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Abstract 
 

 Chronic Lymphocytic Leukaemia (CLL) is the most common adult leukaemia 

in the Western world and is characterised by an accumulation of mature B cells in 

the circulation which can lead to hypogammaglobulinaemia and leaves patients 

highly susceptible to infections. There is currently no known cause for CLL, but there 

are considerable differences in its incidence: CLL is around twice as common in men 

as women, is rarely observed in Asian populations and has increasing prevalence with 

age, with a median age at diagnosis of 72 years.  

 Despite being a cancer of B cells, CLL patients also show marked differences 

in the T cell compartment of the immune system. As well as changes in numbers and 

in the distribution of subsets, T cells in CLL often demonstrate widespread 

dysfunction including an impaired ability to form immune synapses. Whether the 

development of CLL leads to this T cell dysfunction, or whether T cell dysfunction 

precedes and permits the development of CLL, remains unclear.  

 In this study, T cells from over 200 untreated, Stage A CLL patients were 

analysed in order to validate and build on previous work from our laboratory. That 

work identified CD4+:CD8+ T cell ratio and the frequency of CD4+HLA-DR+PD-1+ T cells 

as potential prognostic factors in CLL. Here, flow cytometry, gene expression analysis 

and functional assays were used to validate the prognostic potential of these two T 

cell parameters and to explore the nature and function of the CD4+HLA-DR+PD-1+ T 

cell population. 
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 Using a larger cohort of CLL patients, this study confirmed that both 

CD4+:CD8+ T cell ratio and the frequency of CD4+HLA-DR+PD-1+ T cells can be used to 

stratify patients, both in terms of progression-free survival and time to first 

treatment, with a similar prognostic power to other currently used CLL cell markers.  

 Phenotyping of CD4+HLA-DR+PD-1+ T cells revealed this population to be 

highly heterogeneous, although there was a significant enrichment for markers of 

proliferation and cytotoxicity. Gene expression analysis conducted on CLL T cells 

revealed a strong association with exhaustion signalling, as well as changes to 

metabolic processes, while TOX was found to be the most significantly enriched gene 

in CD4+HLA-DR+PD-1+ T cells. However, no evidence of CLL T cell exhaustion was 

observed in cytokine production experiments and T cells expressing TOX appeared 

to have a greater proliferative response to stimulation in vitro.  

 

 Overall, this study provides evidence that T cell parameters could represent 

valuable new prognostic markers in CLL. Although the exact role of  

CD4+HLA-DR+PD-1+ T cells remains unclear, it is evident that this population is 

abnormal. Further investigation into this T cell population could provide useful 

information about how this subset impacts CLL disease and inform future treatment 

strategies. 
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1 Introduction 
 

1.1 Chronic Lymphocytic Leukaemia 

1.1.1 Epidemiology 

 Chronic Lymphocytic Leukaemia (CLL) is the most common form of adult 

leukaemia in the Western world, accounting for over 40% of leukaemia cases in over 

65s (1). Studies have shown significant gender and racial biases in CLL prevalence, 

with a male:female ratio of around 2:1 and the disease being 20-30 times more 

common in Caucasian and Black populations compared to Asian ones, although the 

reasons for these discrepancies remain undefined (1,2). The median age of diagnosis 

is 72 years old, and there is increasing prevalence with age (see Figure 1.1) (2,3). 

Overall, the incidence rate of CLL is around 7.2 per 100,000, with around 4700 new 

cases expected in the UK per year (3). 

 

 

 

 

 

 

 

 

 

Figure 1.1: CLL Incidence by Age 
The estimated incidence rate of CLL per 100,000 people in the UK, stratified by age 
group. Adapted from Haematological Malignancy Research Network 
(www.hmrn.org/statistics/incidence) 
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1.1.2 Pathology and Aetiology 

 CLL disease is characterised by an accumulation of circulating malignant 

CD5+CD19+ B cells, which often express markers of activation (4,5). The monoclonal 

nature of these B cells can lead to hypogammaglobulinaemia, with many patients 

presenting with reduced serum immunoglobulin levels and therefore impaired 

immunity, which worsens with advancing disease stage (6–8). This immunodeficiency 

can be severe and CLL patients are highly susceptible to infections, particularly in the 

respiratory and urinary tracts, from bacteria including E. coli and fungi such Candida 

albicans (5,6,9). Furthermore, viral reactivation is commonly seen, particularly in the 

cases of Herpes Simplex Virus, Epstein-Barr Virus and Cytomegalovirus (CMV) (6,10). 

Infections are therefore very common and account for a large proportion of mortality 

in CLL patients, with reports suggesting varying Figures of between 25-80% of deaths 

being caused by infection (6,9). 

 There remains no known cause for CLL, or its associated pre-leukaemic 

condition monoclonal B lymphocytosis (MBL), however there does appear to be an 

inheritable genetic component to this disease (11). Although genome-wide 

association studies have identified some minor risk polymorphisms, no major 

candidate has yet been found (12). Despite this, around 15% of CLL patients report a 

family member with either CLL or a related lymphoproliferative disease and a family 

history of these disorders confers a greatly enhanced risk (12–14).  

 Several potential drivers for CLL have been postulated over the years. One 

such hypothesis was infection with CMV, with several groups finding expanded T cell 

populations showing CMV specificity in CLL and correlating this with worse outcomes 
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(10,15,16). However, not all CLL patients are seropositive for CMV (17) and in 2016 

Parry et al. showed that there was no difference between CMV+ and CMV- patients 

in terms of overall survival and time to first treatment (18). There has also been no 

link demonstrated between CMV seropositivity and prognostic T cell factors (19). 

Other suggested factors such as diet and exposure to ionising radiation have also 

been shown to have little to no link with CLL pathogenesis (20,21).  

 

1.1.3 Diagnosis and Staging 

 CLL patients at diagnosis have a very heterogeneous presentation and fall into 

one of two main groups: those with indolent or progressive disease. Indolent disease 

is marked by a stable phenotype with few, if any, symptoms and does not require 

immediate treatment. Conversely, other patients have an aggressive form of CLL that 

requires treatment and is associated with considerably worse prognosis (2,6,22). 

Although symptoms may be experienced, these are often mild and not specific to CLL 

– these most commonly include tiredness, night sweats and weight loss (2). Instead, 

a large proportion of patients are asymptomatic and are serendipitously diagnosed 

during routine blood tests (1,23). Diagnosis is based on several factors, chiefly a 

lymphocyte count of >5x109/l and confirmation of the clonality of the leukaemia cells 

by flow cytometry. The immunophenotype of the leukaemic cells is also taken into 

account, including expression of CD5 and CD23 and low levels of CD20 (2,23–25).  

 At diagnosis, CLL patients are classified into groups using one of two 

predominant clinical staging systems: the older Rai system (26) is most commonly 

used in the United States of America, while in Europe the Binet system (27) is 



 

Chapter 1: Introduction 

   4 

preferred. The Binet system makes use of features that form part of routine clinical 

examination and blood testing of patients, allowing for relatively straightforward 

classification of patients into one of three stages. These features are 

thrombocytopaenia (platelet count <100x109/l), anaemia (haemoglobin <10g/dl) and 

CLL cell infiltration to specified key lymphoid tissues: liver, spleen and axillary, 

inguinal and cervical lymph nodes (either uni- or bilaterally). Stage A patients are 

determined by having fewer than three of the above tissues infiltrated by CLL cells, 

with no thrombocytopaenia or anaemia and have a median survival of more than 10 

years. Stage B patients also have no thrombocytopaenia or anaemia, but have three 

or more lymphoid infiltrations, with a median survival of over 8 years. Stage C 

patients are classified as those with either thrombocytopaenia, anaemia or both, 

regardless of lymphoid tissue infiltration and have a median survival of around 6.5 

years (24,25,27).  

 

1.1.4 Prognosis 

 As well as clinical staging, there are a large number of markers that can be 

assessed to give prognostic information, with varying degrees of accuracy and 

usefulness. These include, but are not limited to, expression levels of CD38 or ZAP70, 

mutations in NOTCH1, SF3B1 or MYD88 and chromosomal deletions at 11q (24). 

However, the three key prognostic markers defined by the International Workshop 

on CLL are Immunoglobulin Heavy Chain Variable Region (IGHV) mutation status, β2-

microglobulin levels in the blood and genetic aberrations affecting the TP53 gene 

(25). 
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 IGHV mutation status has been a known prognostic marker in CLL for around 

twenty years and remains an effective method of stratification (28,29). The IGHV 

forms part of the B cell receptor (BCR) and the genes encoding this region undergo 

somatic hypermutation during an immune response to produce high affinity BCRs 

(30). In CLL, up to half of patients present with a leukaemic clone that has undergone 

somatic hypermutation, such that their IGHV genes have <98% homology to the germ 

line (IGHV mutated). Those patients whose leukaemia cells show greater than 98% 

homology to germ line IGHV genes are termed IGHV unmutated (24). Studies have 

demonstrated that IGHV mutated patients have significantly better prognosis, with 

around three times longer overall survival than IGHV unmutated patients (28,29,31). 

This is probably due to increased genetic instability in leukaemic cells from IGHV 

unmutated patients, increasing the risk of other detrimental mutations occurring 

(24). 

 Β2-microglobulin is one of the four component chains of the Major 

Histocompatibility Complex class 1 (MHCI) molecule, present on all nucleated cells, 

and can be found in its soluble form in serum, urine and other fluids (32,33). When 

measured in serum, the levels of β2-microglobulin have been shown to correlate with 

increasing disease stage in CLL. There is also a significant link between serum β2-

microglobulin and both the response to chemoimmunotherapy and survival 

following treatment (34,35). 

 The gene TP53, found on the p arm of chromosome 17, encodes the 

extensively studied protein p53, dubbed ‘the Guardian of the Genome’ (36). This 

protein is one of the key regulators of the cell’s response to stress, particularly DNA 
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damage, functioning to protect the cell from malignant transformation (37). This is 

achieved by several mechanisms, including p53-induced changes to transcription of 

proteins involved in the cell cycle and the induction of apoptosis by activation of 

caspases via the BCL2 protein family (38,39). In CLL, 17p deletions and/or mutations 

in the TP53 gene are observed in 5-8% of patients at diagnosis, but in a much greater 

proportion of patients with progressive or treatment-refractory disease (38,40,41). 

Patients harbouring p53 function loss have been shown to have significantly worse 

prognosis and reduced responsiveness to therapies, in particular 

chemoimmunotherapy (41–43). As a result, patients carrying a 17p deletion or p53 

mutation are considered high risk and are recommended for novel therapies (24,44). 

 

1.1.5 Treatment 

 At diagnosis, patients will be assigned a clinical stage and may be assessed for 

some or all of the prognostic markers in Section 1.1.4. Depending on the outcomes 

of these assessments, decisions on whether to treat, and which therapy is most 

appropriate, can be made. 

 Those patients who are classified as Stage A, along with asymptomatic Stage 

B patients, are recommended to be assigned to a ‘watch and wait’ strategy. This 

involves no treatment, with patients instead monitored with regular clinic visits every  

3-12 months (25). A number of studies have shown that immediate therapeutic 

intervention for early stage CLL has no long-term survival benefit for patients (45–

47), while reducing patient quality of life due to the side effects of frontline 

chemoimmunotherapy. Therefore, although it may seem unusual when compared to 
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many other cancers, not treating early stage CLL patients has become routine clinical 

practice, although this strategy may change with the advent of lower toxicity 

targeted therapies. 

 Treatment for CLL is indicated for symptomatic Stage B patients and Stage C 

patients at diagnosis, as well as for patients following a ‘watch and wait’ strategy who 

go on to progress to ‘active disease’ (25). ‘Active disease’ is defined as progressive 

and/or symptomatic disease, and can be constituted by a number of criteria as 

stipulated by the International Workshop on CLL (25). These are as follows: 

1) Development or worsening of anaemia/thrombocytopaenia. 

2) Massive or progressive splenomegaly. 

3) Massive or progressive lymphadenopathy. 

4) Lymphocyte doubling time <6 months (or lymphocytosis increase of >50% in 

2 months). 

5) Autoimmune complications. 

6) Lymphocyte infiltration outside of lymphoid organs. 

7) Significant symptoms: 

i) Weight loss >10% in 6 months 

ii) Fatigue preventing work/activity 

iii) Persistent fever without infection 

iv) Persistent night sweats with infection. 

 

 When ‘active disease’ is observed, the standard frontline treatment for CLL 

without p53 mutation is combination chemoimmunotherapy, comprising the purine 
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analogue Fludarabine, the DNA cross-linking agent Cyclophosphamide and the anti-

CD20 monoclonal antibody Rituximab (together termed FCR) (24). This combination 

has been in use for over ten years, following reports of improved patient outcomes 

compared to the previous standard therapy of just Fludarabine and 

Cyclophosphamide (48). Subsequent studies have confirmed that FCR can induce 

durable remissions and provides significant improvements in patient survival (49), 

showing particular efficacy in patients in the more favourable IGHV mutated 

subgroup (35), as well as qualified success for relapsed/refractory patients (34). The 

drawbacks of FCR centre around toxicities, with patients being treated with this 

combination highly susceptible to opportunistic infections, thanks in part to 

prolonged neutropaenia (48). A further complication arises in IGHV unmutated 

patients and/or patients with p53 deletions, who both have significantly reduced 

responses to and beneficial outcomes from FCR (35,44). 

 In elderly patients who may be less able to tolerate the associated toxicities 

of FCR, but are otherwise healthy, a combination of the alkylating agent 

Bendamustine and Rituximab (BR) is recommended. This is due to BR both being 

more tolerable than FCR and causing fewer severe infections in patients (50). For 

elderly patients who suffer from comorbidities, the recommended treatment is a 

combination of the alkylating agent Chlorambucil with either Rituximab or an 

alternative anti-CD20 monoclonal antibody, such as Obinutuzumab or  

Ofatumumab – these combinations are more tolerable than other 

chemoimmunotherapies and have shown clinically significant improvements to 

outcomes in these patients (51,52). 
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 For those patients who have p53 deletions, or fail to respond to or relapse 

from chemoimmunotherapy, there are several alternative treatment options. These 

are often referred to as targeted therapies due to their specificities, and include 

Idelalisib, Venetoclax and Ibrutinib. 

 Idelalisib is an orally-given selective inhibitor of PI3Kδ, one of the four 

isoforms of the enzyme phosphoinositide-3-kinase (PI3K). Expression of the delta 

isoform of PI3K is mainly restricted to haematologic cells, where this enzyme is 

known to play a key role in B cell function (53). Of particular relevance to CLL, PI3Kδ 

is found downstream of the BCR, where it acts as a signal transducer by activating 

AKT and mTOR signalling leading to pleiotropic effects (54,55). Since BCR signalling is 

vital for CLL cell survival, there was therefore a strong rationale for targeting PI3Kδ 

(56). It has shown that Idelalisib can effectively inhibit downstream BCR signalling in 

CLL and inhibit CLL cell survival and proliferation (53). Subsequent studies have 

sought to combine Idelalisib with the anti-CD20 monoclonal antibody Rituximab to 

increase efficacy and have proven that Idelalisib gives a significant improvement to 

patient outcomes. 

 Venetoclax is an orally-available, highly-selective inhibitor of the key anti-

apoptotic protein Bcl-2. The BCL2 protein family is a large group comprising both pro-

survival and pro-apoptotic proteins that together set the threshold for apoptosis in 

the cell – the balance of these proteins determines activation of the mitochondrial 

apoptosis pathway (57). The level of expression of Bcl-2 has been seen to correlate 

with patient outcomes in CLL, with Bcl-2 appearing to be important in CLL cell survival 

(58,59). Initial studies using Venetoclax were conducted in the relapsed/refractory 
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CLL setting, and showed promising responses even in patients with high risk 

prognostic markers including p53 deletion, along with acceptable toxicities (60–62). 

Although these early data are promising, a caveat is the emergence of Venetoclax 

resistance in patients after several years of therapy, via mutations in Bcl-2 that 

render Venetoclax ineffective (63,64). Such resistance could potentially be avoided 

by the addition of other therapeutic agents in a combination regimen, and a number 

of recent follow-up studies have begun to address this (65). Addition of both 

Rituximab and Obinutuzumab to Venetoclax have demonstrated significant clinical 

benefit (66,67), while trials of Venetoclax plus Ibrutinib are ongoing and showing 

remarkable success (68,69). In all of these cases, the time-limited nature of the 

Venetoclax treatment may help to reduce the induction of resistance. 

 Ibrutinib is an orally-delivered selective inhibitor of Bruton’s Tyrosine Kinase 

(BTK), approved in the UK for treatment of relapsed/refractory and p53 mutated CLL 

in 2017. BTK is a signal transducing enzyme downstream of the BCR, meaning that 

Ibrutinib has a similar mechanism of action to that of Idelalisib (70,71). Several 

studies have provided promising results, with Ibrutinib able to induce long-term 

responses with significant patient benefit (72–74), including for patients with p53 

deletions (75). Of particular interest is the relatively mild toxicity associated with 

Ibrutinib treatment compared to chemoimmunotherapy, making Ibrutinib an 

attractive first-line therapy for older and less fit patients (76). A potential drawback 

of Ibrutinib therapy is that it is usually prescribed for life, increasing the opportunity 

for resistance mutations to arise, a phenomenon that has already been observed 

(77,78). In patients where resistance develops, subsequent outcomes have been 
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shown to be poor (79). Therefore, as with Venetoclax, combinations of Ibrutinib with 

other agents may be the best option to avoid resistance. 

 Idelalisib, Venetoclax and Ibrutinib represent the three most investigated and 

widely-used targeted therapies for CLL, however there are several other treatments 

at varying stages of trials and research that may hold promise as future weapons in 

the therapeutic arsenal (80). 

 Acalabrutinib is a second-generation inhibitor of BTK that has shown 

increased specificity and reduced off-target effects compared to Ibrutinib, while 

maintaining clinical efficacy (81,82).  

 The enzyme SYK forms part of the BCR signal transduction pathway and JAK 

performs a similar role downstream of the IL-4 receptor, which is engaged by CLL 

cells in lymph nodes. Therefore, these pathways have been targeted in CLL with 

Cerdulatinib, a dual inhibitor of both SYK and JAK, with promising in vitro results both 

alone and in combination with Venetoclax (83).  

 There has also been interest in inhibitors of Exportin 1, a nuclear protein 

which regulates translocation of proteins including pro-apoptotic proteins out of the 

nucleus. Studies have demonstrated efficacy for these inhibitors in pre-clinical and 

also Ibrutinib-resistant models, potentially opening a new therapeutic angle (84,85).
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1.2 T Cell Immunology 

 The immune system is comprised of two main arms, the innate and the 

adaptive immune systems, which perform complementary roles in protecting the 

host from pathogenic infections and cancer. Both systems are able to discriminate 

between self and non-self targets in order to prevent autoimmune responses that 

could harm the host. The innate immune system consists of a number of 

evolutionarily conserved defence mechanisms, including proteins and a variety of cell 

types which recognise and rapidly respond to commonly expressed targets on 

pathogens. In contrast, the cells of the adaptive immune system can respond in a 

specific manner to individual infections or non-self antigens, with the repertoire of 

recognised antigens unique to each person (86,87). 

 The adaptive immune system comprises two primary cell types: B cells and T 

cells. These specialist lymphocytes are named after their development locations – B 

cells develop in the bone marrow while T cell development occurs in the thymus. B 

cells are responsible for humoral immunity, producing antibodies that recognise non-

self antigens with very high affinity. T cells are the central protagonists of cell-

mediated immune responses, playing vital roles both in killing infected or cancerous 

cells and in supporting the activity of other immune cells (86,87). 

 

1.2.1 T Cell Development 

 T cell development is a tightly controlled process (summarised in Figure 1.2) 

that takes place in the thymus. This is a specialised primary lymphoid organ that 
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nurtures and directs the development of T cell precursors, which are known as 

thymocytes while resident in the thymus (88,89). The purpose of the thymus is 

twofold: to produce a repertoire of T cells with a wide range of specificities and to 

restrict autoreactivity to prevent potentially harmful T cells from reaching the 

periphery (88). Key to these functions are the structure and cellular composition of 

the thymus itself. The thymus is composed of two lobular lobes, containing two 

distinct regions of stroma: the outer cortex and the inner medulla. Both of these 

stromal areas are formed from an organised network of cells, including thymic 

epithelial cells (TECs) and fibroblasts, that together provide the requisite cytokines, 

chemokines and other signals that direct and control thymocyte maturation and 

migration (89–92). 

 

1.2.1.1 Double Negative Thymocytes and β-Selection 

 The process of T cell development begins with immature haematopoietic 

precursors, which travel in the peripheral blood from the bone marrow to the 

thymus, entering at the cortico-medullary junction where they undergo a period of 

expansion before migrating through the thymic cortex. These cells do not express 

either CD4 or CD8 and are therefore termed double negative (DN), and can be 

subdivided into four developmental stages (DN1-4) (93,94). By the DN3 stage, 

Recombination-Activating (RAG) genes have been upregulated, allowing VDJ 

recombination to take place. During this process, the variable (V), diversity (D) and 

joining (J) gene segments of the T cell receptor (TCR) β, γ and δ chains genes are 

randomly rearranged by recombinase enzymes to give a final exon that can be 
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expressed (95). Successful rearrangement of the TCRγ and TCRδ chains commits the 

thymocyte to becoming a γδ T cell, the process of which will not be covered in further 

detail here. In contrast, productive rearrangement of the TCRβ chain will lead to this 

being expressed at the cell surface, in a complex with an invariant pre-Tα chain and 

CD3, termed the pre-TCR. If the pre-TCR is functional, signalling through it will 

promote maturation of the thymocyte to the DN4 stage as well as proliferation. This 

signalling also triggers allelic exclusion, which prevents further rearrangement of the 

TCRβ chain by switching off RAG genes. In cases where the pre-TCR is non-functional, 

the thymocyte will undergo apoptosis. This process of verifying successful 

rearrangement of the TCRβ chain is known as β-selection (93,94). 

 

1.2.1.2 Double Positive Thymocytes and Positive Selection 

 Continued signalling through the pre-TCR in DN4 thymocytes induces 

expression of both CD4 and CD8, to give double positive (DP) thymocytes. In these 

DP cells, there is a re-expression of RAG genes to facilitate rearrangement of the 

TCRα chain gene, via the same mechanisms used previously. The newly generated 

TCRα chain can displace the pre-Tα from the pre-TCR to form a mature TCR complex 

(90,96). Since each thymocyte will express a unique TCR, the pool of thymocytes will 

contain a wide range of specificities. Therefore, TCRs on DP thymocytes must be 

assessed for major histocompatibility complex (MHC) restriction by cortical TECs, 

which express a diverse range of rare peptides to be presented by MHC molecules 

(90,91). This process, termed positive selection, aims to produce a pool of potentially 
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competent T cells by blocking the development of both harmful and non-functional 

thymocytes. 

 The outcome of the interaction between the nascent TCR and TEC-bound 

MHC depends on the affinity of the binding, with three possible results. Thymocytes 

with a high TCR:MHC binding affinity are induced undergo apoptosis, due to their 

potentially detrimental autoreactivity. In thymocytes whose TCR fails to bind to MHC, 

further rounds of TCRα gene rearrangement, controlled by RAG genes, can take 

place, with the new TCRα chain replacing the previous one. This process can be 

repeated for as long as the thymocyte survives, usually only a few days (97). Those 

thymocytes whose TCR can bind MHC complexes with low to moderate affinity 

receive the requisite signals for survival and maturation into single positive (SP) cells, 

expressing either CD4 or CD8 alone. Which lineage each cell follows also depends on 

the TCR:MHC interaction – binding to MHCI promotes SP8 differentiation, while 

biding to MHCII leads to SP4 differentiation (90,96,98). 

 

1.2.1.3 Single Positive Thymocytes and Negative Selection 

 Following differentiation into SP cells, thymocytes migrate from the thymic 

cortex to the medulla. Having undergone the process of positive selection, there 

remains a broad range of TCR specificities, some of which may recognise self-

peptides and cause autoimmunity. In order to prevent this, thymocytes are screened 

for reactivity to self-peptides in the process of negative selection (96,98). 

 Within the thymic medulla reside a large number of medullary TECs, which 

are the main protagonists of thymocyte negative selection. These cells display  
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the unique property of being able to express, and present on MHC molecules, a 

diverse range of tissue-restricted antigens – self-peptides whose expression is 

otherwise confined solely to individual peripheral tissues. This characteristic 

promiscuous gene expression is the result of epigenetic mechanisms under the 

control of the autoimmune regulator (Aire) gene (99–101). Studies have 

demonstrated that the Aire gene is pivotal in developing self-tolerance in the T cell 

pool, with loss of Aire function being fatal in mice and causing the autoimmune 

disease APECED (Autoimmune PolyEndocrinopathy Candidiasis Ectodermal 

Dystrophy) in humans (101,102). Medullary TECs have also been shown to be able to 

transfer self-peptide:MHC complexes to medulla-resident dendritic cells, allowing 

these cells to also screen for autoreactive thymocytes (103). 

 Similarly to positive selection (see Section 1.2.1.2), the outcome of the 

negative selection process depends on the affinity of the interaction between the 

TCR and self-peptide:MHC complexes in the medulla. High affinity TCRs represent the 

potential for harmful autoimmunity and thymocytes carrying such receptors are 

induced to undergo apoptosis. For thymocytes whose TCR can only bind with low 

affinity, this interaction promotes their survival and maturation (96,98). Mature 

thymocytes upregulate sphingosine 1-phosphate receptor 1, which permits these 

cells to emigrate from the thymus into the peripheral blood by following the 

sphingosine 1-phosphate (S1P) gradient created by the high concentration of S1P in 

the blood (104). Thymocytes which express a TCR of moderate affinity for self-

peptide:MHC upregulate the transcription factor FoxP3, directing these cells to 
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become natural regulatory T cells (nTReg), which promote immune tolerance in the 

periphery (105).  
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Figure 1.2: Schematic of T Cell Development in the Thymus 
Immature progenitor cells enter the thymus from the peripheral blood and progress through four CD4-CD8- double negative (DN) 
stages, including selection for a functional TCRβ chain. Thymocytes gain expression of CD4 and CD8 (double positive/DP) and are 
selected for MHC restriction. After losing expression of either CD4 or CD8 (single positive/SP), thymocytes migrate to the thymic 
medulla to be screened for autoreactivity. Non self-reactive cells emigrate into the peripheral blood as naïve T cells. 
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1.2.2 Major Types of T Cell 

 Following their emigration from the thymus as fully developed naïve cells, T 

cells travel in the blood and can home to a variety of tissue and lymphoid system 

locations. The functions, as well as the locations, of mature T cells in the body are in 

part determined by the subtype of each T cell, as well as other factors including 

cytokines and the impact of molecules such as vitamin D (106). Broadly, T cells can 

be categorised as conventional (comprising the classical αβ T cells described 

throughout Section 1.2.1) and non-conventional (consisting of a number of subtypes) 

(86). Both categories, and the subpopulations they contain, will be discussed in this 

section. 

 

1.2.2.1 CD4+ Conventional T Cells 

 CD4+ T cells are the key orchestrators of the adaptive immune response, 

supporting and regulating the functions of other immune cells. CD4+ T cells are 

activated by recognition of cognate antigens presented by MHCII on APC, in the 

presence of co-stimulatory molecules and their functional significance extends 

across pathogenic infections, autoimmune diseases, allergies and cancer (107).  

 The CD4+ pool represents a highly diverse array of different subsets, which 

have complementary and sometimes overlapping effector functions. A varying 

number of subsets can be defined, with new and increasingly specific subpopulations 

regularly described in the literature. However, the extent to which these subsets 

differ and the boundaries between the various populations are frequently not clear, 

often due to differences in the depth of phenotypic and functional analysis carried 
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out. Nevertheless, there are several widely accepted subsets that have been the 

subject of much research and will be discussed here: TH1, TH2, TH17, TFH and TReg 

(86,108).  

 TH1 cells play a vital role in the immune response to intracellular pathogens, 

including bacteria and viruses. The transcription factor T-bet is the master regulator 

of the TH1 phenotype, with upregulation of this protein induced by activation of naïve 

T cells in the presence of IL-12, which is secreted by macrophages and dendritic cells 

as part of the innate immune response to infection (109). T-bet induction, and 

therefore TH1 polarisation, is also aided by IFNγ, which is produced by a subset of NK 

cells in lymph nodes (108,110,111). TH1 cells are characterised by their production of 

IFNγ, which can then promote other T cells to become TH1 polarised in a positive 

feedback loop, with other cytokines produced including IL-2 (108,111). IFNγ 

functions to activate macrophages and increase their ability to kill pathogens, as well 

increasing MHC expression in target cells (112), while IL-2 stimulates T cell 

proliferation and plays a role in the induction of memory T cells (113) CXCR3 

expression is also characteristic of TH1 cells, with this chemokine receptor playing a 

vital role in allowing entry to inflamed tissues (108,114).  

 TH2 cells are key players in host defence against extracellular parasites and 

are also involved in allergies (111,115). Development of a TH2 phenotype is directed 

by the transcription factor GATA-3 (116,117), expression of which is induced when 

naïve T cells are activated in the presence of IL-4, with IL-2 also playing a critical role 

(118–120). TH2 cells can be characterised by their expression of CCR4 and CRTH2 

(121,122). This latter molecule is a receptor for prostaglandin D2, which is produced 
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by both mast cells and TH2 cells themselves (123). Activation of this receptor 

mediates chemotaxis and prevents apoptosis, as well as inducing expression of the 

characteristic TH2 cytokines (124). These cytokines include IL-4, IL-5 and IL-13, with 

IL-4 production aiding the generation of further TH2 cells in a positive feedback loop 

(116). The functional role of IL-4 is to mediate B cell antibody class switching to IgE, 

promoting basophil and mast cell activation (107,125). IL-5 is the key regulator of 

eosinophil recruitment to the site of immune challenge (126), while IL-13 is the 

primary cytokine responsible for helminth expulsion from the gut, and can also 

induce IgE class switching (127).  

 TH17 cells have a critical function in the host immune response to 

extracellular bacteria and fungi, but have also been found to play a role in 

autoimmunity (128). The master regulator of the TH17 phenotype is the transcription 

factor RORγt (129), induction of which occurs upon activation of naïve T cells 

alongside signalling from a number of cytokines, including TGFβ, IL-6 and IL-21 (129–

131). A role for IL-23 in TH17 development has also been shown, although this effect 

is seen only after initial differentiation has occurred (108,132). TH17 cells are so 

named due to their characteristic production of IL-17, with the IL-17a and IL-17f 

forms most prominent  (133). The functions of IL-17 are highly pro-inflammatory and 

include recruitment of neutrophils and other immune cells via upregulation of 

chemokines, increasing cytokine production by macrophages and T cells and 

promoting the barrier function of epithelia (107,133). TH17 cells can also produce IL-

21, which can stimulate further TH17 cell differentiation as well as increasing NK cell 

cytotoxicity and promoting plasma cell differentiation (131,134). Other characteristic 
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markers of TH17 cells include expression of the chemokine receptors CCR6 and CCR4, 

which control tissue homing, and the IL-23 receptor, signalling through which 

promotes proliferation and cytokine production (135,136). 

 T follicular helper (TFH) cells are a specialist subset with a crucial function in 

regulating B cell activities, which includes roles in the formation of germinal centres, 

antibody class switching and affinity maturation and the development of B cell 

memory (137–139). The TFH phenotype is driven by expression of the transcription 

factor BCL6 (140), but the exact factors that determine differentiation of naïve T cells 

into TFH have not been fully elucidated (108). Similar to TH17 cells, the cytokines IL-6 

and IL-21 have been shown to be important for TFH development, but with no role 

for TGFβ – there is some debate as to whether TFH cells develop as an independent 

lineage or from other helper T cell subsets (137,141,142). The definitive marker for 

TFH is CXCR5, a chemokine receptor which permits homing to B cell follicles, while 

there is also characteristic expression of ICOS and PD-1 (143–145). Functionally, TFH 

cells produce IL-4 and IL-21 and provide survival and proliferative signals such as 

CD40L for germinal centre B cells, as well as being able to induce apoptosis in B cells 

via FasL (146–148). 

 TReg cells are the major antagonists of adaptive immunity, acting to prevent 

autoimmune reactions and suppress immune responses to avoid damage to the host 

(149). The master regulator of the TReg phenotype is the transcription factor FoxP3 

(150), which can be induced intra- or extra-thymically. In the thymus, thymocytes 

expressing a moderate affinity TCR during negative selection are induced to express 

FoxP3 and are termed nTReg cells (105). In the periphery, activation of naïve T cells in 
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the presence of TGFβ and IL-2 has been shown to induce FoxP3 expression and a 

regulatory phenotype – these cells are termed induced TReg (iTReg) cells (151–153). As 

well as constitutive FoxP3 expression, TReg cells can be characterised by the 

combination of high CD25 and low CD127 (154). The functional activity of TReg cells is 

underpinned by several mechanisms, including expression of a number of 

immunosuppressive cytokines such as TGFβ (which can help to promote further TReg 

cell differentiation), IL-10 and IL-35 (155–157). The characteristic high expression of 

CD25, which is a high affinity receptor for IL-2, allows TReg cells to deplete IL-2 and 

therefore reduce other effector T cell proliferation (158). Also, TReg may be able to 

directly lyse effector cells using granzymes and perforin (159). 

 

1.2.2.2 CD8+ Conventional T Cells 

 Where CD4+ T cells are the orchestrators of adaptive immune responses, 

controlling and directing the differentiation and function of other immune cells, CD8+ 

T cells play a more direct effector role in these responses, through their ability to 

directly kill pathogens and cancerous cells (160). 

 Following emigration from the thymus, naïve CD8+ T cells circulate between 

the peripheral blood and lymph nodes, where they can be primed by recognition of 

their cognate antigen displayed by antigen-presenting cells (APCs) (160). APCs 

present antigenic peptides on MHCI and express co-stimulatory molecules such as 

CD28 and CD40, which combined lead to activation of CD8+ T cells (161). Following 

their activation CD8+ T cells can differentiate into cytotoxic T lymphocytes (CTLs). This 

process is directed by signalling from a number of cytokines, in particular IL-2, as well 
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IL-12, IL-21 and IL-27. IL-2 signalling leads to the upregulation of the transcription 

factor BLIMP-1, which acts a master regulator of CTL differentiation (162,163).  

 CTLs are the major protagonists of adaptive immune system cytotoxicity. 

Several proteins are utilised to carry out this cytotoxic function, with granzyme B and 

perforin of particular importance. Perforin molecules insert directly into the target 

cell membrane and assemble polymeric structures that form pores – these function 

both to induce osmotic lysis of the target cell and to provide a route of entry for 

granzymes (164,165). Granzymes are a family of serine proteases with non-

redundant complementary mechanisms of action that function to induce cell death. 

Granzyme B is the most potent molecule and acts by cleaving and activating the pro-

apoptotic protein BID, leading to further downstream apoptotic signalling (166). 

Granzyme A acts to disrupt mitochondrial metabolic activity, leading to reactive 

oxygen species production and triggering DNA damage and apoptosis (167). The non-

redundant mechanisms of granzymes increase the effectiveness of cell killing, 

allowing resistance mechanisms, such as upregulation of anti-apoptotic proteins, to 

be overcome (165).  

 CTLs harbour huge quantities of their main effector molecules perforin and 

granzyme B in cytoplasmic granules – over 1x107 molecules per cell of each protein 

have been observed recently (168). These granules are maintained ready for rapid 

release upon TCR recognition of the CTL target antigen presented on MHCI (169). 

Such recognition triggers downstream signalling that causes cytoskeletal 

rearrangement, allowing trafficking of the cytotoxic granules to the immune synapse 

for directed release towards the target cell (170). Each CTL stores sufficient granules 
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to kill multiple target cells and can also secrete granzymes and perforin directly, 

without trafficking into granules, in cases of serial killing (171). 

 Secretion of perforin and granzymes is not the only method by which CTLs 

can kill target cells. A feature of CTLs is expression of Fas ligand, which is stored 

intracellularly and transported to the cell surface following release of perforin and 

granzyme B (172). Fas ligand can then bind to its receptor Fas, which is widely 

expressed across most cell types (173). Engagement of Fas ligand with Fas triggers 

activation of caspases and leads to apoptotic cell death (174,175). This Fas-Fas ligand 

interaction can also be used by CD4+ cells to trigger apoptosis in some circumstances 

(176).  

  

 As well as their direct cytotoxic effects, CD8+ T cells can contribute to the 

control of immune responses by cytokine release. Although to a lesser extent than 

their CD4+ counterparts, CD8+ cells can secrete IL-2, prompting a positive feedback 

loop to promote differentiation of CTLs (177). Furthermore, CD8+ cells can produce 

IFNγ and TNFα, promoting TH1 cell differentiation and enhancing the local immune 

response (178,179).  

 CD8+ T cells can also have an immune antagonistic, regulatory function. 

During immune responses, CD8+ cells can upregulate production of the 

immunosuppressive cytokine IL-10, becoming the major source of IL-10 in local 

inflamed tissue (180,181). These IL-10 secreting cells demonstrate greater 

cytotoxicity and cytokine production than IL-10- cells, meaning that they combine 

effector and regulatory functions (160). 
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1.2.2.3 Non-Conventional T Cells 

 Outside of conventional CD4+ and CD8+ T cells, there are a number of other 

types of T cell that form small, but important, minorities of the overall pool. These 

cells often function as a bridge between the innate and adaptive immune responses, 

displaying characteristics usually associated with only one system. The number of 

defined non-conventional T cell types, and the distinctions between them, changes 

frequently as deeper analysis and ever more powerful cell sorting techniques are 

developed, but three of the most well-characterised will be discussed here (182).  

 Natural killer T (NKT) cells are a distinct population of T cells, comprising 

around 0.1% of peripheral blood T cells in humans, which develop in the thymus but 

diverge from the conventional development pathway (183). These NKT cells express 

a very limited range of TCRs – invariant NKT cells express an invariant TCRα chain 

complexed with a constrained repertoire of TCRβ chains, while Type II NKT cells have 

one of a small number of certain TCRα chains (184). As a result, NKT cells recognise 

and bind glycolipids presented by the MHC-like molecule CD1d on cortical DP 

thymocytes for their positive selection, as opposed to conventional thymocytes 

binding to MHC (184). Restriction to recognition of glycolipid antigens, such as 

bacterial cell wall components, via their presentation by CD1d is the key 

distinguishing feature of NKT cells (185). Functionally, following activation after 

recognition of an antigen NKT cells can kill target cells and can rapidly produce large 

amounts of cytokines. The specific cytokine profile of each cell depends on both the 

subset (NKT subsets analogous to TH1, TH2, TH17, TReg and TFH cells have been 

described) and the location/surrounding cells (183,186). The conserved TCR 
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specificity combined with the range of effector functions means NKT cells a form of 

‘hybrid’ between the innate and adaptive immune responses (183). 

 Another ‘hybrid’ non-conventional T cell population is mucosal-associated 

invariant T (MAIT) cells, which share a number of similarities with NKT cells and can 

comprise up to 10% of blood T cells (182). MAIT cells also undergo the early stages 

of development in thymus, but are positively selected by productive binding to the 

MHC-like molecule MR1, which is expressed on DP thymocytes (187). Like NKT cells, 

MAIT cells express a conserved, invariant TCRα chain in complex with a TCRβ chain 

from a small repertoire, which bestows on them their characteristic MR1 restriction 

and recognition of B vitamin metabolites (188). Such antigens are mainly associated 

with bacteria, and MAIT cells are highly enriched in the gut where they are likely to 

play a role in preventing opportunistic infections from the microbiome. MAIT cells 

are functionally similar to NKT cells, able to act as direct cytotoxic killer cells as well 

as producing cytokines to support the wider immune response and cross-talk with 

both innate and adaptive immune cells (182,189).  

 The subject of much recent interest, γδ T cells combine some of the innate-

adaptive ‘hybrid’ features of NKT and MAIT cells with more conventional T cell 

characteristics to form a heterogeneous and complex population (190). γδ T cells 

comprise 0.5-10% of peripheral blood lymphocytes but are often found resident in 

tissues such as the skin and the lung (182,191). As mentioned in Section 1.2.1.1 γδ T 

cells develop in the thymus from early T cell progenitors, when VDJ recombination 

produces functional TCRγ and TCRδ chains – however, the final TCR is not MHC-

restricted, meaning these cells can potentially respond to non-peptide antigens. 
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Although the recombination process has the potential to give rise to a hugely diverse 

repertoire of TCRs, some populations of γδ T cells, such as those in the epidermis, are 

highly oligoclonal, perhaps recognising specific conserved pathogenic antigens (190). 

This reduced repertoire of antigen recognition means that γδ T cells can respond 

more rapidly than conventional T cells to immune challenge and as such form a 

bridge between innate and adaptive immune responses. As well producing 

inflammatory cytokines (including IL-17) and carrying out cytotoxic functions, γδ T 

cells can also act as APCs, migrating from their resident tissue to lymph nodes to 

enhance the conventional adaptive immune response (190,191). 
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 Figure 1.3: The Primary T Cell Types 
T cell precursors from the bone marrow to the thymus, where they develop and mature into conventional naïve T cells or non-
conventional T cells. Conventional naïve CD4+ T cells can differentiate into five major subtypes upon activation, dependent on the 
simultaneous cytokine signals received, with each differentiation programme control by a master transcription factor. Conventional 
naïve CD8+ T cells can differentiate into cytotoxic T lymphocytes (CTL) following appropriate cytokine signalling, under the control of 
the transcription factor BLIMP-1. 
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1.2.3 Recognition of Antigen and T Cell Activation 

 As mentioned previously, conventional T cells require recognition of their 

cognate antigen, presented by MHC molecules, for their activation. Non-

conventional T cells also recognise antigens through their TCR, with these antigens 

presented by MHC-like molecules utilising alternative antigen processing 

mechanisms that will not be covered here. The specificity of the TCR ensures that 

only the appropriate T cells can receive full activation signalling, both at sites of 

infection or cancer and in secondary lymphoid organs (192). 

 The cell presenting peptide:MHC complexes to T cells is known as an antigen-

presenting cell (APC). Most cells within the body can act as targets for CD8+ T cells, 

since they express MHCI and so present peptides from intracellular pathogens or 

mutant proteins – TCR recognition of these complexes will lead to direct cell killing 

by activated CTLs (160). However, for the priming of CD8+ T cells and the activation 

of CD4+ T cells, so called professional APCs are required. The main professional APCs 

are dendritic cells (DCs), but the role is also shared by B cells, macrophages and some 

monocytes (193–196). DCs are defined by their capacity to take up and process 

antigens and present these to T cells, and are specialised for this function by their 

expression of both MHCI and MHCII, as well as co-stimulatory molecules including 

CD28 and CD40 (193,197). B cells also constitutively express MHCI and MHCII, but 

only upregulate expression of co-stimulatory molecules after activation (194). 

Macrophages and monocytes can express MHCI and MHCII, as well as co-stimulatory 

molecules, and can survey tissues for antigens while circulating between blood, 

tissues and lymph nodes (195,196).  
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 The presentation of antigen on MHCI, for CD8+ T cells, relies on the processing 

of endogenous proteins in cancerous or infected cells. Proteins in the cytosol, either 

host cell-derived or virally encoded, are degraded by the proteasome into short 

peptide fragments (198). During an immune response, IFNγ signalling leads to the 

formation of the immunoproteasome, which bears different cleavage specificities 

and so generates an alternative peptide repertoire for presentation (199). The newly 

generated peptides are transported into the endoplasmic reticulum and processed 

by aminopeptidase enzymes to reduce them to 8-11 amino acid fragments. These 

fragments are loaded onto MHCI molecules by the multimeric peptide-loading 

complex, which also controls the formation of the MHCI complex itself (192). In cases 

of a high affinity binding of the peptide fragment to MHCI, the peptide:MHC complex 

will be transported to the cell surface via the Golgi apparatus. Where peptide:MHC 

complexes are sub-optimal, they may be returned to the peptide-loading complex 

for further modification (192,200).  

 

 Whereas MHCI can be found on almost all cells, MHCII is expressed by 

professional APC and certain epithelial cells (201). MHCII molecules usually present 

exogenous proteins, which must be captured from the extracellular milieu via 

endocytic mechanisms, such as phagocytosis or clathrin-mediated endocytosis. 

Endogenous proteins can also be presented following degradation, with autophagy 

believed to be a key pathway in the formation of peptides (202). For endocytosed 

proteins, fusion of the endosome with lysosomes allows proteases to begin to 

degrade the protein. MHCII molecules are formed in the endoplasmic reticulum, 
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similar to their MHCI counterparts, but are bound by an invariant pseudopeptide to 

block the peptide binding groove. This complex is then transported, via the cell 

surface, to a specialised endosome known as the MHC Class II compartment (MIIC) 

(203), wherein cathepsin proteases lyse the invariant pseudopeptide, which is 

replaced by the peptide CLIP in the MHCII peptide binding groove. The partially 

degraded extracellular proteins in the endolysosome, or endogenous peptide 

fragments, can enter the MIIC where they can be further processed into fragments 

10-30 amino acids long (192). Catalysed by the protein HLA-DM, peptide fragments 

with sufficient binding affinity can be exchanged for CLIP and bind to the MHCII 

complex, which is then transported to the cell surface for presentation (204). 

 

1.2.4 T Cell Memory 

 During an immune response to either infection or cancer, naïve T cells that 

have not ‘seen’ their cognate antigen before are activated. This activation process 

leads to large expansion of the activated cells and the differentiation of naïve cells 

into one of two broad categories: short-lived effector cells (SLECs) or memory 

precursor effector cells (MPECs) (205,206). SLECs comprise the majority of the 

differentiated population (90-95%) and carry out their effector functions before 

undergoing apoptosis following resolution of the immune response. MPECs form the 

smaller proportion of the population, and can also carry out effector functions, but 

are destined to avoid apoptotic death and instead develop into long-lived memory 

cells that can rapidly respond to future stimulation with the same antigen (207–209). 
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Despite their different fates, both SLECs and MPECs demonstrate similar levels of 

effector functionality, such as cytotoxicity, during the immune response (205,210).  

 There are two primary subsets of memory T cells formed from the MPEC pool: 

central memory (TCM) and effector memory (TEM) cells. TCM are mainly constrained to 

secondary lymphoid organs while TEM cells are usually found circulating between the 

blood and tissues (211–213). In order to home to, and be retained in, lymph nodes, 

TCM constitutively express the homing receptors CCR7 and CD62L. In contrast, TEM do 

not express CCR7, instead being able to express a range of chemokine receptors 

required for homing to different tissues, such CXCR4 and CCR5 (111,214). Both TCM 

and TEM express the CD45RO isoform, distinguishing them from naïve T cells which 

instead express the CD45RA isoform. 

 The roles of the two subsets are complementary and this is reflected in their 

expression of key proteins and cytokines. TEM act as sentinels, providing a rapid 

effector response at local sites upon reinfection. This response includes cytotoxic 

function via perforin and granzyme release from CD8+ TEM and secretion of cytokines 

including IFNγ and IL-4 from CD4+ TEM. In contrast, TCM secrete IL-2 and retain a high 

proliferative capacity, meaning they can rapidly expand and differentiate into 

effector cells following a repeat antigen challenge. In this manner, TEM cells provide 

immediate responses to local challenge but lack the capacity for expansion, while TCM 

can respond to systemic challenge and give rise to a second wave of effector cells to 

support TEM responses (214–216). The proportions of each subset differs between 

CD4+ and CD8+, with a majority of CD4+ cells found to be TCM, while TEM comprise 

most of the CD8+ T cell population (213,214). 
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 A third subset of memory T cells has been described, which represents cells 

that are terminally differentiated. These cells are termed TEMRA due to their 

characteristic re-expression of CD45RA in place of CD45RO, and lack expression of 

the homing receptors CCR7 and CD62L and the co-stimulatory molecules CD27 and 

CD28 (111,217). These TEMRA cells have a reduced proliferative capacity and bear 

hallmarks of replicative senescence, including expression of CD57, as well as being 

susceptible to apoptosis (217–219). However, TEMRA cells demonstrate potent 

effector functions, including cytotoxicity and secretion of pro-inflammatory 

cytokines such as IFNγ (217,219,220). Interestingly, this replicative senescence 

phenotype may not be permanent, with several studies showing that proliferative 

potential could be at least partially restored in TEMRA cells (221–223).  

 

 Until recently, the paradigm of memory T cell differentiation followed a linear 

pattern through the three subsets outlined above: TCM à TEM à TEMRA. However, the 

existence of another memory subset has been demonstrated, which sits below TCM 

as the least differentiated population (224). These cells have been termed T memory 

stem cells (TSCM) due to their stem cell-like properties, particularly self-renewal and 

the capability to differentiate into all of the various memory and effector T cell 

subsets (224,225). In terms of surface markers, TSCM resemble naïve T cells in their 

expression of CD45RA and CCR7, along with CD62L, CD28 and CD27, although they 

do also express molecules not associated with naïve cells, including Fas (224). 

However, functionally TSCM are more similar to TCM and TEM than naïve cells, 

displaying high proliferative capacity and potent antitumour activities (224,226). The 
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balance between the TSCM phenotype and development into more differentiated 

subsets is controlled by the transcription factors T-bet and EOMES, the activities of 

which can be regulated by asymmetric cell division (227,228). Overall, TSCM appear to 

be a crucial T cell subset that can maintain the pool of more differentiated memory 

T cells. This is of particular importance in the context of chronic infections and cancer, 

where generation of terminally-differentiated and exhausted T cells leads to the 

requirement for replenishment of the pool of less-differentiated effector cells (225). 

 

 Recent studies have reported a new family of memory T cells, termed tissue 

resident memory cells (TRM), which follow a separate differentiation pathway from 

the conventional paradigm above (229). The role of these TRM cells is to enhance local 

protection from immune challenge, particularly at mucosal sites, similar to TEM cells. 

Despite similarities in their function, TRM and TEM have been demonstrated to have 

different transcriptional signatures (230). TRM cells have been shown to develop from 

the same naïve T cells as conventional memory cells, but are generated when these 

naïve cells migrate through epithelia into tissues and receive signals such as IL-15 and 

TGFβ (230,231). However, the phenotype of TRM cells appears to be heterogeneous, 

with different patterns of marker expression found in different tissue contexts – it is 

likely that differences in local signalling lead to the development of the heterogeneity 

observed (229,232).  
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1.3 T Cells in CLL 

 CLL is a cancer of B cells, however it is not only in this compartment where 

stark differences are observable in CLL patients – the other key protagonists of the 

adaptive immune system, T cells, are also affected. At a basic level, changes to the 

numbers of T cells, and the distribution of memory subsets, are seen. Furthermore, 

although they are not malignant, the T cells in CLL patients display a range of 

abnormalities and functional differences when compared with those from healthy 

counterparts.  

 When investigating CLL, it is important not to consider only the leukaemic 

cells in isolation. Although currently not well elucidated, the cross-talk and 

interactions between CLL cells and abnormal T cells are vital to understanding the 

pathophysiology of CLL. However, there remain a number of unanswered questions 

about the nature and role of T cells in CLL, most pertinently whether they drive 

disease development or are bystanders reacting to the malignant environment 

around them. 

 

1.3.1 Composition of the T Cell Compartment in CLL 

 The fact that CLL patients display abnormalities in the T cell compartment 

alongside their leukaemic B cells has been known for over 40 years. Initial studies, 

although rather crude, were able to determine that CLL patients had greater 

numbers of T cells than healthy controls, with a particular increase in the number of 

CD8+ T cells (233,234). Further work in this area observed that in many CLL patients, 
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the ratio of CD4+:CD8+ T cells was changed in comparison to healthy controls, in 

whom the ratio is approximately 2:1. There appeared to be preferential expansion of 

the CD8+ compartment leading to a decreased, and sometimes inverted, CD4+:CD8+ 

ratio, wherein CD8+ T cells outnumbered their CD4+ counterparts (235–237). 

Although such changes in ratio could alternatively be explained by a loss of CD4+ cells, 

increasing the relative proportion of CD8+ cells, as seen in HIV infection (238), this 

was found not to be the case, with both subsets having increased numbers in CLL 

(233). 

 The presence or absence of an inverted ratio has been shown to have clinical 

relevance and may be an important marker of patient prognosis. Initial work 

observed an association between inverted ratios and advancing disease stage (236), 

as well as the key CLL feature hypogammaglobulinaemia (234). More recently, a 

number of studies have investigated patient outcomes in relation to CD4+:CD8+ ratio. 

An inverted ratio was demonstrated to be an independent factor associated with 

both shorter time to first treatment (TTFT) and overall survival in CLL patients, 

irrespective of other prognostic factors (19,239). The inverse was also observed, with 

a ratio of greater than 1, considered normal, was a factor associated with stable, non-

progressive CLL (22).  

 

 As well as changes in the numbers of T cells and the CD4+:CD8+ ratio, CLL 

patients often present with differences in the various subsets of T cells, particularly 

within the CD4+ compartment.  
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 The most commonly investigated of these subsets has been TReg cells, owing 

to their important role in many cancers. A number of studies have been able to 

demonstrate significant increases in the frequency of TReg cells in CLL patients 

compared to healthy controls (240–242), as well as associating these increases with 

advancing disease stage (243). The effect appears to be enhanced within the lymph 

nodes, wherein a significantly greater proportion of TReg can be found compared to 

the peripheral blood (244). However, whether there is an active role in CLL 

pathogenesis for these TReg remains unclear. Despite their increased frequency, TReg 

still constitute only a small proportion of the overall T cell population and there 

appears to be significant heterogeneity within the TReg population itself (241). The 

heterogeneity may extend to TReg function, with some studies demonstrating TReg 

lose their immunosuppressive abilities in CLL patients (242) while others suggest that 

the CD4+ T cell population as a whole is driven towards a regulatory function in CLL 

(240). The contrary nature of the observations of TReg in CLL make a definitive role 

for this subset difficult to elucidate.  

 Although not well studied, several other functional T cell subsets have been 

reported to show differences in CLL. TH17 cells, which secrete the pro-inflammatory 

cytokine IL-17, have been observed to be significantly increased in CLL compared to 

healthy donors (242). These cells may confer a protective effect for CLL patients, with 

TH17 lower frequencies associated with poor prognostic markers (245). As may be 

expected in a B cell malignancy TFH cells, which provide support to B cells in germinal 

centres, have been observed at increased frequencies in CLL patients (246,247), with 

a significantly greater proportion found in the lymph nodes compared to peripheral 
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blood (244). However, unlike TH17 cells, no associations were found between TFH 

frequency and either disease stage or IGHV mutation status (246). Unusually, CD4+ T 

cells expressing the cytotoxic molecules granzyme B and perforin can be detected at 

significantly increased frequencies in CLL (248). These cells are typically rare in 

healthy controls, except in conditions of chronic viral infection, and were found to be 

phenotypically similar to mature CD8+ CTLs and mainly from a TH2 background. 

 With few studies having been conducted to date, it is difficult to draw strong 

conclusions regarding the roles potentially played by the various expanded T cell 

subsets in CLL. Taken together though, the changes in subsets are indicative of the 

wider abnormality of the T cell population in CLL patients.  

 

1.3.2 T Cell Differentiation and Ageing 

 As well as expansions of various functional types of T cell, CLL patients also 

present with distinctive changes in the distribution of T cells along differentiation and 

memory pathways. A number of studies  have consistently observed a decrease in 

the proportion of naïve T cells in CLL, with a concomitant increase in the frequency 

of more highly differentiated cells (249–252). As well as being observable in CLL 

patients as a whole, the magnitude of the shift towards greater differentiation 

appears to be correlated with disease prognosis – those patients with high risk ZAP70 

expression (249) or unmutated IGHV genes (252) showed greater relative reductions 

in naïve T cells and increases in effector memory cells. 

 The biasing of the T cell compartment towards more differentiated cells is not 

constrained solely to CLL, in fact it is a characteristic hallmark of the ageing process 
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(253). A large scale study in Sweden observed that the number of naïve T cells 

decreased throughout adult life, particularly in the elderly (>60 years old) – 

interestingly this phenomenon was markedly more pronounced in males (254). With 

CLL being a disease mainly of the elderly and showing significant gender bias, as well 

as increased T cell differentiation, there could be an argument that ageing, rather 

than disease, can explain the changes observed in CLL. However, CLL patients 

consistently show greater T cell memory subset skewing than age-matched controls, 

while a significant proportion of CLL patients would not be considered elderly. 

Therefore, it appears that though ageing may be important, it cannot fully explain 

the differences in the distribution of T cell memory subsets in CLL. 

 Changes to the T cell compartment caused by ageing are also unable to fully 

account for the high prevalence of inverted CD4+:CD8+ ratios in CLL patients. 

Although the number of healthy individuals presenting with an inverted ratio doubles 

when comparing 60-94 year olds to 20-59 year olds, it still only comprises 16% of the 

elderly population (254). By contrast, the proportion of CLL patients with an inverted 

ratio is much higher and can be up to 40% (19,255,256). In both healthy individuals 

and CLL patients, discovery of a definitive cause of the large CD8+ T cell expansion 

that leads to ratio inversion remains elusive. Previously, infection by CMV was 

postulated as a driver of ratio inversion, with studies in both healthy older people 

(257) and CLL patients (10,15) showing links between CMV infection and expansions 

of CD8+ T cells. However, a number of more recent studies have demonstrated 

expanded CD8+ T cell populations in CMV-seronegative CLL patients (19,258,259), 
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while CMV status has been shown to no effect on disease outcome, unlike the 

inverted ratio (18).  

 

1.3.3 T Cell Exhaustion 

 Exhaustion of T cells during immune responses has become a widely 

acknowledged and studied area in recent years. Often associated with chronic viral 

infections, and more recently in many cancers, T cell exhaustion is a state of acquired 

dysfunction. Characteristically, exhausted T cells display impaired effector functions 

and can be defined by their unique protein transcription profiles (260), both in part 

caused and sustained by the expression of a number of inhibitory receptors (261),. 

The most highly studied of these receptors in the context of exhaustion is PD-1, which 

has been observed at high levels on T cells in chronic viral infections (261), solid 

cancers (262) and blood cancers (263). Such a wide ranging expression pattern has 

driven interest in PD-1 as a therapeutic target, with the aim of blocking PD-1 and thus 

reducing immune suppression via this inhibitory receptor (264,265). Several  

anti-PD-1 therapies, including the most well-known Pembrolizumab (266), are now 

approved in Europe for a number of different cancers, such as melanoma and 

Hodgkin lymphoma. 

 With the widespread nature of T cell dysfunction in CLL patients, interest in 

whether the exhaustion of T cells plays a role in CLL has grown significantly. Similarly 

to other haematological cancers, a number of recent studies have demonstrated 

increased frequencies of T cells expressing  PD-1 in CLL (258,267,268). However, this 

does not appear to confer dysfunction across all CLL T cells, with those cells 
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responsible for responses against CMV observed to be fully functional (269). 

Furthermore, T cells in CLL that express PD-1 do not share the phenotypic profile of 

classical exhausted cells from chronic viral infections, in fact showing normal or 

increased production of key cytokines despite other functional defects (258). In 

addition, a clinical trial of the anti-PD-1 antibody Pembrolizumab observed no 

response in any of the CLL patients treated (270). 

 It may be the case that PD-1+ T cells in CLL are in fact not exhausted at all – 

there is evidence that activated T cells can express PD-1 while retaining normal, non-

exhausted gene signatures and functional capabilities (271), and high frequencies of 

T cell activation have been observed in CLL (272). Further studies have suggested that 

PD-1 expression is more closely linked to both T cell differentiation and activation as 

opposed to exhaustion (273). 
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1.4 Aims of This Study 

 Previous work from our group has identified several T cell biomarkers that 

may be useful in CLL: chiefly, the CD4+:CD8+ ratio and the frequency of  

CD4+HLA-DR+PD-1+ T cells (19,256). While other studies have also observed the link 

between inverted CD4+:CD8+ ratios and poor prognosis in CLL (234,236), the 

association with the CD4+HLA-DR+PD-1+ T cell phenotype is novel. The frequency of 

cells with this phenotype was demonstrated to be the strongest variable associated 

with PFS in a multivariate analysis of 74 CLL patients (256). However,  

CD4+HLA-DR+PD-1+ T cells have never been previously described in CLL or other 

diseases, and as such little is known about this subset. It is not clear whether the 

CD4+HLA-DR+PD-1+ phenotype represents T cells that are exhausted or activated and 

whether these cells play an active role in disease progression or are simply 

bystanders. 

 Therefore, this study aims to confirm and build upon the previous work using 

a larger cohort of untreated CLL patients. As well as confirming the relationship 

between the frequency of CD4+HLA-DR+PD-1+ T cells and disease prognosis, this study 

will attempt to determine the role and function of these T cells through phenotypic, 

gene expression and functional analyses. 

 

The aims of this study are as follows: 

 

1. To confirm previous observations of increased frequencies of CD4+HLA-DR+PD-1+ 

T cells in CLL patients compared to healthy controls using a larger cohort of over 200 
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CLL patients. Then, using collated data from over 20 years of patient records, to 

assess the impact of both CD4+:CD8+ ratio and CD4+HLA-DR+PD-1+ T cell frequency on 

patient outcomes, including progression-free survival and time to first treatment. 

The longitudinal stability of these two parameters, including following treatment, will 

also be investigated. 

 

2. To investigate the nature of the CD4+HLA-DR+PD-1+ T cell subset. This will initially 

be conducted using flow cytometric analysis of phenotypic markers, including 

markers of activation, cytotoxicity and proliferation. Subsequently, microarray 

analysis will be used to explore gene expression signatures in CD4+HLA-DR+PD-1+  

T cells from CLL patients and healthy donors, as well as control populations 

expressing only one or neither of these markers. 

 

3. To analyse the functions of CD4+HLA-DR+PD-1+ T cells and the manner in which 

they might influence disease progression in CLL. Using well-established flow 

cytometry-based techniques, the ability of CD4+HLA-DR+PD-1+ and control T cell 

subsets to produce key cytokines, to degranulate and to proliferate, in response to 

stimulation, will be assessed. 
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2 Materials and Methods 
 

2.1 Basic Consumables 

2.1.1 Media and Buffers 

FACS Buffer 

1% w/v Foetal Calf Serum in Phosphate Buffered Saline (both Gibco). 

Cell Fixation/Permeabilisation Solution 

Prepared according to the manufacturer’s instructions: 1 part concentrate to 3 parts 

diluent. (Foxp3/Transcription Factor Staining Buffer Set (Invitrogen)) 

Permeabilisation Buffer 

1X solution prepared from 10X stock by diluting 1:10 with distilled water. 

(Foxp3/Transcription Factor Staining Buffer Set (Invitrogen)) 

FACS Lysing Solution 

1X solution prepared by diluting 10X FACS Lysing solution (BD Biosciences) 1:10 with 

distilled water. 

 

2.2 Blood Samples 

2.2.1 Blood Donors 

 Following appropriate ethical approval (South East Wales Research Ethics 

Committee 13/WA/0346), anonymised blood samples were obtained from CLL 

patients attending haematology clinics at University Hospital Wales or Llandough 
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Hospital, with their informed consent. Controls were obtained from either age-

matched non-CLL patients at these haematology clinics or from age-matched healthy 

volunteers, with their informed consent. Samples were collected from 210 individual 

patients (139 male and 71 female) with a median age of 72.5 years (range: 42.7 – 

93.1) and from 17 healthy donors (8 male and 9 female) with a median age of 73.7 

years (range: 59 – 88). 

 

2.2.2 PBMC Isolation from Whole Blood 

 Isolation of PBMC was performed using the well-established density gradient 

centrifugation method within 24 hours of sample collection. Whole blood was gently 

layered onto an equal volume of Histopaque-1077 (Sigma) and immediately 

centrifuged at 726 RCF (Relative Centrifugal Force) with no brake for 20 minutes. This 

separates the blood into its component parts, with PBMCs forming a monolayer 

between the Histopaque and the serum. The PBMC monolayer was collected using a 

Pasteur pipette and transferred to a 15ml falcon tube before addition of PBS for 

washing – this involved the sample being centrifuged at 261 RCF for 5 minutes and 

the supernatant being removed to leave just the cell pellet. Red blood cells have poor 

structural integrity, so pellets were vigorously resuspended using 1ml of water to 

mechanically lyse the red blood cells while leaving PBMCs intact. PBS was added 

immediately to the samples to prevent osmotic lysis of PBMCs and samples were 

centrifuged at 261 RCF for 5 minutes. Following removal of the supernatant, the 

pellet was resuspended in 1-3ml of PBS (based on pellet size) ready to for counting.  
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2.2.3 PBMC Counting and Viability Assessment 

 Counts of cells were obtained using a Vi-Cell cell counter (Beckman Coulter), 

which uses trypan blue dye to distinguish live and dead cells. 50μl of suspended cell 

sample was diluted 1:10 with 450μl of PBS in a sample cup and placed into the 

appropriate slot in the Vi-Cell machine. For each of the samples an ID, the dilution 

factor and the cell type (to set expected cell size parameters) was entered into the 

Vi-Cell software. Samples were analysed individually, with the software counting the 

number of viable cells in each of 25 images obtained by the machine. Viable cells 

were detected based on cell size, cell shape and staining with trypan blue (which is 

excluded from live cells). Following image acquisition, the software automatically 

calculated the number of viable cells per ml of sample using the number of viable 

cells detected and the volume of analysed sample. 

 

2.3 Absolute T Cell Counting 

 Absolute counts of T cells and T cell subpopulations in whole blood samples 

were determined using Trucount Tubes (BD), according to the manufacturer’s 

instructions. These Trucount Tubes contain a known number of fluorescent beads 

that can be detected by a flow cytometer alongside the cells of interest – the ratio of 

beads to cells is used to calculate absolute cell counts. 

 One Trucount Tube was used per sample and was labelled accordingly, 

following verification that the lyophilised pellet of fluorescent beads was present and 

intact below the retainer in each tube. 20μl of the appropriate surface antibody mix 
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diluted in FACS buffer (see Section 2.4, Table 2.5) was added directly to each Trucount 

Tube just above the retainer. Then, 50μl of whole blood was added to each tube, 

again just above the retainer. Each tube was gently vortex mixed and then incubated 

at room temperature in the dark for 15 minutes. 1X FACS Lysing solution was 

prepared and 450μl of this 1X solution was added to each Trucount Tube. Following 

a gentle vortex mix, tubes were incubated at room temperature in the dark for 15 

minutes, then immediately analysed using a LSRFortessa (BD Biosciences). 

 In order to calculate absolute counts of T cells and T cell subpopulations, both 

the number of bead events and the number of cell events collected by the flow 

cytometer must be known. The population of fluorescent beads is clearly defined 

when samples are analysed by flow cytometry (see Figure 2.1). T Cells could be 

defined by their expression of CD3 and other subpopulations, such as CD8+ or 

CD4+HLA-DR+PD-1+ cells could be gated within the T cell population. To calculate an 

absolute count for a population (A), the number of cell events collected (X) was 

divided by the number of bead events collected (Y) then multiplied by the bead 

concentration (number of beads per Trucount tube (N) divided by the volume (V)). 

This gives the overall equation A = (X/Y) x (N/V). 

Figure 2.1: Example Flow Cytometry Plot 
Obtained with Trucount Tubes 
Whole blood from CLL samples was 

stained with fluorescent antibodies in 

Trucount tubes and analysed by flow 

cytometry. Fluorescent beads and T cells 

were gated based on side scatter and CD3 

expression and T cell subpopulations were 

gated based on marker expression. 
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2.4 Flow Cytometric Analysis of T Cells 

2.4.1 Equipment and Software 

 Flow cytometry experiments were conducted on either a FACSCanto II or an 

LSRFortessa, using FACSDiva software (all BD Biosciences). Analysis of flow cytometry 

data was carried out using FlowJo software (v10, FlowJo LLC), SPICE software 

(Simplified Presentation of Incredibly Complex Evaluations) (274) and R (275). 

 

2.4.2 Surface Staining 

 PBMCs were collected and counted as in Sections 2.2.2 and 2.2.3. Between  

1-2x106 PBMCs were transferred to a 5ml FACS tube and 200μl of PBS was added – 

samples were washed by centrifugation as before. 100μl of the appropriate surface 

antibody mix diluted in FACS buffer (see Section 2.5) was added directly to the cells 

and samples were incubated at 4°C in the dark for 30 minutes. 200μl of PBS was 

added to the samples and they were washed by centrifugation as before. Following 

this samples were either resuspended in PBS to be analysed immediately or fixed in 

1% Paraformaldehyde (PFA) if analysis could not be carried out immediately. 

 

2.4.3 Intracellular Staining 

 PBMCs were stained as above (Section 2.4.2) with surface antibodies and 

washed by centrifugation with PBS. Cell fixation/permeabilisation solution was 

prepared and samples were resuspended in 200μl of this solution for 1 hour at 4°C 

in the dark. Samples were centrifuged at 261 RCF for 5 minutes and the supernatant 
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removed, before the cell pellets were washed with permeabilisation buffer by 

centrifugation. 100μl of the appropriate intracellular antibody mix diluted in 

permeabilisation buffer (see Section 2.5) was added directly to the cells and samples 

were incubated for 30 minutes at room temperature in the dark. Samples were 

washed by centrifugation, once with permeabilisation buffer and once with PBS, then 

either resuspended in PBS to be analysed immediately or fixed in 1% PFA if analysis 

could not be carried out immediately. 

 

2.4.4 Flow Cytometer Fluorescence Compensation 

 Emission spectra from different fluorochromes can overlap, leading to false 

positive events being detected by the flow cytometer. In order to prevent this, 

compensation must be applied to negate fluorescence spillover. In these 

experiments, compensation matrices were determined automatically by the BD 

FACSDiva software following analysis of specific compensation samples. 

 These samples were prepared using Anti-Mouse Ig, κ/Negative Control 

Compensation Particles Set (BD). One drop of both positive and negative 

compensation beads was added to FACS tubes containing 100μl of FACS buffer, one 

FACS tube for each antibody used in the appropriate panel. Each antibody was added 

to a separate tube at half the concentration used on the cell samples and incubated 

at 4°C in the dark for 20-30 minutes. 200μl of PBS was added and tubes were washed 

by centrifugation as before. The beads pellet was resuspended in 200μl of PBS ready 

to run. 
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 Within the compensation section of the FACSDiva software, each tube of 

single-stained beads was analysed on the flow cytometer and beads were gated using 

forward and side scatter profiles. Using histogram plots, acquisition voltages for each 

fluorochrome were adjusted where necessary in order that the positive and negative 

peaks could be visualised within the software’s inbuilt parameter limits. Both peaks 

were then gated around as tightly as possible, using bi-exponential plots if needed. 

Following analysis of every tube, the FACSDiva software calculated the compensation 

matrix required and this was applied to all samples. Acquisition voltages were noted 

and used for future experiments. 

 

2.4.5 Flow Cytometry Controls 

 Flow cytometry experiments require negative controls to determine which 

populations are genuinely expressing a given marker. In these experiments, both 

unstained samples (cells that have not had 

any antibodies added to them) and 

fluorescence minus one (FMO) controls 

were used. FMOs involve staining samples 

with all of antibodies except the one being 

controlled for using the same method as 

described above. In this way, during 

analysis gating can be more accurately 

performed on the negative populations, 

while also accounting for spillover from 

Figure 2.2: Example Flow Cytometry 
Histogram of CD38 Expression. 
Blue histogram represents CD4

+
 T cells 

from a CLL patient; red histogram 

represents CD38 FMO control. 
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other fluorescent channels, which becomes a greater problem as the number of 

fluorochromes used increases. FMOs were used for markers which do not have 

obviously distinct positive and negative populations, instead only showing a 

fluorescence shift, such as CD38 (see Figure 2.2). For these markers, gates were set 

at the end of the histogram tail of the FMO control, which guarantees that cells in the 

positive gate express the marker but may exclude some cells with very low 

expression. 

 

2.4.6 Flow Cytometry Data Analysis and Statistics 

 Phenotypic data was collated and managed in Excel, while most graphing and 

statistical analysis was conducted using Prism 8 software (GraphPad). The D’Agostino 

and Pearson Normality Test was applied to datasets to determine whether they 

displayed Gaussian distributions. When all variables were Gaussian, Student’s T-Test 

was used to compare two variables and ANOVA was used to compare three or more 

variables. For data that did not have a Gaussian distribution, non-parametric tests 

were used – Mann-Whitney Test for two variable comparisons and the Kruskal-Wallis 

Test with Dunn’s Multiple Comparisons for three or more variables. 

 Patient outcome data was also analysed in Prism 8. Kaplan-Meier curves were 

plotted for progression-free survival and time to first treatment to compare stratified 

patient groups. 
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2.5 Flow Cytometry Antibody Panels 

 The following tables detail the antibody panels used for flow cytometry 

experiments, including T cell cytokine production and proliferation assays. 

 

 

 

 

Target Fluorochrome Supplier Category Number Clone 
CD3 A700 Biolegend 344822 SK7 

CD4 V500 BD 560768 RPA-T4 

CD8 PE Dazzle Biolegend 300930 HIT8a 

HLA-DR PE Biolegend 361606 Tu36 

PD-1 APC Biolegend 329908 EH12.2H7 

CD57 FITC Biolegend 322306 HCD57 

TIGIT PE-Cy7 Biolegend 372714 A15153G 

Ki67 PerCP-Cy5.5 Biolegend 350520 Ki-67 

Granzyme B Pacific Blue Biolegend 515408 GB11 

Table 1: Phenotyping Panel 1 

Target Fluorochrome Supplier Category Number Clone 
CD3 A700 Biolegend 344822 SK7 

CD4 V500 BD 560768 RPA-T4 

CD8 PE Dazzle Biolegend 300930 HIT8a 

HLA-DR PE Biolegend 361606 Tu36 

PD-1 APC Biolegend 329908 EH12.2H7 

CD57 FITC Biolegend 322306 HCD57 

TIGIT PE-Cy7 Biolegend 372714 A15153G 

CD38 APC-Cy7 Biolegend 303534 HIT2 

Ki67 PerCP-Cy5.5 Biolegend 350520 Ki-67 

Granzyme B Pacific Blue Biolegend 515408 GB11 

Table 2: Phenotyping Panel 2 
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Target Fluorochrome Supplier Category Number Clone 
CD3 A700 Biolegend 344822 SK7 

CD4 V500 BD 560768 RPA-T4 

CD8 PE Dazzle Biolegend 300930 HIT8a 

HLA-DR PE Biolegend 361606 Tu36 

PD-1 APC Biolegend 329908 EH12.2H7 

Table 4: Longitudinal Monitoring Panel 

 

 

 

 

 

 

Target Fluorochrome Supplier Category Number Clone 
CD3 A700 Biolegend 344822 SK7 

CD4 V500 BD 560768 RPA-T4 

CD8 PE Dazzle Biolegend 300930 HIT8a 

HLA-DR PE Biolegend 361606 Tu36 

PD-1 APC Biolegend 329908 EH12.2H7 

CD57 FITC Biolegend 322306 HCD57 

CD28 PE-Cy7 Biolegend 309925 CD28.2 

CD38 APC-Cy7 Biolegend 303534 HIT2 

CD27 PerCP-Cy5.5 Biolegend 356407 M-T271 

Granzyme B Pacific Blue Biolegend 515408 GB11 

Table 3: Phenotyping Panel 3 
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Target Fluorochrome Supplier Category Number Clone 
CD3 A700 Biolegend 344822 SK7 

CD4 V500 BD 560768 RPA-T4 

IFNγ PE  Biolegend 506506 B27 

HLA-DR PE Dazzle Biolegend 307653 L243 

PD-1 Pacific Blue Biolegend 329915 EH12.2H7 

CD107a FITC Biolegend 328605 H4A3 

IL-2 PE-Cy7 Biolegend 500325 MQ1-17H12 

ef780 
Viability Dye APC-Cy7 Thermo 

Scientific 65-0865-14 N/a 

TNFα PerCP-Cy5.5 Biolegend 502925 Mab11 

TOX APC Miltenyi 130-118-335 REA473 

Table 5: T Cell Cytokine Production Panel 

Target Fluorochrome Supplier Category Number Clone 
CD3 A700 Biolegend 344822 SK7 

CD4 V500 BD 560768 RPA-T4 

HLA-DR PE Dazzle Biolegend 307653 L243 

PD-1 Pacific Blue Biolegend 329915 EH12.2H7 

CFSE FITC Biolegend 423801 N/a 

ef780 
Viability Dye APC-Cy7 Thermo 

Scientific 65-0865-14 N/a 

TOX APC Miltenyi 130-118-335 REA473 

Table 6: T Cell Proliferation Panel 
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2.6 Microarray Analysis of T Cell Subset Genetic Signatures 

2.6.1 T Cell Enrichment  

 Enriched T cells were prepared from 

whole blood samples using the RosetteSep 

Human T Cell Enrichment Cocktail (StemCell 

Technologies) following the manufacturer’s 

protocol.  

 Whole blood samples were 

transferred to 15ml falcon tubes, which were 

used to estimate the volume of blood. The 

volume of RosetteSep Human T Cell 

Enrichment Cocktail required was calculated 

(50µl of cocktail per 1ml of whole blood) and 

this was added directly to the samples and 

mixed thoroughly. Samples were incubated 

at room temperature for 20 minutes and 

then diluted in a 1:1 ratio with PBS containing 

2% FCS. The samples were layered onto a 

volume of Histopaque-1077 equal to the 

original volume of whole blood and were then centrifuged at 261 RCF with no brake 

for 20 minutes. Following centrifugation, the enriched T cells collected as a 

monolayer on top of the Histopaque and could be transferred to a 15ml falcon tube 

Figure 2.3: Process for T Cell 
Enrichment From Whole Blood. 
From StemCell Technologies 
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using a Pasteur pipette. The cells were washed with PBS and resuspended in 1ml PBS 

before counting on the Vi-Cell cell counter.   

  

2.6.2 Fluorescence-Activated Cell Sorting of CD4+ T Cell Populations 

 Fluorescence-Activated Cell Sorting (FACS) was carried out by Dr Catherine 

Naseriyan or Dr Ann Kift-Morgan (Central Biotechnology Services, Cardiff University), 

using a FACSAria™ III cell sorter (BD Biosciences). Similar to other flow cytometers, 

this instrument can detect a large number of fluorescent parameters which allows 

for detection of specific cell populations – however, specified populations can be 

directed into individual collection vessels to give highly enriched cell populations. For 

these experiments, fluorescence compensation was achieved as in Section 2.4.4 and 

FMO controls were used for PD-1 and HLA-DR expression. 

 Enriched T cells were prepared as in Section 2.6.1 and up to 10x106 cells were 

stained for surface markers (see Section 2.4.2), with 200μl of diluted antibody mix 

was used. Following washing, cells were used immediately and not fixed.  

 Figure 2.4 shows a representative gating strategy for FACS. Lymphocytes 

were gated based on their forward and side scatter profile and single cells selected 

using forward scatter area vs. forward scatter height plots. T cells were selected by 

gating CD3+ events on a histogram and these cells were further segregated into CD4+ 

and CD8+ using a scatter plot. Within the CD4+ compartment, a scatter plot of PD-1 

vs. HLA-DR was used to determine the populations to be collected by the sorter: HLA-

DR-PD-1-, HLA-DR-PD-1+ and HLA-DR+PD-1+. At least 5x104 cells were collected from 

each population directly into 5ml FACS tubes containing 500μl of PBS.
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Figure 2.4: Representative Gating Strategy for FACS 
Lymphocytes were gated based on forward scatter and side scatter characteristics and 

single cells were then selected using forward scatter area and forward scatter height 

parameters. T cells were gated as CD3
+
 cells on a histogram and were then separated 

based on CD4 and CD8 expression. Within the CD4
+
 population HLA-DR

-
PD-1

-
 (Q3-1), 

HLA-DR
-
PD-1

+
 (Q1-1) and HLA-DR

+
PD-1

+
 (Q2-1) cells were collected. These cells were 

distinguished using fluorescence minus one controls. FACS was carried out on a BD 

FACSAria™ III cell sorter. 
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2.6.3 RNA extraction from CD4+ T Cell Populations 

 Following FACS, RNA extraction was carried out using either the RNeasy Micro 

Kit or RNeasy Mini Kit (Qiagen) according to the manufacturer’s protocol.  

 Cells were centrifuged at 261 RCF for 5 minutes to pellet them and the 

supernatant was removed. Lysis buffer was added to each tube and samples were 

homogenised using a vortex mixer before 70% ethanol was added and mixed by 

pipetting. Samples were then transferred to specialised columns containing nucleic 

acid-binding membranes and centrifuged at 21,000 RCF for 15 seconds, with the 

flow-through discarded. Columns were then washed by addition of the washing 

buffer RW1 and centrifuged at 21,000 RCF for 15 seconds. Following removal of the 

flow-through, a DNase 1 solution was prepared using 1 part DNase 1 to 7 parts buffer 

RDD and 80μl of this solution was added directly to each column membrane. Samples 

were incubated at room temperature for 15 minutes, then buffer RW1 was added 

and columns centrifuged at 21,000 RCF for 15 seconds. The flow-through was 

discarded and the samples were washed by addition of buffer RPE and centrifuged 

at 21,000 RCF for 15 seconds. Following disposal of the flow-through, 70% ethanol 

was added to the columns and samples were centrifuged at 21,000 RCF for 2 minutes. 

Columns were transferred into new collection tubes and centrifuged at 13,000rpm 

for 5 minutes with the lid open to dry the membranes. Columns were transferred 

into 1.5ml collection tubes and 14μl of RNase-free water was added directly to each 

membrane. Samples were centrifuged at 21,000 RCF for 1 minute to elute RNA. 
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2.6.4 Quality Assessment and Microarray Analysis of RNA  

 Analysis of extracted RNA samples by microarrays was conducted by Dr 

Amanda Redfern (Central Biotechnology Services, Cardiff University). 

 Extracted RNA samples were assessed on an Agilent 2100 Bioanalyzer, which 

uses electrophoresis to separate RNA fragments based on their size in microchannels 

on pre-made chips. The bands can then be analysed by measurement of fluorescence 

to provide quantitation and purity analysis, including an RNA Integrity Number (RIN) 

which gives an objective quantified assessment of RNA quality. For these 

experiments, the Agilent RNA 6000 Pico Kit was used, to ensure the small amounts 

of RNA could be analysed successfully.  

 All RNA samples obtained from FACS sorted cells were quality checked on the 

Agilent 2100 Bioanalyzer. The RNA yield was variable between patients and 

dependent on the number of cells in each sorted population. To ensure that there 

was sufficient RNA of good quality for microarray analysis, cut-offs of 500pg/μl and 

a RIN of >8 were used.  

 For microarray analysis of samples above the cut-offs, the GeneChip™ Human 

Gene 2.0 ST Array (Applied Biosystems) was used.  

 

2.6.5 Microarray Data Processing 

 DNA microarray data processing was conducted by Dr Sumukh Deshpande 

(Central Biotechnology Services, Cardiff University), using R version 4.0.3. 

 Data from the GeneChip™ Human Gene 2.0 ST Arrays were stored in CEL files, 

which were imported into R using the Bioconductor package Oligo (276). The data 
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were normalised using the Robust Multi-array Average method, developed by 

Irizarry et al. (277). Differential expression analysis was performed for pairwise 

comparisons, between T cell subsets and for CLL patients vs. healthy donors (see 

Figure 4.1), using the limma package for Bioconductor (278). For each gene within 

the data, linear models were generated and an estimated global variance was 

calculated using empirical Bayes methods (279). Finally, moderated t-statistics were 

calculated for each gene and the resultant p-values were adjusted, to control the 

false discovery rate, by the Benjamini-Hochberg method (280).  

 In order to permit simplified downstream analysis, the data were annotated 

with gene names and gene symbols – this was achieved using the Affymetrix 

hugene20 annotation data package within Bioconductor (281). 
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2.7 Flow Cytometric Validation of Microarray Results 

 Microarray data give a valuable insight into the gene expression profile of 

cells, but these data must be recapitulated by other methods in order to prove their 

validity.  

 Flow cytometry can be used to investigate, at the protein level, the expression 

of genes of interest. Candidate genes were shortlisted based on having a statistically 

significant difference in expression between CD4+HLA-DR-PD-1- cells and  

CD4+HLA-DR+PD-1+ cells, then ranked by log fold change between these two 

populations. Granzyme A was selected due to its high log fold change of 4.20 and the 

commercial availability of flow cytometry antibodies. The antibody panel in Table 7 

was used to investigate Granzyme A expression and cells were surface and 

intracellularly stained as in Sections 2.4.2 & 2.4.3. 

 

 

Target Fluorochrome Supplier Category 
Number Clone 

CD3 A700 Biolegend 344822 SK7 

CD4 V500 BD 560768 RPA-T4 

CD8 PE Dazzle Biolegend 300930 HIT8a 

HLA-DR PE Biolegend 361606 Tu36 

PD-1 APC Biolegend 329908 EH12.2H7 

Granzyme A PE-Cy7 Biolegend 507221 CB9 

Ki67 PerCP-Cy5.5 Biolegend 350520 Ki-67 

Granzyme B Pacific Blue Biolegend 515408 GB11 

Table 7: Granzyme A Validation Panel 



 

Chapter 2: Materials and Methods 

   63 

2.8 qPCR Validation of Microarray Results 

2.8.1 Selection of Genes for qPCR Analysis 

 Due to the small quantities of RNA available from each sample following 

usage in the microarrays and the requirements of the reverse transcription step of 

qPCR, RNA samples from all three cell populations were pooled for each of CLL 

patients and healthy donors. These two pooled RNA samples provided sufficient 

quantities of RNA for analysis of genes that had shown differential expression 

between CLL patients and healthy donors in the microarray experiments. 

 Candidate genes for validation of the microarray results were chosen based 

on several factors. Of foremost importance was a significant and consistent 

difference in expression between CLL patient and healthy donor cells across all three 

T cell populations, of sufficient magnitude to be measurable by qPCR. A log fold 

change cut-off of >2 was used, with significance taken as an adjusted p value of <0.05, 

and only genes that met these criteria in CD4+HLA-DR-PD-1-, CD4+HLA-DR-PD-1+ and 

CD4+HLA-DR+PD-1+ T cells were considered further. From this shortlist, genes were 

selected that bore functional relevance to the key pathways and processes identified 

by analysis of the microarray experiments. The final panel of genes selected is shown 

in Table 8 below. 

 Further to the genes of interest, a housekeeping gene was analysed in order 

to normalise the qPCR data. The ubiquitously-expressed enzyme Glyceraldehyde 3-

phosphate dehydrogenase (GAPDH) was chosen due to its consistent level of 
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expression across all of the samples analysed in the microarray experiments (mean 

expression 3.52, standard deviation 0.31). 
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Gene Name Gene 
Symbol 

Average 
Expression 

HLA-DR-PD-1- HLA-DR-PD-1+ HLA-DR+PD-1+ 

logFC Adj P 
Value logFC Adj P 

Value logFC Adj P 
Value 

Sorting nexin 9 SNX9 4.10 2.39 2.44E-06 2.82 3.56E-07 2.63 4.09E-07 

Chromodomain Helicase 
DNA Binding Protein 1 

CHD1 4.96 2.33 1.05E-07 2.21 1.95E-07 2.46 2.89E-08 

Pellino E3 Ubiquitin 
Protein Ligase 1 

PELI1 5.57 2.58 4.40E-07 2.46 8.67E-07 2.40 5.80E-07 

GTPase, IMAP Family 
Member 4 

GIMAP4 4.59 - 2.73 1.81E-06 - 2.93 8.49E-07 - 2.97 3.42E-07 

Oxoglutarate 
Dehydrogenase 

OGDH 5.19 - 2.25 6.38E-07 - 2.15 1.17E-06 - 2.27 3.46E-07 

SLAM Family Member 6 SLAMF6 4.77 - 2.52 4.86E-09 - 2.27 1.96E-08 - 2.21 1.73E-08 

            Table 8: Selected Genes for qPCR Validation of Microarray Results 
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2.8.2 Primer Design 

 Design of appropriate forward and reverse primers to the gene of interest is 

vital to successful qPCR experiments. Here, design was facilitated by use of Primer-

BLAST (282), a tool that provides a list of suggested primer sequences based on user-

defined parameters. 

 Firstly, the NCBI mRNA Reference Sequence identification for the gene of 

interest was entered. The PCR amplicon size was stipulated to be in the range 80-200 

base pairs and the primer melting temperature (the temperature at which half of the 

DNA duplex is dissociated) was set to the range 57-63°C, with a maximum difference 

in melting temperature of 3°C between the primers in a pair. The ‘Exon junction span’ 

option was specified as “Primer must span an exon-exon junction” and the organism 

was defined as human. All other options were kept at the defaults set by the 

programme. 

 Following running of the Primer-BLAST tool, a list of potential primer pairs 

was generated. In order to select the most appropriate pair of primers, a number of 

optimum criteria were applied where possible, as follows: primer length of 16-24 

base pairs, a GC nucleotide content between 40-60% and the presence of a ‘GC 

clamp’ (where the primer ends with either a G or C base). Further criteria that were 

included where possible were the avoidance of di-nucleotide repeats, the avoidance 

of runs of a single nucleotide and low self-complementarity scores. 

 Once the best primer pair had been selected, the sequence was entered into 

the BLASTn tool (283). This mapping programme attempts to match the input DNA 

sequence with sequences within the genome of the user-defined species, here 
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human. The purpose of this step was to confirm that the selected primers did not 

recognise any genomic DNA sequences outside of the gene of interest, and thus 

avoiding off-target amplification and inaccurate qPCR results. 

 With confirmation that optimal, specific primer sequences had been selected, 

these were used to order custom-made primers (Eurofins Genomics). A list of the 

primers ordered can be seen in Table 9. 
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Gene Symbol Sequence (5’ à 3’) Template Strand Length (bp) TM (°C) 

SNX9 
CTGGGCCTGAGCGTCGAG Plus 18 62.5 

ATACATAACCCGAGCCTTGGTG Minus 22 60.2 

CHD1 
GACTCTTGCTTACCCCGAGAC Plus 21 60.1 
GACTCTCCTTTGATTCACCGGC Minus 22 61.3 

PELI1 
CCGTGGTCAACTTCCCCTC Plus 19 60.0 

TTATTTCCGGACAATTGCTGGTG Minus 23 59.8 

GIMAP4 
GGAGTTCAAGCGACAATGGC Plus 20 59.8 
CCTTCCAGGCCCATAACTGG Minus 20 60.1 

OGDH 
ATCCACAGACAAACTTGGGTTC Plus 22 58.8 
CCCCAATATGCTGGCAGTAGG Minus 21 60.6 

SLAMF6 
AGGGCAAAAACATTGACTGCC Plus 21 59.9 
CTACATTCCCTGGGCCAAAGC Minus 21 61.3 

GAPDH 
GTCTCCTCTGACTTCAACAGCG Plus 22 62.1 
ACCACCCTGTTGCTGTAGCCAA Minus 22 62.1 

Table 9: Primer Pairs for Selected Genes 
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2.8.3 Reverse Transcription and RNA Concentration 

 

 

 

 

 

 

 

 Final qPCR validation of candidate genes was conducted using the pooled 

RNA samples from CLL patients and healthy donors used in the microarray 

experiments described in Section 2.8.1. Optimisation and troubleshooting 

experiments were carried out using a CD4+ T cell clone (284), chosen due to its highly 

activated state.  

 In order to generate samples for analysis by qPCR, reverse transcription (RT) 

reactions were required. These reactions convert RNA into DNA molecules with a 

complementary sequence (cDNA), which is then used downstream. RT reactions 

were carried out using the High-Capacity cDNA Reverse Transcription kit and a 

SimpliAmp Thermal Cycler (both Applied Biosystems). 

 The concentration of RNA in each sample was measured using a NanoDrop 

1000 (Thermo Scientific) spectrophotometer. For each reaction, 1μg of RNA was 

added to a PCR tube and the volume made up to 10μl. Then, using the volumes in 

Table 10 multiplied by the number of reactions to be carried out, a master mix of RT 

reaction components was made and 10μl of this mix was added to each diluted RNA 

Component Volume for 1 Reaction 
10x Reverse Transcription Buffer 2.0 µl 

25x dNTP Mix 0.8 µl 

10x Random Primers 2.0 µl 

Multiscribe Reverse Transcriptase 1.0 µl 

Nuclease-free H2O 4.2 µl 

Diluted RNA 10.0 µl 

Total 20.0 µl 
Table 10: Components of Reverse Transcription Mix for cDNA Production 
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sample. An extra control tube was included, containing all of the components in 

Table 10 except the Multiscribe Reverse Transcriptase, to allow verification that no 

genomic DNA contamination of the RNA samples had occured Following brief 

centrifugation to remove any air bubbles, tubes were transferred to the SimpliAmp 

Thermal Cycler. The thermal cycler was programmed to use the following conditions: 

25°C for 10 minutes, 37°C for 120 minutes, 85°C for 5 minutes then 4°C indefinitely. 

cDNA samples could then be used immediately or stored at -20°C. 

  

 In some cases RNA samples were of low concentration, such that more than 

10μl would be needed for the RT reaction. Therefore, in order to obtain sufficiently 

concentrated RNA the samples required further processing, for which the GeneJET 

RNA Cleanup and Concentration Micro kit (Thermo Scientific) was used.  

 For this kit, RNA samples were diluted with nuclease-free water and Binding 

Buffer and 70% ethanol was added to precipitate the RNA. Using similar technology 

to the RNA extraction kits in Section 2.6.3, samples were added to specialised 

columns containing nucleic acid-binding membranes and centrifuged at 13,000rpm 

for 30 seconds to bind the RNA to the membranes. Following discarding of the flow-

through, membranes were washed using Wash Buffer 1 and centrifuged again, 

before two further washes with Wash Buffer 2, centrifuging each time. Following a 

final centrifuging at 13,000rpm for 1 minute to remove residual buffers, RNA was 

eluted in 6-10μl of nuclease-free water, ready for use in RT reactions. 
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2.8.4 qPCR Plate Preparation 

 

 Following RT reactions, synthesised cDNA was analysed using a NanoDrop 

1000 to assess concentration and purity. Samples were then diluted 1:5 in nuclease-

free H2O ready for use.  

 qPCR reaction mixes were made up for each gene of interest, using the 

appropriate primer pair, following the ratios in Table 11. Each mix was prepared in 

either duplicate or triplicate depending on the experiment. 20μl of qPCR reaction mix 

per well was added to a 96-well MicroAmp plate (Applied Biosystems). For each gene 

of interest a control well was included, to which was added the same qPCR reaction 

mix minus the cDNA, to check for contamination. 

 Once prepared, the MicroAmp plate was sealed with MicroAmp Optical 

Adhesive Film (Applied Biosystems) and centrifuged at 1200 rpm for 1 minute to 

remove air bubbles. The plate was then ready for analysis. 

 

Component Volume for 1 Reaction 
PowerUp SYBR Green Master Mix 10.0 µl 

Forward Primer 0.5 µl 

Reverse Primer 0.5 µl 

Nuclease-Free H2O 4.0 µl 

Diluted cDNA 5.0μl 

Total 20.0 µl 
Table 11: Components of qPCR Mix 
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2.8.5 qPCR Setup and Running 

 All qPCR experiments were conducted using a ViiA7 Real-Time PCR System 

and QuantStudio Real-Time PCR software (Applied Biosystems). 

 First the sealed MicroAmp plate was placed into the ViiA7 System plate 

holder ready for analysis, before experimental parameters were defined in the 

QuantStudio software. This initially involved selecting the correct instrument, plate 

and reagent types as well as selecting the ‘Fast’ run setting. Next, all target genes and 

individual samples were defined and mapped to their location on the MicroAmp 

plate. Finally, the run method outlined in Table 12 was input, ensuring that a melt 

curve analysis was included after the completion of the amplification cycles. 

 

 

 

 

 

 

 

 

Step Temperature Time Number of Cycles 
1 50°C 120 s 1 

2 95°C 120 s 1 

3 95°C 1 s 
40 

4 60°C 30 s 

Table 12: Run Method for qPCR Experiments 
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2.9 Cytokine Production Assays 

2.9.1 T Cell Stimulation 

 T cells from CLL patients and healthy donors were enriched and counted as in 

Section 2.6.1, from whole blood samples. The enriched T cells were then 

resuspended in sufficient medium to give a concentration of 8x105 cells/ml. T cells 

were then divided into 3 wells of a 48-well plate, one for each stimulation condition 

to be used (PMA/Ionomycin, CD3/CD28 and no stimulation). 

 To each well was added Brefeldin A, at a concentration of 1μl/ml of medium, 

to prevent secretion of produced cytokines from T cells. Also added to every well was 

CD107a-FITC antibody, at a concentration of 2μl/ml of medium. For the wells 

receiving PMA/Ionomycin stimulation, Cell Activation Cocktail (Biolegend) was added 

at a concentration of 1μl/1x106 cells. For those wells receiving CD3/CD28 stimulation, 

Dynabeads Human T-Activator beads were added to give a 1:1 ratio of beads to T 

cells, as per manufacturer’s instructions. For cells receiving no stimulation, DMSO 

was added at a concentration of 2μl/ml of medium. 

 Following addition of these reagents, the T cells were cultured at 37°C for 6 

hours. This duration was used due to the limits of practicality imposed by restricted 

laboratory access during the Covid-19 pandemic. 

 

2.9.2 Flow Cytometric Analysis of Cytokine Production 

 Following the stimulation, T cells were harvested and transferred to 5ml FACS 

tubes, with the well being washed out with 500μl of medium to maximise recovery. 
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T cells were washed by centrifugation as described in Section 2.2.2, followed by a 

further wash in 200μl of PBS. 100μl of the appropriate surface antibody mix diluted 

in FACS buffer (see Section 2.5) was added directly to the cells and samples were 

incubated at 4°C in the dark for 30 minutes. 200μl of PBS was added to the samples 

and they were washed by centrifugation as before.  

 Following staining with surface antibodies, cell fixation/permeabilisation 

solution was prepared and T cells were resuspended in 200μl of this solution 

overnight at 4°C in the dark. Cells were centrifuged at 1200rpm for 5 minutes and 

the supernatant removed, before the cell pellets were washed with permeabilisation 

buffer by centrifugation. 100μl of the appropriate intracellular antibody mix diluted 

in permeabilisation buffer (see Section 2.5) was added to the cells and samples were 

incubated for 30 minutes at room temperature in the dark. Samples were washed by 

centrifugation, once with permeabilisation buffer and once with PBS, then 

resuspended in PBS to be analysed. 

 Flow cytometric analysis was conducted using an LSRFortessa, with FACSDiva 

software (all BD Biosciences). Analysis of flow cytometry data was carried out using 

FlowJo software (v10, FlowJo LLC). 

 

2.10  T Cell Proliferation Assays 

2.10.1  T Cell Stimulation 

 T cells from CLL patients and healthy donors were enriched and counted as in 

Section 2.6.1, from whole blood samples. T cells were then resuspended in PBS 
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containing 5μM CFSE (CFSE Cell Division Tracker Kit, Biolegend) and incubated at 

37°C for 20 minutes. After this time, the CFSE was quenched by the addition of 

medium containing 10% FCS and the T cells were washed by centrifugation. Following 

this, T cells were resuspended in medium and incubated at 37°C for 10 minutes.  

The cells were then washed by centrifugation and resuspended in sufficient medium 

to give a concentration of 8x105 cells/ml. T cells were then divided into 3 wells of a 

48-well plate, one for each stimulation condition to be used (PMA/Ionomycin, 

CD3/CD28 and no stimulation). 

 For the wells receiving PMA/Ionomycin stimulation, Cell Activation Cocktail 

(Biolegend) was added at a concentration of 1μl/1x106 cells. For those wells receiving 

CD3/CD28 stimulation, Dynabeads Human T-Activator beads were added to give a 

1:1 ratio of beads to T cells, as per manufacturer’s instructions. For cells receiving no 

stimulation, DMSO was added at a concentration of 2μl/ml of medium. Following 

addition of these reagents, the T cells were cultured at 37°C for 4 days. This duration 

was used to maximise experimental data collection within the limits imposed by 

restricted laboratory access and limited patient clinics caused by the Covid-19 

pandemic.  

 

2.10.2  Flow Cytometric Analysis of Proliferation 

 Following the stimulation, T cells were harvested and transferred to 5ml FACS 

tubes, with the well being washed out with 500μl of medium to maximise recovery. 

T cells were washed by centrifugation as described in Section 2.2.2, followed by a 

further wash in 200μl of PBS. 100μl of the appropriate surface antibody mix diluted 
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in FACS buffer (see Section 2.5) was added directly to the cells and samples were 

incubated at 4°C in the dark for 30 minutes. 200μl of PBS was added to the samples 

and they were washed by centrifugation as before.  

 Following staining with surface antibodies, cell fixation/permeabilisation 

solution was prepared and T cells were resuspended in 200μl of this solution at 4°C 

in the dark for 1 hour. Cells were centrifuged at 1200rpm for 5 minutes and the 

supernatant removed, before the cell pellets were washed with permeabilisation 

buffer by centrifugation. 100μl of the appropriate intracellular antibody mix diluted 

in permeabilisation buffer (see Section 2.5) was added to the cells and samples were 

incubated for 30 minutes at room temperature in the dark. Samples were washed by 

centrifugation, once with permeabilisation buffer and once with PBS, then 

resuspended in PBS to be analysed. 

 Flow cytometric analysis was conducted using an LSRFortessa, with FACSDiva 

software (all BD Biosciences). Analysis of flow cytometry data was carried out using 

FlowJo software (v10, FlowJo LLC). 
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3 Characterisation of  

CD4+HLA-DR+PD-1+ T Cells in CLL 
 

 CLL is inherently a disease of B cells, but there has long been noted a 

widespread dysfunction of T cells that occurs concurrently. The lack of an effective T 

cell response against leukaemic cells is almost certainly a major contributor to CLL 

pathogenesis and therefore is of great interest for research.  

 In healthy individuals, there are on average around twice as many CD4+ T cells 

as CD8+ T cells, but previous work on in CLL has uncovered that a subset of patients 

develops an inversion of this normal CD4:CD8 T cell ratio. In these patients CD8+ cells 

outnumber CD4+ cells and this is caused by a preferential expansion of CD8+ T cells 

compared to their CD4+ counterparts. Since these inverted ratio (CLLIR) patients 

showed significantly poorer prognosis (19), stratification of patients by their ratio is 

a useful method of exploring CLL phenotypes in further detail. 

 In addition to a number of tumour-associated prognostic markers that are 

well-characterised, such as 17p deletion, a recent study has shown that a CD4+ subset 

of T cells expressing both HLA-DR and PD-1 is an indicator of patient prognosis (285). 

These cells express both a classical activation marker in HLA-DR and a classical marker 

of exhaustion in PD-1, although there is some controversy in the use of PD-1 

exclusively as an exhaustion marker for human T cells, with a body of evidence that 

it is also expressed following T cell activation (271). Due to the unusual nature of their 

cell surface marker expression, and their prognostic value, investigating the nature 
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and function of these CD4+HLA-DR+PD-1+ cells may be of significant value to 

understanding how T cells impact on CLL pathogenesis. 

 

 This chapter aims to explore the phenotype of CD4+HLA-DR+PD-1+ T cells 

using polychromatic flow cytometry. PBMC from 176 untreated CLL patients and 13 

healthy donors were prepared from peripheral blood samples and analysed using 

several flow cytometry panels. The use of untreated patient samples was key, as they 

permit the investigation of patient prognosis and remove the possible interference 

of previous or ongoing therapy on the T cell population. 

 Patients were investigated as whole cohorts and also stratified based on their 

CD4:CD8 T cell ratio, as in Nunes et al. (19), using a ratio of 1.0 as the cut-off point 

above which patients were termed normal. 
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Figure 3.1: Representative Gating Strategy for Phenotyping of T Cells. 
Lymphocytes were gated based on forward scatter and side scatter characteristics and 
single cells were then selected using forward scatter area and forward scatter height 
parameters. T cells were gated as CD3+ cells on a histogram and were then separated 
based on CD4 and CD8 expression. Phenotypic markers were gated as shown, both in the 
CD4+ subset and within the CD4+HLA-DR+PD-1+ population. Fluorescence minus one 
controls were used to distinguish positive expression where appropriate and HLA-DR 
expression on CD3- CLL cells was used a positive control. Events were collected on a BD 
Fortessa and were analysed using Flowjo v10 software. 
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3.1 Populations of CD4+HLA-DR+PD-1+ T Cells 

3.1.1 CD4+HLA-DR+PD-1+ T Cell Frequency 

 Before phenotypic analysis of CD4+HLA-DR+PD-1+ T cells was undertaken, it 

was important to determine the frequency of these cells in this cohort of CLL 

patients, as previous work has shown elevated levels of CD4+HLA-DR+PD-1+ cells in 

CLL (285). The gating strategy demonstrated in Figure 3.1 was used in the analysis of 

flow cytometry data to investigate cell frequencies. 

 As shown in Figure 3.2A, within the CD4+ T cell compartment there was a 

significantly increased proportion of cells in the CD4+HLA-DR+PD-1+ subset in CLL 

patients compared to healthy controls (p<0.001). In healthy donors,  

CD4+HLA-DR+PD-1+ cells accounted for a median proportion of 1.1% with a maximum 

of just 5.9%. In contrast, the range of CD4+HLA-DR+PD-1+ cell percentages was much 

greater in CLL patients, with the median being 3.0% and a maximum frequency of 

31.9%. This demonstrates the heterogeneity of CLL patients and illustrates why a 

large cohort of patients is needed to show the full range of phenotypes. 

 It has been shown previously that an inversion of the CD4:CD8 T cell ratio 

correlates with poorer clinical prognosis (19), so CLL patients were stratified based 

on this ratio. Figure 3.2B shows the proportions of CD4+HLA-DR+PD-1+ T cells within 

the CD4+ compartment in normal ratio CLLNR (n=125) and inverted ratio CLLIR (n=71) 

patients and healthy donors (n=17). CLLIR patients had significantly higher 

percentages of CD4+HLA-DR+PD-1+ cells than CLLNR patients, with a median of 4.3% 
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compared to 2.5%. Both CLLIR and CLLNR patients had significantly higher proportions 

of CD4+HLA-DR+PD-1+ cells than healthy donors (median 1.1%). 
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Figure 3.2: CD4+HLA-DR+PD-1+ T cells are enriched in CLL patients and in CLLIR patients compared to CLLNR patients. 
PBMC were analysed by flow cytometry. Samples were collected from 196 CLL patients and 17 healthy donors. Bars represent median ± 95% CI.  
A) CD4+HLA-DR+PD-1+ T cells formed a significantly higher proportion of CD4+ T cells in CLL patients than in healthy donors. Significance determined by 
Mann Whitney test ***=p<0.001  
B) CLL patients were stratified based on CD4:CD8 ratio. CLLIR patients (n=71) had a significantly higher proportion of  
CD4+HLA-DR+PD-1+ T cells in the CD4+ compartment compared to CLLNR patients (n=125) – in both CLLNR and CLLIR patients CD4+HLA-DR+PD-1+ T cells were 
a larger proportion of CD4+ cells than in healthy donors. Significance determined by Kruskal-Wallis test with Dunn’s multiple comparisons *=p<0.05 
**=p<0.01 ****=p<0.0001 
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 To investigate whether the enrichment of CD4+HLA-DR+PD-1+ T cells in CLL 

patients is related to other T cell factors, the proportions of T cells in the total PBMC 

and the CD4 vs. CD8 composition of the T cell compartment were analysed. 

 Figure 3.3A shows that, as would be expected, the proportions of T cells 

(CD3+) in CLL (median 8.0%) are significantly lower than in healthy donors (median 

49.6%) – this is due to the large expansion of CLL cells, rather than a reduction in T 

cell numbers. When patients are stratified by CD4:CD8 ratio (Figure 3.3B) no 

significant difference is observed, with the median CD3+ percentage in CLLNR (7.7%) 

very similar to that in CLLIR patients (8.8%). Therefore, the increased frequencies of 

CD4+HLA-DR+PD-1+ T cells in CLLIR patients compared to CLLNR patients is not due to 

a difference in the proportions of T cells between the two groups. This is supported 

by Figure 3.4A, which shows no correlation between the proportion of  

CD4+HLA-DR+PD-1+ T cells and the percentage of T cells in the total PBMC in CLL 

patients. 

 Figure 3.3B demonstrates that CLLIR patients have significantly lower 

frequencies of CD4+ T cells than CLLNR patients, which is what would be expected 

since patients with an inverted ratio by definition have a greater proportion of CD8+ 

cells than CD4+ cells. Since CLLIR patients also have greater proportions of  

CD4+HLA-DR+PD-1+ T cells than CLLNR patients (Figure 3.2B), it could be suggested that 

CD4+ percentage is a key factor in determining the enrichment of  

CD4+HLA-DR+PD-1+ cells. However, no significant difference was observed for CD4+ 

percentage between CLLNR CLL patients and healthy donors – this almost certainly 

reflects the fact that the large majority of healthy donors have a normal ratio. But 
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since CD4+HLA-DR+PD-1+ T cells are enriched in CLLNR patients compared to healthy 

donors, this suggests that the level of CD4+ cells is not the determining factor 

responsible for the frequencies of CD4+HLA-DR+PD-1+ cells observed.  

 To explore this further, CD4:CD8 T cell ratio was compared to the frequency 

of CD4+HLA-DR+PD-1+ cells, shown in Figure 3.4B. This Figure demonstrates that the 

proportion of CD4+HLA-DR+PD-1+ cells in CLL patients does not directly correlate with 

CD4:CD8 ratio (R2 = 0.06), despite the significant differences observed in the 

proportions of CD4+HLA-DR+PD-1+ cells between the CLLNR and CLLIR groups  

(Figure 3.2B). However, the heterogeneity of CLL patients and the much greater 

range of “normal” ratios compared to inverted ratios make a direct correlation 

analysis problematic.  

 

 These results demonstrate that CD4+HLA-DR+PD-1+ T cells are significantly 

enriched in CLL patients, in particular in those with an inverted CD4:CD8 ratio. Other 

patient-intrinsic T cell factors, including T cell percentage and CD4+ T cell percentage 

do not show strong correlations with the proportions of CD4+HLA-DR+PD-1+ cells and 

so cannot explain the observed frequency increases. 
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PBMC were analysed by flow cytometry. Bars represent median ± 95% CI.  
A) The percentage of PBMC comprised by T cells (CD3+) was not significantly different 

between CLLNR and CLLIR patients, but was significantly higher in healthy donors (HD) 

compared to both CLLNR and CLLIR patients. Significance determined by Mann Whitney test 
or Kruskal-Wallis test with Dunn’s multiple comparisons ****=p<0.0001.  

B) The proportion of CD4+ T cells showed no significant difference between healthy 

donors (HD) and CLLNR patients, however CLLIR patients had significantly lower CD4+ 

percentages compared to both CLLNR patents and healthy donors. Significance determined 
by one-way ANOVA ****=p<0.0001 

 

 

Figure 3.3: Increased CD4+HLA-DR+PD-1+ Cell Frequencies Cannot be Explained by Changes 
in T Cell Proportions or Subset Distributions 
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Figure 3.4: CD4+HLA-DR+PD-1+ T Cells Do Not Correlate with T Cell Proportions or 
CD4:CD8 Ratio 
PBMC from 197 CLL patients were analysed by multi-parametric flow cytometry. 

A) The proportion of total PBMC comprised by T cells (CD3+) was plotted against the 

proportion of CD4+HLA-DR+PD-1+ T cells in the CD4+ compartment. Correlation was 
assessed by simple linear regression.  

B) The CD4:CD8 T cell ratio was plotted against the proportion of CD4+HLA-DR+PD-1+ T 

cells in the CD4+ compartment for each CLL patient sample analysed. Correlation was 
assessed by simple linear regression.  
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3.1.2 CD4+HLA-DR+PD-1+ T Cell Counts 

 Following on from the above experiments investigating the frequency of T cell 

populations in CLL patients and healthy donors, the absolute numbers of T cell 

populations in these two groups were investigated. Frequencies of T cell populations 

in the blood can vary due to relative changes in the numbers of cells in other subsets, 

therefore it is important to verify any findings for a given population using the 

absolute cell counts, which will be unaffected by changes in other cells. 

 Although CLL patients have a significantly lower proportion of T cells within 

the PBMC population (Figure 3.3A), the absolute number of T cells is actually 

significantly greater in CLL patients (median 181 cells/μL) than in healthy controls 

(median 105 cells/μL), as seen in Figure 3.5A. The discrepancy between T cell 

numbers and proportions in CLL is explained by the massive expansion of CLL cells, 

which can comprise up to 99% of the PBMC. 

 CD4+HLA-DR+PD-1+ T cells were found to occur at significantly higher 

frequencies in CLL compared to healthy donors. This observation could be explained 

either by an increase in the number of CD4+HLA-DR+PD-1+ T cells specifically, or by a 

decrease in the numbers of other CD4+ subsets. The former is seen in Figure 3.5B, in 

which the median count of CD4+HLA-DR+PD-1+ T cells in 46 CLL patients (8.5 cells/μL) 

was significantly greater than in the 6 healthy control samples (3.5 cells/μL). A 

decrease in the CD8+ T cell count would increase the frequency of all CD4+ subsets, 

however in these samples the absolute count of CD8+ T cells was also greater in CLL 

than healthy donors, illustrating that the increased numbers of CD4+HLA-DR+PD-1+ 

cells is responsible for the high frequencies of these cells. Following stratification of 
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CLL patients into CLLNR and CLLIR groups, the pattern of absolute counts was similar 

to that observed in the frequencies of CD4+HLA-DR+PD-1+ cells seen in Figure 3.2B. 

The median count of CD4+HLA-DR+PD-1+ cells in CLLIR patients (9.0 cells/μL) was 

significantly greater than that in healthy controls (3.5 cells/μL) with a trend for higher 

counts in CLLIR compared to CLLNR (median 7.0 cells/μL) patients, although this did 

not reach statistical significance.  
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Figure 3.5: CLL Patients Have Higher Absolute Counts of T Cells and CD4+HLA-DR+PD-1+ 
T Cells 

 
Cells were counted using Trucount Tubes. Bars represent median ± 95% CI.  
A) The absolute count of T cells (CD3+) was significantly greater in CLL patients (n=58) than 

healthy donors (n=6). Significance determined by Mann Whitney test ** = p<0.01.  

B) Absolute counts of CD4+HLA-DR+PD-1+ T cells was significantly greater in CLL patients 

(n=46) than healthy donors (n=6), with CLLIR patients having higher counts than CLLNR 

patients. Significance determined by Mann Whitney test or Kruskal-Wallis test with Dunn’s 
multiple comparisons * = p<0.05 
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3.2 Phenotyping of CD4+HLA-DR+PD-1+ T Cells 

 CD4+HLA-DR+PD-1+ cells express a classical marker of activation (HLA-DR) and 

a classical marker of exhaustion (PD-1), although PD-1 has been suggested to also act 

as an acute activation marker in healthy individuals (271,286). Since the vast majority 

of T cells in healthy donors are resting and not activated, cells co-expressing HLA-DR 

and PD-1 would be expected to be rarely observed, as was seen in Figure 3.2. 

Therefore, having confirmed previous findings that the frequencies of  

CD4+HLA-DR+PD-1+ T cells are significantly greater in CLL patients than in healthy 

donors, the next step was to investigate these cells in greater depth, with a wide-

ranging phenotypic analysis conducted to attempt to determine the nature of these 

cells. 

 

3.2.1 Initial Characterisation 

 The enrichment of CD4+HLA-DR+PD-1+ cells in CLL patients, combined with the 

expansion of the T cell compartment that is characteristic in CLL, suggest that the 

CD4+HLA-DR+PD-1+ T cell subset may be an actively proliferating population of cells. 

To investigate this, expression of Ki67 was assessed by flow cytometry. Ki67 is a 

nuclear protein involved in the cell cycle which cannot be detected in quiescent cells, 

only those transitioning through the cell cycle, and is therefore an extremely useful 

marker of active cellular proliferation (287).  

 Figure 3.6B demonstrates that the proportion of CD4+HLA-DR+PD-1+ T cells 

that express Ki67, and are therefore actively proliferating, is significantly greater than 

the proportion observed in the total CD4+ compartment in both CLL patients and in 
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healthy donors. Interestingly, although the median proportion of Ki67+ cells in the 

CD4+ compartment was similar in CLL (2.3%) and healthy controls (1.9%), within the 

CD4+HLA-DR+PD-1+ population the Ki67+ fraction was more than 2-fold larger in 

healthy donors (30.0%) than CLL (12.2%).  

 These observations concur with the hypothesis that the expansion of the 

CD4+HLA-DR+PD-1+ population in CLL is driven at least in part by actively proliferating 

cells. However, it is noteworthy that despite the proportion of proliferating  

CD4+HLA-DR+PD-1+ cells being greater than their CD4+ counterparts, the median 

percentage of cells expressing Ki67 was only 12.2%, so a large majority of this subset 

are either not proliferative or divided at an earlier timepoint. 

 

 Cytotoxicity via mechanisms involving molecules such as perforin and various 

granzymes is most commonly associated with CD8+ T cells, in their role as the “killer” 

cells of the adaptive immune system (288). However, CD4+ T cells can also be 

cytotoxic (289–291). Such CD4+ cells are rare in healthy individuals but are detectable 

in viral infections, such as influenza, and autoimmune diseases including colitis (289). 

Similar to these conditions, CLL also displays an atypical immune profile, so  

CD4+HLA-DR+PD-1+ T cells were investigated to assess whether they were cytotoxic. 

Expression of Granzyme B, a serine protease usually found in and released via lytic 

granules in cytotoxic cells and frequently used as a marker for cytotoxicity, was 

assessed by flow cytometry. 

 The proportions of cells expressing Granzyme B in the total CD4+ T cell 

compartment and the CD4+HLA-DR+PD-1+ T cell subset of both CLL patients and 
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healthy controls are shown in Figure 3.6B. CD4+HLA-DR+PD-1+ T cells demonstrated 

a significant enrichment of Granzyme B-expressing cells (median = 19.0%) compared 

to total CD4+ cells (5.0%) in CLL. However, although a similar trend was observed in 

healthy donors this did not reach statistical significance, probably due to the wide 

range of the proportion of Granzyme B+ cells in the CD4+HLA-DR+PD-1+ population 

(0.4 - 54.0%). It is worth noting however that, mirroring the pattern observed with 

Ki67 expression, the large majority of CD4+HLA-DR+PD-1+ cells did not express 

Granzyme B in CLL. It was interesting to note that the minority of CD4+HLA-DR+PD-1+ 

cells that expressed Ki67 were not the same minority that expressed Granzyme B, 

with little correlation between the expression of the two markers. 

 

 These initial experiments with two functional markers demonstrate that the 

CD4+HLA-DR+PD-1+ T cell population is enriched for cells that are proliferating and 

are potentially cytotoxic when compared to the total CD4+ compartment. This 

showed promise with regard to the hypothesis that CD4+HLA-DR+PD-1+ T cells would 

have an unusual phenotype. However, neither the proliferating nor cytotoxic cells 

constituted a majority of this subset, suggesting the presence of heterogeneous sub-

populations requiring further elucidation. 
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Figure 3.6: CD4+HLA-DR+PD-1+ Cells Show Greater Proliferation and Cytotoxicity than Total 
CD4+ T Cells in both CLL Patients and Healthy Donors 
Using multi-parametric flow cytometry, expression of Ki67, a marker of proliferation, and 

Granzyme B, a marker of cytotoxicity, was assessed in CD4+HLA-DR+PD-1+ T cells and in the 

total CD4+ compartment from 183 CLL samples and 15 age-matched healthy donors. 

A) Representative flow cytometry plots showing expression of Ki67 and Granzyme B in CLL.  

B) CD4+HLA-DR+PD-1+ T cells showed a significantly increased proportion of Ki67-expressing 

cells compared to the total CD4+ population in both CLL and healthy donors. The proportion 

of cells expressing Granzyme B was significantly higher in CD4+HLA-DR+PD-1+ cells in CLL, but 

not in healthy donors. Bars represent mean ± standard deviation. Significance was 
determined by Kruskal-Wallis test with Dunn’s multiple comparisons ****=p<0.0001 
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3.2.2 Phenotypic Overview 

 Following on from the initial phenotyping experiments, a larger panel of 

markers was devised to give a deeper characterisation of CD4+HLA-DR+PD-1+ T cells. 

As well as the cytotoxicity marker Granzyme B and the proliferation marker Ki67, a 

further five antigens were analysed: CD38, CD57, TIGIT, CD27 and CD28.  

 CD38 is a cell surface glycoprotein which functions enzymatically to generate 

and hydrolyse cyclic ADP-ribose, as well as having roles in calcium regulation – 

expression of CD38 is commonly used a marker of cellular activation, particularly in 

the context of viral infections (292). 

 CD57 is a carbohydrate antigen attached to cell surface proteins, in particular 

adhesion molecules, following the activity of the B3GAT1 enzyme – CD57 is 

detectable in terminally-differentiated immune cells and as such is a marker of 

cellular senescence (293). 

 TIGIT (T cell immunoreceptor with ImmunoGlobulin and ITIM domains) is one 

of a family of inhibitory receptors expressed by immune cells, which also includes  

PD-1, that act to decrease effector functions and promote tolerance and can also be 

used as markers of exhaustion (294). It was assessed here since these inhibitory 

receptors are often co-expressed and as such TIGIT may be expected to be expressed 

by CD4+HLA-DR+PD-1+ cells if their PD-1 expression was indeed indicative of 

exhaustion. 

 CD27 is a member of the Tumour Necrosis Factor receptor superfamily, with 

a role in the activation of immune cells. Expression of CD27 is usually restricted to 
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naïve and central memory T cells and is lost following terminal differentiation and is 

therefore a useful marker of “early” T cells (295). 

 CD28 is a vital co-stimulatory receptor on T cells that binds its ligands CD80 

and CD86 to provide the co-signal required for full T cell activation following ligation 

of the T cell receptor with a cognate antigen – failure of the CD28 signal during 

activation leads to the generation of an anergic T cell. Like CD27, expression of CD28 

is usually downregulated in more differentiated T cells (296). Together, a CD27-CD28- 

phenotype is associated with replicative senescence, whereby cells can no longer 

proliferate but may still carry out effector functions (297). 

 

 Figure 3.7 depicts a heatmap summarising the overall frequency of 

expression of 5 of the aforementioned phenotypic markers, which comprised 

Phenotyping Panel 2 (see Section 2.5), in an initial cohort of 67 CLL patients and 7 

healthy donor samples. The heatmap shows the proportion of cells expressing each 

marker, without considering co-expression patterns.  

 Each of the markers showed the highest frequency of expression for both CLL 

and healthy controls in CD4+HLA-DR+PD-1+ T cells, with the exception of Granzyme B 

which was most frequently expressed in CD4+HLA-DR-PD-1+ cells. For this cohort, the 

proportion of Granzyme B+ cells in each population was greater in healthy donors, in 

contrast to that observed in Figure 3.6B. TIGIT was the most highly expressed marker 

with very high frequencies of TIGIT+ cells in the CD4+HLA-DR+PD-1+ population. 

Similar to Figure 3.6A, Ki67 showed very little expression in either CD4+HLA-DR-PD-1- 

or CD4+HLA-DR-PD-1+ cells, with a notable increase in the CD4+HLA-DR+PD-1+ 
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population. The high expression of CD38, alongside the enrichment for Ki-67+ cells, 

suggests that CD4+HLA-DR-PD-1+ T cells are an activated, proliferating subset. 

 The data shown in Figure 3.7 gives an indication of the frequency of 

expression of individual phenotypic markers, but it is desirable to be able to 

investigate their patterns of co-expression. Figures 3.8 and 3.9 make use of a 

software package known as SPICE (Simplified Presentation of Incredibly Complex 

Evaluations) to visualise and analyse the same dataset in a manner permitting 

interrogation of subpopulations within the CD4+HLA-DR-PD-1-, CD4+HLA-DR-PD-1+ 

and CD4+HLA-DR+PD-1+ T cell subsets. In order to generate the data for input into 

SPICE, a Boolean gating strategy was utilised. First, histograms were used to 

determine positive and negative populations for each individual marker in turn, using 

FMO controls where appropriate. Following this, the Boolean Gating feature of 

FlowJo was used – this determines every possible combination of the chosen markers 

(this is equal to 2n, where n=number of markers) and calculates the percentage of 

the population that expresses each combination based on the positive and negative 

thresholds specified. The SPICE software allows for direct entry of the Boolean gating 

output and therefore these data can be visualised simply and analysed statistically 

without the need for complex data manipulation. 
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Expression of five phenotypic markers was assessed by flow cytometry on CD4+HLA-DR-PD-1-, 
CD4+HLA-DR-PD-1+ and CD4+HLA-DR+PD-1+ T cells from 67 CLL patient samples and 7 healthy 
donor samples. The heatmap shows the proportion of each population that expressed each 
marker. All of the markers except Granzyme B, showed the greatest expression in  
CD4+HLA-DR+PD-1+ cells in both CLL and healthy donor samples, with a particularly high 
percentage of TIGIT+ cells. Frequencies range from 0% (dark blue) to 80% (red). Heatmap was 

generated using GraphPad Prism software. 

Figure 3.7: Overview of CD4+ T Cell Phenotypic Marker Expression 
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Figure 3.8: Characterisation of CD4+HLA-DR+PD-1+ T Cell Sub-Populations 
Expression of five phenotypic markers was assessed by flow cytometry on CD4+ T cells from 67 CLL patient samples and 7 healthy donor samples. The 
patterns of expression of these markers were significantly different between CD4+HLA-DR+PD-1+ cells and both CD4+HLA-DR-PD-1+ and  
CD4+HLA-DR-PD-1- cells, which were used a comparison. There was also a significant difference between cells from CLL patients and healthy donors in 
the CD4+HLA-DR+PD-1+ population, but not for both CD4+HLA-DR-PD-1+ and CD4+HLA-DR-PD-1- cells. Pie charts were created and analysed using SPICE 

software. The presence or absence of each exterior arc outside of a pie segment denotes the presence or absence of that marker in the population 

represented by that segment. Statistical significance was determined using a permutation test, with p values for each combination presented in the 

table.  
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4 0.0688 <0.0001
5 0.0688 <0.0001
6 <0.0001 <0.0001

# 1 2 3
1 0.1649 <0.0001
2 0.1649 0.0059
3 <0.0001 0.0059

Figure 3.9: Characterisation of CD4+HLA-DR+PD-1+ T Cell Differentiation Markers 
Expression of five phenotypic markers was assessed by flow cytometry on CD4+ T cells from 19 CLL patients. A) CD4+HLA-DR+PD-1+ cells had significantly 
lower proportions of cells co-expressing CD27 and CD28 compared to CD4+HLA-DR-PD-1- and CD4+HLA-DR-PD-1+ cells. B) When combined with three 
other phenotypic markers, there was a significant difference in the patterns of expression and co-expression between CD4+HLA-DR+PD-1+ T cells and 
CD4+HLA-DR-PD-1- and CD4+HLA-DR-PD-1+ cells. Pie charts were created and analysed using SPICE software. The presence or absence of each exterior arc 

outside of a pie segment denotes the presence or absence of that marker in the population represented by that segment. Statistical significance was 

determined using a permutation test, with p values for each combination presented in the table. Statistical significance was determined using 

permutation tests, with p values for each combination presented in the tables. 
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 Figure 3.8 demonstrates that the activation marker CD38 shows greatest 

expression in CD4+HLA-DR+PD-1+ cells in CLL and healthy donors. This concurs with 

expectation since HLA-DR is also a marker of activation, however CD4+HLA-DR-PD-1- 

cells also showed substantial CD38 expression. Interestingly, the proportion of  

CD38-expressing cells was also seen to be increased in CD4+HLA-DR-PD-1- compared 

to CD4+HLA-DR-PD-1+ cells. In all of the subsets, CLL patients showed higher 

frequencies of CD38+ cells compared to their healthy counterparts.  

 CD57-expressing cells were observed at their lowest frequency in  

CD4+HLA-DR-PD-1- T cells in CLL and healthy donors. Both the CD4+HLA-DR-PD-1+ and 

CD4+HLA-DR+PD-1+ subsets had similar proportions of CD57+ cells, with only a 

minimal difference between CLL and healthy donors. However, the patterns of co-

expressed markers was different between CLL and healthy donor T cells, particularly 

in the CD4+HLA-DR+PD-1+ subset where a much greater proportion of CD57+ cells co-

expressed CD38 in CLL. 

 In concurrence with the results in Figure 3.6, Granzyme B expression was 

observed at a higher frequency in CD4+HLA-DR+PD-1+ cells, compared to  

CD4+HLA-DR-PD-1- cells in CLL. However, there appeared to be a correlation with  

PD-1 expression, with the both the CD4+HLA-DR-PD-1+ and CD4+HLA-DR+PD-1+ 

populations showing frequencies of Granzyme B+ cells that were much greater than 

for CD4+HLA-DR-PD-1- cells. Similar to Figure 3.7, the proportions of cells expressing 

Granzyme B were higher in healthy donors than CLL, with a slightly increased 

frequency in the CD4+HLA-DR-PD-1+ subset compared to the CD4+HLA-DR+PD-1+ 

subset. 
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 A different pattern of expression was observed for Ki67, which correlated 

with HLA-DR expression. In both the CD4+HLA-DR-PD-1- and CD4+HLA-DR-PD-1+ 

populations very few Ki67+ cells could be detected, with CD4+HLA-DR+PD-1+ showing 

the highest expression in both CLL and healthy donor T cells. There were similar 

proportions of Ki67-expressing cells when comparing each subset between CLL and 

healthy donors, which contrasts with Figure 3.6 where the frequency of  

CD4+HLA-DR+PD-1+ cells expressing Ki67 was significantly greater in healthy donors. 

 Inhibitory receptors are known to often be co-expressed on T cells and Figure 

3.8 shows this for TIGIT and PD-1, where there was a large increase in the frequency 

of TIGIT+ cells in the CD4+HLA-DR-PD-1+ compared to the CD4+HLA-DR-PD-1- 

population, both in CLL and healthy donors. Interestingly, the proportion of TIGIT-

expressing cells was further increased in the CD4+HLA-DR+PD-1+ population, more 

noticeably in CLL. T cells from CLL patients showed similar frequencies of TIGIT+ cells 

to those from healthy donors in the CD4+HLA-DR-PD-1- and CD4+HLA-DR-PD-1+ 

subsets, but the proportion was greater in CD4+HLA-DR+PD-1+ cells from CLL. 

 Since both CD27 and CD28 are associated with “early” T cells, a CD27-CD28- 

phenotype is indicative of replicative senescence (297,298). Figure 3.9A 

demonstrates that the CD4+HLA-DR+PD-1+ population has a lower proportion of 

CD27+CD28+ cells than either the CD4+HLA-DR-PD-1- or the CD4+HLA-DR-PD-1+ 

populations. This is mainly caused by a reduced frequency of CD27-expressing 

CD4+HLA-DR+PD-1+ cells, since all three populations show very high expression of 

CD28. To some extent this follows the results shown in Figure 3.8 and 3.9B in which 

CD57 shows its highest frequency of expression in CD4+HLA-DR+PD-1+ cells – higher 
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CD57 and lower CD27 expression suggests a shift towards terminal differentiation 

(299). However, the very low frequency of CD27-CD28- cells in the  

CD4+HLA-DR+PD-1+ subset suggests that there are very few, if any, senescent cells in 

this population. When combined with the results for Ki67 expression, it appears that 

the CD4+HLA-DR+PD-1+ T cell population contains a subset of actively proliferating 

cells and that those cells that are not proliferating are not senescent i.e. still have the 

capacity to proliferate. 

 

 As well as differences in the expression of individual markers, the overall 

pattern of expression and co-expression of CD38, CD57, Granzyme B, Ki67, TIGIT, 

CD27 and CD28 is strikingly more complex in CD4+HLA-DR+PD-1+ cells when 

compared to CD4+HLA-DR-PD-1+ and CD4+HLA-DR-PD-1- cells. This suggests that there 

is a greater deal of heterogeneity within the CD4+HLA-DR+PD-1+ population. 

Interestingly, this same observation is made in both CLL patients and healthy  

donors (Figure 3.8), which would perhaps suggest that this cell population is similar 

between the two groups. There is however, a statistically significant difference 

between the patterns of marker expression and co-expression in CD4+HLA-DR+PD-1+ 

cells in CLL patients and healthy donors. Therefore, it would appear that it is not 

simply the enrichment of the CD4+HLA-DR+PD-1+ T cell population in CLL patients that 

may be important, but also the phenotype and functional nature of the cells within 

this population. 

 



 

 Chapter 3: Characterisation of CD4+HLA-DR+PD-1+ T Cells in CLL 

   103 

3.3 Longitudinal Analysis of CD4+HLA-DR+PD-1+ T Cells 

 As well as determining the phenotypic profile of CD4+HLA-DR+PD-1+ T cells in 

CLL, an important element of this study was to assess the cell frequencies and patient 

parameters investigated in Section 3.1 over time. This includes the study of both the 

dynamics of stable disease in untreated, indolent patients and, where clinical data is 

available, the impacts of therapy on T cell populations. 

 Longitudinal studies of T cells are uncommon in untreated CLL patients due 

to several key difficulties associated with the disease. Firstly, the highly heterogenous 

nature of CLL means that many samples are needed to be able to draw accurate 

conclusions, especially as each sample is only a ‘snapshot’ of a specific time point. 

However, the ‘watch and wait’ strategy employed by clinicians with CLL patients who 

have indolent disease means that many patients only visit clinics at infrequent 

intervals, often 6 or 12 months apart, meaning that obtaining enough serial samples 

over the course of a single project can prove problematic. Furthermore, around half 

of patients with indolent disease will progress during their disease course – it remains 

difficult to predict if and when this progression will occur, even with some known 

prognostic markers available (22,29,300,301). Therefore, a substantial proportion of 

patients being followed longitudinally are likely to progress and require treatment 

during the study period. However, this does provide an opportunity to investigate 

whether T cell parameters can be used prognostically with regard to CLL disease 

progression. There remains a large amount unknown both in terms of the immediate 

impact of treatment on T cells and on the kinetics of T cell recovery. Therefore, 
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patients who currently have stable disease but have previously been treated should 

be considered with caution when investigating T cell parameters. 

 In this study, these difficulties have been overcome by combining data 

collected over a period of up to almost 10 years from several related projects. 

Although each project focused on different aspects of CLL, measurement of variables 

including the frequency of T cells and the CD4:CD8 ratio were common to each one 

and as such those data can be added to the data collected in this study to give long-

term follow-up that is not usually possible over the course of a single project. 

Additionally, access to clinical information, kindly provided by Prof. Chris Fegan, 

allows for the stratification of untreated patients to ensure the consistency of the 

data. 

 

3.3.1 Longitudinal Changes in Untreated CLL Patients 

 Figure 3.10 shows the stability of T cell parameters for untreated patients. 

For each patient, the earliest time point at which data was available for each 

measured parameter was taken as the baseline for that parameter and the absolute 

change from that baseline was plotted for each subsequent time point. The number 

of time points available for any given patient depends both on the data collected 

from each of their samples and the number of samples analysed over the period in 

question. As described above, the number of samples for a given patient is affected 

by factors including disease progression requiring treatment. 

 The changes in the frequency of T cells in untreated patients as a proportion 

of total lymphocytes is shown in Figure 3.10A. These data suggest that the 
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percentage of T cells can stay very stable, with some patients showing a remarkable 

lack of change even almost 10 years after their first measurement. However, there 

are also a great number of patients who display the opposite dynamics, with large 

changes in T cell frequency within just a few months. In the most extreme cases, this 

is seen to be a loss of over 20% T cells within around 1 year, which is likely to be sign 

of disease progression associated with a large increase in the number of CLL cells. 

Over the course of the whole study, the large majority of patient samples show a 

decrease in the frequency of T cells compared to baseline measurements, which is 

perhaps to be expected. Since there is an expansion in the numbers of T cells in CLL, 

the key determinant of T cell percentage is the number of CLL cells – as these 

leukaemic cells accumulate over time, as reflected in the increasing total lymphocyte 

count, the proportion of T cells should naturally decrease in turn. However, as with 

any heterogenous disease, there are patients who do not fit this pattern and show 

increased T cell frequencies at some time points. The explanation for this is likely to 

be twofold: firstly, fluctuations in the number of CLL cells are common and since a 

given sample represents a single ‘snapshot’ it may not reflect the overall pattern of 

change in that patient; secondly, co-morbidities including common infections can 

cause temporary expansions in the number of T cells which, although unrelated to 

their CLL, will be seen as an increased percentage of T cells in the patient (302).  

 Figure 3.10B shows the absolute changes in CD4:CD8 ratio observed in 

untreated CLL patients. As was the case for the frequency of T cells shown in  

Figure 3.10A, there was a subset of patients who had very stable CD4:CD8 ratio 

values, with very little change over periods of up to 6 years. In the shorter term, the 
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vast majority of patients showed stable ratios, with only minimal changes within 1 

year of their first sample. There was a small number of patients whose CD4:CD8 ratio 

changed by a larger amount in the first year, but longer-term patients with significant 

changes in ratio became the majority. Most of these less-stable patients displayed a 

decrease in CD4:CD8 ratio after 5-6 years, suggesting that either an increase in CD8+ 

cells or a decrease in CD4+ cells had occurred. Since an inversion of the CD4:CD8 ratio 

caused by expansions of the CD8+ compartment is associated with disease 

progression and poor prognosis (19), it is likely that these data reflect patients whose 

disease is progressing. 

 The absolute changes in the frequency of CD4+HLA-DR+PD-1+ T cells is 

displayed in Figure 3.10C. It is important to note that, due to the availability of data, 

this graph only covers a period of around 1.5 years rather than the longer time shown 

in Figures 3.10A and 3.10B. However, this helps to demonstrate the more dynamic 

nature of CD4+HLA-DR+PD-1+ T cell frequency when compared to the frequency of T 

cells or in particular the CD4:CD8 ratio. Although a number of patients did show 

stable percentages of CD4+HLA-DR+PD-1+ cells, the vast majority of patients had 

significant differences, even in periods as short as 2-3 months. In almost all cases, the 

proportion of the CD4+ compartment comprised of CD4+HLA-DR+PD-1+ cells 

increased compared to baseline during the measured period. The trend towards a 

decrease in the CD4:CD8 ratio show in Figure 3.10B and the increased frequency of 

CD4+HLA-DR+PD-1+ T cells in patients with an inverted ratio (Figure 3.2) may help to 

explain the pattern of change in CD4+HLA-DR+PD-1+ T cells. 
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Figure 3.10: Untreated CLL Patients Show Variable Stability in T Cell Parameters 

Blood samples from untreated CLL patients were assessed for several T cell parameters 
by flow cytometry. Where available, data was plotted for a period of up to almost 10 
years. All data analysed using R. 
A) Absolute change in percentage of CD3+ lymphocytes, representing 406 samples.  
B) Absolute change in CD4:CD8 T cell ratio, representing 427 samples.  
C) Absolute change in the percentage of CD4+HLA-DR+PD-1+ T cells, representing 360 
samples.  
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3.3.2 Longitudinal Changes in Ibrutinib-Treated Patients 

 Bruton’s Tyrosine Kinase (BTK) is a key enzyme in the signalling cascade 

downstream of the B Cell Receptor (BCR) and as such plays an important role in CLL, 

since the leukaemic B cells rely on constitutive BCR signalling to survive and 

proliferate. Ibrutinib is an inhibitor of BTK which has shown great promise as a CLL 

therapy. Although only occasionally used as a frontline treatment, Ibrutinib has been 

indicated in the UK for use in relapsed/refractory CLL and in CLL patients presenting 

with high risk genetic abnormalities, such as 17p chromosomal deletions. Unlike with 

some other therapies, once prescribed Ibrutinib must be taken for life. Therefore, 

understanding the direct and indirect effects of this drug is important for CLL patients 

who may be taking Ibrutinib for many years.  

 Treatment with Ibrutinib can have dramatic effects, with mass lymph node 

emigration and CLL cell lysis commonly observed (303). However, not much is known 

about the effect of Ibrutinib treatment on T cells (reviewed here (304)). The few 

recent studies have provided conflicting results, regarding both the numbers of T 

cells and the distribution of T cell subsets post-Ibrutinib, but a common finding has 

been decreased expression of PD-1 on T cells. Overall, the lack of consensus in this 

area means the impact of Ibrutinib on T cells warrants further investigation. 

 In this study, the access to serial CLL samples over a period of time facilitates 

the investigation of Ibrutinib therapy on T cell parameters. Where possible, samples 

were assessed while patients were untreated and then at a minimum of one 

timepoint subsequent to Ibrutinib treatment beginning. The results of this are shown 

in Figure 3.11. If the first sample taken following the initiation of Ibrutinib therapy 
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was less than 1 month after treatment began it was labelled 1 in Figure 3.11, if it was 

more than 1 month post-initiation it was labelled 2. The longest follow-up for any of 

the depicted patients was 10 months post-treatment initiation. 

 Figure 3.11A shows the frequency of T cells as measured in 13 CLL patients 

pre- and post-treatment with Ibrutinib. These results suggest that, in most patients, 

the frequency of T cells was very stable after the start of Ibrutinib therapy. For the 4 

patients for whom short-term (less than 1 month) follow-up was available, 3 of them 

showed a decrease in the percentage of T cells in total lymphocytes – this would be 

expected in patients who respond well to therapy, since the emigration of large 

numbers of CLL cells from the lymph nodes would ‘dilute’ the T cells in the blood. 

However, longer follow-up showed mainly minor changes in the proportion of CD3+ 

cells in the majority of patients. One exception to this was a patient with a very large 

increase in the frequency of T cells around 9 months after treatment initiation. At 

this timepoint this patient had a decreased total lymphocyte count, approaching 

normal healthy range (data not shown), suggesting that Ibrutinib therapy had been 

highly effective in killing CLL cells – however such a large change in T cell frequency 

could also reflect a concomitant infection with no relation to CLL (305) and therefore 

further follow-up will be needed to make an informed conclusion. Across all 14 

patients, there were no major decreases in T cell frequency following Ibrutinib 

initiation or subsequently, which suggests that no patients had worsening disease. 

Overall, T cell frequency does not appear to be affected by treatment with Ibrutinib, 

although the low numbers of patients for whom the appropriate data was available 

mean more investigation will be required. 
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 Shown in Figure 3.11B is the impact of Ibrutinib treatment on CD4:CD8 T cell 

ratio in 14 CLL patients. The results demonstrate that the ratio is quite stable in 

patients following their initiation of therapy and subsequently. This seems to be 

particularly true for patients with an inverted ratio – all 3 CLLIR patients that were 

assessed showed very little change in ratio over a period of up to 9 months. For those 

with a normal ratio, 2 patients had significant ratio decreases following Ibrutinib 

treatment, with one of these showing an inversion of their ratio at the time of their 

second follow-up sample. Among the other CLLNR patients there was a trend of slowly 

decreasing ratio over time, however whether this is due to an increase in CD8+ T cell 

numbers or a loss of CD4+ T cells is unclear. Since an inverted ratio is a marker of poor 

prognosis, it will be of great interest to continue to follow patients whose ratios have 

changed from normal to inverted – it may be that these patients are experiencing a 

side effect of Ibrutinib treatment or that their disease is progressing in spite of their 

therapy. 

 Perhaps of greatest interest to this study was the question of whether 

treatment with Ibrutinib has any effect on the CD4+HLA-DR+PD-1+ T cell subset. In 

untreated CLL patients (Figure 3.10C) it was observed that the percentage of 

CD4+HLA-DR+PD-1+ cells in the CD4+ compartment was dynamic and similar results 

were obtained in the Ibrutinib-treated patients, with some showing considerable 

variability between samples (Figure 3.11C). Although there were only a small number 

of patients with available data (n=12), it did appear that the frequency of CD4+HLA-

DR+PD-1+ T cells was fairly stable once the patients were on treatment, except in one 

case in which the patient (treated sample 5, 21.1%) was known to have an incident 
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of pneumonia that may have affected their results. Overall however, there appeared 

to be no consistent pattern to the results with some patients showing increasing 

CD4+HLA-DR+PD-1+ cell frequencies and others decreasing frequencies following 

Ibrutinib initiation. It may be that changes in the percentage of  

CD4+HLA-DR+PD-1+ cells followed by relative stability over a longer period reflect the 

impact of Ibrutinib on the CLL cells, with patients requiring a stabilisation period 

following the start of their treatment. 

 

 Overall, these results show a minimal impact of Ibrutinib treatment on the T 

cell compartment, with no consistent pattern of Ibrutinib-induced changes to any of 

the parameters studied. However, these data do not rule out a longer-term effect of 

Ibrutinib therapy, since this investigation only collected data over a 10 month follow-

up period. 
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Figure 3.11: Impact of Ibrutinib Treatment on T Cell Parameters 
Blood samples from CLL patients were analysed by flow cytometry prior to therapy 
initiation and then at least once after beginning treatment with Ibrutinib. The first treated 
sample analysed was only labelled 1 if it was assessed less than 1 month after treatment 
began, otherwise it was designated as 2 on the above graphs. A) The effect of Ibrutinib 
treatment on the frequency of T cells as a proportion of total lymphocytes in 13 patients. 
B) The impact of Ibrutinib treatment on CD4:CD8 ratio in 14 patients. C) The effect of 
Ibrutinib treatment on the frequency of CD4+HLA-DR+PD-1+ T cells in the CD4+ 
compartment in 12 patients. 
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3.4 Effect of T Cell Parameters on CLL Patient Outcomes 

 The data presented in Figure 3.10 demonstrate that T cell parameters in CLL, 

including CD4+:CD8+ ratio and the frequency of CD4+HLA-DR+PD-1+ cells, can be 

dynamic and variable over time, with the changes in some cases likely to reflect 

disease progression. However, it would be of great value to be able to predict 

patients who were at higher risk of progressing before any such changes in their T 

cells, particularly with the infrequent clinic visits of many patients making 

longitudinal T cell monitoring challenging. Therefore, using the clinical information 

obtained from Prof. Chris Fegan, this study investigated whether T cell parameters 

could act as predictive biomarkers for CLL progression. 

 

3.4.1 Progression-Free Survival 

 Kaplan-Meier survival curves depicting Progression-Free Survival (PFS) for a 

cohort of 209 CLL patients from the South Wales area are shown in Figure 3.12. For 

these graphs, PFS was measured from the date of diagnosis, with any progression 

events determined and recorded by clinicians.  

 Figure 3.12A shows PFS when CLL patients are stratified based on their 

CD4:CD8 T cell ratio, with 80 CLLIR patients and 129 CLLNR patients. The curves were 

significantly different for the two groups (p=0.0009), with a hazard ratio of 2.56. Over 

the 20 year period, 51.6% of CLLIR patients progressed compared to 43.1% of CLLNR 

patients. Within this time frame, the median PFS was not reached for CLLNR patients 

while for CLLIR patients this was 7.8 years. Interestingly, there were no progressions 

within the CLLIR group after around 8 years from diagnosis – this perhaps suggests 
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the presence of two subgroups within this patient population: those with long-term 

stable disease and those who will progress, with the latter group mainly seeing 

progression early in their disease course. 

 Previous work has suggested that CD4+HLA-DR+PD-1+ T cell frequency may be 

useful as a predictive biomarker for CLL progression (256), so this study aimed to 

confirm this in a larger cohort of patients. In Figure 3.12B are shown PFS data for 209 

CLL patients stratified based on the median frequency of CD4+HLA-DR+PD-1+ T cells, 

which was 3.0% – there were 102 patients in the low (<3.0%) group and 107 patients 

in the high (>3.0%) group. Over the course of the study period, the two groups 

diverged significantly (p=0.0045), with 57.1% of the high group progressing 

compared to just 29.0% of the low group, giving a hazard ratio of 2.15. The median 

PFS for the high group was 17.9 years but was not reached for the low group with 

the timeframe of this study. 
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Figure 3.12: Progression-Free Survival is Significantly Different in CLL Patients 
Stratified by T Cell Parameters 
T cell parameters in blood samples from 209 CLL patients were analysed by flow 
cytometry and the results used to stratify the patients. Progression-free survival was 
measured from diagnosis. Kaplan-Meier curves were plotted and analysed using 
GraphPad Prism. Hazard ratios were calculated using the logrank method. 
**=p<0.01, ***=p<0.001. 
A) CLLIR patients had a significantly shorter progression-free survival than CLLNR 
patients. Hazard ratio 2.39, confidence interval 1.47-4.45 
B) CLL patients with a CD4+HLA-DR+PD-1+ T cell frequency greater than the median 
value (3.0%) had a significantly reduced progression-free survival compared to those 
with a frequency below the median. Hazard ratio 2.24, confidence interval 1.32-3.79 

A 

B 

Ratio > 1.0 

Ratio < 1.0 

*** 

0 4 8 12 16 20
0

20

40

60

80

100

Years

%
 P

ro
g

re
ss

io
n

-F
re

e

0 4 8 12 16 20
0

20

40

60

80

100

Years

%
 P

ro
g

re
ss

io
n

-F
re

e

** 

CD4+HLA-DR+PD-1+ < 3% 

CD4+HLA-DR+PD-1+ > 3% 



 

 Chapter 3: Characterisation of CD4+HLA-DR+PD-1+ T Cells in CLL 

   116 

3.4.2 Time to First Treatment 

 Figure 3.13 depicts Kaplan-Meier survival curves for the same cohort of 209 

CLL patients comparing Time to First Treatment (TTFT). Not all patients who progress 

receive therapy immediately, due to differences in the severity of their disease, so 

TTFT provides a measure of only those patients who have progressed to a severe 

phenotype and so is more stringent than PFS. The TTFT statistic was measured from 

the date of diagnosis to the date of treatment initiation as recorded by clinicians. 

 In Figure 3.13A, the Kaplan-Meier curve for TTFT is displayed for patients 

stratified into CLLNR (n=129) and CLLIR (n=80). There was a significant difference 

between the two groups (p=0.0002), giving a hazard ratio of 2.84, and 52.3% of CLLIR 

patients were treated during the study period compared to 43.9% of patients in the 

CLLNR group. For the CLLIR group the median TTFT was 7.6 years, however the median 

was not reached within the timeframe for CLLNR patients. Similar to the pattern seen 

in Figure 3.12A, there were no patients treated for the first time in the CLLIR group 

after around 8 years from diagnosis, again suggesting a subgrouping of these patients 

with long-term stable disease. 

 The TTFT for patients divided into groups based on their frequency of 

CD4+HLA-DR+PD-1+ T cells is shown in Figure 3.13B. As in Figure 3.12B, the median 

frequency (3.0%) was used a cut-off to stratify patients into high and low groups. The 

TTFT for the two groups was significantly different (p=0.0023), with a hazard ratio of 

2.26. Over the 20 year period, 58.8% of the high group required treatment compared 

to just 29.4% of the low group. Therefore, the low group did not reach the median 

TTFT during this study, while the median TTFT for the high group was 12.1 years. 
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Figure 3.13: Time to First Treatment is Significantly Different in CLL Patients Stratified 
by T Cell Parameters 
T cell parameters in blood samples from 209 CLL patients were analysed by flow 
cytometry and the results used to stratify the patients. Time to first treatment was 
measured from diagnosis. Kaplan-Meier curves were plotted and analysed using 
GraphPad Prism. Hazard ratios were calculated using the logrank method. 
**=p<0.01, ***=p<0.001. 
A) CLLIR patients had a significantly shorter time to first treatment than CLLNR 
patients. Hazard ratio 2.64, confidence interval 1.53-4.57 
B) CLL patients with a CD4+HLA-DR+PD-1+ T cell frequency greater than the median 
value (3.0%) had a significantly reduced time to first treatment compared to those 
with a frequency below the median. Hazard ratio 2.36, confidence interval 1.40-3.98 
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3.5 Discussion 

 This chapter aimed to define phenotypically the nature of CD4+HLA-DR+PD-1+ 

T cells, which have previously been shown to not be TReg or TFH cells (256). As well as 

defining a detailed phenotype for these CD4+HLA-DR+PD-1+ cells, this chapter has 

also investigated the dynamics of CD4+HLA-DR+PD-1+ T cell frequency alongside 

several other T cell parameters in a longitudinal study, which based on available 

literature has not been attempted on this scale in CLL before. Furthermore, where 

samples have been available the impact of Ibrutinib treatment on  

CD4+HLA-DR+PD-1+ cells, as well as other T cell parameters, has been investigated. 

Finally, this chapter has sought to verify previous data showing that there was 

significant prognostic value in the frequency of CD4+HLA-DR+PD-1+ T cells (256) by 

examining patient outcomes in a large cohort of early stage CLL patients. 

 

 This study has mainly focused on further investigation of CD4+HLA-DR+PD-1+ 

T cells, which were previously identified as the most important prognostic subset of 

the CD4+ T cell population in a multivariate analysis (285). In a new, larger cohort of 

CLL patients, it was shown that there were elevated frequencies of these  

CD4+HLA-DR+PD-1+ T cells compared to age-matched healthy controls, which is in line 

with previous results. Further, it was found that the proportions of  

CD4+HLA-DR+PD-1+ T cells were significantly greater in CLL patients with an inverted 

CD4:CD8 ratio (CLLIR) compared to those with a normal ratio >1.0 (CLLNR). However, 

even CLLNR patients had higher frequencies of CD4+HLA-DR+PD-1+ cells than healthy 

donors, suggesting that CD4:CD8 T cell ratio is not the only determining factor of  
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CD4+HLA-DR+PD-1+ T cell percentage. This was supported by the lack of correlation 

between CD4+HLA-DR+PD-1+ T cell proportions and CD4:CD8 ratio in CLL patients. 

 

 CLL patients are known to have increased numbers of T cells and more 

proliferating T cells than healthy donors (268). With the increased frequencies of 

CD4+HLA-DR+PD-1+ cells in CLL patients observed in this study, it was hypothesised 

that CD4+HLA-DR+PD-1+ cells may be an actively proliferating population. Compared 

to the whole CD4+ compartment, there were significantly more Ki67-expressing 

CD4+HLA-DR+PD-1+ cells, suggesting that the increased proportion of these cells is 

driven in part by their proliferation. However, the majority of CD4+HLA-DR+PD-1+ cells 

did not express Ki67 and were therefore not actively proliferating – molecular 

analysis of telomeres would allow investigation of the replicative history of these 

cells to determine whether they had previously proliferated. Previous studies have 

associated expanded CD4+ T cells in CLL with cytomegalovirus (CMV) specificity (10), 

however the frequency of CD4+HLA-DR+PD-1+ cells has been shown to have no 

correlation with CMV serostatus (285). Nevertheless, it would be of interest to 

investigate whether CD4+HLA-DR+PD-1+ cells show recognition of an alternative virus 

that could similarly account for their expansion in CLL. 

 There was a significant increase in the frequency of Granzyme B-expressing 

cells in the CD4+HLA-DR+PD-1+ population compared to the total CD4+ compartment. 

Cytotoxicity is a property usually associated with CD8+ T cells, but there have been 

several previous reports of cytotoxic CD4+ T cells in CLL (16,248,306). With a number 

of patients in this study demonstrating over 50% Granzyme B+ cells in the  
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CD4+HLA-DR+PD-1+ subset, it is possible that these cells can account for the 

previously reported enrichments of cytotoxic CD4+ cells. It would usually be expected 

that cytotoxic CD4+ T cells would kill tumour cells if they were tumour specific (289), 

so the enrichment of Granzyme B-expressing cells in CLL seems paradoxical. 

However, there are numerous reports of T cell dysfunction in CLL, particularly 

centred around impairment of the formation of immune synapses (258,307–309). 

Since the interaction mediated by the immune synapse is essential to cytotoxic 

function (310,311), it may be the case that the development of CLL drives a 

cytotoxicity phenotype that is ultimately unable to control tumour cells due to 

defective immune synapse engagement. 

 

 The expression on CD4+HLA-DR+PD-1+ cells of a classical activation marker 

(HLA-DR) along with PD-1, which can be a marker of activation or exhaustion 

(260,271,312), made it unclear whether the CD4+HLA-DR+PD-1+ population 

represented activated or exhausted T cells. Therefore, analysis of other markers 

associated with activation (CD38) and exhaustion (TIGIT) was conducted to attempt 

to resolve this, along with several other phenotypic markers chosen to give a broader 

profile of the nature of CD4+HLA-DR+PD-1+ T cells. 

 The most frequently expressed of the markers studied, in both CLL and 

healthy donors, was the immunomodulatory receptor T Cell Immunoglobulin and 

Immunoreceptor Tyrosine-Based Inhibitory Motif Domain (TIGIT). As a member of 

the PD-1 family of inhibitory receptors TIGIT, along with other similar receptors such 

as Lag-3, is often co-expressed with PD-1 (294). Studies have demonstrated a role for 
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TIGIT in both chronic viral infections (313) and in several haematological cancers 

(314–316), mainly related to its role in T cell exhaustion. However in CLL, Catakovic 

et al. have suggested a tumour-supportive role for TIGIT+CD4+ T cells (317). Their 

other finding that TIGIT expression in CD4+ cells is greater in CLL than in healthy 

donors was found to be true in the new cohort in this chapter, and mirrors the 

pattern also seen in the CD4+HLA-DR+PD-1+ population. Taken together with several 

other studies that show a role for CD4+ cells in promoting CLL (318,319), the data 

here suggest it would be valuable to determine whether CD4+HLA-DR+PD-1+ cells can 

also support CLL cell survival. 

 The expression of the activation marker CD38 on T cells has been previously 

linked to CLL prognosis (320). In this cohort, CD38 expression was most frequent in 

CD4+HLA-DR+PD-1+ T cells followed closely by CD4+HLA-DR-PD-1- cells, with the 

lowest frequency in CD4+HLA-DR-PD-1+ cells. This perhaps reflects the inhibitory 

nature of PD-1 (321), whereby activation has been attenuated leading to 

downregulation of both HLA-DR and CD38. Interestingly, although there have been 

no published demonstrations of the involvement of a CD4+HLA-DR+PD-1+ phenotype 

in other disease settings, Eller et al. have reported a role for CD4+HLA-DR+PD-1+CD38+ 

T cells in HIV (322). Increased levels of these highly activated cells correlated with 

viral load and the loss of CD4+ T cells characteristic of disease progression in HIV. 

When considered with previous findings in CLL that CD4+HLA-DR+PD-1+ cells reflect a 

poorer prognosis, it could be hypothesised that the significant proportion of these 

cells which express CD38 is responsible for, or associated with, the effects observed 

on patient outcomes. Previous work did not find CD38-expressing CD4+ T cells to have 
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prognostic value in CLL (285), however co-expression of HLA-DR, PD-1 and CD38 was 

not investigated in that study. 

 There are several reports of expansions of terminally differentiated senescent 

T cells both in CLL (19,323) and in association with advancing age (257,324–326) – 

however, the focus in almost all cases has been on CD8+ T cells. Nunes et al. did report 

an increased frequency of these cells within the CD4+ compartment in CLL (19), and 

this has subsequently been observed again (285), particularly in CLLIR patients. In 

contrast to the CD4+ T cells in these previous studies, CD4+HLA-DR+PD-1+ T cells 

appeared to show no signs of a senescence phenotype in the current study. The 

frequency of CD27-CD28- cells in this population was very low, with CD57 co-

expressed in only a fraction of these. Due to antibody panel constraints, Ki67 

expression could not be investigated alongside CD27 and CD28, but it would be 

expected that no Ki67 expression would be detectable in the CD27-CD28- cells (299). 

Overall, it can be hypothesised that a CD4+ compartment with considerable 

senescence, concurrent with an actively proliferating CD4+HLA-DR+PD-1+ subset, may 

account for the enrichment of CD4+HLA-DR+PD-1+ cells in CLL observed here and 

previously (285).  

 

 Studies have suggested that PD-1 expression on CD4+ T cells in CLL may have 

prognostic value (327), while previous work has demonstrated promising results that 

suggest CD4+HLA-DR+PD-1+ T cell frequency and CD4:CD8 ratio could be used as a 

markers to stratify patients at high risk of disease progression (19,256,285). This 

study has made use of a considerably larger CLL patient cohort to extend and confirm 
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these findings. Using long-term outcome data from over 200 patients, it was 

observed that both CD4:CD8 ratio and the frequency of CD4+HLA-DR+PD-1+ T cells 

were able to significantly stratify patients into different risk groups. CLLIR patient and 

those with a CD4+HLA-DR+PD-1+ T cell frequency greater than the cohort median 

were more than twice as likely to progress, demonstrating a similar level of 

stratification as that originally observed for IGHV mutation status and CD38 

expression (28,29). Moving beyond the previous work, this study also examined the 

time from diagnosis to first treatment (TTFT) in these patients, seeing a similar level 

of stratification between high risk and low risk phenotypes. In general, TTFT takes 

into account more serious progressions, as patients who progress but do not have 

severe disease may not be treated immediately. However, the decision of when to 

commence treatment is subjective and will vary between different hospitals and 

clinicians. 

 

 Although CD4:CD8 ratio and the frequency of CD4+HLA-DR+PD-1+ cells appear 

to have prognostic value, it is important to remember that any given sample is only 

a “snapshot” of the patient phenotype at that moment. Therefore, it is important to 

understand whether these specific prognostic phenotypes (high frequency of  

CD4+HLA-DR+PD-1+ cells and inverted ratio) are temporary, occurring alongside 

disease progression, or permanent having arisen early in the disease course. In the 

case of a set, permanent phenotype, this would increase the value of analysing a 

sample taken at diagnosis, allowing the earliest possible prediction of patient 

prognosis. In order to explore this, serial samples have been collected over a period 
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of up to 10 years in order to follow patient progress and investigate the dynamics of 

CLL patient T cells, on a scale that has hitherto not been reported. A potential 

limitation of this study occurs due to the fact that the data have been collected by 

six different people, with variations in the antibody panels and flow cytometers used. 

However, most of the T cell parameters investigated here, such as CD4:CD8 ratio, 

represent large populations of cells, so the impact of this variation should be limited 

compared to cells that make up only a small fraction of the T cell compartment, such 

as regulatory T cells. 

 The great heterogeneity of CLL is reflected in the highly variable stability of 

patient T cell frequency. Many factors influence T cell percentage in the PBMC, 

including disease progression, co-morbidities and infections, as well as aging 

(257,302,328). Analysis of this cohort however showed very little correlation 

between T cell frequency and patient age – instead it appears that CLL is the key 

factor in determining T cell percentage. A potential drawback of the longitudinal 

analysis presented here is the infrequency with which many patients with indolent 

disease attend clinics, thanks to the ‘watch and wait’ strategy often employed by  

clinicians (329). Due to the “snapshot” nature of individual samples, the preference 

for longitudinal follow-up would be regular samples at short intervals, so that 

fluctuations caused, for example, by infections could be clearly distinguished as 

outliers. However, since many patients attend clinics only once or twice per year, it 

can often be difficult to determine whether any large changes in T cell frequency are 

reflective of their CLL or other factors. 
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 The CD4:CD8 ratio has been implicated in CLL progression risk 

(19,22,239,255) and changes in this ratio have been observed in elderly people (330). 

The results in this study suggest that there is heterogeneity in CLL patients’ ratio 

stability. It seems unlikely that the observed changes in ratio are caused simply by 

advancing age, both because our data show only a minor correlation between age 

and ratio and because a large number of the patients would not normally be 

considered as elderly (>65 years old). Conversely to expectations, it appeared that an 

inverted ratio phenotype was more stable than a normal ratio – the data suggest that 

an inversion of the ratio is established early in disease and that very few patients 

revert to a normal ratio over time. Results from patients who have received therapy 

with Ibrutinib also seem to support the stability of the inverted ratio phenotype – 

interestingly, patients with an inverted ratio before treatment maintained this 

inversion once their treatment had commenced. The impact of Ibrutinib on T cells in 

CLL is not particularly well characterised, as reviewed by Man and Henley (304). 

Therefore, the maintenance of this inverted ratio phenotype post-therapy is of 

potentially great interest, since the treatment does not appear to reset the T cell 

population to normal – it follows that the associated immune dysfunction 

characteristic of CLL may also be maintained after treatment and could be biomarker 

for risk of relapse. 

 CD4+HLA-DR+PD-1+ T cells have not been studied longitudinally before, so 

nothing is known about changes in their frequency over time. The data in this study 

showed CD4+HLA-DR+PD-1+ cells to be a dynamic population, with large differences 

observed in some patients in periods of only a few months. This may reflect changing 
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CLL tumour burden, perhaps shifting the balance between suppression and 

activation of T cells (321). Interestingly, higher frequencies of CD4+HLA-DR+PD-1+ T 

cells tended to be more stable than lower frequencies, although some patients 

showed temporary spikes in the frequency of these cells perhaps associated with 

infections. Treatment with Ibrutinib did not cause a definitive pattern of change in 

the frequency of CD4+HLA-DR+PD-1+ cells. This is perhaps surprising, since previous 

reports have found PD-1 expression on T cells to be downregulated following 

Ibrutinib therapy (331–333), although this effect was not seen in CD4+ T cells until 

much later than their CD8+ counterparts. Other studies have observed increases in 

fungal infection susceptibility in CLL patients taking Ibrutinib long-term (334,335), 

perhaps reflecting changes to their T cells. Therefore, continued follow-up of treated 

patients over a longer timespan will be necessary to assess definitively the impact of 

Ibrutinib therapy on the T cell compartment. 

 

 This chapter has sought to elucidate the biology of CD4+HLA-DR+PD-1+ T cells 

in CLL. The availability of long-term patient data on a large scale provides an 

important resource for further investigation into patient prognosis. There is 

remarkable heterogeneity in the CD4+HLA-DR+PD-1+ population, which appears to be 

composed of at least 32 subsets bearing different combinations of markers. It 

remains unclear whether the phenotypically defined subsets perform different 

functional roles, or whether CD4+HLA-DR+PD-1+ cells as a whole contribute to a single 

function. Despite its power to explore single cell phenotypes, standard flow 

cytometry is limited by the number of targets of interest that can be investigated at 
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one time. Therefore, in order to increase the number of potential defining markers 

of CD4+HLA-DR+PD-1+ T cells, and to potentially identify indicators of their functional 

role, a gene expression study using DNA microarray technology has been conducted, 

the results of which are presented in the following chapter. 
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4 Gene Expression Analysis of CD4+ T Cells in CLL 
 

 Modern techniques and equipment have driven a huge growth in the 

complexity of analysis that can be conducted in immunology research, particularly 

using flow cytometry. This capability has led to the definition of many distinct 

immune cell populations, with a wide array of phenotypic and functional markers 

used to characterise these populations. In light of this, investigation of an unknown 

cell population can be challenging given the sheer number of potential markers of 

interest. Therefore, a more global approach to analysis may offer a better option. 

Such approaches can provide a ‘big picture’ overview of the population and help 

inform downstream analysis by identifying common pathways and processes that 

may be important in disease. 

 DNA microarray technology is one example of a global analysis approach. As 

used in this chapter, DNA microarrays permit the investigation of the level of 

expression of over 20,000 human genes, offering a potential wealth of information 

about the cell populations analysed. Such a large volume of data is difficult to 

interpret, so the use of specialised software packages is essential. Methodologies 

including pathway analysis and gene set enrichment analysis allow exploration of 

gene expression data for discrete cell populations and can identify key molecules and 

signalling pathways that may be common to other diseases or completely novel. 

 

 In this chapter, the gene expression profiles of T cells from both CLL patients 

and healthy donors were investigated. As observed in Chapter 3, the frequency of 
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CD4+HLA-DR+PD-1+ T cells is significantly greater in CLL compared to healthy controls 

and this subset showed a large degree of phenotypic complexity. However, whether 

CD4+HLA-DR+PD-1+ T cells contribute to disease progression, and the manner in 

which they might do this, was unclear. Previous studies have demonstrated the 

ability of gene expression analyses to define disease-specific signatures in 

heterogeneous T cell populations (336), and in this study a similar approach was used 

to investigate CD4+HLA-DR+PD-1+ T cells. 
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4.1 Experimental Scheme for DNA Microarray Experiments 

 In order to explore the gene expression profile of CD4+HLA-DR+PD-1+ T cells 

from CLL patients and investigate their potential role in disease, identifying distinct 

and characteristic genes and molecules was of vital importance. Therefore, an 

experimental scheme that allowed the relative comparison of CD4+HLA-DR+PD-1+ T 

cells with other T cell subsets, both from CLL patients and healthy donors, was 

required. 

 To this end, fresh blood samples from 4 age-matched healthy donors were 

obtained along with samples from 5 untreated CLL patients. Since the analysis was 

conducted on specific T cell subsets rather than the global T cell population, the 

number of individuals analysed could be lower than in other, globally focused, 

microarray experiments. PBMC were isolated and subjected to FACS (Fluorescence-

Assisted Cell Sorting) to obtain purified CD4+ T cell subsets, from which RNA was 

extracted for use in DNA microarrays. The cell yield from the FACS process, and 

therefore the RNA yield, was variable, so the amount of RNA used for each 

microarray was normalised. The characteristics of the CLL patients and healthy 

donors and the FACS cell yields are shown in Table 13. The CLL patients used were 

specifically chosen due to their high frequencies of CD4+HLA-DR+PD-1+ T cells, in 

order to facilitate the collection of this minority subset. 

 As well as CD4+HLA-DR+PD-1+ T cells, two control subsets of T cells were 

purified by FACS and included in the microarray experiments:  

1. CD4+HLA-DR-PD-1- T cells, which comprise a majority of the CD4+ T cells, were used 

as a proxy for the general CD4+ T cell population. 
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2. CD4+HLA-DR-PD-1+ cells to allow assessment of the impact of PD-1 signalling. 

Figure 4.1 shows a schematic diagram of the T cell populations used for DNA 

microarray analysis and the comparisons analysed. 

 Due to the large number of comparisons analysed across samples from 9 

individuals for each gene, it was important to be mindful of the potential for a high 

false discovery rate, wherein the statistical analysis suggests a significant difference 

where in reality the difference is not significant. In the analysis of the DNA microarray 

data in this study, the Benjamini-Hochberg method was used to adjust the generated 

p-values to control the false discovery rate. While other methods, such as familywise 

error rate control, can be used to reduce false positives more stringently, these come 

at the cost of reducing the power to detect true differences compared to the false 

discovery rate control method used here. 
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Figure 4.1: Schematic Diagram of the Analysed Comparisons 
Between Microarray Samples 

Table 13: Characteristics of CLL Patients and Healthy Donors Used 
in DNA Microarray Experiments.  

CD4+DR-PD-1-

CLL Healthy Donor

CD4+DR-PD-1-

CD4+DR-PD-1+ CD4+DR-PD-1+

CD4+DR+PD-1+ CD4+DR+PD-1+
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4.2 Gene Expression Analysis 

  DNA microarray technology allows for the exploration of the level of 

expression of thousands of human genes and the patterns of expression of genes in 

different cell populations. Such data offer an insight into the key commonalities and 

differences between populations and permit identification of targets of interest for 

further study. 

 In the present study, three CD4+ T cell subsets were purified from blood 

samples from both CLL patients and healthy donors. Figure 4.2 shows a Principal 

Component Analysis (PCA) of the entire dataset obtained from these microarrays. 

PCA is a statistical tool which reduces the dimensionality of data i.e. transforms the 

data into a more interpretable form while retaining as much of the information as 

possible. In this instance, this involves transforming the gene expression data for 

each sample analysed into a single point on a biaxial graph, such that those datasets 

that are more similar will be closer together. 

 As can be clearly observed in Figure 4.2, for each T cell population analysed 

there is a marked difference in clustering, with the subsets from CLL patients and 

healthy donors being very distinct. The same is also true within each group – in both 

CLL and healthy control groups, each T cell subset formed a distinct cluster, with a 

particularly clearly defined separation in the healthy donor group. Taken together, 

this provides evidence that gene expression patterns varied significantly between CLL 

patients and healthy controls and also that the three T cell subsets defined by  

HLA-DR and PD-1 expression were distinct. 
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 Further evidence of the distinctness of these T cell populations, as well as the 

validity of the gene expression data, can be observed from the expression of key 

individual genes including HLA-DR, with particular interest in those that were 

assessed phenotypically in Chapter 3. As shown in Figure 3.6, the expression of both 

granzyme B and Ki-67 were significantly increased in CD4+HLA-DR+PD-1+ T cells 

compared to total CD4+ T cells and the same pattern was also observed in the gene 

expression data. This was also true for the gene expression patterns of TIGIT and 

CD38, which closely resembled the protein expression patterns of these markers 

shown in Figure 3.7. Gene expression data for these genes of interest can be seen in 

Appendix Figure 8.1. 
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Figure 4.2: PCA Plot Showing Distinct Clustering of Microarray Samples 
Principal Component Analysis was conducted on gene expression data collected from DNA microarrays of 
CD4+ T cells from 5 CLL patients and 4 healthy donors. There was clear differential clustering of samples 
from each T cell subset both in CLL patients and healthy donors, as well as between these two groups. 
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 While PCA provides an overarching view of the gene expression datasets, 

allowing the similarities and differences in overall gene expression between samples 

to be clearly observed, it does not enable deeper exploration of the data. Instead, 

visualising gene expression data at the level of individual genes offers the ability to 

observe the patterns and numbers of differentially expressed genes across samples.  

 In order to obtain such a perspective, heatmaps are commonly used. A 

heatmap showing the expression data from this study is shown in Figure 4.3. This 

represents the expression of 22743 genes, all of the coding regions of the human 

genome. The mean expression of each gene was calculated from the expression 

values of the gene from each patient or healthy donor. The mean expression values 

from each T cell subset were used to generate the heatmap using a scale relative to 

the other T cell subsets, to ensure that differences between lowly expressed genes 

could be easily distinguished.  

 The heatmap in Figure 4.3 shows some differences in gene expression 

patterns between CLL patients and healthy donors. There were also differences in 

gene expression patterns between each T cell subset, both in CLL and healthy donors, 

although the sets of genes showing differential expression differed between the two 

groups. Overall, the patterns of gene expression in Figure 4.3 do not show major 

differences, as would be expected when comparing global gene expression between 

cells of the same type. 

 

 The concept of a gene expression signature for CLL T cells is explored in Figure 

4.4. For this heatmap, the genes that were most significantly differentially expressed 
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between CD4+HLA-DR+PD-1+ T cells from CLL patients and healthy donors were 

determined, using cut-off values of p<0.05 for statistical significance and a log fold 

change value of greater than 1. The mean expression of the 1312 genes which fell 

within the cut-offs was calculated for all the T cell subsets from both CLL and healthy 

donors and used to generate the heatmap. 

 Figure 4.4 shows that the vast majority of the 550 genes that were relatively 

highly expressed in CD4+HLA-DR+PD-1+ cells from CLL patients were also relatively 

highly expressed in both of the other CLL T cell subsets analysed. Most of these genes 

were relatively poorly expressed in healthy control T cells from all subsets, providing 

further evidence for a CLL CD4+ T cell gene signature. The reverse pattern was also 

observed, with a set of genes showing relatively high expression in all the T cell 

subsets from healthy donors with low expression in CLL.  

 Interestingly, a large number of genes were most highly expressed in 

CD4+HLA-DR+PD-1+ cells from healthy donors when compared to the other healthy 

donor T cell subsets, perhaps a reflection of the distinct nature of these cells in 

healthy people. In particular, a group of 74 genes were observed to be highly 

expressed solely in the healthy donor CD4+HLA-DR+PD-1+ subset, with little 

expression in other healthy donor T cell subsets or CLL T cells. 
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Figure 4.3: Gene Expression Patterns are Different Between T Cell Subsets and Between CLL Patients and Healthy Donors 
A heatmap illustrating the relative expression of 22743 genes was generated from pooled data from 5 CLL patients and 4 healthy 
donors, separated into CD4+HLA-DR-PD-1-, CD4+HLA-DR-PD-1+ and CD4+HLA-DR+PD-1+ subsets. Each column represents a gene and 
the mean expression level of each gene in the samples in each group (e.g. CD4+HLA-DR+PD-1+ cells from CLL patients) was plotted. 
Heatmap was created using Morpheus software (Broad Institute). 
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Figure 4.4: T Cells from CLL Patients Have a Distinctive Gene Expression Signature 
The expression of the most highly differentially expressed genes from CD4+HLA-DR+PD-1+ T cells is conserved across other subsets in 
CLL, giving a distinct signature of 550 relatively highly expressed genes.  
Using cut-offs of p<0.05 and log fold change >1, the genes most differentially expressed between CD4+HLA-DR+PD-1+ T cells from CLL 
and healthy donors were determined. The mean expression level of these 1312 genes, represented by each column, was calculated 
for each T cell subset and used to plot a heatmap. Heatmap was created using Morpheus software (Broad Institute). 
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4.3 Ingenuity Pathway Analysis 

 Section 4.2 provides a “big picture” overview of the patterns of gene 

expression observed in T cells from CLL patients and their healthy counterparts. 

However, it is important to explore the biological relevance of these patterns and the 

cellular functions and processes that are underpinned by the genes in question. 

 There are a number of software packages and online tools available which 

allow the user to investigate gene expression data, of which Ingenuity Pathway 

Analysis (IPA) is one of the most widely used. This software package provides a suite 

of analysis options that can compare gene expression data against the Ingenuity 

Knowledge Base, a vast repository of curated publications on cellular signalling 

pathways, molecular interactions, functional outputs and more. In this manner, users 

can build detailed pictures of the networks of interactions and pathways that are 

present or enriched in their dataset, as well as the potential biological implications 

of their gene expression patterns. 

 In order to perform the investigative analysis of the gene expression data in 

this study, formatted datasets including the log fold change in gene expression 

between different populations were input to IPA. Using user-defined cut-off values 

of p<0.05 and log fold change >1, the software determined which genes showed 

significant differential expression and should therefore be included in the 

downstream analysis. Figure 4.5 displays the number of distinct and overlapping 

differentially expressed genes, as determined by IPA, for this study. 
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Figure 4.5: Numbers of Significantly Differentially Expressed Genes between Different 
Comparison Groups 
Gene expression data from DNA microarrays conducted on T cells from 5 CLL patients and 

4 healthy donors was input to Ingenuity Pathway Analysis software. Using cut-offs of 

p<0.05 and log fold change >1, genes that were significantly differentially expressed 

between the two groups or between T cell subsets were determined by the software. The 

numbers of differentially expressed genes that were distinct to each comparison or 

overlapping between comparisons is shown. 
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 Figure 4.5A shows the numbers of significantly differentially expressed genes 

when comparing the three CD4+ T cell subsets analysed in this study. For each 

comparison, the number of these differentially expressed genes that are observed in 

healthy donors, CLL patients or both groups is displayed. The number of differentially 

expressed genes was much greater for the CD4+HLA-DR-PD-1- vs. CD4+HLA-DR+PD-1+ 

comparison (685) than the CD4+HLA-DR-PD-1- vs. CD4+HLA-DR-PD-1+ comparison 

(167) or the CD4+HLA-DR-PD-1+ vs. CD4+HLA-DR+PD-1+ comparison (227). Within the 

167 differentially expressed genes for CD4+HLA-DR-PD-1- vs. CD4+HLA-DR-PD-1+ T 

cells, 48 were seen only in CLL patients, with a similar number present in both CLL 

patient and healthy donor T cells. When comparing CD4+HLA-DR-PD-1+ and  

CD4+HLA-DR+PD-1+ T cells, the vast majority of differentially expressed genes were 

observed in healthy donors only, with just 34 genes found to be different in CLL 

patients. Similarly, the majority of differentially expressed genes between  

CD4+HLA-DR-PD-1- and CD4+HLA-DR+PD-1+ T cells were found in healthy donors, but 

a significant proportion of these genes were also expressed in CLL patients. Taken 

together, Figure 4.5A demonstrates that the T cell subsets in healthy donors have 

larger differences in gene expression between them than the same subsets in CLL, 

reinforcing the results seen in Figure 4.4. 

 The comparison of differentially expressed genes between CLL patients and 

healthy donors for each T cell subset is displayed in Figure 4.5B. The numbers of 

genes differentially expressed only in CD4+HLA-DR-PD-1- (210) or CD4+HLA-DR-PD-1+ 

(192) T cells when comparing CLL to healthy donors was much lower than in 

CD4+HLA-DR+PD-1+ cells (531). This large difference in gene expression supports the 
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concept that the CD4+HLA-DR+PD-1+ subset is distinct between the two groups. 

Interestingly, 564 genes common to all three T cell subsets were observed to be 

differentially expressed between CLL patients and healthy donors – this observation 

suggests a pattern of gene expression that defines the difference between these two 

groups and as such reinforces the concept of a CLL gene expression signature, as seen 

in Figure 4.4.  

 Taken together, the comparisons in Figure 4.5 show the same patterns as 

those observed in the Principal Component Analysis in Figure 4.2, with each 

population having distinct expression of genes but with a greater difference between 

CLL patients and healthy donors than between the three T cell subsets in either 

group. 

 

 Having input the gene expression data and defined the significantly 

differentially expressed genes, several analysis options are available within the IPA 

software. For this study core analysis was performed, with both upregulated and 

downregulated genes taken into account. This analysis attempts to match the 

significant genes to known biological processes and signalling pathways and allows 

the user to visualise the interactions of these pathways in wider signalling networks. 

As well as this, the analysis can suggest potential upstream signalling pathways or 

molecules that may be responsible for the gene expression differences observed.  

 In order to assess how strongly the gene expression data relates to a given 

pathway, IPA generates a statistical value called the activation z-score. Using the 

information in the Ingenuity Knowledge Base, the activation z-score is calculated 
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taking into account the number of genes from the dataset that appear in the pathway 

and whether their direction of change (i.e. upregulated or downregulated) match 

what would be expected for that pathway, as well as the statistical significance and 

size of the difference in expression of those genes. In this manner, the activation z-

score is used to predict whether a pathway is likely to be activated or inhibited and 

gives a statistical measure of the strength of that prediction (337). 

 The following Figures (4.6 to 4.10) present the results of the IPA core analysis. 

This includes the most highly activated canonical pathways, signatures of diseases 

and cellular functions and potential upstream signalling molecules as predicted by 

the software from the input gene expression data. 
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4.3.1 Diseases and Functions 

 The Diseases and Functions section of the IPA core analysis provides a “big 

picture” overview of the user’s data. This analysis attempts to match the significant 

genes in the input gene expression data to a database of cellular functions and 

diseases for which the gene expression profile is known. As well as the significance 

and direction (upregulated or downregulated) of the input genes, the proportion of 

user input genes that overlap with the known genes in the functional signature is 

taken into account when calculating the activation z-score for each function/disease.  

 

4.3.1.1 CD4+HLA-DR-PD-1- vs. CD4+HLA-DR+PD-1+ T Cells 

 Figure 4.6 displays the top results of the Diseases and Functions analysis of 

the comparison between CD4+HLA-DR-PD-1- and CD4+HLA-DR+PD-1+ T cells. The 

output of this analysis sorted by highest activation z-score is shown in Figure 4.6A. 

All of the top 10 diseases and functions were present in both CLL and healthy donor 

T cells, with 9 of them being observed in CD4+HLA-DR-PD-1- cells, the exception being 

‘Transmembrane potential of mitochondria’. Key functions highlighted by this 

analysis were cytotoxicity and DNA processing, alongside more general lymphocyte-

related processes such as chemotaxis. 

 The top 10 diseases and functions in CD4+HLA-DR+PD-1+ T cells in CLL are 

shown in Figures 4.6B. For CD4+HLA-DR+PD-1+ cells, interestingly only 3 of the top 

functions were also observed in this subset in healthy donors, suggesting this subset 

is functionally distinct in each group. Interestingly, ‘Response of helper T 

lymphocytes’ was actually more associated with CD4+HLA-DR-PD-1- cells in healthy 
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donors. Processes related to inflammation and allergy feature heavily for  

CD4+HLA-DR+PD-1+ cells, as well as ‘Activation-induced cell death’.  

 Figure 4.6C displays the top 10 diseases and functions for CD4+HLA-DR-PD-1- 

T cells in CLL. The CD4+HLA-DR-PD-1- subset represents the majority of CD4+ T cells in 

both CLL and healthy donors, so it was interesting to note that there was a clear 

difference between the cells from each group, with only 6 of these top functions 

appearing in both. All of the functions observed for CLL only related to the 

interactions of lymphocytes, perhaps reflecting the impact of disease state. There is 

a large expansion in the number of T cells in CLL and this is reflected in the presence 

of processes related to proliferation and viability, supporting the phenotypic data 

observed in Section 3.2.1. 
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Figure 4.6: Top Diseases and Functions in CD4+HLA-DR-PD-1- and CD4+HLA-DR+PD-1+ T Cells 
Ingenuity Pathway Analysis software was used to uncover disease and functional signatures suggested by the gene expression data for the 
comparison CD4+HLA-DR-PD-1- Vs. CD4+HLA-DR+PD-1+ T cells, both in CLL patients and healthy donors.  
A) The top 10 disease/function signatures for this comparison sorted by largest activation z-score. 
B) The top 10 disease/function signatures in CD4+HLA-DR+PD-1+ cells cf. CD4+HLA-DR-PD-1- cells in CLL. 
C) The top 10 disease/function signatures in CD4+HLA-DR-PD-1- cells cf. CD4+HLA-DR+PD-1+ cells in CLL. 
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4.3.1.2 CLL vs. Healthy Donor T Cells 

 The top results from the Diseases and Functions analysis of CLL vs. healthy 

donor T cells is shown in Figure 4.7. This uses the gene expression data comparing 

each individual T cell subset from CLL patients and healthy donors. The top 10 

diseases and functions by activation z-score are displayed in Figure 4.7A, with 6 

functions from CLL T cells and 4 from healthy donor T cells. The healthy donor-

associated processes mainly related to viral replication, while the CLL-associated 

ones were more varied, including cellular activation, death and DNA binding. All of 

the top 10 functions were present in all three T cell subsets (with the exception of 

‘Activation of leukocytes’ in CD4+HLA-DR-PD-1+ cells), which reinforces the concept 

of a distinct genetic pattern in CLL T cells. 

 Figure 4.7B shows the top 10 diseases and functions for CD4+HLA-DR+PD-1+ T 

cells in CLL compared to CD4+HLA-DR+PD-1+ cells in healthy donors. Interestingly, 

only 2 of these functions were also present for the comparisons of both  

CD4+HLA-DR-PD-1- and CD4+HLA-DR-PD-1+ cells in CLL vs. healthy donors, with 4 being 

unique to the CD4+HLA-DR+PD-1+ comparison. Processes related to cytotoxicity and 

activation feature strongly, reflecting previous phenotyping results (see Section 

3.2.1), but the presence of three kidney/urinary tract cancer signatures was 

unexpected. 

 The top 10 diseases and functions for CD4+HLA-DR+PD-1+ T cells in healthy 

donors compared to those in CLL are displayed in Figure 4.7C. Almost all of the top 

functions also featured for the other T cell subset comparisons between healthy 

donors and CLL, although ‘Cell viability’ and ‘Cell survival’ were more associated with 
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CLL-derived CD4+HLA-DR-PD-1+ cells. 5 of the top processes for CD4+HLA-DR+PD-1+ T 

cells in healthy donors were related to viral replication and life cycle, with the rest 

mostly connected to cellular viability. 
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Figure 4.7: Top Diseases and Functions in CLL and Healthy Donor T Cells 
Ingenuity Pathway Analysis software was used to uncover disease and functional signatures suggested by the gene expression data for 
the comparison of each T cell subset from CLL patients and healthy donors.   
A) The top 10 disease/function signatures for this comparison sorted by largest activation z-score. 
B) The top 10 disease/function signatures in CD4+HLA-DR+PD-1+ cells in CLL cf. healthy donors. 
C) The top 10 disease/function signatures in CD4+HLA-DR+PD-1+ cells in healthy donors cf. CLL. 
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4.3.2 Canonical Pathways 

 The Canonical Pathways element of the IPA core analysis provides detailed 

information about the signalling and cellular pathways that are activated or 

repressed in the user’s gene expression data. This allows for the mechanisms that 

underlie the Diseases and Functions seen in Section 4.3.1 to be investigated. The 

Canonical Pathways analysis takes into account the overlap of genes in the user’s 

data with those in each pathway, as well as their significance and direction of change, 

when computing the activation z-score. 

 

4.3.2.1 CD4+HLA-DR-PD-1- vs. CD4+HLA-DR+PD-1+ T Cells 

 The top Canonical Pathways for the comparison of CD4+HLA-DR-PD-1- vs. 

CD4+HLA-DR+PD-1+ T cells, both in CLL patients and in healthy donors, are displayed 

in Figure 4.8. The top 10 results sorted by greatest activation z-score are shown in 

Figure 4.8A, with 8 of these pathways being associated with CD4+HLA-DR-PD-1- cells 

and all of them present for both CLL and healthy donor T cells. Both of the  

CD4+HLA-DR+PD-1+ cell-associated pathways were related to responses to signalling 

from soluble factors, whereas those pathways activated in CD4+HLA-DR-PD-1- cells 

were mainly linked to T cell regulation in several disease contexts. 

 Figure 4.8B shows the top pathways in CD4+HLA-DR+PD-1+ compared to 

CD4+HLA-DR-PD-1- T cells in CLL, of which there were only 8. As would be expected, 

the PD-1/PD-L1 signalling pathway was activated in CD4+HLA-DR+PD-1+ cells for both 

CLL and healthy donors, however not all the pathways were observed in both groups. 

In particular, ‘Th2 Pathway’ was associated with CD4+HLA-DR+PD-1+ cells in CLL but 
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with CD4+HLA-DR-PD-1- cells in healthy donors. The majority of the other pathways 

in CD4+HLA-DR+PD-1+ cells related to intracellular transduction of signals from 

external factors, such as Wnt. 

 The top 10 Canonical Pathways activated in CD4+HLA-DR-PD-1- T cells vs. 

CD4+HLA-DR+PD-1+ cells in CLL are displayed in Figure 4.8C. All of these pathways 

were active in CD4+HLA-DR-PD-1- cells from both CLL patients and healthy donors, 

except for ‘Cardiac Hypertrophy Signalling’. In contrast to CD4+HLA-DR+PD-1+ cells in 

CLL, the ‘Th1 Pathway’ was activated in CD4+HLA-DR-PD-1- cells. Many of the other 

top pathways related to inflammatory/immune responses, often in disease settings, 

although surprisingly these included the ‘Dendritic Cell Maturation’ pathway. 
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Figure 4.8: Top Canonical Pathways Activated in CD4+HLA-DR-PD-1- and CD4+HLA-DR+PD-1+ T Cells 
Ingenuity Pathway Analysis software was used to uncover activated pathways in the gene expression data for the comparison CD4+HLA-DR-PD-1- 
Vs. CD4+HLA-DR+PD-1+ T cells, both in CLL patients and healthy donors. A) The top 10 pathways for this comparison sorted by largest activation z-
score. B) The top 8 pathways in CD4+HLA-DR+PD-1+ cells cf. CD4+HLA-DR-PD-1- cells in CLL. C) The top 10 pathways in CD4+HLA-DR-PD-1- cells cf. 
CD4+HLA-DR+PD-1+ cells in CLL. 
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4.3.2.2 CLL vs. Healthy Donor T Cells 

 Figure 4.9 shows the top Canonical Pathways when comparing CLL vs. healthy 

donor T cells, across all three T cell subsets. The top 10 pathways differentially 

activated are shown in Figure 4.9A, sorted by activation z-score. 3 of these were 

activated in CLL T cells while the other 7 were associated with healthy donor T cells 

– all of the top pathways featured in all three T cell subsets. T cell exhaustion and β-

oxidation of fatty acids were highly activated in CLL and had the greatest activation 

z-scores seen across all of the Canonical Pathways analysis. The pathways in healthy 

donor T cells were varied, but included several pathways associated with cell types 

other than T cells, such as macrophages. 

 In Figure 4.9B are shown the top 10 pathways in CD4+HLA-DR+PD-1+ T cells 

from CLL patients vs. those in healthy donors. Only 6 of these were present in all 

three T cell subsets in CLL, with fairly low activation z-scores also observed in some 

cases. Both ‘Oxidative Phosphorylation’ and β-oxidation of fatty acids were highly 

activated in CD4+HLA-DR+PD-1+ cells, suggesting high metabolic activity, perhaps in 

response to inflammatory signalling activated through interferon and TNF receptor 

pathways. The ‘T Cell Exhaustion Signalling Pathway’ was the most highly activated 

pathway in all three T cell subsets, reflective of the widespread dysfunction reported 

in T cells in CLL. 

 The top 10 pathways activated in healthy donor CD4+HLA-DR+PD-1+ T cells vs. 

those from CLL patients are displayed in Figure 4.9C. All of these pathways were 

present in all three T cell subsets in healthy donors, although almost all of them were 

most highly activated in CD4+HLA-DR+PD-1+ cells. Many of the top pathways related 
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to signalling from soluble mediators or their cell surface receptors, including 

hepatocyte growth factor and vascular endothelial growth factor. Surprisingly, 

pathways associated with Acute Myeloid Leukaemia and the B cell receptor were also 

observed. 
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Ingenuity Pathway Analysis software was used to uncover activated pathways suggested by the gene expression data for the comparison of 
each T cell subset from CLL patients and healthy donors. A) The top 10 pathways for this comparison sorted by largest activation z-score.  
B) The top 10 pathways most highly activated in CD4+HLA-DR+PD-1+ cells in CLL cf. healthy donors. C) The top 10 pathways most highly activated 
in CD4+HLA-DR+PD-1+ cells in healthy donors cf. CLL. 
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4.3.3 Upstream Regulators 

 The Upstream Regulators element of IPA core analysis attempts to predict 

the signals whose activity cause the patterns in the user’s data. The gene expression 

differences in the input data are compared to a database of the downstream actions 

of cytokines, receptors and intracellular signalling proteins to determine those which 

are most likely to be responsible for the patterns observed. For each molecule, the 

overlap of input genes with its downstream effects is considered, along with the 

statistical significance and magnitude of the difference, to calculate an activation z-

score. The results of the Upstream Regulators analysis in this study are displayed in 

Figure 4.10. 

 

4.3.3.1 CD4+HLA-DR-PD-1- vs. CD4+HLA-DR+PD-1+ T Cells 

 The top 10 upstream molecules for the comparison of CD4+HLA-DR-PD-1- vs. 

CD4+HLA-DR+PD-1+ T cells, ordered by activation z-score, are shown in Figure 4.10A. 

All of these molecules featured for both CLL and healthy donor T cells, with 7 

associated with CD4+HLA-DR-PD-1- cells and 3 associated with CD4+HLA-DR+PD-1+ 

cells. The predicted regulators of CD4+HLA-DR+PD-1+ T cells included PD-1 (PDCD1), 

as would be expected, while for CD4+HLA-DR-PD-1- cells molecules were varied, 

including transcription factors, cytokines and intracellular proteins. 

 Figure 4.10B shows the top 10 Upstream Regulators of CD4+HLA-DR+PD-1+ 

compared to CD4+HLA-DR-PD-1- T cells in CLL. 9 of the predicted regulators were also 

strongly associated with CD4+HLA-DR+PD-1+ cells in healthy donors, with PD-1 

reassuringly having the highest activation z-score in both. The only suggested 
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upstream molecule associated solely with CLL was TGFβ, a multi-functional cytokine 

with a context-dependent pro- or anti-inflammatory action. Most of the predicted 

regulators were proteins related to regulation of the cell cycle and proliferation, 

including the known tumour suppressors p53 and PTEN and the microRNA ‘let-7’, 

which has also been linked to cell proliferation regulation.  

 The top 10 predicted regulators of CD4+HLA-DR-PD-1- T cells in CLL are 

displayed in Figure 4.10C. All of these featured for CD4+HLA-DR-PD-1- cells in healthy 

donors as well, except for IL-4 which was associated with CD4+HLA-DR+PD-1+ cells in 

healthy donors. Many of the upstream molecules suggested had an immune 

function, including several cytokines related to the development of a TH1 phenotype, 

such as IL-27 and IFNγ, and proteins involved with T cell receptor signalling including 

CD3. 

 

4.3.3.2 CLL vs. Healthy Donor T Cells 

In Figure 4.10D the top 10 Upstream Regulators, sorted by activation z-score, are 

shown for the comparison of CLL vs. healthy donor T cells, across all three subsets. 

All of the molecules featured in every T cell subset, with 3 associated with CLL and 7 

with healthy donors. Several proteins related to responses to cellular stress and 

inflammatory signals were suggested, while the highest activation z-score was seen 

for oncostatin M, a pleiotropic cytokine with links to inflammation (338). 

 Figure 4.10E displays the top 10 predicted upstream regulators of  

CD4+HLA-DR+PD-1+ T cells from CLL patients vs. those in healthy donors. Only half of 

these molecules were associated with all the T cell subsets, while both ‘IFNL1’ and 
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‘IRF7’ were associated with healthy donor derived CD4+HLA-DR-PD-1- cells rather 

than CLL. For CD4+HLA-DR+PD-1+ T cells in CLL patients, there were a number of 

interferon-related upstream molecules, with IFNγ having the highest activation  

z-score. Also featured were IL-27 and ‘STAT1’ which, together with IFNγ, control TH1 

cell differentiation. These results point towards CD4+HLA-DR+PD-1+ T cells being the 

product of an inflammatory environment in CLL. 

 The top 10 upstream molecules for healthy donor CD4+HLA-DR+PD-1+ T cells 

vs. those from CLL patients are shown in Figure 4.10F. 6 of these molecules featured 

as predicted regulators of all of the T cell subsets in healthy donors, while 4 did not, 

with ‘TRAP1’ only associated with CD4+HLA-DR+PD-1+ cells. In the top 10 upstream 

regulators there were 4 microRNAs, as well as several intracellular signalling 

transducer proteins, while the most strongly predicted molecule was the 

transcription factor ‘NUPR1’ which controls a programme of resistance in situations 

of cellular stress (339). 

 In both CLL and healthy donors, the different patterns of predicted upstream 

regulators in the CD4+HLA-DR+PD-1+ population compared to the other subsets 

further reinforce the concept that these cells are a distinct functional subset. 

 

 



 

 Chapter 4: Gene Expression Analysis of CD4+ T Cells in CLL 

   160 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

HD
 

CL
L 

HD
 

CL
L 

HD
 

CL
L 

HL
A-

DR
- PD

-1
- 

HL
A-

DR
- PD

-1
+ 

HL
A-

DR
+ PD

-1
+ 

HL
A-

DR
- PD

-1
- 

HL
A-

DR
- PD

-1
+ 

HL
A-

DR
+ PD

-1
+ 

HL
A-

DR
- PD

-1
- 

HL
A-

DR
- PD

-1
+ 

HL
A-

DR
+ PD

-1
+ 

Figure 4.10: Top Upstream Regulators 
Ingenuity Pathway Analysis software was used to predict upstream molecules responsible 
for the patterns of gene expression observed, comparing both CD4+HLA-DR-PD-1- Vs. 
CD4+HLA-DR+PD-1+ T cells and CLL Vs. healthy donor T cells. 
A) The top 10 upstream regulators for CD4+HLA-DR-PD-1- Vs. CD4+HLA-DR+PD-1+ cells 
sorted by largest activation z-score. 
B) The top 10 upstream regulators for CD4+HLA-DR+PD-1+ cells cf. CD4+HLA-DR-PD-1- cells 
in CLL. 
C) The top 10 upstream regulators for CD4+HLA-DR-PD-1- cells cf. CD4+HLA-DR+PD-1+ cells 
in CLL. 
D) The top 10 upstream regulators for CLL Vs. healthy donor T cells sorted by largest 
activation z-score. 
E) The top 10 upstream regulators for CD4+HLA-DR+PD-1+ cells in CLL cf. healthy donors. 
F) The top 10 upstream regulators for CD4+HLA-DR+PD-1+ cells in healthy donors cf. CLL. 
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4.4 Gene Expression Validation 

 The investigation of gene expression by DNA microarrays and subsequent 

analyses provides deep insight into the key genes and pathways that generate a 

specific phenotype. The data and information produced by such experiments must 

however be verified experimentally, to ensure its accuracy and validity. This is 

particularly important in light of the fact that RNA expression, and the level thereof, 

does not always correlate to equivalent protein expression.  

 In this study, validation of gene expression data obtained from DNA 

microarrays was conducted using two techniques: quantitative Polymerase Chain 

Reaction (qPCR) and flow cytometry. 

 

4.4.1 qPCR Validation of Gene Expression 

 In order to validate the levels of gene expression observed from the DNA 

microarrays data, a shortlist of potential genes was determined for use in qPCR 

analysis. The criteria for this selection were statistically significant differences in 

expression between CLL patients and healthy donors, along with consistently high 

expression across all three T cell subsets analysed. Finally two genes, SLAMF6 

(Signalling Lymphocyte Activation Molecule Family member 6) and PELI1 (Pellino E3 

Ubiquitin Protein Ligase 1), were chosen for validation, with the housekeeping gene 

GAPDH (Glyceraldehyde 3-Phosphate Dehydrogenase) included as a reference. qPCR 

experiments were conducted using pooled RNA samples from 11 CLL patients and 6 

age-matched healthy donors. 
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 The SLAMF6 gene encodes a homotypic immunoglobulin superfamily 

receptor, also called SLAMF6, which is expressed constitutively on T cells and other 

haematopoietic cells including B and NK cells. The function of this receptor has long 

been unclear, but recent work has shown it to act as an immune checkpoint in T cells 

in mouse models, wherein knockout or blocking of SLAMF6 improved anti-tumour 

responses (340,341).  

 In the DNA microarrays in this study, SLAMF6 expression was observed to be 

higher in CLL T cells than those from healthy donors across all three T cell subsets, 

with a mean log fold change of 2.33. As can be observed in Figure 4.11, qPCR analysis 

of SLAMF6 expression in the pooled CLL samples was also notably higher than in the 

healthy donor samples, with CLL showing a 1.72 times greater expression.  

 

 E3 ubiquitin ligase enzymes catalyse the addition of ubiquitin molecules to 

specific intracellular protein targets, which can alter their function or mark these 

proteins for degradation by the proteasome. The PELI1 gene encodes an E3 ubiquitin 

ligase which targets ubiquitylation to IRAK1 (Interleukin-1 receptor-associated kinase 

1), a key signalling molecule downstream of both the IL-1 receptor and Toll-like 

receptors. The action of PELI1 on IRAK1 leads to the assembly of signalling complexes 

that in turn induce the activation of NF-κB, a key regulator of inflammation and 

immune responses (342,343).  

 The DNA microarrays in this study showed PELI1 expression to be greater in 

T cells from healthy donors than those from CLL patients, with log fold changes of 

2.40, 2.46 and 2.58 across the three subsets. qPCR analysis of PELI1 expression 
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revealed the same pattern of higher expression in healthy donor T cells, however the 

magnitude of the difference was smaller with T cells from healthy donors showing 

1.07 times higher expression (Figure 4.11).  
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Figure 4.11: qPCR Validation of SLAMF6 and PELI1 Expression 

A 

B 

Total RNA from CD4+HLA-DR-PD-1-, CD4+HLA-DR-PD-1+ and CD4+HLA-DR+PD-1+ T cells 
from 11 CLL patients and 6 age-matched healthy donors were pooled and expression 
of the genes SLAMF6 (A) and PELI1 (B) was measured in triplicate by qPCR. The qPCR 
data was analysed using the Applied Biosystems qPCR analysis web app, utilising the 
relative quantification method. The level of expression of each gene is shown relative 
to its expression in the healthy donor sample pool. 
Graphs generated using GraphPad Prism software. 
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4.4.2 Flow Cytometry Validation of Gene Expression 

 The validation of gene expression by qPCR in Section 4.4.1 used gene targets 

that showed large differences between CD4+ T cells from CLL patients and healthy 

donors. However, comparisons of gene expression patterns between the three T cell 

subsets also formed a vital part of the microarray experiments, so these were 

validated using flow cytometry. The selection criteria for genes for these experiments 

were high levels of expression and significant differences in expression between  

CD4+HLA-DR+PD-1+ and CD4+HLA-DR-PD-1- T cells, with this difference observed both 

in CLL and healthy donor samples. The availability of flow cytometry antibodies 

against the encoded proteins was also taken into account. Two targets were 

eventually selected, Granzyme A and TOX (Thymocyte selection-associated HMG 

Box). 

 

 Granzyme A is a member of the granzyme family of cytotoxic molecules and 

is highly expressed in the granules of cytotoxic T lymphocytes and NK cells. Unlike 

the also abundantly expressed Granzyme B, Granzyme A causes cell death in a 

caspase-independent manner by cleaving mitochondrial proteins and inducing 

reactive oxygen species release. This alternative mechanism of action to Granzyme B 

helps to ensure cytotoxic cells can kill their targets, even if they have resistance to 

caspase-mediated apoptosis (167). 

 In the DNA microarray analysis in this study, Granzyme A expression was 

found to be significantly upregulated in CD4+HLA-DR+PD-1+ T cells, with a mean log 

fold change of 4.20 compared to CD4+HLA-DR-PD-1- cells. For flow cytometry 
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validation, blood samples from 24 CLL patients were analysed for expression of 

Granzyme A, with the results shown in Figure 4.12A. A significantly greater 

proportion of CD4+HLA-DR+PD-1+ T cells expressed Granzyme A compared to their  

CD4+HLA-DR-PD-1- counterparts (32.9% vs. 9.8%). There was also a significant 

difference in the average level of Granzyme A protein expression per cell, as 

measured using Median Fluorescence Intensity (MFI), with 2.78 times higher 

expression in CD4+HLA-DR+PD-1+ cells. 

 

 TOX is a transcription factor that plays a vital role in the development of T 

cells, regulating positive selection of thymocytes in the thymus. It also has important 

functions in the development of innate lymphoid cells and NK cell progenitors, as 

well as in neurogenesis. Recent evidence has also suggested that TOX is a master 

regulator of CD8+ T cell exhaustion, although there is conflicting evidence as to 

whether this is the case in humans (344–346). 

 In this study’s DNA microarray results, expression of TOX was the most 

statistically significant gene expression difference between CD4+HLA-DR+PD-1+ and 

CD4+HLA-DR-PD-1- T cells, both in CLL patients and healthy donors, with a mean log 

fold change of 2.64. For validation, TOX protein expression was measured by flow 

cytometry in samples from 20 CLL patients, shown in Figure 4.12B. TOX protein was 

expressed by a significantly greater proportion of CD4+HLA-DR+PD-1+ T cells (89.6%) 

compared to CD4+HLA-DR-PD-1- cells (68.1%). Using MFI to assess the expression per 

cell also found a significant difference, with TOX protein found to be expressed at a 

1.81 times greater level in CD4+HLA-DR+PD-1+ T cells. 
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Figure 4.12: CD4+HLA-DR+PD-1+ T Cells Express Higher Levels Granzyme A and TOX  
A) Granzyme A expression was analysed by flow cytometry on blood samples 
from 24 CLL patients. CD4+HLA-DR+PD-1+ T cells more frequently expressed 
Granzyme A and at a higher level per cell.  
B) Expression of TOX protein was measured using flow cytometry on blood 
samples from 20 CLL patients. A greater proportion of CD4+HLA-DR+PD-1+ T cells 
expressed TOX protein, and the expression per cell was also higher. 
Bars represent median ± 95% confidence interval. Significance was assessed by 
Mann Whitney Test. **** = p<0.0001 *** = p<0.001 ** = p<0.01 

CD4
+ HLA

-DR
- PD-1

-  

CD4
+ HLA

-DR
+ PD-1

+  

CD4+HLA-DR-PD-1-

CD4+HLA-DR+PD-1+

10

20

30

40

50

%
 G

ra
nz

ym
e 

A
+

✱✱✱

CD4
+ HLA

-DR
- PD-1

-  

CD4
+ HLA

-DR
+ PD-1

+  

CD4+HLA-DR-PD-1-

CD4+HLA-DR+PD-1+
0

50

100

150

200

250

G
ra

nz
ym

e 
A

 M
FI

✱✱

CD4
+ HLA

-DR
- PD-1

-  

CD4
+ HLA

-DR
+ PD-1

+  

DN Unstim
ulated

DP Unstim
ulated

0

20

40

60

80

100

%
 T

O
X+

✱✱✱✱

CD4
+ HLA

-DR
- PD-1

-  

CD4
+ HLA

-DR
+ PD-1

+  

DN Unstim
ulated

DP Unstim
ulated

0

500

1000

1500

2000

2500

TO
X

 M
F

I

✱✱✱✱



 

 Chapter 4: Gene Expression Analysis of CD4+ T Cells in CLL 

   168 

4.5 Discussion 

 This chapter has sought to define a gene expression signature for  

CD4+HLA-DR+PD-1+ T cells in CLL and to elucidate the potential mechanisms by which 

this subset may influence disease progression. As has been shown in Chapter 3 and 

previously (256), the CD4+HLA-DR+PD-1+ subset is more frequently observed in CLL 

patients and has a clear association with poorer prognosis, however whether these 

cells are directly affecting the disease course or are bystanders is unclear. Phenotypic 

data in this study revealed CD4+HLA-DR+PD-1+ T cells to be highly heterogeneous, 

with many discrete subpopulations able to be defined (Section 3.2.2). The results also 

suggested that CD4+HLA-DR+PD-1+ T cells in CLL might be functionally different from 

those in healthy donors. To address this, a broader survey was required to investigate 

in greater detail the nature of CD4+HLA-DR+PD-1+ cells in CLL. By using FACS to purify 

T cell subsets followed by DNA microarrays, a method which has been used 

successfully previously (347), the gene expression profile of CD4+HLA-DR+PD-1+  

T cells was revealed, allowing a global perspective on the potential biological 

pathways and functions of these cells in CLL patients. 

 

 Investigations of gene expression profiles of immune cells have been carried 

out in both autoimmune disease and cancer settings, and there have been a number 

of attempts to define specific gene expression signatures associated with a particular 

disease (336,348,349). In this study, a potential gene signature defining CLL T cells 

was discovered. This signature was found by comparing the most significantly 

differentially expressed genes between CD4+HLA-DR+PD-1+ T cells from CLL patients 
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and those from healthy donors, upon which it was clear that most of these genes 

were also highly expressed in other T cell subsets in CLL. These 550 genes included 

many proteins related to cell division, such as cyclins and cyclin-dependent kinases, 

and several components of the PI3 Kinase/AKT signalling pathway. Further 

investigation of this gene signature, in particular to uncover the most important 

genes within it controlling the CLL T cell phenotype, may yield new markers that 

could diagnose patients susceptible to CLL development before their disease 

manifests. 

 The gene expression analysis in this study not only found a CLL T cell 

signature, but also revealed a distinct set of 74 genes highly expressed only in  

CD4+HLA-DR+PD-1+ T cells from healthy donors. As shown in Chapter 3, the  

CD4+HLA-DR+PD-1+ subset is highly heterogeneous in healthy donors as well as in CLL 

patients, but this 74 gene expression profile helps to delineate the differences 

between them. Of particular interest is the expression of FOXP3 and CCR8, shown to 

be markers of key TReg cells (350). Previous work has demonstrated that  

CD4+HLA-DR+PD-1+ cells in CLL are not TReg (256), but the findings here suggest that 

TReg may form a significant element of this subset in healthy people. Also,  

CD4+HLA-DR+PD-1+ T cells in healthy donors expressed Ki67 at levels above even 

those seen in CLL T cells (Figure 3.6), marking these cells as very highly proliferative. 

Considering the association between CD4+HLA-DR+PD-1+ cells and poorer outcomes 

in CLL, and the contribution of TReg to immunosuppression and worse prognosis in 

solid cancers (351), further study of this subset in healthy older people, with a view 

to assessment of clinical outcomes, could provide novel insight.   
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 The use of Ingenuity Pathway Analysis software provides a powerful unbiased 

tool for investigating gene expression differences in their biological context, rather 

than as single discrete genes. The ability to analyse networks of genes, and the 

functional endpoints of those networks, allow for a deeper understanding of input 

dataset, while the suggestion of potential upstream molecules offers the possibility 

of new therapeutic targets.  

 The analysis in this study showed PD-1/PD-L1 signalling as the second most 

upregulated pathway in CD4+HLA-DR+PD-1+ T cells compared to CD4+HLA-DR-PD-1- 

cells in CLL, with PD-1 being the most likely upstream regulator of the  

CD4+HLA-DR+PD-1+ phenotype. This provides reassurance that the differences 

observed are real and that the FACS was efficient at purifying the desired 

populations. A key distinction between the observed pathways in  

CD4+HLA-DR+PD-1+ vs. CD4+HLA-DR-PD-1- T cells in CLL was in differentiation, with 

the TH2 pathway being associated with CD4+HLA-DR+PD-1+ T cells and the TH1 

pathway linked to CD4+HLA-DR-PD-1- cells. Since the canonical TH2 cytokine IL-4 has 

been shown to increase B cell receptor signalling in CLL (352), this suggests a possible 

role for CD4+HLA-DR+PD-1+ T cells in supporting CLL cells. Further evidence for a TH1 

phenotype in the CD4+HLA-DR-PD-1- subset is found in the upstream regulators 

analysis, where the TH1-polarising cytokines IL-27, IL-12 and IFNγ were all associated 

with these cells (353,354). Counterintuitively, the canonical TH2 cytokine IL-4 was 

also a suggested upstream molecule for CD4+HLA-DR-PD-1- cells in CLL, perhaps 

reflecting that this subset represents the majority of CD4+ T cells and will almost 

certainly contain some TH2 cells. 
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 As opposed to the TH2 lineage, the upregulation of certain genes in the 

CD4+HLA-DR+PD-1+ T cell subset in CLL suggest these cells could be T regulatory type 

1-like (Tr1-like) cells. This rare subset of T cells has the capacity to suppress immune 

responses and recent work has shown that the transcription factor EOMES is a 

master regulator of these cells and that they express both granzyme K and granzyme 

A (355). All of these Tr1-like cell-associated genes were significantly upregulated in 

CD4+HLA-DR+PD-1+ T cells in CLL, with granzyme A in particular having the largest log 

fold change of all the genes studied. Interestingly, Tr1-like cells expressing both 

EOMES and PD-1 have very recently been observed in CLL patients (356), although 

the key cytokine produced by these cells is IL-10, which was not significantly 

differentially expressed in CD4+HLA-DR+PD-1+ T cells in CLL. However, new evidence 

has emerged that the presence of Tr1-like cells is associated with worse clinical 

outcomes in several solid cancers (357), so further investigation of this interesting 

subset is certainly warranted in CLL. 

 As well as the TH2 pathway, several other pathways and functions were 

unique to the CD4+HLA-DR+PD-1+ subset in CLL. The Wnt/β-catenin pathway was the 

third most strongly associated pathway in CD4+HLA-DR+PD-1+ T cells in CLL, but was 

not associated with these cells in healthy donors. The Wnt/β-catenin pathway is 

important in controlling cell proliferation and differentiation and has been shown to 

play a role in a number of cancers (358). There have been several studies of Wnt 

signalling in a leukaemia context and it has been demonstrated that at least a subset 

of CLL cells have overactivity of this pathway (359–361). Interestingly, there also is 

evidence that the Wnt/β-catenin pathway promotes differentiation of CD4+ T cells 
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into a TH2 phenotype by upregulating the transcription factor GATA3 (362). 

Therefore, the association of Wnt signalling with CD4+HLA-DR+PD-1+ T cells in CLL 

may contribute to both their highly proliferative phenotype and their strong TH2 gene 

expression profile.  

 In the Diseases and Functions analysis, the oxidative phosphorylation 

(OXPHOS) pathway was strongly associated with CD4+HLA-DR+PD-1+ T cells in CLL, but 

only to a much lesser extent with CD4+HLA-DR-PD-1+ cells and not at all with 

CD4+HLA-DR-PD-1- cells. The role of OXPHOS in T cells is complex – traditionally naïve 

T cells were considered to use OXPHOS while effector T cells switched to glycolysis, 

with a reversion to OXPHOS in memory T cells (363–365). Recent evidence has also 

suggested a requirement for OXPHOS for T cell proliferation and the avoidance of 

exhaustion in tumour-infiltrating T cells (366), which makes the association of 

CD4+HLA-DR+PD-1+ T cells with an exhaustion profile as well as OXPHOS an intriguing 

finding. In the CLL T cell signature described above and in Section 4.4, several 

members of the PI3K/AKT pathway were observed, while another protein in this 

pathway, PTEN, was suggested to be an upstream molecule associated with 

CD4+HLA-DR+PD-1+ T cells in CLL (Figure 4.10B). This adds further complexity to the 

findings, since the PI3K/AKT pathway has been shown to regulate T cell switching 

away from OXPHOS to glycolysis during differentiation (365,367,368). With another 

metabolic pathway, fatty acid β-oxidation, also being strongly associated with CLL T 

cells, it is apparent that the metabolic processes and their relation to differentiation 

and function in CD4+HLA-DR+PD-1+ T cells will require further investigation. 
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 In the Diseases and Functions analysis, processes related to “activation of 

blood cells” were strongly related to just CD4+HLA-DR+PD-1+ T cells in CLL, while 

processes related to “activation of leukocytes” were associated with the  

CD4+HLA-DR+PD-1+ and CD4+HLA-DR-PD-1- subsets. It is notable that both of these 

cellular activation functions were not associated with CD4+HLA-DR-PD-1+ T cells, 

suggesting an inactivated state in this subset. PD-1 has traditionally been known as 

an immunoinhibitory molecule and marker of T cell exhaustion (261,369), but other 

studies have demonstrated that PD-1 can in fact be a marker of functional, activated 

cells (271,273,370). The results here reinforce that dichotomy, with the presence of 

another activation marker in HLA-DR appearing to delineate the activated and non-

activated PD-1+ cells. 

 Activation-induced cell death (AICD) was strongly associated with  

CD4+HLA-DR+PD-1+ T cells in CLL but not in those from healthy donors. AICD is an 

important regulatory mechanism during immune responses, acting to delete highly 

activated T cells to prevent damage to the host (371). The presence of the gene 

expression profile for AICD in CLL-derived CD4+HLA-DR+PD-1+ T cells has relevance 

for the experimental study of this subset, since many T cell functional assays involve 

activation of the cells and as such may cause considerable cell death in this subset. 

 In T cells from age-matched healthy donors, and in particular in the  

CD4+HLA-DR+PD-1+ subset, the replication and life cycle processes of viruses were 

strongly associated with their gene expression profile, comprising all of the top four 

outputs from the Diseases and Functions analysis. It is known that in the older 

population there is a high prevalence of infection with chronic viruses such as CMV 
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(372), and that such infections lead to increased mortality owing to the burden 

placed on the immune system (254,330). However, in this study the processes were 

related to acute viruses, mainly of the Rhabdoviridae family. An exploration of the 

genes considered by the IPA software to be involved in these viral processes reveals 

that many of them are related to cellular survival and apoptosis signalling (for 

example: TP53, BAX and Caspase 2). Most of the other top Diseases and Functions in 

healthy donor T cells were associated with cell viability, with similar sets of genes 

involved. Therefore, it seems likely that the gene expression profiles for T cells in 

healthy donors are reflective of changes in cell viability and survival, rather than mass 

viral infection. This example illustrates a drawback of IPA, wherein function outputs 

that comprise several elements can achieve a high activation z-scores with only some 

of those elements being upregulated., leading to potentially misleading conclusions. 

 

 IPA software provides a useful tool for the exploration of gene expression 

data and how the results acquired translate into biological processes and pathways. 

An alternative method for investigating gene expression data involves the 

comparison of the user’s data with gene expression profiles from published studies, 

to search for common signatures. With an ever-growing number of gene expression 

datasets, from a wide variety of cell types and disease states, publicly available, this 

method allows the user to quickly determine whether the patterns of gene 

expression in their data match those for known phenotypes or diseases. Gene Set 

Enrichment Analysis (GSEA) software is the foremost exponent of this methodology 

(373). For this study, GSEA was conducted using the C7 Immunologic Signatures 
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dataset on the significantly differentially expressed genes (p<0.05 and logFC>1) for 

the comparison of CLL-derived CD4+HLA-DR+PD-1+ cells vs. healthy donor  

CD4+HLA-DR+PD-1+ cells (top results shown in Appendix Tables 15 and 16).  

 For CLL-derived CD4+HLA-DR+PD-1+ cells, there were no T cell-associated gene 

sets significantly enriched. Among the top gene sets that did not reach significance 

were genes related to HIV-specific T cells and genes upregulated in IL-4/TGFβ treated 

T cells. As a chronic disease with T cell dysfunction (374), HIV has similarities to CLL 

and thus some overlap of the gene expression profiles would be expected. The 

combination of IL-4 and TGFβ has been shown to promote a TH9 polarisation of naïve 

T cells (375,376), with this subset of T cells having roles in allergy and antitumour 

responses (377). Whether in CLL the CD4+HLA-DR+PD-1+ subset, or a subpopulation 

within it, are TH9 cells would be of interest to explore. 

 In healthy donor CD4+HLA-DR+PD-1+ cells the only significantly enriched T cell 

gene set was genes upregulated in late-stage chronic viral infection compared to the 

early stages. As mentioned above, there is a high prevalence of chronic viruses in the 

older population, from which these samples were drawn, so this result may well 

indicate the presence of an infection such as CMV in the healthy donors. Also 

enriched but not reaching significance in healthy donor CD4+HLA-DR+PD-1+ cells were 

genes upregulated in TReg cells compared to TH2 cells. This supports the concept 

described earlier that TReg cells may comprise a significant proportion of the 

CD4+HLA-DR+PD-1+ subset in healthy people. 

 The GSEA results for this study showed no evidence in CLL-derived  

CD4+HLA-DR+PD-1+ cells of significant enrichment of genes associated with a specific 
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T cell subtype or with previously published T cell phenotypes, for example TReg or TH2. 

This leads to two possible conclusions: that this is a novel subset of CD4+ T cells that 

has not been previously studied or that the CD4+HLA-DR+PD-1+ population is so 

heterogeneous that individual phenotypes are difficult to distinguish. In either case, 

further investigation is justified to determine whether these cells affect CLL disease 

course and the methods by which they might exert their influence. 

  

 The immunoglobulin superfamily member SLAMF6 was chosen as a qPCR 

validation target for the gene expression data (see Figure 4.11) and was found to be 

expressed in CLL-derived T cells at almost twice the level of T cells from healthy 

donors. This finding is of particular interest in light of recent studies that have 

suggested that SLAMF6 is a checkpoint in T cells, functioning to attenuate anti-

tumour immune responses (341). This concept has also been observed in mouse 

models of CLL, wherein SLAMF6 expression caused an increase in CD8+ T cells with 

defective cytotoxic function and anti-SLAMF6 antibodies were able to reduce the 

leukaemic burden (340). This opens a potential new therapeutic target in CLL and a 

combination study using anti-SLAMF6 antibodies with ibrutinib has already shown 

promising results, again in a mouse model (378). It appears that SLAMF6 may be an 

interesting candidate for CLL therapy in future, although significant work using 

human CLL samples will be required to prove that the auspicious results in mice can 

be translated to a patient setting. 
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  In all three T cell subsets studied here, the T cell exhaustion pathway was the 

most significantly upregulated pathway in CLL compared to healthy donors. The gene 

TOX has been recently described as the master regulator of exhaustion in CD8+ T 

cells, both in mice (379,380) and in humans (381). However, other evidence points 

towards a more complicated role for TOX, with its expression observed in  

non-exhausted functional CD8+ T cells in humans (346). Little is known, however, 

about the role of TOX in CD4+ T cells in humans and whether its putative control of 

CD8+ T cell exhaustion extends to their CD4+ counterparts. Due to its novelty and 

unclear role, TOX is not considered as part of the T cell exhaustion signalling pathway 

in IPA, however it was the most significantly differentially expressed gene between 

CD4+HLA-DR-PD-1- and CD4+HLA-DR+PD-1+ T cells in both CLL and healthy donors. The 

question of whether TOX causes exhaustion in CD4+ T cells and if so, why T cell 

exhaustion signalling is so highly associated with CD4+HLA-DR-PD-1- T cells despite 

their relatively low TOX expression, warrants further investigation and will be 

explored in Chapter 5. 

  

 In summary, analysis of the gene expression profiles of CD4+ T cell subsets 

from both CLL and healthy donors has revealed additional insights not apparent from 

the phenotyping data in Chapter 3. In particular, it was demonstrated that CLL has a 

global impact on CD4+ T cell gene expression, leading to a characteristic signature. 

Furthermore, CD4+HLA-DR+PD-1+ T cells were observed to be a distinct population 

from other CD4+ T cells, but this subset also differed between CLL patients and 

healthy donors. 
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5 Investigating Exhaustion and the Role of TOX 

in CD4+ T Cells in CLL 
 

 In order to carry out their functions within the immune system, CD4+ T cells 

rely on their abilities to produce cytokines and proliferate. However, in situations of 

chronic activation T cells can become exhausted, a state which is associated with a 

progressive loss of their key functionalities (260). After initial discovery in the context 

of chronic viral infections, the importance of T cell exhaustion in cancer has become 

clear in recent years, with exhausted T cells losing their ability to keep tumour growth 

in check (369). Therefore, a chronic cancer such as CLL would appear to be a likely 

setting for widespread T cell exhaustion to be observed – however evidence to date 

has been inconclusive, particularly around the role of PD-1 (see Section 1.3.3). In the 

previous chapter, T cell exhaustion signalling was found to be the most significantly 

upregulated pathway in CLL T cells compared to those from healthy donors, 

particularly in CD4+HLA-DR+PD-1+ cells. Given the complex and heterogeneous 

phenotype of this subset observed in Chapter 3, such a strong association with one 

pathway was unexpected. 

 As described in Section 4.4.2, TOX is a transcription factor with important 

roles in thymic T cell development that has more recently been implicated in 

regulating T cell exhaustion in mouse models (379,380). Despite the fact that 

exhaustion signalling was observed in all three T cell subsets investigated in CLL, TOX 

was the most significantly differentially expressed gene between CD4+HLA-DR+PD-1+ 
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and CD4+HLA-DR-PD-1- T cells in CLL, as well as in healthy donors. There is conflicting 

evidence of the role of TOX in T cell exhaustion in humans (346) and a lack of clarity 

regarding T cell exhaustion in CLL, providing a strong rationale to explore these 

topics. 

 

 This chapter aims to investigate both T cell exhaustion and the role of TOX in 

CD4+ T cells in CLL patients using multiparameter flow cytometry. The functional 

capabilities of T cells from CLL patients and healthy donors were assessed by analysis 

of key cytokine production and proliferation under different stimulation conditions.  
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5.1 Cytokine Production 

 The main function of CD4+ T cells is to support and orchestrate immune 

responses and this is conducted via the production and secretion of cytokines, whose 

signalling activity can modulate the behaviour of target cells. In this study, T cells 

were assessed for their production of three of the most important cytokines in 

immune responses: interferon-γ (IFNγ), tumour necrosis factor α (TNFα) and 

interleukin-2 (IL-2). 

 IFNγ is a type II interferon with potent immunomodulatory capabilities, as 

well as causing increased cellular antiviral responses. Signalling from IFNγ activates 

macrophages and promotes NK cell activity, along with causing upregulation of 

antigen processing and presentation genes to further stimulate immune responses. 

Furthermore, in T cells IFNγ promotes adhesion and extravasation to allow T cells to 

reach the area of infection. IFNγ is the characteristic cytokine produced by TH1 cells 

and is also the key cytokine in the differentiation of naïve T cells into TH1 cells. 

 TNFα is a small cytokine produced by a variety of immune cells that plays a 

vital role in causing inflammation and fever during infections. In non-immune cells, 

TNFα signalling through TNF receptor 1 can initiate apoptotic cell death or 

inflammatory reactions in a context-dependent manner. In immune responses, TNFα 

enhances macrophage phagocytosis and attracts neutrophils to sites of infection, as 

well as causing differentiation and proliferation in T cells. 

 IL-2 is a key cytokine for T cell activity, particularly in immune responses, with 

T cells themselves being the major source of IL-2 production. During T cell 

development in the thymus, IL-2 signalling helps to promote the generation of 
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regulatory T cells to combat autoimmunity. Post-infection, IL-2 functions to enhance 

proliferation and survival of T cells, as well as working in tandem with other cytokines 

to induce differentiation of naïve T cells into either TH1 or TH2 cells. Depletion of IL-2 

via the expression of the high affinity IL-2 receptor (CD25) is an important mechanism 

for TReg cells to control immune responses. 

 Apart from cytokines, CD4+ T cells are able to secrete cytotoxic molecules, 

such as perforin and granzymes, in some circumstances, although this is not a 

common feature (289). Such molecules are stored in intracellular vesicles (or 

granules) in readiness for release via exocytosis. During this process, transmembrane 

proteins on the vesicles become displayed on the cell surface following fusion of the 

vesicles with the cell membrane. Therefore, measurement of surface levels of these 

proteins can be used to indicate degranulation. CD107a is one such protein, the usual 

function of which is to maintain the integrity of the intracellular vesicles, but which 

has become a commonly used marker of cellular degranulation.  

 

 In order to induce production of cytokines, T cells require activation. In vitro, 

this can be achieved by stimulation of T cells with various agents and in this study 

two of the most common stimulation methods were used: CD3/CD28 beads and 

PMA/Ionomycin.  

 CD3/CD28 beads consist of anti-CD3 and anti-CD28 antibodies bound to 

polymer beads which are added to cell cultures. Binding of these antibodies to their 

respective targets replicates the two signals needed to activate T cells, namely 

activation of the T cell receptor and co-stimulation, in order to induce activation in a 
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physiological manner. The use of anti-CD3 bypasses the need for peptide:MHC 

recognition by the T cell receptor and anti-CD28 removes the requirement of 

antigen-presenting cells to provide co-stimulatory signals via CD80/86 engagement. 

 PMA/Ionomycin stimulation uses the small molecule Phorbol 12-myristate 

13-acetate (PMA) and the calcium ionophore Ionomycin to mimic the downstream 

signalling of the T cell receptor. PMA activates the signalling enzyme Protein Kinase 

C (PKC) via its similarity to the usual PKC activator diacylglycerol. Ionomycin increases 

the intracellular calcium ion level leading to activation of the calcineurin signalling 

pathway and subsequent transcription factor activity. By bypassing upstream 

signalling pathways, PMA/Ionomycin provide a potent stimulation greater than the 

normal physiological signals and so acts as a positive control for T cell stimulation. 
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5.1.1 Cytokine Production in Total CD4+ T Cells 

 Figure 5.1 displays the results of cytokine production and degranulation 

analysis of the total CD4+ T cell population, from 20 CLL patients and 4 healthy 

donors. For all of the cytokines measured, the pattern of response to the different 

stimulation conditions was very similar between CLL and healthy donor T cells. 

 IFNγ (Figure 5.1A) was not expressed by any T cells that were not stimulated 

from either CLL patients or healthy donors, with only a small number of individuals 

showing a minor increase in IFNγ expression following CD3/CD28 stimulation. On the 

other hand, PMA/Ionomycin stimulation caused a significant increase in the 

proportion of IFNγ+ cells in samples from both CLL and healthy donors, with over 50% 

of cells showing IFNγ expression in some cases. However, in both groups there was 

wide variation, particularly in CLL where around a quarter of patients showed no 

increase in IFNγ expression after stimulation. 

 As seen in Figure 5.1B, TNFα was not expressed by unstimulated T cells from 

either CLL or healthy donors. Unlike for IFNγ however, CD3/CD28 stimulation led to 

increased proportions of cells expressing TNFα, with a median of around 13% TNFα+ 

cells in both groups (although statistical significance was not reached in healthy 

donors). PMA/Ionomycin stimulation induced further increases in TNFα expression, 

particularly in healthy donors (median 58%). There was again a large degree of 

variation, especially in CLL where T cells from three individuals failed to respond to 

either CD3/CD28 or PMA/Ionomycin stimulation. 

 Expression of IL-2 (Figure 5.1C) was not seen under unstimulated conditions 

in either CLL or healthy donors. Stimulation with CD3/CD28 beads induced 
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expression of IL-2 in T cells in around one third of CLL patients, but did not have any 

effect on healthy donor T cells. PMA/Ionomycin stimulation led to significantly 

increased proportions of IL-2+ cells in both CLL and healthy donor T cells (medians 

around 20%), although there was again a wide range of responses. 

 Degranulation, as measured by CD107a expression (Figure 5.1D), was seen in 

T cells from only one individual without stimulation in both CLL and healthy donors. 

Both groups had an increased proportion of CD107a+ cells following CD3/CD28 

stimulation, although in CLL one quarter of patients did not show an increase. 

PMA/Ionomycin stimulation led to a further increase in the percentage of  

CD107a-expressing cells in healthy donors (median 27.6%), but a decreased 

proportion compared to CD3/CD28 stimulation in CLL (median 5.7% vs. 15.5%) 

although this was still greater than in unstimulated cells. 

 

 These results show that the cytokine production and degranulation 

capabilities of CD4+ T cells are very similar between CLL patients and healthy donors, 

which suggests that the overall CD4+ T cell population in CLL is not functionally 

exhausted. 
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Figure 5.1: CD4+ T Cells Have Similar Cytokine Production Capabilities in CLL and Healthy Donors 
Cytokine production and cellular degranulation were measured by flow cytometry in CD4+ T cells from 20 CLL patients and 4 healthy donors following 
either no stimulation or stimulation with CD3/CD28 beads or PMA/Ionomycin for 6 hours. A) Production of IFNγ was only upregulated by PMA/Ionomycin 
stimulation in both CLL and healthy donors. B) TNFα production was upregulated by CD3/CD28 stimulation in CLL and by PMA/Ionomycin stimulation in 
both CLL and healthy donors. C) Production of IL-2 was upregulated by CD3/CD28 stimulation and PMA/Ionomycin stimulation in CLL and but only 
PMA/Ionomycin stimulation healthy donors. D) CD107a expression was upregulated by both CD3/CD28 and PMA/Ionomycin stimulations in CLL and 
healthy donors. Bars represent median ± 95% confidence interval. Significance was determined by Kruskal-Wallis test with Dunn’s multiple comparisons 
****=p<0.0001 **=p<0.01 *=p<0.05 
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5.1.2 Cytokine Production in CD4+ T Cell Subsets 

 Figure 5.2 displays the results of cytokine production and degranulation 

analysis for the three CD4+ T cell subsets assessed in Chapter 4 (CD4+HLA-DR-PD-1-, 

CD4+HLA-DR-PD-1+ and CD4+HLA-DR+PD-1+). Total T cells taken from 20 CLL patients 

and 4 healthy donors were used and were subdivided into the three subsets during 

the analysis. The results of the previous gene expression analysis showed 

considerable differences between these populations, despite exhaustion signalling 

being associated with all three subsets, so analysis of their functional characteristics 

was warranted. This is particularly pertinent for CD4+HLA-DR+PD-1+ cells, which 

comprise less than 5% of the total CD4+ population and as such would be masked in 

the analysis in Section 5.1.1. 

 In Figure 5.2A the levels of IFNγ expression are shown. In both CLL and healthy 

donors, there were very few cells expressing any IFNγ under unstimulated conditions 

in any of the T cell subsets, with the exception of low expression in  

CD4+HLA-DR+PD-1+ cells from a small number of CLL patients. Following CD3/CD28 

stimulation, there was no difference in healthy donor T cells, while in CLL there was 

an increase in the proportion of IFNγ+ cells in the CD4+HLA-DR+PD-1+ and  

CD4+HLA-DR-PD-1+ subsets in around one third of patients. Stimulation with 

PMA/Ionomycin led to significant increases in the percentage of IFNγ-expressing cells 

in CLL, with CD4+HLA-DR+PD-1+ cells having the greatest median (34.2%) and 

CD4+HLA-DR-PD-1- cells the lowest (6.3%). The same pattern was observed in healthy 

donors, although there was a very wide range of responses. 
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 In both CLL and healthy donor T cells, TNFα (Figure 5.2B) was not expressed 

by CD4+HLA-DR-PD-1- cells when unstimulated. However, TNFα expression was 

observed at low levels in CD4+HLA-DR-PD-1+ and CD4+HLA-DR+PD-1+ cells from several 

individuals. Following CD3/CD28 stimulation, there was a slight increase in the 

median percentage of TNFα+ cells in healthy donors, with one individual showing 

almost 100% TNFα+ cells in the CD4+HLA-DR-PD-1+ subset. In CLL, CD3/CD28 

stimulation also caused small increases in the proportion of TNFα-expressing cells for 

the CD4+HLA-DR-PD-1- and CD4+HLA-DR-PD-1+ subsets, but there was a large increase 

for CD4+HLA-DR+PD-1+ cells (median 33.3% cf. 3.7% in unstimulated  

CD4+HLA-DR+PD-1+ cells). PMA/Ionomycin stimulation induced significant increases 

in the proportion of cells expressing TNFα in all three subsets in CLL, although to a 

lesser extent than CD3/CD28 stimulation for CD4+HLA-DR+PD-1+ cells. For healthy 

donors PMA/Ionomycin stimulation increased TNFα expression in all subsets, 

although the inverse pattern to that seen for IFNγ was observed – the CD4+HLA-

DR+PD-1+ subset having the lowest proportion of TNFα+ cells (median 34.5%) and the 

CD4+HLA-DR-PD-1- subset the highest (median 68.9%). 

 Figure 5.2C shows the expression of IL-2. In unstimulated conditions, there 

was little, if any, expression of IL-2 in either CLL or healthy donor T cells and this was 

not impacted by CD3/CD28 stimulation in healthy donors. In CLL, CD3/CD28 

stimulation led to no increase in the median percentage of IL-2+ cells, although cells 

from around a third of individuals showed a modest response. PMA/Ionomycin 

stimulation caused a significant increase in the proportion of IL-2 expressing cells in 

all three T cell subsets in CLL, with CD4+HLA-DR-PD-1+ cells showing the highest 
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expression level (median 34%). In contrast for healthy donors, although 

PMA/Ionomycin stimulation also increased the proportion of IL-2+ cells in all three 

subsets, CD4+HLA-DR-PD-1+ cells had the lowest percentage (median 7.6%). 

 CD107a expression for each T cell subset is shown in Figure 5.2D. Without 

stimulation, a proportion of CD107a+ cells was seen in the CD4+HLA-DR+PD-1+ subset 

from over half of healthy donors and CLL patients. Following CD3/CD28 stimulation, 

both CLL and healthy donors showed small increases in the proportion of CD107a+ 

cells in the CD4+HLA-DR-PD-1- subset and large increases in the CD4+HLA-DR+PD-1+ 

subset (CLL median 37.1% vs. 3.9% when unstimulated). PMA/Ionomycin stimulation 

caused further increases in the percentage of CD107a-expressing cells in all three 

subsets in healthy donors, while in CLL there were small increases in the  

CD4+HLA-DR+PD-1+ and CD4+HLA-DR-PD-1+ subsets compared to unstimulated 

conditions. Similar to the results for TNFα expression (Fig. 5.2B), the median 

proportion of CD107a+ cells in the CD4+HLA-DR+PD-1+ subset was lower following 

PMA/Ionomycin than after CD3/CD28 stimulation. 

 

 These results suggest that the CD4+HLA-DR+PD-1+ subset in CLL is not 

functionally exhausted, being able to produce IL-2 and degranulate at physiological 

levels of stimulation. However, while all the subsets showed increased cytokine 

production following strong PMA/Ionomycin stimulation, both CD4+HLA-DR-PD-1+ 

and CD4+HLA-DR-PD-1- cells showed only very minor, if any, responses to CD3/CD28 

stimulation. In comparison, healthy donor T cells across all three subsets were 

observed to have minimal, if any, response to CD3/CD28 stimulation in regard to 
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cytokine production, but showed modest increases in degranulation. However, all 

three subsets were able to upregulate expression of these cytokines and 

degranulation when stimulated with PMA/Ionomycin. 
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Figure 5.2: CD4+HLA-DR+PD-1+ T Cells Are Not More Exhausted Than Other T Cell Subsets 
Cytokine production and cellular degranulation were measured by flow cytometry in CD4+ T cells from 20 CLL patients and 4  
healthy donors following either no stimulation or stimulation with CD3/CD28 beads or PMA/Ionomycin for 6 hours. A) Production 
of IFNγ was only upregulated by PMA/Ionomycin stimulation for all three T cell subsets in both CLL and healthy donors. B) TNFα  
production was upregulated by PMA/Ionomycin stimulation in all T cell subsets in CLL and healthy donors and by CD3/CD28  
stimulation in CD4+HLA-DR+PD-1+ cells in CLL. C) Production of IL-2 was upregulated only by PMA/Ionomycin stimulation for all  
T cell subsets in CLL and CD4+HLA-DR+PD-1+ and CD4+HLA-DR-PD-1- cells in healthy donors. D) CD107a expression was upregulated  
in CD4+HLA-DR+PD-1+ cells in CLL and healthy donors by CD3/CD28 stimulation and by PMA/Ionomycin stimulation in all three subsets in healthy donors. 
Bars represent median ± 95% confidence interval. Significance was assessed compared to unstimulated conditions and was determined by Kruskal-Wallis 
test with Dunn’s multiple comparisons ****=p<0.0001 ***=p<0.001 **=p<0.01 *=p<0.05 
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5.1.3 Effect of TOX Expression on Cytokine Production in CD4+ T Cells 

 To investigate whether expression of the transcription factor TOX, a potential 

regulator of T cell exhaustion, impacted CD4+ T cell function in CLL, cytokine 

production and degranulation were assessed in TOX+ and TOX- CD4+ T cells. These 

populations were determined by flow cytometry, conducted on samples from 20 CLL 

patients and 4 healthy controls. The proportions of TOX-expressing cells from these 

two groups are shown in Figure 5.3 and the results of the cytokine production and 

degranulation analysis are displayed in Figure 5.4. 

 In unstimulated CD4+ T cells in CLL (Figure 5.3A), a majority of cells expressed 

TOX (median 70.3%). Following stimulation with CD3/CD28 beads, there was a slight 

increase in proportion of TOX+ cells, with a further small increase observed after 

PMA/Ionomycin stimulation (median 77.9%). However, these differences were not 

statistically significant, such that the percentage of TOX-expressing cells can be 

considered to remain consistent across the stimulation conditions. 

 In healthy donors, the proportions of TOX+ cells under each of the stimulation 

conditions were lower than for their CLL counterparts, with a similar range of 

variation. When unstimulated, a majority of cells expressed TOX (median 55.9%) but 

the percentage of cells expressing TOX decreased following CD3/CD28 stimulation 

(median 48.5%). PMA/Ionomycin stimulation led to an increase in the proportion of 

TOX+ cells above unstimulated levels, but still lower than in CLL. As with the CLL 

results, there were no statistically significant differences observed and the 

percentage of TOX-expressing cells can be considered consistent for healthy donors. 
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 Expression of IFNγ (Figure 5.4A) was not observed under unstimulated 

conditions in either CLL or healthy donor T cells, regardless of TOX expression. After 

CD3/CD28 stimulation this was unchanged for healthy donors, but in CLL there was a 

slight increase in the percentage of IFNγ+ cells in some individuals, particularly in the 

TOX+ group. PMA/Ionomycin stimulation led to a further increased proportion of cells 

expressing IFNγ in CLL although there was no significant difference between TOX+  

(median 10.4%) and TOX- (median 9%) cells. In healthy donors, PMA/Ionomycin 

stimulation also caused an increase in the proportion of IFNγ+ cells, with a slightly 

higher median, albeit along with a greater range, in TOX+ cells. 

 Figure 5.4B shows the percentages of TNFα-expressing cells, of which there 

were few, if any, observed without stimulation for both CLL patients and healthy 

donors. In both groups, there was an increase in the proportion of TNFα+ cells 

following CD3/CD28 stimulation, particularly in TOX+ cells, with the median 

percentage of TNFα-expressing cells more than double that of TOX- cells in CLL  

(15.2% vs. 7.3%). This difference was not maintained after PMA/Ionomycin 

stimulation however, with both TOX+ and TOX- cells having similar proportions of 

TNFα+ cells, although these proportions were considerably greater in healthy donors 

than CLL patients (medians ~57% vs. ~19%). 

 IL-2 (Figure 5.4C) was not found to be expressed by any T cells from either CLL 

patients or healthy donors under unstimulated conditions. After CD3/CD28 

stimulation, the proportion of IL-2+ cells increased slightly in CLL T cells, both TOX+ 

and TOX-, while healthy donor T cells continued to show no IL-2 expression. 

PMA/Ionomycin stimulation caused a large increase in the percentage of cells 
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expressing IL-2 in CLL, with TOX+ and TOX- cells having almost identical medians 

(16.5% vs. 16.9%). The proportion of IL-2+ cells was also increased in healthy donors 

by PMA/Ionomycin to a slightly greater extent than in CLL, with TOX- cells observed 

to have the greater percentage (median 26%). 

 CD107a expression (Figure 5.4D), measuring degranulation, was seen at very 

low levels in T cells without stimulation from both CLL patients and healthy donors. 

CD3/CD28 stimulation led to an increase in the proportion of CD107a+ cells in both 

CLL and healthy donor T cells, with TOX+ cells having around twice the percentage of 

TOX- cells in both groups. Following PMA/Ionomycin stimulation, the percentage of 

cells expressing CD107a in CLL decreased compared to CD3/CD28 stimulation, 

particularly in the TOX+ population, although remained greater than in unstimulated 

cells. In comparison, healthy donor T cells had very similar proportions of CD107a+ 

cells for both the CD3/CD28 and PMA/Ionomycin stimulation conditions, with the 

greater expression in TOX+ cells maintained after the stronger stimulus. 

 

 Across all four cytokines in these experiments only trends were observed, with 

no statistically significant differences. These trends suggested4 minimal impact of 

TOX expression on the cytokine production capabilities of CD4+ T cells in CLL and do 

not support the concept that TOX is a marker of T cell exhaustion. In fact, TOX+ cells 

were observed to have greater degranulation than their TOX- counterparts following 

physiological levels of stimulation, both in CLL and healthy donor T cells, while 

cytokine production in both groups was broadly similar regardless of TOX expression. 
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Figure 5.3: TOX Expression is More Common in CLL T Cells But is Not Affected by Stimulation 
TOX expression was measured by flow cytometry in CD4

+
 T cells from 20 CLL patients and 4 healthy donors following either no 

stimulation or stimulation with CD3/CD28 beads or PMA/Ionomycin for 6 hours.  

A) Expression of TOX in CLL was consistent, with around 75% of T cells being TOX
+
 regardless of stimulation. 

B) TOX was expressed by a lower proportion of T cells in healthy donors than CLL patients under all stimulation conditions, with 

no significant change observed between unstimulated and stimulated cells. 
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Figure 5.4: TOX Expression Does Not Affect Cytokine Production in CLL 
Cytokine production and cellular degranulation were measured by flow cytometry in CD4

+
 T cells from 20 CLL patients and 4  

healthy donors following either no stimulation or stimulation with CD3/CD28 beads or PMA/Ionomycin for 6 hours. A) Production of IFNγ  

was only upregulated by PMA/Ionomycin stimulation for both TOX
+
 and TOX

-
 cells in both CLL and healthy donors. B) TNFα production was 

upregulated by both CD3/CD28 and PMA/Ionomycin stimulations, for TOX
+
 and TOX

-
 cells, in both CLL and healthy donors. C) Production of 

IL-2 was only upregulated by PMA/Ionomycin stimulation for both TOX
+
 and TOX

-
 cells in both CLL and healthy donors. D) CD107a 

expression was upregulated via both CD3/CD28 and PMA/Ionomycin stimulations in CLL and healthy donors, for both TOX
+
 and TOX

-
 cells. 

Bars represent median ± 95% confidence interval. Significance was assessed by Kruskal-Wallis test with Dunn’s multiple comparisons. 
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5.2 T Cell Proliferation 

 As well as cytokine production, a key component of T cell responses to 

infections or cancer is the ability to expand specific T cell numbers through 

proliferation. Due to the nature of T cell receptor selection and recombination, there 

are very few circulating T cells able to recognise any given peptide antigen, so 

expansion following recognition of an antigen is vital to generate a large population 

of specific T cells that are able to respond.  

 In this study, T cell proliferation was assessed using the same stimulation 

conditions as in Section 5.1, but over a longer time period (4 days) to allow for several 

rounds of proliferation to take place. T cells were stained with CFSE 

(Carboxyfluorescein succinimidyl ester), a 

commonly used tool for the measurement 

of proliferation. CFSE is a fluorescent, cell-

permeable dye that irreversibly binds to 

intracellular proteins and whose presence 

can subsequently be detected by flow 

cytometry. During cell division, 

approximately half of the CFSE labelled 

proteins will be distributed to each 

daughter cell and as such the level of CFSE 

fluorescence will halve.  

  

 

CFSE 

Co
un

t 

Figure 5.5: Representative CFSE Dilution 
Plot 
CD4+ T cells were stained with CFSE and 
allowed to proliferate for 4 days. CFSE 
dilution was analysed by flow 
cytometry. Moving from right to left 
each peak represents one cell division, 
starting with 0 divisions. The proportion 
of cells in each gate is shown. 
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 Depending on the labelling protocol used, around 7 or 8 cell divisions can 

theoretically be detected by the CFSE dilution method, after which the CFSE signal is 

indistinguishable from background. In this study, low cell numbers caused 

identification of individual peaks of 4 or more divisions to be difficult and so the 

classification “4+ Divisions” was used. A representative plot of CFSE staining in CD4+ 

T cells after CD3/CD28 stimulation is shown in Figure 5.5.  

 No statistical analysis was conducted comparing the different proliferation 

plots in Section 5.2 – this was due to the nature of the plotted data, for which a valid 

statistical test could not found. Considering this, along with the preliminary nature 

of the experiments which only assessed one timepoint, the results here should not 

lead to firm conclusions but should instead be used to inform future work. 
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5.2.1 Proliferation of Total CD4+ T Cells 

 The results of the proliferation analysis for the total CD4+ T cell populations 

from 14 CLL patients and 5 healthy donors are shown in Figure 5.6.  

 Under unstimulated conditions, T cells from CLL patients had a slightly higher 

proportion of undivided cells than healthy donor cells, but a much smaller percentage 

of cells that had undergone a single division (mean 60.8% vs. 83.5%). In contrast, the 

proportion of cells that had divided twice was much higher in CLL, forming almost a 

quarter of the total population. The combined percentage of cells in the 3 and 4+ 

divisions categories together was similar in the two groups. 

 Following CD3/CD28 stimulation, both CLL and healthy donors had a 

decreased proportion of undivided cells. For CLL T cells, there was minimal change in 

the percentage of cells that had undergone 1 division, but this category saw a large 

decrease in healthy donors. Similarly, there was little change in the proportion of 

twice divided cells in CLL, while there was a small increase in the healthy donor T cells. 

The percentage of cells in the 3 divisions after CD3/CD28 stimulation category saw a 

large increase in healthy donors (mean 1.1% vs. 22.2%), with a smaller increase also 

seen in CLL. The proportion of cells with 4+ divisions showed a small increase in CLL 

but was slightly reduced in healthy donors. 

 PMA/Ionomycin stimulation caused a large increase in the proportion of 

undivided cells compared to both unstimulated and CD3/CD28 stimulated cells, such 

that they comprised almost a quarter of the total. In contrast, there was a decreased 

proportion of undivided cells following PMA/Ionomycin stimulation in healthy 

donors, as well as increases in the percentages of the 2 and 3 divisions categories 
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compared to unstimulated conditions. In CLL the proportion of cells that had 

undergone 2 divisions was reduced, and the 3 and 4 divisions categories unchanged, 

compared to unstimulated cells. In both groups, overall proliferation appeared to be 

decreased after PMA/Ionomycin stimulation when compared to CD3/CD28 

stimulated cells, however this may reflect the impact of Activation-Induced Cell Death 

(see Section 5.3). 

 

 These results demonstrate that CD4+ T cells in CLL are able to proliferate in 

response to physiological levels of stimulation and therefore do not appear to be 

exhausted. The significantly higher level of T cell proliferation in CLL compared to 

healthy donors in the absence of stimulation may reflect the activation of T cells in 

the leukaemia setting, and perhaps goes someway to explain the muted response to 

further stimulations. 
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 Figure 5.6: CD4+ T Cells from Healthy Donors Respond Better to Stimulation Than Those from CLL Patients 
T cells from 14 CLL patients and 5 healthy donors were labelled with CFSE then treated with either vehicle control or stimulation with CD3/CD28 beads 

or PMA/Ionomycin for 4 days. Subsequently, T cell proliferation was assessed by CFSE dilution using flow cytometry.  

T cells from CLL patients were more proliferative than those from healthy donors under unstimulated conditions, but were less able to respond to 

stimulation. Plots represent mean percentages. 
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5.2.2 Proliferation of CD4+ T Cell Subsets 

 Previous work in this study demonstrated that CD4+HLA-DR+PD-1+ T cells had 

significantly greater expression of the proliferation marker Ki-67 than the total CD4+ 

population (Figure 3.6B). To therefore verify this, proliferation was analysed by CFSE 

dilution in the three T cell subsets used in Section 5.1. The results of the proliferation 

analysis for these CD4+HLA-DR+PD-1+, CD4+HLA-DR-PD-1+ and CD4+HLA-DR-PD-1- T 

cells, taken from 14 CLL patients and 5 healthy donors, are shown in Figure 5.7. 

 Under unstimulated conditions, the CD4+HLA-DR-PD-1- subset had the highest 

proportion of undivided cells, but the lowest proportion of cells with 1 division. The 

CD4+HLA-DR-PD-1+ population was the least proliferative, with almost three quarters 

of these cells undergoing 0 or 1 divisions. The CD4+HLA-DR-PD-1- subset also had the 

highest percentage of cells that had divided twice (32.5%), with CD4+HLA-DR-PD-1+ 

and CD4+HLA-DR+PD-1+ cells showing a very similar proportion of cells (~19%) in this 

category. The CD4+HLA-DR+PD-1+ subset had the largest percentage of highly 

proliferative cells, with almost a quarter in the combined 3 and 4+ divisions 

categories. 

 CD3/CD28 stimulation had a small impact on the proliferation of  

CD4+HLA-DR-PD-1- T cells, with small decreases in the proportions of undivided cells 

and cells that had divided twice, and a concomitant increase in the 1 division 

category. In the CD4+HLA-DR-PD-1+ population, CD3/CD28 stimulation caused an 

almost total reduction in undivided cells, with the proportions of the 2,3 and 4+ 

divisions categories all increasing, in particular 3 divisions which more than doubled 

compared to unstimulated cells (13.2% vs. 5.3%). The largest impact of CD3/CD28 
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stimulation was observed in the CD4+HLA-DR+PD-1+ subset, which also had an almost 

total loss of undivided cells, along with increases in the proportions of cells in the 2 

and 3 divisions categories and a large increase in the 4+ divisions category. Together, 

cells in the highly proliferative 3 and 4+ divisions categories formed more than one 

third of the total population. 

 PMA/Ionomycin stimulation of the CD4+HLA-DR-PD-1- subset had minimal 

effect on the proportion of undivided cells, but led to a large increase in cells with 1 

division such that these cells comprised nearly two thirds of the total. However, 

compared to both unstimulated and CD3/CD28 stimulated conditions, there were 

large reductions in the percentages of cells in the 2, 3 and 4+ divisions categories. For 

the CD4+HLA-DR-PD-1+ population, PMA/Ionomycin stimulated cells had the highest 

proportion of undivided cells, with a concomitant decrease in the 1 division category. 

The percentages in the 2,3 and 4+ divisions categories remained very similar to those 

following CD3/CD28 stimulation. In the CD4+HLA-DR+PD-1+ subset, PMA/Ionomycin 

stimulation led to a large increase in the 2 divisions category, but a decrease in the 

4+ divisions category, compared to unstimulated conditions. The 2, 3 and 4+ divisions 

categories were all decreased compared to CD3/CD28 stimulation, suggesting that 

PMA/Ionomycin induced a weaker proliferative response in this subset.  

 

 The results in Figure 5.7 demonstrate that CD4+HLA-DR+PD-1+ T cells in CLL 

are more proliferative than the other subsets in their natural state, but are also able 

to respond better to physiological levels of stimulation. By comparison, the  

CD4+HLA-DR-PD-1- subset, a proxy for the general CD4+ T cell population, consistently 
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had the greatest proportion of undivided cells across all conditions. In all three 

subsets, the proliferative response to PMA/Ionomycin appeared to be worse than for 

CD3/CD28 stimulation, while in CD4+HLA-DR-PD-1- cells PMA/Ionomycin appeared to 

have a negative impact of proliferation, however this may reflect the impact of 

Activation-Induced Cell Death (see Section 5.3) 
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Figure 5.7: CD4+HLA-DR+PD-1+ T Cells Are the Most Proliferative and Respond Best to Physiological Stimulation 
T cells from 14 CLL patients were labelled with CFSE then treated with either vehicle control or stimulation with CD3/CD28 beads or PMA/Ionomycin 
for 4 days. Subsequently, T cell proliferation was assessed by CFSE dilution using flow cytometry.  
CD4+HLA-DR+PD-1+ T cells were the most proliferative subset under unstimulated conditions and also had the best responses to physiological levels of 
stimulation. Plots represent mean percentages.  
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5.2.3 Effect of TOX Expression on Proliferation of CD4+ T Cells 

 The transcription factor TOX has been posited as a regulator of T cell 

exhaustion, a hallmark of which is reduced proliferation. Therefore, the impact of 

TOX expression on proliferation was analysed in CD4+ T cells from 14 CLL patients 

and 5 healthy donors, the results of which are displayed in Figure 5.8 and Figure 5.9 

respectively. 

 

 In CLL, under unstimulated conditions TOX+ T cells had a slightly greater 

proportion of undivided cells and cells with 1 division compared to TOX- T cells, 

whereas there was a higher percentage of cells that had undergone 2, 3 and 4+ 

divisions in the TOX- population. Overall, both groups had broadly similar 

proliferation profiles.  

 For unstimulated T cells from healthy donors, both TOX+ and TOX- cells had 

similar profiles, with a large majority of cells in the 1 division category, although there 

was a slightly higher proportion of cells in the 2,3 and 4+ divisions categories in the 

TOX- group as in CLL. However, overall healthy donor T cells were considerably less 

proliferative than their CLL counterparts in the absence of stimulation. 

  

 Following CD3/CD28 stimulation of CLL T cells, there was an increase in 

proliferating cells in both the TOX+ and TOX- groups, with almost total loss of 

undivided cells and concomitant increase in the 2,3 and 4+ divisions categories. 

Although TOX- cells had more than double the percentage of cells in the 4+ divisions 

category (2% vs. 5.1%), both groups ended with overall similar profiles post-
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stimulation, suggesting that the TOX+ cells had responded better to the CD3/CD28 

stimulation. 

 In healthy donors, there were also decreases in the proportions of undivided 

cells following CD3/CD28 stimulation in both TOX+ and TOX- cells. However, although 

TOX- cells had no change in the percentage of cells with 1 division like in CLL, healthy 

donor TOX+ cells were observed to have a large decrease in this category. While there 

was a modest increase in the proportion of twice divided cells, the 3 divisions 

category saw a large increase to comprise around a quarter of the TOX+ population. 

TOX- cells showed small increases in the percentages of cells with 2 and3 divisions 

alongside a small reduction in the 4+ divisions category that was mirrored by the 

TOX+ group. 

In healthy donor T cells, there was minimal change to the proliferation profile of TOX- 

T cells following CD3/CD28 stimulation. In contrast, the TOX+ population saw a large 

increase in proliferation after stimulation, with the proportion of undivided cells 

decreasing by more than half (mean 3.1% vs. 8.4%). This was accompanied by a large 

increase in the percentage of cells that had undergone 3 divisions, which comprised 

a quarter of the TOX+ population post-stimulation. 

 

 For both TOX+ and TOX- cells in CLL, PMA/Ionomycin stimulation appeared to 

cause large increases in the proportion of undivided cells, alongside reductions in the 

percentages of the combined 2,3 and 4+ divisions categories, with this impact more 

marked in TOX- cells. Overall, both groups ended with similar proliferation profiles 

following PMA/Ionomycin stimulation. 
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 In healthy donors, PMA/Ionomycin stimulation had different effects on the 

TOX+ and TOX- T cell populations. For TOX+ cells, there was increased proliferation  

post-stimulation compared to unstimulated conditions, with a reduction in undivided 

cells and increased proportions of cells that had undergone 2 and 3 divisions – 

however, this increased proliferation was not as great as that seen following 

CD3/CD28 stimulation of TOX+ cells. In contrast, PMA/Ionomycin stimulation of TOX- 

T cells had a mixed impact. Compared to unstimulated TOX- cells, there was a large 

increase in the percentage of cells that had undergone 3 divisions (1.5% vs. 17.4%), 

but there was also a marked increase in the proportion of undivided cells  

(4.7% vs. 15.6%).  

 

 These results provide evidence that TOX-expressing CD4+ T cells are not 

exhausted in either CLL patients or healthy donors. In both groups, TOX+ cells 

proliferated to a similar extent compared to their TOX- counterparts in the absence 

of stimulation. The effect of TOX expression on proliferative responses to stimulation 

was markedly greater in healthy donors, wherein TOX+ cells were able to respond 

better to both CD3/CD28 and PMA/Ionomycin stimulations, whereas in CLL there 

was a much smaller difference between TOX+ and TOX- cells. This supports the 

concept that CLL changes the behaviour of T cells but it is likely that a number of 

genes will play a role in determining the functions of CLL T cells. 
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T cells from 14 CLL patients were labelled with CFSE then treated with either vehicle control or stimulation with CD3/CD28 beads or PMA/Ionomycin 

for 4 days. Subsequently, T cell proliferation was assessed by CFSE dilution using flow cytometry.  

Without stimulation, TOX- cells were more proliferative than TOX+ cells. Following CD3/CD28 stimulation TOX+ cells showed an increase in proliferation, 

but there was a much smaller effect on TOX- cells. PMA/Ionomycin stimulation caused decreased proliferation in both TOX+ and TOX- cells, with a 

greater impact on the TOX- population. Plots represent mean percentages. 

 

Figure 5.8: TOX+ T Cells Have a Better Proliferation Response to Physiological Stimulation Than TOX- T Cells in CLL 
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Figure 5.9: TOX+ T Cells Respond Better to Physiological Stimulation Than TOX- T Cells in Healthy Donors 
T cells from 5 healthy donors were labelled with CFSE then treated with either vehicle control or stimulation with CD3/CD28 beads or PMA/Ionomycin 

for 4 days. Subsequently, T cell proliferation was assessed by CFSE dilution using flow cytometry.  

Without stimulation, TOX- cells were slightly more proliferative than TOX+ cells. Following CD3/CD28 stimulation TOX+ cells showed a large increase in 

proliferation, but there was minimal effect on TOX- cells. PMA/Ionomycin stimulation caused increased proliferation in TOX+ cells but to a lesser extent 

than CD3/CD28 stimulation, while TOX- cells showed an overall decrease in proliferation. Plots represent mean percentages. 
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5.3 Discussion 

 This chapter has sought to investigate T cell exhaustion and elucidate the 

potential role of the transcription factor TOX in controlling this process. The topic of 

T cell exhaustion, and more recently the function of TOX within it, has generated 

great interest, particularly with regard to its role in cancer and the potential for 

therapeutic intervention (369,382). CLL, as a chronic cancer with various T cell 

dysfunctions, represents an intriguing model for studying T cell exhaustion in a 

human setting, and the results in Chapter 4 in this study appeared to confirm that 

exhaustion signalling was prominent in CLL T cells. Allied to the gene expression data 

showing TOX as the most significantly differentially expressed gene in  

CD4+HLA-DR+PD-1+ compared to CD4+HLA-DR-PD-1- T cells, this study provided an 

opportunity to simultaneously explore both exhaustion and the effect of TOX 

expression in human T cells. 

 As with the previous work in this study, the experiments in this chapter relied 

upon the use of fresh blood samples from CLL patients and healthy control 

individuals. Although a sufficient number of CLL patient samples were able to be 

obtained once haematology clinics resumed operating, the restrictions caused by the 

COVID-19 pandemic rendered acquisition of healthy donor samples very difficult. As 

a result, the number of samples analysed was low and those used were not age-

matched in the manner previously possible in Chapters 2 and 3. This reduced the 

statistical power of experiments, and given the considerable variation seen in the 

healthy donor results it is likely that a large number of age-matched samples would 

be needed to validate the findings. 
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 Across both CLL patients and healthy donors, a consistent theme was 

differential T cell responses to CD3/CD28 stimulation depending on the cytokine 

analysed. Both IFNγ and IL-2 were expressed by only a very small proportion of cells, 

if any, after stimulation with CD3/CD28, whereas there were significant increases in 

the percentage of cells expressing TNFα compared to unstimulated cells. The reason 

for this is likely to be the kinetics of the production of these cytokines under 

physiological conditions. Both IFNγ and IL-2 have been observed to have maximal 

expression 18-24 hours after stimulation (383,384), but in contrast TNFα is produced 

more rapidly, peaking at 4 hours post-stimulation (385). Since the experiments here 

were conducted with a 6-hour stimulation period before analysis, only TNFα would 

be expected to have high expression and this is borne out in the results. A longer 

experimental period, for example overnight, would be required to fully assess the 

change in expression of IFNγ and IL-2 following CD3/CD28 stimulation.  

 Differential responses to CD3/CD28 stimulation were also observed between 

the three CD4+ T cell subsets in CLL. In the case of TNFα expression, although there 

were only minimal responses to CD3/CD28 stimulation for the CD4+HLA-DR-PD-1- and  

CD4+HLA-DR-PD-1+ subsets, there was a large response in CD4+HLA-DR+PD-1+ T cells. 

A very similar pattern was observed for CD107a expression, while  

CD4+HLA-DR+PD-1+ T cells also had the strongest proliferation response to CD3/CD28 

stimulation. As observed in Figure 3.9, all three CD4+ T cell subsets had very high 

proportions of CD28-expressing cells, so it is likely that the high level of baseline 

activation in the CD4+HLA-DR+PD-1+ subset primes these cells to respond more 

effectively to physiological levels of stimulation. 
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 Another consistent finding in these experiments was a lack of evidence for T 

cell exhaustion in CLL. CD4+ T cells from CLL patients were able to produce cytokines 

and degranulate to a similar extent as their healthy donor-derived counterparts, 

while CLL T cells were in fact more proliferative than those from healthy donors. This 

stands in stark contrast to the pathway analysis results in Chapter 4, wherein T cell 

exhaustion signalling was the pathway most significantly associated with CLL CD4+ T 

cells. The exhaustion of CD8+ T cells has been shown to be hierarchical, with a 

progressive loss of functions over time, beginning with a failure of IL-2 production 

and cell killing (386). This hierarchical model could explain the discrepancy between 

the gene expression data and the functional data in this study, if the CD4+ T cells in 

CLL were at an early stage of exhaustion and so had yet to lose most of their 

functions. Although IL-2 production was lost early in the exhaustion pathway in CD8+ 

T cells, since CD4+ T cells are the main source of IL-2 they may be more resistant to 

this element of the exhaustion pathway (107). Experimental work analysing CD4+ T 

cells stimulated over longer periods of time, simulating a chronic disease setting, 

would be needed to explore this possibility further. 

 

 In both CLL patients and healthy donors, PMA/Ionomycin stimulation led to 

the highest median proportion of cytokine-expressing cells, with the exception of 

CD107a in CLL. Despite this, among the CLL patients around one third had few, if any, 

cells expressing the cytokines post-stimulation with PMA/Ionomycin. Furthermore, 

it was observed that PMA/Ionomycin stimulation led to decreased proliferation in T 

cells from CLL patients, which was not the case for healthy donor T cells. 
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 A possible explanation for these observations is activation-induced cell death 

(AICD). During normal immune responses, AICD functions to delete autoreactive T 

cells and prevent damage to the host from highly activated T cells (371), often 

through the mechanism of Fas/FasL interaction (387). T cells in CLL are known to be 

highly activated (268), and previous work has suggested that inhibition of AICD, 

through reduced expression of Fas, is a potential mechanism of improved T cell 

numbers following ibrutinib treatment of CLL patients (332). From the gene 

expression data in this study, as observed in Figure 4.6, AICD signalling was highly 

enriched in CD4+HLA-DR+PD-1+ T cells in CLL, while processes related to cell viability 

and survival were associated with healthy donor T cells compared to CLL T cells 

(Figure 4.7). These results suggest that, following ex vivo stimulation with either 

CD3/CD28 or, in particular, PMA/Ionomycin, there would be increased AICD in T cells 

from CLL patients, especially those with progressive disease. AICD of the most highly 

activated, and therefore most proliferative, T cells from CLL patients provides a 

potential explanation for the reduced proliferation observed post-stimulation with 

PMA/Ionomycin. 

 To address this question, future experiments could make use of earlier and 

more frequent timepoints in order to capture proliferative events before AICD, with 

experiments here only assessing proliferation after four days. Further information on 

AICD in this experimental system could be obtained through measurement of the 

levels of apoptosis, using a method such as Annexin V staining (388). 
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 The role of the transcription factor TOX in T cell exhaustion has only recently 

begun to be explored and has focused almost exclusively on CD8+ T cells. Initial 

studies revealed TOX as the master regulator of the exhaustion phenotype in CD8+ T 

cells, although this work was conducted using murine models (379,380,389). 

However, whether a similar role would be carried out by TOX in human T cells was 

unclear, given the well-known discrepancies between the human and murine 

immune systems (390). Subsequent work studying the effect of TOX in human CD8+ 

T cells has shown a similar outcome to that in mice, with TOX expression observed to 

be correlated with exhaustion and the expression of inhibitory receptors (391). 

However, the picture in human T cells appears to be more complex – Scott et al. (392) 

reported that TOX deletion, although it reduced inhibitory receptor expression, did 

not rescue T cell dysfunction. Other work has suggested that TOX can be expressed 

by both exhausted and functional human CD8+ T cells (346,393), and that TOX 

expression in the context of chronic viral infections has differential impacts 

depending on the virus in question (381). The contrasting results of studies in this 

area mean there is still significant scope for research into the role and mechanisms 

of action of TOX in T cells, not least in hitherto unstudied CD4+ T cells. 

 In this study, there was no suggestion that TOX-expressing CD4+ T cells were 

more exhausted than their TOX- counterparts, with similar, and in some cases better, 

responses to stimulation both in terms of cytokine production and proliferation. This 

was a somewhat unexpected result, given the strong association between T cell 

exhaustion signalling and CLL T cells observed in the gene expression analysis in 

Chapter 4. The proportion of PD-1-expressing cells in the TOX+ CD4+ T cell population 



 

 Chapter 5: Investigating Exhaustion and the Role of TOX in CD4+ T Cells in CLL 

   217 

was slightly higher than in the TOX- population, which supports the TOX-dependent 

expression of inhibitory receptors posited by Scott et al. (392), but their observation 

of continued T cell dysfunction was not replicated here. Taken together, the results 

in this study suggest that TOX is not a regulator of exhaustion in CD4+ T cells in 

humans and that the characteristic exhaustion signalling in CLL T cells must be 

controlled by an alternative regulator gene or genes. 

 In summary, this chapter has sought to address the questions, raised by the 

results of the gene expression data in Chapter 4, around exhaustion and the role of 

TOX in human CD4+ T cells. It was found that CD4+ T cells from CLL patients did not 

appear to be exhausted and were capable of cytokine production and proliferation 

to an extent at least equal to those T cells from healthy donors. Furthermore, the 

results suggested that TOX is not the master regulator of exhaustion in CD4+ T cells 

and that expression of TOX in fact caused no functional impairment. 
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6 General Discussion 
 

  The purpose of this thesis has been to explore the nature, functions and 

biological role of CD4+HLA-DR+PD-1+ T cells in CLL, with a view to establishing whether 

this subset could be used as a prognostic indicator for CLL patients. Having been first 

reported by our laboratory (256), this study used a larger cohort of patients to 

successfully confirm that a higher proportion of CD4+HLA-DR+PD-1+ T cells is 

associated with poorer prognosis in CLL. Furthermore, having also been previously 

reported by our laboratory (19), this study used the same larger patient cohort to 

confirm that an inverted CD4+:CD8+ T cell ratio is a prognostic marker in CLL.  

  

 There is a clear need for new and better prognostic markers in CLL due to the 

chronic nature of the disease and the fact that around two thirds of patients are 

asymptomatic with indolent disease at diagnosis. From a patient perspective, the 

reassurance and peace of mind provided by tests suggesting a good prognosis are 

extremely valuable, particularly with regards to anxiety and other mental health 

problems. On the other hand, the presence of markers of poor prognosis allows 

clinicians to prioritise those patients who need closer monitoring or more immediate 

treatment.  

 Unlike in acute myeloid leukaemia (394) or acute lymphoblastic leukaemia 

(395), the number of prognostic and predictive markers in CLL is low. The results of 

this study show that assessment of T cell parameters compares favourably with 

currently utilised clinical prognostic markers. An analysis of CLL prognostic factors by 
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Li et al. (396) found Rai stage III/IV to be the strongest predictor of time to first 

treatment (hazard ratio 4.2), followed by deletion of 17p (hazard ratio 2.5) then 

unmutated IGHV (hazard ratio 2.4). By comparison, this study found hazard ratios of 

2.64 for inverted CD4+:CD8+ T cell ratio and 2.36 for a CD4+HLA-DR+PD-1+ T cell 

percentage above the median. Considering that CLL is a disease of B cells, it is perhaps 

surprising how favourably T cell parameters compare with other the prognostic 

factors. Although larger-scale analysis would be required for confirmation, it appears 

that CD4+:CD8+ T cell ratio represents an excellent candidate for inclusion in routine 

monitoring of CLL patients, particularly given the ease with which it can be measured 

by flow cytometry. 

 

 The exact part played by T cells in CLL has been, and continues to be, difficult 

to elucidate – are dysfunctional T cells drivers of the CLL disease course or does the 

development of CLL lead to the induction of T cell dysfunction? What is clear is that 

the presence of T cells is vital to CLL cell survival and proliferation (397,398).  

 Within this context, key to understanding the role of CD4+HLA-DR+PD-1+ T 

cells in CLL is the interaction between these T cells and the CLL cells themselves. It is 

currently unknown whether CLL cells can induce the CD4+HLA-DR+PD-1+ T cell 

phenotype, or whether CD4+HLA-DR+PD-1+ T cells are driving the survival and 

expansion of CLL cells – the mechanisms underpinning such interactions also remain 

to be elucidated. These questions could potentially be explored via the use of in vitro 

co-culture systems, monitoring the phenotype and functions of T cells from both CLL 

patients and healthy donors in the presence of CLL cells. Similar experiments could 
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also be conducted using transwells to assess the requirements for cell-cell contact vs. 

soluble signalling factors in these interactions. Understanding the nature of the 

interactions between CLL cells and CD4+HLA-DR+PD-1+ T cells could provide important 

insight into CLL disease course and potential new therapeutic targets. 

 The presence in CLL of major stereotypes, groups of unrelated patients with 

identical or near-identical B cell receptors, has been known about for a number of 

years (399). However, evidence has begun to accumulate that a similar phenomenon 

may exist within the T cell repertoire of CLL patients – the observed TCR sequences 

from T cell clones do not appear to match those from other diseases or from healthy 

individuals, suggesting antigens that are conserved across CLL (400). Identification of 

such antigens would represent a major advance in the understanding of T cells in CLL 

and would provide evidence for a model in which CLL develops first and then T cell 

dysfunction is induced during the immune response against the CLL cells.  

 Interestingly, whereas traditional chemoimmunotherapy leads to 

reconstitution of the T cell repertoire of CLL patients, treatment with BCR signalling 

inhibitors such as ibrutinib maintained these conserved T cell clones, which suggests 

that an anti-leukaemic immune response could be retained throughout treatment 

(401). It would be of interest to this study to investigate whether CD4+HLA-DR+PD-1+ 

T cells represent one of the identified conserved clones, particularly in light of the 

results in Figure 3.11 which showed no pattern of change in the frequency of 

CD4+HLA-DR+PD-1+ T cells after ibrutinib therapy. Since in a large cohort of CLL 

patients those with higher frequencies of CD4+HLA-DR+PD-1+ T cells displayed worse 

prognosis, this could suggest that this subset is likely to recognise conserved antigens 
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and play the same CLL-supportive role in all patients. Furthermore, it would be of 

interest to investigate whether CD4+HLA-DR+PD-1+ T cells in healthy individuals also 

recognise the same antigens, as this would suggest that this subset recognised a 

common somatic antigen rather than a tumour neoantigen. Evidence from the gene 

expression study here suggested that CD4+HLA-DR+PD-1+ T cells may be enriched for 

TReg cells in healthy individuals, so it is possible that they are responsible for immune 

tolerance towards a common protein. 

 

 Vaccination has long been a gold standard in the prevention of infections and 

millions of vaccine doses are given in the UK each year. However, CLL patients are 

well known to have very poor vaccine responses (6). A portion of blame for these 

poor responses may lie in the fact that CLL patients are often elderly, with immune 

responses to new antigens greatly decreasing with advancing age (402). It is likely 

though that the immunodeficiency caused by CLL is also a major factor.  

 The use and efficacy of vaccines has become prominent in the public 

consciousness thanks to the Covid-19 pandemic. With the procurement of sufficient 

doses of several effective vaccines representing the only part of the pandemic 

response successfully handled by the UK Government, interest has turned to the best 

protocols to use to maximise the benefits of vaccination for the most vulnerable, 

including cancer patients. It has been reported that solid cancer patients have a 

response rate of only 38% following one vaccine dose, compared to 94% for healthy 

controls, however this improves significantly to 95% following a second dose after 21 

days (compared to 100% in healthy controls) (403). The picture is less positive for 
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patients with haematological cancers, with response rates of just 18% and 60% after 

one or two doses respectively. This represents a potentially serious issue for CLL 

patients, who are likely to have even worse vaccination response rates (6). 

 The causes of these poor responses to Covid-19 vaccination in haematological 

patients are not clear, but clues may be gleaned from the immune responses of 

cancer patients to infection with Covid-19 itself. Abdul-Jawad et al. studied the 

immune responses of cancer and non-cancer patients with Covid-19 and following 

their recovery (404). It is reported that both solid cancer and non-cancer patients had 

similar immune responses to Covid-19 infection and returned to similar immune 

signatures post-recovery. In contrast, haematological cancer patients displayed less 

effective immune responses and retained disrupted T cell phenotypes after 

recovering. Of particular note, haematological cancer patients were observed to have 

high frequencies of exhausted T cells, especially CD8+ T cells, which concurs with 

previous reports of T cell exhaustion in Covid-19 patients (405).  

 CLL patients are at particularly high risk of severe Covid-19 infections, even 

among cancer patients (406). As observed in several reports, patients with 

haematological malignancies have poorer immune responses to Covid-19, likely in 

part due to T cell exhaustion (405). The gene expression data in this study revealed a 

strong association between T cell exhaustion signalling and T cells from CLL patients, 

meaning the anti-Covid-19 T cell response may be disrupted in CLL patients, although 

the functional data in Chapter 5 suggest the picture could be more complicated. Any 

dysfunction in the anti-Covid-19 T cell response, when taken together with the 

hypogammaglobulinaemia that is characteristic of CLL (6), would mean that both 
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arms of the adaptive immune response were diminished in CLL, rendering CLL 

patients extremely vulnerable to severe infection. 

 

 For a number of years the standard therapy for CLL has been 

chemoimmunotherapy, usually consisting of the combination 

fludarabine/cyclophosphamide/rituximab (FCR), while chemotherapy alone was 

used prior to the addition of the anti-CD20 monoclonal antibody rituximab (407). 

However, despite the overall impressive results for FCR, this treatment is much less 

effective in high risk patients such as those with unmutated IGHV genes (35). In 

response to this problem, recent years have seen the advent of new, targeted 

therapies which aim to achieve specific targeting of CLL cells to give high risk patients 

new treatment options while also reducing side effects compared to 

chemoimmunotherapy.  

 Due to the highly abnormal nature of T cells in CLL, it is of interest to assess 

the impact of new therapies on the T cell compartment as well as CLL cells 

themselves. Unlike traditional chemotherapy, which causes a significant decrease in 

the numbers of both CD4+ and CD8+ T cells in CLL (408), these new therapies may in 

fact have a beneficial effect on the composition of the T cell compartment, although 

the evidence is often conflicting.  

 One such targeted therapy for CLL is ibrutinib, an inhibitor of the B cell 

receptor signalling pathway member Bruton’s Tyrosine Kinase (BTK). As well as 

inhibiting BTK, ibrutinib also inhibits IL-2-inducible kinase (ITK), which is found in T 

cells, and as such can have a large impact on the T cell pool. Several studies have 
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published discordant results on the effect of ibrutinib on T cell numbers, with both 

increases (332) and decreases (331) observed. However, both of those studies found 

reduced expression of PD-1 on T cells following ibrutinib treatment. In this study 

though, no clear pattern of change was seen in the proportion of  

CD4+HLA-DR+PD-1+ T cells after ibrutinib, however the time period was relatively 

short and longer-term follow up may have revealed a more distinct effect. 

Furthermore, this study also showed no overall change in CD4+:CD8+ T cell ratio 

following ibrutinib treatment, supporting the recently published findings of 

Abrisqueta et al. (409). This suggests that the inverted CD4+:CD8+ T cell ratio, having 

been established early in disease (19), remains stable even after treatment has 

reduced the disease burden. 

 Recent work has shown ibrutinib treatment leads to a reduction in the 

proportion of TH2 cells, with a concomitant increase in the proportion of TH1 cells, 

and that this change in the TH2/TH1 ratio is associated with achievement of complete 

remission (410). In this study, the TH2 pathway was associated with  

CD4+HLA-DR+PD-1+ T cells in CLL patients, while the TH1 pathway was more associated 

with CD4+HLA-DR-PD-1- T cells. Whether the ratios of these subsets change following 

ibrutinib treatment, and any subsequent impact on patient outcomes, would be 

valuable to explore in future studies. 

 The advent of low toxicity targeted therapies for CLL, such as ibrutinib and 

venetoclax, brings with it the possibility of increased lifespans for even high risk CLL 

patients, potentially running into decades. Results from the ongoing CAPTIVATE study 

indicate that in combination, ibrutinib and venetoclax can produce progression-free 
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survival of 95% after 2 years (411), representing an improvement on classical FCR 

treatment (35). As combinations are optimised and new agents brought to market, 

there is strong likelihood that these figures will improve even further. However, the 

impact that these therapies and combinations have on the immune system, in 

particular T cells, will require considerable exploration. CLL patients are already 

susceptible to infections (412) and this will be worsened if treatment causes 

impairment of T cell responses, such as by depleting T cell numbers as has been 

reported for ibrutinib (331).  

 The studying and monitoring of T cell populations is likely to remain of key 

importance, both to provide important information to oncologists treating CLL and 

to ensure that the benefits of new treatment regimens are fully realised. However, a 

significant challenge remains in defining the exact parameters that are the most 

clinically relevant and practical for routine monitoring. 

 

 As well as their utility in treatment monitoring, T cells can also be cancer 

treatments themselves. This can either be achieved directly, through the infusion of 

expanded tumour specific T cells in adoptive cell therapy (413), or indirectly through 

the use of checkpoint inhibitors that release the host T cells to destroy the tumour 

(264) or so called cancer vaccines (414). This third method, however, is particularly 

unlikely to be successful in CLL due to patients’ characteristic poor vaccine responses. 

This is a multifactorial problem, but is caused at least in part by the skewing away 

from naïve towards highly differentiated T cells and the presence of significant T cell 

exhaustion (6,415). 
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 In recent years a fourth option T cell therapeutic strategy has emerged, 

namely Chimeric Antigen Receptor (CAR) T-cells. These CAR T-cells are host T cells 

engineered to express a combination of an antibody-derived variable chain fragment 

with the CD3ζ chain, along with co-stimulatory domains from proteins such as 4-1BB 

(416). Together, these complexes allow the CAR T-cell to recognise and respond to 

target antigens in an MHC-independent manner. 

 The majority of CAR T-cell usage in patients to date has been in those with 

haematological cancers. Anti-CD19 CAR T-cells have been used successfully in Acute 

Lymphoblastic Leukaemia (417), Diffuse Large B Cell Lymphoma (418) and Multiple 

Myeloma (419), while CAR T-cells directed against other targets have also been 

trialled (420). Results in CLL have however been mixed, with excellent responses 

sometimes observed but often only in a small proportion of patients (421,422).  

 The reasons for the comparatively poor responses of CLL patients to CAR  

T-cell therapy have not been fully elucidated, but it is likely that the abnormal and 

dysfunctional nature of the T cell compartment in CLL is a key factor. Since CAR  

T-cells are generated from apheresed cells from the patient, the composition of the 

individuals T cell pool will impact on the infused CAR T-cell product. Fraietta et al. 

attempted to explore this by profiling CAR T-cells derived from both responder and 

non-responder CLL patients (423). They observed that increased frequencies of  

naïve-like T cells pre-apheresis correlated with response and that CAR T-cells from 

responder patients showed expression of genes related to memory. Perhaps 

unsurprisingly, genes related to exhaustion and apoptosis were seen in CAR T-cells 

from non-responder patients, similar to the signatures observed for CD4+ T cells from 
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CLL patients in this study. Understanding the nature of T cells in CLL, and the 

mechanisms behind their failure to control the disease, could prove extremely 

valuable in the design of future generations of CAR T-cell therapies. 

 The above results suggested that CLL-derived T cells are unlikely to represent 

good candidates for CAR engineering. This is exacerbated by the presence of 

increased frequencies of TReg cells in CLL patients (240), a key issue for the CAR T-cell 

field. The process of engineering CAR T-cells is non-specific and as such all the T cells 

apheresed from the patient’s blood have the possibility of obtaining CAR expression. 

This includes TReg cells, which have been shown to retain their immunosuppressive 

activity after CAR engineering (424). The activation caused by the recognition of its 

target by the CAR in TReg cells will lead to increased production of inhibitory cytokines 

and potentially negate the positive influence that other CAR T-cells may exert. It may 

be necessary to introduce a TReg depletion step to the CAR T-cell engineering process 

in order to maximise the potential beneficial effect of the treatment. 

 Currently, CAR-T cells are not approved for the treatment of CLL. However, 

the onset of new generations of CARs and slowly improving knowledge of the factors 

that determine the efficacy of CAR T-cells suggest that there is at least hope for future 

CLL patients that this powerful therapeutic option may become available to them. 

  

 The results in this study and others (256,425) clearly demonstrate that there 

is a significant increase in the frequency of CD4+HLA-DR+PD-1+ T cells in CLL compared 

to healthy donors (maximum 31.9% vs 5.9%). However, it is not known what factors 

may have caused this expansion. A potential method of exploring this is single cell T 
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cell receptor (TCR) sequencing. This technique would allow the determination of 

whether CD4+HLA-DR+PD-1+ T cells are clonal, i.e. share common TCRs, and as such 

represent a response to a specific antigen or antigens. Although unlikely, there is a 

possibility that the discovered TCR sequences match previously identified sequences 

and therefore reveal the antigen in question. Even uncovering a clonal expansion of 

CD4+HLA-DR+PD-1+ T cells would represent an important step into understanding the 

nature of this key T cell subset in CLL. 

 It is also unclear whether CD4+HLA-DR+PD-1+ T cells represent a long-lived 

population that has proliferated repeatedly throughout the CLL disease course or 

whether new CD4+HLA-DR+PD-1+ T cells are being continuously generated through 

activation. This question could be addressed through the use of telomere length 

analysis. Telomeres are structures that protect the ends of chromosomes, which are 

known to gradually erode with successive cell divisions (426). Therefore, analysis of 

telomere lengths allows an estimate of the degree of cell division undertaken by a 

cell. Short telomeres in the CD4+HLA-DR+PD-1+ T cell population, in comparison to the 

whole T cell compartment, would suggest that these cells have undergone many 

divisions and as such have been expanding since early in the CLL disease course. 

 

 In conclusion, this study has provided strong evidence that both the frequency 

of CD4+HLA-DR+PD-1+ T cells and the CD4+:CD8+ T cell ratio are prognostic markers in 

CLL. For the latter, given the ease of measurement and strong prognostic power, a 

large-scale UK-wide analysis of this parameter could provide haematologists with an 
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important new tool with which to inform both themselves and CLL patients going 

forward. 

 In depth phenotypic analysis revealed CD4+HLA-DR+PD-1+ T cells to be a 

heterogeneous population, with an enrichment of cytotoxic and actively proliferating 

cells. Gene expression analysis confirmed that this subset is a mixed population and 

demonstrated strong associations with T cell exhaustion pathways and the 

transcription factor TOX in CLL-derived T cells. However, cytokine production and 

proliferation assays showed CD4+HLA-DR+PD-1+ T cells retained their functionality 

and did not provide evidence of this exhausted phenotype in vitro.  

 Further investigation of CD4+HLA-DR+PD-1+ T cells and the mechanisms that 

drive their expansion is warranted given their potential prognostic importance and 

the complex and heterogeneous nature of this subset revealed here. Defining the 

specificity and functional role of this and other CD4+ T cell subsets in CLL will not only 

enhance knowledge of this disease, but may allow for the development of strategies 

to improve immunotherapies and therefore offer new hope to those patients with 

poor prognosis. 
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8 Appendices 
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Figure 8.1: Gene Expression Patterns of Key Genes of Interest Match Phenotypic Observations 
Gene expression data was obtained for T cells from 5 CLL patients and 4 heathy donors using DNA microarray technology. Plots depict the 

normalised level of gene expression for four genes of interest analysed phenotypically in Chapter 3 as follows: A) Granzyme B B) Ki-67 C) 

TIGIT D) CD38. The patterns of expression in the gene expression data closely matched those from the phenotypic data. 
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Gene Name Gene Symbol 
A-kinase interacting protein 1 AKIP1 

ALG14, UDP-N-acetylglucosaminyltransferase subunit ALG14 
anti-silencing function 1B histone chaperone ASF1B 

aurora kinase B AURKB 
breast carcinoma amplified sequence 1 BCAS1 

coiled-coil domain containing 28B CCDC28B 
cyclin A2 CCNA2 
cyclin B1 CCNB1 
cyclin B2 CCNB2 

C-C motif chemokine receptor 10 CCR10 

C-C motif chemokine receptor 4 CCR4 
C-C motif chemokine receptor 8 CCR8 

CD70 molecule CD70 
cell division cycle 6 CDC6 

cyclin dependent kinase 5 CDK5 
cyclin dependent kinase inhibitor 3 CDKN3 

centromere protein W CENPW 
centromere protein X CENPX 

centrosomal protein 55 CEP55 
coiled-coil-helix-coiled-coil-helix domain containing 1 CHCHD1 

class II major histocompatibility complex transactivator CIITA 
CDC28 protein kinase regulatory subunit 2 CKS2 

coronin 1C CORO1C 
dehydrogenase E1 and transketolase domain containing 1 DHTKD1 

E2F transcription factor 2 E2F2 
coagulation factor V F5 

forkhead box P3 FOXP3 
GINS complex subunit 2 GINS2 

glioblastoma down-regulated RNA GLIDR 
gametocyte specific factor 1 like GTSF1L 

H2A histone family member J H2AFJ 
3-hydroxyacyl-CoA dehydratase 1 HACD1 

histone cluster 1 H2B family member h HIST1H2BH 
histone cluster 1 H2B family member m HIST1H2BM 

histone cluster 1 H3 family member i HIST1H3I 
histone cluster 1 H4 family member c HIST1H4C 

major histocompatibility complex, class II, DM beta HLA-DMB 
major histocompatibility complex, class II, DR beta 3 HLA-DRB3 
major histocompatibility complex, class II, DR beta 4 HLA-DRB4 

heat shock factor binding protein 1 HSBP1 
interleukin 7 IL7 
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ISG15 ubiquitin-like modifier ISG15 
KDM7A divergent transcript KDM7A-DT 

long intergenic non-protein coding RNA 1727 LINC01727 
long intergenic non-protein coding RNA 2195 LINC02195 

lymphocyte antigen 96 LY96 
methyltransferase like 7A METTL7A 

MIR4435-2 host gene MIR4435-2HG 
marker of proliferation Ki-67 MKI67 
meiotic nuclear divisions 1 MND1 

mitochondrial ribosomal protein L54 MRPL54 
mitochondrial ribosomal protein L58 MRPL58 

neutrophil cytosolic factor 4 NCF4 
NADH:ubiquinone oxidoreductase subunit A2 NDUFA2 
NADH:ubiquinone oxidoreductase subunit B3 NDUFB3 
NADH:ubiquinone oxidoreductase subunit B6 NDUFB6 

nth like DNA glycosylase 1 NTHL1 
phosphatidylinositol glycan anchor biosynthesis class F PIGF 

polo like kinase 1 PLK1 
PR/SET domain 8 PRDM8 
peroxiredoxin 3 PRDX3 

RAB33A, member RAS oncogene family RAB33A 
rhophilin associated tail protein 1 like ROPN1L 

ribosomal protein L39 like RPL39L 
receptor transporter protein 4 RTP4 

RWD domain containing 2B RWDD2B 
solute carrier family 35 member D2 SLC35D2 

SLIT-ROBO Rho GTPase activating protein 2 SRGAP2 
thymidine kinase 1 TK1 

TNFRSF14 antisense RNA 1 TNFRSF14-AS1 
thioredoxin domain containing 17 TXNDC17 

thymidylate synthetase TYMS 
zinc finger C2HC-type containing 1A ZC2HC1A 

zymogen granule protein 16B ZG16B 
Table 14: Genes Upregulated Solely in Healthy Donor CD4+HLA-DR+PD-1+ T Cells 
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Gene Set p-Value 
GSE11864_UNTREATED_VS_CSF1_IFNG_PAM3CYS_IN_MAC_DN 0.031 

GSE25088_IL4_VS_IL4_AND_ROSIGLITAZONE_STIM_MACROPHAGE_DAY10_UP 0.068 

GSE16450_IMMATURE_VS_MATURE_NEURON_CELL_LINE_UP 0.079 

GSE17721_CPG_VS_GARDIQUIMOD_24H_BMDC_UP 0.099 

GSE9988_LPS_VS_LPS_AND_ANTI_TREM1_MONOCYTE_DN 0.111 

GSE22886_NAIVE_BCELL_VS_BLOOD_PLASMA_CELL_UP 0.114 

GSE24081_CONTROLLER_VS_PROGRESSOR_HIV_SPECIFIC_CD8_TCELL_UP 0.114 

GSE20727_H2O2_VS_ROS_INHIBITOR_TREATED_DC_UP 0.135 

GSE7852_LN_VS_FAT_TCONV_UP 0.151 

Table 15: Most Highly Enriched Gene Sets in CLL-Derived CD4+HLA-DR+PD-1+ T Cells 

Gene Set p-Value 
GSE2706_UNSTIM_VS_2H_LPS_AND_R848_DC_UP 0 

GSE339_CD8POS_VS_CD4CD8DN_DC_IN_CULTURE_UP 0.032 

GSE2197_IMMUNOSUPPRESSIVE_DNA_VS_UNTREATED_IN_DC_UP 0.039 

GSE41867_DAY6_VS_DAY15_LCMV_ARMSTRONG_EFFECTOR_CD8_TCELL_DN 0.041 

GSE27786_BCELL_VS_CD4_TCELL_UP 0.044 

GSE17721_CTRL_VS_PAM3CSK4_6H_BMDC_UP 0.048 

GSE11961_PLASMA_CELL_DAY7_VS_MEMORY_BCELL_DAY40_UP 0.051 

GSE15330_LYMPHOID_MULTIPOTENT_VS_MEGAKARYOCYTE_ERYTHROID_PRO

GENITOR_DN 
0.051 

GSE5099_UNSTIM_VS_MCSF_TREATED_MONOCYTE_DAY3_UP 0.088 

Table 16: Most Highly Enriched Gene Sets in Healthy Donor-Derived CD4+HLA-DR+PD-1+ T 
Cells 



 

  

   

 


