-T cells

expansion could start with a glucose-containing medium for the first four days (batch

phase), and then a bolus of concentrated glucose-free essential nutrients such as amino

acids and fatty acids can be added for the second half of the expansion period. In this

approach, CAR-T cells consume the glucose in the medium in the batch phase and in-

evitably enter the glucose deprivation condition during the second half, where bolus

additions provide key nutrients for the growth of TCM and TSCM cells. Lowering the

volume of medium and cytokines used for producing a CAR-T dose would ultimately

reduce the cost of manufacturing, reduce the economic burden to healthcare systems

and improve the patients’ access to CAR-T therapies.
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4.4.3.3 Optimisation

The work presented in this thesis was performed with RPMI 1640 medium (with/without

glucose) supplemented with 10% FBS. As mentioned before, this strategy must be

tested with serum-free medium in order to become suitable for clinical manufacturing

of CAR-T therapies. Furthermore, the RPMI 1640 medium used in this study lacks fatty

acids and other components found in other advanced media such as X-VIVO15. There-

fore, a glucose-free advanced medium such as X-VIVO15 could potentially improve the

fold expansion and quality of the CAR-T therapy generated through the 2-stage feeding

regime.

Another possible optimisation of the glucose-free medium is by supplementing it

with another carbohydrate such as galactose. Although galactose is not efficiently

metabolised in the glycolysis pathway (Chang et al., 2013), could provide an alternative

to glucose for T cells in the glucose-free medium. Interestingly, while this study was

conducted, a patent (Publication number: WO/2018/157072) was filed by Life Tech-

noligies corporation, a leading medium manufacturer and the vendor of AIM V serum

free medium. The patent is about the formulation of a new serum free medium, in which

both glucose and galactose are supplemented at 1:9 ratio in addition to one or more fatty

acids. The patent claims that the medium retains the less-differentiated phenotype of T

cells and enhances the expansion of CAR-T cells.

Furthermore, as mentioned in Section 3.6, adding other components to the glucose-
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free medium such as membrane-permeable α–ketoglutarate or succinate could provide

an alternative pathway for T cells to bypass glycolysis. Moreover, in this study, the

levels of amino acids, glutamine and sodium pyruvate were not measured. Therefore,

there is a possibility that the glucose-free medium was deprived of these metabolites

during the culture. Therefore, an analysis of medium supernatant by High-Performance

Liquid Chromatography (HPLC) for the metabolites mentioned above would provide

more insight into this study. The HPLC analysis would, therefore provide a baseline to

have a better understanding of other metabolites profile and how to further optimise the

glucose-free medium.

Finally, translating this feeding regime from a gas-permeable bag to a bioreactor

system such as the WAVE bioreactor would give the opportunity to monitor and control

process parameter such (dO2) and pH. These parameters in a gas-permeable bag used

in this study were not monitored and controlled. Therefore, how controlling pH and

dO2 impact the CAR-T product quality and yield is another aspect that needs to be

considered.
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4.5 Conclusion

It is clear from preclinical models and clinical trials that infusion of less-differentiated

TN, TSCM and TCM T cell subsets in CAR-T therapy would result in an improved per-

sistence and anti-tumour outcome (Lipp et al., 1999; Gattinoni et al., 2005; Louis et al.,

2011; Kochenderfer et al., 2017; Fraietta et al., 2018). In this study, the feasibility of

using the 2-stage feeding regime for generating CD19-specific CAR-T therapy enriched

with TCM cells was demonstrated. The generated CAR-T products through this method

were then tested for their anti-tumour function and proliferation capacity. The prolif-

eration capacity of the TCM enriched product was significantly better than the standard

CAR-T therapy. The CAR-T cells exposed to glucose deprivation also retained their

in vitro killing function, and the ability to produce inflammatory cytokines. Interest-

ingly, more effector cytokines were observed where TCM enriched CAR-T cells were

stimulated with CD19-positive cancer cells.

Other potential advantages of this method for manufacturing CAR-T therapies were

also discussed. Fewer cells would be generated through this method; therefore, less vol-

ume of media and cytokines would be required. On the other hand, using two different

media in one manufacturing process adds to the already complex and labour-intensive

process. Finally, the limitations and potential future works in terms of further optimi-

sation of CAR-T manufacturing were discussed; one of the uncharacterised aspects is

the optimum dO2 and pH for growing T cells in the bioreactor, which will be addressed
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in the next chapter. Overall, this study generated a baseline data for utilising metabo-

lites restriction such as glucose deprivation for redirecting the composition of CAR-T

product to favourable, less differentiated subsets.
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Chapter 5

Impacts of pH, Dissolved

Oxygen and Agitation on T Cell

Expansion

5.1 Introduction

The expansion of primary T cells under static conditions or rocking motion (RM) has

been considered standard practice for manufacturing of T cells for immunotherapy ap-

plications (Xiuyan Wang et al., 2016). Currently, the GMP-grade clinical manufacturing

of T cells is mainly being done with permeable gas membrane bags, RM bioreactors or
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CliniMACS prodigy system (Miltenyi Biotec Inc.) (Somerville et al., 2012; Mock et al.,

2016; Iyer et al., 2018; Vormittag et al., 2018).

In regard to in-line process control and monitoring, dissolved oxygen (dO2) and pH

readings are standard measurements in bioprocessing; dO2 drops where oxygen transfer

rate is not enough to meet cellular demand and pH drops in response to increased secre-

tion of lactic acid (Rogatzki et al., 2015). For mammalian cells manufacturing, dO2 and

pH of the cell culture medium are usually held within a certain range. The main purpose

of controlling pH and dO2 is to avoid exposing cells to the acidic environment caused

by the accumulation of waste metabolites such as lactic acid and to provide enough oxy-

gen to support the metabolism of cells. Reportedly, dO2 and pH readings can also be

incorporated into a control system for an automated medium feeding or can be used as

a measure for viable cell concentration (Pigeau et al., 2018). The effects of different pH

and oxygen levels on expansion and differentiation of other cell types such as human

MSCs are well studied (Lavrentieva et al., 2010). However, the impact of controlled pH

and dO2 at different levels on T cells and the interaction between them is still not fully

understood.

Inside the human body, T cells are exposed to a wide range of oxygen and pH levels

with oxygen tensions changing from 0.2-3% in the thymus, 0.5-4.5% in spleen and

lymph nodes to 13% in arterial blood (K. A. McLaughlin et al., 1996; Caldwell et al.,

2001; Braun et al., 2001; Hale et al., 2002; Carreau et al., 2011; McNamee et al., 2013;
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Zenewicz, 2017). In regard to pH, T cells are exposed to pH level varying from 7.4

in healthy tissues to 6.0-6.9 in the tumour microenvironment and inflammatory tissues

(Ashby, 1966; Griffiths, 1991; Gerweck et al., 1996; Corbet et al., 2017). Several

studies thus far have investigated the effects of pH and dO2 on T cells (K. R. Atkuri

et al., 2005; L. M. McLaughlin et al., 2005; Berahovich et al., 2019; Carswell et al.,

2000; Bosticardo et al., 2001), however, what is not yet clear is the impact of different

levels of pH and dO2 during the manufacturing on quality and growth of T cells.

In this chapter, small scale studies in deep well plates were conducted to investigate

the impact of pH, dO2, and agitation speed on the expansion and quality of primary T

cells. Initially, shaken deep well plates were compared with static conditions (Section

5.2). Once the impact of agitation on T cell growth has been determined, further studies

in the micro-Matrix, a high throughput microbioreactor, were conducted to investigate

the impact of two levels of pH and dO2 on the expansion and phenotypic composition

of primary T cells (section 5.2.2).
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5.2 Experimental procedure

5.2.1 Agitated vs. static culture conditions

The aim of the first part was to assess the feasibility of growing primary T cells in agi-

tated (dynamic) conditions. Static and dynamic cultures were conducted using 24 deep

square well plates with flat bottom (Applikon-Biotechnology, The Netherlands) without

integrated sensors for pH, dO2 and temperature on a shaker with 25mm shaking orbital

diameter. T cells isolated from three healthy donors were used for each condition with

three technical replicates (three wells) for each healthy donor. The medium used in this

study is RPMI 1640 supplemented with 10% FBSv, 2mM L-glutamine, 1% Antibiotic-

Antimycotic solution (complete RPMI 1640; cRPMI 1640) and IL-7 (25 ng/mL) and

IL-15 (10 ng/mL). T cells were seeded at 400,000 cells/mL density in 2 mL of complete

medium at 37◦, in the 5% CO2 incubator. Sandwich covers (CR1224a; Enzyscreen)

were used to minimise evaporation while allowing gas transfer to the culture medium

throughout the experiment. The sandwich cover consist of a silicone layer, a ePTFE

layer and a microfiber layer held together in a rigid stainless steel cover. These layers

have multiple small holes (size: 1.2 x 5mm), which allows 0.7 mL/ minute exchange

of headspace air, and limits the evaporation rate to 16μL/well/day (Chaturvedi et al.,

2014). The sandwich covers and the deep well plates were clamped together tightly by

the cover clamps (CR1700; Enzyscreen), which was mounted onto the orbital shaker.

To compensate for a small amount of evaporation observed during the cell culture pe-
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riod, on day three, all wells volume were measured by a 2 mL serological pipette, and

enough Deionized (DI) water was added to make up the volume of each well to 2 mL.

The first three days of the cell culture were conducted in batch. Then perfusion

mimic (explained in Section 2.2.7.2) was performed 72h post-inoculation at 0.5 Vessel

Volume per Day (VVD) rate to remove the waste medium and to provide fresh nutrients.

This rate of feeding was increased after 120h post-inoculation to 2x 0.5 VVD to provide

enough nutrients for the T cell growth at their exponential growth phase (summarised

in Figure 5.1). The growth and viability of T cells were assessed by the cell counter,

while, the composition of T cells was assessed by flow cytometry using panel 2 (Section

2.5.3) after eight days of expansion.

Activation:

0 1

Time (d)

RPMI 1640 Media + IL-7 + IL-15

Dynabeads (Anti-CD3, Anti-CD28) (3:1)

Batch phase

2 4 5 6 7 8

0.5 VVD 1.0 VVD

3

Media:

Feeding strategy:

Primary T cells

n = 3 donors

Figure 5.1: The schema shows the feeding strategy used during the 8 days experiments (day 1-
3: batch phase, day 3-5: 0.5 VVD, 5-8: 1.0 VVD). The medium used throughout the experiment
was cRPMI 1640 supplemented with IL-7 (25 ng/mL) and IL-15 (10 ng/mL). The activation
beads were added on day 0 at 3:1 cells to beads ratio.

5.2.2 Impact of dissolved oxygen and pH on T cells

The pH and dO2 values selected for investigation in this section were decided based

on physiological and in vitro levels. As for low dissolved oxygen level, dO2 25% air
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saturation was decided, which is approximately the same as gas oxygen tension in lymph

nodes. For high dissolved oxygen level, dO2 90% was chosen, which is approximately

similar to what cells are exposed to inside the 5% CO2 incubators (Wenger et al., 2015).

Throughout this section, the term physiological oxygen level will be used to refer to 25%

dissolved oxygen, whereas atmospheric oxygen level refers to 90% dissolved oxygen

level. As for pH, high level of 7.4 was chosen since it is similar to the pH found in

neutral and normal tissues (Mordon et al., 1992; Erra Diaz et al., 2018). pH 6.9 was

chosen as low pH, which is approximately the pH reached in uncontrolled T cell culture

due to the accumulation of lactic acid (Costariol et al., 2019).

In order to control dO2 and pH at specific levels, the micro-Matrix system (App-

likon Biotechnology) was used. This microbioreactor has been successfully used with

other cell types such as Chinese hamster ovary (CHO) cells (Wiegmann et al., 2018).

The micro-Matrix cultivation system is a shaken high throughput screening tool (25mm

orbital diameter), with a single use pre-calibrated cassette consisting of 24 independent

microbioreactors (Figure 5.2) with a working volume ranging between 1-7 mL for each

well. Each microbioreactor (or well) is facilitated with its own pH, temperature, dO2

sensors (Figure 5.2d) and PID controller and is supplied with four separate gas lines with

the maximum gas flow rate set to 1.4 mL/min. The aeration is achieved through overlay

for each well individually; therefore, this system is capable of creating a different gas

mixture in each well. The pH control was achieved through increasing CO2 aeration to
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DO optode

pH optode

Temperature 

sensor

a) b)

c) d)

Figure 5.2: The micro-Matrix cultivation system. a) the micro-Matrix, b) the cassette attached
to gas tubings inside the bioreactor, c) square deep well cassette from the top view, c) bottom of
each well showing different sensors.
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decrease the pH of the medium and by manual bolus additions of sodium bicarbonate

buffer (250 mM NaHCO3 and 250 mM Na2CO3) to increase the pH, when needed. The

control of dO2 was achieved via increasing overlay gassing of O2 to increase the dO2

and increase gassing with N2 to decrease the dO2. The same feeding strategy, activa-

tion method and medium were used as previously explained (Figure 5.1) with an extra

manual addition of bicarbonate on day 4 for pH control. Due to the limited capacity of

each cassette, the whole experiment was separated into 4 different blocks (Table 5.1).

An example of the layout of one cassette is shown in Figure 5.3. In order to assess

whether there is an interaction between pH and dO2, two separate two-way ANOVA

were performed between the different combination of dO2 and pH at 100 rpm and 200

rpm.

Cassette 1 2 3 4 5 6

A HD4 DO 90%, pH 7.4 HD4 DO 90%, pH 6.9

B HD6 DO 90%, pH 7.4 HD6 DO 90%, pH 6.9

C HD8 DO 90%, pH 7.4 HD8 DO 90%, pH 6.9

D X X X X X X
Figure 5.3: An example of cassette layout used with micro-Matrix cultiva-
tion system.
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pH Dissolved Oxygen Shaking speed Block
6.9 25% 100 1
7.4 25% 100 1
6.9 90% 100 2
6.9 25% 200 3
7.4 90% 100 2
7.4 25% 200 3
6.9 90% 200 4
7.4 90% 200 4

Table 5.1: The experiment layout showing different pH,
dO2 and agitation speed tested in different combinations.
Due to the limited size of each cassette (24 deep wells),
the experiment was divided into four different blocks,
where each block was performed in one cassette.

5.3 Results

5.3.1 Agitated vs. static culture conditions

5.3.1.1 Growth kinetics

Figure 5.4 (a) and (b) presents the fold expansion and viability achieved following eight

days expansion in three different conditions. Fold expansion was significantly higher

(P< 0.001) at 200 rpm than the static condition (20.3 ± 3.1 vs 9.7 ± 1.2). Fold expan-

sion achieved at 100 rpm (6.2 ± 0.6) was significantly lower (P< 0.001) than the static

control. The viability measurements for all conditions were above 90% , with static and

200 rpm conditions resulting in better viability than 100 rpm.
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5.3.1.2 Immunophenotypic Analysis

The quality of T cells in different conditions was assessed by CD4:CD8 ratio and per-

centages of TN, TCM, TEM and TTE cells. There is no significant difference in CD4:CD8

ratios amongst different conditions (Figure 5.4 (c)). The percentages of TCM, TEM and

TTE which give a good indication of T cell differentiation are shown in Figure 5.4 (d),

(e) and (f). CD8+ TCM percentages across different shaking speed and the control were

similar. Regarding the effector phenotypes (Figure 5.4 (e,f)), at 200 rpm CD8+ T cells

were driven more toward TTE compared with 100 rpm and static conditions. Finally, the

amount of CD8+ TN was lower than 2% in all conditions (data is not shown).
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Figure 5.4: Fold expansion (a), final cell viability (b), CD4:CD8 ratio (c), CD8+ subsets (TCM
(d) , TEM (e), TTE (f)) of primary T cells after eight days expansion in static and agitated condi-
tions. Mean ± SD, 3 healthy donors (2 technical replicates each) are shown. Statistical compar-
isons (a) were performed using a paired two-tailed t-test.
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5.3.2 Impact of pH and Dissolved Oxygen on T cells expansion

5.3.2.1 Growth Kinetics

Cell growth and viability were monitored throughout the expansion period via daily

sampling from day three (Figure 5.5). In all conditions, a three days lag phase was

observed before T cells entered their exponential phase. At the end of the expansion

period (Figure5.5 (a)), it was observed that at 100 rpm agitation speed, cell growth

slows down, potentially suggesting reaching the plateau phase. In contrast, T cells

grown at 200 rpm were still in their exponential phase on day eight, indicating that

cells could possibly have grown more if perfusion and cell expansion were continued.

The viability of T cells (Figure 5.5 (b)) cultured at 100 rpm in different dO2 and pH

dropped to 80-90% on day 3 and then steadily increased to ≈ 90% viability by the end

of the expansion. T cells expanded at 200 rpm maintained their high viability until day

3. However, a slight decrease on day 4, one day after starting perfusion, was observed

which was followed by a steady increase in viability to ≈ 95% on day 8.

Figure 5.6 presents the fold expansion results at different dO2 (25% & 90%) and pH

levels (6.9 & 7.4) at two different agitation speeds (100 and 200 rpm). As previously

shown in section 5.3, cell growth is significantly affected by agitation speed. This is evi-

dent in Figure 5.6, where fold expansions achieved in all the four different combinations

of dO2 and pH at 200 rpm agitation speed were higher than fold expansion achieved in

similar combinations of dO2 and pH at 100 rpm. Furthermore, the combination of
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Figure 5.5: Growth (a) and viability (b) curves of of primary T cells over eight days expansion
at different controlled pH and dO2 and agitation speeds. Mean ± SD, 3 healthy donors (2-3
technical replicates for each donor) are shown.
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low dO2 and low pH at 200 rpm and high dO2and high pH at 200 rpm resulted in the

highest fold expansion of 22.6 ±2.6 and 20.8 ±3.7, respectively. Interestingly, pH 6.9

negatively affected cell proliferation, except when coupled with low dO2 and 200 rpm

agitation speed. In addition, a two-way ANOVA revealed that the interaction between

dO2 and pH is significant at 200 rpm for fold expansion with F-value = 32.34, P<0.001.

Interestingly, the ANOVA analysis for 100 rpm agitation speed showed that pH is the

most significant factor affecting fold expansion with F-value = 58.38, P<0.001. The

presence of interaction between dO2 and pH at higher shaking speed suggests that the

way T cells react to different pH depends on the level dO2, or vice versa.

5.3.2.2 Metabolite analysis

As explained previously, a pseudoperfusion approach was used following 72 hours of

batch culture in order to replenish the cell culture medium with glucose and other nu-

trients, while removing waste products such as lactate. Figure 5.7 and 5.8 show the

glucose and lactate concentration over an eight days expansion period for each of the

conditions at 200 rpm and 100 rpm agitation speeds. The measured levels of glucose

and lactate show their concentration in the medium at the associated time point before

performing the medium exchange. It was observed that glucose in all conditions at 100

rpm was exhausted after 96 hours despite 0.5 vessel volume medium exchange on day 3.

In contrast, glucose exhaustion was not observed at 200 rpm. The decrease in viability

of 100 rpm conditions observed after 72 hours did not coincide with glucose limitation,
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Figure 5.6: Fold expansion of primary T cells over eight days expansion at different controlled
pH and dO2 and agitation speeds. Mean± SD, 3 healthy donors (2-3 technical replicates for each
donor) are shown. Statistical comparisons were performed using two-way ANOVA followed by
Tukey’s multiple comparison tests.

suggesting that either the exhaustion of other nutrients or other factors as explained ear-

lier in section 5.2 caused the drop in viability in the first 72 hours. However, a decrease

in the glucose concentration, toward the later stages of T cells expansion may have con-

tributed to the lower viability and growth in conditions at 100 rpm. Glucose exhaustion

was not a limiting factor for the conditions at 200 rpm, except for dO2 90% and pH 7.4
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condition.

At 200 rpm shaking speed, the lowest glucose concentration in the first three days

was observed at dO2 25% and pH 7.4, Whereas, at dO2 90% and pH 6.9 highest glucose

concentration was observed. Consistent with glucose concentration data, T cells in dO2

25% and pH 7.4 appeared to produce the highest amount of lactate in the first three days

(Figure 5.8), whereas, T cells grown in dO2 90% and pH 6.9 produced the least amount

of lactate. Similar trends were observed for the same conditions at 100 rpm agitation

speed, where T cells grown in dO2 25% and pH 7.4 consumed and produced the highest

amount of glucose and lactate, respectively.

The specific glucose consumption and lactate production were calculated for each

day (shown in FigureB.1), when metabolite and cell count measurements were available.

The average of glucose consumption and lactate production from day 3 to 8 were then

calculated for each condition shown in Figure 5.9. Distinctly, T cells grown at 100 rpm

shaking speed consumed a higher amount of glucose compared to 100 rpm conditions.

At 100 rpm, higher glucose consumption was observed at pH 6.9 compare to pH 7.4.

This is, in fact, interesting because glucose consumption is often correlated with the

growth of mammalian cells; however, in this case, cells with better growth consumed

less glucose. Regarding the lactate production, T cells cultured under controlled pH 6.9

produced less lactate compared to pH 7.4. This difference between different pH in the

specific lactate production is notably higher at 100 rpm conditions.
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The yield coefficient of lactate from glucose (YLactate/Glucose) is shown in Figure

5.10. The YLactate/Glucose provide us with an estimate of glycolysis activity based on lac-

tate production from glucose. The average yield of lactate from glucose in all conditions

is less than the theoretical yield of 2.0. The yield of lactate per glucose achieved in pH

6.9 is lower than pH 7.4 in 100 rpm agitation speed; however, this trend does not apply

to different dO2 and pH at 200 rpm agitation speed.

5.3.2.3 Immunophenotypic Analysis

Looking at the CD4:CD8 ratio at the end of the T cell expansion (Figure 5.11), high

variability between donors were observed. CD4:CD8 ratio from two donors were very

similar, however, the third donor had a lower percentage of CD8+ cells, which skewed

the CD4:CD8 ratio results to a higher number. By comparing different conditions at

200 rpm agitation speed, the CD4:CD8 ratios were similar in all conditions. On the

other hand, at 100 rpm shaking speed, T cells at dO2 25% had higher of CD4:CD8 ratio

relative to dO2 90%.

Flow cytometry analysis of subpopulations of CD8+ T cells is presented in Figure

5.12. CD8+ T cells were analysed in terms of the less differentiated and more desired

population of TCM and the more differentiated and less desired population of TEM cells.

The Figure 5.12 showed that the highest two TCM percentages of 32.6 % ±11.3 and

24.4 %±5.8 were achieved in dO2 25% and pH 7.4 at 200 and 100 rpm shaking speeds,

respectively. On the other hand, the lowest TCM percentages were achieved where high
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Figure 5.7: Glucose concentration of primary T cells medium over eight days expansion at
different controlled pH and dO2 at 200 rpm (a) and 100 rpm (b) agitation speeds. Mean ± SD,
3 healthy donors (2-3 technical replicates for each donor) are shown.
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Figure 5.8: Lactate concentration of primary T cells medium over eight days expansion at
different controlled pH and dO2 at 200 rpm (a) and 100 rpm (b) agitation speeds. Mean ± SD,
3 healthy donors (2-3 technical replicates for each donor) are shown.
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Figure 5.9: Specific glucose consumption rate (qGlucose) (a) and specific lactate production
rate (qLactate) (b) in pgcells–1days–1 unit for two agitation speeds and different combinations of
pH and dO2. Mean ± SD, 3 healthy donors are shown. Statistical comparisons were performed
using Tukey’s multiple comparison tests.
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and agitation speeds. Mean ± SD, 3 healthy donors are shown. Statistical comparisons were
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dO2 was combined with high pH and when low pH was combined with low dO2 at

both shaking speeds. As expected, TEM percentage was lowest in conditions where the

highest percentage of TCM cells were observed and vice versa. A two-way ANOVA

revealed that the interaction between dO2 and pH is the most significant factor with

regard to T central memory (%) with F-value = 17.53, P<0.001 and F-value = 13.03,

P = 0.001 for 200 and 100 rpm, respectively. This interaction suggests that strong

interaction exists between dO2 and pH as previously observed for growth of T cells.
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Figure 5.11: CD4:CD8 ratios of T cell products at the end of 8 days expansion at different pH,
dO2 and agitation speeds. Mean± SD, 3 healthy donors (2-3 technical replicates for each donor)
are shown.
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Figure 5.12: Phenotypic characterisation of CD8+ T cells after eight days expansion at different
controlled pH, dO2 and agitation speeds. a) Percentage of CD8+ T central memory cells, b)
percentage of CD8+ T effector memory cells. Mean ± SD, 3 healthy donors (2-3 technical
replicates for each donor) are shown. Statistical comparisons were performed using two-way
ANOVA followed by Tukey’s multiple comparison tests.
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5.4 Discussion

With the adoptive cell therapy industry moving from expansion in gas-permeable bags,

flasks and non-controlled bioreactor in clinical trials to commercial manufacturing with

either scale-out for autologous therapies or scale-up for allogeneic therapies, there is a

need to characterise the design of space for manufacturing of T cell therapies, and to

assess how different operating parameters such as dO2 and pH affect growth, quality

and functionality of T immunotherapy products. The aims of this study were to show

that micro scale systems such as micro-Matrix could be used as a process development

tool for T cell therapies manufacturing and to assess the impact of dO2, pH, agitation

and their respective interactions on T cells. The importance of assessing the interac-

tion between process parameters rather than individual parameters separately has been

reported in the biotechnology field for other cell types (Trummer et al., 2006; Brunner

et al., 2017). A comprehensive understanding of T cell metabolism and interaction with

process parameters is of significant importance for process optimisation and scale-up,

as the field is moving more toward large scale manufacturing of T cells through scaling

up or scaling out for immunotherapy application.

5.4.1 Effects of agitation on T cell expansion

Shaking speed impacts cell growth in multiple ways; Increased agitation improves the

rate of oxygen transfer and provides better medium homogenisation. In the case of T
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cells activation with Dynabeads, the interaction between T cells and Dynabeads is also

likely to be another key factor. T cell activation and proliferation in vitro requires multi-

ple signals including TCR stimulation signal, costimulatory signal, and cytokine signal

(Kershaw et al., 2013). In this experiment, T cells activation via beads provides TCR

and costimulatory signals via anti-CD3 and anti-CD28 antibodies. Increasing agitation

results in a higher rate of cells encounter with beads coated with anti-CD3 and anti-

CD28, hence higher probability and rate of primary and costimulatory signals received

by T cells. The bead-cell interaction has also been previously explained by Costariol

et al. (2019), where it was argued that the higher energy dissipation per unit volume

results in a higher frequency of interactions between beads and T cells, hence improved

proliferation. Furthermore, the culture medium supplemented with IL-7 and IL-15 cy-

tokines, which was routinely fed into the culture medium from day three, provides the

stimulatory cytokine signal. The high rate of bead-to-cell interaction in high shaking

speed of 200 rpm in addition to continuous prolonged exposure of cells to the beads

and cytokines drives T cells from their naive state to effector phenotypes, which explain

the generation of highly differentiated effector cells at 200 rpm (Figure 5.4f). Interest-

ingly, at 100 rpm, fold expansion achieved was significantly lower (P < 0.001) than

static control. Visually it was seen that under 100 rpm agitation speed, the T cells were

concentrating at the centre of the well, forming large aggregates which could be seen

through visual observation. It is evident that at low shaking speed, energy dissipation is
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not enough to mix the cells thoroughly and to suspend them homogeneously inside the

culture medium. Potential reasons for lower viability and growth at 100 rpm are lack

of sufficient bead-cell interaction, insufficient oxygen transfer to the cells at the centre

of aggregates, inadequate supply of nutrients and removal of toxic metabolites resulted

from non-homogeneous mixing and therefore build up of high gradient metabolic waste

around and within the cell aggregates.

5.4.2 Lag phase

Comparing the T cell growth in all the conditions (Figure 5.5a), a three days lag phase

was observed in all conditions at both agitation speeds. This initial growth lag phase

also have been seen for other cell types such as MSCs, where the initial attachment of

cells to microcarriers is considered to be the main issue (Rafiq et al., 2017), hence the

lag phase was reduced by intermittent agitation at the beginning of the expansion, which

allows the cells to attach better to microcarriers. A similar approach of intermittent stir-

ring at the beginning of cell expansion was used by Klarer et al. (2018) when expanding

T cells using a stirred ambr 15 bioreactor (Klarer et al., 2018), which relatively reduced

the lag phase. One potential explanation for the lag phase is that cells were adopting

to the culture environment post-thawing. Also, part of this lag duration could be the

time needed by T cells to reach the signalling threshold for T cell proliferation; these

times for clonal expansion upon TCR stimulation are between 2 h to 24 h for CD4+ and

191



CD8+ T cells (Au-Yeung et al., 2014). Furthermore, the balance between differentiation

of naive cells and death of effector cells is another potential reason for this lag phase.

T cells composition in starting material is composed of mainly naive, effector mem-

ory and terminally effector T cells. Upon activation, naive cells undergo spontaneous

proliferation, which generates memory and effector cells, thus increasing cell number,

Whereas some of short-lived terminally differentiated T cells die through apoptosis or

programmed cell death to maintains homoeostasis similar to what occurs after in vivo

immune response (Hand et al., 2009; W. Cui et al., 2010). This balance between the

generation of memory and effect cells from naive cells and death of terminally effector

cells would create a constant viable cell number initially until exponential growth of T

cells overtake the death of a limited number of terminally effector cells. The death of

terminally effector cells could therefore be a potential justification for the drop in the

viability within the first three days. However, to prove this hypothesis, further studies

on the first three days upon activation are required.

5.4.3 Impact of dissolved oxygen on T cell expansion

In the bioprocessing of mammalian cells, the level of oxygen plays a critical role (J.

Wang et al., 1994). Therefore, it is often monitored and controlled in manufacturing of

mammalian cells. For T cells, the need to deliver enough oxygen to the cells has led to

the development of new cell expansion technologies such as G-Rex and gas permeable
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bags, where highly gas permeable materials are used to maximise gas transfer to T cells,

showing the importance of oxygen transfer to T cells. In this study, the effect of atmo-

spheric (dO2 90% air saturation) and physiological oxygen (dO2 25% air saturation)

levels on the expansion of T cells at different agitation speeds were compared. Inter-

estingly, different oxygen level did not impair T cell expansion at 100 rpm. However,

expansion of T cells cultured at 200 rpm was impaired when dO2 25% was coupled with

pH 7.4 or dO2 90% was coupled with pH 6.9.

Several studies have investigated the effect of oxygen on T cell expansion; Bohnenkamp

et al. (2002) showed that 25% dO2 resulted in the highest fold expansion for T cells ex-

panded in stirred bioreactor, where pH was controlled at 7.2. Atkuri et al. (2005, 2007)

reported that the fold expansion of T cells stimulated by anti-CD3/CD28 antibodies was

50% higher at atmospheric oxygen level than physiological oxygen level (Kondala R

Atkuri et al., 2007; K. R. Atkuri et al., 2005). This was likely due to an accumula-

tion of naturally produced intracellular Nitric Oxide and Reactive Oxygen Species in

T cells cultured at 5% oxygen tension (L. M. McLaughlin et al., 2005). Furthermore,

Larbi et al. (2010) showed that T cells divide more rapidly in atmospheric oxygen level

than the physiological level. This was likely due to an accumulation of cyclic adenosine

monophosphate (cAMP) at low oxygen level and consequently reduced T cell activation

via lymphocyte-specific protein tyrosine kinase (Lck) inhibition (Millen et al., 2006;

Larbi et al., 2010). These studies are comparable to the results presented in this chapter;
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T cells that were cultured in pH 7.4 and dO2 90% had approximately 50% higher fold

expansion compared to pH 7.4 and dO2 25%. In contrast to our results, another study

by Berahovich et al. (2019) showed that physiological oxygen level of 5% compared

to atmospheric oxygen level of 18% did not impair either T cell nor CD19 CAR-T cell

expansion.

Upon activation, T cells switch their metabolism from the mainly oxidative phos-

phorylation (OXPHOS) and fatty acid metabolism associated with naive cells to an

increased rate of glycolysis, glucose consumption and lactate production in activated

T cells (MacIver et al., 2013). This phenomenon of cells using a high rate of aerobic

glycolysis despite the presence of sufficient oxygen for OXPHOS was first described by

Warburg (1956) for cancer cells. The results presented in this chapter demonstrated that

YLactate/Glucose is higher in low dO2 than high dO2 at 200 rpm. However, the difference

of YLactate/Glucose between dO2 25% and dO2 90% was less significant at 100 rpm than

200 rpm. The high yield of lactate from glucose suggests that the majority of pyruvate

produced by glucose consumption is channelled toward lactate conversion rather than

acetyl-CoA. Reduction of pyruvate to lactate by lactate dehydrogenase (LDH) produce

NAD+ from NADH, which is needed for a high rate of glycolysis in fast-dividing cells

(Schurich et al., 2019). This is similar to Larbi et al. (2010) study, in which it was

found that T cells activated under physiological oxygen tension shift their metabolism

more toward glycolysis (Larbi et al., 2010). Larbi et al. (2010) also reported induc-
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tion of Hypoxia-inducible factors-1α (HIF-1α) in T cells activated at 2% oxygen level

(equivalent to dO2 10% air saturation). HIF-1α induction leads to phosphorylation of

Akt, which consequently induces LDH kinases and overexpression of glucose recep-

tor, GLUT-1, which ultimately leads to an increased rate of glycolysis (Lukashev et al.,

2006; Jacobs et al., 2008; Larbi et al., 2010). However, whether HIF-1α induction oc-

curs at a higher oxygen level of 5% (equivalent to dO2 25% air saturation), similar to

what was used in this experiment, is unknown.

By comparing the quality of T cells at the end of eight days expansion, it can be

seen that a higher percentage of less differentiated CD8+ TCM cells were produced at

physiological oxygen level compared to dO2 90% at both 100 and 200 rpm, when pH

was maintained at 7.4. In contrast to our results, Berahovich et al. (2019) reported that

the differentiation status of T cells assessed based on CD27+ marker expression does

not change between physiological and atmospheric oxygen level. Similarly, Kondala

R Atkuri et al. (2007) showed that subsets of T cells were largely unaffected when

culturing T cells in different oxygen levels. However, the physiological oxygen level

delayed activation of T cells assessed by CD69 marker expression (Kondala R Atkuri

et al., 2007). In summary, the results presented in this study suggests that high level

of interaction between dO2 and pH exists at 200 rpm agitation speed, which requires

further comprehensive analysis to understand the underlying mechanism.
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5.4.4 Impact of pH on T cell expansion

pH is another important physical parameter for the cultivation of mammalian cells.

From a bioprocessing point of view, low pH is normally caused by the production of

lactic acid as a byproduct to cell growth. In the life sciences, studying the impact of low

pH on T cells is very important, because low pH is one of the main characteristics of

the immune-suppressive solid tumour microenvironment. T cells are able to sense the

extracellular pH and accumulation of protons by Proton-sensing G protein-coupled re-

ceptors (Erra Diaz et al., 2018). However, how extracellular acidosis affects or triggers

different signalling pathways is poorly characterised. In this study, it was shown that

pH 7.4 resulted in higher fold expansion at 100 rpm. As for 200 rpm, high pH results

in improved fold expansion only when dO2 was maintained at 90%. These results in-

dicate that pH as low as 6.9 has an inhibitory effect on T cell growth when combined

with dO2 90%. There are limited studies available investigating the effect of pH on in

vitro expansion of T cells; Carswell et al. (2000) investigated the effect of pH on T cells

stimulated with phytohemagglutinin (PHA) and reported significantly higher prolifera-

tion capacity for pH 7.0 and 7.2 compared to pH 7.4. Other studies (Bohnenkamp et al.,

2002; Calcinotto et al., 2012; Fischer et al., 2007; Pilon-Thomas et al., 2016) suggest

that pH as low as 6.5-6.7 inhibits T cell activation and growth. These studies suggest

that an optimal pH for T cell expansion exist within the range of 7.0-7.3.

The metabolic data based on the consumption of glucose and lactate showed that in
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all conditions lowering pH to 6.9 had an inhibitory effect on lactate production. This

inhibitory effect of pH on the specific lactic acid production rate was significantly higher

at 100 rpm agitation speed. This could be due to the fact that T cells expanded at

100 rpm were not uniformly suspended in the medium and were concentrated in large

aggregates at the centre of the well, which potentially exposed T cells to lower pH

than pH 6.9 and nutrient gradients. The effect of pH on the rate of glycolysis has been

investigated for other cell types such as skeletal cells or fibroblasts; In agreement with

our findings, there are reports that an increase in extracellular H+ (or low pH) suppressed

the rate of lactate generation (Iistry, 1966; Halperin et al., 1969; Dobson et al., 1986;

Erecifska et al., 1995). Reduced lactate production was potentially due to inhibition of

phosphofructokinase, a key enzyme in the glycolysis pathway, by protons (Iistry, 1966;

Halperin et al., 1969; Dobson et al., 1986; Erecifska et al., 1995).

Comparing the phenotypes of CD8+ T cells, no correlation between pH and per-

centage of TCM or TEM was observed. In the literature, it was demonstrated that T

cells activated with PHA, a non-specific stimulus, at pH 7.4 have significantly higher

expression of activation marker CD25, and produce a higher amount of IL-2 and IFN-γ,

compared to T cells activated at pH 6.6 (Bosticardo et al., 2001). However, the addition

of Anti-CD28 mAb, which resembles our activation method more closely, restored the

proliferation capacity, activation markers expression and different cytokines secretion

of T cells (Bosticardo et al., 2001). Other studies demonstrated the suppressive effect
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of lactic acid on T cells (Fischer et al., 2007; Erra Diaz et al., 2018), in the tumour

microenvironment, which is reversible when T cells are exposed to the lactic-acid free

and neutral pH environment. Therefore, suggesting that T cells lose their in vivo and

therapeutic functionality due to in vitro expansion in low pH is not justified.

5.4.5 Potential role of dissolved carbon dioxide

The dissolved CO2 level in the culture medium is another important physical parameter

in bioprocessing of mammalian cells. Controlling partial pressure of carbon dioxide

(pCO2) level is very important, particularly in large scale manufacturing where it be-

comes more challenging to remove excess CO2 produced by cells due to mixing limita-

tions and higher solubility due to the increased hydrostatic pressure (Feng et al., 2006).

Higher pCO2 in the cell culture is also associated with increased osmolality due to the

equilibrium between bicarbonate and dissolved CO2, which could independently affect

the cell culture performance (Kimura et al., 1999). Lowering pH in the presented study

in this chapter was via increasing CO2 concentration in the head space of each well

(done via micro-Matrix control loop). Whereas, in the above-mentioned studies, low-

ering pH in the cell culture medium was achieved through other methods; some studies

use lactic acid to study low pH (Fischer et al., 2007; Nakagawa et al., 2015), where

decoupling the effect of lactic acid or low pH on T cells would be impossible. Other

studies use diluted hydrochloric acid (Bosticardo et al., 2001; Carswell et al., 2000) to
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study the impact of low pH level on cells. In our study, to maintain a pH of 6.9 at the

beginning of the experiment, the bioreactor needed to inject a higher amount of CO2 to

keep the pH at the specified set point of 6.9 before cells start growing and producing

lactic acid. Therefore, it is argued here that T cells in pH 6.9 conditions were exposed

to a higher concentration of dissolved CO2. Several studies investigating the impact of

CO2 on different cell types have been carried out; Kimura et al. (1999), Goyal et al.

(2005), and Meghrous et al. (2015) found that elevated pCO2 and osmolality has an

inhibitory effect on the growth and production kinetics of CHO, hybridoma cells and

insect cell, respectively, while Bohnenkamp et al. (2002) demonstrated negative impact

of osmolality higher than 0.302 Osmol/kg on T cell viability. Metabolic profile of the

cells exposed to elevated pCO2 also showed lower glycolysis activity at 140 mm Hg

pCO2 (DeZengotita et al., 2011). Furthermore, Vohwinkel et al. (2011) examined the

effect of elevated CO2 on fibroblasts and provided evidence that increased CO2 impairs

mitochondrial function, which decreases O2 consumption and ATP production. Despite

the described negative impacts of increased pCO2 in the cell culture medium, effective

pH control using CO2 in bioreactor setup has been demonstrated for CHO cells (Hoshan

et al., 2019). It is beyond the scope of this study to examine the effect of CO2 on T cells.

However, as increasing the CO2 injection was the only way that the bioreactor could re-

duce the pH, T cells in all conditions with controlled pH of 6.9 might have been exposed

to elevated CO2 compared to pH 7.4 in the first three days. It must be noted that due
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to the software limitation, it was not possible to record the amount of CO2 that was

injected into each well.

5.4.6 Optimal manufacturing condition for T cell therapies

The focus of this study was how agitation, dO2 and pH affect the expansion and final

product quality of T cells. In the first part of this experiment, it was demonstrated that

proliferation rate of T cells can be improved significantly at 200 rpm agitation speed

without adversely affecting the phenotype. This means adopting stirred bioreactor for

clinical manufacturing of T cell therapies could potentially reduce the manufacturing

time and costs mainly associated with the expansion stage and would allow for an in-

creased number of batches per year in a manufacturing facility. Regarding the T cell

phenotypes, as discussed in the previous chapters, there are several studies suggest-

ing that T cell subsets with high in vivo proliferative capacity such as TCM cells are

preferred for immunotherapy applications due to their in vivo longevity and good cyto-

toxic function (Gattinoni et al., 2011; Scarselli et al., 2015; Xiuli Wang et al., 2016).

The ”optimum” composition of CAR-T cells for cancer immunotherapy is subjective to

each clinical trial or study, but a recent clinical study by Cameron J Turtle et al. (2016)

has suggested that defined 1:1 ratio of CD4+ to CD8+ CAR-T cells, highly enriched

with TCM cells has clinical advantages in patients with Acute Lymphoblastic Leukemia.

The combination of pH 7.4 and dO2 25% at 200 rpm between the tested conditions was
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the best combination for the expansion of T cells while generating a high proportion of

central memory cells. Although lower fold expansion was achieved in dO2 25% and

pH 7.4 and 200 rpm shaking speed compared to other conditions such dO2 25% and pH

6.9 at 200 rpm, the average of the percentage of CD8+ TCM was higher than in other

tested conditions. Therefore, changing physical operating parameters such as pH and

dO2 could be used as a strategy to further increase the percentage of CD8+ TCM cells in

the final product.

These preliminary results show the impact of pH, dO2 and agitation speed during on

the expansion of T cells, however, a series of different experiments is needed to further

validate our data for immunotherapy application. Although, phenotypic analysis based

on the expression of CCR7 and CD45RO markers give us a good indication of the differ-

entiation status of T cells, the in vivo performance of T cells cannot be predicted solely

based on these results. To have a better overview of how the CAR-T cells produced in

different pH and oxygen levels perform in vivo, validation of these results with T cells

transduced with CAR transgene and then animal model study or in vitro killing assay

would be at least required.
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5.5 Conclusion

The present study was designed to determine the effect of agitation, controlled pH and

dO2 on T cells. All the assessed parameters are scale-dependent process parameters

and have significant importance in large scale manufacturing of T cells for both autolo-

gous and allogenic purposes. In the first part of this investigation, it was demonstrated

that culturing T cells in the stirred platform compared to static condition enhanced the

growth without adversely affecting their phenotypes. However, the shaking speed or en-

ergy dissipation rate must be high enough to suspend T cells and Dynabeads thoroughly

in the medium. Furthermore, this study showed the importance of studying interactions

between multiple parameters, rather than studying each parameter individually while

optimising T cell manufacturing processes. For instance, it was demonstrated that there

is a significant interaction between pH and dO2 and how changing the combination of

these parameters could significantly affect the final product.

Screening multiple parameters using micro-Matrix system revealed the potential ap-

plication of this system for process research and development. The working volume of

each bioreactor (1-7 mL) is large enough to provide enough cells for multiple assays and

small enough to make it suitable for research and development with reduced cost and

to be used where limited number of cells are available (e.g. when working with patient

cells). Individual gas and medium supply to each bioreactor enable us to test a variety

of culture conditions such as different gas mixture or different feeding strategies.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

CAR-T cell therapies have emerged as a successful therapy for treating blood cancers.

However, the application of CAR-T is not limited to blood malignancies and the appli-

cation of CAR-T therapies is currently being investigated for treating different diseases

(Section 1.2.3). Despite ongoing advance in CAR-T therapy, ex vivo manufacturing

of T cells is still not fully characterised, and there are still gaps in understanding how

CAR-T manufacturing processes could affect the quality and ultimately efficiency of

CAR-T therapies. The main focus of this doctoral thesis was to assess how to improve

the quality of CAR-T cell therapies by altering the manufacturing process parameters

such as the feeding regime and bioreactor parameters such as dissolved oxygen and pH.
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To achieve the aims of this doctoral thesis described in Section 1.5, the following studies

were done.

Firstly, in chapter 3, the impact of different medium metabolites including glucose,

sodium pyruvate, and fatty acids on T cell quality and proliferation were assessed. In-

terestingly, it was demonstrated that glucose deprivation reduces the proliferation rate

of T cells but enriches for TCM subset during T cell activation and expansion. Secondly,

a novel feeding regime, called 2-stage feeding, was designed, in which T cells were fed

with glucose-containing medium in the first three days and then with the glucose-free

medium for the next five days. This feeding regime successfully improved the low fold

expansion observed in glucose deprivation condition, but produced a T product enriched

with TCM subset.

In chapter 4, it was shown that that the 2-stage feeding strategy can be used to gen-

erate a CAR-T product enriched with TCM cells.The potential underlying mechanism

behind the generation of high purity TCM was suppressing the growth of CD8+ effector

subsets. The in vitro functionality and persistence of the TCM enriched CAR-T therapy

was then assessed, where comparable killing ability was shown. However, the prolif-

eration capacity of TCM enriched CAR-T product after co-culture with CD19 positive

cancer cell line, NALM6, was significantly higher than the standard CAR-T product.

Collectively, the data suggested that metabolite restriction approach could be used to

selectively expand only one subset of T cells.
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The 2-stage feeding strategy was tested in a gas-permeable bags in Chapter 4. How-

ever, the current trend in the ACT field is manufacturing T cell therapies in more ad-

vanced systems with improved process monitoring and control such as WAVE or stirred

bioreactors. There has been suggestions that stirred bioreactors such as ambr system

could be used to expand T cells (Costariol et al., 2019). Therefore, in Chapter 5, it was

evaluated how T cell phenotypic composition and growth would be affected in a agitated

system and what is the best operating condition for expanding T cells to achieve high

percentage of CD8+ TCM cells. It was initially demonstrated the feasibility of growing

T cells in an agitated system such as micro-Matrix and how expanding and producing T

cell therapies in an agitated platform could improve T cell growth. Different combina-

tions of two levels of dO2 and pH in an agitated system was then assessed to characterise

the design space of these process parameters. Based on this study, the optimal condition

that yielded the highest TCM in the final product were pH 7.4 and dO2 25%. The work

presented in this chapter also demonstrated that there is a strong interaction between

dO2 and pH for the expansion of T cells. It is conclusive that the interaction between

multiple process parameters must be considered when optimising a CAR-T manufac-

turing process. Hence, the importance of systemic statistical approaches such Design of

Experiment (DOE) approach, where interaction between multiple different parameters

can be assessed. Furthermore, the importance of small-scale high throughput systems

such as micro-Matrix bioreactor for high throughput screening of different parameters
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for CAR-T therapy manufacturing was demonstrated. Ultimately, the results in this

chapter provided a basis for further characterisation of the design space for operating

stirred bioreactors.

6.2 Future Work

There are other outstanding questions that must be addressed prior to integrating the

2-stage feeding approach or the controlled pH and dO2 into the CAR-T therapy manu-

facturing process.

• In this doctoral thesis, all tests were done using healthy donor isolated T cells. The

feasibility of this feeding strategy must therefore be tested with patients’ cells that

have undergone different chemotherapy regimes and treatments.

• The feasibility of this approach in the absence of serum in the glucose-free medium

must be tested. This requires customising an already available advanced media

such as X-VIVO15 or TexMACS to create a glucose-free type.

• All the tests performed in this thesis were in vitro, therefore the in vivo efficacy

and anti-leukemic activity of the generated CAR-T cells must also be assessed in

animal models. This would be critical to see the longer term positive effect or

potential adverse effects of the TCM enriched CAR-T cells. Ultimately, after the

following tests, the approach could be considered to be used in a clinical trial.
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• The results in Chapter 5 were generated using non-transduced T cells. Therefore,

the results must be verified with transduced CAR-T cells and their in vitro and in

vivo functionality must be assessed.

• The combination of the 2-stage feeding regime and controlled pH 7.4 and dO2

25% in an a stirred platform could potentially provide the high number of T cells

enriched in central memory cells. However, as demonstrated in Chapter 5, there

could be high level of interaction between different parameters. Hence, it is sug-

gested that the combination of pH 7.4 and dO2 25% and the 2-stage medium

feeding to be tested to assess whether there is a interaction and whether combin-

ing these two strategies could further improve the quality of the CAR-T cells.
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Appendix A

Non-specific Stimulation

Figure A.1 and A.2 show inflammatory cytokine profiles of more differentiated CCR7-

and less differentiated CCR7+ T cells generated under the deprivation condition com-

pared to T cells generated in the standard glucose concentration medium (control) in

two representing donors. In the control condition, T cells comprising mainly of CCR7-

drove the majority of the effector function, whereas both CCR7+ and CCR7- T cells

generated under glucose deprivation produced inflammatory cytokines. The combina-

tion of non-stained and on-stimulated controls were used for gating (Figure A.3).
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Figure A.1: Intracellular cytokine staining of IL-2, IFN-γ, TNF-α and CD107a of final T cell
product after expansion in glucose deprivation condition and control condition are shown from
a representative healthy donor after stimulation with PMA and Ionomycin. Data are shown after
gating on single CD3+CD8+ cells. Numbers indicate the percentage of cells in each quadrant.
The quadrant gating was done based on FMO and non-stimulated controls.
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Figure A.2: Intracellular cytokine staining of IL-2, IFN-γ, TNF-α and CD107a of final T cell
product after expansion in glucose deprivation condition and control condition are shown from
a representative healthy donor after stimulation with PMA and Ionomycin. Data are shown after
gating on single CD3+CD8+ cells. Numbers indicate the percentage of cells in each quadrant.
The quadrant gating was done based on FMO and non-stimulated controls.
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Figure A.3: Intracellular cytokine staining controls for IL-2, IFN-γ, TNF-α and CD107a.
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Appendix B

Specific Consumption and

Production Rates

The specific glucose consumption and lactate production rates throughout the 8 days

expansion period are shown in Figure B.1.
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Figure B.1: Specific glucose consumption (a) and specific lactate production (b) of T cells
expanded in different controlled pH and DO conditions at 100 rpm and 200 rpm agitation speeds
(mean ± SD, 3 healthy donors)
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