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Abstract 

With an aging population, cancer is becoming increasingly prevalent in society.  Statistics now 

suggest that half of all people will be diagnosed with cancer in their lifetime.  In recent years there 

has been major progress in immuno-oncology, particularly in T-cell based therapies.  The main 

advancement in this field has been the development of Chimeric Antigen Receptor (CAR) T-cell 

therapies, which use genetically reprogrammed T-cells’ natural cytotoxic pathways to induce 

apoptosis in target cells. 

There has been a large amount of work focussed on identifying T-cell population characteristics 

which can aid in the manufacture and efficacy of the therapy.  In particular, the balance of 

subpopulations which allow improved viral transduction in culture, and improved efficacy and 

persistence on administering the therapy.  However, there was limited evidence of work 

investigating the impact of the T-cell culture process and the balance of these subpopulations.  This 

research sought to improve the definition of T-cell culture to improve confidence in predicting the 

output material as well as identifying conditions which may promote preferred populations. 

Input material, delaying IL-2 supplementation, and concentrated incubation prior to standard culture 

was analysed for their impact on T-cell culture.  Viable cell count and flow cytometry were used 

identify the impact of these elements on culture growth and phenotypic profile.  In addition, a novel 

phenotypic analytical method was developed in response to limitations with the common method 

observed in the field.  The novel method utilised algorithmic analysis of phenotypic data to reduce 

user bias, whilst introducing optimal phenotypic resolution of analysis. 

Analysis of input material and CD4/CD8 cell balance appeared to show that there were limited 

differences in behaviour of the subpopulations, with primary negative responses seen in cultures 

that had undergone a greater level of manipulation.  Delaying the supplementation of IL-2 into 

culture appeared to have a positive effect compared to immediate supplementation, however the 

evidence suggested that this was potentially no better than cultures not supplemented with 

additional IL-2.  Investigation of concentrated incubation prior to seeding into culture had variable 

responses using different donors.  This work proved inconclusive and requires further investigation, 

however the evidence suggested that the process may induce greater growth in cultures and 

increased maturation of subpopulations.  It was also possible to observe across the breadth of the 

experimentation that an increase in proliferation of T-cell cultures correlated with an increased 

phenotypic shift to Effector Memory phenotype populations. 
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1 Introduction 

1.1 Introduction to stratified medicine and CAR T-cell therapies 

Over time, as the scientific body of knowledge grows, so does the field of medicine1.  Medicine 

encompasses an expansive range of topics covering all elements of human health2,3.  Improvements 

in the understanding of disease pathology, as well as the mechanisms behind treatments, means 

that medicine is constantly evolving in an effort to improve both the efficacy and availability of 

treatments.  Historically, observation of the protective effects of cowpox on smallpox lead to 

vaccination, discovery of Human Leukocyte Antigen (HLA) matching led to reduced rejection in organ 

transplants and in-depth analysis of DNA has unlocked the ability to mass produce products such as 

insulin in E. coli 4–14. 

As the understanding of disease and the human response has evolved, so has the appreciation for 

the variability of individual to influence that response15,16.  In particular, historically treatments have 

been developed on the understanding that all individuals will respond similarly17.  The primary 

concern in initial development of a treatment is that it is safe and efficacious18–21.  However, once 

initial development is complete it would be possible to examine the responses and analyse patterns 

to identify trends.  Tailoring of treatments to accommodate specific subpopulations of patients 

based on characteristics is known as personalised or stratified medicine15–17. 

Stratified medicine is defined by the medical research council as “identifying subgroups of patients 

with distinct mechanisms of disease, or particular responses to treatments” making it possible to 

“identify and develop treatments that are effective for particular groups of patients [ensur ing ] that 

the right patient gets the right treatment at the right time”22.  However, for a stratified approach to 

a treatment to be developed it must first be justified23,24.  The process of therapy stratification takes 

both time and money, so for it to take place there needs to be a substantial improvement on 

patients’ quality of life through stratification24–26.  This calculation is likely to be made ahead of time 

based on the cost of the work involved, the prevalence of the disease and the applicability of the 

final product24. 

This approach has existed for a long time in treatments such as blood transfusions, where it was 

identified that giving patients blood of the same blood type reduced further issues and improved 

recovery10,27,28.  Similarly, it has been used in HLA typing to reduce the level of organ rejection in 

transplant patients, increasing the quality and length of life of the patient and limiting the number of 

unsuccessful transplants29–33.  With the advent of genotypic analysis, it then became possible to 

measure if response was due to specific markers, such as in the case of Herceptin. Approximately 1 

in 5 breast cancer cases in the UK are Human Epidermal Growth Factor Receptor 2 (HER2) positive, 
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meaning that they will respond to treatment with trastuzumab (brand name Herceptin)34,35.  

Herceptin was brought in as a treatment for patients with high expressing HER2 and was able to 

reduce recurrence by 52% in conjunction with chemotherapy36.  However, in the field of cancer drug 

development, this is one of the few success stories.  The heterogenous nature of tumours often 

means that stratified treatments are not 100% effective, and initial positive results overcome or 

superseded by non-responsive clones16. 

One branch of therapies that falls under stratified medicine is autologous cell therapies37,38.  

Autologous cell therapies utilise the patient’s own cells to treat the disease, as opposed to allogenic 

cell therapies, using cells from other donors.  Autologous therapies can consist of procedures as 

simple as transferring a sample from one site in the body to another, such as in skin grafts, involve a 

greater level of manipulation, such expanding the population and inducing phenotypic change in 

autologous chondrocyte implantation, or involve manipulation at the genetic level, such as the use 

of viral vectors to induce Chimeric Antigen Receptor (CAR) expression on T-cells in CAR T-cell therapy 

manufacture.  CAR T-cell therapies are a relatively new autologous therapy, with the first 

commercial products, Yescarta (Kite Pharma) and Kymriah (Novartis), only approved by the FDA in 

2017.  In England the therapy is currently used to treat certain B cell cancers and involves genetic 

manipulation of T-cells to express CARs.  These CARs can bind to target proteins on the cancer cells 

and induce apoptosis by utilising the natural cytotoxic pathways available to T-cells. 

1.2 History of CAR T-cell therapies, the current state of the art and manufacturing 

challenges 

T-cells are lymphocytes that have differentiated from hematopoietic stem cells (HSCs) and form part 

of the adaptive immune system (Fig 1.1).  There are two main subpopulations of T-cells, CD4 

expressing Helper T-cells and CD8 expressing Cytotoxic T-cells.  The protein expressed informs their 

role in the immune system, and expression of these proteins on mature T-cells is mutually exclusive.  

After HSCs’ initial differentiation into a common lymphoid progenitor cells, those which are to 

become T-cells migrate to the thymus for development, with ‘thymus’ being the origin of the T-cell 

name.  Whilst in the Thymus, the cells undergo a maturation and selection process which induces 

the expression of the T-cell receptor (TCR), a multiprotein complex that enables binding to target 

antigens in an immune response, as well as specificity for the target antigen (Fig 1.2).  The level of 

specificity the TCR affords the T-cell is akin to that of an antibody.  The external domains of the TCR 

can be grouped into variable and constant regions, with the constant region being comprised of CD3 

proteins.  The internal domains of the TCR propagate signals on binding of the target antigen to 

induce an immune response.  In addition to the TCR, this process will also induce the expression of 

both CD4 and CD8, proteins which help in the target binding process and dictate the role of the cells. 
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A trait of the TCR is that it can only detect antigens presented in a major histocompatibility complex 

(MHC) protein of another cell.  MHC are proteins that are able to present short peptide chains to T 

cells.  There are two classes of MHC, class I is expressed on nearly all nucleated cells, whilst MHC 

class II is only expressed by professional antigen presenting cells (APCs) such as dendritic cells, 

macrophages, and B cells.  Cells will regularly take short chains of proteins being produced within 

the cells for presentation in MHC class I, allowing the cell to give a snapshot of what is currently 

undergoing manufacture in the cell.  Meanwhile, MHC class II is used by APCs to present short chains 

of pathogens that they have endocytosed as part of their immune response39,40. 
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Once the functional TCR is expressed, T-cells then migrate to another area of the thymus and are 

exposed to self-antigens presented on MHC proteins of both classes.  If the TCR is unable to interact 

with either of the MHC classes it will receive an apoptotic signal, however if interaction is possible 

this signal will not be given.  The TCR is able to bind to antigens presented on both MHC class I and II, 

however CD4 and CD8 will only bind to a specific class, with CD4 only binding MHC class II, and CD8 

only binding MHC class I.  Within the thymus, once the T-cell has bound to its target antigen either 

CD4 or CD8 will bind based on the MHC class the peptide is presented in, and this will induce a 

change in the cell.  On binding to MHC class I, cells will downregulate the expression of CD4 and 

become cytotoxic CD8+ T-cells, whilst if they bind to MHC class II they will instead downregulate CD8 

and become CD4+ cells, either Helper T-cells or Regulatory T-cells.  In the next stage of selection of 

T-cells, they migrate to another area of the thymus and are again exposed to self-antigens in MHC 

proteins.  If the T-cell binds with too high an affinity for the self-antigen they will be given an 

apoptotic signal, as it is indicative of cells that could produce an autoimmune response39,40. 

At this point T-cells will migrate out of the thymus as ‘graduated’ T-cells.  As part of the selection 

process the T-cells will have become CD4+ or CD8+, with expression of the proteins being mutually 

exclusive.  These markers are representative of their roles in the body, as highlighted by their MHC 

based selection in the thymus.  CD4+ cells are able to view antigens presented by MHC class II, 

expressed on antigen presenting cells.  The role of Helper T-cells in immune response, as suggested 

by the name ‘Helper’, is predominantly as a second stimulus for activating other immune cells such 

as B-cells, Cytotoxic T-cells and macrophages.  Meanwhile, regulatory T-cells are stimulated in the 

same manner, but as with their specificity for self-antigens their response is immunosuppressant to 

reduce autoimmune activity.  In both instances these cells achieve their role through secretion of 

cytokines.  Helper T-cells and Regulatory T-cells have different cytokine profiles, and there are 

further subgroups of Helper T-cells which have different functions in immune response which 

require different profiles of cytokine production.  CD8+ cells are able to view antigens presented on 

MHC class II, expressed on nearly all nucleated cells in the body.  The role of these Cytotoxic T-cells is 

to monitor cells of the body for unusual activity.  This activity could be the expression of incorrect 

proteins in tumour cells, or presentation of foreign antigens in virus infected cells.  On stimulation, 

Cytotoxic T-cells induce apoptosis in the target cell through the release of perforins to form pores in 

the target cell membrane, and granzymes which enter through these pores and induce the 

apoptosis.  Through this specific targeting process, T-cells are able to remove the infected or faulty 

cells whilst theoretically leaving other surrounding cells intact and unaffected39,40. 



19 
 

 

Cancer T-cell therapies have used the cytotoxic abilities of CD8+ cells to induce apoptosis in target 

cancerous populations41,42.  The first example of using T-cells as a cancer treatment was Tumour 

Infiltrating Lymphocytes (TILs)43–45.  Tumours will often create an immunosuppressant environment, 

making normal immune response difficult, even when T-cells reactive to the tumour antigens are 

present46,47.  TILs are generated through harvesting of tumour material which contains T-cells 
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responsive to the tumour antigen48,49.  These cells are then cultured and repeatedly stimulated to 

generate a large enough population of the target T-cells that they can produce a substantial effect 

on the tumour despite the immunosuppressant nature of the environment45,48–51.  Although this 

process works in theory, it does not have a short production time, and is also reliant on there being a 

suitably large population of T-cells responsive to the tumour in the initial harvest45,52. 

 

To overcome the limitations of harvesting tumour samples and relying on there being a high 

concentration of responsive T-cells, engineered TCR T-cells were developed.  Engineered TCR T-cells 
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are generated through genetic programming of T-cells to express a specific TCR53,54.  The TCR 

encoded is specifically designed to target a protein on the target cell surface, as opposed to relying 

on harvesting these cells in the TIL process.  Manufacture of the therapy involves harvesting of the 

donor’s T-cells and expanding them in culture.  The cells are then genetically reprogrammed to 

display the engineered TCR and transplanted back into the patient53,54.  The process shows 

improvements over the TIL process in many regards.  The process is not reliant on harvesting tumour 

material, with it being possible to harvest T-cells from peripheral blood.  In addition, TILs rely on 

repeat stimulation with tumour cells to ensure that the tumour reactive T-cells are the predominant 

population, however with genetic reprogramming a heterogenous population of T-cells will present 

the engineered TCR, subject to transduction efficiency53–55.  As both of these processes require the 

presentation of target proteins, they are reliant on the presentation of MHC on the cell surface.  One 

of the characteristics of cancer cells is the downregulation of surface proteins, including MHC, 

effectively making them invisible to the immune system56–58. 

The response to this limitation was the generation of CAR T-cells.  These cells are manufactured in a 

similar fashion to engineered TCR T-cells, with T-cells harvested from the patient and genetically 

modified to express the CAR, before reimplantation in the patient (Fig 1.4).  CARs differ from 

engineered TCRs and TILs in that they are not reliant on MHC presentation of their antigen (Fig. 1.3).  

CARs consist of an extracellular domain for antigen recognition and an intracellular domain for T-cell 

stimulation (Fig. 1.5).  The extracellular domain includes a single chain variable fragment (scFv) that 

can recognise and bind to a target antigen, and a hinge region that allows flexibility and in 

interaction and reduces the spatial requirements for response59–61.  The evolution of CAR T-cells has 

seen the CAR intracellular domain change with each generation.  The first generation of CAR T-cells 

only had a CD3 signalling motif on the intracellular domain41,61.  CD3 is the primary stimulus for T-cell 

response in vivo , however it also requires a costimulatory signal for persistence62.  As such, in the 

second generation of CARs a second signalling motif was included in the intracellular domain, usually 

the secondary stimulant signals CD28 or 4-BB, and third generation CARs then added another 

signalling motif to increase persistence further41,61,62. 

Currently CAR T-cell therapies have had a large amount of success with B-cell cancers.  There are 

several reasons for this, for example CD19 is a B-cell specific marker which is not downregulated in 

cancerous cells63–65.  This means that it is possible to target these cells even when they are cancerous 

and induce apoptosis.  In addition, as they are a liquid cancer these cells are easier to target than a 

solid tumour which can restrict access to all cells, as well as produce an immunosuppressant 

microenvironment which may limit response.  There are two products released on the market that 

have approval for use by the FDA and the NHS, Tisagenlecleucel (Kymriah; Novartis) and 
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axicabtagene ciloleucel (Yescarta; Kite Pharma), with Lisocabtagene maraleucel (Liso-cel; Bristol-

Mysers Squibb) currently going through clinical trial (TRANSCEND-NHL-001, ClinicalTrials.gov 

Identifier NCT02631044).  Clinical trials listed in Table 1.1 highlight some of the ongoing clinical trials 

using CAR T-cell therapies.  

 

There has been evidence to suggest that in the manufacturing and therapeutic efficacy of CAR T-cell 

therapies Naïve (N) and Central Memory (CM) subpopulations of T-cells are preferable.  In particular, 

in vivo  studies have shown that these populations are more effective in conferring target cell 

response66–70.  This is suggested to be due in part to the proliferative capacity of these cells, which 

normally reside in Secondary Lymphoid Organs (SLOs), and their capacity for persistence in the 

subject after reimplantation, as opposed to Effector (E) and Effector Memory (EM) subpopulations, 

which are usually found at the site of infection and resident in tissue respectively, and have a 
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comparatively limited persistence66.  The greater proliferative capacity of N and CM populations 

means that in at transduction, a greater proportion of these subpopulations is likely to result in a 

greater concentration of CAR expressing T-cells in the final product.  Meanwhile, at therapy 

transfusion the greater proliferative capacity and persistence means that these cells can produce an 

appropriately scaled, targeted attack, and increases the capability to maintain that response for an 

extended period of time.  

 

There has been also been investigation into the effects of CD4+ and CD8+ population balance on the 

efficacy of therapy in manufacture and transplantation.  Cytotoxic CD8+ cells are able to induce 

apoptosis in their target cells directly, and this makes them appear to be a suitable population to 

target for improved efficacy of therapy.  However, helper CD4 cells are predominantly known for 

their cytokine producing capacity, and their ability to stimulate responses in B-cells and other 

cytotoxic T-cells.  There is no evidence that the balance of the CD4:CD8 populations has a substantial 

or significant impact on the manufacturing process of CAR T-cell therapies.  Furthermore, there is 

little research into the impact of CD4:CD8 balance on therapy efficacy, and the evidence available is 

not conclusive on the matter66,69,71.  The main conclusion of these investigations is that the evidence 
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on CD4:CD8 balance is inconclusive, but both CD4+ and CD8+ populations should be included as part 

of the therapeutic dose manufactured, rather than limiting it to just the CD8+ population72–74. 

Therefore, as well as investigating the possibility of manufacturing consistent T-cell populations, or 

controlling culture conditions to dictate population outputs, this research had a greater focus on 

identifying culture conditions which would select preferentially for CD4+ and CD8+ N and CM 

subpopulations.  Such findings could be translated from a research setting to a manufacturing 

process to improve transduction and therapy efficacy. 

1.3 History of flow cytometry and phenotypic analysis 

Flow cytometry is a common analytical tool in modern day cell culture analysis.  The process involves 

using fluidics to analyse a sample by concentrating the cells into a single stream which is then passed 

through a detector to analyse characteristics of the cells.  In the context of this research, flow 

cytometry was sometimes used to analyse the viable cell counts of samples, and extensively used to 

analyse their phenotypic qualities of culture samples.  Modern flow cytometry equipment can use 

laser light detection to measure cell characteristics, however original flow cytometers used an 

electrical current. 

Flow cytometry was developed in the 1950s as a response to the slow throughput of static 

cytometry when processing samples in the wake of atomic bombs dropped in WWII75.  The original 

device involved a channel with an aperture and an electrical current running from one side of the 

aperture to the other.  It was observed that cells were not as conductive as the flow buffer they 

were suspended in, and as they passed through the aperture the electrical resistance would 

increase, decreasing the current passing between electrodes.  By monitoring the resistance recorded 

through the aperture it was possible to count the number of cells and compare their relative size in a 

sample76. 

Over time, the process was improved to sort cells based on their size using this principle, before 

advancing to cell sorting based on cell fluorescence77.  A patent for the first Fluorescence Activated 

Cell Sorter (FACS) was awarded to Stanford University in 1972, and by 1974, Becton Dickinson had 

released the first commercial instrument, the FACS-II.  Earlier fluorescence based FACS analysers 

would differentiate cells based on their autofluorescence.  The development of methods by which 

monoclonal antibodies could be produced against specific targets and labelled with fluorophores 

was used to shepherd in a new era of characteristic analysis in cytometry78–80.  The use of different 

fluorophores and multiple lasers resulted in flow cytometers which were able to accommodate ever 

increasing panels of stains to analyse simultaneously for cell phenotyping78–80. 
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Currently there are many analysers that are able to assess cells’ size and granularity, as well as 

measure labelling for multiple targets.  The flow cytometer that was used in the course of this 

research, a BD FACSCanto II, had the capability of analysing response in up to 8 channels at the same 

time, however some analysers with as many as 5 lasers can analyse up to 50 channels 

simultaneously.  Increasing the number of channels available allows for a greater range of cell 

markers to be analysed simultaneously, however it also necessitates a more complex set up as each 

channel needs to be individually configured, and an increased level of compensation in each channel 

as it receives spillover from multiple channels fluorophores80–82. 

1.4 Selection of a suitable panel for T-cell phenotypic analysis 

There are many ways in which cells in culture can be analysed; growth, size, phenotype, metabolic 

activity, proteome and genome of cells can all be quantified to measure the state of a cell.  The most 

common analyses of T-cells in culture are the proliferation and phenotype72,83–86.  In experimental 

conditions the former highlights the ability of variables to induce a greater or lesser level of growth 

in culture, whilst the latter analyses the impact on the balance of different T-cell subpopulations.  

Measurement of viable cell count is possible using flow cytometry.  Cell populations can be gated 

from other particles based on size, and there are several dyes such as 4′,6-diamidino-2-phenylindole 

(DAPI; Fisher) and Fixable Viability Stain 520 (Becton Dickinson) that can be used to stain non-viable 

cells to highlight the viable cells80. 

Whilst assessment of viability only requires a single fluorescent stain, phenotypic analysis of cells can 

require a larger number of stains for analysing different cell markers depending on the complexity of 

the target cell identity.  This is certainly true of T-cells, with a range of cell surface and internal 

markers available to analyse the state and functional phenotype of a cell.  Phenotypic analysis of 

cultures was a key element of the research and it was important to develop a panel that would be 

accurate and have sufficient detail to define the subpopulations required. 

The first purpose of the analytical panel is to have the capacity to identify T-cells in a heterogenous 

population.  The TCR is comprised of variable protein binding regions that give T-cells their specificity 

for activation.  The TCR complex is only expressed on the surface of T-cells and is therefore highly 

specific for T-cells.  Due to the variable nature of the exposure portion of the α and β chains, or in 5-

10% of instances γ and δ, that comprise the TCR they are not a suitable target for fluorescent 

antibody staining.  The TCR proteins only have a short cytoplasmic tail, and therefore sit within the 

TCR complex in order to effectively propagate the signal through the cell membrane to activate 

signalling pathways40.  As well as the TCR, the TCR complex also consists of CD3 subunits CD3δ, CD3γ, 

CD3ε and CD3ζ40.  CD3 proteins expressed as part of the TCR complex have both a stable protein 
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shape and are more exposed on the cell surface40.  T-cells are not able to ‘graduate’ from the thymus 

without expression of the TCR, and with CD3 being an integral part of the TCR complex it is therefore 

highly indicative of T-cells.  As such, CD3 provides a suitable target to identify T-cells.  The evidence 

also shows that CD3 is used extremely often in the identification of T-cells for others in a 

heterogenous population84,87. 

The TCR lends specificity to T-cells as well as propagating an activation signal, however in order to 

avoid accidental stimulation a costimulatory signal is required to fully activate the cell40.  CD28 acts 

as the costimulatory receptor on T-cells and is able to bind to 2 different ligands expressed on the 

surface of APCs; CD86 is a constitutively expressed protein on the surface of APCs while CD80 is 

upregulated after activation in order to increase signalling and promote activation of cells40.  

Activation of CD28 by a CD80 or CD86 ligand results in a cascade of signalling which ends with a 

protein called PLC-γ being phosphorylated and activated after interacting with LAT.  Downstream, 

this signal results in an upregulation in IL-2 gene transcription, producing a cytokine which promotes 

proliferation and differentiation of Naïve T-cells into Effector (E) T-cells40,88,89. Cells that do not 

express CD28 can become functionally inactivated or are anergic, recognising their target antigen 

but not producing a response to it90–93. 

T-cells constitutively produce IL-2 and express a moderate affinity IL-2 receptor on the cell surface 

comprised of an IL-2 receptor β and γ chain, even when not activated40.  Activation of this receptor 

induces proliferation in the cells and IL-2 is used as a growth factor for T-cells in culture, whilst high 

concentrations of IL-2 are able to induce activation94,95. However, on activation expression of an IL-2 

receptor α chain (CD25) is upregulated40. The α chain combines with the β and γ chains and 

substantially increases the affinity with which the receptor binds and responds to IL-240,96–99.  In this 

state the receptor is capable of stimulating proliferation even in relatively low levels of the ligand, 

promoting clonal expansion and ensuring that an effective response is raised against the target 

cell(s)40,99.  Because of the direct correlation between activation and upregulation of CD25, it would 

be a suitable analytical marker for ‘Effector’ T-cells in T-cell populations. 

In addition to CD3, the proteins CD4 and CD8 are also indicative of T-cells.  CD4 expression on a T-

cell’s surface is indicative of helper or regulatory function in the body, with the former helping in 

activation of other cells and the latter working to reduce the instances of unnecessary autoimmune 

function40,100,101.  CD8 expression is indicative of cytotoxic T-cells, which can induce apoptosis in cells 

presenting their target antigen102–104.  In the initial stages of T-cell development in the thymus, T-

cells express neither CD4 nor CD8 in a state referred to as ‘double negative’.  However, as the cells 

progress down this differentiation path the cells begin to express both CD4 and CD8 on their surface, 

referred to as ‘double positive’.  Finally, prior to leaving the thymus T-cells go through a process of 
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antigen exposure.  This process ensures that the cell will sufficiently respond to induce activation 

when being exposed to their target antigen, but not react so much that it would induce an 

autoimmune reaction39,40.  As part of this process the T-cell will either bind to cells expressing MHC 

class I or MHC class II which will stimulate the downregulation of either CD4 or CD8 respectively, 

rendering their expression on the T-cell surface mutually exclusive39,40.  Not progressing to double 

expression and then single expression will result in T-cells that are unable to ‘graduate’ from the 

thymus and they will undergo apoptosis.  As a result, CD4 or CD8 expression is indicative of T-cell 

function in vivo , and in conjunction they should represent all T-cells within a population.  There was 

also a substantial number of examples where these markers were used in literature, using them to 

identify the two subpopulations of cells in culture72,105–108.  As previously mentioned, there is 

currently no consensus on whether there is a preference in the balance of CD4:CD8 populations in 

either manufacture or therapeutic dose.  However, in being able to monitor these subpopulations it 

may be possible to identify differences in their responses to experimental variables and help to 

improve the knowledge in this area for CAR T-cell therapy manufacture. 

In addition to Helper/Regulatory and Cytotoxic, T-cells are also commonly split into maturity 

phenotypes based on their experience with their target antigen and ability to locate to the 

SLOs39,40,68,109. These maturity phenotypes appear in both CD4+ and CD8+ subpopulations and have 

the same marker profile in each instance.  CD45 is a protein that can be indicative of T-cells like CD3 

and CD4 & CD8, however their greater analytical power comes from their isoform expression.  On 

binding of the TCR to its target protein, CD45 associates with the target cell MHC proteins and 

clusters the protein around the TCR complex.  This collects essential components of activation, 

bound to the cytoplasmic domain, around the TCR and helps to facilitate activation.  Prior to 

exposure to their target antigen, T-cells express the isoform CD45RA on their cell surface, therefore 

indicative of immature subpopulations39,40.  On activation, T-cells upregulate the expression of 

CD45RO and downregulate CD45RA.  CD45RO is able to more easily associate with the target MHC 

proteins, therefore improving signalling and the potential response39,40. 

The subpopulations which home to SLOs are present within both the immature and mature T-cell 

subpopulations.  In immature populations, Naïve cells reside predominantly in the SLOs, waiting to 

be shown their target antigen by an APC39,40,89.  For this to occur, the cells need to be able to migrate 

to these areas, which they do with the help of CD62L and CCR739,40,110.  Both of these proteins bind to 

targets expressed in the vasculature near the SLOs, which facilitates the rolling and slowing of cells 

along the vessel wall before being able to enter the organs.  However, once a T-cell has been 

activated it needs to move away from the SLO towards the site of infection.  Retaining CD62L and 

CCR7 would reduce the efficacy of response at the target site by inhibiting effective migration to the 
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target site.  It could also increase the chance of an adverse response in the SLOs111,112.  As such 

Effector phenotype cells downregulate these ‘homing’ markers to direct their way to the site of the 

infection.  This is similar in the mature subpopulations, with Central Memory and Effector Memory 

(EM).  Effector Memory cells reside in tissues, serving as a first line of mature T-cell defence against 

pathogens.  In order to prevent them from homing to the SLOs and to stay in the peripheral tissues 

Effector Memory cells downregulate CD62L and CCR7 expression39,40,113,114. Meanwhile, Central 

Memory cells reside in the SLOs to be activated through exposure to antigen presenting cells, before 

undergoing high proliferation and migration to the target stimulus39,40,110,113,114. 

These markers (CD45RA/CD45RO and CCR7/CD62L) are essential for defining maturity phenotypes of 

T-cell cultures.  It is understood that these markers are not used in release criteria for CAR T-cell 

therapeutic product, however as mentioned in section 1.2, a higher proportion of Naïve and Central 

Memory phenotype cells is preferable through both manufacture and infusion of the therapy into 

the patient66–71.  Therefore, the inclusion of markers that can define maturity subpopulations will 

play an important role in understanding the impact of experimental variables on target 

subpopulations and will help to define culture techniques that select for them. 

In addition to the surface markers of T-cells, the cytokine profile was considered for analysis of T-

cells.  The production of cytokines could be indicative of certain subpopulations, such as IL-9, IL-22 

and IL-10 for certain subgroups of CD4+ T-cells40,115–117, or of cell state, such as IFN-γ and TNF-α 

representing activation in CD8+ T-cells118–121.  However, analysis of these markers would require 

permeabilization of the membrane for labelling, and it is understood that these cytokines are neither 

monitored during manufacture of the therapy, or used as release criteria for the product.  

Considering the frequency and volume of phenotypic analysis to be undertaken, it was considered 

that the additional time and work that would be needed to assess these markers would not be 

balanced by result of doing so.  As such, no cytokines were used as phenotypic markers over the 

course of this research.  This contributed to the reason to not distinguish between the multiple CD4+ 

T-cell populations. 
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The flow cytometer to be used for phenotypic analysis was a BD FACSCanto II.  This analyser can 

accommodate analysis of up to 8 channels simultaneously.  The markers mentioned so far total 9, 

and therefore it would not have been possible to run them all in one panel.  It was considered that it 

would be possible to run analysis of T-cell cultures with two panels, however as with the cytokine 

markers it was considered that the additional work required outweighed the benefit of performing 

two analyses.  As well as being necessary to remove a marker to meet the requirements of the 

equipment, it was also understood that using a panel at the full capacity of the analyser would 

require a high level of compensation in the analyser configuration which may introduce noise into 

the data81.  The decision was taken to target a 5 marker panel for analysis. 

Analysis of the markers highlighted a redundancy in those discussed.  Both CD62L and CCR7 are 

markers of cells homing to SLOs, present on the Naïve and Central Memory cells.  The two proteins 

play slightly different roles in the process of migrating cells to their destination, potentially 

warranting individual investigation39,40.  However, with both conveying the same functional property 

of the T-cell it was not necessary to include both for an effective analysis.  CD62L has shown to be 

more effected by cryopreservation and density centrifugation, and although the expression does 

recover, this could have caused issues with phenotypic assessment in the period after culture 

preparation122–124.  CCR7 was understood to be more constitutively expressed, but with the caveat of 

having a relatively low expression level on the T-cell surface125.  It was concluded that the issues with 
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low expression could be overcome by the use of a brighter fluorophore, whilst the loss of phenotypic 

data in early culture would be more of a hinderance.  Therefore, CCR7 was retained as a potential 

marker, whilst CD62L was removed.  It was similarly decided that CD28 would be removed from the 

panel for a similar reason.  Although CD28 is a marker of T-cells, both CD3 and CD4/CD8 are also able 

to do so.  In addition, CD3 was observed to be more commonly used as a single marker for T-cells 

than CD2866,126–129.   

Understanding the activation level of T-cells would have contributed to the analysis of experimental 

effects, potentially highlighting conditions which stimulated response quicker or greater than others.  

With activation inducing maturation of T-cell populations, it was considered that this may also help 

to identify conditions that stimulated a greater level of maturation.  However, as CD25 is only 

transiently upregulated as part of activation39,40 this would not be a lasting marker of maturity in cell 

populations.  CD45RO is also a marker of maturity in T-cell populations, upregulated on activation 

and retained on the cell surface.  It was therefore concluded that CD25 was not an essential marker 

to monitor and was also removed from consideration. 

Of the 6 markers remaining, CD4, CD8 and CCR7 were considered essential.  CD4 and CD8 described 

functional subpopulation variation and would be important in understanding any variable effects of 

any experimental variables on the helper/regulatory and cytotoxic populations.  Meanwhile CCR7 

was one of the markers which contributed to the definition of T-cell maturity subpopulations83,113.  

As target populations of cells in CAR T-cell therapy manufacture had been linked to these 

populations it was necessary to retain for identification of maturity subgroups in culture.  Of the 

markers remaining, CD45RA and CD45RO were understood to have the same functional difference, 

however with opposite levels of expression.  Meanwhile, the only function of CD3 on the panel 

would be to identify T-cells.  It was suggested that having clarity on the expression of CD45RA and 

CD45RO, especially within effector populations, may provide clarification in the transition period of 

expression between the two proteins.  It was also observed, that any CD3 expressing cell in culture 

would also be expressing CD4 or CD8.  In the absence of CD3 as a marker it would therefore be 

possible to identify T-cells in culture using CD4 and CD8.  As such it was concluded that CD3 would 

be removed from the panel and the final analytical markers would be CD4, CD8, CD45RA, CD45RO 

and CCR7.  This panel would be able to identify T-cells within a heterogenous population, as well as 

give the insight into maturity subpopulations required to make meaningful conclusions about 

experimental variables on populations of interest in the context of the manufacturing and 

therapeutic process. 

After selection of the marker panel it was necessary assign fluorophores.  With markers having 

different expression levels on T-cell and fluorophores having different relative fluorescence it was 
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important to ensure that these were combined in a manner to achieve the clearest output from the 

analysis, preferably associating brighter fluorophores with less expressed markers.  The fluorophore 

selection is outlined in 2.7.1.1. 

1.5 Sources of T-cells, their availability and suitability 

To perform experiments on T-cell populations, it was first necessary to source the culture material.  

In CAR T-cell therapy manufacture the cells are generally harvested from the patient using 

apheresis66,72,130–133.  This process extracts the buffy coat fraction of whole blood and returns the 

remaining components to the donor.  Only removing the required fraction puts a reduced strain on 

the patient and reduces processing time in the clinical setting134–136.  For research purposes there 

were several options for the sourcing of T-cell material.  Assessment of the T-cell sources was based 

on their availability and their suitability. 

The first source of T-cells was whole blood.  Fresh whole blood is available for purchase in the UK 

and the total volume required in each instance could be supplied by a single donor.  The variability of 

donor material prompted consideration of using a pool of material from several donors to observe a 

more homogenised response to stimuli.  However, this was rejected in favour of single donor 

cultures which would be more representative of the clinical manufacturing method83,137,138.  In 

addition, it was not clear what the impact of introducing CD8+ cells from multiple donors would be.  

From whole blood it would be possible to use density centrifugation to isolate the buffy coat fraction 

of whole blood, which is comprised primarily of Peripheral Blood Mononuclear Cells (PBMCs).  This 

would mimic the isolation of this fraction using apheresis, and from here T-cells could be isolated 

where necessary, or the isolated product placed straight into culture.  In addition, similar to the 

clinical process this product would not undergo cryopreservation, which could have had negative 

effects on the T-cell populations.  However, it was also understood that this source of T-cells was 

likely to require a greater level of processing, increasing the time and steps the material would go 

through before it got to culture. 

An alternative source of T-cell material was cryopreserved PBMCs.  These cells had already 

undergone the buffy coat isolation process and cryopreserved prior to transportation.  One of the 

drawbacks of the cryopreservation process was an unknown effect on T-cells;  the impact of 

cryopreservation on CD62L expression in T-cells highlights that there could be negative 

consequences to the process122–124.  The pre-isolated T-cells would require a reduced level of 

processing before being able to transfer to culture which could help reduce any negative effects that 

this may cause by excess handling.  The use of cryopreserved cells also had the benefit of being 
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analysed for cell count prior to the freezing process.  With the quantity of cells available known, 

experimental design could be optimised to the available resources to achieve maximum output.  

The final source of T-cells considered was cord blood derived Mononuclear Cells (MNCs).  MNCs 

would be isolated by density centrifugation to obtain the buffy coat, as with the whole blood.  This 

source of cells was considered due to the availability of leftover product from colleagues’ work.  

Although these cells presented the opportunity for access to MNC material regularly, this source was 

not ideal.  Cord derived MNCs are not used in any observed clinical manufacture of CAR T-cell 

therapies83,137,138.  Therefore, culture with these cells would not be reasonably representative of 

clinical work.  In addition, evidence suggested that cord derived T-cells can produce unusual 

phenotypes139, which may be indicative of atypical behaviour compared to circulating T-cells.  

Furthermore, cord blood is a resource that is not in high supply, relying on individuals donating the 

material after giving birth.  The availability of this product may not be the same in other 

circumstances as it is here, therefore not making it a suitable source of T-cell material in this 

research. 

Another element of the source material was the consideration of whether to include cells from 

multiple donors within experiments.  This would enable comparison of responses to the same 

experimental variables from multiple donors.  Donor variability is a commonly acknowledged 

element of primary tissue culture and this research is focussed on identifying culture techniques that 

promote target subpopulations without impacting negatively on proliferation regardless of donor 

material.  However, this benefit has to be measured against the increased volume of work to be 

performed by increasing the number of conditions.  It was predicted that the magnitude of the 

experiments that would be undertaken would not accommodate the additional cultures, especially 

as the requirement to have within donor replicates for each condition would further increase the 

workload. 

In summary, analysis of potential T-cell sources showed that cord blood derived MNCs were not a 

suitable source of T-cells moving forwards.  There were benefits and drawbacks to the other sources, 

fresh whole blood or cryopreserved PBMCs.  The greater level of processing required of the whole 

blood was balanced by the product being in a more similar condition to that used clinically, not 

having undergone cryopreservation.  However, cryopreserved PBMCs were more of a known 

quantity, with approximate cell numbers known ahead of time, and the material requiring fewer 

processing steps into culture.  Ultimately, the desire for a product that had not undergone 

cryopreservation meant that fresh whole blood was selected over cryopreserved PBMCs.  In 

addition, it was anticipated that in following the clinical process the concluded outputs of each 

experiment would be directly relatable to the clinical work ongoing. 
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1.6 Commonality and divergence of T-cell culture methods 

Across the breadth of current T-cell research there is a range of culture processes that are being 

used.  Within these there is some strong commonality, as well as variation introduced with 

parameters from inclusion of different stimulants to isolation technique.  Analysis of these was 

performed to help define a culture process to be used for T-cell culture in the presented research. 

Initial investigations sought to identify the different methods and levels of isolation prior to culture.  

The source material in every example analysed was whole blood or apheresis product.  In nearly all 

cases the buffy coat of mononuclear cells was isolated using density gradient separation with buffers 

such as Ficoll-Paque105,108,126,127,129,131,132,140,141 (Fisher) and Lymphoprep107,128,133 (Dakewei).  However, 

there were some instances where T-cell populations were isolated from the buffy coat.  These 

included CD4+ and CD8+ subpopulations isolated directly from whole blood62,106 and T-cell 

populations isolated through negative selection of T-cells105,128,129,142, or positive targeting of CD3 and 

CD28 antigens130.  Where PBMCs were the seeded material, T-cells were selected through culture 

techniques, rather than through specific removal of non T-cells105,106,108,128,131.  This was done 

primarily through stimulation of T-cells by targeting CD3 and CD28 proteins expressed on the cell 

surface and inducing activation, which would increase proliferation in T-cell subpopulations.  There 

were limited examples of T-cells being purified by CD3 targeted stimulation66,126,127, however nearly 

all examples analysed utilised the CD3/CD28 stimulation.  It was suggested that the reason CD3 

targeted isolation was not common was that the CD3 protein binding sites would be occupied or 

blocked to the stimulants, causing inefficiency in the stimulation and reducing the level of 

proliferation observed in the cultures. 

Analysis of media used for T-cell culture showed that the most common basal medium was RPMI 

164062,105–107,126,127,133,141,142.  There were also number of examples using X-VIVO15 as the basal 

medium108,132,140, and occasional references to TexMACS143,144, SuperCulture L500128 and 

ImmunoCult-XFT131, all of which are optimised for culture of T-cells in a serum-free environment.  

Despite this optimisation there were several examples of X-VIVO being supplemented with serum.  It 

was observed that the basal medium was supplemented with Foetal Bovine Serum (FBS) in some 

circumstances132,140, whilst in others it was supplemented with human AB serum86,108.  The 

supplementation of FBS into culture introduces animal derived elements, however the addition of 

human AB serum means that the basal medium would remain xeno-free, free from animal derived 

products.  The development of serum-free media is constantly ongoing to reduce the reliance on 

traditional sera such as FBS, as well as the variability that they introduce, and would potentially have 

appropriate applications in CAR T-cell therapy manufacture145–147.  However, the scope of this 

research did not cover the testing or development of serum-free medium, and therefore RPMI 1640 
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was selected as the basal medium for T-cell culture.  In addition, RPMI was supplemented with 10% 

FBS as observed nearly universally62,105–107,126,127,133,141,142, as well as 2mM Glutamine as an energy 

source for cells in culture106,127. 

In investigating the culture protocol, several growth factors were identified that could be used to 

stimulated growth in T-cell cultures.  Analysis of potential T-cell markers in phenotypic analysis (1.4) 

had identified IL-2 as a growth factor that stimulates both proliferation and maturation in T-cell 

cultures.  The modal concentration of IL-2 returned from the investigation was 100 UI/mL, with the 

concentrations observed ranging from 1000 to 40 UI/mL.  In addition to IL-2, IL-7 and IL-15 were 

often observed in the literature129,132,140,143,148,149.  Both growth factors promote activation and 

proliferation in T-cells, with IL-15 also having a particular modality that inhibits apoptosis in memory 

T-cells in the absence of the target antigen.  Although it was considered that additional growth 

factors had the potential to induce alternate responses in T-cell populations, it was concluded that 

increasing the number of growth factors could also unnecessarily increase the number of 

experimental variables and introduce confounding factors.  Furthermore, although IL-15 played 

some role in sustaining memory cells, all three growth factors had similar impacts on T-cells in 

culture.  IL-2 was selected due to the commonality of its use in the literature, and in accordance with 

the evidence seen would be supplemented at 100 UI/mL.  

In addition to growth factors, supplements which stimulate the CD3 and CD28 activation pathways 

were often added to culture.  This was most commonly achieved through the supplementation of 

anti CD3/CD28 magnetic beads into culture105,108,129,131–133,140, however it was also achieved using 

anti-CD3 antibodies66,126,127.  CD3/CD28 bead products were available from multiple suppliers.  There 

did not appear to be any functional variation between bead products, and therefore Miltenyi 

Biotech Anti-CD3/CD28 beads were selected based on financial impact. 

1.7 Summary of introduction 

There is currently an abundance of research and interest around CAR T-cell therapies.  Over the last 

5 years two CAR T-cell therapies have gone through FDA and NHS approval, and a multitude of 

clinical trials have been undertaken to assess their safety and efficacy.  They have had a considerable 

impact in the field of B-cell cancer treatment, and the potential future applications with solid 

tumours could see them improve prognosis for a range of other cancers. 

Analysis of the available literature highlighted several factors which appeared to benefit CAR T-cell 

therapies with regards to viral transduction in the manufacturing stage, and efficacy and persistence 

on treatment, particularly around subpopulation balance.  There did not appear to be substantial 

work looking at the impact of culture methods on the relative proportions of these subpopulations, 
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or whether it would be possible to predict the outcome of a culture based on the starting material.  

As such, the aim of this research is to identify what impacts the input material of T-cell culture may 

have on the growth and phenotypic profile of the resultant T-cell populations, and whether 

controlling culture conditions can influence populations to a desired outcome. 
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2 Methods and materials 

This chapter outlines the standard processes and procedures utilised across the experimental period, 

as well as the items and materials used to implement them. 

2.1 Source cell material 

Two main sources and suppliers were used to provide the raw cell material for the experiments 

described below.  Initial investigation suggested the necessity of fresh human whole blood from which 

PBMCs and then T-cells should be isolated.  However, further work moved on to rely on cryopreserved 

PBMCs as the initial input material.  In any instance where a ‘single donor’ is mentioned, they can be 

considered as different and separate from any other ‘single donor’ unless specifically mentioned as 

being the same as a previous instance.  

2.1.1 Fresh human whole blood 

After some initial issues identifying sources for fresh human whole blood, Cambridge Bioscience was 

selected to supply the material required in this form. 

The whole blood was collected from healthy donors with Na-Heparin anticoagulant and delivered 

within 24 hours of donation.  495mL whole blood was requested per order, delivered in 55 9mL 

aliquots.  This was due to the collection method and not a specification to the supplier. 

2.1.2 Cryopreserved PBMC aliquots 

For frozen PBMC aliquots, AXOL Bioscience was selected as the supplier.  These cells were provided 

as 2mL aliquots with an advertised cell count of ~1x108 cells.  AXOL Bioscience isolated the cells using 

density gradient separation and were then suspended in CS10 (Sigma, cat no. C2874) for 

cryopreservation.  On receipt, the cell vials were placed into cryostorage until required. 

2.1.3 Human Tissue Authority compliance 

In addition to usual laboratory risk assessment, the material above also came under jurisdiction of the 

Human Tissue Authority (HTA). The HTA monitor collection, use and disposal of primary material. All 

material was approved and documented in accordance with the regulations set out by Loughborough 

University and the Centre for Biological Engineering. 

2.2 Thawing 

A pre-existing research group protocol was used for thawing of frozen cell aliquots.  Prior to thawing 

standard culture medium was placed into a water bath (Grant Instruments, Sub Aqua 26 Plus) at 37°C 

for 20 minutes.  10 mL standard culture medium was also set aside to be kept at room temperature. 
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Cells were thawed from cryopreservation by placing in a water bath at 37°C for 2 minutes or until the 

point at which all liquid had thawed, which ever was soonest.  500 μL of room temperature medium 

was transferred to the cryovial with a 1000 μL micropipette and gently mixed by pipetting up and 

down 4-6 times.  The cells were then transferred to a 15 mL centrifuge tube, and the cryovial was then 

washed with 1 mL standard culture medium at room temperature to minimise cell loss. 

The centrifuge tube was then supplemented with sufficient room temperature medium so that the 

total volume was 10 mL with a Pipetboy pipette controller (Integra, PIPETBOY acu 2) and 10 mL 

Strippette.  The cell suspension was then centrifuged for 10 minutes at 300G (Sigma centrifuge, 3-15).  

The supernatant was gently removed using a Pipetboy pipette controller and a 10 mL Strippette, and 

was replaced by 10 mL warmed standard culture medium using a fresh Stripette.  The pellet was then 

resuspended by gently pipetting medium up and down 4-6 times.  At this point the cell suspension 

was analysed for viable cell count prior to seeding. 

2.3 Isolation 

In all experiments the starting material consisted of PBMCs or subpopulations isolated, positively or 

negatively, from PBMC populations.  Furthermore, the T-cell subpopulation isolation methods 

outlined below required PBMCs as the initial material.  Therefore, it was necessary, when starting with 

whole blood, to first isolate the buffy coat before further isolation or experimentation could take 

place. 

2.3.1 PBMCs/buffy coat 

The buffy coat is the fraction of cells that contain most of the white blood cells and platelets.  It was 

isolated from the whole blood material receipt.  The protocol for isolation of the buffy coat was 

provided by a member of the research group who had previously worked with the process. 

2 .3 .1 .1  Prep aration  

Initially the blood was diluted 1:1 with Phosphate Buffered Saline (PBS) (Fisher, cat no. 10398999).  

Whole blood vials were pooled by pouring into a sterile container sufficient in size to hold the final 

volume.  The vials were then each rinsed with 1mL PBS, which was then transferred to the container 

using a 1000 μL pipette.  The remaining volume of PBS required to create a 1:1 mix was added to finish 

the whole blood dilution.  The dilute whole blood was then layered onto Ficoll Paque plus density 

gradient buffer (Fisher, cat no. 11778538) using a Pipetboy pipette controller set to the lowest ejection 

rate with a 25mL Stripette.  This was done gently to reduce or eliminate mixing of the whole blood 

with the buffer, as this would reduce its effectiveness.  The volume of diluted blood added was 

monitored to ensure that the volume layered on top did not exceed twice the volume of buffer. 
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2 .3 .1 .2  Centrif ug a tio n  

The aliquots of diluted blood and density gradient buffer were then carefully transferred and loaded 

into a centrifuge.  The centrifuge was programmed to run at 600G for 30 minutes, with no brakes on 

during the deceleration period.  This was to limit the mixing of the sample with either the buffer of 

the plasma layer through forced deceleration or braking.  The samples were then carefully removed 

from the centrifuge and prepared for buffy coat harvesting. 

2 .3 .1 .3  Ha rves tin g  

Ficoll Paque density gradient buffer separates the buffy coat into 3 fractions in descending density: 

whole blood and neutrophils, buffy coat and plasma.  The buffer sits between the buffy coat and the 

whole blood fraction.  Pasteur Pipettes were used to gently extract the buffy coat layer from the 

centrifuged samples, taking care to reduce the level of buffer and plasma collected. 

2 .3 .1 .4  Wa sh ing  

The harvested volume required washing to remove contaminants such as platelets and Ficoll Paque.  

Samples were topped up with PBS to 50mL total volume and were centrifuged at 300G for 10 minutes.  

The supernatant was removed via Pipetboy pipette controller and 50mL Strippette. 

The cell pellet was resuspended in 20mL PBS buffer and was then centrifuged for 8 minutes at 100G.  

After centrifugation the samples were retrieved, and supernatant removed and discarded.  10mL 

culture medium was added to the pellet and was resuspended by pipetting up and down 4-6 times 

with a pipetteboy pipette controller set to low flow and a 10mL Strippette.  The cells were then passed 

through a 30μm filter, removing any large debris before being prepared for a viable cell count and 

preparation for the next stage of experimentation where necessary. 

2.3.2 T-cell isolation 

Investigation of isolation targets necessitated varying isolation methods.  Miltenyi Biotech positive 

isolation kits were used to isolate subpopulations, and the protocol provided by the manufacturer was 

followed as described below. 

2 .3 .2 .1  CD3  targ eted iso la tion  

CD3 MicroBeads were used to isolate CD3 expressing T-cells from the buffy coat suspension.  Prior to 

isolation, cell suspensions were counted to ascertain to number of cells.  The buffy coat samples were 

then centrifuged at 300G for 10 minutes, and the supernatant was removed using a Pipetboy pipette 

controller and 10mL Strippette. 

The pellet was then resuspended in 80 μL of isolation buffer per 1x107 cells and gently mixed using an 

appropriately sized pipette.  CD3 MicroBeads (Miltenyi Biotech, cat no. 130-050-101) were mixed 

thoroughly to ensure suspension, and 20 μL beads were added per 1x107 cells.  The suspension was 
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mixed well and transferred to a fridge for 15 minutes.  Cell/bead suspensions were diluted with 1.5 

mL isolation buffer per 1x107 cells and centrifuged for 10 minutes at 300G to wash.  The supernatant 

was removed using a 1000 μL pipette and 500 μL isolation buffer was added to the pellet.  This was 

resuspended by gently pipetting up and down 4-6 times. 

An LS MACS Column (Miltenyi Biotech, cat no. 130-042-401) was then prepared by placing in a 

QuadroMACS Separator (Miltenyi Biotech, cat no. 130-090-976) and rinsed with 3mL isolation buffer.  

A fresh 15 mL centrifuge tube (Fisher, cat no. 11849650) was placed below the column and the cell 

suspension was added to the LS column.  The unlabelled cells were washed from the column by 

washing the column with 3 mL isolation buffer 3 times.  The unlabelled cells were then removed and 

a new centrifuge tube was placed to collect the effluent. 

The column was removed from the QuadroMACS Separator, ensuring that the outlet remained over 

the collection tube at all points.  5mL isolation buffer was added to the column and the supplied 

column plunger was applied and depressed to flush out the cells into the collection tube. 

The isolated cells were centrifuged for 10 minutes at 300G.  Next, they were extracted and the 

supernatant was removed with a Pipetboy controller and 5mL Strippette.  10mL culture medium was 

added to the cells using a 10mL Strippette, before using it to resuspend the cells by drawing them up 

and down 4-6 times.  Cells were then seeded into culture according to the experimental requirements. 

2 .3 .2 .2  CD4 /CD8 ta rg eted iso la tio n  

At points it was necessary to isolate T-cells by targeting CD4 and/or CD8.  The different methods used 

to isolate T-cells based on these markers are outlined below. 

2.3.2.2.1 Coincubation 

As described in 1.3.2.1, however due to a product that targeted both CD4 and CD8 not being 

commercially available, it was necessary to incubate with two types of bead which each targeted one 

of the markers.  As such, on resuspension of the cells 60 μL was added per 1x107 cells, rather than 80 

μL, and 20 μL of each bead type, CD4 MicroBeads (Miltenyi Biotech, cat no. 130-045-101) and CD8 

MicroBeads (Miltenyi Biotech, cat no. 130-045-201), was supplemented subsequently. 

2.3.2.2.2 Two step 

As described in 1.3.2.1 except the initial incubation is with CD8 MicroBeads.  Furthermore, the 

unlabelled cells were centrifuged and at 300G for 10 minutes before following the same steps from 

resuspension, with labelling being done by the CD4 MicroBeads. 
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Once the target cells had each undergone centrifugation as part of the washing process, 5mL was 

added to each using a Pipetboy pipette controller and a 5 mL Strippette.  The two isolated cell 

populations were then combined using a Pipetboy pipette controller and 5 mL Strippette. 

2.3.2.2.3 Individual isolation 

If an individual subpopulation was required, isolation occurred as in 1.3.2.1, however the CD3 

MicroBead was replaced by that of the desired target. 

2.4 Cell culture 

PBMC and T-cell culture were performed as described below.  All cell work, medium and reagent 

formations were performed in a class II Biological Safety Cabinet (BSC). 

2.4.1 Culture vessels 

All culture was carried out in 6 well plates (Fisher, cat no. 10088612).  The wells have a maximal 

operating volume of 2.9mL, culture volume was set at either 2 or 3mL based on the experiment.  The 

plates were not agitated during culture, and therefore at all times cells were in static culture 

2.4.2 Medium and buffer formulation 

2 .4 .2 .1  Cu lture med iu m  

Supplementation of growth factor and CD3/CD28 Dynabeads varied based on experiment, however 

the standard culture medium remained consistent throughout.  This medium comprised of Roswell 

Park Memorial Institute 1640 (RPMI) (Fisher, cat no. 31870074) base medium, supplemented with 

10% FBS (Fisher, cat no. 11533387) and 2mM Glutamine (Fisher, cat no. 11500626).  This medium will 

henceforth be referred to as standard medium.  The medium composition was based from what was 

previously used to culture suspension cells within the research team, however investigation showed 

that this was sufficiently common in the literature as well to have confidence106,107,127,133. 

Standard medium was prewarmed in a water bath (Grant Instruments, Sub Aqua 26 Plus) at 37 °C for 

20 minutes prior to use. 

2 .4 .2 .2  I so la tion  a nd  f lo w b uff er  

The buffer solution used for both isolation and flow cytometry was kept consistent across all 

experiments.  The buffer was based in PBS, supplemented with 0.5% Bovine Serum Albumin (BSA) 

(Fisher, cat no. 11423164) and 2mM Ethylenediaminetetraacetic acid (EDTA) (Sigma, cat no. 324504).  

The buffer was used as standard by the research team for isolation and flow cytometry prior to 

initiation of the research.  This buffer was referred to as both isolation buffer and flow buffer. 
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2.4.3 IL-2 

IL-2 is a key growth factor of T-cells 108,150–152.  It was supplemented into culture at a concentration of 

100 UI/mL to promote proliferation in addition to the endogenous IL-2 generated by the T-cells.  

Supplementation occurred throughout unless otherwise stated. 

Premium grade lyophilised IL-2 was purchased from Miltenyi Biotchech (Miltenyi Biotech, cat no. 130-

097-746).  The lyophilised growth factor was aseptically split into 100 μg aliquots, and reconstituted 

ahead of freezing, in accordance with the manufacturers supplied methods. 

The IL-2 aliquot was initially reconstituted by adding 1mL sterile deionised water with a 1000 μL 

micropipette and gently pipetting up and down 4-6 times.  This sample was then further diluted with 

4mL growth factor buffer (PBS, 0.1% BSA), added using a 1000 μL micropipette.  After pipetting up and 

down 4-6 times, this was then split into five 1mL aliquots.  The aliquots at this point could be further 

processed to produce aliquots suitable for supplementation into culture or frozen to be processed 

further at a later date. 

For further processing, the 1 mL aliquot was diluted with 9 mL growth factor buffer, added using a 

Pipetboy pipet controller and 10mL Stripette.  It was then separated out into 100 μL aliquots using a 

300 μL micropipette.  This final dilution factor of 50 gave a concentration of growth factor at 2 μg/mL.  

The provided material stated that IL-2 was calibrated as having a biological activity of ≥5x106 UI/mL, 

which therefore gave the final aliquots an activity of 1x104 UI/mL. 

As such, for every 10 μL of aliquoted IL-2 supplemented per mL standard medium, the IL-2 

concentration was increased by 100 UI/mL.  In cultures where the medium was supplemented with 

the standard IL-2 concentration, 100 UI/mL, 10 μL IL-2 was supplemented per mL medium. 

2.4.4 Human T-Activator CD3/CD28 Dynabeads 

Human T-Activator CD3/CD28 Dynabeads (Fisher, cat no. 11131D), hereafter referred to as CD3/CD28 

Dynabeads, were used in culture to activate T-cells and stimulate proliferation.  The beads were used 

according to the manufacturers recommended process as outlined below.  The beads were stored in 

a storage buffer at 4x107 beads/mL and required washing prior to supplementation into culture.  The 

manufacturer recommends the beads are used at 1:1 bead to cells and were used in this concentration 

unless otherwise stated. 

To perform washing, the vials where initially vortexed (SciQuip Vortex Mixer) for ~30 seconds to 

resuspend beads in the solution as they are prone to settling.  After this, a suitable volume for the 

culture requirements was taken with an appropriate size micropipette and transferred to a lobind 

Eppendorf tube (Fisher, cat no. 10708704) of appropriate size.  1mL isolation buffer was then added 

to the tube, which was then vortexed for ~30 seconds.  The tube was placed onto a magnet rack 
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(Fisher, cat no. 10625463) for 1 minute to allow the beads to focus around the magnet.  After one 

minute the supernatant was removed using a 1000 μL micropipette, and the tube was removed from 

the magnet rack.  The same volume of standard medium as the volume of Dynabeads initially taken 

was added to the beads using an appropriately sized micropipette and mixed by gently pipetting up 

and down 4-6 times. 

The relevant volume of prepared CD3/CD28 Dynabeads was then transferred into culture(s).  Some 

preparations required the resuspension volume to be lower to account for a lower final volume, 

stating specifically where it occurred. 

2.4.5 Standard culture 

2 .4 .5 .1  Seed in g  

After isolation and/or washing as necessary, cells were counted to calculate the volume required to 

seed at the correct density outlined in the experiment.  The volume of IL-2 and CD3/CD28 Dynabeads 

to be added to culture was also calculated so that the volume of standard medium to add could be 

obtained.  A suitable number of IL-2 aliquots were removed from the freezer and placed into the 

biological safety cabinet to thaw.  The required volume of cells was then transferred to the necessary 

number of wells, and supplemented with the calculated volume of standard medium required.  

Cultures were then supplemented with the appropriate volume of CD3/CD28 Dynabeads, and finally 

the required volume of IL-2.  All liquid transfer was completed with appropriate size micropipettes.  

The cultures were then gently mixed by pipetting up and down 4-6 times with a 1000 μL micropipette. 

2 .4 .5 .2  Fu ll M ediu m Ex ch ang e  

Due to the suspended nature of T-cell/PBMC culture it is not possible to remove exhausted medium 

from culture wells without potentially losing some cells.  The following exchange process was provided 

by the research group for exchange of suspension cell culture media.  Cultures were mixed using a 

1000 μL micropipette 4-6 times to resuspend cells and, where supplemented, CD3/CD28 Dynabeads 

in the culture.  The contents of each well was then transferred to an individual 15 mL centrifuge tube 

(Fisher, cat no. 11849650) which were centrifuged at 300G for 10 minutes.  Meanwhile the required 

volume of IL-2 was removed from freezer and placed into the safety cabinet for thawing.  When 

centrifugation was complete, the supernatant was gently removed using a Pipetboy pipette controller 

and 5 mL Strippette.  3 mL standard medium was added to each tube using a Pipetboy pipette 

controller and 5 mL Strippette, and gently mixed by pipetting up and down 4-6 times.  The contents 

of the tube were then transferred using the Strippette to the well from which they were previously 

obtained.  Finally, wells were supplemented with the required volume of IL-2 using an appropriately 

sized micropipette. 
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2.4.6 Sampling for count/stain 

When sampling cultures for viable cell count or phenotypic analysis, cultures were gently mixed by 

pipetting up and down 4-6 times with a 1000 μL micropipette.  A suitable sized micropipette was used 

to take the required sample of cells. 

2.5 Flow cytometry 

Flow cytometry was a key element of this research and time and care was taken to ensure the correct 

implementation of the process. 

2.5.1 Introduction 

Flow cytometry is one of the most common methods of cell characterisation used.  The process 

involves the passing of a single file stream of cells past a detector, which can then be used to identify 

properties of the cell.  Data from cells within a single sample can then be combined to identify patterns 

and trends, which allow for further analysis of effects and dynamics downstream. 

In addition to the cell’s interaction with the detection element, cells can also be labelled for 

identification of certain characteristics.  In laser light flow cytometry, the most common form is 

antibody conjugated fluorophores.  This allows for targeted labelling of cells with excitable molecules 

which can be detected to define the level of expression on or in the cell.  The use of multiple lasers, 

optical filters and detectors can facilitate the use of a panel of antibody conjugated fluorophores, 

targeting multiple proteins.  These data can then be used to identify specific phenotypic 

subpopulations within samples, and with effective panel design it is possible to get high quality, 

informative data. 

2.5.2 Equipment used 

The equipment used throughout was a BD FACSCanto II flow cytometer. 

2.5.3 Fluidics 

One of the most important elements of a flow cytometer is the fluidics system.  This system facilitates 

both the movement of the sample within the system and the concentration of the sample into a single 

line. 

The fluidics system acquires the sample based on preset parameters and moves it into a central nozzle 

surrounded by a sheathing fluid.  The direction of the fluid towards the decreasing diameter lumen 

causes hydrodynamic focussing and organises the cells into a single cell stream through the Bernoulli 

effect 153.  The laminar flow in the system at this point reduces the chance of the sample and sheath 

fluid mixing. 
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2.5.4 Lasers 

The FACSCanto II uses lasers to detect and categorise cells.  The configuration and number of lasers 

can vary substantially across devices, and even within the CD FACSCanto II range it is also possible to 

have different configurations of lasers and optics. 

The BD FACSCanto II used had a 4-2-2 configuration.  It was configured with 3 lasers, a blue 488nm, 

red 633nm and violet 405nm laser.  The lasers are configured so that they do not interact with the 

cells simultaneously, which allows the collection of response from the individual lasers of each cell.  

The 4-2-2 connotation refers to the ability to detect 4, 2 and 2 scattered wavelengths as a response to 

these lasers respectively.  

Within the flow cytometer, the lasers emit light towards the interrogation point, the point at which 

cells interact with the laser light, and the resultant scatter is monitored.  Scatter can be measured in 

two directions; forward scatter measures the size of cells, while the side scatter can be indicative of 

other cell characteristics such as the granularity of the cell154.  Both forward scatter and side scatter 

within this device are measured using the blue 488nm laser.  The forward scatter is measured by a 

forward scatter detector, while the side scatter is detected as part of the blue laser detection optics. 

Labelled analysis of cells worked by absorption of the light from one of the lasers by a fluorophore. 

This put the fluorophore in an excited state, and in returning to a ground state the energy was emitted 

as light which could be picked up by detectors.  Although fluorophores were specifically designed to 

respond in this manner, cells could also give some level of response in this manner also. 

2.5.5 Optical filters and detectors 

After passing through each laser, the side scattered light is routed to the collection optics for each 

laser.  The collection optics consisted of photomultiplier tubes (PMTs) and filters.  The collection optics 

for the blue laser consisted of 5 filters, and 5 PMTs, whilst the collection optics for the red and violet 

lasers consisted of two filters and two PMTs. 

The filters are used to distribute the light amongst the detectors correctly, thus facilitating the analysis 

of multiple wavelengths from one laser.  The filters within the collection optics have a threshold 

wavelength, anything about this will be transmitted through the filter, and below will be reflected.  

The positioning of these filters results in light above the threshold being able to pass through to a PMT 

behind, whilst the remaining light moves on.  With these in place it is possible to register emission of 

light at multiple wavelengths through excitation with a single laser. 

The photomultiplier tubes present in the collection optics detect light which can pass through the 

filters to them.  On stimulation the PMTs convert the light into an electronic signal, which is then 
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amplified by the onboard electronics and converted into a digital signal.  The level of amplification 

applied to the electronic signal is dictated by the voltage applied to the channel. 

The voltage applied to a channel is a user defined parameter and requires optimisation to achieve the 

most informative data.  As the set voltage is an amplification of the signal, increasing the voltage can 

increase the separation between cell populations that are expressing and non-expressing of the target 

protein.  However, setting this too high can cause the signal to move beyond the range of registration. 

In addition, increasing the voltage can amplify noise in the system.  For instance a poor response, 

caused by a dim fluorophore labelling a less densely expressed protein, would require a greater level 

of amplification,  and could result in issues discerning true responses from the noise.  This can be 

negated mostly by effective planning of the labelling panel used, targeting brighter fluorophores to 

less highly expressed targets and vice versa. 

2.5.6 Compensation 

The fluorophores used in flow cytometry work through excitation of the molecule, followed by the 

release of energy as light when returning to the ground state. 

Although each fluorophore has a peak absorption and emission level, which informs the target 

wavelength for detection, there can also be some overlap with detectors of other wavelengths.  The 

overspill generated has the potential to induce false positives in off target detectors.In order to 

account for this, the level of overspill from one channel into another can be calculated and used to 

adjust the response in the non-target channel.  This is known as compensation. 

The compensation process involved the incubation of each stain independently with compensation 

beads (Miltenyi Biotech, cat no. 130-104-693).  The stained beads were then analysed using the 

compensation protocol on the flow cytometer to measure the level of overspill, so that the output of 

the non-target channels can be adjusted accordingly in a full analysis scenario. 

2.6 Counting 

Analysis of viable cell counts was regularly undertaken on cell samples and experimental cultures.  

Over the course of the research two different methods were used to analyse samples.  One method 

utilised flow cytometry using the FACSCanto II, the other utilised the Beckman Coulter Vi-CELL XR cell 

viability analyser.  

2.6.1 Canto 

Analysis of the viable cell count was possible using the FACSCanto II and the viability stain 4’,6-

diamidino-2-phenylindole (DAPI) (Fisher, cat no. 10184322). 
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2 .6 .1 .1  Sa mple p repa ratio n  

2.6.1.1.1 Sampling 

Each culture was sampled 10 μL into an individual well on a 96 well plate using a 20 μL micropipette.  

These wells were then supplemented with 90 μL flow buffer using a 300 μL micropipette. 

2.6.1.1.2 DAPI 

Samples were then supplemented with 100 μL DAPI, a fluorescent stain that binds to effectively to 

adenine-thiamine regions of DNA.  DAPI is cell membrane permeable and over time would label all 

cells.  However, in low concentrations permeability is low in cells with intact membranes, such as live 

cells.  Dead or dying cells have a more permeable membrane, allowing DAPI to bind to the adenine-

thymine regions.  As a result, it is possible to identify viable cells, by using DAPI as a marker for non-

viable cells. 

2 .6 .1 .2  Mech an ica l s etting s  

The mechanical settings for running samples on the flow cytometer included the voltage setting for 

the forward and side scatter, and 5 parameters which defined the onboard sampling process. 

The voltage for forward scatter was set at 200, whilst the side scatter voltage was set at 450. 

The 5 onboard sampling parameters were the sample volume, mixing volume, mixing speed, no. of 

mixes and wash volume.  The sample volume was set to 150 μL, with a mixing volume and speed of 

100 μL and 200 μL respectively.  The no. of mixes was set at 5, and the wash volume was set at 200 

μL. 

2 .6 .1 .3  Da ta an a lys is  

After data acquisition, the flow cytometry data were used to identify the viable cells within the sample.  

First the DAPI positive cells were gated out of the selection.  Next any events that did not fit within a 

reasonably cellular profile, such as CD3/CD28 Dynabeads, were also removed. 

2.6.2 Vi-cell 

Analysis of viable cell counts was also performed by using the Beckman Coulter Vi-CELL XR cell viability 

analyser.  The analyser was connected to a Sartorious ambr 250 automated cell culture platform, 

which could be utilised for its process automation. 

2 .6 .2 .1  Sa mple p repa ratio n  

For individual cell counts, 50 μL of cells were sampled using a 300 μL micropipette and diluted 1/10 

with flow buffer using a 1000 μL micropipette, and directly transferred to the sample cup of the 

analyser.  For a high number of counts, 50 μL of samples was transferred to an individual well of a 24 

well plate using a 300 μL micropipette.  These samples were then diluted 1/10 using a 1000 μL 
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micropipette, and the plate was placed into the ambr system.  A program was then set to run which 

would sample wells as the user defined, and allowed automated counting of culture samples.  

2 .6 .2 .2  Staining  a nd  an a lys is  

Once added to analyser, either manually or mechanically, the samples are then drawn up into the Vi-

CELL and mixed with Trypan Blue.  Trypan blue works using the same principle as DAPI.  The samples 

are then photographed as they pass through an imaging area, and the Vi-CELL algorithmically assesses 

which cells are viable and which cells are not and will generate a total cell count, viable cell count and 

viability percentage. 

2.7 Phenotypic analysis 

Understanding the impact of culture conditions on T-cell subpopulations was a key element of the 

research carried out.  As a result, phenotypic analysis was regularly performed on cell cultures within 

experiments. 

2.7.1 Introduction 

Cell counting processes are numerous and generally well established.  However, the broad range of 

markers and fluorophores available, as well as the varying configuration of flow cytometers, means 

that setting up a new analytical panel remains a complex task. 

2 .7 .1 .1  Ph eno typ ic  p an el  

Initial work focussed on selecting suitable markers for phenotypic analysis of T-cell cultures.  This 

investigation, shown previously, concluded with the selection of 5 markers, CD4, CD8, CCR7, CD45RA 

and CD45RO 

The maximum level of expression on the cell surface of a marker varies depending on the protein, with 

some markers being expressed substantially more than others.  In addition, the different levels of 

excitation of fluorophores results in intensities of light emission on returning to ground state.  

Combining a fluorophore with a low level of light emission, a dim fluorophore, with a marker with low 

levels of expression on the cell surface, would require a higher voltage when analysing via flow 

cytometry to separate positive and negative samples.  This amplification of low resolution signal would 

also increase the signal of noise in the system and may create difficulty or confusion in analysis of the 

genuine protein expression on the cell surface. 

Consequently, the expression densities of the selected T-cell markers were obtained125 and the 

relative fluorescence collected from manufacturer literature.  Efforts were taken to combine high 

expressing surface proteins with dimmer fluorophores and vice versa where possible.  The resultant 

antibody panel is displayed in Table 1, and was used throughout for phenotypic analysis of cultures. 
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All antibodies used were Miltenyi Biotech REAfinity antibodies, selected due to the superior 

consistency and purity courtesy of their recombinant manufacturing process 155,156. 

2.7.2 Antibody titration 

Antibodies have a high affinity for their target antigen, preferentially binding the target over other 

proteins. However, in high concentrations all available targets will be quickly saturated, with excess 

antibodies binding to lower affinity targets, which can generate false positives in flow cytometry data. 

Conversely, a low concentration of antibody would reduce the response of high expressing cells which 

may lead to difficulty in separating expressing and non-expressing populations.  As antibody labelling 

was a core process for monitoring culture outputs, it was important to be able to accurately and 

consistently report marker expression levels.  It was therefore necessary to analyse concentrations of 

each antibody to identify optimal separation between expressing and non-expressing populations. 

A suggested concentration is provided by the manufacturer.  However, fluorophore response and 

detection can be affected by configurational differences, environmental variation and cell type marker 

expression.  To optimise population separation within this research, analytical panel antibodies were 

titrated to identify the best concentration of each antibody. 

2 .7 .2 .1  T itra tion  p roc ess  

The process of titration involves incubating cells that are both positive and negative for the target 

expression with a decreasing concentration of the antibody to identify the optimal separation.  To 

generate the positive and negative populations to perform titration, it would have been possible to 

isolate cell populations using MicroBeads targeted to the staining marker in the same manner as CD3 

cells had been isolated.  However, this process would have been labour and resource intensive, and it 

would have been difficult to conclusively state that residual labelling beads were not affecting results.  

Compensation beads were used in place of cells to provide a positive and negative response to the 



50 
 

stains.  Due to the recombinant nature of the REAfinity antibodies 155,156 it was possible to use a single 

vial of positive and negative compensation beads to titrate all 5 antibody stains. 

The manufacturers recommended concentration was used as the basis for concentrations tested in 

the titration process.  Each stain analysed with positive and negative compensation bead populations 

at the recommended concentration, twice the recommended concentration, and then at dilution 

factors of 2, 4, 8 and 10. 

2 .7 .2 .2  Sepa ra tion  ind ex  

After running the different antibody concentration, the samples were analysed to calculate the 

separation index.  Separation index is a ratio of separation between positive and negative populations 

and can be used to identify the optimal concentration for each stain.  The flow cytometry data was 

analysed to identify the positive and negative populations, and the median fluorescence intensity 

(MFI) of each was calculated.  The separation index was then calculated using the following formula: 

Positive population MFI – Negative population MFI 

(84th percentile Negative population – Negative population MFI)/0.995 

Analysis of the separation indexes showed some variation in optimal concentrations between 

antibodies.  Both the CD8 and CD45RA stains were optimally diluted at 1/4 the recommended 

concentration, whilst the CCR7 and CD45RO stains were optimally diluted at 1/2 the recommended 

concentration and the CD4 stain at 1/10.  It should be noted that the pattern of data for the CD45RO 

stain appears to suggest that 1/4 dilution may have been optimal, were it not for data that appeared 

anomalously low (data not shown). 

In the interest of simplicity, the decision was taken to use a common dilution across all stains.  

Assessment across all data lead to the conclusion that 1/4 was the most appropriate dilution factor 

for all stains relative to the standard concentration. 

2 .7 .2 .3  Ackno wledg emen t  

This work was predominantly carried out by Lydia Beeken under the supervision of the author as part 

of a placement within the Centre for Biological Engineering. 

2.7.3 Staining process 

The staining process for phenotypic analysis was as follows.  Staining was either performed in 1.5 mL 

Eppendorf tubes (Fisher, cat no. 10509691) or in a 96 deep well plate (Fisher, cat no. 10089910). 
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2 .7 .3 .1  Cu lture sa mp lin g  

20 μL was sampled from each culture and transferred to either an individual Eppendorf tube or an 

individual well in a 96 deep well plate using a 20 μL micropipette.  In both circumstances these samples 

were then supplemented with 155 μL flow buffer using a 300 μL micropipette. 

2 .7 .3 .2  Man uf ac ture of  s tainin g  mix  

The recommended volume of antibody to add to samples for phenotypic analysis was 10 μL per 100 

μL.  This was the same across all 5 stains.  Therefore, in using 1/4 of the recommended stain 

concentration it was necessary to supplement 2.5 μL per 100 μL.  With a target staining volume of 200 

μL, this meant that for each staining sample, 5 μL of each stain was to be added. 

There was a concern that the low volume that was to be transferred to each culture could induce 

variation in the staining, as slight variation could have large differences on the concentration added.  

This was further compounded by the requirement of supplementation of 5 stains.  The process was 

adapted to pool sufficient volumes of all 5 antibody stains to supplement all samples being analysed.   

The greater volume required to transfer 5 stains simultaneously would reduce the likelihood of 

proportionally large variation brought in through pipetting.  Using a central pool would also reduce 

the likelihood of variation in the relative proportions of antibodies.  Creating a central pool of antibody 

had a positive effect on reducing the level of inter- and intravariation between the supplemented 

stains.  (5 X no. of samples to be tested) + 10% μL of each stain was transferred to an Eppendorf tube 

using an appropriately sized micropipette.  25 μL of the pool was then supplemented into each sample 

using a 20 μL micropipette (2x12.5 manipulations).  

2 .7 .3 .3  I nc ub a tio n  

Once supplemented with the stain, samples were covered to protect from light and incubated at 4°C 

for 10 minutes. 

2 .7 .3 .4  Wa sh ing  

After incubation the stained samples were washed before they could be analysed.  The two staining 

vessels required different washing techniques as described below. 

2.7.3.4.1 Eppendorf individual samples 

1 mL flow buffer was transferred to each Eppendorf tube using a 1000 μL micropipette.  The tubes 

were then centrifuged using a microfuge (Sigma 1-14 Microfuge) at 300 G for 10 minutes.  Supernatant 

was then gently removed using a 1000 μL micropipette and 200 μL of fresh flow buffer was added to 

the cell pellet using a 300 μL micropipette.  The pellet was then gently resuspended by pipetting up 

and down 4-6 times using the 300 μL micropipette. 
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2.7.3.4.2 96 deep well plates 

After incubation, flow buffer was supplemented into each sample well to fill it, approximately 2 mL, 

using a 1000 μL micropipette. 

The plate was then centrifuged at 300 G for 10 minutes and the wash supernatant was removed by 

quickly inverting the plate over a sink to remove the supernatant whilst maintaining the integrity of 

the pellet. 

200 μL flow buffer was then added to wells using a 300 μL micropipette and the pellet was 

resuspended by gently pipetting 4-6 times  

2 .7 .3 .5  Pla tin g  

Once resuspended, each sample was transferred to a separate well of a 96 well plate (Fisher, cat no. 

10088612).  Once fully prepared the plate was inserted into the FACSCanto II ready for analysis. 

2.7.4 FACSCanto settings 

The FACSCasnto settings for running phenotypic analysis samples were as follows 

2 .7 .4 .1  Vo ltag es  

The voltages for each channel were set as displayed in table 2. 

 

2 .7 .4 .2  M ech an ica l s etting s  

Mechanical settings were as for cell counting, described in section 2.6.1.2. 

2 .7 .4 .3  Co mpen sa tion  

Compensation values were calculated as in table 3 following and were applied across all phenotypic 

analysis throughout. 



53 
 

 

2.7.5 Phentoypic data processing 

Having collected the phenotypic data, it was necessary to use software to process the raw 

information, translating it into meaningful outputs and identifying experimental impacts. 

2 .7 .5 .1  G a ting  a nd  pop u la tio n identif ic a tion  

The processing of the phenotypic data to apply gates and identify subpopulation proportions, as 

described in 4.3.1.2.1, was performed using FlowJo software. 

2 .7 .5 .2  Statis tica l an a lys is  

Statistical analysis data produced from gating and subpopulation identification was performed using 

Minitab.  This software was also used to assist in the set up of experiments using a Design of 

Experiments methodology.  
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3 Investigating the impact of the state of input material on growth 

and phenotypic response of T-cell populations in culture 

3.1 Introduction 

With the emergence of T-cell based cancer therapies, such as CAR T-cell therapies, there was a 

renewed interest in the field of T-cells and how best to optimise therapeutic product that could be 

delivered to the patient41,137.  There has been a great deal of investigation into optimal transfection 

rates and efficacy of treatment41,83,130,137, however there has been less investigation into the culture 

of T-cells.  More specifically, there is limited evidence of how the input state of material could 

impact cultures.  Understanding the impact of material input state on T-cell cultures could have 

lasting practical implications for the T-cell therapy manufacture process as well as assisting research 

into improving the previously mentioned elements. 

One way in which input material may have such a substantial impact on the culture of T-cell 

populations is the different cytokine profiles of T-cell subpopulations.  There are multiple 

subpopulations of T-cell cultures which have different roles and responses in vivo .  The different 

roles of these subpopulations require the production of different combinations of cytokines 

depending on their function, which could have a varying impact on the culture.  Expression of either 

CD4 or CD8 on the surface of a T-cell is an indicator of the specialisation of the cell.  CD4 expression 

on a T-cell indicates that it is either a Helper T-cell or Regulatory T-cell.  Helper and Regulatory T-cells 

have relatively opposing roles in the body, which may therefore impact cultures differently 

depending on their concentration.  Helper T-cells help to promote immune responses on activation, 

which is done through the upregulation of cytokines39,40,100,101.  These cells predominantly interact 

with B-cells, however their cytokine production has an effect on a large array of cells, including 

themselves.  Furthermore, there is a range of subpopulations of Helper T-cells that are targeted for 

different roles within immune response, and therefore different subpopulations of Helper T-cells 

have a range of different cytokine production profiles40,101,116.  The role of Regulatory T-cells 

meanwhile is to limit autoimmune responses.  This subpopulation of T-cells reduces the immune 

response in an area on activation through cytokines and attempts to inhibit response of the immune 

system to self antigens39,40,100,101. 

CD8 expressing T-cells are also known as Cytotoxic T-cells.  The function of Cytotoxic T-cells in the 

body is to monitor host cells and induce apoptosis in those which are performing irregularly, 

whether it be through unregulated growth, or viral production102–104.  These cells are particularly 

important in CAR T-cell therapies as they are the primary method by which apoptosis is induced in 

the target cells.  These cells are able to induce apoptosis in target populations through exocytosis of 
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perforins and granzymes in their close proximity which disrupts the membrane and allows the 

granzymes to induce apoptosis40,41,103.  The cytokinetic profile of Cytotoxic T-cells is generally smaller 

than that of the Helper T-cells, depending on the Helper T-cell subpopulations, but still has impacts 

on themselves and the cells around them41,130,137. 

In addition to the CD4 and CD8 subpopulations, T-cells can also be categorised into maturity 

subpopulations.  These subpopulations are defined by expression of CD45RA, CD45RO and CCR7, 

and the same subpopulations occur in both CD4 and CD8 subpopulations.  Both CD45RA and 

CD45RO are maturity markers; CD45RA is indicative of naivety in cells that have not yet been 

exposed to their target antigen, whilst CD45RO is upregulated in cells that have been exposed to 

their target antigen and are therefore classed as experienced or mature.  CCR7 protein expression in 

T-cells is indicative of cells that will home to SLOs157.  In vivo , Naïve subpopulation cells 

(CD45RA+CD45RO-CCR7+) have not been exposed to their target antigen and have a high 

proliferative capacity to respond to activation39,40.  Meanwhile, Effector subpopulation cells 

(CD45RA+CD45RO-CCR7-) are cells that have been exposed to their target antigen and are active.  In 

vivo  this means that they are in the process of mounting a response to their target.  When the 

stimuli that maintain the Effector phenotype are removed, the majority of these cells will die by 

apoptosis39,158.  However, some of the cells will become one of two mature phenotypes, Effector 

Memory (CD45RA-CD45RO+CCR7-) or Central Memory (CD45RA-CD45RO+CCR7+).  The difference in 

CCR7 expression in these two subpopulations indicates their different roles in vivo  with Effector 

Memory cells remaining in residence in tissues, while Central Memory cells return to the SLOs.  

Effector Memory cells are quick to respond and mount an early defence against pathogens or 

damaged cells in tissue but have a lesser proliferative capacity, while Central Memory cells have a 

slower response to their target proteins but have a greater proliferative capacity for supplementing 

the Effector Memory response114,159,160. 

T-cells have evolved so that in vivo  exposure to their target antigen will induce responses as a 

reaction to a perceived threat, including proliferation and phenotypic changes depending on the 

subpopulation101,103.  Analysis of activation identified key proteins which allowed the development of 

a method to artificially stimulate T-cells through the targeted binding of the CD3 and CD28 proteins, 

the primary and secondary activation signals39,40.  There are a number of commercially available 

products capable of stimulating T-cells in this manner, with one such product being CD3/CD28 

Dynabeads (Fisher).  Upon activation, T-cells also upregulate the production of cytokine IL-2 and 

expression of surface protein CD25.  IL-2 is a key growth factor of T-cells, promoting both 

proliferation and maturation in all subpopulations, while CD25 is a subunit of the IL-2 receptor 

capable of increasing the affinity of binding to the IL-2 receptor 100-fold161,162.  As a result of the 
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proliferation stimulating properties of IL-2 on T-cells populations, the growth factor has become an 

essential element of T-cell culture.  In most T-cell culture processes both IL-2 and CD3/CD28 

Dynabeads, or other stimulating element, are supplemented into culture at seeding, and therefore 

form a part of the input material for the culture process.  With stimulation increasing the 

endogenous IL-2 production and expression of the high affinity receptor, it is possible to see how a 

greater level of stimulation may influence the response of cultures differently to lesser stimulation.  

In vivo  this difference would equate to a higher number of cells expressing the target antigen, which 

would then induce a greater response from T-cell populations. 

The investigation into the impact of the state of input material was predominantly aimed at the 

initial stage in CAR T-cell manufacture, the expansion step prior to transfection.  This expansion 

period is used to increase the concentration of T-cells to an acceptable level prior to transduction 

with viral vectors41,130,137,138.  As a result, the success of this process from a purely proliferative 

standpoint can be measured by viable cell counts in cultures.  Evidence also suggests that higher 

concentrations of certain maturity subpopulations, specifically Naïve and Central Memory, would 

increase the efficacy of therapy products in vivo 66–70.  Therefore, as well as measuring the 

proliferation of cultures, there was also a desire to monitor the impact of input material on the 

phenotypic profile of cultures over this period and identify conditions that may increase the 

concentration of the target subpopulations. 

3.1.1 Measurable outputs of T-cell cultures 

The two main outputs of T-cell cultures to monitor in the context of T-cell therapy manufacture are 

growth rate and phenotypic profile72,85,86,163.  Understanding and improving definitions of the 

relationship between the input material state and these outputs could help to inform culture 

processes.  Understanding these relationships, could make it possible to better predict the outcome 

of these cultures from their input state, or allow tailoring of culture conditions to achieve an optimal 

output.  In addition, this information may make it possible to direct cultures toward certain 

phenotypic lineages or induce more optimal growth by manipulating the input material. 

The two experimental outputs needed to be considered in combination when analysing the 

outcomes of T-cell cultures.  It would have been of little benefit to develop a culture protocol that 

produces purely or predominantly ‘homing’ subpopulations (CCR7+) that showed little to no 

proliferation, and vice versa.  The growth of cultures was to be monitored through analysis of viable 

cell counts from samples at regular intervals, while phenotypic assessment was executed through 

flow cytometry analysis of cells stained with the marker panel developed in 1.4. 
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3.1.2 Impact of isolation targets and process on growth and phenotypic profile in culture 

The initial stage of T-cell culture was preparation of the start material.  This preparation for culture 

of T-cells can either start with whole blood or with apheresis product collected from the donor.  In 

the case of apheresis product, the buffy coat is extracted from the donor’s blood without having to 

harvest other fractions such as red blood cells or plasma66,72,134.  From this, T-cell cultures can be 

initiated either from buffy coats, where non T-cell PBMCs are not sustained in culture and undergo 

apoptosis, or from purified T-cell samples.  There is no explicit need to isolate T-cells from a buffy 

coat to effectively culture T-cell populations;  T-cells are naturally purified through the culture 

process as the conditions that support T-cells do not generally support the other populations 

present in PBMCs. Initial investigation appeared to show that isolation was a common practice in T-

cell culture62,105,106,129,132,142, and in trying to remain as comparable to the field as possible it was 

concluded that T-cell isolation was an important area of T-cell culture to analyse. 

Focussing on isolation of T-cells from apheresis product prior to seeding, the main method of 

isolation identified in the literature used CD3/CD28 Dynabeads41,130.  Through targeted binding of 

the CD3 protein, a specific marker of T-cells, CD3/CD28 Dynabeads are able to specifically target T-

cells in heterogenous populations.  In addition, the binding of CD3 and CD28 proteins induces 

activation in T-cell populations, which promotes greater proliferation in cultures as well as 

phenotypic change130,132,133.  As a result, the process is an efficient, dual impact method of isolating 

pure T-cell populations and stimulating growth in preparation for seeding into culture.  However, 

stimulation of T-cell cultures was one of the elements of T-cell input material to be tested.  There 

was an initial desire to avoid activation in the isolation process to limit confounding factors.  It was 

understood that activation would reduce the concentration of Naïve cells, one of the target 

subpopulations in the initial stage of CAR T-cell manufacture, through maturation of T-cell 

populations. This could have skewed the perceived effects of other experimental variables being 

tested.  As a result, the decision was taken to investigate other methods for purification of T-cell 

populations for isolation of the target primary material without activation. 

CD3 was already known to be a highly specific marker of T-cells, and a suitable target for purifying T-

cells.  However, the relationship between CD3 and the TCR, and therefore the activation of T-cells, 

meant that this isolation target would only be suitable in this research if it were not to induce 

activation.  Advice was received that appeared to highlight a method that would acceptably fit these 

criteria.  In addition to CD3, investigation highlighted the ubiquity of either CD4 or CD8 on T-cell 

surfaces.  Expression of these proteins is mutually exclusive but targeting both markers would take 

into account all T-cells in the sample.  CD3 and CD4/CD8 targeted isolation were tested to assess for 

impacts of the isolation method on the growth of the culture and the presentation of phenotypic 
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profile.  It was predicted that as both methods theoretically isolate the same populations, isolation 

of T-cells through a non-activating CD3 target on the TCR should generate similar data to the 

cultures isolated using CD4/CD8 targeting. 

3.1.3 Variation of seeding material to induce specific outputs  

Due to different subpopulations of T-cells having different roles in immune response, and therefore 

different cytokine profiles, it was predicted that they may have different impacts in culture.  

Understanding the roles that these subpopulations play in culture, both in their independent 

behaviour and their influence on other subpopulations, could identify relationships that will help to 

direct T-cell cultures to target outputs.  As previously mentioned, T-cell populations can be 

subdivided based on maturity phenotypes (Naïve, Effector, Effector Memory and Central Memory) 

as well as their CD4/CD8 expression.  Different maturity subpopulations of T-cells will respond 

differently to the same stimulus in culture through increased or decreased proliferation69,89,108.  

However, it was predicted that due to the different cytokine expression profiles of CD4+ and CD8+ 

populations, the balance of these subpopulations would have a greater influence on culture 

performance.   

In order to investigate what impact the balance of CD4+ and CD8+ subpopulations had on the 

performance of cultures, it was first necessary to test the performance of CD4+ and CD8+ 

subpopulations individually.  Culturing the different subpopulations in isolation from each other 

would enable analysis of their growth patterns and phenotypic response.  Improving the 

understanding of how CD4+ and CD8+ cells respond independently in culture would give a more 

informed perspective when analysing the results of culturing both subpopulations together.  The 

main stimulants of proliferation in the culture of T-cells are IL-2 and activation through stimulation 

of the CD3 and CD28 proteins130,160,164.  CD3/CD28 targeting stimulants were not to be added to the 

culture, as mentioned in 3.1.1, and IL-2 would be supplemented into culture; it was therefore 

anticipated that CD4+ and CD8+ subpopulation cells would grow at a similar rate.  In order to 

understand the relationship between these two subpopulations they would also be cultured 

together at a set ratio.  It was speculated that where PBMCs were used as the seeding material, non 

T-cell PBMCs may also have an effect on T-cell populations.  It was not clear if the effect would be 

positive or negative, however as an element of potential input material there was a desire to 

measure the effect it had on target populations.  As a result, as well as independently and in 

combination, CD4+ and CD8+ subpopulations were each cultured with the non T-cell PBMCs 

recovered from the T-cell isolation process to identify the effect of other cell types. 
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3.2 Analysing the effects of stimulation of T-cell cultures 

3.2.1 T-cell source materials 

The following work was completed using isolated material from whole blood provided by Cambridge 

Bioscience as described in 2.1.1 and frozen PBMC aliquots provided by Axol Bioscience as described 

in 2.1.2.  The instances in which each source was used are described in the specific circumstances 

below. 

3.2.2 T-cell isolation methods 

3 .2 .2 .1  I so la tion  o f bu ff y co a t f ro m wh o le b loo d  

Where relevant, the isolation of the buffy coat fraction from whole blood was performed as 

specified in 2.3.1. 

3 .2 .2 .2  I so la tion  o f T - c ells  f rom buff y c oa t  

Where relevant, isolation of T-cells or T-cell subpopulations was performed according to the various 

processes outlined in 2.3.2. 

3.2.3 T-Cell culture methods 

Seeding material was prepared as described in 2.2 and 2.3 as relevant and cultures were set up and 

maintained according to the processes set out in 2.4.1-5 other than specific parameters listed in 

3.2.5-11.  

3.2.4 Sampling of T-cell cultures for viable cell counts and phenotypic analysis 

Viable cell count analysis was carried out as described in 2.6, with the specific methods below 

detailing which process was used.  Phenotypic analysis was carried out according to processes in 2.7.  

Timing of sampling was dependent on experiment and is detailed in the specific sections below. 

3.2.5 Specific materials and methods used in assessing the impact of T-cell isolation 

methods 

For testing the impact of isolation methods on T-cell populations, whole blood from a single donor 

was used as the source material.  Once the buffy coat was isolated it was divided equally into three 

and each aliquot was then subject to one of three isolation processes: CD3 targeted isolation (as 

outlined in 2.3.2.1), CD4/CD8 co-incubated isolation (as outlined in 2.3.2.2.1) and CD4/CD8 two step 

isolation (as outlined in 2.3.2.2.2). 

Cultures were seeded at 3x105 cells/mL and supplemented with IL-2, but not CD3/CD28 Dynabeads.  

Cultures were measured for viable cell count at 48, 72, 144 and 216 hours.  Phenotypic 

measurements were taken at 72 and 216 hours, however at 72 hours cultures were only stained for 
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CD4 and CD8 expression.  Viable cell count analysis was carried out using the FACSCanto II as 

outlined in 2.6.1. 

3.2.6 Specific materials and methods used to analyse the performance of CD4+ and CD8+ 

isolated and depleted cultures 

Analysis of CD4+ and CD8+ targeted and depleted cultures used whole blood from 2 different donors 

supplied by Cambridge Bioscience as the source material.  Initial investigation into depleted and 

targeted cultures was performed on blood from one single donor, however work investigating the 

role of non T-cell PBMCs as supportive in culture was performed with blood sampled from a 

different donor.  Once the buffy coat was isolated from the whole blood, CD4+ and CD8+ 

populations were isolated from the buffy coat according to 2.3.2.2.3.  The pure CD4+ and CD8+ 

populations were cultured as well as CD4+ and CD8+ depleted cultures that were generated as a 

result of the targeted isolation.  PBMCs were also cultured to compare the performance of non-

isolated cultures. 

Cultures were seeded at a target density of 5x105 cells/mL and supplemented with IL-2, but not 

CD3/CD28 Dynabeads.  Cultures were sampled at 24, 48, 72 and 144 hours for analysis of viable cell 

count.  After 144 hours, due to substantial loss of viable cells in all conditions, cultures were 

reseeded to a target density of 5x105 cells/mL where possible.  Cultures were continued in 6 well 

plates, and the possibility of reseeding was measured by the ability to concentrate a sample to 5x105 

cells/mL within the working volume of the well (1.9-2.9 mL).  It was possible to reseed all cultures 

except the CD8 targeted condition.  The subsequent cultures were sampled for cell counts at 168, 

192, 264 and 312 hours.  Viable cell count analysis was carried out using the FACSCanto II as outlined 

in 2.6.1. 

3.2.7 Specific materials and methods used to compare performance of CD4+ and CD8+ cell 

populations cultured independently, in combination with each other, and each in 

combination with non T-cell PBMCS 

For investigation into various subpopulation combinations, whole blood from a single donor, 

provided by Cambridge Bioscience, was used as the source material.  Buffy coat was initially isolated 

from whole blood as described in 2.3.1.  CD4+ and CD8+ subpopulations were then isolated using 

the methods described in 2.3.2.2.3.  To generate the non T-cell PBMC populations, samples had both 

T-cell subpopulations isolated from them in a two-step fashion.  These populations were referred to 

as double depleted (DD). 

Cultures were seeded at a target density of 5x104 cells/mL and supplemented with IL-2 but not 

CD3/CD28 Dynabeads.  Where different subpopulations were cultured together the total seeding 
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density was 5x104 cells/mL, and therefore each subpopulation contributed 2.5x104 cells/mL to the 

seeding material.  Cultures were sampled at 16, 89, 92, 110, 130, 139, 158 and 177 hours for viable 

cell count analysis.  Viable cell count analysis was carried out using the FACSCanto II as outlined in 

2.6.1. 

3.2.8 Specific materials and methods used to analyse the impact of variable CD4+:CD8+ T-

cell populations in culture 

The source material for investigation into the impact of variable CD4+:CD8+ ratios on T-cell culture 

was whole blood from a single donor, provided by Cambridge Bioscience.  The buffy coat was initially 

isolated from the whole blood, as outlined in 2.3.1, before isolation of CD4+ and CD8+ 

subpopulations, detailed in 2.3.2.2.3. 

Test conditions involved the seeding of T-cell populations at 5x104, 1x105 and 5x105 cells/mL with 

CD4:CD8 ratios of 3:1, 1:1 and 1:3.  CD4+ and CD8+ subpopulation cells were seeded at the required 

concentration into each well, and the cultures were supplemented with IL-2, but not CD3/CD28 

Dynabeads.  Cultures were sampled at 89, 93, 145, 161, 168, 237, 260, 277 and 293 hours for 

analysis of viable cell count.  Viable cell count analysis was carried out using the FACSCanto II as 

outlined in 2.6.1. 

3.2.9 Specific materials and methods used to assess performance of T-cell populations with 

delayed supplementation of CD3/CD28 Dynabeads 

Whole blood, provided by Cambridge Bioscience from a single donor, was the source material for 

investigation of delayed CD3/CD28 Dynabead supplementation.  The buffy coat was isolated from 

whole blood as outlined in 2.3.1. 

The PBMCs were then seeded at a target density of 1x106 cells/mL and supplemented with IL-2 but 

no CD3/CD28 Dynabeads.  However, due to a calculation error the cultures were actually seeded at 

1x107 cells/mL.  When this was realised at 72 hours, the culture was diluted to reduce the culture 

concentration to the sustainable level of the intended seeding density.  Cultures were sampled for 

viable cell count analysis at 72, 144, 192, 264, 312 and 336 hours. 

After 336 hours, the cultures were reset to a target seeding density of 5x105 cells/mL and 

supplemented with an appropriate concentration of CD3/CD28 Dynabeads as outlined in 2.4.4.  The 

cultures were then sampled for viable cell count at 408, 456, 480 and 504 hours.  Viable cell count 

analysis was carried out using the FACSCanto II as outlined in 2.6.1. 
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3.2.10 Specific materials and methods used to determine the effects of supplementing 

CD3/CD28 Dynabeads, with and without IL-2, into T-cell cultures, in comparison to no 

supplementation 

The source material for initial investigation into the impact of CD3/CD28 Dynabeads on T-cell culture 

was frozen PBMC aliquots from Axol Bioscience, all from a single donor.  Vials were thawed and 

prepared as outlined in 2.2 and seeded into culture at a target density of 1x106 cells/mL.  Depending 

on condition, cultures were supplemented with either CD3/CD28 Dynabeads or CD3/CD28 

Dynabeads and IL-2.  There was a further condition which received no additional supplementation. 

All cultures were sampled at 48 and 120 hours for analysis of viable cell count.  After 120 hours it 

was decided not to continue the non-supplemented culture, and therefore only the supplemented 

cultures were sampled at 196 hours for viable cell count.  Viable cell count was assessed using the 

Vi-cell cell analyser, as outlined in 2.6.2.  Cultures were also sampled for phenotypic analysis at 120 

hours. 

3.2.11 Specific materials and methods used to compare the proliferative and phenotypic 

response of T-cell cultures to supplementation of CD3/CD28 Dynabeads and IL-2 

independently and in combination 

For analysis of the culture of T-cells supplemented with IL-2 and/or CD3/CD28 Dynabeads, frozen 

PBMCs from a single donor were provided by Axol Bioscience.  Samples were thawed and prepared 

as described in 2.2.  Depending on condition, cells were seeded at a target density of 1x106 cells/mL 

or 2x106 cells/mL.  Cultures were then supplemented with either CD3/CD28 Dynabeads or IL-2 or 

both. 

Cultures were sampled at 24, 72, 96, 120, 144 and 168 hours for analysis of viable cell count.  The 

assessment was carried out on a Vi-cell cell analyser as in 2.6.2.  Cultures were also sampled for 

phenotypic analysis at 0, 72 and 120 hours. 

3.3 Results 

3.3.1 Analysis of different isolations targets for T-cell isolation on proliferation and 

phenotypic profile 

Initial investigation looked into the potential impacts of T-cell isolation on cultures.  Three different 

isolation methods were compared with one isolation targeting CD3 and the remaining two targeting 

CD4 and CD8 as a co-incubation and as a two-step process.  After isolation of PBMCs from whole 

blood, T-cells were then isolated using these markers and seeded in to culture.  Cultures were 

sampled for analysis of viable cell counts at intervals specified in 3.2.5.  Comparing these counts over 
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time shows a substantial difference between the two targets, with those isolated by CD3 showing 

substantially higher growth (Fig. 3.1). 

 

From 0 to 72 hours it is possible to see that the CD3 targeted and two step CD8/CD4 targeted 

cultures perform similarly, showing a slight increase to 48 hours, and a slight reduction in viable cell 

count to 72 hours.  Meanwhile, the concurrent CD4/CD8 isolated cultures show a slightly higher but 

comparable starting density, followed by a consistent decline until 72 hours and a more gradual 

decline until 216 hours.  From 72 hours it is possible to see the two step CD8/CD4 isolated condition 

showed a gradual decline until 216 hours similar to that seen in the concurrent CD4/CD8 isolated 

cultures.  In comparison, from 72 hours it was possible to see substantial growth to 144 hours and 

then on to 216 hours as well.  These data show clear differences between the two isolation targets, 

with the CD3 isolated cultures growing substantially in comparison to the CD4/CD8 isolated cultures 

regardless of method.  It is not clear why the CD3 targeted cultures grew so efficiently in comparison 

to the CD4/CD8 targeted cultures, however it does bring in to question the assertion that the 

antiCD3 MicroBeads will not induce activation in the target cells. 

At 72 and 216 hours, samples were taken to analyse for CD4+ and CD8+ subpopulations in cultures.  

The data showed that there were similarities in the behaviour of the CD3 targeted cultures and the 

CD4/CD8 concurrent targeted cultures.  Analysis of the phenotypic data at 72 hours shows that the 

CD3 targeted cultures have both the highest CD4+ subpopulation proportion, at ~40%, and the 

lowest CD8+ subpopulation proportion, at ~50% (Fig. 3.2).  The CD4/CD8 concurrently isolated 

culture showed ~30% and ~65%, whilst the CD8/CD4 two step isolated cultures showed ~10% and 

85% subpopulation proportions of CD4+ and CD8+ cells respectively.  It is possible to see that the 



65 
 

subpopulation proportions do not cumulatively represent the whole samples.  As the proportions 

were calculated from a gated subpopulation of live cells, the additional proportion is made up of non 

T-cell PBMCs.  It is likely that as part of the isolation process the cells were somehow retained into 

the culture material.  This could have been because they remained in the filtration column rather 

than passing through prior to extraction of the target material, or could have been sue to non-

specific binding of the MicroBeads. 

The justification, as mentioned previously, for isolating CD8+ T-cells first in the two step CD8/CD4 

isolation process is that it was thought that the subpopulation that was isolated second may respond 

negatively to the additional manipulation.  It is possible to see here that in comparison to the 

concurrent incubation CD4/CD8 targeted cultures, the two step cultures showed a higher relative 

proportion of CD8+ T cells (Fig 3.2B).  This suggests that the premise of the hypothesis was correct 

and that in this experiment the second isolation has a negative effect on the CD4+ subpopulation 

cells (Fig 3.2A). 

 

Comparing the relative proportions of CD4+ and CD8+ subpopulations at 72 hours and 216 hours it is 

possible to see that in both the CD3 targeted and CD4/CD8 concurrent targeted cultures the relative 

CD4+ subpopulation proportion reduces by ~10% and the CD8+ subpopulation proportion increases 

by the same amount.  In the CD8/CD4 two step cultures, it is possible to see a very slight drop in 

both the CD4+ and CD8+ relative subpopulation proportions.  It was unusual to see both 

subpopulation proportions drop, especially as it implied a relative increase in non T-cell populations.  

Comparing this to the viable cell count data, the CD4/CD8 concurrent isolated cultures showed a 

sustained decrease in viable cell counts.  It is plausible that rather than seeing an increase in the non 

T-cell PBMC subpopulation proportion due to their growth, the effects seen are due to the T-cell 

subpopulations being more sensitive to the negative conditions and decreasing in proportion.  

Comparison of the event plots of cultures at 72 and 216 hours on a CD4/CD8 axis shows that the 
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trend in change of the CD4+ and CD8+ populations in cultures isolated on CD3 and CD4/8 

coincubation are relatively comparable.  It was particularly noteworthy to see these differently 

isolated cultures show a similar trend despite their drastically different levels of proliferation.  The 

common trend in the proportional variation could imply a similarity in the T-cell subpopulations that 

were isolated, despite the different targets.  If this were the case it would suggest that as well as the 

isolation target influencing proliferation (Fig. 3.1), the two-step incubation process was also 

negatively effecting CD4+ populations in culture. 

The samples taken for phenotypic analysis at 216 hours were stained not only for CD4 and CD8, but 

also for CD45RO and CCR7.  Using these markers, it was possible to analyse the maturity phenotype 

subpopulations (Naïve, Effector, Effector Memory and Central Memory) present in the cultures.  

Analysis of the CD4/CD8 isolated cultures showed that there were negligible differences in the 

phenotypic presentation between those that were isolated concurrently and the two step isolation 

(data not shown).  With these data, rather than compare all three isolation techniques, the 

comparison was be carried out between those cultures isolated through targeting CD3, and those 

targeting CD4 and CD8.  Comparison of the event plot data immediately suggests that the two 

isolation targets induce different phenotypic responses in their respective T-cell populations (Fig. 

3.3).  Observing the range and level of CCR7 and CD45RO expression shows that between the 

differently isolated cells these is relatively low.  However, 2D analysis of these plots shows 

substantial differences in the way events are distributed within this space.  

The CD4/CD8 isolated cells appear to show 3 main clusters in the data (Fig. 3.3Bii).  The densest 

cluster is a CCR7+CD45RO- population, which would appear to fit in to the Naïve phenotype 

definition.  There are two other clusters of similar greatest density, the one of which is a CCR7-

CD45RO- cluster, which aligns with the phenotypic definition for Effector phenotype cells.  The final 

cluster in the CD4/CD8 isolation event plot has a high CD45RO expression, showing that it is a 

mature population.  The minimum level of CCR7 expression for this cluster is at a similar level to the 

minimum CCR7 expression in the Effector cluster, showing that this cluster has some level of Effector 

Memory presence.  However, the maximum level of CCR7 expression reaches beyond that of the 

Effector subpopulation and shows a similar level of expression to that of the lower end of the Naïve 

cluster events.  This implies that there are some ‘homing’ events present in the cluster, and 

therefore the presence of Central Memory phenotype cells.  Considering these elements, it would 

appear that this is an Effector Memory cluster of cells, that also contains cells which are transitioning 

to Central Memory Phenotype, however without dynamic data this is hard to confirm. 

To better understand the roles that CD4+ and CD8+ subpopulations play in culture and respond to 

experimental variables, the CD4+ and CD8+ subpopulations were gated and plotted using CD45RO 
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and CCR7 to identify if there were any subpopulation related responses.  Analysis of the CD4/CD8 

isolated CD4+ subpopulation shows, similar to the total cell plot, that the Naïve cluster is the densest 

(Fig. 3.3Cii).  The CD4+ subpopulation also presents a cluster of Effector Memory cells, however this 

appears less dense than in the total cell plot, and also has a substantially lower maximum CCR7 

expression.  There appears to also be a slight clustering of cells that are CCR7+CD45RO+, suggesting 

that they are Central Memory phenotype cells.  These events are of relatively low density and would 

not appear to have a substantial impact on the total cell plots.  In addition, it is possible to see that 

the CD4+ subpopulation does not show an Effector phenotype cluster, implying that the presence of 

this cluster in the total cell plot is substantially due to the CD8+ subpopulation. 

Analysis of the CD8+ subpopulation shows, as with the CD4+ subpopulation and the total cell, that 

the densest cluster is the Naïve subpopulation (Fig. 3.3Cii).  This plot also shows a large of 

concentration of events with a relatively low CCR7 expression level across the full range of CD45RO 

expression observed.  This distribution of events is most dense at either end, however there is only a 

slight reduction in density in the middle.  These events appear to represent an Effector and Effector 

Memory cluster, with cells transitioning between the two.  The denser areas correlate quite strongly 

with the Effector and Effector Memory clusters that were defined in the total cell plot.  In addition, it 

is possible to see that the CD45RO+ events show a level of CCR7 expression that is on average above 

that of the CD4+ Effector Memory subpopulation, but below that of the CD4+ Central Memory 

subpopulation. 
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It is not immediately clear why these expression levels were observed, it could indicate that this 

subpopulation is transitioning from Effector memory to Central Memory, or alternatively it could be 

showing that CD8+ Effector Memory cells have a higher level of CCR7 expression in culture than 

CD4+ Effector Memory subpopulations.  In either scenario, the differences observed in CCR7 

expression between the two subpopulations highlights that the single continuous cluster observed in 

the total event plot is not representative of both T-cell subpopulations.  In comparison to the 

CD4/CD8 isolated cells, the distribution of events in the CD3 isolated cultures do not conform so 

easily to the standard phenotypic definitions.  Analysis appears to show three main clusters of 

events, two of which overlap (Fig 3.3Bi) and one separate cluster.  The level and range of CCR7 

expression in the separate cluster identify it as low expression, while the range of CD45RO 

expression has high a predominantly high expression level with a small proportion of low expressing 

cells.  This suggests that the independent cluster represents a predominantly Effector Memory 

populations with a small proportion of Effector phenotype cells also. 

The two clusters which appear to somewhat overlap do not appear to sit within a single 

subpopulation definition. The cluster with the higher CCR7 expression has a high CCR7 expression 

level, and a wide range of CD45RO expression which covers both high and low expression.  The 

minimum level of expression within this cluster is similar to the minimum level seen in the Naïve 

subpopulations of the CD4/CD8 isolated cultures. Meanwhile, the maximum level of expression is 

similar to the minimum level of the Effector Memory subpopulation.  This cluster appears to contain 

Naïve cells that are beginning to transition to Central Memory cells, however more dynamic data 

would be required to validate this observation.  The overlapping cluster with the lower CCR7 

expression level showed a similar shape of expression to the first, shifted with different levels of 

expression.  The minimum and maximum levels of CD45RO expression align relatively well with the 

middle level expression of the CD4/CD8 isolated Naïve and Effector Memory subpopulations 

respectively.  Analysis of CCR7 expression in this cluster showed that it is relatively close to the 

threshold expression level for definition of homing or non-homing.  Where the previous cluster 

appeared as if it could be a Naïve subpopulation extruded by transition into Central Memory 

subpopulation, this cluster is less tangibly linked to any one phenotypic profile, given that it contains 

events from all four maturity phenotype subpopulations. 

The similar shape of the lower CCR7 expressing cluster and the Naïve-like subpopulation cluster 

could suggest that they are linked.  It is suggested that the lower CCR7 expressing subpopulation 

expresses lower CCR7 and slightly higher CD45RO in response to a stimulus which has no, less or 

delayed effect on the higher CCR7 expressing population.  It is not clear what this stimulus would be, 

or why the stimulus would have a different effect.  If this were the case, these cells would be 
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considered a transitional cluster, however further investigation would be required to confirm these 

observations. 

Comparison of the CD4+ and CD8+ subpopulations once again shows that there are differences 

between the two.  The CD4+ subpopulation’s densest cluster is the Effector Memory phenotype cells 

(Fig. 3.3Ci).  The presentation of this cluster in the CD4+ subpopulation matches the presentation in 

the total cell plot extremely well, indicating little influence from the CD8+ subpopulation.  The other 

cluster present in the CD4+ subpopulation resembles that of the Naïve subpopulation in the total cell 

plot, however the density of the cluster in this plot appears far lower than in that of the total event 

plot.  In addition, the transitional cluster does not appear to be present in CD4+ subpopulation; 

events are present in the phenotypic space occupied by the transitional subpopulation, however 

these events do not appear to be sufficiently dense, nor congruent, that it would constitute a 

specific cluster.  In comparison, the CD8+ subpopulation does not contain an Effector Memory 

cluster, correlating with the comments on the similarity in presentation of the cluster in the CD4+ 

subpopulation and the total cell plot previously.  Present in the CD8+ subpopulation is the 

overlapping Naïve and transitional clusters, which represent nearly all events within the 

subpopulation, and correlate with the presentation of these clusters in the total event plot (Fig 

3.3Di). 

Considering the data presented, it is clear to see that there are substantial variations in the cultures 

isolated by CD3 and by CD4/CD8, both in population growth and phenotypic response.  The viable 

cell counts of the CD3 targeted cultures show a substantial increase over time, while the CD4/CD8 

targeted cultures did not show any substantial period of growth, but a gradual decline in viable cells 

over time.  In addition, phenotypic analysis at 216 hours showed variation in maturity subpopulation 

presentation between isolation targets.  The CD3 isolated T-cell data show a substantially higher 

level of growth, as well as subpopulations that show evidence of maturation.  Comparatively, the 

CD4/CD8 isolated populations showed little evidence of subpopulation maturation and no overall 

growth during the culture period.  These observations appear to correlate with the CD3+ targeted 

isolation inducing activation in the T-cell populations, counter to the advice provided. 

In addition to differences between isolation targets, it is possible to see that the CD4+ and CD8+ 

subpopulations contain different maturity subpopulation distributions.  There is some commonality 

in presentation between the isolation targets, with the CD4+ subpopulations both representing the 

Naïve and the Effector Memory subpopulations of their cultures.  The CD8+ subpopulations also 

presented the Naïve populations, and comparison of the plots show some similarity between the 

presentation of the transitional population in the CD3 isolated population and the Effector/Effector 

Memory cluster in the CD4/CD8 isolated population.  The different maturity profiles of the CD4+ and 
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CD8+ subpopulations highlight the differences between the Cytotoxic and Helper/Regulatory 

populations in the cultures.  However, the variation in CD4/CD8 proportions are relatively conserved 

between the isolation targets, implying that the isolation methods affect the CD4+ and CD8+ 

populations similarly.  It is further possible to see this when analysing the CD4+ and CD8+ 

subpopulation proportions in culture.  The CD4/CD8 concurrently targeted cultures show a very 

similar level of variation from 72 hours to 216 hours to the CD3 isolated cultures.  In this scenario it 

is the two-step isolation process which confers the negative effect, with the CD4+ cells, isolated 

second, appearing to have suffered with the extra isolation steps.  

3.3.2 Comparison of different seeding populations and their effects on proliferation 

CD4+ and CD8+ subpopulations were each isolated from separate PBMC aliquots.  The resultant 

CD4+ and CD8+ populations were compared against the CD4+ depleted and CD8+ depleted 

populations as well as PBMCs which had not undergone T-cell isolation.  Comparison of the viable 

cell counts over time shows separation at many points between the targeted isolation cultures and 

the depleted and PBMC cultures. 

Analysis of the viable cell counts between 0 and 144 hours overall shows a separation between the 

depleted and PBMC cultures, and the directly targeted cultures early on.  However, this variation is  

negated by the final timepoint.  The CD4+ and CD8+ isolated cultures show a similar trend in 

performance over time.  Initially, it is possible to see a slight drop in viable cell count from 0-24 

hours, followed by a temporary increase at 48 hours and a subsequent drop to 72 hours, with these 

final values being lower than those observed at 24 hours (Fig 3.4A).  From 72 hours to 144 the viable 

cell count remains comparable for the CD4 target isolated cells, whilst the CD8 target isolated cells 

showed a slight decrease over the time period. 

The CD4 depleted and PBMC cultures also perform similarly to each other.  Analysis from 24 hours 

shows that despite having a viable cell count 7x104 cells/mL higher, the CD4 depleted and PBMC 

cultures both reduce in viable cell count to 2.7x105 cells/mL at 48 hours.  There is subsequently a 

substantial rise in the viable cell count of both cultures to 72 hours, however this is also matched by 

a substantial increase in the level of variability in the repeats, indicated by error bars.  At 144 hours it 

is possible to see a substantial drop in viable cell count in these cultures, to a point below that of the 

CD4 targeted culture. The CD8 depleted culture shows a similar pattern of behaviour to the PBMC 

culture, however it is not to the same magnitude (Fig. 3.4).  From 24 hours there is a slight decrease 

in viable cell count to 48 hours.  This is followed by an increase to above the initial viable cell count 

at 72 hours, and a substantial drop in viable cell count to 144 hours as seen in the previously 

mentioned cultures. 
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These data show that by 72 hours depleted and PBMC cultures showed evidence of strong growth.  

However, by 144 hours the viable cell counts are substantially reduced and comparable with the 

viable cell count of the CD8 targeted isolation.  It is not entirely clear what induced the crash in 

viable cell count of the depleted and PBMC cultures, however it could plausibly be linked to a lack of 

medium exchange or supplementation over that time, especially with the elevated viable cell count 

relative to the targeted isolation cultures. 

At 144 hours the cultures were reseeded due to low cell density.  The target seeding density was 

5x105 cells/mL, however due to the insufficient concentration of CD8 target isolation the condition 

was discontinued.  It is possible to see from viable cell counts at this timepoint that the target 

seeding density was not achieved in any cultures.  Furthermore, it is possible to see a wide range of 

seeding densities at this timepoint (Fig. 3.4B). The only culture that was seeded above the target 

density was the CD8 depleted culture, while the other cultures were seeded below 5x105 cells/mL.  

Analysis of the viable cell counts over time shows similar trends in the CD4 targeted and CD4 

depleted cultures, contrary to what had been seen previously.  Both of these cultures show a 

consistent increase in the viable cell count from 144 hours to 264 hours, followed by a reduction in 

viable cell count at 312 hours.  The CD4 depleted culture shows a very slight decline in viable cell 

count from 264 to 312 hours, while the CD4 targeted culture shows a greater decrease.  The higher 

loss of viable cells, as well as the lower cell count at 264 hours, indicates that the CD4 Targeted 

culture is responding more negatively at 312 hours than the CD4 depleted culture. 

The PBMC and CD8 depleted cultures performed similarly for the first 48 hours after reseeding.  

They showed a consistent increase over this time period, both increasing by ~4x105 cell/mL.  At 192 
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hours the CD8 depleted culture peaked at 1.1x106 cells/mL and showed a consistent decrease in 

viable cell count to 312 hours where analysis showed it was 8.3x105 cells/mL.  Meanwhile, the PBMC 

culture showed continued increase in the viable cell count to a similar maximum level as the CD8 

depleted culture at 264 hours.  This was then followed by a reduction in viable cell count consistent 

with the rate seen in the CD8 depleted culture at 312 hours (Fig 3.4B).  The similarity between the 

viable cell counts of the CD4 targeted and CD4 depleted cultures was unexpected considering the 

earlier growth of the cultures and the comparative performance of the CD8 Targeted and CD8 

Depleted cultures.   

The display of growth in the CD4 targeted culture after reseeding could indicate that the culture was 

suffering from some form of medium exhaustion, somewhat validated by the indication of decline in 

the culture at 264 hours (Fig. 3.4B).  However, the viable cell count data from 0-144 hours does not 

appear to show a response to medium exhaustion.  The lack of growth in the initial culture period 

could be linked to the starting cell concentrations being too low and having a negative effect on the 

cultures.  However, the CD4 Depleted and CD4 Targeted cultures were reseeded lower or similar to 

the initial stage of the experiment and were able to demonstrate growth.  Therefore, if the seeding 

density is an influential factor it appears that its influence is short lived.  The combination of medium 

refreshment inducing growth and a lack of growth for the initial time period would suggest either 

that the populations need some time to recover from the extensive processing to get them into 

culture, and then needed replenishing of nutrients, or that there was some part of the isolation 

process that managed to negatively condition the medium to restrict growth initially, and replacing 

the medium removed this.  In either case, or if both apply, it is possible to see that the reseeding of 

the cultures was of benefit and increased the growth to a level in line with a condition that had 

mostly substantially outgrown it.  Comparison between the CD8 depleted and PBMC cultures 

appears to show that the two cultures achieved a similar rate of growth and decline, peaking at just 

over 1x106 cells/mL.  The main element that appears to stop these conditions overlapping each 

other almost exactly is the lower starting density of the PBMC culture.  In addition, the performance 

of these two cultures in comparison to the CD4 depleted culture appears to imply that it is the CD4+ 

cells that are exhibiting the greater rate of growth in culture.  This is also indicated in the CD4 

targeted cultures, which were able to sustain a sufficiently high enough viable cell count to be able 

to reseed them compared to the CD8 targeted condition. 

The primary observable difference between the culture period between 0 and 144 hours and 

between 144 and 312 hours is consistent level of growth seen in the latter that is not in the former.  

It is observable that over the first 144 hours all conditions tested produced a lower viable cell count 

than that which they had at 0 hours.  However, on reseeding to a target concentration these 
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cultures, with the exception of the CD8 targeted population, which was below requirements, all 

showed some sustained level of growth.  The CD4+ and CD8+ isolated cultures showed a similar 

pattern of growth in culture up until 144 hours, where the CD8+ subpopulation lost a sufficiently 

high concentration of viable cells that it was not possible to reseed them at an appropriate level.  

These data suggest that in culture independently, the CD4+ and CD8+ subpopulations will culture 

similarly. 

3 .3 .2 .1  Dif f eren t sub po pu la tion s ratio  Resu lts  

Culture samples were taken at semiregular intervals and analysed for viable cell counts.  Analysis of 

viable cell counts over time shows a lack of growth across all cultures. 

Initially, pattern of response could be combined into two groups.  The CD4 Targeted, CD8 Targeted 

and CD4/CD8 cultures showed a consistent decline in the viable cell count from 0 to 89 hours of 

~2x104 cells/mL.  Meanwhile, the CD4/DD and CD8/DD cultures showed an initial drop of ~1.5x104 

cells/mL to 16 hours, followed by relative stability in the CD8/DD culture and a slight increase in the 

CD4/DD culture (Fig. 3.5). 

From this point all cultures performed relatively similarly, with a substantial drop of around 2.5x104 

cells/mL between 89 and 110 hours followed by a gradual decline in viable cell count in all cultures 

until 158 hours, sustained until 177 hours in the CD4/CD8, CD4/DD and CD8/DD cultures.  There is a 

slight inflection in the CD4 and CD8 targeted cultures to 177 hours, however given the previous 

decline in cell count this is not necessarily indicative of a culture that would grow substantially. 

The substantial decline in viable cell count at 89 hours coincided with a full medium exchange (FME), 

indicated by the two counts in quick succession.  It is plausible that the FME is what caused the loss 

of viable cells, however it is not obvious by which mechanism this would have happened, especially 

as previous work has seen an increase in viable cell count after FME.  The relative similarity of the 

counts before and after the exchange show that the cell loss did not occur within the process itself, 

however it is possible that these cultures were affected by the centrifugation step.  FME was carried 

out previously on various T-cell populations which did not exhibit the same response, suggesting 

that if this was the cause, these cultures were particularly sensitive to this.  Alternatively, this could 

be a seeding density issue.  Due to restrictions with the donor material the cultures were seeded 

lower than was desired and then showed decline.  At the point of FME, these cultures were 

potentially too sparse to sustain proliferation and subsequently underwent apoptosis. 
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Overall, the range of subpopulation combinations tested does not show that there is any substantial 

difference caused by which populations are cultured together.  This is in contrast to what was seen 

previously, where the depleted samples were shown to grow with more success than the isolation 

targeted cultures.  This could potentially be explained by the relative differences in the seeding 

densities seen in the previous data, with the depleted cultures being seeded at a higher density than 

the targeted isolations, however it could be an example of variability in performance in culture 

depending on the donor. 

3 .3 .2 .2  Va ried s ub pop u la tio n ra tio c o mp a ris on  

The previous data appeared to show the impact of a limiting seeding density, and the experiment 

prior to that appeared to show that at a higher seeding density CD4+ subpopulation grew better 

than CD8+ subpopulations.  As such, an experiment was designed to analyse these elements in 

combination 

3.3.2.2.1 Varied CD4/CD8 ratio Results 

Cultures were sampled at semiregular intervals and assessed for viable cell counts.  Analysis of the 

viable cell counts showed that the 1:3 ratio cultures had the highest viable cell counts over time and 

seeding at 5x104 cells/mL produced substantially less growth in culture.  

3.3.2.2.1.1 5x105 cells/mL seeded cultures 

Viable cell counts at 0 hours show that although seeding with a target cell density of 5x105 cells/mL, 

the cultures were measured to have been seeded with a viable cell count of ~2x105 cells/mL. 
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All cultures showed an increase in viable cell count from 0 to 89 hours, increasing by ~5x105 cells/mL 

on average, followed by a sharp decline after FME (Fig. 3.6A).  The 3:1 and 1:1 cultures then show a 

very slight increase in viable cell count until 145 hours, before showing a consistent decline to 238 

hours where they reach a negligible cell count which remains until the final count at 293 hours. 

 

The 1:3 culture meanwhile shows an increase in viable cell count between 89 and 145 hours.  There 

is a slight drop in viable cell count at 161 hours before a substantial increase at 168 hours.  This 

increase is not sustained however, and there is a greater loss of viable cell count by 237 hours.  This 

oscillating pattern somewhat repeats itself, with increases in the viable cell count observed, with 

decreasing magnitude, at 261 hours and 293 hours, and a decline observed at 278 hours. 

The erratic behaviour of the 1:3 sample is not easily explained by behaviour in culture, as this level 

of expansion and crash has not previously been seen, nor does it appear biologically sustainable.  

Analysing the variation at these peaks suggests that repeats are consistently around this level, rather 

than spikes being caused by an individual repeat moving the average.  This therefore suggests that 

there was underlying issue with the cell counting system, suggesting that cultures had higher viable 

cell counts than were present in reality.  
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3.3.2.2.1.2 1x105 cells/mL seeded cultures 

The 1x105 cells/mL seeded cultures also show a separation of conditions based on the subpopulation 

ratio. 

Comparison of these cultures shows that, as seen in the 5x105 cells/mL cultures, the 1:1 and 3:1 

cultures perform similarly, whilst the 1:3 cultures show a different trend in viable cell counts. 

The 1:1 and 3:1 cultures show a consistent level of growth from 0 to 145 hours, with a slight drop in 

viable cell count during FME at 89 hours.  Subsequent to this there was a large decline in the viable 

cell count, reducing to the negligible levels seen previously by 238 hours and remaining there. 

Meanwhile, the 1:3 culture showed a similar slight increase in viable cell concentration from 0 to 89 

hours (Fig. 3.6B).  From 89 to 161 hours the cultures continue to grow at an increased level, before 

sharply rising between 161 and 168 hours.  At this point there is a much higher level of noise in the 

data, which increases as time goes on. 

From 168 hours the viable cell count oscillates as seen in the cultures seeded at 5x105 cells/mL.  

Peaks are observed at 260 and 293 hours, with troughs observed at 238 and 278 hours.  Noticeably, 

the peaks correlated with a higher level of variation in the data, in contrast with the previous 

observations.  This could indicate that one culture has a high degree of variability and is causing 

fluctuation in the average cell count, or that the method by which the viable cell count is being taken 

from one of the cultures is unreliable and is giving erratic results.  As was mentioned before, this 

type of viable cell count is biologically illogical and unlikely, which leads to the conclusion that these 

samples, for reasons unknown, are not being accurately measured for viable cell count. 

3.3.2.2.1.3 5x104 cells/mL seeded cultures 

Cultures seeded at 5x104 cells/mL showed a similar level of variability as the other conditions tested 

but given the lower seeding density they played out on a much smaller scale. 

All cultures showed a similar increase in viable cell count over the first 89 hours. Subsequent to that 

the 1:1 and 3:1 cultures showed a substantial decline in viable cell count until 162 hours where the 

viable cell count remained consistently negligible (Fig. 3.6C). 

The 1:3 culture shows an increase in viable cell count beyond 89 hours, continuing to grow until a 

peak at 168 hours.  Subsequently the same oscillating pattern of increase and decrease is seen as 

was mentioned in analysis of the 1x105 cells/mL and 5x105 cells/mL cultures. 

3.3.2.2.1.4 Comparison 

The data analysed across all cultures appear to show that the 1:3 seeded cultures produced the 

highest cell counts, regardless of the seeding density. 
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Although the magnitude and executions vary, there is a relatively consistent pattern of behaviour 

across the conditions tested in this experiment.  All cultures show an increase in the viable cell count 

from 0 to 89 hours, indicating that all seeding conditions are viable as they have demonstrated 

growth.  After this point the 1:1 and 3:1 cultures ultimately show decline in viable cell count a 

minimal value, regardless of seeding density.  In the cultures seeded at 5x105 cells/mL and 1x105 

cells/mL this descent occurs after 145 hours, whilst in the 5x106 cells/mL cultures this occurs from 89 

hours onwards.  Meanwhile, the 1:3 cultures showed an increase in viable cell count to 169 hours 

before showing an oscillating pattern of viable cell count increase and decrease of levels such that 

the viable cell count was overall decreasing until the final sampling point at 293 hours. 

The conservation of the pattern across cultures of all seeding densities appears to indicate that the 

observations of the 1:3 cultures are not courtesy of anomalous T-cell cultures, nor of an individual 

anomalous analysis of viable cell count.  Whether the viable cell counts obtained are truly 

representative of what is actually present in culture or not, some element of the 1:3 cultures has 

induced the observed response repeatedly. 

This response observed in the 1:3 cultures implies that the more positive response has been induced 

either by the higher initial proportion of CD8+ cells, or the lower relative proportion of CD4+ cells.  

However, the substantially reduced responses observed in the 1:1 and 3:1 suggest that there is a 

threshold level that this subpopulation ratio must reach before this response could be observed.  

The increase in viable cell counts could have been induced by an increase in CD8+ T-cell 

subpopulation released cytokines, however the limited cytokine profile of these cells suggests that 

this is not the source.  Alternatively, the cause could lie in the reduction in CD4+ subpopulation T-

cells, this is particularly viable if these cultures had a particularly high level of Regulatory T-cells, 

which could suppress proliferation in the T-cell cultures and even induce apoptosis.  Unfortunately, 

these cultures were not sampled for phenotypic data, and further work which monitored this facet 

of the T-cell cultures would be advised to further analyse the cause of the responses observed. 

One of the common elements of the cultures was the decline in viable cell count over time, which 

would be considered a failing of the culture in all conditions except where cells were seeded at 1x105 

cells/mL in a 1:3 ratio.  As sustained growth has been seen over time in previous cultures, it is 

surprising to see that nearly all conditions failed and brings into question as to why this was the 

case.  Analysis of the culture conditions compared to other experiments that have shown growth 

does not appear to highlight any differentiating factor that may have induced the viable cell loss. 

However, one element of variation that is present is the donor material.  The variation of donor 

material and its influence on T-cell populations in culture is yet to be addressed substantially, 
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however there are obviously many factors such as the health state of the donor and their natural 

balance of T-cell subpopulations that could affect the trajectory of T-cells in culture.  That is not to 

say that these data present in the way they do entirely because of the donor material variability, but 

that the performance of these cultures could plausibly be linked to it. 

3.3.2.2.1.5 Conclusion 

Analysis on the culture of CD4+ and CD8+ T-cell subpopulations appears to show that there are high 

levels of comparability between cultures, regardless of the combination of subpopulations which 

have been seeded. 

Initial investigation into the performance of CD4 and CD8 targeted and depleted populations, as well 

as non-isolated PBMCs, showed lower viable cell counts in those conditions which were targeted for 

isolation compared to the PBMC cultures and those which were merely depleted.  However, the 

continuation of these cultures appeared to show that the differences in the relative performances 

may well have been linked to the seeding density. 

The effects of seeding density on T-cell growth were then further observed in investigation 

comparing the growth of CD4 and CD8 targeted subpopulations with 1:1 cultures of each 

combination of CD4, CD8 and DD subpopulations.  The lack of growth in these conditions was linked 

to the density at which they were seeded, reinforcing the suggestion that the previous investigation 

showed reduced growth in targeted cultures due to lower seeding densities. 

The relatively comparable performance of all conditions was contrary to what had been seen 

previously, with different subpopulations present inducing variable viable cell counts.  However, this 

supplements the suggestion that seeding density is a cause for the variation in growth, as when all 

were seeded at the same density there was little variation. 

The relative performance of the cultures seeded at 5x104 cells/mL compared to those seeded at 

5x105 cells/mL appeared to identify that lowering the seeding density had a substantially negative 

impact on the culture of these T-cell subpopulations.  Furthermore, as the relative ratios of CD4+ 

and CD8+ subpopulations had only been compared at a 1:1 ratio, there was a desire to manipulate 

this and identify any impacts that may result through an imbalance of CD4+ and CD8+ 

subpopulations.  

In comparing the viable cell counts of cultures of varying density and CD4/C8 subpopulation balance 

it was possible to see that the 1:3 CD4:CD8 subpopulations grew in each of the seeding densities 

tested.  The 3:1 and 1:1 ratio cultures showed a similar pattern of growth over time, regardless of 

seeding density, with a period of growth over the first 89 hours, before showing decline in viable cell 

counts without recovery. 
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The presence of growth in all the cultures was in contrast to what was seen previously, where the 

higher seeded cultures showed better growth, and cultures seeded at 5x104 cells/mL did not show 

growth.  Considering the points differentiating factors between the cultures, these data appear to 

reinforce the idea that there is a large amount of variability in culture dependent on the donor 

material seeded. 

The relatively high performance of the 1:3 cultures appears to show that the CD8+ subpopulations 

are having a preferentially positive effect on the cultures.  The mechanism by which this effect 

occurs in culture is not fully understood.  This is due in part to the lack of phenotypic data for these 

cultures, which would have helped to offer insight on the mechanisms and responses at play.  It is 

not clear how the rise in viable cell count is reflected in the CD4+ and CD8+ subpopulations, nor in 

the maturity phenotype subpopulations.  Information on these subgroups could highlight 

particularly proliferative behaviour, which would help to define the process by which these higher 

cell counts were achieved.  

3.3.3 Assessing impact of supplementing CD3/CD28 Dynabeads into T-cell cultures on 

proliferation and phenotypic response 

3 .3 .3 .1  Dela yed su pp lementatio n  Resu lts  

Analysis of the viable cell counts shows culture performance pre-bead that is comparable to the 

behaviour seen previously.  Meanwhile post-bead cultures appear to deviate depending on 

CD3/CD28 Dynabead supplementation, with their presence reducing the viable cell count. 

3.3.3.1.1 Culture prior to CD3/CD28 Dynabead supplementation 

The performance of both PBMC cultures show remarkably similar trajectories over time.  They 

initially show a sharp decline in viable count, likely due to the unsustainable concentration of 

PBMCs.  At 72 hours the cultures were diluted to ~3x106 cells/mL to bring the concentrations down 

and reduce the stress therefore placed on the cells.  These cultures then saw a decline in viable cell 

count at 144 hours, potentially implying that the concentration was too high to sustain growth, 

before an FME was used to reduce the concentration of cells again to ~1x106 cells/mL (Fig 3.7 A). 

After this point the cultures remained at a stable viable cell count, other than an attempt to increase 

the concentration with an FME at 264 hours.  The concentration of viable cells dropped at 312 hours 

to the same level which had been seen previously, and was sustained to 336 hours, at which point 

the cells were harvested for the next stage of the experiment. 
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The viable cell counts show a substantial drop initially due to overseeding of the cultures.  However, 

when the cultures reach a concentration that did not affect the viable cell count, the cultures 

remained relatively stable. 

3.3.3.1.2 Culture post CD3/CD28 Dynabead supplementation 

After 336 hours, the T-cell populations were reseeded to a target density of 5x105 cells/mL and 

divide into cultures that would not be supplemented with CD3/CD28 Dynabeads. 

The viable cell counts initially show that those cultures that were not supplemented with CD3/CD28 

Dynabeads had a higher viable cell count than those which were.  This trend continues as the viable 

cell counts are monitored over time (Fig. 3.7B).  Those cultures that were not supplemented with 

CD3/CD28 Dynabeads show a comparable viable cell count at 456 hours before showing a declining 

rate of viable cell count.  Meanwhile the cultures that were supplemented immediately show a 

~5x105 cells/mL reduction in viable cell counts after 408 hours, which then continues to reduce but 

at a reduced rate until 504 hours. 

These data clearly show that these cultures had a considerably negative response to being 

supplemented with CD3/CD28 Dynabeads.  It is not clear why this would be the case when these 

beads are supposed to induce activation and promote proliferation. 

3 .3 .3 .2  DB su pp lementatio n a t s eed in g Resu lts  

The PBMC cultures were semiregularly sampled to be tested for viable cell to monitor the progress 

of conditions.  Phenotypic analysis was also performed at 192 hours. 
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3.3.3.2.1 Cell yield 

Analysis of the viable cell counts shows that while the CD3/CD28 Dynabead supplemented cultures 

performed well, the cultures that were not supplemented at all did not grow and had a negligible 

viable cell count by 120 hours. 

It is possible to see that both CD3/CD28 Dynabead supplemented cultures started at a similar cell 

density, while the unsupplemented culture started at just over half the starting density of the two 

(Fig. 3.8A).  The CD3/CD28 Dynabead only and unsupplemented cultures decreased slightly over 48 

hours, while the CD3/CD28 Dynabead and IL-2 supplemented culture showed a slightly higher 

decrease, being comparable to the level of viable cells in the unsupplemented culture. 

From 48 to 120 hours the unsupplemented culture showed a decline to negligible viable cell count, 

and from which point the culture was no longer continued.  Meanwhile, 48 hours marked the 

inflection point for the CD3/CD28 Dynabead supplemented cultures, with both showing a substantial 

increase in viable cell count at 120 hours, and then further still on to 192 hours.  At 48 and 120 hours 

the culture supplemented with CD3/CD28 Dynabeads and IL-2 showed a slightly lower viable cell 

count, however the counts were not substantially different and by 192 hours the viable counts were 

once more comparable. 

Overall, it is clear to see that the CD3/CD28 supplemented cultures perform better than the 

unsupplemented culture, as expected.  It is also possible to see that the CD3/CD28 supplemented 

cultures perform similarly to each other, appearing to indicate that supplementation of IL-2 has a 

minimal effect on their culture.  This is not only contrary to the anticipated result of IL-2 increasing 

the viable cell count substantially compared to its absence, but the IL-2 supplemented culture was 

also for most of the experiment marginally lower in viable cell count. 

3.3.3.2.2 Phenotypic analysis 

At 120 hours samples were taken from the CD3/CD28 Dynabead supplemented cultures and 

analysed for phenotypic profile.  The phenotypic data was then analysed to identify the maturity 

subpopulation composition of the CD4+ and CD8+ subpopulations of each culture. 
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The data show that all the populations observed show a high degree of similarity to each other (Fig. 

3.8B-C).  All populations are high CD45RO expressing and show a range of CCR7 expression that 

indicates the presence of both CCR7+ and CCR7- events.  The data appear to show that the presence 

of CD3/CD28 Dynabeads has induced maturation in the T-cell populations, nearly to a point of 

Effector Memory homogeneity.  However, it is not possible to say without additional phenotypic 

data how the populations have changed over time. 
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There were no expectations with regards to the outputs of the phenotypic data from this 

investigation, however the lack of variation in the cultures between those supplemented with and 

without IL-2 appears to indicate that the addition of the growth factor has little effect on the 

phenotypic response, if any. 

3 .3 .3 .3  Co mpa riso n  of  D B,  D B & IL - 2  an d IL - 2 Resu lts  

The data show that there are clear differences in the performance of PBMC populations in each 

different condition across both cell yield and phenotype. 

3.3.3.3.1 Cell yield 

Analysis of viable cell counts over time shows that all CD3/CD28 supplemented cultures underwent 

periods of growth, however of the non CD3/CD28 Dynabead supplemented cultures only the lower 

density seeded culture showed any signs of growth. 

Comparing viable cell counts of cultures seeded at the lower density shows that the IL-2 

supplemented culture spends a long time in lag phase before showing growth (Fig. 3.9A).  The viable 

cell count initially drops between 0 and 24 hours, followed by a very gradual decline to 120 hours.  

However, after this point it is possible to see an incline in the viable cell count where the culture 

appears to show a substantial increase. 

The culture supplemented with CD3/CD28 Dynabeads meanwhile shows increasing viable cell count 

for nearly the entire duration of the experiment.  The viable cell count increases gradually for the 

first 72 hours, appearing to reach plateau at 96, however after this there is a period of substantial 

growth to 144 hours before a drop of roughly a third of the viable cell count by 168 hours.  This 

behaviour of sudden drop off appears to be indicative of medium exhaustion, whereby the cells in 

culture has expended all resources they require for proliferation and sustenance, however further 

investigation would be necessary to confirm this. 

Analysis of the culture seeded at the lower density rendered an unusual pattern of behaviour.  The 

viable cell count initially drops, as was anticipated in these cultures with the loss of PBMCs not 

sustained by the culture conditions and was proceeded by growth.  However, after showing 

substantial growth between 72 and 96 hours the trend reversed course and was followed by 

substantial loss of cells until the end of the experiment.  Considering the performance of the 

CD3/CD28 Dynabead supplemented culture and both of the higher seeded density Dynabead 

supplemented cultures this appears to be abnormal behaviour for these cultures.  The cause of this 

drop is not immediately obvious.  The point at which the inflection is seen does not correlate with a 

medium exchange, likely eliminating that as a possible cause for the observation.  As this response is 



85 
 

not replicated in any other Dynabead supplemented cultures in this experiment, nor in data 

observed in future experiments, this has been put down to being anomalous and of unknown cause. 
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It is still possible to see within the data that the conditions induce a preference for growth in 

cultures, with the cultures supplemented with only CD3/CD28 Dynabeads showing nearly constant 

growth, the culture supplemented with both the CD3/CD28 Dynabeads and IL-2 showing growth 

after an initial drop at 24 hours, and finally the culture supplemented with IL-2 only requiring 120 

hours in culture before showing any signs of growth. 

Comparison of the viable cell counts in those cultures seeded at the higher density shows similar 

variation, however the presentation is somewhat different to that observed in the lower density 

seeded cultures (Fig. 3.9B).  The IL-2 only supplemented culture showed a more or less constant 

decline over time.  The was a relatively gradual level of decline between 24 and 96 hours, whilst at 

all other points there was a greater decline, except between 120 and 144 hours where there was a 

small incline in the viable cell count.  The slight rise in viable cell count appears to correlate with a 

medium exchange, which could be the cause of this growth, either through replenishment of 

nutrients or removal of inhibitory waste elements, but it was not sufficient to sustain a long term 

period of growth. 

The culture supplemented with only CD3/CD28 Dynabeads showed a slight decline in viable cell 

count from 0 to 72 hours, followed by substantial growth.  This growth period increased the viable 

cell count two fold over 48 hours, and the count continued to rise to 144 hours, before seeing a 

decline to 168.  There are elements of this pattern that are similar to what was seen in the condition 

seeded at the lower density, with a substantial growth between 96 and 144 hours, followed by a 

decline in viable cell count.  However, the high density seeded culture does not show the same 

initially high growth as the lower density seeded culture, potentially indicating some initial benefit to 

seeding the cultures at a lower density. 

The culture supplemented with both CD3/CD28 Dynabeads and IL-2 also showed an initial drop in 

viable cell count.  This was followed by a gradual increase in viable cell count until 144 hours before 

seeing a slight decrease at 168 hours.  The level of growth seen in this culture was not as great as 

that in the CD3/CD28 Dynabead only supplemented culture, with viable cell count only increasing by 

25% in the same time frame the Dynabead only culture was able to double. 

Comparison between cultures seeded at the two densities show similarities in the CD3/CD28 

Dynabead supplemented cultures, other than that of the lower density seeded Dynabead and IL-2 

supplemented culture due to the aforementioned drop off (Fig. 3.9A-B).  The comparable cultures 

show a lag period, followed by sustained growth and an inflection point at 144 hours where lower 

cell counts are seen at 168 hours.  This inflection point was originally suggested to due to medium 
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exhaustion, however given the varying densities of these cultures and the similar point of inflection, 

there is a possibility that this could be a temporal inhibition caused by something yet unobserved. 

The data presented show that which was previously assumed, that the lack of stimulation is 

inhibitory to substantial growth, with the Dynabead stimulated cultures generally showing a higher 

viable cell count over time than those that were not supplemented.  However, these and previous 

data do also show that the absence of stimulation does not mean that growth in T-cell cultures 

would not be possible.  These viable cell count data also show that cultures supplemented with only 

CD3/CD28 Dynabeads produce a higher cell yield than those supplemented with both CD3/CD28 

Dynabeads and IL-2 which is contrary to what was predicted.  Further investigation is required to 

identify the reason the supplementing with IL-2 causes a reduced level of growth in cultures, as this 

is not only a common factor of T-cell culture, but should also be an element that contributes to the 

proliferation of these cultures.  If the supplementation of IL-2 is going to hinder the growth of 

Dynabeads stimulated cultures, this would be a significant change to T-cell culture practises. 

3.3.3.3.2 Phenotypic analysis 

Phenotypic analysis was performed on the experimental cultures at 0, 72 and 120 hours to analyse 

the progression of the phenotypic response to the experimental conditions. 

Analysis of the phenotypic data at 0 hours shows that both CD4+ and CD8+ subpopulations have a 

very high Effector subpopulation proportion, with both displaying some level of Effector Memory 

phenotype cells also.  Although the CD4+ and CD8+ subpopulations categorise their events similarly, 

it is possible to see variation in the way these express themselves between the two subpopulations. 

The CD4+ subpopulation cells appear to present as one cluster when observing expression of CCR7 

and CD45RO (Fig. 3.9Cii).  The cluster expression encompasses nearly the full range of CCR7 

expression that denote non ‘homing’ events, whilst the range of CD45RO expression shows that the 

populations ranges from no CD45RO expression to that of Effector Memory cells, indicating the 

presence of mature populations.  The cluster demonstrates a consistent range of CCR7 expression 

across the whole range of CD45RO expression, and vice versa.  However, the density of events 

within the cluster show that there is a high concentration of events with low CD45RO expression, 

and the densest area of events is around the border between Effector and Effector Memory 

subpopulations cells. 

The CD8+ subpopulation shows a similar range of both CCR7 and CD45RO expression however the 

expression is not as consistent as the CD4+ subpopulation.  The CD8+ subpopulation presents itself 

as a single cluster, however the level of CCR7 expression is not maintained, narrowing by reduction 

of the maximum level roughly halfway between the minimum level of CD45RO expression and the 
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level at which cells are deemed positive for CD45RO (Fig. 3.9Ci).  Although below the level of CCR7 

expression of homing populations, this presents itself as if a Naïve subpopulation extension of the 

Effector subpopulation.  The CD8+ subpopulation also shows a high density area around the low 

CD45RO expression region of the cluster, however the densest area of this cluster is in the higher 

CCR7 expressing area, indicating that this subpopulation’s phenotypic balance is more towards 

immature and potentially Naïve subpopulations. 

Analysis of the phenotypic data taken from the other two time points shows a clear effect of 

supplementing CD3/CD28 Dynabeads into culture, as well as the progression of cultures 

phenotypically over time, but shows commonality between different subpopulations seeded at 

different densities. 

Comparison of the CD8+ subpopulations of cultures supplemented with only IL-2 at both 72 and 120 

hours seeded at both densities shows very little difference in total profile to the phenotypic data 

observed at 0 hours.  It is possible to see the larger density within the data shifting to the more 

CD45RO positive events, however the profile of the data remains similar.  This lack of loss of the 

most immature events, especially compared to the other data shows the effect of CD3/CD28 

Dynabeads in inducing maturation in T-cell populations (Fig. 3.9Di,ii,Gi,ii). 

Analysis of the CD4+ subpopulations shows a similarity between the phenotypic profile of the 

cultures seeded at the two densities, as well as between the profiles at 72 and 120 hours, however 

the profile does not exactly match that of the samples from 0 hours.  At the higher levels of CD45RO 

expression the culture samples resemble the 0 hour phenotypic profile, maintaining not only the 

range of expression, but also the relative density of the cells in the region. In comparison, the later 

samples show a loss of the lower level of CCR7 expression in the lower CD45RO expressing region, 

with the point at which the full range of CCR7 expression returning appearing to coincide with where 

the denser cluster begins (Fig. 3.9Diii,iv,Giii,iv). 

Analysis of the cultures supplemented with only CD3/CD28 Dynabeads shows a dynamic response 

that changes in the phenotypic profile from 0 hours to 72, as well as when measured at 120 hours.  

Comparison of the CD4+ subpopulation maturity profile shows that at 72 hours there is a substantial 

shift in the profile of the cells, increasing the minimum level of CD45RO expression and condensing 

all events towards the greatest cluster seen at 0 hours (Fig. 3.9Fiii,Iiii).  Whilst at 72 hours there was 

still a trail of events as part of the previous CD45RO low cluster, by 120 hours the cells were almost 

entirely focused around the cluster observed from the start (Fig. 3.9Fiv,Iiv).  This cluster, as was 

observed at 0 hours, straddles the threshold level of CD45RO expression considered the point at 

which T-cells show maturity, and thus contains both Effector and Effector Memory cells.  These 
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changes in the phenotypic profile were observed both in the culture seeded at 1x106 cells/mL and 

2x106 cells/mL implying that the seeding density did not impact this subpopulation phenotypically. 

The CD8+ subpopulations also showed similarity between those populations seeded at 1x106 

cells/mL and 2x106 cells/mL.  The profile of the cultures at 72 hours showed a similar clustering 

around the Effector Memory subpopulation area as was seen in the CD4+ subpopulation, although 

with a higher proportion of cells sustaining the Effector phenotype profile, giving it the profile of a 

tailing population (Fig. 3.9 Fi,Ii).  In the culture seeded at 2x107 cells/mL it is possible to see the 

presentation at 72 hours of some events that are CD45RO+ and CCR7+ (Fig. Ii). indicating that they 

are Central Memory phenotype cells.  By 120 hours the populations had further concentrated to the 

right, with there being even fewer events present in the lower CD45RO region identified than before 

in conditions seeded at either density (Fig. 3.9Fii,Iii).  Furthermore, it is possible to see an increase in 

the Central memory population in the culture seeded at 2x106 cells/mL and the appearance of one in 

the culture seeded at 1x106 cells/mL. 

The cultures supplemented with CD3/CD28 Dynabeads and IL-2 exhibited very similar behaviour to 

those supplemented with only CD3/CD28 Dynabeads.  The CD4+ subpopulations showed a 

substantial concentration towards higher CD45RO expression at 72 hours (Fig. 3.9Eiii,Hiii), continued 

to 120 hours (Fig3.9Eiv,Hiv), as was seen in the Dynabead only cultures.  In comparison to the 

CD3/CD28 only supplemented the CD4+ maturity profile appears to be slightly more concentrated to 

the highly CD45RO expressing region in both the high and low density seeded cultures and at both 

72 and 120 hours. 

The CD8+ subpopulation of the cultures supplemented with both CD3/CD28 Dynabeads and IL-2 also 

show a high level of comparability to the Dynabead only supplemented cultures.  The population 

clusters around a high CD45RO, low CCR7 point at 72 hours, however there is no substantial 

evidence of a Central Memory subpopulation at this stage (Fig. 3.9Ei,Hi).  By 120 hours it is possible 

to see that in both cultures seeded at 1x106 cells/mL and at 2x106 cells/mL the Central Memory 

subpopulation has appeared, however the size of the cluster appears to be reduced compared to 

that of the cultures supplemented with only CD3/CD28 Dynabeads at their respective seeding 

densities (Fig. 3.9Eii,Hii).  These data appear to show that the combination of CD3/CD28 Dynabeads 

and IL-2 are inducing a greater level of activation in the cultures, increasing the minimum CD45RO 

expression level at a greater rate than when supplemented with only the CD3/CD28 Dynabeads.  

However, the presence of the IL-2 supplemented into culture is also having a slightly inhibitory effect 

on the emergence of the Central Memory subpopulation from the Effector Memory subpopulation.  

It is not known what is causing this, however there is the possibility that IL-2 is promoting the 

Effector Memory subpopulation or inhibiting the Central Memory subpopulation directly.  
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Alternatively, this effect could be an indirect result of the impact these conditions are having on cell 

growth, with more proliferative conditions promoting Central Memory subpopulations, and growth 

inhibitors therefore selecting for Effector Memory populations.   

3.3.3.3.3 Conclusions 

Investigation into the impact of supplementing CD3/CD28 Dynabeads into culture has identified a 

strong effect in increasing culture growth and promoting maturation in cultures. 

The initial investigation into the supplementation of CD3/CD28 Dynabeads into experienced cultures 

showed no positive effect and suggested that their inclusion was actually having a negative effect on 

conditional growth.  The lack of response was important for establishing the level of effect 

CD3/CD28 Dynabeads had when they were introduced as part of the input material. 

The protocol for use of this product included supplementing the beads into culture at seeding, and 

therefore this was tested to identify what effects, if any, they would have when supplemented 

immediately.  The effects were immediately obvious, with cultures supplemented with the 

CD3/CD28 Dynabeads showing far superior growth to unsupplemented cultures.  Phenotypic data 

after 120 hours of culture showed that all populations had converged around a single cluster of high 

CD45RO and mid level CCR7 expression.  This population therefore manifested itself as an Effector 

Memory/Central Memory cluster, however without any other knowledge of the phenotypic state it 

was not possible to ascertain the experimental effect. 

Further investigation compared the PBCM samples supplemented with either IL-2 or CD3/CD28 

Dynabeads or both.  Viable cell count data showed that the cultures supplemented with only IL-2 did 

not perform as well as those supplemented with Dynabeads, as was expected, due to the lack of 

activation which stimulates proliferation.  Meanwhile, of those cultures supplemented with 

CD3/CD28 Dynabeads, those also supplemented with IL-2 appeared to not grow as well as those that 

were cultured without it, which was not expected as the increased level of IL-2 in cultures 

supplemented with both was anticipated to increase the level of growth.  There was no obvious 

reason for an increased level of IL-2 being inhibitory to growth in T-cell cultures, necessitating 

further research to understand the cause of that response. 

Phenotypic data was collected at 0, 72 and 120 hours in order to monitor the phenotypic response 

of the T-cell populations and how the experimental variables affected the subpopulation profile over 

time.  Analysis of the phenotypic data showed that the cultures supplemented with only IL-2 showed 

a very similar phenotypic profile across all timepoints, with the only substantive difference lying in 

the increase of the lower CCR7 expression level in the low CD45RO expressing events.  This appeared 

to indicate that there was little in the way of phenotypic progression from the culture conditions.  
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The CD3/CD28 Dynabead supplemented cultures, however, had a much stronger response to the 

experimental conditions, showing a substantial shift of the majority of events to a mid/high level of 

CD45RO expression. 

In the CD4+ subpopulation, the cultures remained predominantly Effector Memory subpopulation, 

with no events being identified as ‘homing’.  The concentration of these populations was seen, at 

each time point, to be slightly greater in the CD3/CD28 supplemented culture with IL-2, rather than 

independently.  The CD8+ subpopulations also show the shift towards mature phenotype 

subpopulations, with this once more being more pronounced in cultures supplemented with both 

CD3/CD28 Dynabeads and IL-2, rather than just the beads independently.  However, within the CD8+ 

subpopulations it is also possible to identify Central Memory phenotype cells.  At 72 hours this 

population is only present in the culture seeded at 2x106 cells/mL and supplemented with only 

CD3/CD28 Dynabeads.  At 120 hours it is possible to see evidence of the subpopulation in all 

CD3/CD28 Dynabead supplemented cultures, however this is a larger and denser subpopulation in 

the Dynabead only supplemented cultures, and is more prominent in the cultures seeded at the 

higher density than the lower.  This implies that although the CD3/CD28 Dynabeads are helping to 

mature the CD8+ subpopulation, the additional supplementation of IL-2 is inhibiting the promotion 

of the Central Memory subpopulations. 

Overall, the effect of CD3/CD28 Dynabeads at seeding is substantial.  There is clear evidence that 

they are promoting proliferation in culture, however this does come at the expense of any immature 

cell populations.  Supplementation of the CD3/CD28 Dynabeads induces activation in the T-cell 

subpopulations, causing an upregulation in IL-2 production by the cells, and the expression of CD25, 

which increases the affinity with which it binds to IL-2.  As such it was anticipated that 

supplementing IL-2 alongside CD3/CD28 Dynabeads would enhance the effect and increase 

proliferation further, however what was observed was the opposite, with lower cell yields from 

those cultures that were supplemented with the growth factor compared to those that weren’t.  

Analysis of the phenotypic data showed the effects, maturation, of the CD3/CD28 supplementation, 

however there was little difference between them other than the slight increase in Central Memory 

presentation in the CD8+ subpopulations. 

3.4 Conclusion 

The experiments presented in this chapter were designed to test the impact of the input material on 

T-cell cultures, from how they were sourced to the balance of subpopulations and finally the level of 

stimulation afforded to the cultures.  Overall, the data showed that there were some potential 

differences between the culture growth when the balance of subpopulations input was manipulated, 
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and that stimulation had a substantial effect both on the growth of cultures and their phenotypic 

profile. 

The comparison of isolation targets highlighted the benefit to growth of selecting for CD3+ cells, 

compared to CD4 and CD8, whilst also highlighting a variation in phenotypic profile that suggested 

the proliferation may be linked to stimulation.  This was further qualified when PBMC samples were 

cultured with CD3/CD28 Dynabeads, specifically designed to stimulate activation in T-cell 

populations.  The similarity in the level of growth and the effect that stimulation had on maturity 

subpopulations over time strongly suggests that the CD3+ isolation was inducing activation in T-cells, 

contrary to what the stated effects of the microbeads would be. 

With the lack of activation presented by the CD4/CD8 isolation, this process was used to isolate the 

CD4+ and CD8+ subpopulations individually for manipulation of subpopulation proportion in 

cultures.  The investigation into this appeared to show that there were relatively little differences 

between the growth profile of CD4+ and CD8+ subpopulations, nor when they were cultured in 

equal combination with each other or non T-cell PBMCs.  Investigation into supplementation of 

CD4+ and CD8+ subpopulations at different relative concentrations appeared to identify a 3:1 

CD8:CD4 subpopulation ratio induced a greater level of growth in culture, however this would seem 

to require a greater level of investigation to validate. 

The comparison between culture in the presence and absence of CD3/CD28 Dynabeads clearly 

highlights the strong effect they have on promoting proliferation in culture, as well as the maturing 

effect they induce phenotypically.  However, current observation appears to show that beads need 

to be supplemented into culture at seeding to benefit in this way from their presence.  Analysis of 

the effect of seeding PBMCs at different seeding densities showed that the variation was either 

minimal or inconsistent across those conditions tested.  Meanwhile, comparison of CD3/CD28 

activated PBMC cultures supplemented with and without IL-2 appear to show that IL-2 has some 

level of inhibitory effect of T-cell culture growth when supplemented into culture at seeding.  The 

evidence also shows that although non IL-2 supplemented cultures appear to mature T-cell 

populations faster, increasing the average CD45RO expression level at an increased rate, the CD8+ 

subpopulations were also slightly slower to develop Central Memory subpopulations in certain 

cultures. 

It became clear with the last sets of experimental data, that although culture of T-cell populations 

and growth in culture was possible without stimulation, carried out here by CD3/CD28 Dynabeads, it 

would not be a viable method of culture as the yield was just too low over time relative to what 

could be achieved in stimulated cultures.  Moving forwards the cultures were to be supplemented 
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with CD3/CD28 Dynabeads, however further investigation could consider whether the concentration 

of Dynabeads supplemented into culture could be adjusted to stimulate growth, and promote the 

selection of Naïve and Central Memory subpopulations. 
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4 Investigating the effect on growth and phenotypic profile of T-cell 

cultures when delaying the supplementation of IL-2 

4.1 Introduction 

There are two main areas of interest for optimisation in T-cell culture for CAR T-cell therapies in the 

expansion stage prior to transduction.  An expensive to produce and variable quality therapy, 

research is focussed on increasing yield from the input material and improving purity for target 

subpopulations84,137,165. Optimising and improving these elements can reduce time and cost of the 

manufacturing process, whilst improving the efficacy of the transplanted therapy doses. This could 

increase access to CAR T-cell therapies to more patients with less risk.  

4.1.1 Effects of IL-2 and CD3/CD28 Dynabeads on proliferation 

Previous data had shown that supplementing cultures with both CD3/CD28 Dynabeads and IL-2 had 

a less positive effect on proliferation when compared against cultures supplemented with just 

CD3/CD28 Dynabeads.  The difference in phenotypic output between the two appeared to be 

relatively minimal despite the conditional variance demonstrably affecting the proliferation of the 

cultures, but nevertheless warranted further observation.  The data observed in 3.3.3 suggested that 

exposure to IL-2 before sufficient stimulation and activation could result in a reduced response to 

the growth factor, which was complemented by colleague’s anecdotal evidence.  As a result, not 

only would T-cells in culture not respond to the supplemented IL-2, but also to the endogenous IL-2 

produced by the cells themselves. 

Delaying the introduction of IL-2 for a period of time after seeding would theoretically give time for 

the activation of cells within the cultures by CD3/CD28 Dynabeads before exposure to the growth 

factor.  This could explain the difference in culture growth between the CD3/CD28 Dynabead only 

supplemented cultures and the CD3/CD28 Dynabead and IL-2 supplemented cultures in 3.3.3.3.1.  

These conditions would also more closely resemble the in vivo  modality, with T-cells normally only 

being exposed to high concentrations of IL-2 after activation by exposure to their target antigen39,40.  

Hypothetically, introducing the IL-2 subsequent to stimulation would then aid in promoting 

proliferation, as opposed to being inhibitory, and the greater concentration of IL-2 would allow 

stimulation of growth beyond that of the Dynabead only cultures. 

Furthermore, in order to validate the previous observation that cultures supplemented with 

CD3/CD28 Dynabeads will proliferate more than those also supplemented with IL-2 at the point of 

seeding cultures, it was decided that it would also be appropriate to perform T-cell cultures with no 

IL-2 supplemented.  
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4.1.2 Observed effects of IL-2 and CD3/CD28 Dynabeads on phenotypic profile 

As mentioned, the previous evidence did not show a substantial difference in the phenotypic profile 

of samples cultured with CD3/CD28 Dynabeads or CD3/CD28 Dynabeads and IL-2, however there 

was a stark difference between these samples and the samples cultured with only IL-2.  The IL-2 only 

supplemented cultures were shown to retain their phenotypic heterogeneity over time, relatively 

maintaining Naïve and Effector subpopulations.  However, all conditions supplemented with 

CD3/CD28 Dynabeads showed a distinct progression, even at 72 hours, towards mature phenotypes.  

This was mainly presented as a loss of Naïve phenotype (CCR7+CD45RO-) cells and retention of only 

small populations that match an Effector phenotype (CCR7-CD45RO-) profile.  In addition, the 

mature subpopulation that the cultures transitioned into was Effector Memory (CCR7-CD45RO+), 

rather than the Central Memory (CCR7+CD45RO+) phenotype subpopulation which is a target output 

population, although the data did appear to show the emergence of a Central Memory population as 

time progressed. 

This information would be vital in the context of CAR T-cell therapy manufacture moving forwards, 

as inducing a superior proliferation in cultures could end up becoming a hinderance if an appropriate 

phenotypic profile is not achieved or maintained as an output of this section of the process.  A 

greater variation from the desired population composition could result in a product that requires a 

greater amount of processing steps, and therefore time, at further downstream stages in the 

manufacturing process. It may also negatively impact the efficacy of the treatment after 

administration. 

4.1.3 CD3/CD28 Dynabeads’ activating properties 

The previous evidence indicates strongly that despite IL-2’s maturation properties108, it is the 

CD3/CD28 Dynabeads that are inducing the maturation of the T-cell population.  This was achieved 

using the manufacturers recommended concentration of CD3/CD28 Dynabeads, which has been 

calculated with proliferation in mind.  It was hypothesised that reducing the Dynabead 

concentration could induce sufficient stimulation in cultures to allow a positive proliferative 

response to IL-2, but without progressing to the point of total maturity, allowing them to maintain 

some level of Naïve phenotype cells. 

4.1.4 Impacts of seeding density on T-cell culture 

Seeding density was another consideration for this experiment.  Although IL-2 could be manually 

added to cultures in order to raise the concentration, it is naturally produced by T-cells, especially 

when stimulated for example with CD3/CD28 Dynabeads.  Cultures seeded at a higher density would 

have a higher concentration of endogenous IL-2, however they would also have a higher 
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concentration of cells with which it would interact.  The interaction between these elements would 

help inform culture processes moving forwards as there is a desire to reach maximum yield per input 

and seeding density may impact this. 

Furthermore, when increasing the seeding cell density, it is important to consider the possibility of 

medium exhaustion.  Reaching a point of exhaustion will decrease the proliferative capacity of the 

cultures and may influence their phenotypic profile as well. 

4.1.5 Experimental setup 

It was anticipated that thorough testing of these factors: IL-2 concentration, timing of IL-2 addition, 

Dynabead concentration and seeding density, would provide a comprehensive data output that 

would aid in substantially improving the understanding of the impact these variables have on culture 

through defining their effects on proliferation and promotion of phenotypic subpopulations.  In 

order to sufficiently test these parameters, Design of Experiment (DoE) methodology was utilised for 

planning and then implementation to enable exhaustive investigation into not only the effects of 

these factors individually, but also in combination. 

Cell counts were able to be performed with relative ease, therefore giving the ability to monitor 

growth in cultures.  It was preferable to take cell counts at a high frequency to allow high resolution 

monitoring of culture proliferation, and as a result cell counts were taken daily. 

Phenotypic analysis would continue to be performed using the existing 5 colour analytical panel.  

Similar to cell counting, there was a desire to obtain this information at a high frequency to increase 

the resolution of data and enable a more detailed assessment of experimental impacts. 
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4.1.6 Hypotheses 

4 .1 .6 .1  Cell yield  h ypo thes es  

The previous data regarding the proliferation of cells in the presence of IL-2 and CD3/CD28 

Dynabeads, and the common assertion that IL-2 is positive for T-cell growth160, appear to indicate 

that delaying the supplementation of IL-2 will have a positive effect on proliferation of T-cell 

cultures. 

Similarly, the same data highlights the fact that stimulation of the CD3 and CD28 pathways, for 

example with CD3/CD28 Dynabeads, is essential for T-cell culture proliferation105,129.  As the higher 

concentration of CD3/CD28 Dynabeads to be supplemented in this experiment is the same as the 

manufacturers recommended concentration, it would be predicted that the greatest level of 

proliferation would be achieved when supplementing with the higher concentration of CD3/CD28 

Dynabeads. 

Regarding seeding density, it would be expected that cultures seeded at the lower density of 1x106 

cells/mL would show a higher level of proliferation than those seeded at the higher concentration.  
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This is in part following on from the previous prediction; Dynabead concentration was calculated in a 

volume, rather than cell density dependent fashion and therefore cultures seeded at a lower density 

would have a greater bead per cell interaction.  This in turn would increase the number of anti-CD3 

and anti-CD28 proteins the cells would be exposed to and could increase the level of stimulation.  

This increase in relative concentration applies to the supplementation of IL-2 as well, as it is also 

calculated volume dependently.  Finally, increasing the seeding density would increase the risk of 

medium exhaustion, which could reduce the ability of cultures seeded at the higher density to 

proliferate to the same degree as those seeded at the lower density. 

4 .1 .6 .2  Ph eno typ ic  d a ta  h ypo thes es  

Phenotypic profile is somewhat linked to proliferation in the sense that those conditions that 

stimulate growth tend to show higher proportions of mature phenotype cells.  This is particularly 

true of cultures supplemented with CD3/CD28 Dynabeads, with their interaction with T-cell inducing 

activation and upregulating the expression of maturity marker CD45RO113,114. Therefore, it can be 

said that all the prior hypotheses regarding proliferation would be the same of Effector Memory 

subpopulations. As such, these conditions will also reduce the concentration of the immature 

subpopulations of Naïve and Effector cells. 

4 .1 .6 .3  Ch a p ter Ob jec tives  

To test the variables outlined above for effects on phenotypic profile and population growth 

using efficient DoE methodology. 

To analyse the viable cell count data for effects of experimental variables. 

To analyse phenotypic data using conventional manual flow cytometry gating. 

To develop a novel method of phenotypic data analysis based on algorithmic cluster formation 

to optimise phenotypic resolution and compare to conventional analysis. 

4.2 Materials and methods 

4.2.1 Cell source material 

The following work was completed using frozen PBMC aliquots from a single donor provided by Axol 

Bioscience as described in 2.1.1.2. 

4.2.2 T-cell Culture methods 

Cell cultures were set up and maintained in accordance with the processes set out in 2.1.2, 2.1.4 and 

according to the parameters outlined in Table 4.1. 
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4.2.3 Sampling of cultures for viable cell count and phenotypic analysis 

Viable cells count and phenotypic analysis was carried out as described in 2.1.6.2 and 2.1.7 

respectively.  Cultures were sampled for viable cell count at approximately 24, 48, 72, 96, 120, 144 

and 168 hours after seeding.  Cultures were sampled for phenotypic analysis at approximately 48, 

72, 96, 120, 144 and 168 hours after seeding. 

4.2.4 Standard gating protocol 

In order to isolate and quantify different subpopulations for further analysis, a conventional gating 

process was performed on the phenotypic data collected.  Initially cell events were isolated from the 

total events based on forward scatter and side scatter (Fig. 4.3A) to remove cell debris and 

CD3/CD28 Dynabeads from the analysis. 

Next, cells were isolated based on CD4 and CD8 expression.  In the event that the total T-cell 

population was to be analysed, non T-cell events were gated out of the population, defined by their 

lack of CD4 or CD8 expression (Fig. 4.3B).  Where specific CD4+ and CD8+ subpopulations were to be 

analysed independently, a quadrant gate was used to identify the CD4+CD8- and CD4-CD8+ 

subpopulations (Fig. 4.3C). 

Once total T-cell or CD4+ and CD8+ subpopulations were defined, they were then analysed for 

maturity phenotype subpopulations.  Subpopulations were plotted for CCR7 and CD45RO expression 

and quadrant gates were applied to identify Naïve (CCR7+CD45RO-), Effector (CCR7-CD45RO-), 

Effector Memory (CCR7-CD45RO+) and Central Memory (CCR7+CD45RO+) subpopulations. 

4.3 Results 

A series of T-cell cultures were conducted with variable cell density, Dynabead concentration, and 

timing and concentration of IL-2 supplementation. The variable levels were organised in a 4^2 DoE 

structure with an intermediate centrepoint in the design to identify the main effects on culture 

outputs and any interactions between variables. Analysis of the T-cell cultures was concerned with 

two specific culture outputs, viable cell count and expression of the phenotype defining markers 

CD4, CD8, CD45RA, CD45RO and CCR7. 

Viable cell count analysis was carried out with the Vi-Cell automated cytometer.  Phenotypic data 

were firstly analysed using conventional manual flow cytometry gating and analysis. Novel analysis 

based on the outputs of automated phenotype clustering was then performed to identify if the same 

conclusions could be extracted with a less subjective analysis, or if different or additional conclusions 

would be drawn. 



102 
 

4.3.1 Analysis of Conventional Manual Analysis Outputs with Design of Experiment 

4 .3 .1 .1  G ro wth of  T - c ell c u ltu res  in  res po ns e to va ria b le s timula tio n an d  s eed in g d en s ity  

The viable cell count data over time (Fig. 4.1) show that all conditions on average show a period of 

growth.  Conditions were separated based on CD3/CD28 Dynabead and IL-2 concentration for clarity 

of presentation.  Centrepoint data were included on all plots to aid comparison between conditions.  

The general trend in the data showed a lag period in cell growth from 24-72 hours (0 hours data 

unavailable) followed by consistent growth until the last measurement at 168 hours.  Conditions 11, 

13, 5 and 8 showed no growth from 144-168 hours, whilst conditions 12 and 16 showed longer 

periods without growth from 96 and 120hr respectively.  The average cell count at 48 hours for 

condition 12 appears to be erroneously high; the individual sample count producing this high 

average was considered anomalous and was not carried forward to further analysis. 

 

The highest endpoint average viable cell count was induced by condition 15 (7.97x106 cells/mL), and 

the lowest was conditions 12 (2.1x106 cells/mL), more than 4 times lower.  Where a single seeding 

density is used in an experimental setup, the end point viable cell count can be considered a 

measure of both the total yield and the yield per input unit.  Within this experimental setup seeding 

density of the cultures was a variable, and therefore the previous assertion could not be made in this 

scenario.  As one of the objectives of the experiment was to identify the effects that experimental 

variables had on yield per input, the end point viable cell count was neither a sufficient nor an 
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appropriate measure of conditions to answer the objective.  As such the growth rate was calculated 

by taking the natural log of the value produced by the LOGEST function in excel.  This calculated 

value considered the seeding density, as well as how the viable count changed over time, and could 

therefore be suitably used as a measure of the yield per input of the cultures.  In addition, there is a 

level of approximation in the calculation that allows for a more representative analysis of the data.  

A temporary fluctuation in viable cell count would have limited influence on the calculated growth 

rate produced, whilst a sustained deviation would have a greater impact and would vary the growth 

rate in the direction of the deviation.  This should give a more genuine representation of culture 

behaviours in analysis and allow for more accurate analysis of the impacts of experimental factors. 

 

Analysis of growth rates with Design of Experiments showed that all experimental variables had a 

significant effect on the growth rate. Seeding cell density had over twice the impact of any other 

effect observed (Fig. 4.2A), where increasing the seeding density had a negative impact on growth 

rate.  IL-2 concentration was the next most impactful variable, followed by Dynabead concentration 
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and the timing of IL-2 addition.  Increasing IL-2 concentration had an overall negative impact on 

growth rate, increasing Dynabead concentration overall increased the culture growth rates, and 

delaying IL-2 addition had a similarly beneficial impact on growth rates (Fig. 4.2B).  Centrepoint data 

on the main effects plot (Fig. 4.2B) indicates that all conditional variables have a non-linear effect on 

the growth rate of T-cell targeted PBMC cultures.  

There were several combined variables that had a significant effect on growth rate (Fig. 4.2A).  The 

only two factor combination that had significance was timing of IL-2 addition and IL-2 concentration.  

Analysis of the effects of this variable interaction showed that with no IL-2 addition there is little 

difference between the timing of ‘addition’ (Fig. 4.2C), which would be anticipated in cultures with 

no functional difference.  In cultures where 200 UI/mL IL-2 was added there was a minimal drop in 

growth rate when the growth factor was supplemented at 96 hours, but a substantial drop in growth 

rate when it was added at seeding, implying in this scenario that there is a negative effect of adding 

IL-2 at seeding compared to delaying addition.  Similar to the single variable analysis, the centrepoint 

data provided in this plot suggests a non-linear effect of the combined variables on growth rate; the 

centrepoint (addition of 100 UI/mL IL-2 at 48 hours) had a positive effect compared to the other 

combinations of these variables. 

The normal probability plot produced from the model (Fig. 4.2D) show that the data is 

approximately normally distributed.  Similarly, the histogram of residual against frequency does not 

imply a distribution of data that is drastically shifted from normal, although there is a slight shift 

towards the higher end before a sharp drop.  There does appears to be a slight trend in the plot 

describing the residual against observation order.  The experimental order was randomised 

specifically to avoid any conditional bias, and therefore any trends observed in response by order 

would suggest a systematic effect of the measurement process or other influence of experimental 

order.  A trend downwards can be observed from observation order 1 to around 24 or 25.  Following 

a step up these is then a second trend downwards until the end of the observation.  Due to the size 

of the experiment, samples were added to the cytometry equipment in multiple plates, split 

unevenly, with24 samples on the first plate and 11 on the second, in a consistent order.  The step 

change in the responses in this plot would plausibly correlate with the change in plates.  

Randomisation of the sample order means that the observed trend did not increase the chance of a 

false effect being identified, however it did reduce the statistical power to detect any effect. 

4 .3 .1 .2  An a lys is  of  p h en o typ ic  res po ns e to va ria b le s timula tio n a nd  s eed ing  d ens ity in cu lture  

The phenotypic analysis also produced data indicating significant influences of the experimental 

variables.  CD45RA, CD45RO and CCR7 are all indicative of certain traits of immaturity, maturity and 

likelihood of migrating back to the Secondary Lymphoid Organs in T-cell populations.  As such, the 
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changing expression level of these proteins on T-cell surface can change the maturity subpopulation 

the cells would be sorted into based on phenotypic profile.  Additionally, when monitored over time 

these changes could show a trend in the expression levels indicating that the cell, or population, will 

soon transition to another subpopulation phenotype.  As a result, the variation both within and 

between samples has biological significance, especially as maturity subpopulation defines part of the 

target output.  This will help to establish which experimental variables significantly effect target 

outputs and in what way. 

4.3.1.2.1 Standard gating protocol 

Only CD4 or CD8 will be expressed on T-cell surface as their expression is mutually exclusive.  They 

define the cell as belonging to either the cytotoxic subpopulation (CD8+/CD4-) or the 

helper/regulatory subpopulation (CD4+/CD8-).  Currently T-cells have not been shown to transition 

between these two subpopulations, and therefore variation in CD4 or CD8 expression does not have 

the same functional significance as variation in the other monitored markers.  Dot plots comparing 

CD4 to CD8 expression show how it is often the case that CD4+ and CD8+ subpopulations can be 

easily identified (Fig. 4.3C) due to the relative levels of CD4:CD8 expression for T-cells, or the 

absence of expression in non T-cell PBMCs.  T-cells were gated into maturity subpopulations from 

the total T-cell population and CD4+ and CD8+ subpopulations.  Analysis of CD4 and CD8 expression 

is important to fully define the phenotype of a cell, however as the marker expression is binary, 

varying expression within a cluster would not have the same level of functional implication as with 

the maturity subpopulation markers. 
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4.3.1.2.2 Average subpopulation variation over time 

At seeding, phenotypic analysis of the samples showed heterogenous populations, with a range of 

CD45RO and CCR7 expression that matched the phenotypic profile of all 4 maturity subpopulations 
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(N, E, EM, CM) (Fig. 4.4A and B).  It is evident to see that over time there is a transition from the 

heterogenous population seen initially to predominantly Effector Memory phenotype (Fig. 4.4).  This 

trend is also observable in the percentile proportion of T-cells, both overall and the subpopulations 

of CD4+ and CD8+ T-cells, that belong to each maturity subpopulation.  Across all parentage (total T-

cell, CD4+ and CD8+), the Naïve population is on average 11.8% at 48 hours, which then declines 

until 96 hours to an average of 1.2% and approximates that level until the final measurement.  The 

Central Memory population in all parentage begins with a lower proportion than the Naïve 

subpopulation and rises slightly to an average of 14.2% at 72 hours, before reducing to a similar 

plateaued level beyond 96 hours as the Naïve population (Fig. 4.5). 

The trend and values in proportion of Effector and Effector Memory populations of total T-cells and 

CD4+ T-cells match each other very closely.  As CD4+ cells make up the larger proportion of total 

gated T-cells this is the likely cause of this correlation as the larger subpopulation will have a greater 

influence on what is observed in the total population.  The CD8+ Effector and Effector Memory 

populations match the observed trend in the total gated T-cell and CD4+ Effector and Effector 

Memory subpopulations regarding the direction of change in the subpopulations, however the CD8+ 

subpopulations do not progress with the same similarity. 

There is an observable drop from 48 hours in average Effector subpopulation proportion regardless 

of parentage.  This drop in average subpopulation proportion continues at each timepoint until 144 

hours, at which point the average subpopulation proportion increases.  In the total T-cell and CD4+ 

Effector subpopulation, this rise in average subpopulation proportion is to a level approximating that 

seen at 72 hours, whilst in the CD8+ Effector subpopulation proportion this increase was to a level 

approximately halfway between that seen at 120 and 144 hours.  

The Effector Memory populations show an inverse trend to the Effector subpopulations.  The 

phenotypic definition of Effector and Effector Memory subpopulations have the same level of CCR7 

expression, and only differ in their CD45RA and CD45RO expression levels.  Where the immature 

Effector T-cell subpopulations have a high CD45RA and low CD45RO expression level, the mature 

Effector Memory phenotype cells have the opposite levels of expression for these two markers 

(CD45RA-/CD45RO+).  The dominant observation of the cultures with regards to CCR7 and CD45RO 

expression is a shift from low to high CD45RO expression (Fig. 4.5).  Therefore, it is probable that this 

inverse trend is a result of the increasing level of CD45RO expression over time giving the effect of 

shifting events from the Effector subpopulation gate to the Effector Memory subpopulation gate 

during phenotypic analysis.  
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The Effector Memory subpopulations show an increase from 48 hours until 144 hours.  As with the 

Effector subpopulations there was a change in opposition to the trend at 168 hours, with the 

Effector Memory subpopulation proportions reducing regardless of parent population. 

The data in this experiment show that CD4+ and CD8+ populations respond the similarly to the 

stimuli provided.  Both CD4+ and CD8+ T-cell parentage show immediate changes in Effector and 

Effector Memory populations however the CD8+ subpopulations were initially observed at both a 

higher and lower proportion respectively.  Within the Effector subpopulation trend it is possible to 

see a sharper drop between 48-72 hours, followed by a less steep decline until 144 hours, whilst 

within the Effector Memory subpopulations it is possible to see a greater increase sustained from 8 

hours until 96 hours, before the rate of increase appears to drop somewhat until 144 hours.  As 

such, although the relative proportions differ, the trend in change of the Effector and Effector 

Memory subpopulation proportions within the CD4+ and CD8+ subpopulation are similar.  The 

pattern of response in the Effector and Effector Memory subpopulations is consistent with what 
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would be expected from cultures in which subpopulations have different but consistent growth 

rates.  The data therefore could suggest that the change in subpopulation proportion comes from a 

greater stimulation of the Effector Memory subpopulations than the Effector.  However, knowledge 

of the activating properties of CD3/CD28 Dynabeads on T-cells62,108 would suggest that any selective 

stimulation of Effector Memory subpopulations is complemented by the maturation of immature 

subpopulation cells, indicating that the effect seen is a combination of expansion of the Effector 

Memory cells and transition to the Effector Memory phenotype from Effector. 

From the data it is possible to say that the CD8+ Effector and Effector Memory subpopulations are 

stimulated into change at the same point, implying that Effector and Effector Memory cells are 

affected similarly by the same stimulus regardless of their CD4+ or CD8+ phenotype.  However, it is 

not possible to state conclusively, due to the two parent populations having different starting 

proportions, if they are affected at the same rate.  The intended target subpopulation for this 

experiment are Naïve and Central Memory, regardless of parent population, and thus this 

observation is an informative addition rather than essential for analysis. 

4.3.1.2.3 Selection of a suitable timepoint for statistical analysis 

The nature of the phenotypic data available, marker expression data at multiple timepoints, meant it 

was necessary to select a timepoint from which data could be taken to statistically analyse impact of 

experimental variables on maturity subpopulations.  The subpopulation proportion data appear to 

show that as the experiment progresses, the rate of change, specifically of Effector and Effector 

Memory subpopulations, is reducing up until 144 hours (Fig. 4.5).  Analysing the data at an early 

timepoint would identify those conditions and variables that have a greater immediate influence on 

the subpopulation proportions.  If the objective of the experiment was to identify these effects, this 

would be pursued; however, the experiment was designed to give a better description of the way 

the experimental variables impacted subpopulation proportion at the point of transduction.  These 

data suggest that towards the end of this experiment the cultures reached a point of some 

equilibrium, with populations predominantly consisting of Effector Memory phenotype cells. 

In order to effectively answer the objective of the experiment, and given the aforementioned nature 

of the data, analysis would be performed on data from the final timepoint.  As previously 

mentioned, at 168 hours the change in proportions of Effector and Effector Memory subpopulations 

from 144 hours goes against the trend of the data, increasing for Effector subpopulations and 

decreasing for Effector Memory subpopulations.  With this the standard deviation also increases 

substantially from what has been observed previously.  These data could be indicative of genuine 

influences of the experimental conditions affecting the cultures and altering the proportion of 

Effector and Effector Memory cells present in the cultures.  Fresh medium and IL-2 was 
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supplemented to all cultures after sampling for counting and phenotyping at 144 hours, which when 

taken in isolation could plausibly have induced this reaction in the cultures.  However, the same 

process, supplementation of fresh medium and IL-2 also occurred at after sampling at 48 hours (only 

fresh medium in conditions where IL-2 was first added at 96hours) and 96hours, which did not see 

the same buck in the trend.  With this evidence it would appear more likely that either an 

unobserved element affected the cultures between the samplings at 144 and 168 hours, or that an 

unobserved factor impacted the phenotyping process at 168 hours. 

As the phenotypic data collected at 168 hours, the final timepoint, is now considered inappropriate, 

the data from the penultimate timepoint should be assessed for its suitability.  The population 

proportion data at 144 hours show the lowest and highest Effector and Effector Memory percentage 

respectively in each parentage.  In addition, the standard deviation is substantially lower than that 

observed at 168 hours and comparable to those deviations seen previously in the experiment.  It 

would normally be more beneficial to see a higher standard deviation when wishing to identify 

differences between experimental conditions as it would be indicative of variation in the dataset.  

However, given the trend of standard deviation of the data sets over time compared with the 

deviation observed at 166 hours, a reduced standard deviation would be more indicative of the data 

at this time point being more in line with the general trend, rather than what was observed at the 

final time point.  With this it appeared that the phenotypic data at 144 hours was the most suitable 

to determine the impact of experimental variables with regards to maintaining higher levels of Naïve 

and Central Memory phenotype cells in cultures (Fig. 4.5). 

4.3.1.2.3.1 Statistical analysis of phenotypic data at 144 hours 

Statistical analysis of subpopulation proportion data at 144 hours showed that only IL-2 

concentration and Dynabead concentration were independently significant, however all factors had 

some significant impact when taking into account interactive effects.  IL-2 concentration was the 

most significant factor, with a significantly negative effect on Effector subpopulation proportions of 

all parent populations when increasing from 0 to 200 UI/mL (Fig. 4.6).  Increasing the Dynabead 

concentration from 0.2x106 to 1x106 significantly increased the proportion of Effector Memory cells 

in the CD8+ parent population, but not in the total T-cell or CD4+ parent population.  No individual 

factor had a significant impact on Naïve or Central Memory subpopulation proportions within all 

parent populations. 
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Whilst being the most significant factor independently, IL-2 concentration was also the most 

significant interacting factor, being an influential part of 19 of the 23 significant factor interactions 

across all subpopulations.  The most common significant two factor interaction was IL-2 

concentration and the timing of IL-2 supplementation (Fig. 4.6).  Interaction plots show that in total 

T-cell Naïve and Central Memory and CD4+ Central Memory subpopulations, supplementing 200 
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UI/mL IL-2 at seeding has a positive effect on their proportions compared to adding at 96 hours.  

Conversely, the interaction plots show that addition 200 UI/mL IL-2 at seeding has a significantly 

negative effect on Effector Memory subpopulations of all parent populations compared to adding at 

96 hours.  These data potentially suggest a relationship between later IL-2 supplementation and a 

higher Effector Memory subpopulation proportion at a point when the culture reaches an 

equilibrium of subpopulation proportion at the cost of Naïve and Central Memory subpopulation 

cells.  As the average proportions of these subpopulations across all samples do not reach 

equilibrium, this is more hypothetical speculation, however that does not preclude the statement 

from still being true at this timepoint.  Meanwhile, the relative range of these variations, from 1.6-

0.9% in the total T-cell Naïve, and 78-84% and 7.5-3.5% in Effector Memory and Central Memory 

respectively, suggests more that the transition is from Central Memory to Effector Memory. 

The conclusions drawn so far describe the impact of supplementing 200 UI/mL of IL-2, the upper 

concentration of this variable within the experimental design, at 0 or 96 hours, however the validity 

of these conclusions is brought into question when observing the lower level of IL-2 added to 

cultures, certainly with respect to the Effector Memory subpopulation behaviour.  Within this 

experiment, the lower level of IL-2 (0 UI/mL) was ‘supplemented’ at 0 and 96 hours as well.  As the 

conditions allocated the lower level of IL-2 would have no IL-2 supplementation, regardless of their 

allocated supplementation time, it would stand to reason that there would be little to no variation 

between these two categories of conditions (0 UI/mL IL-2 at 0 hours and 0 UI/mL IL-2 at 96 hours).  

However, using the Effector Memory subpopulation interaction plots as a demonstration, for which 

the IL-2 concentration and supplementation time is a significantly interacting pair of factors under all 

parentage, it is quite clear that this is not the case.  Some variation could assume to be observed due 

to the nature of cell culture, however it is possible to see in the Effector Memory interaction plots of 

all parent populations that the drop in average subpopulation proportion from ‘supplementing’ 0 

UI/mL IL-2 at 0 hours to 96 hours is roughly equivalent to the rise in average subpopulation 

proportion from supplementing 200 UI/mL IL-2 from 0 hours to 96 hours.  In the case of the total T-

cell and CD4+ Effector Memory interaction plots, this effect manifests itself as the 0 hour 0 UI/mL IL-

2 and 96 hour 200 UI/mL IL-2 and the 0 hour 200 UI/mL IL-2 and 96 hour 0 UI/mL IL-2 average 

Effector Memory proportions each approximating each other.  Within the CD8+ Effector Memory 

interaction plot the average Effector Memory proportions of the 0 and 200 UI/mL conditions when 

supplemented at 0 hours are shown to be more comparable (71.4% and 69.9% respectively), 

however the same trend is still observed when comparing to the average Effector Memory 

proportion change in conditions supplemented at 96 hours, where the drop observed between the 
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early and late supplementation time for the 0 UI/mL supplemented cultures is the same as the rise 

seen in the 200 UI/mL supplemented cultures. 

 

The variation of the average subpopulation proportions of the 0 hour and 96 hour 0 UI/mL IL-2 

supplemented cultures, in particular in the case of the Effector Memory subpopulation, identifies a 
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potential issue with some of the conclusions drawn so far from these data.  The difference in 

average subpopulation proportion between 0 hour and 96 hour supplementation was, as previously 

described, as great in the 200 UI/mL IL-2 supplemented cultures as it was in the 0 UI/mL IL-2 

supplemented cultures, even though the directions of variation were opposed (Fig. 4.7).  If it were 

possible to observe the same level of variation in cultures that were different only by which 

supplementation time category they had been split into, which had no implementable difference, as 

there was in two sets of conditions that had genuinely implemented differences, it brings into 

question whether or not the observed outputs are a real effect from interactions of experimental 

factors or if they are a result of either coincidental noise or other experimental factors that were not 

observed. 

The randomisation of the experimental order was used to reduce the chance of identifying false 

effects in the data that could be created by systematic bias. There were no differences in the way 

that the 0 and 96 hour supplementation samples within the 0 UI/mL IL-2 subgroup cultures were 

treated during the experiment.  As randomisation could still generate patterns, the plate position of 

cultures were analysed to identify if this could elucidate any information which could be the cause of 

this variation.  Identification of the distribution of samples within subgroups to the first and second 

row of culture plates was analysed, however across all plates the distribution was at most a 3:5 

balance, suggesting that the variation was not caused by back and front row of plate positioning.  

Secondly the experimental layout was analysed to assess whether culturing within a specific plate 

would have an impact, however there is no discernible pattern that would correlate with the results 

that have been identified in the interaction plot.  Cultures were also sampled in the randomised 

experimental order.  Given the previously mentioned assessment that the different subgroups of 

conditions under scrutiny here had no discernible pattern, this reasonably precludes the 

phenotyping process from causing this effect in the data as it was performed in the same order. 

It would appear that the immediately apparent avenues of investigation have been explored 

regarding the cause of the variation seen in the 0 UI/mL IL-2 conditions, and none of them look to 

provide an explanation as to why there was variation at the same level as seen in the 200 UI/mL 

conditions.  Therefore, in this scenario it would be concluded that it was the inherent variability in 

the cultures that caused the difference in average Effector Memory subpopulation proportion 

between the cultures in which 0 UI/mL IL-2 was added at 0 hours, and those where the same 

concentration was added at 96 hours, and that this coincidentally correlated to present a significant 

effect.  This also goes for the other subpopulations where this interaction was considered significant, 

total T-cell Naïve and Total T-cell and CD4+ Central Memory subpopulation proportion.  Although in 

these interaction plots the level of variation of average subpopulation proportion between the 
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conditions supplemented with 0 UI/mL IL-2 at 0 and 96 hours were not as great as the 200 UI/mL 

supplemented cultures, the calculation of significance was based on their interaction.  If there is 

noise in the data that is distorting the perception of significance of IL-2 concentration and 

supplementation timing interaction within one subpopulation, it cannot be accepted in other 

subpopulations.  This is due to the fact that subpopulation presence was measured as a proportion, 

and as all events in the parent population would be gated into one of the four maturity 

subpopulations, what affects one subpopulation affects them all and therefore this effect can be 

considered to be present in all subpopulations. 

The false statistical significance of the cultures supplemented with 0 UI/mL IL-2 brings into question 

the validity of those cultures supplemented with 200 UI/mL IL-2.  The statistically significant 

response in cultures not supplemented with the growth factor at different timepoints could 

potentially just be a type I statistical error in just those cultures.  However, it could also be indicative 

of there being too great a level of noise in the cultures compared to the genuine response in all 

cultures analysed in this dimension, which would therefore invalidate the cultures supplemented 

with 200 UI/mL IL-2.  It is not possible to definitively say from the data presented which applies in 

this scenario, and further work would be needed to validate these responses. 

The patterns in the data observed in the Effector Memory subpopulation IL-2 concentration vs 

supplementation timing interaction plot are not observed in any other significant interactions.  The 

only other interactions identified as significant were IL-2 concentration and Dynabead 

concentration, and IL-2 concentration and cell density.  When assessing the interaction plots that 

involve IL-2 concentration, the confounding variation would be averaged within each level of the 

variable.  As such it would not invalidate the data, or the observed effects, but reduce the statistical 

power of the analysis.  Meanwhile the same could be said of the interaction of the second two 

factors, only the averaging of the concerning data would occur within the two IL-2 concentration 

subgroups.  Similarly, in the case of assessing individual factors, the noise in the data would be 

averaged out between the two levels, and the same statement would apply, that it does not 

invalidate the data, but does reduce the statistical power of the analysis. 

The interaction of timing of IL-2 supplementation and Dynabead concentration had a significant 

effect on the proportion of Effector subpopulation cells from all parent populations, and the CD8+ 

Effector Memory subpopulation proportion.  The effect that the interacting experimental variables 

had on the Effector subpopulation proportions was similar across all parent populations.  The 

interaction plot shows that when IL-2 is added at 0 hours, increasing the Dynabead concentration 

from 0.2x106 beads/mL to 1x106 beads/mL has a relatively small positive effect on Effector 

subpopulation proportion of between 1-2 percentage points.   Supplementing IL-2 at 96 hours has a 
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large positive effect of Effector subpopulation proportion in conditions supplemented with 0.2x106 

beads/mL compared to those where IL-2 is supplemented at 0 hours of at least 3% across all parent 

populations.  Meanwhile, supplementing IL-2 at 96 hours in conditions that had been supplemented 

with 1x106 beads/mL substantially reduced the average subpopulation proportion, bringing it below 

the average subpopulation proportion of conditions where IL-2 was supplemented at 0 hours, with 

either 0.2x106 beads/mL or 1x106 beads/mL regardless of parent population.  The main effects and 

interaction plots of the CD4+ Effector subpopulation were also the only parent 

population/subpopulation combination that plotted the midpoint data. These data indicate a non-

linearity in the relationship between timing of IL-2 supplementation and Dynabead concentration, 

and average Effector subpopulation proportion.  The main effect in this interaction appears to be 

that when the supplementation of IL-2 is delayed in conditions with low Dynabead concentrations, 

Effector subpopulation proportions will be increased. 

The transition to Effector Memory phenotype subpopulation from Effector is linked to maturation of 

the cells.  Both IL-2 and CD3/CD28 Dynabeads drive this maturation process and it would appear that 

given the relative similarity in average subpopulation proportion between conditions that have the 

earlier IL-2 supplementation, higher Dynabead concentration, or both, that culturing with either of 

these variables at the level expected to induce greater maturation will do so.  The main deviation 

from this is when both variables are at the level at which they would be less expected to induce 

maturation, 0.2x106 beads/mL and supplementation of IL-2 at 96 hours.  When these variables are 

present in culture a substantial increase in Effector subpopulation proportion is observed.  This 

suggests that either of these two variables at a high level is able to induce a greater level of maturity 

in cultures, however using them in combination at these levels will not further increase the 

maturation of the culture.  This could potentially be due T-cells responding to a threshold level of IL-

2 early in their culture. CD3/CD28 Dynabeads as part of their mechanism of action induce 

endogenous production of IL-2 in T-cells, and therefore increasing the Dynabead concentration 

would plausibly increase the level of IL-2 production through increased strength of activation in T-

cells and increased number of cells activated. 

The evidence that these conditions induce higher Effector subpopulation proportion to the 

detriment of the Effector Memory subpopulation proportion is present in the CD8+ Effector Memory 

subpopulation proportion data.  The interaction plot for the CD8+ Effector Memory subpopulation 

shows that there is very little difference in the average subpopulation proportion between 

conditions supplemented with 0.2x106 beads/mL and 1x106 beads/mL when IL-2 is supplemented at 

0 hours.  However, delaying the supplementation to 96 hours has a relatively negative impact on 

average subpopulation proportion in cultures supplemented with 0.2x106 beads/mL and a relatively 
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positive impact on those supplemented with 1x106 beads/mL.  The variation between the 0 and 96 

hour IL-2 supplementation was equal if in opposite direction.  This evidence concurs with the 

previous statement that in cultures with later IL-2 supplementation and a lower Dynabead 

concentration, the Effector Memory subpopulation proportion is reduced.  However, unlike the 

previous evidence, this also shows that supplementing IL-2 at 96 hours to cultures with a Dynabead 

concentration of 1x106 beads/mL has a positive effect on Effector Memory subpopulation proportion 

over those where IL-2 was supplemented at 0 hours.  It is not clear why a later supplementation of 

IL-2 in conditions supplemented with 1x106 beads/mL would increase the Effector Memory 

subpopulation proportion.  However, when supplementation occurred at 96 hours the T-cells would 

have had a longer exposure to CD3/CD28 Dynabeads, and therefore greater level of activation, 

before exposure to a larger concentration of IL-2.  Therefore, this evidence suggests that T-cell 

cultures can respond differently to IL-2 supplementation depending on activation level in agreement 

with the hypothesis of this experiment, if not observed in the same output.  

Analysis of the residual data from the models produced in statistical assessment for the Naïve, 

Effector Memory and Central Memory subpopulations of all parent populations showed that they 

approximated a normal distribution and identified no systematic trends in the residuals when 

observing by order (data not shown).  The same analysis of Effector subpopulation residuals 

identified a normal distribution as with the other subpopulation analyses.  However, analysis of the 

residuals against the order of observation identified a positive trend as the observational order 

progressed (Fig. 4.8).  The positive correlation is maintained from initial observation through to the 

final one, and unlike the residual data from the cell yield assessment (Fig. 4.8) there does not appear 

to be a substantial variation between the 24th and 25th observation despite there being a plate 

change at this point in the phenotyping process also. There does appear to be a negative shift at this 

point for the total T-cell and CD4+ Effector subpopulation plots, however this shift moves the 

residuals to around the level of that seen around 5-6 observations previous, as opposed to that seen 

in cell yield which returned the residuals to that seen around the beginning of the observations.  

Furthermore, the randomised order of the experimental conditions will have reduced the chance of 

false effects being identified.  There were previous issues with observed noise in the system, 

however that was observed most extensively in the Effector Memory subpopulation analyses, which 

did not show this trend in observational bias.  As a result, the shifts observed do not appear to have 

substantially impacted any conclusions of the analytical outputs, but may have reduced the 

statistical power of analyses to identify significant effects. 
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4 .3 .1 .3  Discuss ion  

The aim of this experiment was to identify if T-cell cultures being exposed to IL-2 before sufficient 

activation were responding less, or not at all, to IL-2 supplemented and endogenously produced in 

culture.  It was suggested that this was having a negative impact on the growth of T-cell cultures.  

However, it was speculated that this effect could also be observed in, or could even be caused by, 

the maturity subpopulations (Naïve, Effector, Effector Memory and Central Memory) proportions in 

cultures. 

In order to assess this hypothesis, the timing of IL-2 supplementation was varied between 0 and 96 

hours.  To further test if supplementation of IL-2 was having an effect on cultures stimulated with 

CD3/CD28 Dynabeads, the concentration of IL-2 supplemented was varied between 0 UI/mL and 

200UI/mL.  CD3/CD28 Dynabead concentration was supplemented between 0.2x106 beads/mL and 

1x106 beads/mL to identify if varying the concentration of CD3/CD28 Dynabeads had an effect on 

the level of maturation or growth.  To test if the seeding density in static culture would influence 
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growth rate or subpopulation proportions, cultures were seeded between 1x106 cells/mL and 2x106 

cells/mL 

With T-cells expressing either CD4 or CD8, indicative of their function within the body, it was 

proposed that the maturity subpopulation proportion of CD4+ and CD8+ subpopulations may have 

varied from each other.  Therefore, maturity subpopulations were analysed using CD4+ and CD8+ 

gated parent populations as well as the total T-cell gated population. 

4.3.1.3.1 Response of culture growth rates to experimental variables 

All cultures showed a period of growth in culture which correlated with an increase in T-cell event 

count, which indicated that all cultures were growing T-cells.  This was a positive reflection of the 

input material and culture protocol, regardless of experimental conditions.  Growth rates were 

calculated using viable cell counts taken every 24 hours in order to assess conditions based on their 

output per input, as opposed to greatest outright yield. 

Statistical analysis of the growth rates showed that all experimental variables were independently 

significantly affecting growth. Meanwhile, the midpoint data indicated that all of these relationships 

were non-linear, and offered the greatest growth rates when comparing conditions by concentration 

and timing of IL-2 supplementation, as well as CD3/CD28 Dynabead concentration.   

Increasing the CD3/CD28 Dynabead concentration had a significantly positive effect on growth rate, 

indicating that a greater level of stimulation could induce greater growth.  Meanwhile, cell 

concentration was the experimental variable with the most significant effect on growth rate with the 

highest seeding density negatively affecting growth rate.   The reduced average growth rate for 

conditions with higher seeding density could have been due to some level of exhaustion of the 

medium with greater requirements than that of the lower seeding density conditions.  Alternatively, 

it could also have been a reduced level of activation as CD3/CD28 Dynabead concentration was 

calculated relative to the volume rather than the cell concentration, and increasing the CD3/CD28 

Dynabead concentration had been shown to have a significantly positive effect on growth rate.  

Contributing to the lower average growth rate of the higher density seeded cultures is the 

substantial drop off in growth of certain conditions from around 96 hours.  Although it is possible 

that this was caused by exhaustion of medium, these conditions were similar in that they were both 

supplemented with 200 UI/mL IL-2 at 0 hours, and this same trend was not seen in other conditions 

that were supplemented with 0 UI/mL IL-2 or those where supplementation of 200 UI/mL IL-2 was 

delayed until 96 hours. This seemingly suggests that these conditions negatively impacted growth in 

the higher density seeded cultures. 
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Supplementing IL-2 at 96 hours was shown to have a significantly positive effect on the growth rate 

of T-cell cultures, correlating with the hypothesis. However, increasing IL-2 concentration from 0 

UI/mL to 200 UI/mL has a significantly negative effect on growth rate, contrary to the expectation 

that increasing IL-2 concentration would have a positive effect on growth rate.  The significant 

interaction of IL-2 concentration and timing of supplementation identifies that conditions where 200 

UI/mL IL-2 was supplemented at 96 hours had an average growth rate akin to that where 0 UI/mL IL-

2 was supplemented, and that the average growth rate of conditions supplemented with 200 UI/mL 

IL-2 at 0 hours was substantially lower. 

These data validate the hypothesis that there is a negative impact of supplementing IL-2 at seeding 

on growth rate.  However, these cultures show that delaying the supplementation by 96 hours did 

not improve proliferation beyond those not supplemented with additional IL-2, and that 

supplementing IL-2 at seeding had a negative effect.  Increasing the Dynabead concentration was 

also shown to have a positive effect on growth rate, indicating that variation in the level of 

stimulation could vary the growth rate output of the cultures.  The non-linear relationship suggested 

by the midpoint data in all these scenarios suggests that somewhere between the maximum and 

minimum tested concentration of IL-2, timing of IL-2 addition and Dynabead concentration would be 

a condition that generated the greatest growth. 

4.3.1.3.2 Low level of significant effects on phenotypic profile indicates limited phenotypic effect 

Statistical analysis of the maturity subpopulation (Naïve, Effector, Effector Memory and Central 

Memory) proportions at 144 hours showed very few significant effects over the 12 sets of data (4 

maturity subpopulations from 3 different parent populations). 

The only independently significant variables were IL-2 concentration and Dynabead concentration.  

Increasing the concentration of IL-2 supplemented into cultures had a significantly negative effect on 

Effector subpopulation proportions from all parent populations, meanwhile increasing the 

CD3/CD28 Dynabead concentration had a significantly positive effect on CD8+ Effector Memory 

subpopulation proportion. 

The negative effect of increasing IL-2 concentration on Effector subpopulation proportions is likely 

due to IL-2 inducing maturation faster in T-cells and causing transition from Effector to Effector 

Memory phenotype subpopulations.  Similarly, the positive effect that increasing the Dynabead 

concentration had on the CD8+ Effector Memory subpopulation proportions is likely down to a 

greater level of stimulation inducing faster maturation and therefore faster transition from Naïve 

and Effector subpopulation phenotype to Effector Memory subpopulation phenotype.  
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The interaction between concentration of IL-2 supplemented to culture and the timing of 

supplementation was also identified as having a significant effect on the total T-cell Naïve, Effector 

Memory and Central Memory, CD4+ Effector Memory and Central Memory, and the CD8+ Effector 

Memory subpopulation proportions.  However, analysis of the data showing this identified the same 

variation in average subpopulation proportion between the conditions ‘supplemented’ with 0 UI/mL 

IL-2 at 0 and 96 hours as was between the conditions supplemented with 200 UI/mL IL-2 at 0 and 96 

hours.  Potential causes of the variation were investigated, predominantly focussed around plate 

positioning due to the randomised experimental order but yielded no obvious answer.  As a result, it 

was concluded that the variation seen in the 0 IL-2 supplemented cultures was the result of natural 

variation in the cultures that happened to present as a meaningful difference despite no differences 

in the way that the cultures were treated.  Because the level of variation of average subpopulation 

proportion observed in the 0 UI/mL IL-2 supplemented cultures was the same as that in the 200 

UI/mL IL-2 supplemented cultures when comparing timing of supplementation, it was further 

concluded that these interactions should be discounted as their validity was called into question.  

However, this did not invalidate other observations of individual variables or 2 factor interactions. 

The interaction between the timing of IL-2 supplementation and Dynabead concentration was 

significant in the Effector subpopulation proportions from all parent populations, as well at the CD8+ 

Effector Memory subpopulation proportion.  In Effector subpopulations, varying the Dynabead 

concentration made little difference when supplementing IL-2 at 0 hours.  However, supplementing 

IL-2 at 96 hours had a slightly negative effect on the average Effector subpopulation proportion 

relative to the 0 hour supplementation proportions in those conditions supplemented with 1x106 

beads/mL.  Conversely a substantially positive effect was seen in those conditions supplemented 

with 0.2x106 beads/mL.  Meanwhile, supplementing IL-2 at 0 hours negated any effect of CD3/CD28 

Dynabead concentration on the CD8+ Effector Memory subpopulation proportion, but in conditions 

where IL-2 was supplemented at 96 hours the inverse of the Effector subpopulations was seen, 

where a higher CD3/CD28 Dynabead concentration positively affected Effector Memory proportion 

while a lower concentration negatively affected it. 

IL-2 and CD3/CD28 Dynabeads both induce maturation in T-cells through activation and activated 

cells in culture will transition to a memory phenotype.  Therefore, it is logical that conditions with 

low Dynabead concentration and delayed IL-2 supplementation have a higher Effector 

subpopulation proportion and lower Effector Memory subpopulation proportion.  The relatively 

large drop in Effector subpopulation proportions observed where IL-2 is supplemented earlier or 

Dynabead concentration is higher (or both), paired with the significant decrease observed with 
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higher IL-2 concentration shows that this subpopulation is sensitive to conditions which promote 

maturation. 

The interaction between the concentration of IL-2 supplemented into culture and the seeding cell 

density was significant in the CD4+ Effector Memory subpopulation.  The data show that when no IL-

2 is supplemented into culture, increasing the seeding density slightly increases the CD4+ Effector 

Memory subpopulation proportion.  However, with additionally supplemented IL-2, it is the reduced 

seeding density that has a substantially positive effect on subpopulation proportion.  Meanwhile, the 

higher seeding density reduces the average subpopulation proportion observed to the same level as 

the non-supplemented, lower cell density conditions.  Potentially this was a result of increased cell 

density, and induction of greater proliferation through increased IL-2 concentration, exhausting the 

medium of an unmonitored factor required for transition to Effector Memory subpopulation 

phenotype.  However, further investigation would be required to identify the nature and cause of 

this relationship. 

4.3.1.3.3 Phenotypic Analysis Process 

The analysis of phenotypic data from individual timepoints is a common method of assessing the 

effects of experimental variables on subpopulation proportions.  Analysis of phenotypic data from 

two different timepoints can be compared to identify how the shift in subpopulation proportion 

relates to experimental conditions. With each increase of the temporal resolution the definition of 

the culture system that is being analysed is improved. 

The aim of this experiment was to identify what effects the experimental conditions would have on 

T-cell subpopulations, with specific interest in the Naïve and Central memory subpopulation 

proportions.  Therefore, in this scenario it was not necessary to monitor subpopulation proportions 

over time, and the selection of data from samples at 144 hours was previously justified. 

A further limitation of this style of analysis is that the user must either select to evaluate 

subpopulations based on the number of events identified within their gate, i.e. the size of the 

subpopulation, or based on the number of events identified within their gate compared to the total 

events within the parent population, i.e. the proportion of the subpopulation.  There are advantages 

and disadvantages to each process.  If the user evaluates subpopulations based on their size then 

analysis could identify conditions that would produce a high yield of the specific subpopulation, with 

no consideration for the purity of the population that would be produced.  Similarly, if the user 

evaluates subpopulations based on their proportion, analysis would be able to identify conditions 

that would induce a higher concentration, or more pure population of the specific subpopulation, 
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but without cross referencing with relevant cell counts would have no understanding of the cell yield 

these conditions would produce. 

In addition, the analysis relies on the accuracy, and when analysing multiple timepoints consistency, 

of user defined gates applied to data during assessment.  Furthermore, due to the multiple levels of 

gating that occurred in this experiment, consistent with other work in the field, a relatively small 

variation in gate placement early on could have a large impact downstream.  This also highlights the 

issue of how suitable the gates used to identify T-cell subpopulations are.  One theoretical example 

of the inadequacy of this method would be where the number of events in a subpopulation gate of 

two different samples could be similar or identical, however density plots of the populations would 

show them to be substantially different given the variation in marker expression that the gate size 

allows.  The current process would not allow for effective or efficient classification of these events as 

different and distinct.  Analysis of density plots produced by phenotypic data in this experiment 

indicate instances of these occurrences and suggest that the current analytical method does not 

have a phenotypic resolution sufficiently high to effectively assess experimental cultures.  

4 .3 .1 .4  Co nc lus io ns  

This experiment hypothesised that supplementation of IL-2 into cultures immediately after seeding 

was having at least no positive effect on growth and possibly a negative effect on the growth rate.  It 

was speculated that this was due to T-cells not responding to IL-2 in the same way, or at all, when 

exposed before activation via stimulation such as CD3/CD28 Dynabeads. 

Although the mechanics and pathways of how this effect comes to pass have not been defined as 

part of this experiment, the evidence shows that delaying the supplementation of IL-2 does 

positively affect the growth rate of T-cell cultures.  Furthermore, it suggests that delaying the 

supplementation of IL-2 for 96 hours has no positive effect on growth relative to cultures where IL-2 

was not supplemented, and that supplementing IL-2 into cultures immediately after seeding will 

have a negative effect on growth rate. 

Increasing Dynabead concentration had a significantly positive effect on growth rate, indicating a 

correlation between level of activation and proliferation.  Increasing the cell density had a negative 

effect on growth rate, however given the observed effect of Dynabead concentration, and the fact 

that the concentration of beads supplemented was calculated based on well volume rather than 

bead to cell ratio it is plausible that this reduction was observed courtesy of the cells’ reduced 

exposure to stimuli and ergo a reduced level of activation. 

It was also speculated that the deferred supplementation of IL-2 may also have significant effects on 

maturity subpopulation (Naïve, Effector, Effector Memory and Central Memory) proportions in 
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culture.  Although all effects are of interest to better define the T-cell culture system, any effects on 

the CAR T-cell manufacturing targets of Naïve and Central Memory were of particular interest. 

Analysis at the selected timepoint of 144 hours showed some anticipated trends such as increasing 

IL-2 concentration significantly reducing Effector subpopulation proportions and Increasing 

Dynabead concentration significantly increasing some Effector Memory subpopulations.  Analysis 

also showed that delaying supplementation of IL-2 in cultures with lower Dynabead concentrations 

also had a significantly positive effect on Effector subpopulations at 144 hours, while those same 

conditions had a negative effect on some Effector Memory subpopulation proportions. 

Some variable interactions identified as significant had to be discounted due to variation between 

conditions ‘supplemented’ with 0 UI/mL IL-2 at 0 and 96 hours being as great as those where 200 

UI/mL IL-2 was supplemented at those same intervals.  Given that the cultures supplemented with 0 

IL-2 at different timepoints were functionally identical, it suggested that the natural variation in the 

cultures was producing a false effect, and that the same level of variation identified between 

conditions that were functionally different could potentially not be considered a genuine effect 

courtesy of this.  The chance that the significant response seen in cultures supplemented with 0 

UI/mL at different timepoints was a type I statistical error, rather than being indicative of noise 

across all cultures, means that further work is required for a definitive answer. 

The general lack of significant effects on subpopulation proportions, especially when compared to 

the growth rate analysis, appears to show that at 144 hours there was not a substantial variation in 

subpopulation proportions between different conditions.  This is particularly true of the target 

subpopulations, Naïve and Central Memory, which were only significantly affected by the interaction 

of timing and concentration of IL-2 supplementation and seeding density and the interaction of 

timing and concentration of IL-2 supplementation.  As a three factor interaction, the relationship 

between the concentration and timing of IL-2 supplementation could not be visualised in 2 

dimensions for analysis, and the interaction between concentration and timing of IL-2 addition had 

to be discounted due to the previously mentioned issue. 

The limited significant effects observed in the phenotypic analysis could also have been caused by 

the inadequacy of the analytical process they underwent.  Development of a novel analytical process 

that did not rely on user defined gates, dynamically evaluated phenotypic data across multiple 

timepoints and was able to optimise the phenotypic resolution to the dataset would give more 

reliable analytical outputs. Furthermore, it could potentially identify effects that could not be 

observed using the standard protocol . 
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4.3.2 Development of optimal phenotypic resolution and definition analysis 

Phenotypic analysis of a series of T-cell cultures using common analytical methods in the field 

highlighted the inadequacy of the common practises used to define phenotypic subpopulations in T-

cell cultures. Current gating strategies do not account for the level of variability in marker expression 

seen within populations, and user defined gates are subject to bias based on numerous factors.  

Furthermore, the analytical process is temporally static, not acknowledging the dynamic nature of T-

cell subpopulation behaviour in culture over time.  It is possible to take data from multiple 

timepoints to analyse and then compare results, but this process is still individually applied to each 

timepoint, and it is the comparison data between these timepoints which adds the dynamic 

element. 

The analytical process fails to effectively define variations between cultures and doesn’t take into 

account the dynamic nature of marker expression over time, and as such it is not sufficiently fit for 

purpose.  These issues also reduce the power of statistical analysis on this data, as a less resolute 

definition of a culture system can only result in less resolute conclusions being drawn regarding the 

effect of experimental variables and could potentially overlook important relationships in culture. 

A novel analytical method was developed to analyse phenotypic data from T-cell cultures using the 

observations above as a basis from which to improve the process.  This process was then applied to 

the previously analysed data to identify if there were any differences in the main conclusions and if 

there were any additional observations. 

4 .3 .2 .1  Sp an n in g - tree Prog ress ion  An a lys is  of  D en s ity - n o rma lis ed Even ts  ( SPAD E)  

SPADE is an algorithm based analytical tool for processing flow cytometry data.  This tool uses an 

algorithm and user-defined parameters to assess phenotypic data for nodes of commonality and will 

individually associate all events to a node based on similarity of phenotypic profile.  

4.3.2.1.1 SPADE process 

The SPADE process involves 4 main steps to analyse flow cytometry data.  Density dependent 

downsampling removes outlier events and those in high density clusters to ensure that smaller 

phenotypic groups are proportionally increased for the clustering step.  Iterative clustering is then 

carried out to concentrate the remaining events to as many points as is outlined in the analysis 

parameters.  Once the nodes are selected a minimum spanning-tree is calculated to link clusters 

according to phenotypic similarity.  Finally, all previously removed events are upsampled into the 

SPADE tree by association with the node which their phenotypic profile most similarly resembles.   

The clustering process is performed on all samples within the analysis as a multidimensional data 

cloud.  In order to effectively define how populations vary over time, data from all timepoints was 
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analysed together.  As a result, this process is able to identify similarities and differences between 

samples across time and condition. However, there are some initial preparation tasks that must be 

completed before the analysis can be performed. 

4.3.2.1.1.1 Preparation of data and parameters for SPADE analysis 

4 .3 .2 .1 .1. 1. 1  File u p loa d  

SPADE is a web hosted analytical tool provided by Cytobank.  As it is not device based, the first step 

in SPADE analysis is to upload FCS files to Cytobank’s external servers via their web portal. 

4 .3 .2 .1 .1. 1. 2  File n a ming  

The flow cytometer that was used to acquire the phenotypic data would give the same filename to 

samples that were run from the same wells at different timepoints.  This raised issues when 

identifying which samples were to be associated with which timepoints subsequent to analysis.  It 

was possible to go through the folders and manually change the filenames to easily identify them 

post analysis, however this was laborious and time intensive as well as increasing the risk of human 

error.  Therefore, a program was written in python code and compiled as a windows executable.  

The program would append a user defined timepoint to all files within a folder, allowing for faster 

and more reliable labelling of files for easy identification. 

4 .3 .2 .1 .1. 1. 3  G a ting  req u iremen ts  a nd  s trategy  

Having uploaded samples to external servers, the next step is to apply gates to identify populations 

for processing. 

One of the main issues with the traditional phenotypic assessment process is that the gating process 

is not sufficiently nuanced enough to identify differences between cultures, however it is important 

to note that gating in this context is not the same as in standard phenotypic analysis.  Gating was 

previously implemented to identify which subpopulation cells belonged to.  In this scenario the 

application of gates is to identify the groups of events to be analysed rather than to define the 

subpopulations. This includes removing unnecessary or irrelevant events that would confuse, 

obfuscate or unnecessarily increase the optimal node number of the analysis. 

In line with this goal, two gates were applied to data prior to analysis.  This gating process fell in line 

with the commonly used practice seen previously, as the first steps in that protocol are also to 

identify T-cell populations from total collected data.  Polygonal gates were used to ensure that the 

gates were most effective at capturing all relevant events, whilst eliminating the majority of those 

that were not.  As the aim of the gating process different to that of the common protocol, they were 

applied in a fashion such that in the event of uncertainty on the part of the user, populations or 
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events were included rather than not so as to reduce user bias on the data prior to analysis with 

SPADE. 

The initial step was to identify events that matched the correct size profile on a plot of forward 

scatter area (FSA) against side scatter area (SSA).  Having gated the ‘Cell’ population, this 

subpopulation was then plotted on a graph of CD4 expression against CD8 expression.  A gate was 

then applied to identify events that would be classified as T-cells, those which expressed high levels 

of CD4 or CD8, and isolate out non T-cell events that would be present.  The latter gate was 

particularly important at earlier timepoints due to the higher concentration of non T-cell PBMCs still 

in culture. 

Initial investigation into gating prior to SPADE analysis tested both no gating and gating only ‘Cell’ 

events. However, the resulting SPADE diagrams and outputs produced were saturated by the level of 

non T-cell activity, making it an ineffective dataset for T-cell analysis, particularly in the ungated 

analyses.  As the objective was to give greater sensitivity to T-cell subpopulation analysis, it was 

considered appropriate to gate for T-cell events and run SPADE analysis on this population.  

All gates were applied globally; sample specific gating was possible, however creating bespoke gates 

for all samples would have introduced user bias and variability and as such was deemed unnecessary 

and inappropriate.  At both gating levels the gate was applied to the first sample presented and 

checked against all other samples.  Where target populations were observed outside of gates, 

borders were moved to ensure inclusion and this automatically updated all other samples. 

4 .3 .2 .1 .1. 1. 4  SP ADE an a lys is  pa rameters  

After identifying the populations for analysis, the final step before the SPADE assessment could be 

performed was to define the parameters under which the analysis would be run.  The parameters 

for definition were the Target Number of Nodes (TNN), Downsampled Events Target, Population and 

Clustering Channels. 

Population refers to the population that will be analysed and would be the gated T-cell population.  

Clustering Channels refers to the flow cytometry channels, synonymous for this purpose with 

markers, by which data should be analysed and then clustered in the assessment.  A 5 marker panel 

was used to phenotypically assess populations and define which T-cell subpopulations, if any, they 

would be classified under.  It was these 5 markers (CD4, CD8, CCR7, CD45RA and CD45RO) that were 

selected as clustering channels.  As a result, all analysis of data is in 5 dimensions. 

Downsampling in SPADE, to be discussed further in 4.3.2.1, is the process by which events are 

removed in a density dependent manner to give a more equal value to rare dense populations that 

may usually be overlooked in standard analysis. Downsampling is carried out in the context of events 
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in the population selected for analysis, rather than the total populations. SPADE analysis requires the 

user to define the level of downsampling that will occur, and this can be evaluated in two ways.  The 

Downsampling Events Target can either be set as a percentage of total events or as an absolute 

number, and is applied to each sample individually.  A fixed volume was run for analysis at each 

timepoint, rather than a fixed number of events, meaning that the number of events over time, and 

between samples, varied based on the total cell count at that time.  As it was anticipated that 

different subpopulations would have different growth rates it would have been unsuitable to 

downsample based on an absolute value as this may have unfairly favoured certain clusters, even 

when executed in a density dependent manner.  Meanwhile, downsampling on a proportional basis 

would ensure an appropriate representation of the phenotypic clusters present.  On creation of a 

new SPADE analysis via the Cytobank website the default setting was to downsample to 10%, and 

this was left unchanged.  The value indicates the percentage of total events that will remain after 

downsampling, rather than the proportion of events that will be removed. For example, with 10% 

downsampling of a sample with 1000 events, 900 would be removed and 100 would remain. 

The final parameter to define is one of the key benefits of SPADE analysis as a tool to improve over 

the standard analytical process, the TNN.  During the clustering stage of SPADE analysis this value 

defines the number of nodes to which the population is reduced to represent the full phenotypic 

landscape the whole population occupies.  Manipulation of this parameter is what provided the 

ability to vary the phenotypic resolution with which the analysis was carried out, or in other terms 

vary the number of subpopulations the total population was divided into.  As such this value was 

varied in due course of the analytical process in a manner which will be described later. 

4.3.2.1.1.2 Downsampling stage 

In SPADE analysis, events are removed in a density dependent manner to preserve rare populations 

that may normally be overlooked by many clustering algorithms.  This ensures that in the next step 

of the SPADE process the smaller, more rare subpopulations will still be represented in the diagram 

output. 

The process is applied on a sample by sample basis.  A 5 dimensional neighbourhood is calculated so 

that it is the smallest it can possibly be whilst ensuring that all events also have at least one other 

event in their neighbourhood.  Once the neighbourhood is defined, the local density can then be 

calculated and treated as follows: 

If the local density is below the algorithm calculated outlier density the event is removed 

If the local density is above the algorithm calculated outlier density but below the target density 

the event is kept 
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If the local density is above the target density, then the likelihood that the event will be retained 

is target density divided by the local density 

Once the number of events remaining matches the downsampling target the process progresses to 

the next step. 

4.3.2.1.1.3 Clustering stage 

Clustering is performed globally, rather than at a sample level, by analysing all downsampled events 

together.  This is to ensure that the node definitions are conserved between samples for consistency 

and to aid comparison.  At the beginning of the clustering process, each event remaining after 

downsampling is considered its own point.  In the first round of clustering a random event is 

selected and grouped with the event nearest to it.  Another random event is then selected and 

grouped with its nearest event.  If the nearest event in a point’s neighbourhood has already been 

grouped, that point is skipped.  After this has been carried out so that all events have been either 

paired or removed the process repeats itself, this time using the average of the groups as their 

datapoints.  This process of iterative clustering continues until the target node number is reached. 

4.3.2.1.1.4 Spanning-tree construction 

In the next step, SPADE links the nodes of most similarity using Boruvka’s algorithm.  This process is 

not of particular importance to the novel analytical process developed as each node is individually 

assessed for marker expression regardless of spanning-tree position.   

4.3.2.1.1.5 Upsampling stage 

Once the spanning-tree has been constructed, any events removed through the process so far are 

upsampled back into the diagram. 

Every sample is compared against the downsampled data used for clustering to identify its 5 

dimensionally closest neighbour.  The event is then assigned to the node from which the closest 

neighbour ultimately came. 

4.3.2.1.1.6 Results and outputs of SPADE analysis 

There are two main outputs of the SPADE analysis; a comprehensive dataset for each node of each 

sample covering a range of categories and a SPADE tree (Fig 4.9). 
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The shape of the tree and links between nodes is the same across all samples, however via the 

online portal it is possible to view how this tree changes depending on sample and metric being 

viewed.  A separate SPADE diagram exists for every sample, and each node represents a different 

subpopulation generated through the clustering and upsampling steps.  Within a SPADE diagram the 

size of the node represents the event count within the node, whilst the colour corresponds to a heat 

mapping key for a marker currently being visualised.  This key goes from blue, representing the 

lowest expression, through green, yellow and orange to red, which represents the highest 

expression. 

SPADE diagrams are a good method for user friendly presentation of the data, and can assist in 

certain levels of subpopulation characterisation, such as facilitating simple identification of CD4+ and 

CD8+ nodes. 

While the SPADE diagrams provide a digestible overview of the data, the comprehensive dataset 

allows for a more in depth analysis.  These data are essential for the effective statistical analysis of 

data which is to come. 

4.3.2.1.2 Comparison to traditional gating 

The process outlined here highlights how SPADE is a beneficial tool in identifying T-cell 

subpopulations and is more considerate of observable population clustering than the traditional 

gating method.  The algorithmic classification of the subpopulations reduces the user role to 

outlining the population to be analysed and defining values for the parameters within which the 

process will run.  As a result, this reduces the chance of user bias being introduced into the process 

due to the inherent variability of user gating.  Furthermore, the algorithmic clustering and 

upsampling processes used to generate and populate nodes does not restrict subpopulations to rigid 

gates and can instead generate populations that have strong intrinsic similarities despite appearing 

initially diverse. 

The ability to define the TNN also allows flexibility in the resolution of the phenotypic analysis, one 

of the main flaws highlighted with the traditional method.  This ability to increase the resolution 

gives the opportunity to define populations that would otherwise be assimilated into broad gates in 

traditional gating, as well as those that may be missed or mistaken as part of larger event clouds in 

subjective visual user analysis. 

There is a trade off in balance when selecting the TNN of a SPADE analysis.  A low TNN will likely 

cluster phenotypically different subpopulations together, potentially rendering the analysis either 

only as good as, or worse the traditional method.  Increasing the TNN will increase the separation of 

these subpopulations as more phenotypically distinct clusters can be defined, however eventually 
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the number of clusters formed exceeds the number of subpopulations different in practical 

significance for any particular purpose.  At this point the clustering process will begin to produce 

nodes, or populations, that are minimally distinct from others.  The objective of this new analysis 

process is to increase the resolution of the analysis in line with the number of distinct populations, 

and subdividing it beyond this level will lead to repeat conclusions of similar populations, and will 

also increase noise in the system as minimal differences dictate node association, introducing large 

variation in the number of events in a node. 

4 .3 .2 .2  Ef f ec t t o  No is e ra tio an a lys is  

In order to optimise the TNN that should be used to analyse a dataset in SPADE, a process was 

required that could assess an analysis of a specific TNN for its suitability and compare to others.  The 

Effect to Noise ratio (E2N) analysis process was developed to compare these analyses and identify an 

optimal TNN for analysis of the dataset. 

4.3.2.2.1 Premise of E2N calculation 

Any data set produced by varying experimental parameters with repeat conditions will have a level 

of variation induced by two elements, the inherent noise of the dataset, and variation caused by 

different combinations of experimental factors.  Taking the standard deviation of the total dataset 

would give the total variation in the dataset, combining the variation induced by both the noise and 

the experimental conditions.  Calculating the standard deviation between replicates of the same 

condition would negate the experimental condition effect and give the level of variation caused by 

noise.  Calculating this value for every set of repeated conditions and taking the mean would give 

the approximate level of noise across the dataset.  Comparing the standard deviation of the total 

dataset to the average standard deviation of the replicates would give a ratio of experimental effect 

to noise in the system. This value would be expected to change with changing node resolution as 

increasing population discrimination with increasing nodes will lead to increasingly coherent 

behaviour of cells within a node in response to experimental variables. 

4.3.2.2.2 Selection of node measurement 

SPADE calculates many node specific values for each sample in the analysis that could be used to 

compare this level of variation.  These outputs are predominantly concerning the clustering 

channels, describing the average marker expression level of all events associated with a node.  

However, these values only assess one dimension of the node’s phenotype.  For example, when 

comparing CD4 or CD8, there would be a large variation between those that were cytotoxic and 

those that are helper/regulatory, but within those groups there would be little variation.  This would 

almost completely negate the differences that would be observed in other channels which help to 

define the maturity subpopulations. 
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The output that was ultimately selected for this comparison was the number of events that are 

associated with a node.  Association of an event with a node is dependent on similarity of expression 

profile, and as such this metric considers all channels that were used for clustering.  Variation in the 

node count between samples taken at the same timepoint would be indicative of different numbers 

of cells in the represented subpopulation at that timepoint, meanwhile variation between node 

counts of samples taken from the same condition over time would be indicative of subpopulation 

variation over time. 

4.3.2.2.3 Effect to Noise ratio implementation 

As demonstrated previously, the phenotypic profile of cultures varied over time.  Phenotypic data 

from any single timepoint, even across all cultures, could represent a different phenotypic space to 

that of another, and would result in a different distribution of SPADE defined clusters.  Therefore, 

SPADE analysis was carried out on all experimental data to ensure that the nodes generated were 

representative of the full spectrum of phenotypic activity across the course of the experiment.  In 

addition, analysis of the full dataset would allow tracking of subpopulations over time to identify 

experimental impact on proportion and transition.  The phenotypic variability of the cultures over 

time and the increase in event count over time due to increasing viable cell counts indicate that 

calculating the Effect to Noise ratios across the full timeframe of the experiment would not involve 

comparing data sampled from cultures in a like for like state.  Comparison of conditional repeats 

over time would increase the level of variation in node subpopulations that substantially changed 

through the experiment. Although the standard deviation of the total dataset would also increase, it 

is likely that these would not be proportional, producing an E2N that was less effectively 

representative of the SPADE analysis. 

Calculating E2N ratios for each node within each timepoint will allow for more appropriate 

comparison of data between conditional replicates as well as with the total variation within a node.  

This method would also allow tracking of E2N over time and improve the understanding of which 

timepoints or periods measured within this experiment show greatest experimental effect. 

As such, the E2N was calculated for each node, at each timepoint, using the following calculation: 

S tandar d deviation of t he counts  w ithin a node for  all samples at t imepoint X  

M ean of t he s tandar d deviations of conditional r eplicate n ode counts  at t imepoint X  

With this calculation, theoretically the lowest E2N that could be calculated would be 1, as this would 

represent that all the variation in the node at a timepoint is due to the noise in the system, rather 

than any experimental effect.  However, due to the use of duplicate replicates in the experiment the 

STDEV.S function in excel was used for calculation of the standard deviation. This took the provided 

data as representative of a sample from the total available responses, rather than defining it as the 



135 
 

complete set.  Testing E2N calculation process with random values showed that the lowest value of 

E2N produced was consistently closer to 1.25, likely due to the approximation of the standard 

deviation value from the sample provided.  Courtesy of this, the threshold for experimental effect in 

subpopulations will be at 1.25 rather than 1.  In datasets where experimental variables are having 

effects on the phenotypic expression of cells, the calculated E2N ratios can then be used to compare 

SPADE analyses with different TNN for optimisation. 

4.3.2.2.4 Running SPADE analyses with varying target number of nodes 

Having developed a method to assess SPADE analyses, the next step was to generate the data by 

running SPADE analyses with different TNNs.  The traditional method of culture analysis generated 8 

subpopulations, the 4 maturity subpopulations (Naïve, Effector, Effector Memory and Central 

Memory) of the two T-cell classifications (CD4+ and CD8+).  This process was in part deemed 

inappropriate due to the insufficient number of subpopulations that were generated, and therefore 

it appeared reasonable not to begin with a TNN lower than this. 

For simplicity, the lowest TNN tested was chosen to be 10.  Further SPADE analyses were then run, 

increasing this value by 5 each time until a TNN of 30 was tested, before a 6th and final SPADE 

analysis was run at a TNN of 40.  The limit was set here, and further analysis with a higher TNN could 

have been completed were it deemed necessary. 

4.3.2.2.5 Comparison of SPADE analyses 

After generation of the SPADE analysis data for different TNNs the data needed to be compared to 

define the optimal node number for the dataset. 

4.3.2.2.5.1 Selection of point of greatest experimental effect 

Over time the phenotypic impact of experimental conditions varies, identified in the variation of E2N 

over time.  In order to streamline the optimal TNN selection process and avoid having to compare all 

980 generated E2Ns with each other, it was decided to compare data from a single timepoint rather 

than all timepoints.  For the optimisation to be most effective it made the most sense to compare 

E2Ns from the point at which there was the greatest experimental effect.  At this point there would 

be the greatest difference between different conditions and therefore likely the greatest number of 

nodes would be required to describe the full dataset.   

The data were assessed to identify the point of greatest experimental effect from which the optimal 

node number could be identified.  Box plots were produced for each SPADE analysis, with each box 

representing a different timepoint.  Each boxplot graph was analysed to identify which point or 

points showed the greatest variation (Fig. 4.10).  These conclusions were then compared with each 
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other to identify any commonality between analyses of different TNN.  Unfortunately, loss of data 

from the samples taken at 24 hours has resulted in their omission from the subsequent analysis. 

Analysis of the data in this fashion shows a common trend relatively conserved between the 

analyses.  It is possible to see a general decrease in E2N from 48 to 96 hours, a step change is seen 

between 96 and 120 hours, before seeing the same decrease from 120 to 168 hours as was seen 

between 48 and 96 hours. 

The two points of greatest variation observed over this experiment are at 48 and 120.  In comparing 

these two across all analyses it is possible to see that the mean at 120 hours approximates or is 

greater than the mean at 48 hours.  Furthermore, the upper quartile is always higher than that of 

the 48 hour results.  As a result, 120 hours was selected at the point of greatest experimental effect 

moving forwards. 



137 
 

 



138 
 

4.3.2.2.5.2 Selection of optimal Target Number of Nodes 

After selecting the point of greatest experimental effect, the SPADE analyses of different TNN were 

compared to identify which produced the greatest E2N. 

It was evident from analysis of the E2Ns produced that although there were some nodes that 

fluctuated with the experimental effects, there were similarly some that remained low for the 

duration of the experimental period.  The nodes that produced consistently low E2Ns were unhelpful 

in establishing the optimal TNN.  This is in part because they are less variable than the higher E2N 

values, which makes it challenging to differentiate any pattern that may be observed in the data.  

However, it is predominantly because the lower E2N indicates that they do not represent the nodes, 

and therefore subpopulations, affected most by the experimental conditions.  Those nodes are 

therefore not indicative of the phenotypic region for which the optimisation is being performed.  

This does not preclude the lower E2N nodes from being included in further analysis, as will be 

discussed, only that when attempting to establish the optimal TNN for cultures, they are not a 

suitable contributor. 

Taking this into account, it was decided that the top 3 E2N values would be compared against each 

other from each SPADE analysis.  This avoided any potential issues with the single highest value 

being an outlier.  It also overcame the issue of plotting so many values that the consistently low E2N 

values did not become part of the optimisation process in the lower TNN analyses.  The anticipated 

trend in these data was an increase in E2N as the TNN increased and separated populations based 

on more nuanced but practically significant differences.  This would then reach an apex where the 

E2N would begin to decline as the events were separated based on relatively minimal and arbitrary 

differences, increasing the noise in the system without substantially increasing the standard 

deviation of the total node dataset.  With analyses performed at a sufficiently low and high TNN, 

with regular intervals, it was predicted that plotting the top 3 E2N from each analysis would 

approximate a bell curve as the TNN increased closer to the optimal value and then further away. 

The general trend observed in the data plotted was an increase in the top 3 E2N values from TNN of 

10 up to 30, before a slight decline. There was an initial increase from TNN of 10 to 15 where both 

the top and third highest E2N increased by a similar value of roughly 0.5, whilst the second highest 

value changed from being similar to the highest value to approximating the third highest value 

between the two analyses.  Between the 15 and 20 TNN analyses the second and third highest 

values remained at a similar level, whilst the highest value reduces to about the level of that seen in 

the 10 TNN analysis, whilst the top values in the 25 TNN analysis are similar to that of the 20 TNN.  

The 30 TNN analysis shows the highest E2Ns for each of the top positions with the second and third 

highest values being between ~3.3 and 3.7, and the highest value being ~5. There is a drop in all 
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three highest E2N values in the 40 TNN analysis, however these values are the second highest of 

each of their respective positions seen, and therefore do not drop to the level seen in analyses with 

a TNN lower than 30. 

It is not clear why there is a decrease in the top 3 E2Ns of the 20 and 25 TNN analyses relative to the 

15 and 30 TNN analyses.  These are all analyses of the same data, rather than analyses of separate 

datasets, and therefore this variation is down to the TNN that is being implemented on these data 

rather than any culture variation.  As this variation is being caused by the subpopulations that are 

being formed, one explanation of the reduction could be to do with the phenotypic space in which 

the additional cluster points are being formed.  It is plausible considering the observable changes 

that are happening in the data around 120 hours that several cluster points will be within a similar 

area of the phenotypic space when the TNN is increased.  As previously stated, part of the purpose 

of increasing the TNN of analyses is to ensure that genuinely different subpopulations are not 

combined into other groups, obfuscating any varying effects that cultural conditions are having on 

them.  At the lower (10, 15) TNN SPADE analyses the lower E2N compared to other analyses suggest 

that this is the case, while the highest observed E2Ns in the 30 TNN analysis would suggest that this 

is, of those tested, the optimal TNN for separating subpopulations. 

Where there are subpopulations identified in the 30 TNN analysis which are grouped together in the 

lower TNN analyses, it serves logic that there could be a TNN which would partially separate these 

groups.  These ‘in between’ definitions would likely sit, as a phenotypic identity, somewhere 

between those of the subpopulations identified in the 30 TNN SPADE analysis.  In this situation it 

would be plausible that events of a genuine subpopulation between these new definitions would be 

unevenly, and potentially inconsistently, distributed to surrounding nodes, leading to increased 

noise between repeats.  With the increase in variation between conditional repeats, the bottom half 

of the E2N calculation becomes larger, without proportionally increasing the top half, leading to a 

decreased E2N ratio.  This would appear to apply in the case of the 20 and 25 TNN analyses and 

would explain the previously unexpected drop as TNN increases. 

As the 30 TNN analysis has the greatest E2N values when comparing the first, second and third 

highest values from each of the analyses, it is reasonable to say that this is the optimal TNN of those 

compared and will be used moving forwards. 

4 .3 .2 .3  Su bp op u la tion  s elec tion  rate a na lys is   

With the optimal TNN selected, this gave a dataset that was optimally algorithmically divided into 

subpopulations based on a full representation of the phenotypic landscape across the duration of 
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the experiment for all conditions.  The next process was to analyse how these newly defined 

subpopulations interacted, if at all, with the experimental variables in this experiment. 

4.3.2.3.1 Selection of nodes of interest 

The previous phenotypic analysis process resulted in 12 groups of data, that of the 4 maturity 

phenotypes within CD4+, CD8+ and total T-cell parent populations.  The new analytical process 

generated 30 different groups, each with their own profile.  Within CAR T-cell therapy manufacture 

the Naïve and Central Memory are the desired subpopulations, and therefore one of the objectives 

of the experiment was to identify how the experimental conditions affected the growth and purity of 

these subpopulations in culture.  With these subpopulations the main targets of the phenotypic 

analysis, it was decided that rather than analyse all nodes against the experimental variables, only 

those that contained events that would fit into either of the two target subpopulations would be 

assessed. 

The Cytobank website can display SPADE trees of all the analysed data, heat mapped to whichever 

marker the user desires.  Given the biologically mutually exclusive nature of CD4/CD8 expression and 

the relatively minimal overlap between CD4+ and CD8+ populations it is possible to identify the 

‘sides’ of the SPADE trees that pertain to either CD4+ or CD8+ populations.  It is also possible to 

begin to identify the maturity subpopulations that nodes would be categorised into based on the 

‘heat’ of nodes for CCR7, CD45RA and CD45RO expression.  Considering the objectives of this novel 

analytical technique are to reduce the level of user bias in analysis and generate a process with a 

greater founding in logic, it was prudent to pursue further methods of analysis beyond user based 

identification of subpopulation classification based on colour gradient of nodes. 
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The online interface of Cytobank allows the user to select a node, or nodes, of a SPADE tree and will 

display the events allocated to the selection from a specific sample as a dot plot.  The user can 

define the axes that the data is presented on which allows the visualisation of event data attributed 

to nodes on the CCR7/CD45RO axes that were utilised for analysis in the original analytical technique 

(Fig. 4.11).  Using these plots it would be possible to identify those nodes which presented events 

fitting the phenotypic profile of Naïve (CCR7+/CD45RO-) or Central Memory (CCR7+/CD45RO+), the 

Nodes of Interest (NoI).  The analytical process generated 245 SPADE diagrams, and it was therefore 

not feasible to analyse every node on every diagram for their CCR7/CD45RO distribution, requiring a 

streamlined but representative method of identifying these NoI. 

The experiment was set up using a full factorial 24 design with midpoint.  This involved testing all 

permutations of the high and low set values of the 4 experimental values, as well as the midpoint 

conditions which were cultured at the average level of all variables.  Midpoint conditions are used to 

highlight any non-linearity in the relationship between culture behaviour and the experimental 

variables.  The intermediate nature of these conditions means that they were the closest that the 

experiments came to an average response to the experimental conditions, and as such identifying 

the NoI using these conditions appeared to be a suitable method for global analysis of the dataset.  

The requirement of picking a timepoint at which to analyse the nodes was deferred back to the 

previous selection of point of greatest experimental effect, as this would most likely be the point at 

which data were distributed through the greatest number of nodes, making it easier to identify 

events of interest.  Furthermore, the greater density of cells at 120 hours would also make 

identification of events of interest easier. 

Implementing this method identified 18 NoI, described in Table. 2, selected for the presence of 

events meeting the threshold level of CCR7 expression.  The density plots for these nodes of this 

sample visibly vary in density, indicative of different subpopulation sizes, and vary in expression of 

CCR7 and CD45RO.  The range of expression of CD45RO over the NoI shows populations that are 

immature, mature, and those that lie across the threshold used to define between the two.  

Meanwhile, CCR7 expression shows that all populations observed within the selected NoI have 

events either side of the threshold for ‘homing’ cells.   This indicates that although there are 

populations identified within this experiment that are more or less ‘homing’ there are no 

populations identified by SPADE’s analytical process that are explicitly Naïve or Central Memory, 

only those that have a greater or lesser expression of attributes associated with those populations. 
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It is possible to see where some subpopulations from different nodes would overlap, were they 

presented on the same CCR7/CD45RO plot.  The 5 dimensional analysis of these data mean that it is 

not possible to fully define the differences between the populations seen in different nodes using 

only the CCR7/CD45RO plots, requiring further analysis using the other markers used for clustering.  

Two nodes from a midpoint sample at 120 hours may produce extremely similar density plots on a 

CCR7/CD45RO scale, but these populations could vary in CD4/CD8 expression, separating them by 

their cytotoxic/helper function, and similarly could have a different CD45RA expression level, 

indicating the level of transition between immature and mature states.  Considering this, it is worth 

mentioning that where node subpopulations occupy a similar space, that does not mean that they 

are occupying the same 5 dimensional phenotypic space and should still be considered truly 

separate subpopulations. 

4.3.2.3.2 Subpopulation analysis 

With the NoI identified, the next step was to ascribe a value to each sample within the node that 

would give the ability to assess what impact cultural conditions were having on cells that would fall 

into that distinct subpopulation.  As mentioned in the traditional analysis method, part of the 

decision is between using the absolute number of events attributed to that node for each sample, or 

the proportion of the sample represented in that node relative to the total sample. 

4.3.2.3.2.1 Total event count vs proportional analysis 

Although the sampling method of analysing a fixed volume sample from conditions at each 

timepoint would allow the tracking of subpopulations through event count, it does not consider 

other populations within the samples and is therefore suboptimal for several reasons.  Firstly, this 

method only acknowledges the count of the sample within this node, and in not recognise other 

subpopulations it is not possible to identify the purity of the sample with regards to this 

subpopulation.  If the objectives of the experiment included generating the greatest number of cells 

from a particular subpopulation then this would not be an issue, however as the target is purity in 

culture rather than quantity produced per input, the relative numbers of cells from other 

subpopulations is relevant. 

Secondly, the reason for phenotypic analysis of cultures at multiple timepoints is due to the change 

in phenotypic profile of cells over time.  With a greater number of subpopulations that overlap in 

multiple dimensions there is also a greater opportunity for transition between subpopulations over 

time.  T-cells are unable to transition between CD4+ and CD8+ state, but variable expression of 

CCR7, CD45RA and CD45RO could all induce transition from one subpopulation to another.  

Comparatively, only analysing the number of events from a sample assigned to a node could lead to 

ambiguity in results. It would fail to highlight whether the cause for an increase or decrease in the 
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growth rate of a subpopulation was the result of a global change in growth rate, or selection for or 

against the specific subpopulation.  Meanwhile, a proportional approach to analysis may not fully 

explain any variation observed but would give a greater definition of the population relative to the 

total growth of the culture, and therefore allow for easier assessment of experimental variables’ 

effect on target populations. 

4.3.2.3.2.2 Subpopulation proportion calculation 

The subpopulation proportion needed to be calculated as it was not automatically done so as part of 

the SPADE analysis.  Traditional analysis would compare the number of events in the node to the 

total number of events for the sample at that timepoint.  However, this process means that in the 

event that there is one node that carries a substantial proportion of the total events to the point 

where other subpopulation counts are relatively negligible, all proportions will essentially be taken 

as relative to this large proportion.  To balance this somewhat, the proportion was calculated by 

comparing the number of events for a sample within a node to the number of events for the sample 

in all other nodes.  This analysis was performed on all NoI, for all samples, for nearly all timepoints.  

A lack of data from samples run at 168 hours meant that it was not possible to run this analysis for 

data from the samples tested at that timepoint and it therefore had to be omitted from this analysis. 

4.3.2.3.2.3 Subpopulation proportion tracking 

With the comparison between the NoI and the remaining nodes produced as a relative proportion, it 

was then possible to plot this value against time.  Observing the data in this way made it possible to 

identify how the subpopulation proportions changed over time. 

Plots of subpopulation proportions over time showed a high degree of variation in subpopulation 

behaviour between nodes.  However, plotting the average subpopulation proportion within a node 

across all samples at each timepoint showed a relatively conserved pattern in the data (Fig. 4.12).  

17 of the 18 NoI showed an increase in the average subpopulation proportion from 48 hours to 72 

hours, followed by a decline to a similar level at 96 hours.  Furthermore, in 16 of those 17 NoI, the 

average subpopulation from 96 hours to 144 hours remained relatively stable.  The changing level of 

variation seen in the last three timepoints shows that the different NoI were affected differently by 

experimental conditions, it is none the less noteworthy that there was such a conserved pattern 

across all NoI when averaging across samples. 
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Node 24, a relatively central CD8+ cluster, with events that fall into all 4 traditional maturity 

phenotype categories showed a shallow incline in average subpopulation proportion after 96 hours, 

compared to the relative stability of the 16 comparable nodes.  Meanwhile, node 14, a CD8+ Central 

Memory subpopulation, showed a decline in the average subpopulation proportion from 48 hours to 

96 hours, after which the average subpopulation proportion remained at a similar level until 144 

hours, akin to the pattern seen in the majority of other node analyses.  Considering the method for 

calculating the subpopulation proportion, the pattern of a spike in subpopulation proportion at 72 

hours is indicative of a drop in the subpopulation proportion of a large population, distributed 

amongst the other subpopulations at this timepoint.  The reasons for this temporary redistribution is 

not clear; the change does correlate with the first supplementation of medium in the experiment, 

and therefore there may be some link between them, however this same response is not seen at 

120 hours, another supplementation timepoint, and it also is not apparent how these would relate. 

4.3.2.3.2.4 Subpopulation selection rate 

Calculation of subpopulation proportions across time identified that the pattern of change over time 

changed depending on sample being observed.  This implication of condition relative effects on 

subpopulations required further processing of the data to identify the nature of the relationships.  In 

order to get an approximation of the behaviour of the subpopulation proportions over time, so that 

they could be compared against the experimental conditions, the gradient of a linear estimate of the 

data was calculated.  This was done using the LINEST function in excel, with the subpopulation 

proportion and time acting as the Y and X data respectively. 

The calculated gradient was indicative of the change in subpopulation proportion over time.  A 

negative gradient would indicate that the subpopulation was not being selected for in the culture 

conditions, whilst a positive gradient would imply a positive selection for that subpopulation in the 

culture conditions.  A gradient of 0 would either imply that the absolute number of cells in the node 

was increasing at the same rate as the total population, whether entirely due to growth of cells in 

that subpopulation, or in combination with transition in and out of the subpopulation from/to 

others.  As the gradient represents the rate at which the subpopulation proportion changes, if at all, 

this value can also be considered the selection rate for the subpopulation as a proportion of the total 

culture. 

4 .3 .2 .4  Min itab  an a lys is of  o u tp u t d a ta  

Data were statistically analysed in Minitab to identify effects, both independently and in 

combination, on the selection rates generated from SPADE analysis data. 
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4.3.2.4.1 Analysis of experimental effect on calculated selection rates 

Analysis of the selection rates shows that all the experimental variables had some significant effect 

across the subpopulations from the NoI.  Furthermore, it shows that all subpopulations were 

significantly affected by at least one independent factor except node 20, a CD4+ subpopulation that 

shows Naïve and Effect phenotype cells (Fig. 4.13). 

 

Analysis of factor significance shows that cell density was the most common individual factor of 

significance, having a significant impact on 15 of the 18 analysed subpopulations (Fig 4.13).  
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Increasing the cell density from 1x106 cells/mL to 2x106 cells/mL generally had a negative effect on 

the subpopulation proportion, with negative correlation identified in 13 of the 15 subpopulations 

significantly affected by seeding density (Fig 4.14).  IL-2 concentration and Dynabead concentration 

each significantly affected 8 of the 18 targeted subpopulations, 5 of which were affected by both 

factors. Increasing the Dynabead concentration had a predominantly negative effect on 

subpopulation proportion, with 6 of the 8 effected nodes negatively affected.  Meanwhile, 

increasing the IL-2 concentration mostly had a positive effect on those nodes that were significantly 

affected, with 5 of the 8 effected nodes positively affected (Fig 4.14). 

 

No pattern is immediately obvious in the data other than that the nodes that have been selected for 

further analysis are those which show events with sufficiently high CCR7 expression to classify as 

part of the ‘homing’ maturity phenotypes (Naïve and Central Memory), although this is not a 

ubiquitous effect.  A potential reason for this is that the effected subpopulations are more effected 
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by transition of cells between phenotypic definitions, as the experimental conditions tested were 

predicted to have an impact on this behaviour.  In addition, there was no observable pattern relative 

to CD4/CD8 expression, but CD45RA expression was not investigated here and this may better 

inform any understanding of the reason that some subpopulations were affected and others were 

not. 

The least impactful experimental factor within the nodes analysed was the timing of IL-2 addition, 

which only effected 3 of the 18 analysed nodes.  Where a significant factor, delaying the addition of 

IL-2 always had a positive effect on subpopulation proportion.  All nodes with a significant response 

to timing of IL-2 addition were also significantly affected by at least one of the other experimental 

factors.  The significant response to other factors was in line with conditions that would not be 

conducive to stimulation of proliferation and maturation, negative to IL-2 and Dynabead 

concentration increases and positive to increasing the seeding density of cultures.  As these other 

factors correlate with less maturing conditions, it suggests that delaying the addition of IL-2 until 96 

hours could also be considered a condition that does not induce the same level of maturation as 

adding at 0 hours. 

Of all the nodes which presented all 4 maturity phenotype (Naïve, Effector, Effector Memory and 

Central Memory) events, only one had a significantly negative correlation with increasing the cell 

seeding density.  The two conditions which were positively affected by increasing seeding density 

were nodes 8 and 24.  These two subpopulations were also significantly negatively affected by 

increasing the IL-2 and Dynabead concentrations from 0 UI/mL to 200 UI/mL and 0.2x106 beads/mL 

to 1x106 beads/mL respectively.  Both factors are commonly associated with increasing proliferation 

and maturation in T-cell cultures, whilst a higher seeding density in a proliferating culture would be 

assumed to deplete nutrients and exhaust medium faster than that of cultures with a lower seeding 

density.  Therefore, it would appear that these subpopulations benefit from conditions that do not 

promote growth or maturity in culture and are more restrictive. 

The lack of stimulation and nutrition could potentially restrict the maturation of certain cell 

populations, causing the generation of a stunted population unable to reach full maturation.  

Alternatively, rather than generating a new subpopulation, these restrictive conditions could be 

reducing transition from these subpopulations onto other existing subpopulations.  As mentioned, 

nodes 20, 21 and 22, which represent events of all 4 maturity subpopulations, do not have a 

significantly positive response to increases in cell density.  Node 22 is significantly negatively 

affected by increasing Dynabead concentration, whilst node 20 is the only subpopulation analysed at 

this stage that does not have a significant response to any individual factor. 
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Node 21 has a significantly positive response to an increase in Dynabead concentration and 

significantly negative response to increasing the cell density, which is counter to the trends seen in 

the other like nodes.  As mentioned, increasing the Dynabead concentration would aid in stimulating 

the maturation of cultures, and reducing the seeding density would reduce the chance of medium 

exhaustion, allowing greater proliferation and allowing maturation to continue in T-cell cultures.  

The positive response to these conditions could be indicative of this subpopulation being a genuine 

endpoint phenotype for certain populations, which are stimulated or enabled to proliferate better in 

cultures with higher Dynabead concentration and lower seeding densities.  However, these data 

could also show a subpopulation that is a key transitional state for cells maturing to other 

subpopulation phenotypes, and in conditions that stimulate greater maturation and proliferation it 

would be logical to observe a greater proportion of cells going through this transition to reach a 

more mature state. 

Looking at combinatorial responses, interaction between the concentration of IL-2 and the timing of 

addition was the most commonly significant pair of factors. However, of those nodes that were 

significantly affected by this interaction, only nodes 13 and 17 did not display the same patterns as 

was seen in the traditionally gated and analysed data, whereby there was a similar level of variation 

identified in the response of cultures supplemented with 0 UI/mL IL-2 at 0 and 96 hours as there was 

in the cultures supplemented with 200 UI/mL IL-2 at those two timepoints.  The previous analysis 

concluded that the observation invalidated any conclusions drawn from this interaction but did not 

invalidate any observations of either the factors independently or the interactions of these factors 

with other experimental variables due to their interdependent nature.  It is nonetheless worth note 

that these data were analysing the change in subpopulation proportion over time, as opposed to 

subpopulation data at a specific point, indicating that this inherent variation was present throughout 

the duration of the cultures and not just at the timepoint previously examined.  Furthermore, it was 

hoped that in increasing the phenotypic resolution that the data causing this issue would be 

separated into subpopulations that had cohesive behaviour, eliminating this effect, however the 

data shows that this has not been the case. 

The next most commonly significant interaction was between the concentration of IL-2 

supplemented into cultures and the seeding cell density.  The majority of the subpopulations 

effected by this interaction saw the lower seeding density, regardless of the level of IL-2 

supplemented have a more positive effect than any of the conditions that were conducted at the 

higher seeding density.  The only nodes where effects between the two seeding densities crossed 

was node 6 and node 27. 
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In node 6, at a higher IL-2 concentration the responses were still separated by the observed trend, 

with the lower seeding density having a positive effect compared to the higher seeding density.  

However, at the lower IL-2 concentration, the difference between the two seeding densities 

appeared to be negligible, with the reduction in IL-2 seeming to negate any impacts that the seeding 

density would have on this subpopulation.  At a lower IL-2 concentration the effect on the 

subpopulation proportion is negative, regardless of the seeding density, whilst at higher IL-2 

concentration a slightly less negative effect on subpopulation proportion is observed at the higher 

seeding density, and a substantially positive, both relative and actual, effect on subpopulation 

proportion is observed in the lower seeding density.  This potentially suggests that this 

subpopulation requires a higher concentration of IL-2 to increase its subpopulation proportion, but 

at a higher seeding density, this subpopulation is affected more by medium exhaustion. 

Node 27 shows a similar, but not identical pattern of response where the difference between the 

response at 0 UI/mL and the 200 UI/mL IL-2 conditions seeded at 2x106 cells/mL was this time 

negligible.  Meanwhile, the response difference between high and low IL-2 was the same as 

previously mentioned in the cultures seeded at 1x106 cells/mL, with subpopulation proportion being 

positively affected by increasing the IL-2 concentration.  However, in this node the negative effect on 

subpopulation proportion of low IL-2 in the lower seeding density cultures was greater than that 

seen in either group of the higher seeding density cultures. 

There were two nodes significantly affected by the interaction between IL-2 concentration and cell 

density where subpopulation proportion was positively affected by seeding at 1x106 cells/mL 

compared to 1x106 cells/mL, nodes 8 and 24.  In node 8, the level of selection for the subpopulation 

was reduced when increasing the IL-2 concentration from 0 UI/mL to 200 UI/mL at either seeding 

density.  However, whilst at a seeding density of 1x106 cells/mL the average selection rate moves 

from negative when supplemented with 0 UI/mL IL-2 to a more negative rate when 200 UI/mL is 

supplemented, at 2x106 cells/mL the average selection rate decreases from substantially positive to 

slightly negative as the IL-2 concentration increases. 

In node 24, increasing the IL-2 concentration similarly reduces the average selection rate for the 

subpopulation from relatively very positive to slightly negative in the cultures seeded at 2x106 

cells/mL.  However, in this node, regardless of the IL-2 concentration supplemented, the average 

selection rate of cultures seeded at the lower density is always lower than that of those seeded at 

the higher density.  Seeding at the lower density therefore always had an average selection rate that 

was negative. 
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Nodes 8 and 24 were similarly the only nodes where the selection rate was significantly increased in 

reaction to increasing the cell density.  This further supports the conclusion that these 

subpopulations are further stimulated and selected for in conditions that limit proliferation and 

maturation of the cell populations.  However, this also shows that there are subpopulations that 

using the standard 2-dimensional analysis method may have been grouped together, in reference to 

the subpopulations that represent the same CCR7/CD45RO phenotypic space, which do not have 

similar responses to experimental conditions.  The benefits of the new analytical method are further 

shown by the algorithmic selection of event clusters that fall into multiple standard phenotypic 

classifications, indicating that a more phenotypically resolute analysis of phenotypic data will garner 

results which better inform the interactions in the culture system.  



154 
 

 

The interaction between the timing of IL-2 addition and cell density also had a significant effect on 

several subpopulations. Four of these subpopulations, nodes 11, 17, 18 and 21, showed a similar 

type of response to the experimental factors (fig. 4.15).  All four subpopulations showed that the 

average selection rate was negatively affected when cultures were seeded at 2x106 cells/mL, with 

the average rate being negative regardless of the timing of IL-2 addition.  Nodes 11, 17 and 18 show 

a similar rate of increase in the average selection in cultures seeded at 1x106 cells/mL when the 

supplementation of IL-2 is delayed from 0 to 96 hours.  In the 2x106 cells/mL cultures, nodes 11 and 

18 show a negative effect on selection rate when IL-2 supplementation is at 96 hours, whilst in node 

17 this is shown to have a slightly positive effect on the average selection rate.  Average 

subpopulation selection rate in node 21 of cultures seeded at 1x106 cells/mL increased at a lower 

rate than that observed in nodes 11, 17 and 18 between subgroups where IL-2 was supplemented at 

0 and 96 hours, but still observed the positive trend.  Node 21 also showed a greater negative 

change in cultures seeded at 2x106 cells/mL between those supplemented with IL-2 at 0 and 96 

hours. 
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In node 6 the data show that there was a negligible reduction in the average subpopulation selection 

rate for cultures seeded at 1x106 cells/mL and 2x106 cells/mL when IL-2 is supplemented at 0 hours, 

as well as that supplementing at 0 hours always negatively selects for that subpopulation.  

Supplementing IL-2 at 96 hours had a negative effect on average selection rate compared to 0 hours 

when seeding at 2x106 cells/mL, however it had a relatively positive effect when seeding at 1x106 

cells/mL, as well as producing a genuinely positive selection rate.  Node 8, which has so far been 

shown to benefit from those conditions that are less likely to induce proliferation or maturation in 

cultures, shows the opposite trend to that which has been observed so far, with average selection 

rate of cultures seeded at the higher density being more positive than those seeded at the lower 

density.  There appears to be little impact on delaying the supplementation of IL-2 from 0 hours to 

98 hours to cultures seeded at 2x106 cells/mL, however there is a small increase in the average 

selection rate when supplementing later.  At the lower seeding density, delaying the 

supplementation of IL-2 has a substantial positive effect on the average selection rate, however the 

selection rate still remains negative. 

Node 20 is the only subpopulation where there is a substantial difference in the effect of IL-2 

supplementation timing between the two seeding densities tested.  At the lower seeding density, 

the average selection rate when supplementing IL-2 at 0 hours is negative but delaying the addition 

of IL-2 to 96 hours has a substantially positive effect on the average selection rate, producing a 

positive selection rate.  Meanwhile, in conditions seeded at the higher density of 2x106 cells/mL the 

selection rate is positive when IL-2 is supplemented at 0 hours.  Delaying the supplementation to 96 

hours has a substantially negative effect, and induces a negative average selection rate, similar to 

the average rate of the 1x106 cells/mL conditions supplemented at 0 hours. 

Nodes 6, 8 and 24 were all similarly significantly affected by the interaction of the timing of IL-2 

supplementation and the concentration of CD3/CD28 Dynabeads that was supplemented into 

culture.  In these subpopulations, changing the concentration of CD3/CD28 Dynabeads 

supplemented has little effect on those cultures where IL-2 was supplemented at 96 hours, reducing 

slightly in node 6 and increasing a small amount in nodes 8 and 24.  When supplementing IL-2 at 0 

hours, conditions which were supplemented with 0.2x106 beads/mL show a similar selection rate to 

those of the cultures supplemented at 96 hours.  However, supplementing with 1x106 beads/mL has 

a substantially negative effect on the average selection rate.  Node 13 shows a similar change in the 

average selection rate in conditions supplemented with IL-2 at 0 hours, however when 

supplemented at 96 hours there is a more easily observable increase in the average selection rate 

between those cultures supplemented with 0.2x106 beads/mL and 1x106 beads/mL. 
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Nodes 22 and 27 were also identified as having similar significant responses to the interaction of 

Dynabead concentration and timing of IL-2 supplementation as each other.  In both nodes, the 

supplementation of 1x106 beads/mL CD3/CD28 Dynabeads had a negative effect on average 

selection rate relative to those which were supplemented with 0.2x106 beads/mL, but also that 

delaying the supplementation of IL-2 to 96 hours reduces this negative effect.  The opposite effect is 

seen in the cultures supplemented with 1x106 bead/mL CD3/CD28 Dynabeads, with supplementing 

IL-2 at 96 hours having a negative effect on selection rate, while supplementing at 0 hours has a 

substantially positive effect on average selection rate. 

4.3.2.4.2 Discussion 

Analysis of the average subpopulation proportion over time for the subpopulations carried forward 

to the further analysis showed surprising similarities.  The majority of subpopulations showed the 

same trend in the average subpopulation proportion, whilst the range of data at each point was 

more indicative of the variation between subpopulations.  Unlike comparing the proportions of 

different subpopulations within a condition, the subpopulation proportions of different 

experimental conditions do not affect each other and there is not mathematical reason why they are 

likely to appear so similar.  Therefore, it would appear that this is a genuine similarity between these 

subpopulations’ behaviour on average.  Apart from the spike in subpopulation proportion at 72 

hours, the data showed that on average the subpopulation proportion remained relatively similar 

throughout the duration of the culture.  However, as previously mentioned, the high degree of 

variation between the range of data at any one point between subpopulations indicates that overall 

there were substantial differences in the way these subpopulations behaved over time.  This data 

also does not highlight the variation in how individual cultures behave within these ranges over 

time, which varied substantially. 

Analysis of the selection rates generated show that the most significantly impactful experimental 

factor on the selection rates for the subpopulations assessed was the seeding density.  The impact of 

increasing the seeding density from 1x106 cells/mL to 2x106 cells/mL on the subpopulations 

analysed, whether in isolation or in combination with other factors, was predominantly negative. 

Not only did the higher seeding density having a negative effect on the average selection rates 

compared to the lower seeding density, but also mostly induced a genuinely negative selection rate, 

implying that these subpopulations were not proportionally performing as well as others in the 

cultures when the seeding density was higher. 

Where the CD3/CD8 Dynabead concentration had a significant effect, increasing the concentration 

had a negative effect on the average selection rate on the subpopulations more often than where 

the effect was positive.  Meanwhile, increasing the IL-2 concentration had the opposite effect by 
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having a positive effect on more of the subpopulation selection rates than negative in those where 

IL-2 concentration was a significant factor.  Three of the observed subpopulations were significantly 

affected by the timing of IL-2 addition, with the supplementation of IL-2 at 96 hours having a positive 

effect compared to supplementing at 0 hours in all three. 

With all three of these factors there was no immediately obvious trend in the data to define a 

relationship between those experimental variables and the subpopulation selection rates.  Both IL-2 

and Dynabead concentration effect a mixture of CD4+ and CD8+ subpopulations, as well as a number 

of subpopulations that span the CCR7/CD45RO range seen across all analysed nodes.  The effect of 

manipulating the supplementation timing for IL-2 only significantly affects subpopulations that were 

CD4+, however the phenotypic profiles of the events within these nodes still show limited congruity, 

if any, and a spread of events over the phenotypic space results in no clear relationships being 

defined. 

Analysis of the selection rate data also didn’t yield any obvious trends in which subpopulations 

would be significantly affected by interacting factors, and mostly didn’t provide evidence there was a 

trend in how they would be affected. 

Changing the perspective and viewing the interactions of factors with subpopulations it is possible to 

see that 2 nodes stand out from those assessed.  Nodes 8 and 24 each represent a subpopulation of 

cells which have a range of CCR7 and CD45RO expression which results in cells falling into all 4 

maturity subpopulation phenotypic categories.  Furthermore, these nodes represent a CD4+ and 

CD8+ subpopulation respectively, suggesting that these nodes represent the same subpopulation of 

cells in either the helper/regulatory or cytotoxic subgroups.  These nodes respond positively to all  

the conditions that would be anticipated to reduce the level of proliferation and maturation of cells 

in cultures, such as increasing the seeding density and decreasing the concentration of IL-2 and 

CD3/CD28 Dynabeads in culture. 

Nodes 8 and 24 were the only nodes of all those analysed at this stage which showed a positive 

response to increasing the seeding density.   It is not clear if these subpopulations benefit from these 

conditions due to a failure of cells to progress in the maturation process and transition to a different 

subpopulation, or if these limiting factors cause the creation of a new end point subpopulation that 

is not as mature.  In either instance, this is evidence that this novel approach to phenotypic data 

analysis can identify subpopulations and trends in data that were not previously seen. 

4.3.2.4.3 Conclusions 

It was originally hypothesised that the supplementation of 1x106 beads/mL CD3/CD28 Dynabeads at 

seeding and 200 UI/mL IL-2 after 96 hours into cultures seeded at 1x106 cells/mL would prove 
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beneficial for Effector Memory phenotype subpopulations and be detrimental to the immature, 

Naïve and Effector, subpopulations.  One of the limitations of using the novel analytical method to 

produce subpopulations is that it is not easy to compare the hypotheses to subpopulations 

generated as they span the borders of phenotypic classification the hypotheses were addressing.  

However, in the subpopulations carried forwards into further analysis the trends in data show that, 

where significant, supplementation of 200 UI/mL IL-2 at 96 hours with 1x106 beads/mL CD3/CD28 

Dynabeads into cultures seeded at 2x106 cells/mL had negative impacts on selection for these nodes. 

There was a high number of subpopulations that included events that fall into the Effector Memory 

phenotype profile, which could be the cause of so many subpopulations responding negatively to a 

higher seeding density and delayed supplementation of IL-2.  However, there were several 

subpopulations that did not get selected, including predominantly Effector Memory subpopulations, 

and therefore this response is still somewhat unexpected. 

One of the main conclusions from this analysis is that the novel analytical process was able to 

identify a subpopulation within both CD4+ and CD8+ subpopulations that had a similar phenotypic 

profile, but different responses to the same experimental conditions.  This shows that the process 

has the capacity to identify subpopulations and draw conclusions at a higher phenotypic resolution 

that would have been assimilated into other groups and lost at a lower one. 

4 .3 .2 .5  Co mpa riso n  with  s ta nd a rd  g a ting  tec hn iq u e  

This novel analytical method for phenotypic data was developed in response to observation of the 

shortcomings of the traditional method.  The standard method was effective at analysing the 

proportion of events that fell into phenotypic categories, however their rigid definition resulted in 

analysis that did not consider the nuances of protein expression for the specific dataset being 

analysed. It also made no attempt to identify subpopulations within the cultures, beyond the 4 

maturity phenotypes of CD4+ and CD8+ subpopulations, instead assuming the behaviour of all cells 

in the culture would have a similar response to the same stimulus. 

The process developed addressed some of these issues. Using a platform that utilised algorithmic 

generation of subpopulations avoided rigid threshold expression levels to define subpopulations. 

User definition of the number of subpopulations generated allowed for optimisation of this against 

the data to identify the number of genuinely different subpopulations.  Furthermore, analysis of 

data from all conditions and timepoints simultaneously allowed for the generation of subpopulations 

that represented the full phenotypic space occupied across the duration of the whole experiment.  

Data and outputs from both analysis techniques were compared to assess any different observations 

or conclusions that may have been drawn. 
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4.3.2.5.1 Subpopulations identified using SPADE analysis 

The phenotypic profile of subpopulations produced in the 30 node SPADE analysis vary across time. 

However, it is still possible to see in the snapshot of data presented in Fig. 4.11 that the 

subpopulations produced do not fully fit within the parameters of the standard analysis protocol.  In 

all nodes carried forward to further analysis within this culture at 120 hours, the spread of CCR7 and 

CD45RO expression results in clusters that span at least two maturity phenotype definitions, and 

some span all four. 

That a non-biased, algorithmic approach to cluster definition would produce clusters of cells that 

span the typical subpopulation definitions shows the inadequacy of the standard analytical method.  

Subpopulations identified show a range of expression profiles which, by the process that the optimal 

TNN was identified, are affected differently by experimental conditions.  The traditional phenotypic 

analysis would not have given this detailed an output of the distinct subpopulation makeup of the 

cultures. 

A greater number of markers was used to generate the subpopulations represented by each node.  

However, as they were the markers that constituted the same panel used for standard analysis, it is 

possible to determine which traditional subpopulations the novel populations would have been 

placed into, and in what proportions where the population would not entirely fit into one boundary.  

With this, although the analysis produces novel populations, it is still possible to relate these back to 

the standard, biologically defined populations currently used, and therefore compare the 

conclusions obtained from using this method back to previous research. 

The data clearly show that the novel analytical technique is superior to the traditional technique in 

identifying genuinely different subpopulations in these T-cell cultures.  However, this was not the 

only comparison to be drawn between the two, as there is also the question of any differences or 

similarities in the conclusions of experimental effects. 

4.3.2.5.2 Comparison of experimental conclusions between conventional and novel phenotypic 

analysis 

One thing that is true of the statistical analysis of the subpopulation data obtained via the traditional 

method is that it did not identify a large number of significant impacts.  For example, the only 

independently significant factors were IL-2 concentration and Dynabead concentration, with the 

latter only significantly affecting one of the subpopulations.  The issues with the data presented of 

the interaction between IL-2 concentration and timing of supplementation (Fig. 4.7), leading to them 

being invalidated, also reduced the number of significant factors in the dataset. 
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Meanwhile, analysis of the data produced from the novel analytical technique showed a large 

number of significant factors, with each factor individually having a significant effect on at least one 

subpopulation.  Having a larger number of significant factors does not immediately make the novel 

analytical technique better, especially given that theoretically this could be due to subdivision of 

populations already identified as being significantly impacted.  However, the number of 

subpopulations significantly affected implies that this process of identifying subpopulations has 

enabled the identification of significant effects, where before they were obfuscated by poor 

definition of subpopulations.  Furthermore, the increase in significantly affected subpopulations as a 

proportion of the total subpopulations, along with the increase in the number of significant factors, 

independently and in combination, appears to show that in this scenario the novel analytical 

technique has been able to better identify what effects the experimental conditions are having on 

different subpopulations of cells within the cultures. 

The predominant output from individual factor analysis from the standard analytical technique was 

that increasing the IL-2 concentration had a significantly negative effect on Effector subpopulation 

proportion.  In the data obtained from the novel analytical technique, those subpopulations 

observed to have the greatest proportion of cells as Effector phenotype significantly affected by IL-2 

concentration also had a negative response to an increase in the concentration.  However, there 

were also several other subpopulations that had a significantly positive response to increasing the IL-

2 concentration from 0 UI/mL to 200 UI/mL. 

The analysis of the interaction between the timing of IL-2 supplementation and Dynabead 

concentration between the two analytical techniques also highlighted differences in outputs.  

Analysis of data traditionally obtained showed that in Effector subpopulations the proportion was 

negatively affected by either supplementation of IL-2 at 0 hours or increasing the Dynabead 

concentration to 1x106 beads/mL, or both.  Effector subpopulation proportions were only positively 

affected by delaying the supplementation of IL-2 and decreasing the concentration of CD3/CD28 

Dynabeads supplemented.  Meanwhile, the analysis of the data obtained via the novel technique 

showed no subpopulations significantly affected by this combination of variables that had the same 

type of response.  Of the three subpopulations where the largest proportion of cells would be 

categorised as Effector phenotype, two of them only showed a deviation of response when IL-2 was 

supplemented at 0 hours along with the higher concentration of CD3/CD28 Dynabeads, while the 

other showed a relatively positive response to the lower concentration of CD3/CD28 Dynabeads and 

IL-2 supplemented at 0 hours.  It could be argued that the two subpopulations that were negatively 

affected by supplementing IL-2 at 0 hours and supplementing CD3/CD28 Dynabeads at 1x106 

beads/mL had a similar response to that seen in the standard protocol analysis as these conditions 
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would be considered to induce proliferation and maturation in T-cell cultures. However, not all 

subpopulations identified as mostly Effector phenotype in the novel analysis were significantly 

affected by this combination of factors. Furthermore, the standard analysis showed that a negative 

response could be induced by setting either of these factors at the higher level, rather than requiring 

them both.  The difference in response here shows how the novel technique has benefits over the 

traditional technique.  Identifying subpopulations that are mostly Effector phenotype, but 

recognising that the subpopulation these cells belong to also incorporates cells that fall into different 

phenotypic categories and that not all subpopulations that may appear similar, or fit into a similar 

phenotypic classification will react identically to the same stimuli. 

These were the two main points of comparison between the two analyses due to the limited number 

of significant factors in the traditional analysis.  However, as has been mentioned in discussing the 

experimental conclusions, the new technique has identified several more significant effects through 

the data.  The method of defining subpopulations based on algorithmic representation of the full 

phenotypic space, before assigning events to these based on a multidimensional analysis, would 

appear to provide the opportunity for more effective analysis of cohesive populations, as opposed to 

rigidly defining groups by whether or not a threshold level of marker expression is met. 

In addition to this, there were populations identified that responded differently to  expected given 

the trend observed in the data and predicted effects of experimental variables.  Nodes 8 and 24 each 

represent a cluster of cells that covers all 4 maturity subpopulations of CD4+ and CD8+ subgroups 

respectively.  These subpopulations saw an increase in selection rate in conditions that were 

expected to negatively affect maturation of cultures, whilst other subpopulations that occupied the 

same CCR7/CD45RO phenotypic space did not see the same response.  As previously mentioned, it is 

not possible to say here if the subpopulations saw a proportional increase due to a lack of 

maturation beyond this subpopulation, or if it was a completely different endpoint for the cells given 

the culture environment. Regardless, this analytical process has identified subpopulations with 

alternate responses that would have been combined into other subpopulations with their responses 

overlooked in the traditional analytical method. 

4.3.2.5.3 Limitations of the novel analytical technique 

Whilst the novel analytical approach is a substantial improvement on the old technique, it is still not 

a perfect system.  Oftentimes when it comes to phenotypic analysis there is no perfect way; the new 

analytical process developed seeks to address the issues of the previous method and negate some of 

the issues commonly associated with measuring marker expression, but still has its limitations, some 

of which will be highlighted below. 



162 
 

4.3.2.5.3.1 Use of relatively inverse markers potentially increases weighting of maturity in clustering 

One of the major benefits of using SPADE analysis for clustering cells for phenotypic analysis is that it 

is able to analyse all marker channels simultaneously, giving a multidimensional understanding of 

the datacloud and highlighting areas of similarity and separation that may otherwise be missed in 

standard 2D phenotypic analysis.  However, one limitation of the process applied in this scenario is 

the use of CD45RA and CD45RO as markers in analysis.  These markers represent naivety and 

maturity in T-cell cultures and have generally been observed as having a negative correlation when 

displayed against each other.  Although there is a justification for using it in these analyses, the level 

of CD45RA expression in subpopulations with increasing CD45RO expression could be indicative of 

different maturation pathways and similar subpopulations that will respond differently to the same 

stimuli, it also potentially lends bias to the clustering step of the SPADE analysis.  As clustering 

performed by linking events to their nearest neighbour in multidimensional space, having twice as 

much input to make that calculation is likely to skew the clustering somewhat in favour of maturity 

being the separating factor.  The relevance of CD45RA as a marker beyond just being the inverse of 

CD45RO means that this marker will not be removed from analysis moving forwards, but 

nonetheless it could influence outputs moving forwards. 

4.3.2.5.3.2 Variable subpopulation generation complicates comparison between experiments 

The novel process developed generates subpopulations by analysing a multidimensional cloud and 

finding the points of greatest commonality to generate phenotypic definitions that events can be 

associated to.  Although this results in a selection of subpopulations that are more representative of 

what is actually seen in the cultures, it does have the side effect of producing subpopulations that do 

not often fit into only one of the standard definitions of T-cell phenotypes.  This was ultimately the 

point, to develop a method that took into account the nuances of T-cell subpopulation behaviour, 

which may not fit into the boxes described by meeting threshold levels of CCR7 and CD45RO 

expression, but this does cause some issue when trying to interpret data relative to previous 

experiments.  It raises the question of whether subpopulations should be defined based on all 

maturity subpopulations they represent, that which they predominantly represent, or whether they 

should be judged based on the Median Fluorescence Intensity of the cluster.  Such elements need 

further investigation and clarification moving forwards if this novel analytical process is to be 

expanded into the wider scientific community, or results will be to niche and specific for them to be 

easily comparable across experiments. 

4.3.2.5.3.3 Developed subpopulation tracking process may not have universal suitability 

Calculating the proportion of cells that belonged to a subpopulation within a culture was the 

beginning of the process for being able to understand the effect of experimental conditions on said 
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subpopulations.  This was then taken further by analysing how this subpopulation changed over time 

using a linear estimate equation in Microsoft Excel.  This calculated a straight line that best fit the 

data and output the gradient of the line, which was then taken as the selection rate of the 

subpopulation.  The issue arises with the fact that not all  the subpopulation proportion data 

progresses over time in a linear fashion.  Many subpopulations did have a linear progression, while 

some changed in an exponential manner.  Meanwhile, other subpopulations fluctuated in such a 

manner that they appeared to show that they were transitional populations.  After analysing the 

data produced it was believed that the linear estimate was still a sufficient representation of the 

change in subpopulation proportion over time, however it is still recognised that this is not a perfect 

solution to defining the selection rate for subpopulations. 

4.3.2.5.3.4 Current process protocol is time consuming 

One of the benefits of the original phenotyping method over the novel method produced is the 

relatively quick process of obtaining results.  Currently, the novel process requires multiple SPADE 

analyses to be performed, analysed for both the point of greatest experimental effect and optimal 

TNN, before selecting the NoI so that they can be further analysed for subpopulation selection rates.  

While it is still the case that this phenotypic analysis is an improvement over the traditional method, 

giving a more resolute picture of the effects of different subpopulations within the culture systems, 

it is still appreciated that as it stands this is a labour intensive process.  Steps have been taken to 

simplify some elements of the analytical process, but for this method to be adopted widespread in 

the scientific field it requires some streamlining. 
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5 Investigating the effects of concentrated incubation with variable 

CD3/CD28 Dynabead concentrations prior to seeding on T-cell 

cultures 

5.1 Introduction 

One of the main components of T-cell culture, and therefore CAR T-cell therapy manufacture, is the 

stimulation of the activation pathways to induce proliferation in T-cell populations.  The main 

method of isolation utilised in this research is CD3/CD28 Dynabeads.  This product works by 

stimulation of the primary (CD3) and secondary (CD28) activation proteins that are stimulated during 

the typical activation process in vivo .  Stimulation of the activation pathway is an important part of 

T-cell culture as it is the primary driver of proliferation in culture.  The presence of stimulants has a 

significantly positive effect on growth, which can be seen both in literature and in previous work 

carried out as part of this research. 

The effects of activation on proliferation in T-cell cultures is the reason that stimulation became a 

key element of CAR T-cell manufacture.   However, this process also has an effect on the phenotypic 

profile of cultures.  Activation in vivo  occurs in response to exposure to the T-cell’s target antigen.  

This process induces proliferation to induce a sufficient response in the T-cells, and maturation in 

the cells as they are ‘experienced’ in order to mount a quicker and more effective response on a 

repeat encounter.  The maturation is manifested as an increase in CD45RO expression and 

downregulation of CD45RA expression.  The implications of this for T-cell culture in vitr o  are that in 

the presence of stimulants cultures will see a phenotypic shift from low to high CD45RO expression, 

moving cells from Naïve and Effector phenotype to Effector Memory and Central Memory 

phenotype profiles166.  Depending on the nature of the transition, this could have positive or 

negative effects on the total number of cells that fall into the target subpopulations of the initial 

expansion period in CAR T-cell manufacture, Naïve and Central Memory, with stimulation always 

having a negative effect on Naïve subpopulations, but variable effect on Central Memory 

subpopulations.  As described in 4.3.1.2.2, evidence appears to suggest that stimulation with 

CD3/CD28 Dynabeads will increase the concentration of Effector Memory cells in the cultures to the 

detriment of Central Memory subpopulations.  However, the data analysing the impact of CD3/CD28 

Dynabeads on culture in 3.3.3.3.1 appear to show that longer culture with CD3/CD28 Dynabeads 

shows an increase in the level of Central Memory subpopulations. 

Supplementation of stimulants also introduces another element to these cultures.  Depending on 

the stimulant that is used in culture, it will usually involve the addition of non-human or non-
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biological elements into culture.  Although there are CAR-T therapy products which have gone 

through FDA approval that use CD3/CD28 Dynabeads as a stimulant167,168, removal of the magnetic 

beads can result in loss of product167 and there is also increasing pressure to move away from non-

biological and animal-based products.  The latter is evident in the large amount of research into 

manufacture of T-cell culture media which do not use animal products, so called xeno-free or serum-

free media145–147, however this element of T-cell culture is outside the scope of this research.  With 

the benefits of stimulation on T-cell population growth evident, it is not practical to remove this 

from the culture process completely.  However, reducing the level of stimulants used would reduce 

the reliance of T-cell culture on non-human products, and may also have additional effects on 

proliferation and phenotypic profile of the cultures. 

If it were possible to reduce the level of stimulant used, whilst maintaining the level of activation of 

cultures, this would not only reduce the reliance of T-cell culture on non-human product but would 

also have substantially reduce the cost of this consumable in therapy manufacture.  It would be 

preferable in reducing the level of stimulant supplemented to induce the same level of proliferation 

in cell cultures without the same impact on maturation of T-cell subpopulations.  Were this possible, 

it would decrease the reliance on the stimulant whilst also increasing the concentration of Naïve and 

Central Memory subpopulations in T-cell cultures and retaining the growth for which the stimulant is 

added.  In any case, investigation into the impact on cultures of different levels of CD3/CD28 

Dynabead supplementation would improve the definition of the relationship between the stimulant 

and culture response. 

The previous chapter investigated the impact on proliferation and phenotypic profile by a number of 

culture variables, including the concentration of CD3/CD28 Dynabeads supplemented into culture.  

Analysis of data identified that increasing the CD3/CD28 Dynabead concentration significantly 

increased the growth rate of T-cell cultures, however there was also a suggestion that this 

relationship was not linear.  In addition, analysis also showed that there was no significant 

interaction between the CD3/CD28 Dynabead concentration and seeding density.  The data 

appeared to show that increasing the CD3/CD28 Dynabead concentration elicited the same increase 

in average growth rate in cultures seeded at 1x106 cells/mL or 2x106 cells/mL.  If response to the 

CD3/CD28 Dynabead concentration was not impacted by the seeding density of the culture, it 

implies that the absolute concentration of CD3/CD28 Dynabeads is the more important factor in the 

response observed, rather than the bead/cell concentration. 

The previous investigation also suggested that supplementation of IL-2 was detrimental to T-cell 

cultures if they were not given sufficient time with CD3/CD28 Dynabeads to activate.  New evidence 

suggested that T-cell cultures only needed to be incubated with CD3/CD28 Dynabeads for 30 
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minutes to induce the effects of activation, substantially less than the 96 hours given previously.  It 

was suggested that it would only be necessary to incubate T-cell cultures with the necessary 

concentration of CD3/CD28 Dynabeads for that initial activation period to see a response, after 

which point the cultures would not have the same requirement for CD3/CD28 Dynabead stimulation.  

It was not a practical suggestion to remove C3/CD28 Dynabeads after this time as the interaction 

between the beads and cells which induces activation would result in loss of cells from the culture 

when beads were removed.  In addition, it would also put the cells through unnecessary additional 

manipulations, which increases stress on cultures and removes them from optimal culturing 

conditions.  As such, removal of CD3/CD28 Dynabeads post-activation would not reduce the initial 

requirement of beads, and with arguments not to remove beads post-activation it would also not 

reduce the concentration in the final product. 

Although removing CD3/CD28 Dynabeads after activation did not appear viable, activation of 

cultures with a reduced initial number of beads appears feasible due to the previous evidence that 

concentration was of greater importance than bead to cell ratio.  It was theorised that incubating 

cells at a higher concentration, with Dynabeads at the manufacturers recommended concentration, 

for a period of time prior to seeding into culture plastic would convey sufficient activation.  If 

possible, this process would enable activation of the T-cell populations, whilst using a fraction of the 

CD3/CD28 Dynabeads that would be used otherwise.  On dilution of the cultures into culture, cell 

concentration would be at a standard level, whilst CD3/CD28 Dynabead concentration would be at a 

reduced level without having to extract any beads manually. 

There was some consideration for the impact of the concentrated incubation on cell populations to 

ensure that this process would not negatively impact them.  The supplied protocol for the CD3, CD4 

and CD8 MicroBead isolation used in chapter 3 specified incubation of cells at 1x108 cells/mL for 10 

minutes, whilst initial investigation into this process considered storing of cells at a maximum of 

1x107 cells/mL for a minimum of 30 minutes.  The processes would differ somewhat in that the new 

process would be performed in standard medium rather than isolation buffer and would rely on the 

cells being metabolically active, as opposed to labelling which only relied on binding to externally 

expressed markers.  However, it was believed that this was sufficient proof that the cells would 

survive the concentrated incubation period. 

After an initial investigation indicated that there was limited negative impact, and some potential 

benefit to concentrated incubation, a larger set of variables was tested which attempted to establish 

the boundaries of this relationship.  Further investigation incorporated surface protein analysis to 

identify the impacts of concentrated incubation prior to seeding on the balance of subpopulations in 
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culture.  Specific conditions were selected for repeat testing to assess if observations appeared to be 

repeatable. 

5.1.1 Chapter objectives 

Validate that the concentrated incubation process will produce viable cultures by monitoring 

viable cell counts of test conditions in an initial investigation. 

Analyse the viable cell counts of test conditions for effects of experimental variables. 

Use the novel analytical method developed in 4.3.2 to assess phenotypic data and produce 

algorithmically defined subpopulations. 

Analyse the impact of experimental conditions on subpopulations containing events that 

matched Naïve (CCR7+CD45RO-) and Central Memory (CCR7+CD45RO+) phenotypic profiles. 

Select sample conditions to repeat and compare for validation of observed effects. 

5.1.2 Hypotheses 

5 .1 .2 .1  Hypo thesis  o n  th e imp ac t of conc entra ted  in cu ba tion  on  v i ab le g ro wth  ra te of  T - c ell c u ltures  

Data analysed in 4.3.1 appeared to show that the relative concentration of CD3/CD28 Dynabeads in 

culture had a greater influence in the promotion of proliferation in T-cell cultures than the bead:cell 

ratio.  In addition, commercially available isolation productions specified protocols that stored T-cell 

populations at concentrations as high as 1x108 cells/mL, and still producing viable cell cultures.  

These data became the basis on which the following experiments investigating concentrated 

incubation were planned.  It was predicted that incubating cell suspensions in a reduced volume 

with the same relative concentration of CD3/CD28 Dynabeads as the standard culture protocol 

would result in the same level of proliferation as seen in those cultures. 

5 .1 .2 .2  Hypo thesis  o n  th e imp ac t of conc entra ted  in cu ba tion  on  th e ph eno typ ic  p rof ile of  T - c ell 

c u ltures  

Analysis of phenotypic data in chapter 4 show limited examples of significant interaction between 

seeding density and CD3/CD28 Dynabead concentration, similar to what was observed in the 

proliferation analysis.  As a result, it was predicted that phenotypic response would resemble that of 

the control conditions.  However, it was also speculated that the lack of a sustained standard level of 

CD3/CD28 Dynabeads in culture, due to the dilution of seeding, could have a positive effect on the 

Naïve and Central Memory target populations. 

5 .1 .2 .3  Pred ic ted  rela tive p erf o rman c e of  va lid a tio n  co nd itio ns  

The balance of T-cell subpopulations can be highly variable between donors169,170, as has been 

observed in the experimentation seen so far.  This variability between source materials has the 
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potential to impact and influence the outputs of the experiment both phenotypically and 

proliferatively.  As such it was anticipated that there would be differences in the response between 

the initial response and the secondary validation.  The nature of this change was unknown as it was 

dependent on the donor material, however it was still believed that despite a different level of 

response, the cultures would have the same type of response to the experimental variables.  For 

example, if material from donor A showed a positive response in growth rate to increased 

incubation period, it would be anticipated that this would also be observed in material from donor B, 

just to a different degree. 

5.2 Methods and materials 

5.2.1 T-cell source material 

The following work was completed using frozen PBCM aliquots from Axol Bioscience as described in 

2.1.1.2.  The initial investigation was performed using cells from a single donor.  Further work was all 

completed using aliquots of cells from another single donor. 

5.2.2 T-cell culture methods 

Cell cultures were set up and maintained in accordance with the processes set out in 2.2 and 2.4 

except culture seeding in concentrated incubation conditions as described in 5.2.3 and specific 

parameters listed in 5.2.4, 5.2.5 and 5.2.6. 

5.2.3 Methods of concentrated incubation prior to seeding in culture 

Two different methods of concentrated incubation were used during experimentation.  In the initial 

investigation, cells were prepared from thaw to a concentration of 1.5x107 cells/mL.  For each 

condition, the appropriate absolute number of cells was transferred for the relevant incubation 

concentration when diluted to 300 μL.  The samples were then supplemented with the required 

absolute number of prepared CD3/CD28 Dynabeads for the required concentration.  The 

appropriate volume of standard medium was then added to each tube to bring the total volume to 

300 μL.  Tubes were then placed into an incubator at 37°C and stored for their test period.  On 

removal cultures were transferred to a 6 well plate and supplemented with 2.7 mL standard medium 

and 200 UI/mL IL-2.  Control conditions were seeded as described in 2.4.5 and placed into the same 

37°C incubator.  These cultures were supplemented with 200 UI/mL IL-2 at 50 minutes, in line with 

the intermediate condition. 

In the initial investigation the absolute cell number was changed to vary the cell/mL concentration 

during incubation.  In the subsequent experimentation the absolute number of cells was maintained 

across conditions and the suspension volume was changed to vary incubation concentration.  This 

enabled a consistent seeding density across all cultures, avoiding perceived issues with varying this 
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factor discussed in 5.1.2.  Seeding density was set at 1x106 cells/mL, with a culture volume of 3mL 

this meant that the absolute number of cells per test condition was 3x106.  Cells were prepared from 

thaw to a concentration of 6x107 cells/mL and 50 μL transferred to each tube.  CD3/CD28 Dynabeads 

were prepared as described in 2.4.4 other than the final resuspension, which was in half the initial 

volume of beads taken for preparation.  This was to accommodate the smaller working volume for 

supplementation.  Cultures were then supplemented with an appropriate volume of CD3/CD28 

Dynabeads for the condition.  Standard medium was then added to all experimental conditions to 

bring to a total volume appropriate for the condition.  These were 100 μL for those incubated at 

3x107 cells/mL, 150 μL for those incubated at 2x107 cells/mL and 300 μL for those incubated at 1x107 

cells/mL (Fig. 5.2). 
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Non-incubated conditions were prepared and placed into incubation alongside the concentrated 

incubation experimental conditions.  After their designated incubation period, samples were 

removed from incubation and transferred to a 6 well plate and supplemented with standard 

medium to make up to 3 mL.  Once the final samples had be transferred to 6 well plates, all cultures 

were supplemented with 200 UI/mL IL-2 and returned to incubator.  This process was also used 

when validating the results of the expanded concentrated incubation outputs.  

5.2.4 Sampling of cultures for viable cell counts and phenotypic analysis 

Viable cells count and phenotypic analysis was carried out as described in 2.6.2 and 2.7 respectively.  

Timing of culture sampling for analysis is detailed on an experimental basis in 5.2.4, 5.2.5 and 5.2.6.  

Further phenotypic analysis was performed on marker expression data using the novel analytical 

technique outlined in 4.2.1-3. 

5.2.5 Specific methods and materials used in initial investigation into effect of concentrated 

incubation prior to seeding with variable cell and CD3/CD28 Dynabead concentration 

Concentrated incubation was anticipated to put cells in conditions that may be more stressful than 

standard culture conditions.  As such, efforts were taken to reduce further impact after transferring 

into culture.  Common seeding density of T-cells into culture varied between 1-2x106 cells/mL132, and 

as such it was decided to include conditions that would be at this density after dilution into culture.  

At a concentration factor of 10, and a seeding density of 1x106 cells/mL, this would result in an 

incubation concentration of 1x107 cells/mL.  Conditions incubated at a concentration of 2x106 

cells/mL were tested so as to include concentrated samples that were within the limits of standard 

seeding density of T-cells.  Between them, these two incubation concentrations would be within the 

standard range of T-cell seeding densities at concentrated incubation and at seeding after 

incubation. 

Regarding incubation duration, it was posited that the length of time the cultures were incubated at 

a high concentration with the CD3/CD28 Dynabeads could impact either the level of T-cell activation 

or the number of cells the beads were able to interact with. This could then impact either the level 

of proliferation in the culture or the phenotypic response.  In addition, it was understood that given 

sufficient incubation period there would be a point at which medium exhaustion would occur, 

negatively impacting the cells.  30 minutes was speculated as the minimum period of time necessary 

to stimulate growth and was therefore the minimum period of incubation included.  It was not clear 

when medium exhaustion would occur, and therefore during initial investigation the maximum 

duration tested was 70 minutes. 
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A midpoint condition for incubation period and concentration was included to increase the analytical 

power.  Maintaining the same absolute concentration during the incubation period as was standard 

in culture, taking into account the 10-fold concentration, meant that incubated samples were 

supplemented with 1x106 beads/mL.  A standard protocol control condition was included, along with 

an incubation control which used midpoint incubation parameters with the standard concentration 

of Dynabeads added.  Experimental parameters of conditions tested are described in Table 5.1.  Each 

condition was tested in duplicate, and asterisks indicate a condition that did not undergo 

concentrated incubation.  Cultures were sampled for viable cell count analysis at 0, 14, 36, 58 and 

114 hours. 

 

 

5.2.6 Specific methods and materials used in subsequent expanded analysis of effects of 

concentrated incubation prior to seeding with variable cell and CD3/CD28 Dynabead 

concentration 

The results of the initial investigation informed the parameters of subsequent investigation into 

concentrated incubation.  The experimental conditions that were tested are listed in Table 5.2, 

conditions with an asterisk did not undergo concentrated incubation.  Each condition was performed 

in duplicate.  Cultures were sampled for viable cell count and phenotypic analysis at 0, 18, 37, 62, 66, 

86, 111, 115, 138 and 158 hours. 
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5.2.7 Specific methods and materials used in experimentation to validate the expanded 

analysis of the impact of concentrated incubation prior to seeding with variable cell 

and CD3/CD28 Dynabead concentration 

Validation conditions, 8, 12, 19 and 21, outlined in Table 5.2, were selected as described in 5.1.3.  

These conditions were run in triplicate and sampled at 0, 20, 43, 46, 67, 88, 96, 113, 137, 145 and 

159 hours for viable cell count and phenotypic analysis. 
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5.3 Results 

Analysis of T-cell growth data in 4.3.1.1 suggested that the concentration of CD3/CD28 Dynabeads 

supplemented into culture had a greater impact on the proliferation of a culture than the bead:cell 

ratio.  A series of PBMC samples were incubated at a concentrated level with varying quantities of 

CD3/CD28 Dynabeads to assess if it were possible to reduce the process’s reliance on stimulant 

particles whilst maintaining proliferation.  Analysis was also performed on the phenotypic profile of 

these cultures to help define the impact of the concentrated incubation process on the expression of 

phenotypic markers. 

5.3.1 Initial investigation into the impacts of concentrated incubation with variable 

CD3/CD28 Dynabead concentration on T-cell culture growth 

5 .3 .1 .1  I mpa c t of  c onc entrated  incu ba tio n on  th e f in a l c ell yield  of  T - c ell c u ltu res  

Observation of viable cell counts shows that all cultures showed a higher final cell count than was 

seeded, indicating that they all experienced some period of growth in culture.  Comparison of the 

conditions (Fig 5.1A), especially at 115 hours, shows a clear separation between the different 

experimental conditions.  The conditions incubated at the highest concentration consistently had the 

highest viable cell concentrations, regardless of the period of incubation.  Meanwhile, the viable cell 

counts of the condition incubated at 5x106 cells/mL were not substantially lower than the yield of 

the conditions incubated at 1x107 cells/mL at the final measurement. 

The conditions incubated at the lower concentration of 2x106 cells/mL, however, had a substantially 

lower yield than the other experimental conditions observed at 115 hours.  The conditions incubated 

at the lower concentration failed to proliferate sufficiently to produce a concentration greater than 

1x106 cells/mL across the experiment, while the other test conditions all had a final viable cell count 

above 1.75x106 cells/mL. 



176 
 

 

Meanwhile, the control conditions appeared to perform similarly to each other, with the Incubation 

Control (IC) having a slightly higher viable cell concentration at the final count than the Standard 

Protocol Control (SPC).  The control samples both ended the experiment at ~1.5x106 cells/mL, 

slightly lower than both the mid-level condition and the high incubation concentration conditions. 

These data suggest not only that the concentrated incubation is not having a negative effect on the 

T-cells, but that these conditions could also outperform the control conditions.  Furthermore, the 

final yield seen in these cultures appears to show that the T-cells are being sufficiently activated 

despite the reduced concentration of CD3/CD28 Dynabeads being supplemented into culture.  The 

intermediate condition, seeded at the same density as the control conditions, showed a greater yield 

from the same start material than either the IC or the SPC.  This suggested that the reduced 

concentration of CD3/CD28 Dynabeads may have a comparable effect to the recommended 

concentration on final yield, and that the concentrated incubation was also promoting that. 

5 .3 .1 .2  Ef f ec ts of  c onc entra ted  incub a tion  o n g ro wth ra te o f T - c ell cultu res  

The process of controlling cells for incubation in this experiment varied the quantity of cells in 300 μL 

medium, then diluted to 3mL in culture plastic.  This method resulted in cultures being seeded at 

different concentrations.  Although total cell yield is an important measure in understanding what 

effects the experimental conditions are having on culture performance, if the starting concentration 

is not considered these values can become misleading.  To account for them, growth rates were 

calculated from the viable cell counts over time and compared to identify which conditions proved 

the most proliferative. 
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Comparing growth rates of the different conditions immediately showed a different picture to 

comparing the final viable cell counts (Fig 5.1B).  Whilst the conditions incubated at higher 

concentrations produced the highest cell yield, they also produced the lowest growth rates.  The 

next highest growth rate, of the experimental conditions, was once again the mid-level condition, 

while low concentration incubation conditions had the highest growth rates.  Between the two low 

concentration incubated conditions, the culture incubated for 70 minutes had a higher growth rate 

than those only incubated for 30.  This effect was also observed in the cultures incubated at the high 

concentration, however the difference in growth rate was not of the same magnitude.  Comparison 

with the control condition growth rates shows that SPC has a similar growth rate to that of the high 

concentration, long incubation period condition, however the range of values produced by the SPC is 

greater.  Meanwhile, the IC produced both a growth rate and range similar to that of the mid-level 

condition. 

These data somewhat flip the conclusions from the cell yields regarding the test conditions.  They 

show that the best growing conditions were those seeded at 2x105 cells/mL rather than 1x106 

cells/mL, although they still both suggest that longer incubation period is of benefit.  However, the 

relative performance of the control conditions showed that test conditions still outgrew them and 

also appeared to benefit from this process. 

5 .3 .1 .3  Co nc lus io ns  o n initia l inves tig a tion  into  th e conc en tra ted  inc ub a tio n  p ro toc o l  

The preliminary investigation was carried out to identify the effect of the concentrated incubation 

process on T-cell growth in culture and ensure that the process would produce viable T-cell cultures 

to avoid wasting time and materials.  The outputs of the experiment suggested that the 

concentrated incubation protocol was worthy of further investigation.  Calculated growth rates 

showed that the test conditions which grew worst still grew in at a rate similar to that of the SPC, 

indicating that neither the concentrating of the cells prior to seeding, nor the reduced concentration 

of CD3/CD28 Dynabeads was substantially hampering growth of the T-cell populations. 

This evidence alone would have been sufficient to warrant further investigation into concentrated 

incubation, however there is also evidence to suggest that the concentrated incubation improves 

the growth rate compared to the SPC.  Observation of the response in the incubation control 

showed an increase in growth rate in the mid-point condition and IC by a similar amount regardless 

of the concentration of CD3/CD28 Dynabeads supplemented. 

Further experimentation needed to address the methodological issue of seeding cultures at different 

concentrations.  The relationship between seeding density and proliferative capacity is not fully 

understood and removing this element from experimentation would help to reduce confounding 
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factors in post hoc analysis.  In addition, it would be prudent in further examination of these 

parameters to test further concentrations of CD3/CD28 Dynabeads to try and improve the definition 

of the relationship between the level of CD3/CD28 Dynabead reduction and growth.  Finally, further 

experimentation would include phenotypic analysis using the novel analytical technique previously 

developed to attempt to identify any phenotypic relationship with experimental variables. 

5.3.2 Increasing the limits of concentrated incubation variables tested to further test the 

relationship with growth and compare to phenotypic response 

5 .3 .2 .1  An a lys is  of  h o w co nc entra ted inc ub a tio n  with  va rying  levels  of  CD3 /CD2 8  Dyn ab ead s  

c ha ng es T - c ell po pu la tion  pro lif era tio n  

Analysis of viable cell count over time (Fig 5.3) shows that on average nearly all conditions showed 

some level of growth.  These plots also show the inflection point of the cultures, where the growth 

of viable cells begins to outweigh the rate at which cells are dying, at 37 hours.  This effect is a 

common and anticipated part of T-cell culture, with the majority of cell death coming as a result of 

non T-cell PBMCs that are not sustained by the culture conditions dying126,133,140.  Growth rates were 

calculated using the viable cell count data from the inflection point, 37 hours, to compare 

proliferation in culture. The average growth rate for all cultures was positive apart from the 

condition incubated for 90 minutes a 1x107 cells/mL and supplemented with 1x106 bead/mL 

CD3/CD28 Dynabeads. 

Comparison of calculated growth rates with the Incubation Concentration (Fig. 5.4a) shows a general 

negative trend in growth rate as the incubation concentration increased.  3 of the top 4 average 

growth rates calculated came from conditions that did not undergo any concentrated incubation.  

The average growth rates then correlated somewhat negatively from the non-incubated conditions 

as the incubation concentration increases.  However, although the average growth rates can be seen 

to decrease as the concentration increased, the range of growth rates observed also increased.  This 

increase in range is great enough that the highest growth rate observed in conditions incubated at 

3x107 cells/mL is greater than any of those incubated at 1x107 cells/mL, and greater than the non-

incubated condition supplemented with 1x106 beads/mL CD3/CD28 Dynabeads.  One condition, 

incubated at 1x107 cells/mL for 90 minutes and supplemented with 1x105 beads/mL CD3/CD28 

Dynabeads, showed a negative calculated growth rate.  Considering this performance of this culture 

in the context of all other conditions, this response can be considered anomalous.  It is also not clear 

what caused this anomaly to occur as the culture was treated in the same manner as all others. 
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Statistical analysis shows that, in omission of anomalous results, there is a significant negative 

correlation between increasing Incubation Concentration and growth rate (P<0.05).  Although 

experimental differences mean they are not directly comparable, these data show a similar response 

to what was observed in the initial investigation.  This appeared to show that that conditions 

incubated at a lower concentration produced a greater growth rate.  Conversely, the conditions that 

did not undergo concentrated incubation produced the greatest growth rates, compared to the 

initial experiment, where incubated conditions outgrew non-incubated conditions seeded at the 

same density. 

Comparison of growth rates with Incubation Period shows a similar relationship as that with 

Incubation Concentration, in that there appeared to be a negative trend in the calculated average 

growth rates when Incubation Period was increased (Fig 5.4b).  The trend can be most clearly seen 

comparing the conditions incubated for 30, 90 and 180 minutes due to the limited number of 

conditions incubated for these periods.  This trend was still visible in those conditions incubated for 

60 and 120 minutes, however due to the greater range of conditions tested at these incubation 

periods the increase in range of growth rates produced which masks this somewhat. 

As was observed also when comparing Incubation Concentration, the range of growth rates 

increased as the duration of incubation is increased.  It is possible to see a greater range of growth 

rates produced in conditions incubated for 120 minutes compared to 60.  These data suggest that a 



180 
 

longer Incubation Period will increase the separation between the greatest and lowest growth rates 

induced by other experimental variables. 

 

However, the conditions incubated for 30, 90 and 180 minutes did not see the same increase in 

range as incubation period increased.  The conditions incubated for these periods of time were 

incubated at 1x107 and 3x107 cells/mL, with 2x107 cells/mL also incubated for 90 minutes.  Observing 

the difference between the growth rates of the cultures at 30 and 180 minutes shows that 

incubating at 1x107 cells/mL had a positive effect relative to incubating at 3x107 cells/mL.  

Meanwhile, the anomalous data from the conditions incubated for 90 minutes at 1x107 cells/mL 

does not allow for the same comparison at this point, but the difference between the cultures 

incubated at 3x107 cells/mL and 2x107 cells/mL is still noticeably of a similar magnitude.  All 

conditions incubated for either 30, 90 or 180 minutes were supplemented with 1x105 beads/mL 

CD3/CD28 Dynabeads.  The data show that an increasingly separating dataset was seen between 

incubation periods of 60 and 120 minutes, where multiple CD3/CD28 Dynabead concentrations were 
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compared, as opposed to incubation periods of 30, 90 and 180 minutes which tested one.  This 

implies that the effect of CD3/CD28 Dynabead concentration was magnified by increasing the 

incubation period, however increasing the incubation period with a consistent concentration 

displayed a more linear relationship. 

Further investigation into the nature of the variation in growth rates produced by cultures incubated 

for 60 and 120 minutes showed that cultures incubated at 3x107 cells/mL with 1x105 beads/mL had 

the lowest growth rates.  As a result, the trend of growth rates for this condition fluctuates in a 

pattern without a clear cause.  The growth rate decreases when increasing the incubation period 

from 30 to 60 minutes, this growth rate is then seen to increase when this incubation period is 

further increased to 90 minutes to a level higher than that originally seen when incubated for 30 

minutes.  Beyond this the growth rate drops again when incubated for 120 minutes to a level that is 

only just positive, before increasing substantially when incubated for 180 minutes, increasing the 

growth rate to a level similar to that seen when incubated for 60 minutes. 

While it is still possible to see general trends in the data, such as those cultures supplemented with 

1x106 bead/mL CD3/CD28 Dynabeads at 60 minutes having slightly higher growth rates than those 

supplemented with 2x105 beads/mL, it is also possible to see confounding data.  Following from the 

previous examples, this can be seen where growth rates for cultures incubated at 1x107 cells/mL for 

120 minutes were slightly higher when supplemented with 1x106 beads/mL compared to 2x105 

cells/mL.  However, when incubated at 3x107 cells/mL the growth rate is substantially higher than 

either condition incubated at 1x107 cells/mL when supplemented with 2x105 beads/mL, and 

substantially lower than them when supplemented with 1x106 beads/mL. 

It is unclear within these conditions if there are other influential factors that have not been 

recorded, or if it is merely noise within the data caused by the inherent variability of the T-cell 

culture system.  The data suggest that there is a negative correlation between the increasing of 

incubation period and the growth rate achieved.  Statistical analysis of the correlation shows that 

there is a significantly negative correlation (P<0.005).  However, the further assessment of these 

data brings this conclusion into question, with the somewhat erratic behaviour cultures with 

common incubation and CD3/CD28 Dynabead concentrations being the source of this uncertainty. 

The overall negative trend observed when increasing the Incubation Period of cultures contradicts 

what has been seen previously, where an extended Incubation Period had a positive effect on 

growth rates.  Considering the fluctuations seen in these data within experimental variable groups, 

further investigation needs to be carried out to establish if there are any consistent trends that can 

be observed in T-cell culture when increasing Incubation Period in this protocol. 
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Comparison of growth rates against Dynabead Concentration does not show the same level of trend 

as has been seen when compared against the other experimental variables.  It is possible to see an 

increase in the average growth rate of all conditions when increasing from 1x105 beads/mL to 2x105 

beads/mL.  In addition, the range of growth rates reduces with this increase in CD3/CD28 Dynabead 

concentration, with the highest growth rate produced showing a slight improvement at 2x105 

beads/mL compared to 1x105 beads/mL, but the lowest growth rate produced improving 

substantially.  The average growth rate then decreases when the CD3/CD28 Dynabead concentration 

is increased to 1x106 beads/mL, however the range of growth rates produced remained similar (Fig 

5.4c). 

For each supplemented concentration, those cultures that did not undergo concentrated incubation 

produced the highest growth rates, however beyond this there were few observable patterns in the 

data.  The conditions incubated at 3x107 cells/mL performed better than those incubated at 1x107 

cells/mL when supplemented with 2x105 beads/mL. However, when supplemented with 1x106 

beads/mL those conditions incubated at 3x107 cells/mL produced both the highest and the lowest 

growth rates. It is possible to see that conditions incubated for 30 minutes produced the highest 

growth rates of the incubated conditions at this level of CD3/CD28 Dynabead supplementation. 

The growth rates of the cultures supplemented with 2x105 and some cultures supplemented with 

1x105 beads/mL CD3/CD28 Dynabeads confirm one element of the hypothesis and repeat what was 

observed in initial experimentation.  These data show that the supplementation of T-cell cultures 

with a reduced concentration of CD3/CD28 Dynabeads, even when supplementing directly into 

culture without concentrated incubation, does not have a reductive effect on growth rate.  Reducing 

the concentration of CD3/CD28 Dynabeads 5 or 10 fold would substantially reduce the quantity of 

beads required to generate the quantity of cells required for T-cell therapies.  These data would 

have to be reconciled with any phenotypic effects the reduction in CD3/CD28 Dynabeads were 

having, but remains an important conclusion in the effects of these experimental variables on 

growth rates. 

5 .3 .2 .2  An a lys is  of  p h en o typ ic  res po ns e to con c en tra ted inc uba tio n with va riab le CD3 /CD2 8  

Dyna b ea d  co nc entra tion s  

Phenotypic analysis was performed using the novel analytical process outlined in 4.3.2.  SPADE 

analyses were run with a TNN of 10, 15, 20, 25 30 and 40, and E2N ratios were calculated from the 

data produced as described in 4.3.2.2.  These data were then analysed for the point of greatest 

experimental effect. 
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It is possible to see across all analyses that there is a common trend in the data.  Each analysis 

displays an increase in E2N over time from Day 2 until Day 5, followed by a sharp decline until Day 7.  

This trend of increase and subsequent decrease can be seen in the upper and lower quartiles and 
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the median E2N values of the box plots.  In the 10, 15, 20 and 30 TNN analyses the E2N ratios for Day 

1 are at a similar level to Day 2, whilst in the 25 and 40 TNN analyses Day 1 has a higher upper 

quartile of E2N ratios with a similar lower quartile value (Fig 5.5).  The pattern of these data and the 

repetition of this trend through the whole of the data clearly show that the point of greatest 

experimental effect was at Day 5, which was then carried forward for further analysis. 

The top 3 E2N from the SPADE analyses of different TNN at Day 5 were then plotted for comparison.  

Analysis of the top E2N ratios from each analysis shows a gradual decline as the TNN increases from 

10 to 20. There was a sharp increase when the TNN was 25, followed by a decrease at a similar rate 

to that seen previously when the TNN was increased to 30.  Meanwhile, the analysis with the highest 

TNN, 40, also showed the highest E2N ratio. 

Assessment of the 2nd and 3rd highest E2N ratios show a similar trend across the analyses.  There is a 

decrease in the E2N ratio from 10 to 15 TNN, followed by an increase to 20 TNN.  The 2nd highest 

E2N value increases slightly at 25 TNN, whilst the 3rd highest stays comparable to the value it had at 

20 TNN.  The 2nd and 3rd greatest E2N values at 30 TNN, however they did not reduce to below the 

level seen in the 10 TNN analysis.  This was followed by an increase as the TNN was raised to 40 (Fig 

5.5) in both the 2nd and 3rd greatest values.  With the top and 2nd highest E2N values of the 40 TNN 

analysis being the greatest of their respective groups, the 40 TNN analysis was a consideration as the 

optimal TNN.  However, the 25 TNN analysis showed the greatest 3rd highest E2N, and also showed 

the second greatest top and 2nd highest E2N values.  Ultimately 25 TNN was selected as the optimal 

resolution and that analysis was used moving forwards. 

At the selected optimal TNN, each node of the 25 node analysis was then analysed for presence of 

events that met the threshold CCR7 expression level to indicate the presence of Naïve or Central 

Memory cells.  This analysis showed that these NoI were nodes 1, 3, 9, 11, 13, 14, 16 and 19.  

Assessment of the SPADE diagrams showed that nodes 1, 3, 11 and 13 represented CD8+ 

subpopulations, while nodes 9, 14, 16 and 19 represented CD4+ subpopulations (Fig 5.6, Table 5.3). 
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All nodes appear to cover a similar range of CCR7 (V450-A) expression except nodes 11 and 16.  

Nodes 11 and 16 each cover a smaller range of CCR7 expression, however the ranges they cover are 

similar.  The expression levels within nodes 11 and 16 suggest that they are predominantly or 

entirely ‘homing’ subpopulations, while the other nodes also show low levels of CCR7 expression, 

indicating the presence of ‘non-homing’ T-cell subpopulations. 

Comparison of CD45RO (APC-Cy7-A) expression shows a wide range of expressions across the NoI.  

Nodes 3, 9 and 13 show low levels of CD45RO expression, indicating that these nodes are comprised 

of Naïve and Effector subpopulation T-cells. Meanwhile node 19 shows a high level of CD45RO 

expression, indicating the presence of Central Memory and Effector Memory subpopulation T-cells.  

Nodes 1, 11, 14 and 16 show the presence of both CD45RO high and low expressing event.  The 

range of CCR7 and CD45RO expression observed in nodes 1 and 14 show that they contain cells from 

all 4 maturity subpopulation (Naïve, Effector, Effector Memory and Central Memory), while nodes 11 

and 16 can be seen to contain events from both Naïve and Central Memory subpopulations.  It is 

also observable that although node 9 has low CD45RO expressing events and node 14 has some high 
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CD45RO expressing events, the predominant in the data is that the CD8+ nodes (1, 3, 11 and 13) 

have lower CD45RO expression levels than the CD4+ nodes. 

 

Subpopulation relative selection rates were calculated as discussed in 4.3.2.3 for each of the nodes 

of interest.  The relative selection rates of these subpopulations were then compared against 

experimental variables to identify any consistent effects that can be observed.  When comparing 

relative selection rates of the selected NoI against the Incubation Concentrations tested, the most 

common effect observed was a decrease in the relative selection rate as the Incubation 

Concentration was increased (Fig 5.7).  The data from every node showed relative selection rates 

either side of 0, identifying that the range of experimental variable was able to induce both positive 

and negative selection rates in the NoI populations.  Statistical analysis of correlation also shows that 
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there is a significant negative correlation between the relative selection rates and the Incubation 

Concentration in nodes 1, 3, 9, 14 and 19 (P<0.05). 
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When looking at the highest and lowest relative selection rates at 1x107 cells/mL and 3X107 cells/mL, 

it is possible to see a decline as concentration increased in nodes 1, 3, 9, 11, 13, 14 and 19.  In nodes 

3, 9, 11 and 14, the relative selection rates when incubated at 2x107 cells/mL were between the 

range of the lowest selection rate at 1x107 cells/mL and the highest relative selection rate at 3X107 

cells/mL suggesting a relatively linear relationship between incubation concentration and relative 

selection rate.  The relative selection rates for conditions incubated at 2x107 cells/mL in node 13 also 

fall in this range, however given that the highest relative selection rate appears to be roughly at the 

median value for both 1x107 cells/mL and 3X107 cells/mL this does not necessarily represent a linear 

relationship, dependent on the distribution of similar conditions within those data. 

The data for 2X107 cells/mL at in node 13 is similar to the presentation of data from the same 

incubation concentration in nodes 1 and 19, however here the lowest relative selection rate is below 

the level of either of the other two incubation concentrations and the highest relative selection rate 

is at the level of the median of the 1X107 cells/mL incubation concentration in node one and the 

highest relative selection rate of 3X107 sales mill in node 19 .   

In node 16 there is a drop in both the highest and lowest relative selection rate from non-incubated 

conditions to those incubated at 1X107 cells/mL  However, when increasing the incubation 

concentration to 2x107 cells/mL the relative selection rates increase to levels similar to that seen in 

non-incubated conditions.  When the incubation concentration is increased further to 3x107 cells/mL 

the relative selection rates trend negatively again but with an increase in the range of responses.  

The lowest relative selection rate observed when incubating at 3x107 cells/mL was lower than that 

observed at 1x107 cells/mL, but the highest relative selection rate was also higher than that 

observed at 1X107 cells/mL. 

In nearly all nodes the overall highest relative selection rate was produced in a condition that did not 

undergo concentrated incubation.  However, although not anomalous, this result is often 

proportionally higher than the relative selection rates for other conditions that did not undergo 

concentrated incubation.  The other relative selection rates for non-incubated conditions do not 

appear substantially higher than those produced by conditions that underwent concentrated 

incubation, and higher relative selection rates were achieved in conditions incubated at 1x107 

cells/mL in nodes 1, 3, 9, 11, 13, 14 and 19. 

These data appear to show that the conditions that underwent concentrated incubation are not 

being negatively selected compared to those conditions that did not undergo concentrated 

incubation.  Furthermore, the data show that in six of the 8 nodes of interest over half of the relative 

selection rates are positive.  This suggests that increasing the incubation concentration is likely to 
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reduce the level of subpopulation selection but does not necessarily indicate that negative selection 

will be the result.  Those nodes that do have a greater number of negative selection rates, nodes 11 

and 13, only show that 51% of selection rates are negative, indicating that it is still not a substantial 

proportion that are negatively selecting for the subpopulation.   

Furthermore, given the range of CD45RO expression across the nodes of interest and the level of 

positive selection rates observed within these data across all nodes, there does not appear to be a 

preference for positive or negative selection based on CD45RO expression.  This appears to indicate 

that both immature and mature cell populations are being affected equally.  However, comparison 

of the percentage of positive selection rates against whether the nodes represent cytotoxic or helper 

T-cells shows that the nodes representing CD8 positive populations have lower percentages of 

positive relative selection rates than those which are CD4 positive.  This appears to indicate that 

there was a more negative effect on cytotoxic T cell populations than there is on CD4 populations 

overall.  With a predominantly negative correlation between relative selection rate and Incubation 

Concentration, the implication was that as Incubation Concentration increased, CD8+ populations 

are being more negatively affected than CD4+ populations.  In conclusion, in order to get the highest 

relative selection rate for cultures containing homing maturity subpopulation events, the data 

suggest that 1X107 cells/mL would be the preferred concentration, although further investigation 

would be needed to be complete to verify this. 

Statistical analysis of correlation showed a significantly negative correlation between relative 

selection rates and increasing incubation period in nodes 1, 3, 9, 13, 14 and 19 (P<0.05).  This was of 

note, as the only two nodes that did not have a significant relationship with incubation period were 

those in which the events were predominantly or entirely CCR7+.  It was also possible to see that in 

general the range of relative selection rates generated in conditions incubated for 60 and 120 

minutes was greater than that of conditions incubated for the other periods tested in the 

experiment. 

Further analysis shows that, as with the comparison with incubation concentration, there was little 

to no trend generated within these data when comparing against the other experimental variables in 

this experiment.  Nodes 11, 13, 14 and 16 showed an increase in the range of relative selection rates 

in conditions incubated for 120 minutes compared to those incubated for 60 minutes. Furthermore, 

both highest relative selection rates were higher and the lowest selection rates are lower in 

conditions with the longer incubation period. 

In nodes 1, 3, 9, 13, 14, 16 and 19 it is possible to see a reduction in the highest and lowest relative 

selection rates when increasing the incubation period from 30 to 90 minutes. However, in nodes 1, 
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9, 13, 14, 16 and 19 the reduction in the lowest relative selection rate was greater than the 

reduction in the highest relative selection rate, showing a broadening in range of relative selection 

rates at 90 minutes in these nodes.  In nodes 1, 3, 9 and 19 the level and range of relative selection 

rates observed in conditions incubated for 90 minutes was similar to conditions incubated for 180 

minutes.  Meanwhile, in node 13 there was a sustained reduction in the highest and lowest relative 

selection rates from conditions incubated for 90 minutes to conditions incubated at 180.  In node 14 

there was a similar level of reduction seen in the highest relative selection rate from conditions 

incubated for 90 minutes to conditions incubated for 180 minutes as there was from conditions 

incubated for 30 minutes to conditions incubated for 90 minutes. 

The trend of node 16 was contrary to what had been generally observed and showed an increase in 

both the highest and lowest relative selection rates in equal measure when increasing the incubation 

period from 90 minutes to 180 minutes.  Node 11 showed a relatively high increase in highest 

relative selection rate and drop in lowest relative selection rate from when increasing the Incubation 

Period from 30 to 90 minutes, with this range and level being sustained when increasing the 

incubation period to 180 minutes. 

It is not clear why, as was also seen in the comparison of conditions against growth rates, the 

conditions that were incubated for 30, 90 and 180 minutes are so consistent compared to the 

conditions incubated for 60 and 120 minutes at the same concentration and supplemented with the 

same concentration of CD3/CD28 Dynabeads.  The relative consistency between the former 

conditions allows identification of nodes where there was little variation in the range and level of 

relative selection rates between cultures incubated for 90 and 180 minutes. In those nodes, 1, 3, 9, 

11 and 19, the data suggested these sub populations reached their maximum impact from 

concentrated incubation at 90 minutes.  It is noteworthy once again that nodes 1, 3 and 11 were 

representative of CD8+ subpopulations, indicating that CD8+ subpopulations are potentially less 

sensitive to the extended incubation period than the CD4+ subpopulations.  In conclusion, it is 

possible to say that as a general trend, as incubation period increases relative selection rate 

decreases.  However, there does not appear to be a substantial decrease in the relative selection 

rates when incubation period is increased from 120 minutes to 180 minutes.   

Comparison of relative selection rates with supplemented CD3/CD28 Dynabead concentration 

identified a relatively similar trend across all nodes. This trend consisted of a broad range of relative 

selection rates in conditions supplemented with 1X105 beads/mL followed by a reduction in the 

range of relative selection rates produced when this concentration was increased to 2X105 

beads/mL. This range was then subsequently increased once more when the concentration of 

CD3/CD28 Dynabeads supplemented into culture was increased to 1X106 beads/mL.  
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In all nodes the range of relative selection rates produced when supplemented with 1X106 beads/mL 

was at least great as, if not larger than, when supplemented with 1X105 beads/mL. In nodes 3, 9, 16 

and 19 this was predominantly down to one larger relative selection rate that increased this range, 

however in other nodes there was a relatively consistent spread of data.  In nodes 1, 3, 9 and 11 the 

highest relative selection rate when supplemented with 2X105 beads/mL was relatively similar to 

that when supplemented with 1x105 beads/mL. Therefore, the reduction in range of relative 

selection rates when the CD3/CD28 Dynabead concentration was increased to 2x105 beads/mL was 

due to a substantial increase in the lowest relative selection rate.  In nodes 14, 16 and 19 there is a 

slight reduction in the highest relative selection rate when increasing CD3/CD28 Dynabead 

concentration from 1x105 beads/mL to 2x105 beads/mL.  However, there is also a substantial 

increase in the lowest relative selection rate, indicating that these subpopulations are responding in 

a similar way to those mentioned previously.  Node 13 showed an increase in the highest relative 

selection rate from 1x105 beads/mL to 2x105 beads/mL, also showing a substantial increase in the 

lowest relative selection rate. 

In nodes 1, 3, 9, 11, 14 and 19, after omitting the highest relative selection rate observed in 

conditions supplemented with 1x106 beads/mL, the data showed little difference between the top 

selection rate and when comparing to those supplemented with 2x105 beads/mL.  In node 16, 

omitting the highest relative selection rate in conditions supplemented with 1x106 beads/mL 

resulted in a reduction in relative selection rate when compared with lower CD3/CD28 Dynabead 

concentrations.  These data appeared to show, as with the previous experiment, that reducing the 

concentration of CD3/CD28 Dynabeads supplemented into culture does not substantially affect 

performance of cultures.  This observation was previously validated against growth rate data and is 

being transferred to the performance on different phenotypic subpopulations. However, statistical 

analysis of correlation shows that in nodes 1, 9, 11 and 13 there is a significant positive correlation 

between relative selection rate and increasing CD3/CD28 Dynabead concentration (P<0.05). 

The data also show that when supplemented with 2x105 beads/mL or 1x106 beads/mL, it was almost 

always a condition incubated for 120 minutes that produced the lowest relative selection rate, 

complementing the previous observation that increasing the incubation period has a negative effect 

of relative selection rate.  In conclusion, although CD3/CD28 Dynabeads appeared to be having some 

effect on relative selection rate, the commonality in relative selection rates that existed between 

conditions supplemented with different concentrations of CD3/CD28 Dynabeads suggested that 

variation in relative selection rate is being effected predominantly by incubation period and 

incubation concentration rather than the concentration of bead supplementation. 
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The results observed also help to demonstrate some of the benefits of the novel analytical method.  

Fig 5.6 shows that nodes 1, 3, 9 and 13 represent similar populations when measured against CCR7 

and CD45RO.  In traditional phenotypic analysis, these populations would have been split based on 

their expression of these markers, and these subsections combined with other populations that had 

substantially different expression profiles.  For example, the slightly CD45RO positive events would 

have been analysed the same as the highly CD45RO positive node 19.  Fig 5.7 shows a general 

conservation of trend between nodes 1, 2, 9, 13 and 19, with the increase of both Incubation 

Concentration and Incubation Period correlating with a negative trend of the selection rate.  In 

addition, the range of selection rates in these nodes includes both positive and negative values, 

indicating that depending on the conditions tested, the selection could be either positive or 

negative.  However, closer analysis of these data shows that in nodes 3 and 9 the results are slightly 

more concentrated to positive selection (52.1% positive), closer to the 62.5% positive selection rates 

observed in node 19.  Meanwhile, nodes 1 and 13 show slightly more negative selection rates, being 

only 47.9% and 45.8% positive respectively. 

5 .3 .2 .3  Co nc lus io ns  of  th e exp an d ed  an a lys is  of  th e eff ec ts  o f conc entra ted  in cu ba tion  o n  T - c ell 

p op u la tio ns  in cultu r e  

PBMC cultures were tested to identify if concentrated incubation prior to seeding into culture plastic 

would allow reduction in the concentration of CD3/CD28 Dynabeads being used, whilst retaining the 

same level of proliferation and as standard protocol conditions, and not impacting phenotypic 

selection of CCR7+ populations negatively.   A large screening experiment was set up to enable a 

broad assessment of incubation concentrations, incubation periods and CD3/CD28 Dynabead 

concentrations. Having performed this experiment and analysed the data produced it has been 

possible to identify the effects of these variables.  

Of the three variables tested, Incubation Concentration and Incubation Period were the 

experimental factors which had an effect on growth rate of cultures. The evidence presented shows 

that there is a significantly negative correlation between growth rate and an increasing Incubation 

Concentration.  This observation is also true of the relationship between the growth rate of cultures 

and the period of the concentrated incubation, with a significantly negative correlation between 

growth rate and increasing Incubation Period. Meanwhile, it was possible to see that the growth 

rates, when supplemented with a reduced concentration of CD3/CD28 Dynabeads, were comparable 

to that of the conditions supplemented with 1x106 beads/mL.  

Comparing these results with the data from the previous experiment concludes similarities when 

looking at the effects of incubation concentration and CD3/CD28 Dynabead concentration. With 

regards to Incubation Concentration, it was identified that the conditions incubated at a lower 
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concentration performed better when measuring growth rate than those which had been seeded at 

a higher density. It is understood that the method by which the previous experiment was executed 

doesn't necessarily mean that these results are directly comparable, however this perceived 

relationship still warrants further analysis for validation. 

With regards to the supplementation of CD3/CD28 Dynabeads, the previous experiment concluded 

that reducing the concentration of beads did not negatively affect growth rate compared to 

conditions that were cultured with the suggested concentration. The data obtained in this 

experiment concludes the same response in growth rate, suggesting that a reduced quantity of 

CD3/CD28 Dynabeads could be used in culture and would still generate the same level of response 

as a seen at a higher concentration. This effect was also seen in cultures that did not undergo 

concentrated incubation suggesting that the concentrated incubation was not necessarily a required 

element of the culture protocol to elicit the same level of growth in the presence of a reduced 

quantity of CD3/CD28 Dynabeads. 

The observation that growth rate reduced with increase of incubation period was counter to that 

which had been seen previously, where conditions incubated for a longer period of time saw 

improved growth rate. The upper level of the incubation periods tested previously was lower than 

executed here, and although there was some similarity between conditions incubated for similar 

periods to that in the previous experiment, the data better fit the general downward trend that was 

observed. 

Phenotypic data was analysed using the novel analytical tool that had been developed as discussed 

in the previous chapter. Using this tool to analyse data showed that 120 hours was the point of 

maximum experimental effect and that there were similarities between the 25 TNN and 40 TNN 

SPADE analysis when trying to identify the optimal resolution for phenotypic analysis of this dataset, 

however ultimately it was concluded that 25 TNN would be the optimal number of nodes for this 

analysis and was carried forwards.  

Analysis of the optimal TNN SPADE analysis data identified 8 nodes of interest. These nodes 

consisted of four CD4+ nodes and four CD8+ nodes. These nodes were all selected for the presence 

of CCR7+ events, showing that they presented either Naïve or Central Memory subpopulation 

phenotype events or both. Although these nodes also covered a range of CD45RO expression it was 

noticeable that the CD8+ nodes showed overall a lower level of CD45RO expression than the CD4+ 

nodes.  

Calculated relative selection rates for the populations represented by the nodes of interest identified 

relationships with both the Incubation Concentration and Incubation Period. There were variations 
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in response to these factors between nodes, however the general effect was that as Incubation 

Concentration increased the relative selection rate decreased. It was also possible to see a similar 

response in comparing relative selection rates against Incubation Period, in that as the Incubation 

Period was increased, the relative selection rate for these selected nodes decreased.  

Overall, the similarity between the effects seen in the relative selection rates and the growth rates 

appears to suggest that with a lower growth rate comes a relatively lower relative selection rate for 

subpopulations which have a higher CCR7 expression level.  The conditions which have produced 

lower growth rates and relative selection rates are those which would more likely put cells into more 

harsh conditions, with both higher Incubation Concentrations and increasing Incubation Periods 

increasing the chance of medium exhaustion. Having observed the effect that these have had on 

growth rates it is therefore plausible that some populations represented by the nodes of interest are 

more sensitive to these adverse culture conditions than T-cells of other subpopulation phenotypes, 

which would cause the relative selection rates of these subpopulations to behave in a similar 

manner to the growth rates. It is not reasonable to assume that at all points the behaviour of these 

subpopulations would be linked to growth rate.  However, given the broad similarity in response of 

the relative selection rates and the growth rate, these data suggest that performance of these 

subpopulations and growth are linked, rather than the phenotypic performance of the cultures and 

level of proliferation being separately influenceable outputs.   

Comparison of the relative selection rates to the concentration of CD3/CD28 Dynabeads 

supplemented into culture shows that there is variation induced by changing the concentration 

added. However, further analysis of the data appears to show that the variation within the 

conditions supplemented with the same Dynabead concentration was predominantly due to the 

other experimental variables, rather than the Dynabead concentration itself. Furthermore, relative 

similarities in the relative selection rates observed at different Dynabead concentrations suggest 

that the concentration of beads is not having a substantive effect on the relative selection rate of 

the subpopulations represented in the nodes of interest. 

In addition, it was possible to identify subpopulations produced as part of the novel analytical 

technique which have more or less positive selection rates across all conditions.   Being able to 

identify this with a more nuanced approach may help to identify populations that are more 

susceptible to negative selection, and subsequently determine which conditions have a greater 

impact on positive or negative selection rates and prioritise their importance in culturing target 

populations. 
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The hypothesis established at the beginning of this experiment predicted that the cultures incubated 

at 1x107 cell/mL and incubated for 30 or 60 minutes would have the same level of proliferation as 

those conditions that did not undergo concentrate incubation, regardless of the concentration of 

CD3/CD28 Dynabeads supplemented into the culture.  In execution this was not the case, however 

the growth rates produced by the conditions incubated at 1x107 cells/mL for 30 and 60 minutes 

were not substantially different from those that did not undergo concentrated incubation. 

5 .3 .2 .4  I d en tif ica tion  o f  co nd itio ns  f o r us e in  va lida tion  

Naïve and Central Memory subpopulations have been the main focus for optimisation of T-cell 

culture due to their desirability in the CAR T-cell manufacturing process67,68,70,171.  The expanded 

investigation into the impact of concentrated incubation prior to seeding in 5.3.2 identified that, 

generally, as Incubation Concentration and Incubation Period increased, the relative selection rates 

in Nodes of Interest decreased.  Therefore, any conditions which went against this trend were of 

interest for further investigation. 

Further analysis of the NOI relative selection rates identified that certain conditions retained a 

higher relative selection rate across all of the subpopulations analysed.  Specifically, those conditions 

incubated at 3x107 cells/mL for 60 minutes and 1x107 cells/mL for 120 minutes with 1x106 beads/mL 

CD3/CD28 Dynabeads showed the highest relative selection rates within their Incubation Period 

subgroups in nodes 1, 3, 9 and 13, and were represented relatively highly in nodes 11 and 14.  To 

perform some level of validation of these observations, these conditions would be retested and 

analysed to identify if they would be able to repeatably induce relative selection rates for similar 

phenotypic subpopulations. 

To use as a positive control, these conditions would also be compared against cultures that did not 

undergo concentrated incubation and were also supplemented with 1x106 beads/mL Dynabeads.  

Not only was this condition consistently shown to produce high relative selection rates, it is also a 

common culture process within T-cell industry and research, providing a good benchmark for 

comparison with the wider field.  In addition, it was decided to select a negative control condition 

that had shown poor relative selection rates for cultures across all NoI.  Cultures incubated for 120 

minutes at 3x107 cell/mL and supplemented with 1x105 beads/mL CD3/CD28 Dynabeads had the 

lowest relative selection rate in node 14, and the lowest relative selection rate of those incubated 

for 120 minutes in nodes 1, 3, 9, 11 and 19, as shown in 5.3.2.2. 

These conditions were selected for testing to validate the observations from previous experiments.  

The data would be used to validate the observations of growth rate in cultures, however there was 

also a particular interest in the outputs of the phenotypic analysis.  The impact of the experimental 
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variables on phenotypic profile is of interest for application to the wider field of T-cell culture and 

CAR T-cell therapy manufacture, however in this scenario it was also of interest as the novel 

analytical technique used in the phenotypic analysis had not been used to validate phenotypic 

responses yet.  Disparity between the phenotypic conclusions would not inherently be a comment 

on the accuracy of the analytical process, but could highlight issues or developments moving 

forwards. 

5.3.3 Repeat testing of specified experimental conditions to validate observed effects of 

concentrated incubation on T-cell proliferation and phenotypic response 

5 .3 .3 .1  As s es s in g th e in f lu enc e of  co nc entra ted  in cu ba tion  o n  T - c ell p op u la tio n g ro wth rates  

Analysis of viable cell counts over time shows that all cultures tested showed periods of growth.  All 

cultures showed a lag phase from 0 to 46 hours, and from 46 hours it is possible to see a substantial 

increase in the viable cell count until 159 hours.  From 0 to 46 hours there is a drop in viable cell 

count observable in certain conditions.  This drop is consistent with previous observations and is 

likely due to the death of non T-cells in the PBMC cultures that are not being sustained by the T-cell 

supporting conditions.  The increase in viable cell count between 46 and 159 hours is not consistent, 

with there being a substantial dip in viable cell count observable at 96 hours, and a similar reduction 

in the condition incubated for 60 minutes at 3x107 cells/mL at 145 hours (Fig 5.8). 

The drop in viable cell count observed at 96 hours correlates with the conditions undergoing a 

medium exchange.  The volume of cultures was measured before and after to consider any dilution 

that may have occurred, and therefore wasn’t the cause of the reduction.  It is unclear what the 

source of the reduction in viable cell count was, however the subsequent drop seen in a single 

condition at 145 hours is also at a point at which the cultures will have undergone a medium 

exchange.  This level of correlation would likely suggest that the cause of the reduction in viable cell 

count is linked to the process of exchanging the medium.  Within this process it is not clear what is 

causing this effect, especially as this has not been observed in other viable cell count data in the 

previous cultures, however it could be plausibly linked to the centrifugation the cells undergo to 

separate them from the medium in which they are suspended.  The lack of observation of this effect 

in previous cultures could also suggest that the susceptibility to this process could be donor related. 
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Growth rates were subsequently calculated from the viable cell counts and analysed to assess 

experimental impact.  The growth rates were all calculated based on viable cell counts from 46 hours 

onwards as this was the inflection point of the cultures.  All calculated growth rates were positive, 

showing that all conditions induced growth in the T-cell populations (Fig 5.9). 

The growth rates show that when supplementing with 1x106 beads/mL CD3/CD28 Dynabeads, 

concentrated incubation at any concentration induced a higher growth rate.  Growth rates were 

highest on average when incubated at 1x107 cells/mL for 120 minutes, although the rates of cultures 

incubated at 3x107 cells/mL for 60 minutes were not substantially lower.  The lowest average growth 

rate was observed in the cultures incubated for 120 minutes at 3x107 cells/mL and supplemented 

with 1x105 beads/mL CD3/CD28 Dynabeads. 

Comparison of the conditions that were not incubated and supplemented with 1x106 bead/mL and 

those incubated for 120 minutes at 3x107 cell/mL, supplemented with 1x105 beads/mL, showed that 

the former has a higher average growth rate.  However, the average growth rates for these two 

conditions are not substantially different, and the lowest growth rates within each subgroup are 

sufficiently similar that more data is needed to identify if they are truly separate.  Statistical analysis 

of growth rates from cultures supplemented with 1x106 beads/mL CD3/CD28 Dynabeads showed a 
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significant positive correlation between increasing growth period and growth rate (P<0.01).  The 

data also show that concentrated incubation generated higher growth rates than those that did not 

undergo that process, although this relationship did not have a significant correlation. 

 

With the conclusions that were being drawn it is easy to see that the data were not going to be 

particularly comparable to the previous test of the conditions.  This is predominantly due to the 

relatively high growth rates of the concentrated incubation conditions supplemented with the higher 

concentration of CD3/CD28 Dynabeads.  However, the relatively similar performance of the 

incubated concentration conditions supplemented with the reduced concentration of CD3/CD28 

Dynabeads also highlights the variation observed in the validation conditions compared to the initial 

observations.  Although analysis of growth data is of great importance to ensure that any phenotypic 

benefits are not coming at the expense of growth, especially as the previous data appeared to link 

the subpopulation performance to the growth rate elicited by the experimental conditions, the main 

aim of this experiment was to identify if there is commonality in the phenotypic response.   
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5 .3 .3 .2  Co mpa riso n  of  g ro wth  ra te res po ns e to exp erimen ta l cond itio ns  

Initial comparisons of growth rate data showed some deviations from what was seen in the previous 

experiment.  The negative control, incubated for 120 minutes at 3x107 cells/mL with 1x105 beads/mL 

CD3/CD28 Dynabeads, produced growth rates that were on average lower than the positive control, 

non-incubated and supplemented with 1x106 beads/mL (Fig 5.8), which was in line with what was 

observed previously.  However, the previous experiment concluded that these conditions should 

induce substantially different growth rates, with the negative control proliferating significantly less 

than the positive control (Fig 5.4).  The data from the previous experiment show that there is a clear 

and substantial distinction between the positive and negative controls, however the validation 

conditions show an overlap of the growth rates from these two conditions.  This immediately 

highlighted that the outputs of this experiment are likely to differ from before.   

Despite this it is also possible to see from the viable cell count data that the viable cell yield in the 

negative control conditions were roughly 3 fold lower at the final cell count.  This observation does 

not change the fact that the positive and negative control had similar growth rates in culture, 

showing that they are not as different as was previously observed.  However, it could highlight that 

cultures undergoing the incubated concentration protocol suffer a greater loss of initial material 

after plating into culture plastic than those that do not undergo the concentrated incubation 

process. 

Meanwhile, the experimental conditions tested showed a substantially higher growth rate than 

those observed in the positive control.  In the previous experiment, the standard protocol conditions 

generated the highest growth rates, and therefore the performance of the experimental conditions 

is counter to what was seen before.  This level of performance is not unprecedented though, as the 

first investigation into this process showed that conditions undergoing concentrated incubation 

would perform better than those which underwent the standard protocol as described in 5.3.1.   

Therefore, the data appears to validate the response observed from one set of T-cell cultures, but 

not another.  These variations in response could potentially be due to the size of the expanded 

investigation experiment.  The purely practical requirements of cultures to be out of the incubators 

for greater periods of time every 24 hours due to the number of conditions being sampled could 

have negatively affected cultures that underwent concentrated incubation.  This could potentially 

have been that after the high stress environment of their incubation period they were more 

susceptible to further disruption.  Alternatively, these data could highlight the inherent variability of 

T-cell cultures, showing that donor variability could be a considerable issue moving forwards in 

creating a universal ‘best practice’ protocol.  The likelihood is that it was a combination of factors 

that may have contributed to the effects seen in the results. 
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5 .3 .3 .3  As s es s in g chan g es  in ph enotyp ic  res po ns e b as ed on  c on c en tra ted inc ub a tio n  with va riab le 

CD3 /CD28  Dyna b ea d conc en tra tion s  

Samples were taken as discussed in 5.2.7 and analysed for expression of marker proteins and 

analysed using the novel analytical method outlined in 4.3.2.  The data was processed via the SPADE 

analysis platform and E2N ratios were calculated for each node of the analyses run using the sample 

data generated.  The resulting data was separated by TNN and timepoint collected for analysis of the 

point of greatest experimental effect.  Analysis of the E2N data shows a consistent increase in upper 

quartile and median values from 24 to 72 hours across all analyses, with the increase in upper 

quartile value to 96 hours observable across analyses with TNN from 10 to 30.  In all analyses there is 

a substantial drop in the E2N values at 120 hours, followed by an increase of varying magnitude 

across the analyses to 144 hours, and then a substantial reduction again to 168 hours (Fig 5.10).  

With consistently higher upper quartile and maximum E2N values across analyses with TNN 10-30, 

96 hours was selected as the point of greatest experimental effect within this dataset.  The top 3 

E2N values from each analysis at 96 hours were then compared to identify the optimal Target 

Number of Nodes for the dataset. 

Analysis of the 3rd highest values shows a relatively consistent increase from TNN 10 to TNN 25 

where the values begin to plateau.  Meanwhile, the second highest values show a relative plateau 

from 10 TNN to 20 TNN.  From 20 TNN there appears to be a relatively consistent increase in E2N 

value to TNN 25 and on to TNN 40, however TNN 30 shows a drop in second highest E2N value to 

the same level as the third highest value.  Analysis of the top values from the analyses shows an 

initial decrease when increasing TNN from 10 to 15, followed by a sharp increase to TNN 25.  As with 

the second highest data, the TNN 30 top value drops, substantially in this case, again to the same 

level as the third highest E2N value from the analysis.  The top value increases from 30 TNN to 40 

TNN, however this value is still lower than that of the 25 TNN analysis (Fig 5.10).  With the greatest 

top E2N values, second greatest second highest value and third highest value at the beginning of the 

plateau seen in the subgroup, the selected Target Number of Nodes for this dataset was selected to 

be 25. 
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Each node of the 25 TNN analysis was analysed to identify nodes which contained CCR7+ events.  

Through this process nodes 4, 8 9, 10, 14, 16, 17, 18 and 19.  Nodes 4, 16, 18 and 19 represent CD8+ 

populations, whilst the remaining nodes all represent CD4+ populations (Fig 5.11, Table 4.4).  Due to 

the parameters of selection all nodes contain some level of CCR7+ events, however unlike previously 

there are no nodes that appear to be predominantly or entirely CCR7+ events.  A considerable range 

of CD45RO expression is covered across all NoI, and certainly covers both mature (Effector Memory 

and Central Memory) and immature (Naïve and Effector) subpopulations phenotypes. 

 

Nodes 4 and 14 show similar levels of CCR7 and CD45RO expression, both presenting events that fit 

in to all 4 maturity phenotype subpopulation definitions.  Node 8 has a similar overall profile, but has 

fewer CCR7-CD45RO+, or Effector Memory subpopulation events.  Nodes 16 and 18 have similar 

profiles to each other, with a distribution of events that shows a positive correlation between CCR7 
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and CD45RO expression.  The CCR7- events in node 16 are predominantly Effector phenotype 

events, with the CCR7+ spanning the delineation between Naïve and Central Memory phenotype.  

Meanwhile, the events displayed in node 18, although with a similar profile to node 16, are shifted 

more positively on the CD45RO axis, meaning that the events are predominantly Effector or Central 

Memory, although there is some overlap at the centre into Naïve and Effector Memory phenotype 

definition. 

 

Node 17 shows a population that is predominantly Central Memory phenotype, however there is a 

proportion of events that would still be defined as Naïve, Effector and Effector Memory.  Nodes 9, 

10 and 19 have high CD45RO expression in all events, to the extent that there are very few to no 
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immature phenotype events in these nodes.  Nodes 10 and 19 are very similar, although in node 19 

as the CCR7 expression increases, the lower limit of CD45RO expression increases, while the full 

range of CD45RO expression appears to be maintained in node 10.  Node 9 has no immature events 

and has events that fall into both the Central Memory and Effector Memory phenotype definitions; 

it would appear that a greater proportion of the events are Central Memory than Effector Memory. 

The relative selection rate of these subpopulations within samples was then analysed and compared 

against experimental variables to identify the experimental impact on subpopulation selection. 

Comparison of relative selection rates for subpopulations represented in the NoI show the limiting 

effect of not incubating at a concentrated level in this experiment. 

Consistently across all nodes it is possible to see that there is an increase in both the lowest and 

highest relative selection rates when comparing the non-incubated conditions with those incubated 

for 120 minutes at 1x107 cells/mL.  Furthermore, it is possible to see that in nodes 4, 8, 17, 18 and 19 

the non-incubated cultures do not produce a positive relative selection rate at all, a fact not 

observed in any of the other conditions across all nodes (Fig 5.12).  Analysis of the relative selection 

rates induced by incubating at 1x107 cells/mL for 120 minutes shows a consistent pattern across all 

NoI, apart from node 9, that two of the repeats perform similarly and the third will perform 

substantially worse.  It is not clear why one culture would perform generally worse that the other 

cultures when they have been subject to the same conditions. 

Analysis of conditions incubated at 3x107 cells/mL shows that increasing the Incubation Period and 

decreasing the concentration of CD3/CD28 Dynabeads supplemented did not have a substantial 

effect on the relative selection rate within these nodes.  Within all NoI other than node 14 there was 

some level of overlap between the conditions incubated for 60 minutes and supplemented with 

1x106 beads/mL and those incubated for 120 minutes and supplemented with 1x105 beads/mL.  This 

evidence is in stark contrast to the growth data where the negative control condition performs 

substantially worse than the other conditions incubated at 3x107 cells/mL.  

In nodes 8, 10, 16 and 17 it is possible to see a reduction in both the highest and lowest relative 

selection rate observed when increasing the Incubation Concentration from 1x107 cells/mL to 3x107 

cells/mL.  Nodes 4, 9, 14, 18 and 19 show that the highest relative selection rate for these 

subpopulations were incubated at 3x107 cells/mL. 

These data suggest that on average incubated concentration is beneficial for the relative selection 

rates of the subpopulations defined by the NoI.  However, the variability of relative selection rates 

observed in those conditions that underwent concentrated incubation does not appear to 

sufficiently show that there is a consistently positive effect.  Statistical analysis did not identify any 
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significant correlations between the relative selection rates and increasing Incubation 

Concentration.  Furthermore, where similar effects are observed with increase to the Incubation 

Concentration, there does not appear to be any observable connecting factor that would like the 

subpopulations in question, suggesting that these are also coincidentally similar. 
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It is possible to analyse the interaction between Incubation Period and the relative selection rate for 

NoI subpopulations.  However, given the limited number of conditions tested within this experiment, 

a large number of observations will be similar or identical to those outlined in the previous section. 

It is possible to see an increase in the lowest and highest relative selection rates produced between 

the non-incubated cultures and those incubated for 60 minutes in all nodes except nodes 4 and 18.  

Within these nodes it is possible to observe an increase in the highest relation selection rate when 

cultures undergo concentrated incubation, however there is also a slight reduction in the lowest 

relative selection rate.  Statistical analysis shows a significant positive correlation between relative 

selection rate and increasing incubation period in nodes 8, 9 and 19.  Comparison of relative 

selection rates against the concentration of CD3/CD28 Dynabeads showed varying response across 

subpopulations, however the statistical analysis of correlation did not highlight any significant 

relationships. 

Node 4, 9, 18 and 19 show a decrease in the highest and lowest relative selection rate when 

increasing the CD3/CD28 Dynabead concentration, indicating that in these subpopulations a 

reduction in the CD3/CD28 Dynabead concentration is having a positive effect.  Both nodes 9 and 19 

represent subpopulations with relatively high CD45RO expression, containing a negligible quantity of 

immature events.  CD3/CD28 Dynabeads promote proliferation through activation of T-cell and 

promote maturation and it was therefore somewhat surprising that reduction in the Dynabead 

concentration would induce a greater selection for these subpopulations.  One theory for this 

scenario is that there are other high CD45RO expressing populations that do not show CCR7+ events, 

namely Effector Memory populations, that have reduced relative selection rate with a decrease in 

CD3/CD28 Dynabead concentration, increasing the relative selection rate of these subpopulations.  

There does not appear to be a consistent pattern of response across all subpopulations, however the 

data do highlight lack of negative effect on subpopulation selection rate when maintaining the 

recommended bead:cell ratio. 

5 .3 .3 .4  Ma in conc lus ion s of  th e compa ris on  b etween  previou s a nd  c u rren t res po ns es of  T - c ell 

p op u la tio ns  in cultu re  

The primary purpose of testing the conditions implemented in this experiment was to validate the 

outputs and conclusions of the previous experiment.  The main conclusions from this experiment 

were that growth rate of T-cell cultures were significantly affected by CD3/CD28 Dynabead 

concentration, and that concentrated incubation was positive for cultures supplemented with the 

same concentration of CD3/CD28 Dynabeads compared to the standard protocol.  Phenotypically, all 

subpopulations had reduced selection rates if they had not undergone concentrated incubation, 

with varying responses to the experimental conditions based on subpopulation.  Comparison with 
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previous data does not suggest validation of the conclusions and instead asks for more data to build 

a stronger definition of the interaction between these experimental parameters and phenotypic 

response. 

Analysis of the growth rates of cultures in this experiment identified that when supplementing with 

1x106 beads/mL CD3/CD28 Dynabeads, a concentrated incubation had a positive effect relative to 

the non-incubated conditions.  Furthermore, the cultures incubated at 3x107 cells/mL for 120 

minutes, supplemented with 1x105 beads/mL did not grow at rates substantially worse than the non-

incubated concentration.  Overall these data show that the concentrated incubation had a positive 

effect on the growth rate and appeared to show that reducing the CD3/CD28 Dynabead 

concentration will not significantly inhibit growth relative to non-incubated conditions.  The 

outperformance of the experimental conditions compared to the positive control, and the relative 

comparability of the positive and negative control conditions runs contrary to what was observed in 

the previous experiment.  However, the higher growth rates of the experimental conditions do 

correlate with what was seen in the original proof of concept experiment, with concentrated 

incubation exhibiting improved growth over non-incubated controls. 

Analysis of phenotypic data shows some patterns of response, including that the non-incubated 

conditions did not produce as high relative selection rates as those that had undergone 

concentrated incubation, similar to that observed in analysis of growth rates.  Some nodes appeared 

to show a positive trend with either increasing Incubation Concentration or Incubation Period.  

However, there was a general lack of significant correlation, with only three of the nodes showing a 

significant relationship with Incubation Period.  The data also show a varying response to reducing 

the CD3/CD28 Dynabead concentration, however they do appear to suggest that the concentration 

does not have a significant or substantial effect on the relative selection rates compared to those 

cultures supplemented with 1x106 beads/mL.  Furthermore, these perceived trends in the data did 

not appear to correlate with any particular observation of the cultures’ growth rates or phenotypic 

profile.  This suggests that the conditions are reacting in response to other experimental variables 

that have not been, or cannot be, monitored.  Comparison of the variation within conditions to the 

variation between conditions speaks to the variability of T-cell cultures.  Further investigation would 

be required to identify if there are elements of T-cell culture that could be affecting these outputs 

that it would be possible to control, or if there are any indications within the source material that 

could predict that a sample would be more or less variable. 

Comparison of the general trends in phenotypic response to the experimental conditions in this 

experiment, as well as comparable subpopulation behaviours with the data of the previous 

experiment, show little correlation.  It is possible to see some correlation between the relative 
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response in the positive control and experimental conditions of the growth rates and the phenotypic 

response, which was noted in the previous experiment.  However, the relative response of the 

negative control against the two outputs contradicts this conclusion.  Ultimately, further 

investigation is needed with these experimental variables to identify what relationships exist 

between them and impacts of growth rates and phenotypic response. 

5 .3 .3 .5  Co mpa ring  No d es  o f Interest with s imila r p ro f iles fo r ef fec ts of  exp erimen ta l  co nd itio ns  

Analysis of the relative selection rates of NoI in both the previous and current experiment showed 

broad trends that could be ascribed to most of the nodal responses, however responses between 

nodes of the same experiment did show more subtle differences in the way they responded.  

Therefore, although it would be possible to compare these broad assessments, it was more 

appropriate to try and identify comparable subpopulations that had been identified in both 

experiments and compare their responses.  Using the CD4+/CD8+ nature of the node, and the level 

of CCR7 and CD45RO expression of the events, nodes were compared between experiments to 

identify comparable populations.  Analysis of these criteria showed some populations that could be 

compared between the experiments to draw conclusions on variability or similarity in the effects 

experimental variables had on subpopulation selection. 

When discussing comparisons between NoI, unless otherwise stated the first node mentioned refers 

to the previous experiment, with the second node mentioned referring to the current experiment.  

Furthermore, all relative comparisons in response regarding data from the previous experiment do 

so in the context of the conditions examined in this experiment rather than the full spectrum of 

conditions tested. 

5.3.3.5.1 Node 1 and Node 4 

Nodes 1 and 4 were noted for their similar CCR7/CD45RO profile.  These nodes both presented 

subpopulations that contained events that fell into all four maturity phenotype expression profiles 

(Fig 5.6, 5.11).  Node 4, from the validation experiment, does show a higher maximum CCR7 

expression level, however all other limits of marker expression are similar and thus the 

subpopulations were considered comparable. 

Comparing the relative selection rates shows that whilst in node 1 the positive control had the 

highest average relative selection rate for this subpopulation, in node 4 it gave the lowest.  Analysis 

of the test conditions, 8 and 19 (Table 5.2), in the validation experiment showed that they 

performed relatively similarly initially (Fig 5.7).  However, in the validation experiment this was not 

repeated as within node 4 the conditions incubated at 3x107 cells/mL for 60 minutes supplemented 

with 1x106 beads/mL showed lower relative selection rates compared to the other test conditions 
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(Fig 5.12).  In addition, in node 1 the relative selection rate of the negative control was substantially 

lower when compared against the test conditions.  Meanwhile in node 4, the negative control 

produced a higher individual and overall average relative selection rate that the conditions 

incubated at 3x107 cells/mL for 60 minutes supplemented with 1x106 beads/mL.  Overall, the data in 

these nodes do not validate each other. 

5.3.3.5.2 Node 9 and Node 8 

Nodes 9 and 8 both represent populations that were lower in CD45RO expression.  As was noted in 

the comparison between node 1 and node 4, node 8 of the validation experiment shows a slightly 

higher maximum CCR7 expression level, however these nodes both show the presence of Naïve and 

Effector subpopulations and are otherwise similar (Fig 5.6, 5.11). 

Comparison of the relative selection rates shows that although the experimental conditions perform 

similarly to each other in node 9, the experimental conditions incubated at 3x107 cells/mL has a 

lower relative selection rate compared to those incubated at 1x107 cells/mL.  Similar to the previous 

comparison, the relative selection rates of the positive control were greater than the experimental 

conditions in node 9 (Fig 5.7), whilst in node 8 they were lower than the experimental conditions 

incubated at 1x107 cells/mL (Fig 5.12).  Furthermore, in node 9 the selection rates of the positive 

control were all positive, whilst in node 8 they were all negative.  The negative control’s relative 

selection rates in node 9 were substantially lower than those of the experimental conditions, 

however in node 8 they had a higher average relative selection rate than the experimental 

conditions incubated at 3x107 cells/mL and not substantially lower than those of the experimental 

condition incubated at 1x107 cells/mL.  Overall, the data do not show correlation in response 

between the two nodes. 

5.3.3.5.3 Node 11 and Node 18 

Nodes 11 and 18 both represent Effector and Central Memory phenotype cells.  Node 18 of the 

validation experiment has a greater density of events than node 11 of the screening experiment.  

However, both nodes display events with a positive correlation between CCR7 and CD45RO 

expression, and presentation of events in node 11 suggest that increased density of events in this 

plot would look similar to what is presented in node 18 (Fig 5.6, 5.11). 

Analysis of the relative selection rates shows that in node 11 the selection rates of the positive 

control are greatest.  The experimental conditions show comparable relative selection rates that are 

slightly lower than that of the positive control, and the negative control selects wholly negatively for 

this subpopulation (Fig 5.7).  Meanwhile, in node 18 the positive control has the lowest average 

relative selection rate of all the conditions tested.  The experimental condition incubated at 1x107 
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cells/mL showed an increase in the upper level of relative selection rates generated, however the 

lower level matches that of the positive control (Fig 5.12).  The two conditions incubated at 3x107 

cells/mL show very comparable performance, with the upper limit of relative selection rates 

produced showing a continued increase from the previous incubation concentration.  However, the 

lower limit remains comparable to both the previous incubation concentration and the positive 

control.  The comparison of these data overall shows a lack of similarity and therefore they do not 

validate each other, however there are some elements of similarity seen between the conditions 

incubated at 3x107 cells/mL.  Further investigation would be required to establish if these similarities 

were genuine or coincidental. 

5.3.3.5.4 Node 19 and Node 17 

Nodes 19 and 17 both represent high CD45RO expressing populations.  Analysis of the phenotypic 

distribution shows that these nodes represent Central Memory and Effector Memory phenotype 

events, although node 19 has a slightly lower shifted CCR7 expression level compared to node 17 

(Fig 5.6, 5.11).  

Assessment of relative selection rates shows multiple differences between the experiments.  In node 

19 the relative selection rates of the positive control condition show superior selection relative to 

the other conditions, with a relatively high, positive average relative selection rate (Fig 5.7).  

Conversely, in node 17 the positive control has the lowest average relative selection rate, and fails to 

produce a single positive relative selection rate across all replicates (Fig 5.12).  The experimental 

conditions in node 19 have similar relative selection rates.  The experimental conditions in this node 

select slightly less positively for these subpopulations than the positive control, while in node 17 the 

experimental conditions both have average relative selection rates higher than the positive control.  

Furthermore, the experimental cultures incubated at 3x107 cells/mL show a reduction in the level of 

selection compared to those incubated at 1x107 cells/mL.  The negative control in node 19 did not 

positively select for the subpopulation at all and has a value substantially lower than both the 

experimental conditions and the positive control.  In comparison, in node 17 the negative control 

has a slightly higher average relative selection rate than the experimental condition incubated at 

3x107 cells/mL and shows a similar range of responses.  In addition, this average relative selection 

rate is positive, indicating that this condition is beneficial for the subpopulation.  These data do not 

validate each other, and rather show that further investigation is required to better define the 

relationship between the experimental conditions tested in these experiments and phenotypic 

response. 
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5.4 Discussion 

The purpose of this series of experiments was to test the theory that a concentrated incubation of 

PBMC samples prior to seeding into culture would be able to achieve similar growth rates in cultures 

with a reduced concentration of CD3/CD28 Dynabeads.  If this proved correct it would allow 

reduction in the quantity of Dynabeads required in culture and limiting one of the greater costs of T-

cell culture overall, as well as reduce the level of non-biological material supplemented into culture. 

Initial experimentation appeared to show that the theoretical concept was sound with concentrated 

incubation improving the growth of the cultures tested.  Furthermore, the data appeared to show 

that reducing the concentration of CD3/CD28 Dynabeads had a positive effect on the growth rate 

compared to concentrated incubation with the recommended bead to cell ratio.  Evidence also 

appeared to suggest that increasing the incubation concentration had a negative effect on growth 

rate, whilst increasing the period of incubation was positive. 

With the plausibility of this premise established practically, a further experiment was designed, 

extending both the incubation densities and periods, as well as introducing an additional level of 

CD3/CD28 Dynabead concentration.  This experiment was designed to further expand the 

experimental parameters as well as test the relationships between the incubation concentration, 

period and Dynabead concentration and growth.  In addition to this, the experiment was to monitor 

the phenotypic profile of cultures over time and attempt to identify relationships between the 

experimental parameters and phenotypic response. 

Data showed that increasing either the incubation concentration or period prior to culture had a 

negative impact on the growth rate.  The negative effects of increasing the incubation concentration 

were observed in the initial investigation, however the negative impact of increasing incubation 

period was not.  In the initial investigation, increasing the incubation period was shown to improve 

growth in cultures, and comparison between test conditions and non-incubated controls showed 

that the test process appeared to be beneficial to cultures.  In comparison, the trend in the data of 

the expanded investigation appeared to show that any incubation period would have a negative 

effect on the growth of the cultures.  This was an early indication of the variable response to the 

concentrated incubation process.  Increasing the concentration of CD3/CD28 Dynabeads 

supplemented appeared to have a positive effect on growth rate, however the relative similarity of 

cultures supplemented with 2x105 beads/mL and 1x106 beads/mL compared to the breadth of 

responses in cultures supplemented with 1x105 beads/mL suggested there was not a linear 

relationship. 
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Similarly, analysis of phenotypic data calculated using the novel analytical technique developed 

previously showed that where present, the trends showed a negative correlation between increasing 

incubation concentration or period or reducing Dynabead concentration and the relative selection 

rates for the subpopulations of interest.  It was not clear from only this experiment if the response in 

growth rate and selection rate of the NoI was linked or coincidental.  Links between the two could 

be caused by the conditions which induce greater proliferation in cells causing a phenotypic change 

in T-cell populations so that they transition into another maturity subpopulation definition.  

Alternatively, the similarity in response could be due to the proliferative conditions selectively 

inducing growth in the non-target subpopulations.  Understanding the biological mechanisms in T-

cells, it is likely that any link between the two would be a balance of both causes mentioned. 

Having extensively tested these parameters there was a desire to validate the outputs observed.  

The follow up experiment was executed with a positive and negative control and two experimental 

conditions.  The condition that did not undergo concentrated incubation was selected as the positive 

control due to the performance of these conditions in the previous experiment, as well as being 

within the range of standard parameters in the field.  The negative control was selected to be a 

condition incubated at 3x107 cells/mL for 120 minutes and supplemented with 1x105 beads/mL 

Dynabeads.  This condition was selected for its poor growth rate and relative selection rates for 

target subpopulations.  The experimental conditions were selected based on their ability to show 

high responses in both growth rate and relative selection rate compared to other conditions.  As 

such, the two conditions selected would both be supplemented with 1x106 beads/mL and incubated 

for 60 minutes at 3x107 cells/mL and 120 minutes at 1x107 cells/mL. 

Initial analysis of these conditions showed that the growth rate was negatively affected relative to 

the experimental conditions in the negative control, however this was also seen in the positive 

control.  The level of reduction was greater in the negative control, however the growth rates of the 

control conditions remained comparable, indicating that the longer incubation, higher concentration 

for the duration and lower CD3/CD28 Dynabead concentration supplemented were not having a 

substantially negative impact.  Nevertheless, when observing the cell yield at the final timepoint it is 

possible to see that the negative control condition has a substantially lower viable cell count.  With 

the growth rates that were compared being calculated using viable cell counts from 37 hours 

onwards, this appears to imply that the concentrated incubation does not negatively impact the 

proliferative potential of a culture, but may impact the level of viable cell loss in the initial stage of 

culture. 

Phenotypic data was once again analysed using the novel analytical technique previously developed.  

Comparison was made of the overall trends in the responses, as well as between nodes that had 
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been identified as having similar phenotypic profiles.  Comparison of the general trends showed little 

similarity to the previous experiment, with the positive control, as with growth, showing reduced 

relative selection rates.  Responses varied depending on the node being assessed, however overall 

the responses to each of the experimental conditions were similar.  The negative control also 

exhibited varying responses depending on the node, however more relevantly, the negative control 

often showed similar responses to both experimental conditions.  Comparison of responses of 

subpopulations to similar subpopulations in the previous experiment also rendered the same 

verdict, that these data do not validate the previous conclusions.  Overall these data indicate that 

concentrated incubation is of benefit to T-cell cultures, and that reducing CD3/CD28 Dynabead 

concentrations may cause a reduced final yield but will not reduce rate of proliferation relative to 

standard protocol and could improve the selection rate of targeted subpopulations. 

The data collected from the validation experiment went little distance to validate the conclusions of 

the screening experiment.  However, the improved response of the conditions that underwent 

concentrated incubation compared to those that did not and the relative indifference to reducing 

the level of CD3/CD28 Dynabead supplementation do correlate with what was seen in the proof of 

concept experiment. 

It is not clear why there was such a variation in relative culture performance between the different 

experiments, however it could potentially be due to the size of the experiments.  The screening 

experiment had a considerably larger number of samples, and the sheer practicality of sampling that 

many cultures could have resulted in samples remaining longer out of incubation or in other non-

preferable conditions.  In these situations, cultures which had already endured unfavourable 

conditions may be more responsive, or less tolerant, of similar conditions arising again.  This could 

explain the difference in response between the proof of concept/validation experiment and the 

screening experiment. 

Alternatively, these data could speak to the variability of donor material in T-cell culture.  The 

multitude of factors that can affect the state at which material is input into culture, including the 

health of the donor, both acutely and chronically, their age, gender and ethnicity.  Furthermore, this 

could manifest itself in two ways.  Potentially, the input state directly defines the way in which the 

culture will behave, and the samples are merely behaving within that potential area of response 

depending on the condition.  Alternatively, certain samples could be more or less responsive to the 

experimental parameters being tested specifically.  It could be that there are elements or factors of 

the material that could be quantified which would elucidate how samples would respond when 

placed in certain conditions. 
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One of the objectives of this work was to validate the analysis technique in tandem with validation 

of the screening experiment outputs.  The conclusions of the validation experiment, outlined above, 

clearly demonstrate that there is some disconnect between the phenotypic response identified in 

the screening and validation experiments to the same inputs, however this does not mean that the 

analytical technique is invalidated too.  Rather, the ability of the process to identify differences 

between the experiments speaks to its merit and shows that the process is able to discern 

differences between cultures. 

Ultimately further work is required to identify the source of this variation and to further define how 

PBMC cultures respond to an increased concentration incubation period with a reduced CD3/CD28 

Dynabead concentration. 
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6 Thesis conclusions and further work 

6.1 Conclusions on the impact of input material on T-cell culture 

Hypothesis  1 :  Isolation t ar geting either  CD 3  or  CD 4 and CD 8 w ould r esult in similar  cultures both 

phenotypically and pr oliferatively.  

Hypothesis  2 :  C ultur e of CD4 + and CD 8+ subpopulations independently w ould produce differ ent 

outputs  in culture t o each other  and t o w hen cultur ed in combination.  

Hypothesis  3 :   S upplementation of CD3 / CD 28  D ynabeads will stimulate gr eater  pr oliferation and 

matur ation of s ubpopulation, w hich w ould be enhanced by the additional supplementation of IL - 2  

The surge in interest in CAR T-cell therapies has increased the body of work analysing many aspects 

of manufacture, from transduction rates and efficiency to efficacy of treatments based on the 

therapeutic material.  However, there was limited evidence of work on the impact of input material 

on the performance of cultures from a proliferative and phenotypic perspective.  Factors of the input 

material considered were the isolation method of T-cells in non-CD3/CD28 stimulated cultures, the 

balance of CD4+, CD8+ and non T-cell PBMCs, and the presence of CD3/CD28 Dynabeads.  It was 

proposed that by improving the understanding of the relationship between input material and 

culture outputs it may be possible to better predict the performance of cultures at seeding.  In 

addition, it was suggested that this information may highlight ways to manipulate the input material 

to certain specifications for directed culture. 

The initial work into target proteins for isolation of T-cells showed apparent benefits of CD3 targeted 

isolation in proliferation compared to CD4/CD8.  There were also substantial differences in the 

presentation of maturity phenotype subpopulations in the CD3 targeted cultures to those targeted 

by CD4/8.  The increase in proliferation and the nature of the variation between the phenotypic 

profiles of the two targets appeared to show that the CD3 isolation method was inducing activation 

in the T-cell populations. 

Further work looking into the balance of CD4+, CD8+ and non T-cell PBMC populations highlighted 

the variability of donor material with variable proliferation observed which could not wholly be 

attributed to experimental set up.  The evidence generally appeared to show that proliferation was 

greatest in cultures that underwent a reduced level of processing, suggesting that reducing the time 

and steps from start of processing to culture would be beneficial.  Cultures that underwent similar 

levels of processing generally showed limited variation when altering the subpopulation 

composition.  The greatest effect seen was increased proliferation in cultures seeded with a 

CD8/CD4 subpopulation ration of 3:1, however the results showed a high level of noise that 
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warranted further experimentation to validate these observations.  As no phenotypic analysis was 

performed on these populations it is not possible to say what the impact of this was on 

subpopulation balance. 

Testing the supplementation of CD3/CD28 Dynabeads as part of the input material showed that they 

had a positive impact on proliferation.  The effect of supplementing the activating beads was also 

seen in the phenotypic analysis of the cultures, showing higher levels of mature subpopulations as 

well as a greater transition to those populations over time.  The evidence also appeared to suggest 

that the supplementation of IL-2 with CD3/CD28 Dynabeads was slightly limiting with regards to 

proliferation and subpopulation transition.  It was suggested that this may be due to the T-cell 

developing an anergy if exposed to too high a level of IL-2 prior to activation, however further work 

was required to validate this. 

Overall, the data show that processing has a greater impact on non-CD3/CD28 stimulated cultures 

than the balance of populations, identifying the culture profiles of similarly processed conditions to 

be relatively comparable.  In addition, the supplementation of CD3/CD28 Dynabeads appears to 

have a substantial impact on the proliferation and phenotypic response of T-cells in culture.  The 

combined response of T-cell cultures to CD3/C28 Dynabeads and manually supplemented IL-2 also 

requires further investigation to validate the observed effects.  

6.2 Conclusions on the effects on delaying supplementation of IL-2 into T-cell 

cultures 

Hypothesis :   Delaying s upplementation of IL - 2 into cultur e w ill have a positive effect on pr olifer ation 

and m atur ation of subpopulations  

Observations in the previous chapter showed that supplementation of additional IL-2 with 

CD3/CD28 Dynabeads at seeding reduced proliferation and inhibited the transition of cells to Central 

Memory phenotype.  It was proposed that this inhibition was brought about by a level of anergy 

incurred by the T-cells to IL-2 on exposure prior to sufficient activation.  Therefore, it was predicted 

that delaying the supplementation of IL-2 would allow time for sufficient activation that 

supplementation would have a positive effect.  In addition, it was predicted that supplementing the 

CD3/CD28 Dynabeads at the highest bead:cell ratio would introduce the highest level of activation 

and therefore see the greatest positive impact on proliferation and maturation. 

Analysis of the conditions tested showed that delaying the supplementation of IL-2 and higher 

concentrations on CD3/CD28 Dynabeads had significantly positive effects on growth rate, whilst 

supplementation of IL-2 and increasing the seeding density had significantly negative effects.  

Investigation of the significant relationship between concentration and timing of IL-2 
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supplementation showed that supplementing IL-2 at 96 hours produced the same response as those 

culture not supplemented with IL-2, whilst supplementing with IL-2 at 0 hours had a negative effect.  

This appears to validate the observation that supplementation of IL-2 at seeding inhibits 

proliferation, however it does not support the hypothesis that supplementation at the later 

timepoint will increase proliferation relative to non-supplemented cultures. 

Traditional phenotypic analysis of the data showed minimal significant impacts of the data, with the 

predominant effect being the negative impact of supplementing IL-2 on Effector phenotype 

subpopulations.  Assessment of the phenotypic method highlighted that the traditional method of 

analysis did not take into account the nuances of phenotypic profiles that may be presented and did 

not take a dynamic approach to subpopulation assessment.  In addition, it was noted that user bias 

could easily influence the outputs of this analysis and bias conclusions.  It was concluded that an 

analytical method that considered these elements, as well as eliminating as much of the user input 

as possible, could provide a greater insight into the influences of these experimental variables on 

phenotypic response. 

Nodes of interest were identified which presented events that conformed to the Naïve and Central 

Memory phenotypic profiles.  Analysis of these nodes showed that where responses were 

significant, they were generally in line with the observed effects on growth rate.  The main 

difference was that the seeding density appeared to have a predominantly negative effect on the 

subpopulation selection rates.  This appeared to suggest that proliferation of cultures was linked to 

the phenotypic response.  However, it was not clear if this was because the conditions which 

stimulated proliferation would also induce maturation of T-cell cultures, or if they selectively 

induced proliferation in mature subpopulations. 

Overall, the data confirmed the hypothesis that supplementation of IL-2 at seeding had a negative 

impact on T-cell cultures, whilst rejecting the hypothesis that delayed IL-2 supplementation would 

increase proliferation.  Using the novel analytical method, the data also highlighted the link between 

maturation of T-cell subpopulations and proliferation. 

6.3 Conclusions on the concentrated incubation of cells prior to seeding and how 

that impacts the subsequent culture of the material 

Hypothesis :   Concentr ated incubation pr ior  t o seeding could induce the s ame level of pr olifer at ion 

with a r educed quantity of CD 3/ CD2 8 D ynabeads  

There is a general desire in the therapy manufacture field to move away from non-biological and 

non-human elements as much as possible.  The results from the initial experimental chapter 

(chapter 3) highlighted the importance of CD3/CD28 Dynabeads for T-cell culture, whilst the data 
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from the previous chapter appeared to suggest that the response to the beads was concentration 

related rather than bead:cell dependent.  A process was set up to assess the impact of incubating 

cell cultures with a reduced quantity of CD3/CD28 Dynabeads at a higher concentration for a period 

of time prior to seeding to induce the same level of activation with fewer beads. 

This investigation produced variable results on growth rate of cultures, with initial investigation 

appearing to show benefits of undergoing this process compared to the standard protocol.  Further 

investigation increasing the range of conditions tested showed the opposite, with any incubation 

having a negative effect relative to control conditions.  In addition, increasing the duration or 

concentration of cells during incubation was shown to have an increasingly negative effect as the 

value was increased.  Attempting to validate these responses with specifically chosen conditions 

appeared to better correlate with the outputs of the initial investigation, showing similar responses 

to the concentration and duration of the incubation. 

Once again phenotypic response was linked to proliferation in culture.  In both the expanded and 

validation experiments the predominant trend in the response of selected subpopulations matched 

that of the growth rates in response to the culture conditions.  Attempts to compare similarly 

presenting subpopulations failed to identify substantial correlation of response to the experimental 

variables. 

Overall, it appears that concentrated incubation could have positive applications in culture with 

some evidence showing positive response to the process.  However, further investigation would be 

required to identify if the variation seen in the response to variables was due to the variability of the 

donor material or was induced through methodology. 

6.4 Conclusions on the novel optimal phenotypic resolution analytical process 

Through the course of this research the novel phenotypic analytical method developed was shown 

to have a greater sensitivity to phenotypic variation than the standard gating process traditionally 

used.  The key benefits of the novel process included the ability to analyse an entire dataset 

simultaneously.  The process could analyse multiple markers simultaneously, allowing it to assess 

relationships between markers that may be lost in traditional stepwise analysis.  In addition, this also 

meant that the process was able to utilise information from multiple timepoints in analysis, as well 

as ensuring analysis covered the full phenotypic space occupied for the duration of the experiments, 

where the standard process would require the application of gates to a sample and checking their 

validity across all other samples. 

This also alludes to the benefit of having and algorithmic approach to the process of identifying 

clustering points in the data, the removal of user bias.  The process utilises an iterative approach to 



226 
 

identifying focal points of the data and, apart from some initial ‘cleaning’ of the data to remove 

unwanted events, is free from user-based gating.  This helps to eliminate variations in gating based 

on between session and between user variation, as well as reducing the impact of user bias caused 

by anticipating responses in subpopulations.  Ultimately, this should lead to a more impartial and 

more consistent analytical method. 

Comparing the level of variation in a whole dataset and the mean variation of repeated conditions at 

each timepoint, the novel method was able to identify the point at which the experimental variables 

had the greatest impact on defining subpopulations, and subsequently the optimal number of 

subpopulations to split the dataset into.  As such, the process would optimally divide the total 

population into the most appropriate number of subpopulations, so that each was affected 

differently by the experimental variables in use.  This would allow for a more nuanced analysis of the 

data than traditional gating, which would miss some of these effects due to the broader gating 

strategy.  Additionally, the ability to visualise the events associated to each node on a 2D plot post-

analysis means that it’s possible to identify the ‘traditional’ maturity phenotypes that the node 

represents, and therefore identify target nodes for further analysis of performance and 

experimental impact. 

Finally, analysis of the performance of these newly identified subpopulations over time would 

highlight whether the experimental variables being tested would induce selection for or against 

them.  This part of the process could be performed as part of traditional gating, however the 

increased resolution and dynamic nature with which subpopulations were defined should mean that 

the process will give a more nuanced assessment of the experimental data and allow greater insight 

into the impact of the culture conditions being tested. 

The intention of the research carried out was to identify the impact of culture conditions on T-cell 

maturity populations, specifically with a view to increase the selection for Naïve and Central 

Memory cells which are preferable in the transduction step of CAR T-cell therapy manufacture.  The 

novel analysis requires the completion of several SPADE analyses, as well as complex statistical 

assessment of these outputs to yield the conclusions mentioned above.  As such, the process can be 

complex and labour intensive, and would not be suitable for monitoring populations during therapy 

manufacture, either to predict the population balance outcome of the culture, or to influence the 

culture process dynamically.  However, the process has been designed so that in an investigative 

setting it would be able to analyse data with a greater sensitivity than the standard process currently 

in place, and would therefore has the potential to be more informative on the effect that different 

culture conditions have on the selection of these T-cell maturity subpopulations.  As such, it would 

be a suitable tool to use in process development and improvement, with a greater level of feedback 
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than using the common phenotypic analysis, and would improve the manufacturing process overall 

from a research and development standpoint rather than an in-line monitoring perspective. 

The application of this analytical process also extends beyond that of T-cell culture and CAR T-cell 

therapies, with this process feasibly being applied to phenotypic analysis of any cell data.  The key 

benefits of the process, mentioned above, include the ability of the process to manage and 

incorporate large numbers of markers simultaneously, as well as identify the smaller variations in 

marker expression normally lost in the broader gates of traditional analysis.  Therefore, this process 

is most appropriate for cell cultures that use multiple markers to track cell response, and where 

these markers are predominantly expressed dynamically across a range, as opposed to the more 

binary expression of markers such as CD3, CD4 and CD8. 

In particular, it was anticipated that this process could be used to analyse experimental impacts on 

differentiation of cells.  Marker expression is a key element of identifying these transitions, subtle 

changes in expression levels can have larger implied significance on their biological state.  The 

analytical method would be able to identify these variations with a higher degree of accuracy than 

the traditional method, as well and performing assessment free from the bias of expecting transition 

or response inherent to user-based analysis. 

6.5 Overall summary 

The investigations carried out over the course of this research were intended to highlight 

relationships between experimental parameters and the resultant proliferation and phenotypic 

response of T-cell cultures.  The aim was to identify conditions which would retain the proliferation 

required to manufacture T-cell therapies such as CAR T-cells whilst selecting preferentially for the 

Naïve and Central Memory subpopulations. 

Individual experiments have drawn their own conclusions based on the data obtained, however 

there are some conclusions which have spanned between them.  Evidence has suggested that there 

is a slight inhibitory effect of supplementing IL-2 into culture at seeding on proliferation and 

maturation, despite it being a common practice in T-cell culture throughout the field.  It is proposed 

that this due T-cells interacting with IL-2 prior to sufficient CD3/CD28 activation.  It is known that 

stimulation in this manner will increase the expression of CD25, a component of the IL-2 receptor 

which increases affinity and response of binding to IL-2.  Exposure to IL-2 prior to the upregulation of 

this protein could reduce the effectiveness of IL-2 in promoting proliferation and maturation in T-cell 

cultures. 

It is clear to see that CD3/CD28 stimulation, via CD3/CD28 Dynabeads or another method is key to 

promoting proliferation in T-cell cultures.  Increasing the concentration of CD3/CD28 Dynabeads has 
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the ability to induce a greater proliferation in cultures, however chapter 5 also highlighted the 

possibility of reducing the quantity of beads used by concentrating cell samples prior to 

supplementation of CD3/CD28 Dynabeads.  This process requires further investigation, however if 

proven it could reduce the reliance of T-cell culture on CD3/CD28 Dynabeads. 

The data obtained across experiments has frequently shown that there has been a correlation 

between the proliferation of T-cell cultures and the phenotypic response.  Furthermore, the 

response has been relatively conserved across experiments, indicating a genuine link between 

growth of a culture and the phenotypic profile.  The data indicate that with an increase in 

proliferation there was a greater concentration of Effector Memory subpopulation cells in culture.  It 

was not clear from the work performed if this was due to phenotypic transition of cells from other 

subpopulations into the Effector Memory subpopulation or if the conditions which promoted growth 

in T-cell cultures selectively promoted growth in the Effector Memory subpopulation.  However, 

understanding the in vivo  roles of T-cells and their biological response to stimulation would suggest 

that transition of phenotypic profile is contributing as T-cells are being pushed towards the Effector 

Memory phenotype by activation of the CD3/CD28 pathway. 

The key contribution of this research was the development of a novel phenotypic analysis process.  

The process was developed in response to the shortcomings of the traditional analytical method.  It 

was observed the traditional process took little account of the nuanced phenotypic variation that 

could be observed in the maturity subpopulations of T-cell cultures.  In addition, the limitations of 

user based phenotypic assessment were highlighted, suggesting that a non-biased algorithmic 

approach would be more accurate in representing the subpopulations which were present.  The 

novel process was developed to identify the most optimal resolution for phenotypic analysis using 

the outputs of algorithmic data analysis tool SPADE.  The data was then used to calculate the relative 

selection rates of cultures in target subpopulations and identify conditions which supported or 

inhibited the culture of target phenotype cells. 

Further work in these areas could serve to answer the remaining questions and enable a greater 

level of control over T-cell culture for improved and more directed outputs. 

6.6 Further work 

Over the course of this research several key observations have been made that may inform the T-cell 

culture process.  However, due to limitations in time, budget or practical execution by a single 

person not all avenues of investigation could be explored.  As such, there are several instances 

where further work could improve on what has been completed so far.  
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The investigation into delayed IL-2 supplementation appeared to confirm the hypothesis that 

addition of IL-2 at seeding had a negative impact on growth.  The experimental set up compared the 

supplementation of 0 or 200 UI/mL IL-2 at 0 or 96 hours.  Unexpectedly, cultures supplemented with 

0 UI/mL IL-2 at 0 and 96 hours, which were therefore not functionally different, showed significantly 

different responses in phenotypic responses.  This was observed in both the traditional and novel 

phenotypic analyses.  This investigation would benefit from being revisited without the use of non-

supplemented cultures to identify the genuine nature of the response.  In addition, this experiment 

tested the effects of delaying the supplementation of IL-2 for 96 hours.  Where included in the 

model, data from the midpoint condition, delayed for 48 hours, showed a non-linear relationship 

between IL-2 delay and growth or phenotypic response.  The nature of the non-linear relationship 

mostly identified that supplementation of 100 UI/mL IL-2 had a more positive response than 

supplementing 200 UI/mL IL-2 at 0 or 96 hours.  Further investigation would increase the number of 

delay periods tested to ascertain the most optimal point of supplementation. 

The investigation into concentrated incubation prior to seeding provided some inconclusive data on 

whether the process would benefit cultures or not.  The variability seen in the response could be due 

to the variability of donor material, however the overall negative responses of the cultures in the 

largest experiment could have been caused by the number of conditions which were required to be 

simultaneously processed.  Furthermore, the validation experiment included test conditions with the 

recommended quantity of CD3/CD28 Dynabeads and a negative control which used a reduced 

quantity of beads but was specifically selected for its reduced activity.  It would be desirable to 

revisit this process and test a selection of conditions that included a reduced quantity of CD3/CD28 

Dynabeads in combination with more favourable parameters as concluded in 5.3.2.3.  The broad 

range of conditions tested was intended to ensure a full spectrum of data, however it appears that 

the size of the experiment worked against itself. 

One of the main outputs of this research was the novel phenotypic analysis process, utilising the 

SPADE tool to analyse phenotypic data algorithmically and optimise the resolution of the phenotypic 

assessment.  Once the Nodes of Interest had been selected, relative selection rates of these 

subpopulations were calculated using the relative ratios and the LINEST function in Excel.  Although 

the progress of relative ratios over time could be suitably represented over time by a linear function, 

there were many instances where this was not as appropriate.  Further work into the development 

of this novel process would be most beneficially focussed on improving this step to most accurately 

represent the change in relative ratio over time and therefore the relative selection rate.  This is 

particularly pertinent were the analytical process to be applied to other cell data where expression 
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of markers could temporarily increase and then decrease over time, or vice versa, and an 

exponential analysis of population performance would be required. 

The process would also benefit from the development of a framework by which outputs of different 

experiments could be compared.  This was attempted in 5.3.3.5 by comparing event plots for 

similarity and comparing responses, however the limited number of comparable plots reduced the 

effectiveness of validation.  With phenotypic resolution optimised for each experiment separately, 

this becomes a further issue as presentation of event plots may vary considerably.  The development 

of this framework would be key to enabling the mass application of this novel process, as without 

the ability to compare to previous or contemporary work the phenotypic analysis will lose a lot of its 

power. 

Lastly, this novel process could benefit from better accessibility and application for users.  Currently 

this process is dependent on the SPADE analytical tool hosted by Cytobank.  Annual licenses for this 

platform are costly and may not be feasible in all situations.  Investigation into using other methods 

such as running the analysis via Matlab could offer cheaper alternatives, however the device-based 

software is then dependent on the computing power for speed of analysis.  Alternatively, other 

clustering software such as Scalable Weighted Iterative Flow-clustering Technique (SWIFT), or 

automated gating in Bioconductor may offer a more cost effective, and therefore accessible, 

alternative.  In addition, the process by which the SPADE output data are analysed requires a high 

degree of processing.  Development of a platform where SPADE output data and basic parameters 

could be added to automate the analytical process would be likely to significantly reduce the time 

and effort required from each user to achieve the desired results. 

Finally, the most prominent pattern seen in the data across all experiments was the relationship 

between higher proliferating cultures and the increased concentration of Effector Memory 

subpopulations.  This relationship is likely due to the maturing effect of conditions which induce the 

greatest level of growth, indicating that increased proliferation comes at a cost of reduced 

proportions of target subpopulations.  Although this would imply that the retain greater proportions 

as target T-cell subpopulations some level of proliferation must be sacrificed, the data were never 

analysed to identify if the reduced level of proliferation achieved would still be acceptable in a 

clinical setting.  Further investigation of this relationship would be focussed around identifying if 

culturing T-cell populations in conditions which had a higher retention of target subpopulations 

would still show rates of proliferation acceptable in the manufacturing process. 

  



231 
 

  



232 
 

7 Acknowledgements 

I would like to acknowledge the input, assistance and support of the staff and students of the Centre 

for Biological Engineering at Loughborough University.  In particular I would like to give my thanks to 

Prof. Rob Thomas, Dr Katie Glen, Dr Maryam Shariatzadeh, Dr Elizabeth Cheeseman, Dr Preeti 

Holland, Carolyn Kavanagh, Kulvinder Sikand, Jennifer Bowdrey and Eleri Bristow for their support in 

my research.  In addition, I would like to thank Lydia Beeken for their contribution to antibody 

titration. 

Finally, I would like to thank Dr James Kusena, Angharad Evans, Kate Bennett and Sally Bennett for 

their personal support throughout and keen eye for my grammatical errors. 

  



233 
 

  



234 
 

8 Bibliography 

1. Densen, P. Challenges and opportunities facing medical education. Tr ans. Am. Clin. Climatol. 

Assoc.  122, 48–58 (2011). 

2. Kisuule, F. & Howell, E. Hospital medicine beyond the United States. Inter national Jour nal of 

Gener al M edicine  vol. 11 65–71 (2018). 

3. Health A to Z - NHS. https://www.nhs.uk/conditions/. 

4. Deshpande, A. V. The man who saved us all. Jour nal of P ostgr aduate M edicine  vol. 48 79 

(2002). 

5. Paskalev, D., Ikonomov, V., Decheva, L. & Kiriakov, Z. Edward Jenner (1749-1823) - The 

defeated variola. Nephr ology, Hemodi alysis and Tr ansplantation  vol. 7 26–28 (2001). 

6. Gao, Y. et al.  Association of HLA Antigen Mismatch With Risk of Developing Skin Cancer After 

Solid-Organ Transplant. JAM A der matology  155, 307–314 (2019). 

7. Tan, S. Y. Edward Jenner (1749-1823): conqueror of smallpox. S ingapore Med. J.  45, 507–508 

(2004). 

8. Thorsby, E. A short history of HLA. Tiss ue Antigens  vol. 74 101–116 (2009). 

9. Choo, S. Y. The HLA system: Genetics, immunology, clinical testing, and clinical implications. 

Yonsei M ed. J.  48, 11–23 (2007). 

10. Navarrete, C. V. The HLA system in blood transfusion. Best  P r act. Re s. Clin. Haematol.  13, 

511–532 (2000). 

11. Mergulhão, F. J. M., Monteiro, G. A., Cabral, J. M. S. & Taipa, M. A. Design of bacterial vector 

systems for the production of recombinant proteins in Escherichia coli. Jour nal of 

M icr obiology and Biotechnology  vol. 14 1–14 (2004). 

12. Berlec, A. & Štrukelj, B. Current state and recent advances in biopharmaceutical production in 

Escherichia coli, yeasts and mammalian cells. Jour nal of Indust r ial M icr obiology and 

Biotechnology  vol. 40 257–274 (2013). 

13. Williams, D., Van Frank, R., Muth, W. & Burnett, J. Cytoplasmic inclusion bodies in Escherichia 

coli producing biosynthetic human insulin proteins. S cience ( 80 - . ).  215, (1982). 

14. Opelz, G., Wujciak, T., Döhler, B., Scherer, S. & Mytilineos, J. HLA compatibility and organ 

transplant survival. Collaborative Transplant Study. Reviews in imm unogenetics  vol. 1 334–

342 (1999). 



235 
 

15. Horne, R. The Human Dimension: Putting the Person into Personalised Medicine. New Bioeth.  

23, 38–48 (2017). 

16. Maughan, T. The Promise and the Hype of ‘Personalised Medicine’. New Bioeth.  23, 13–20 

(2017). 

17. Vogenberg, F. R., Barash, C. I. & Pursel, M. Personalized medicine - Part 1: Evolution and 

development into theranostics. P and T  vol. 35 560 (2010). 

18. Kusena, J. W. T., Thomas, R. J., Mccall, M. J. & Wilson, S. L. From protocol to product: Ventral 

midbrain dopaminergic neuron differentiation for the treatment of Parkinson’s disease. 

Regener ative M edicine  vol. 14 1057–1069 (2019). 

19. Petricciani, J., Hayakawa, T., Stacey, G., Trouvin, J. H. & Knezevic, I. Scientific considerations 

for the regulatory evaluation of cell therapy products. Biologicals  vol. 50 20–26 (2017). 

20. French, A. et al.  Enabling Consistency in Pluripotent Stem Cell-Derived Products for Research 

and Development and Clinical Applications Through Material Standards. S te m Cells Tr ansl. 

M ed.  4, 217–223 (2015). 

21. Salmikangas, P. et al.  Manufacturing, characterization and control of cell-based medicinal 

products: Challenging paradigms toward commercial use. Regener ative M edicine  vol. 10 65–

78 (2015). 

22. What is stratified medicine? - Our successes - Medical Research Council. 

https://mrc.ukri.org/successes/investing-for-impact/transforming-health-research/stratified-

medicine/what-is-stratified-medicine/. 

23. Realising t he potential of str atified medicine R ealising the poten tial of str atified medicine 

Acknowledgeme nts and disclaimer . (2013). 

24. Jakka, S. & Rossbach, M. An economic perspective on personalized medicine. Hugo J.  7, 1 

(2013). 

25. Foster, N. E. et al.  The clinical and cost-effectiveness of stratified care for patients with 

sciatica: The SCOPiC randomised controlled trial protocol (ISRCTN75449581). BM C 

M usculosk elet. D isor d.  18, (2017). 

26. Whitehurst, D. G. T., Bryan, S., Lewis, M., Hill, J. & Hay, E. M. Exploring the cost-utility of 

stratified primary care management for low back pain compared with current best practice 

within risk-defined subgroups. Ann. Rheum. D is.  71, 1796–1802 (2012). 

27. Allard, S. Blood transfusion. M edicine  vol. 37 172–176 (2009). 



236 
 

28. Brand, A. Immunological aspects of blood transfusions. T r ansplant Imm unology  vol. 10 183–

190 (2002). 

29. Kumru Sahin, G., Unterrainer, C. & Süsal, C. Critical evaluation of a possible role of HLA 

epitope matching in kidney transplantation. Tr ansplantation Re views  vol. 34 (2020). 

30. Fürst, D., Neuchel, C., Tsamadou, C., Schrezenmeier, H. & Mytilineos, J. HLA Matching in 

Unrelated Stem Cell Transplantation up to Date. Tr ansfusion M edicine and Hemother apy  vol. 

46 326–336 (2019). 

31. Crafter, S. R., Bell, L. & Foster, B. J. Balancing organ quality, HLA-matching, and waiting times: 

Impact of a pediatric priority allocation policy for deceased donor kidneys in Quebec. 

Tr ansplantation  vol. 83 1411–1415 (2007). 

32. Petersdorf, E. W. Optimal HLA matching in hematopoietic cell transplantation. Cur r ent 

Opinion in Immunology  vol. 20 588–593 (2008). 

33. van Essen, T. H., Roelen, D. L., Williams, K. A. & Jager, M. J. Matching for Human Leukocyte 

Antigens (HLA) in corneal transplantation - To do or not to do. Pr ogr ess  in Retinal and E ye 

Res earch  vol. 46 84–110 (2015). 

34. Molina, M. A. et al.  Trastuzumab (Herceptin), a humanized anti-HER2 receptor monoclonal 

antibody, inhibits basal and activated HER2 ectodomain cleavage in breast cancer cells. 

Cancer Res.  61, 4744–4749 (2001). 

35. Baselga, J., Norton, L., Albanell, J., Kim, Y. M. & Mendelsohn, J. Recombinant humanized anti-

HER2 antibody (herceptin(TM)) enhances the antitumor activity of paclitaxel and doxorubicin 

against HER2/neu overexpressing human breast cancer xenografts. Cancer  Res.  58, 2825–

2831 (1998). 

36. Bartsch, R., Wenzel, C. & Steger, G. G. Trastuzumab in the management of early and 

advanced stage breast cancer. Biologics: T ar gets  and Ther apy  vol. 1 19–31 (2007). 

37. Prasongchean, W. & Ferretti, P. Autologous stem cells for personalised medicine. N. 

Biotechnol.  29, 641–650 (2012). 

38. Wu, R. et al.  Revisiting the potential power of human leukocyte antigen (HLA) genes on 

relationship testing by massively parallel sequencing-based HLA typing in an extended family. 

J. Hum. Ge net.  64, 29–38 (2019). 

39. Kindt, T. J., Goldsby, R. & Osborne, B. A. Kuby Immunology 6th ed. (2006). 

40. Alberts, B., Melorose, J., Perroy, R. & Careas, S. M olecular  Biology of the Cell . Statew ide 



237 
 

Agr icultural L and Use Baseline 2 01 5  vol. 1 (2015). 

41. Wang, J., Klichinsky, M. & Schuster, S. J. Chimeric Antigen Receptor Modified T Cells for B Cell 

Malignancies: An Advance in Cellular Therapy. Clin. Oncol.  1, 1–7 (2016). 

42. Köhl, U., Arsenieva, S., Holzinger, A. & Abken, H. CAR T Cells in Trials: Recent Achievements 

and Challenges that Remain in the Production of Modified T Cells for Clinical Applications. 

Hum. Gene T her .  29, 559–568 (2018). 

43. Whiteside, T. L. & Parmiani, G. Tumor-infiltrating lymphocytes: their phenotype, functions 

and clinical use. Cance r  Immunology Imm unother apy  vol. 39 15–21 (1994). 

44. Ghanadan, A., Ehsani, A. H., Farahmand, A. M. & Mirzaei, M. Tumor infiltrating lymphocytes 

in different stages of malignant melanoma and correlation with tumor stage and other 

prognostic factors: A retrospective multicenter study. M iddle East J. Cancer  8, 207–212 

(2017). 

45. Garber, K. Pursuit of tumor-infiltrating lymphocyte immunotherapy speeds up. Natur e 

biotechnology  vol. 37 969–971 (2019). 

46. Wang, M. et al.  Role of tumor microenvironment in tumorigenesis. Jour nal of Cancer  vol. 8 

761–773 (2017). 

47. Whiteside, T. L. The tumor microenvironment and its role in promoting tumor growth. 

Oncogene  vol. 27 5904–5912 (2008). 

48. Oelke, M. et al.  Generation and purification of CD8+ Melan-A-specific cytotoxic T 

lymphocytes for adoptive transfer in tumor immunotherapy. Clin. Cancer  Res.  6, 1997–2005 

(2000). 

49. Yee, C. et al.  Adoptive T cell therapy using antigen-specific CD8 ؉ T cell clones for the 

treatment of patients with metastatic melanoma : In vivo persistence , migration , and 

antitumor effect of transferred T cells. (2002). 

50. Salgado, R. & Loi, S. Tumour infiltrating lymphocytes in breast cancer: increasing clinical 

relevance. The L ancet Oncology  vol. 19 3–5 (2018). 

51. Luen, S. J. et al.  Tumour-infiltrating lymphocytes in advanced HER2-positive breast cancer 

treated with pertuzumab or placebo in addition to trastuzumab and docetaxel: a 

retrospective analysis of the CLEOPATRA study. L ancet Oncol.  18, 52–62 (2017). 

52. Retèl, V. P. et al.  Early cost-effectiveness of tumor infiltrating lymphocytes (TIL) for second 

line treatment in advanced melanoma: A model-based economic evaluation 14 Economics 



238 
 

1402 Applied Economics. BM C Cancer  18, (2018). 

53. Zhao, L. & Cao, Y. J. Engineered T Cell Therapy for Cancer in the Clinic. Frontiers in 

Immunology  vol. 10 (2019). 

54. Zhang, J. & Wang, L. The emerging world of TCR-T cell trials against cancer: A systematic 

review. Technology in Cancer Resear ch and T reatment  vol. 18 1533033819831068 (2019). 

55. Ping, Y., Liu, C. & Zhang, Y. T-cell receptor-engineered T cells for cancer treatment: current 

status and future directions. P r otein and Cell  vol. 9 254–266 (2018). 

56. Morrison, B. J., Steel, J. C. & Morris, J. C. Reduction of MHC-I expression limits T-lymphocyte-

mediated killing of Cancer-initiating cells. BM C Cancer  18, 469 (2018). 

57. Garrido, F., Aptsiauri, N., Doorduijn, E. M., Garcia Lora, A. M. & van Hall, T. The urgent need 

to recover MHC class I in cancers for effective immunotherapy. Cur r ent Opinion in 

Immunology  vol. 39 44–51 (2016). 

58. Angell, T. E., Lechner, M. G., Jang, J. K., LoPresti, J. S. & Epstein, A. L. MHC class I loss is a 

frequent mechanism of immune escape in papillary thyroid cancer that is reversed by 

interferon and selumetinib treatment in Vitro. Clin. Cancer Res.  20, 6034–6044 (2014). 

59. Kenderian, S. S., Ruella, M., Gill, S. & Kalos, M. Chimeric antigen receptor T-cell therapy to 

target hematologic malignancies. Cancer Re s.  74, 6383–6389 (2014). 

60. Gill, S. & June, C. H. Going viral: Chimeric antigen receptor T-cell therapy for hematological 

malignancies. Imm unol. Rev.  263, 68–89 (2015). 

61. Holzinger, A., Barden, M. & Abken, H. The growing world of CAR T cell trials: a systematic 

review. Cancer Immunol. Imm unother .  65, 1–18 (2016). 

62. Guedan, S. et al.  Enhancing CAR T cell persistence through ICOS and 4-1BB costimulation. JCI 

insight  3, 1–17 (2018). 

63. Wang, K., Wei, G. & Liu, D. CD19: a biomarker for B cell development, lymphoma diagnosis 

and therapy. Exp. Hematol. Oncol.  1, 36 (2012). 

64. Scheuermann, R. H. & Racila, E. CD19 antigen in leukemia and lymphoma diagnosis and 

immunotherapy. Leuk. L ymphoma  18, 385–397 (1995). 

65. Ma, Y. et al.  Targeting of Antigens to B Lymphocytes via CD19 as a Means for Tumor Vaccine 

Development. J. Immunol.  190, 5588–5599 (2013). 

66. Klaver, Y., van Steenbergen, S. C. L., Sleijfer, S., Debets, R. & Lamers, C. H. J. T cell maturation 



239 
 

stage prior to and during GMP processing informs on CAR T cell expansion in patients. Front. 

Immunol.  7, 1–7 (2016). 

67. Hartmann, J., Schüßler‐Lenz, M., Bondanza, A. & Buchholz, C. J. Clinical development of CAR T 

cells—challenges and opportunities in translating innovative treatment concepts. EM BO M ol. 

M ed.  9, 1183–1197 (2017). 

68. Watson, H. A. et al.  L-Selectin Enhanced T Cells Improve the Efficacy of Cancer 

Immunotherapy. Front. Immunol.  10, 1321 (2019). 

69. Xu, Y. et al.  Closely related T-memory stem cells correlate with in vivo expansion of 

CAR.CD19-T cells and are preserved by IL-7 and IL-15. Blood  123, 3750–3759 (2014). 

70. McLellan, A. D. & Ali Hosseini Rad, S. M. Chimeric antigen receptor T cell persistence and 

memory cell formation. Immunol. Cell Biol.  97, 664–674 (2019). 

71. Turtle, C. J. et al.  CD19 CAR-T cells of defined CD4+:CD8+ composition in adult B cell ALL 

patients. J. Clin. Invest.  126, 2123–2138 (2016). 

72. Turtle, C. J. et al.  CD19 CAR – T cells of defined CD4 + : CD8 + composition in adult B cell ALL 

patients. J Clin Invest  1, 1–16 (2016). 

73. Sommermeyer, D. et al.  Chimeric antigen receptor-modified T cells derived from defined 

CD8+ and CD4+ subsets confer superior antitumor reactivity in vivo. L eukemia  30, 492–500 

(2016). 

74. Herndler-Brandstetter, D. et al.  CD25-expressing CD8+ T cells are potent memory cells in old 

age. J. Imm unol.  175, 1566–1574 (2005). 

75. GRAHAM, M. The Coulter principle: foundation of an industry. J. Assoc. L ab. Autom.  8, 72–81 

(2003). 

76. Fulwyler, M. J. Electronic separation of biological cells by volume. S cience (8 0 - . ).  150, 910–

911 (1965). 

77. Kamentsky, L. A. Cytology Automation. in vol. 14 93–161 (Elsevier, 1973). 

78. Melamed, M. R. Chapter 1 A brief history of flow cytometry and sorting. in vol. 63 3–17 

(Academic Press, 2001). 

79. Herzenberg, L. A. et al.  The history and future of the Fluorescence Activated Cell Sorter and 

flow cytometry: A view from Stanford. in Clinical Chemis tr y  vol. 48 1819–1827 (2002). 

80. Mckinnon, K. M. Flow Cytometry: An Overview. doi:10.1002/cpim.40. 



240 
 

81. Roederer, M. Spectral compensation for flow cytometry: Visualization artifacts, limitations, 

and caveats. Cytometr y  45, 194–205 (2001). 

82. Roederer, M. Compensation in Flow Cytometry. Cur r . P r otoc. Cytom.  22, 1.14.1-1.14.20 

(2002). 

83. Wang, Z., Guo, Y. & Han, W. Current status and perspectives of chimeric antigen receptor 

modified T cells for cancer treatment. Pr otein Cell  8, 896–925 (2017). 

84. Wang, X. & Rivière, I. Clinical manufacturing of CAR T cells: foundation of a promising 

therapy. M ol. Ther . oncolytics  3, 16015 (2016). 

85. Riddell, S. R. et al.  Adoptive Therapy With Chimeric Antigen Receptor Modified T cells of 

Defined Subset Composition. Cancer J.  20, 141–144 (2014). 

86. Hollyman, D. et al.  Manufacturing validation of biologically functional T cells targeted to CD19 

antigen for autologous adoptive cell therapy. J Imm unother  32, 169–180 (2010). 

87. Abreu, T. R., Fonseca, N. A., Gonçalves, N. & Moreira, J. N. Current challenges and emerging 

opportunities of CAR-T cell therapies. Jour nal of Controlled Re lease  vol. 319 246–261 (2020). 

88. Zhan, Y., Carrington, E. M., Zhang, Y., Heinzel, S. & Lew, A. M. Life and death of activated T 

cells: How are they different from naïve T Cells? Fr ontier s in Imm unology  vol. 8 1809 (2017). 

89. Pennock, N. D. et al.  T cell responses: naive to memory and everything in between. Adv. 

P hysiol. Educ.  37, 273–83 (2013). 

90. Boesteanu, A. C. & Katsikis, P. D. Memory T cells need CD28 costimulation to remember. 

S eminar s in Imm unology  vol. 21 69–77 (2009). 

91. Borowski, A. B. et al.   Memory CD8 + T Cells Require CD28 Costimulation . J. Immunol.  179, 

6494–6503 (2007). 

92. Harding, F. A., McArthur, J. G., Gross, J. A., Raulet, D. H. & Allison, J. P. CD28-mediated 

signalling co-stimulates murine T cells and prevents induction of anergy in T-cell clones. 

Natur e  356, 607–609 (1992). 

93. Jenkins, M. K., Taylor, P. S., Norton, S. D. & Urdahl, K. B. CD28 delivers a costimulatory signal 

involved in antigen-specific IL-2 production by human T cells. J. Imm unol.  147, 2461–6 (1991). 

94. Liu, Y. et al.  Anticancer agent pristimerin inhibits IL-2 induced activation of T lymphocytes. J. 

Exp. Ther . Oncol.  11, 181–188 (2016). 

95. Abakushina, E. V., Marizina, Y. V. & Neprina, G. S. Efficiency of IL-2 and IL-15 combined use for 



241 
 

activation of cytotoxic lymphocytes in vitro. Genes and Cells  10, 78–85 (2015). 

96. Malek, T. R. & Castro, I. Interleukin-2 Receptor Signaling: At the Interface between Tolerance 

and Immunity. Immunity  vol. 33 153–165 (2010). 

97. Rickert, M., Wang, X., Boulanger, M. J., Goriatcheva, N. & Garcia, K. C. The structure of 

interleukin-2 complexed with its alpha receptor. S cience  308, 1477–80 (2005). 

98. Wang, X., Rickert, M. & Garcia, K. C. Structural biology: Structure of the quaternary complex 

of interleukin-2 with its α, β and γc receptors. S cience ( 80 - . ).  310, 1159–1163 (2005). 

99. Arenas-Ramirez, N., Woytschak, J. & Boyman, O. Interleukin-2: Biology, Design and 

Application. Tr ends in Immunology  vol. 36 763–777 (2015). 

100. Phetsouphanh, C., Xu, Y. & Zaunders, J. CD4 T cells mediate both positive and negative 

regulation of the immune response to HIV infection: Complex role of T follicular helper cells 

and regulatory T cells in pathogenesis. Front. Imm unol.  6, 681 (2015). 

101. Luckheeram, R. V., Zhou, R., Verma, A. D. & Xia, B. CD4+T cells: differentiation and functions. 

Clin. D ev. Imm unol.  2012, 925135 (2012). 

102. Berg, R. E. & Forman, J. The role of CD8 T cells in innate immunity and in antigen non-specific 

protection. Cur rent Opinion in Immunology  vol. 18 338–343 (2006). 

103. Zhang, N. & Bevan, M. J. CD8+ T Cells: Foot Soldiers of the Immune System. Immunity  vol. 35 

161–168 (2011). 

104. Fu, C. & Jiang, A. Dendritic Cells and CD8 T Cell Immunity in Tumor Microenvironment. 

Frontiers in immunology  vol. 9 3059 (2018). 

105. Sommermeyer, D. et al.  Chimeric antigen receptor-modified T cells derived from defined 

CD8+ and CD4+ subsets confer superior antitumor reactivity in vivo. 30, 492–500 (2016). 

106. Leibman, R. S. et al.  Supraphysiologic control over HIV-1 replication mediated by CD8 T cells 

expressing a re-engineered CD4-based chimeric antigen receptor. P L oS  P athog.  13, 1–30 

(2017). 

107. Capsomidis, A. et al.  Chimeric Antigen Receptor-Engineered Human Gamma Delta T Cells: 

Enhanced Cytotoxicity with Retention of Cross Presentation. M ol. Ther .  26, 354–365 (2018). 

108. Kaartinen, T. et al.  Low interleukin-2 concentration favors generation of early memory T cells 

over effector phenotypes during chimeric antigen receptor T-cell expansion. Cytother apy  19, 

689–702 (2017). 



242 
 

109. Golubovskaya, V. & Wu, L. Different subsets of T cells, memory, effector functions, and CAR-T 

immunotherapy. Cancers (Basel).  8, (2016). 

110. Hunter, M. C., Teijeira, A. & Halin, C. T cell trafficking through lymphatic vessels. Fr ontiers in 

Immunology  vol. 7 613 (2016). 

111. Moore, T. V. et al.  Inducible costimulator controls migration of T cells to the lungs via down-

regulation of CCR7 and CD62L. Am. J. Respir. Cell M ol. Biol.  45, 843–850 (2011). 

112. Berstein, G. & Abraham, R. T. Moving out: Mobilizing activated T cells from lymphoid tissues. 

Nat. Imm unol.  9, 455–457 (2008). 

113. Mahnke, Y. D., Brodie, T. M., Sallusto, F., Roederer, M. & Lugli, E. The who’s who of T-cell 

differentiation: Human memory T-cell subsets. Eur . J. Imm unol.  43, 2797–2809 (2013). 

114. Sallusto, F., Geginat, J. & Lanzavecchia, A.  C entral M emory and E ffector M emory T C ell S 

ubsets : Function, Generation, and Maintenance . Annu. Rev. Immunol.  22, 745–763 (2004). 

115. Roetynck, S. et al.  Phenotypic and Functional Profiling of CD4 T Cell Compartment in Distinct 

Populations of Healthy Adults with Different Antigenic Exposure. PL oS One  8, e55195 (2013). 

116. Raphael, I., Nalawade, S., Eagar, T. N. & Forsthuber, T. G. T cell subsets and their signature 

cytokines in autoimmune and inflammatory diseases. Cytokine  vol. 74 5–17 (2015). 

117. Vinicius Da Silva, M. et al.  Complexity and Controversies over the Cytokine Profiles of T 

Helper Cell Subpopulations in Tuberculosis. (2015) doi:10.1155/2015/639107. 

118. Ghanekar, S. A. et al.  Gamma interferon expression in CD8+ T cells is a marker for circulating 

cytotoxic T lymphocytes that recognize an HLA a2-restricted epitope of human 

cytomegalovirus phosphoprotein pp65. Clin. D iagn. L ab. Imm unol.  8, 628–631 (2001). 

119. Bhat, P., Leggatt, G., Waterhouse, N. & Frazer, I. H. Interferon-γ derived from cytotoxic 

lymphocytes directly enhances their motility and cytotoxicity. Cel l Death D is.  8, e2836 (2017). 

120. Tau, G. Z., Cowan, S. N., Weisburg, J., Braunstein, N. S. & Rothman, P. B.  Regulation of IFN-γ 

Signaling Is Essential for the Cytotoxic Activity of CD8 + T Cells . J. Immunol.  167, 5574–5582 

(2001). 

121. Pandiyan, P., Hegel, J. K. E., Krueger, M., Quandt, D. & Brunner-Weinzierl, M. C. High IFN-γ 

Production of Individual CD8 T Lymphocytes Is Controlled by CD152 (CTLA-4). J. Immunol.  

178, 2132–2140 (2007). 

122. Unsoeld, H. & Pircher, H. Complex Memory T-Cell Phenotypes Revealed by Coexpression of 

CD62L and CCR7. J. Vir ol.  79, 4510–4513 (2005). 



243 
 

123. Reimann, K. A. et al.  Preservation of lymphocyte immunophenotype and proliferative 

responses in cryopreserved peripheral blood mononuclear cells from human 

immunodeficiency virus type 1-infected donors: Implications for multicenter clinical trials. 

Clin. D iagn. L ab. Immunol.  7, 352–359 (2000). 

124. Weinberg, A. et al.  Optimization and limitations of use of cryopreserved peripheral blood 

mononuclear cells for functional and phenotypic T-cell characterization. Clin. Vaccine 

Immunol.  16, 1176–1186 (2009). 

125. Experimental Design, Flow Cytometry Core Facility. 

http://www.icms.qmul.ac.uk/flowcytometry/uses/multicolouranalysis/design/index.html. 

126. Du, S. H. et al.  Co-expansion of cytokine-induced killer cells and Vγ9Vδ2 T cells for CAR T-cell 

therapy. P L oS  One  11, 1–22 (2016). 

127. Krug, C. et al.  A GMP-compliant protocol to expand and transfect cancer patient T cells with 

mRNA encoding a tumor-specific chimeric antigen receptor. Cancer  Imm unol. Immunother .  

63, 999–1008 (2014). 

128. Zuo, B. Le et al.  Targeting and suppression of HER3-positive breast cancer by T lymphocytes 

expressing a heregulin chimeric antigen receptor. Cancer Immunol. Imm unother.  67, 393–401 

(2018). 

129. Zheng, L. et al.  Lym-1 chimeric antigen receptor T cells exhibit potent anti-tumor effects 

against B-cell lymphoma. Int. J. M ol . S ci.  18, (2017). 

130. Ataca, P. & Arslan, Ö. Hematolojik Malignitelerde Kimerik Antijen Reseptör-T Hücre Tedavisi. 

Tur kish J. Hematol.  32, 285–294 (2015). 

131. Batchu, R. B. et al.  Inhibition of Interleukin-10 in the tumor microenvironment can restore 

mesothelin chimeric antigen receptor T cell activity in pancreatic cancer in vitro. S ur g. (United 

S tates)  163, 627–632 (2018). 

132. Brown, C. E. et al.  Optimization of IL13Rα2-Targeted Chimeric Antigen Receptor T Cells for 

Improved Anti-tumor Efficacy against Glioblastoma. Mol. Ther .  26, 31–44 (2018). 

133. Png, Y. T. et al.  Blockade of CD7 expression in T cells for effective chimeric antigen receptor 

targeting of T-cell malignancies. Blood Adv.  1, 2348–2360 (2017). 

134. Bojanic, I. et al.  Large volume leukapheresis is efficient and safe even in small children up to 

15 kg body weight. Blood Tr ansfus.  15, 85–92 (2017). 

135. Kanold, J. et al.  Large-volume leukapheresis procedure for peripheral blood progenitor cell 



244 
 

collection in children weighing 15 kg or less: efficacy and safety evaluation. M ed. P ediatr . 

Oncol.  32, 7–10 (1999). 

136. Reik, R. A., Noto, T. A. & Fernandez, H. F. Safety of large-volume leukapheresis for collection 

of peripheral blood progenitor cells. J. Clin. Apher .  12, 10–13 (1997). 

137. Fesnak, A. D., Hanley, P. J. & Levine, B. L. Considerations in T Cell Therapy Product 

Development for B Cell Leukemia and Lymphoma Immunotherapy. Curr . Hematol. M alig. Rep.  

12, 335–343 (2017). 

138. Batlevi, C. L., Matsuki, E., Brentjens, R. J. & Younes, A. Novel immunotherapies in lymphoid 

malignancies. Natur e Reviews  Clinical Oncology  vol. 13 25–40 (2016). 

139. Pegram, H. et al.  IL-12-secreting CD19-targeted cord blood-derived T cells for the 

immunotherapy of B-cell acute lymphoblastic leukemia. 29, 415–422 (2016). 

140. Priceman, S. J. et al.  Co-stimulatory signaling determines tumor antigen sensitivity and 

persistence of CAR T cells targeting PSCA+ metastatic prostate cancer. Oncoimmunology  7, 1–

13 (2018). 

141. Rafiq, S. et al.  Optimized T-cell receptor-mimic chimeric antigen receptor T cells directed 

toward the intracellular Wilms Tumor 1 antigen. L eukemia  31, 1788–1797 (2017). 

142. Chmielewski, M. & Abken, H. CAR T Cells Releasing IL-18 Convert to T-Bethigh FoxO1low 

Effectors that Exhibit Augmented Activity against Advanced Solid Tumors. Cell Rep.  21, 3205–

3219 (2017). 

143. Morita, D. et al.  Enhanced Expression of Anti-CD19 Chimeric Antigen Receptor in piggyBac 

Transposon-Engineered T Cells. M ol. Ther . -  M ethods Clin. D ev.  8, 131–140 (2018). 

144. Zhu, F. et al.  Closed-system manufacturing of CD19 and dual-targeted CD20/19 chimeric 

antigen receptor T cells using the CliniMACS Prodigy device at an academic medical center. 

Cytotherapy  20, 394–406 (2018). 

145. Karnieli, O. et al.  A consensus introduction to serum replacements and serum-free media for 

cellular therapies. Cytotherap y  vol. 19 155–169 (2017). 

146. Brindley, D. A. et al.  Peak serum: implications of serum supply for cell therapy manufacturing. 

Regen. M ed.  7, 7–13 (2012). 

147. McGillicuddy, N., Floris, P., Albrecht, S. & Bones, J. Examining the sources of variability in cell 

culture media used for biopharmaceutical production. Biotechnology L etters  vol. 40 5–21 

(2018). 



245 
 

148. MacLeod, D. T. et al.  Integration of a CD19 CAR into the TCR Alpha Chain Locus Streamlines 

Production of Allogeneic Gene-Edited CAR T Cells. M ol. T her .  25, 949–961 (2017). 

149. Ramos, C. A. et al.  Clinical and immunological responses after CD30-specific chimeric antigen 

receptor-redirected lymphocytes. J. Clin . Invest .  127, 3462–3471 (2017). 

150. Wadhwa, M., Bird, C., Heath, A. B., Dilger, P. & Thorpe, R. The 2nd International standard for 

Interleukin-2 (IL-2) Report of a collaborative study. J. Imm unol. Methods  397, 1–7 (2013). 

151. Zhang, X., Lv, X. & Song, Y. Short-term culture with IL-2 is beneficial for potent memory 

chimeric antigen receptor T cell production. Biochemical and Biophysical Res earch 

Communications  (2017) doi:10.1016/j.bbrc.2017.12.041. 

152. Smith, K. A. The structure of IL2 bound to the three chains of the IL2 receptor and how 

signaling occurs. M ed. Immunol.  5, 1–5 (2006). 

153. Krishhan, V. V., Khan, I. H. & Luciw, P. A. Multiplexed microbead immunoassays by flow 

cytometry for molecular profiling: Basic concepts and proteomics applications. Cr it. Rev. 

Biotechnol.  29, 29–43 (2009). 

154. Practical Flow Cytometry - Howard M. Shapiro - Google Books. 

https://books.google.co.uk/books?hl=en&lr=&id=JhSyimPKuJwC&oi=fnd&pg=PR7&dq=Shapir

o,+Howard.+Practical+Flow+Cytometry.+New+York,+Alan+R.+Liss,+1985&ots=ORGUzRTJJF&s

ig=zHUAYhZJFVPZRYbg8AjJTl4cOfw&redir_esc=y#v=onepage&q&f=false. 

155. Evaristo, C. et al.  Vio®Dyes meet REAfinity - High Resolution Antibody-Fluorochrome 

Conjugates for Multi-Parameter Flow Cytometry Analysis. J. Immunol.  198, 81.14 LP-81.14 

(2017). 

156. Fleischer, J., Singh, K., Nölle, V., Hellmer, J. & Schmitz, J. Recombinantly engineered 

antibodies for reproducible and background free flow cytometry analysis. J. Immunol.  198, 

213.6 LP-213.6 (2017). 

157. Sharma, N., Benechet, A. P., Lefrancois, L. & Khanna, K. M. CD8 T Cells Enter the Splenic T Cell 

Zones Independently of CCR7, but the Subsequent Expansion and Trafficking Patterns of 

Effector T Cells after Infection Are Dysregulated in the Absence of CCR7 Migratory Cues. J. 

Immunol.  195, 5227–5236 (2015). 

158. Lees, J. R. & Farber, D. L. Generation, persistence and plasticity of CD4 T-cell memories. 

Immunology  vol. 130 463–470 (2010). 

159. Zaph, C. et al.   Persistence and Function of Central and Effector Memory CD4 + T Cells 



246 
 

following Infection with a Gastrointestinal Helminth . J. Imm unol.  177, 511–518 (2006). 

160. Gargett, T. & Brown, M. P. Different cytokine and stimulation conditions influence the 

expansion and immune phenotype of third-generation chimeric antigen receptor Tcells 

specific for tumor antigen GD2. Cytother apy  17, 487–495 (2015). 

161. Kim, H.-P. & Leonard, W. J. The basis for TCR-mediated regulation of the IL-2 receptor alpha 

chain gene: role of widely separated regulatory elements. EM BO J.  21, 3051–9 (2002). 

162. Martin, J. F., Perry, J. S. A., Jakhete, N. R., Wang, X. & Bielekova, B. An IL-2 paradox: Blocking 

CD25 on T cells induces IL-2-driven activation of CD56bright NK cells. J. Imm unol .  185, 1311–

1320 (2010). 

163. Wang, X., Xiao, Q., Wang, Z. & Feng, W. L. CAR-T therapy for leukemia: progress and 

challenges. Tr ansl. Res.  182, 135–144 (2017). 

164. Brenchley, J. M. et al.  Expansion of activated human naïve T-cells precedes effector function. 

Clin. Ex p. Imm unol.  130, 432–40 (2002). 

165. Srivastava, S. & Riddell, S. R. Chimeric Antigen Receptor T Cell Therapy: Challenges to Bench-

to-Bedside Efficacy. J. Immunol.  200, 459–468 (2018). 

166. Pennock, N. D. et al.  T cell responses: Naïve to memory and everything in between. Am. J. 

P hysiol. -  Adv. P hysiol. Educ.  37, 273–283 (2013). 

167. Iyer, R. K., Bowles, P. A., Kim, H. & Dulgar-Tulloch, A. Industrializing autologous adoptive 

immunotherapies: Manufacturing advances and challenges. Frontier s in Me dicine  vol. 5 

(2018). 

168. Costariol, E. et al.  Establishing the scalable manufacture of primary human T‐cells in an 

automated stirred‐tank bioreactor. Biotechnol. Bioeng.  116, 2488–2502 (2019). 

169. Davis, M. M. et al.  Predictors of manufacturing (MFG) success for chimeric antigen receptor 

(CAR) T cells in Non-Hodgkin Lymphoma (NHL). Cytother apy  19, S118–S119 (2017). 

170. Fesnak, A. D. The Challenge of Variability in Chimeric Antigen Receptor T Cell Manufacturing. 

Regen. Eng. Tr ansl. Med.  1–8 (2019) doi:10.1007/s40883-019-00124-3. 

171. Lu, T. L. et al.  a Rapid Cell Expansion Process for Production of Engineered Autologous Car-T 

Cell Therapies. Hum. Gene Ther . M ethods  27, hgtb.2016.120 (2016). 

 


