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Abstract 
 

Cancer is currently the leading cause of death in New Zealand, accounting for 30% of all deaths in 

2010.  Due to factors such as an aging population and poor lifestyle choices, the incidence and 

mortality of this disease is set to increase dramatically in the coming decades. This will exert 

substantial stress on the healthcare system, highlighting the urgent need for improved cancer 

therapies. The adoptive transfer of tumour-specific T lymphocytes, known as adoptive cell transfer 

(ACT), is a promising new approach to the treatment of cancer that has proven effective for the 

treatment of haematological malignancies and metastatic melanoma, achieving long-lasting clinical 

responses in approximately 50% of patients. The challenge now remains to enhance the therapeutic 

efficacy of ACT to enable a broad application of this therapeutic approach to the treatment of 

multiple types of cancer and achieve clinical responses in all patients. 

Using ovalbumin as a model tumour-antigen, the aim of this study was to (a), compare the ability of 

dendritic cells (DCs) and macrophages to generate tumour-specific CD4+ and CD8+ T cells for use in 

ACT, and (b), assess the phenotype and function of these generated cells. Splenocytes isolated from 

OT-I (CD8+) and OT-II (CD4+) transgenic mice were cultured with dendritic cells pulsed with 

respective ovalbumin peptide epitopes. After 10 days, these cells were restimulated with either 

dendritic cells or macrophages and cultured for a further 10 days. Macrophages could effectively 

generate tumour-specific CD8+ T cell responses but were poor inducers of CD4+ T cell responses 

compared to dendritic cells.  In the case of CD8+ T cells, antigen-experienced T cells that were 

restimulated with macrophages exhibited superior phenotypic characteristics for use in ACT 

compared to DC-restimulated cells. Both DCs and macrophages predominately generated effector 

memory CD4+ T cells (CD44+CD62L-) and effector memory CD8+ T cells (CD44+CD62L-). Further 

phenotypic analysis of in vitro-generated T cells revealed distinct expression patterns of markers 

associated with T cell dysfunction, survival and differentiation. In response to their cognate antigen, 
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generated T cells produced high levels of TNF-α and IFN-ɣ, suggesting that these cells can mediate 

effective tumour destruction in vivo. 

Future experiments will determine the length of time that adoptively transferred T cells persist in 

vivo and assess the efficacy of ACT using generated CD4+ and CD8+ T cells in an in vivo murine B16-

OVA melanoma model. 
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Chapter 1 – Introduction 
 

1.1 An Overview of Cancer, Current Treatments and Immunotherapy 
 

Carcinogenesis occurs as a stepwise process in which the accumulation of multiple genetic changes 

in somatic cells confers a selective growth advantage, thereby leading to the clonal outgrowth of a 

tumour. This results in disease when cancerous cells grow beyond their usual boundaries and 

metastasize to other parts of the body, disrupting the function of normal tissue. The incidence of 

cancer is increasing and this disease is one of the leading causes of mortality worldwide, accounting 

for 8.2 million deaths in 2012 [1]. Currently, cancer is the leading cause of death in New Zealand, 

responsible for 30% of all deaths in 2010 [2]. Unfortunately, cancer incidence and mortality is set to 

dramatically increase in the coming decades, due to factors such as an aging population and  

increasing adoption of poor lifestyle choices such as unhealthy diet and physical inactivity [1, 3, 4].  

Undoubtedly, this will exert substantial stress on the healthcare system, highlighting the urgency 

and importance for improved cancer treatments [3]. 

1.1.1 Conventional Cancer Therapies  

Conventional therapies, namely surgical resection, radiotherapy and chemotherapy, are crude 

approaches to the treatment of cancer. Although these treatments can improve survival, they lack 

specificity for cancerous cells and damage normal tissue, often resulting in severe side effects that 

greatly impact on the patient’s quality of life [5]. Furthermore, they are rarely ever curative, acting 

only to slow the progression of disease for a limited period before the cancer becomes refractory to 

treatment and relapse occurs. The major problems with these modalities of cancer therapy made it 

evident that advancement in treatment would be the development of therapeutics with a greater 

degree of specificity for cancerous cells. This advance came in the form of monoclonal antibodies, 

the first of which received approval by the Food and Drug Administration (FDA) in 1997 for the 

treatment of low grade B cell lymphoma [6]. Since then, monoclonal antibodies have been a rapidly 
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expanding class of therapeutic agents and are now a key modality for the treatment of a variety of 

solid tumours and haematological malignancies [6]. These therapies have the ability to selectively 

target tumour cells by interfering with specific molecules required for carcinogenesis and tumour 

growth while causing less harm to normal cells. Consequently, survival is improved and patients 

exhibit fewer side effects compared to conventional cancer treatments [6]. Such therapies represent 

a new era of cancer treatment, demonstrating the importance of specificity in achieving therapeutic 

efficacy without serious toxicity. 

1.1.2 Immunotherapies as a Therapeutic Alternative 

Immunotherapies are a new approach for the treatment of cancer, exploiting the ability of the 

adaptive immune system to specifically recognise and destroy malignant cells [7-11]. This ability to 

discriminate tumour cells from their normal counterparts enables effective tumour destruction while 

minimizing toxicity, making these therapies a promising alternative to conventional treatments. In 

essence, cancer immunotherapies target tumour-associated antigens recognised by cellular effectors 

of the immune system, working to enhance or induce endogenous anti-tumour immune responses 

against these in patients that have the disease. Harnessing the immune system to combat cancer is 

an attractive therapeutic strategy because it has the potential to (a) selectively destroy only tumour 

cells bearing specific tumour-associated antigens, and (b) to generate immunological memory for 

that particular tumour and thus prevent recurrence of the disease. 

1.2 Tumour-Associated Antigens and the Immune Response to Cancer 
 

1.2.1 Tumour-Associated Antigens 

Genetic aberrations and epigenetic dysregulation in tumour cells creates a multitude of uniquely 

mutated and non-mutated tumour-associated antigens (TAA). These antigens are recognised as 

‘foreign’ by the host immune system as a consequence of either mutation to normal proteins or the 

expression of proteins not normally present in adult tissues [8]. Thus, the expression of such 
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antigens by cancerous cells differentiates them from their normal counterparts, enabling the specific 

recognition of these cells by the host immune system [12]. This can occur when peptides, derived 

from endogenously synthesized proteins, are displayed on MHC class I molecules at the surface of 

tumour cells (Figure 1) [12]. Alternatively, proteins released from necrotic or apoptotic tumour cells 

can be phagocytosed, processed and then presented on MHC class I and II molecules by antigen 

presenting cells (Figure 1) [13, 14].  

1.2.2 Anti-Tumour Immune Responses 

In order to initiate an immune response against a tumour, specialised antigen-presenting cells called 

dendritic cells (DC) must be activated and present tumour-derived antigen, displayed on MHC class I 

and MHC class II, to naïve (antigen inexperienced) T lymphocytes (Figure 1) [13-15]. There are two 

main types of T lymphocytes; CD8+ cytotoxic T cells (CTL) and CD4+ T helper cells (TH), which differ in 

the way they recognise antigen via two separate processing pathways. CTLs can recognise 

endogenous or intracellular antigens displayed on MHC-I molecules, which are expressed by the 

majority of normal and malignant tissues [12]. These cells can directly recognise tumour cells in the 

context of MHC-I expression and mediate tumour destruction via their cytotoxic activity (Figure 1) 

[15]. However, tumour cells often downregulate MHC-I expression and tumour-associated antigens 

can be less immunogenic compared to non-self epitopes, limiting CD8+ T cell responses [12, 16, 17]. 

In contrast, T helper cells recognise exogenous or extracellular antigen displayed on MHC class II 

molecules [18], the expression of which is mainly restricted to professional antigen-presenting cells 

such as dendritic cells and macrophages.  As the majority of cancerous cells do not express MHC-II, 

tumours cannot be directly recognised and destroyed by CD4+ T cells. However, CD4+ TH cells are 

vital for the growth and activation of cytotoxic T cells and augment anti-tumour responses through 

the regulation of other immune effector cells (Figure 1) [19-24]. It should be noted that the indirect 

nature by which these cells recognise tumour-associated antigens is important, enabling the 

generation of anti-tumour immune responses even when tumour cells have lost the ability to 

process endogenous antigen for presentation on MHC-I molecules.  
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Figure 1 - Overview of the immune response to cancer. Priming phase - Tumour-associated antigens released 
from necrotic tumour cells are phagocytised by antigen-presenting cells, such as dendritic cells, before being 
displayed on MHC molecules. DCs are activated through TLR signalling or ‘danger signals’ supplied by TLR 
agonists such as heat shock proteins released from dying tumour cells. An anti-tumour immune response is 
initiated upon the recognition of these antigens by naïve CD8

+ 
and CD4

+
 T cells. Through receptor-ligand 

interactions and cytokine signalling, these cells become activated and differentiate into effector populations. 
Effector phase – Following activation, effector T cells migrate to the tumour site where they mediate its 
destruction. CD4

+ 
T cells recruit innate effectors, such as tumouricidal macrophages and eosinophils, which kill 

tumour cells through the production of reactive oxygen species. CD4
+ 

T cells can also directly kill tumour cells 
through the production of IFN-ɣ and augment CD8

+ 
T cell function through the production of cytokines. CD8

+ 

effector T cells mediate tumour destruction through their cytotoxic activity (production of perforin and 
granzyme) and through other mechanisms which are not shown. 

 

1.2.3 Antigen-Presenting Cells in Anti-Tumour Immunity 

Dendritic cells are capable of infiltrating into tumours, efficiently sampling the environment before 

delivering tumour-derived antigen to cells of the adaptive immune system. Thus, DCs act as effective 

sentinels that can alert T cells to the emergence of tumours and prime de novo T cell responses [13]. 

Macrophages are another type of antigen-presenting cell that are abundant at sites of inflammation 

and play an important role in the effector phase of immune responses [25]. Like dendritic cells, 
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macrophages can also present tumour-derived antigens displayed on MHC molecules to T cells, 

generating anti-tumour immunity [17, 26, 27]. Following interaction with APCs, naïve CD4+ and CD8+ 

T cells differentiate into antigen-specific effector cells with unique functions and cytokine profiles 

[28]. These cells then direct the effector phase of the anti-tumour immune response, mediating 

tumour destruction through the release of cytokines, cytotoxic activity and the recruitment of innate 

effectors such as tumouricidal macrophages [26, 29] and eosinophils [19]. The generation of anti-

tumour immune responses is therefore dependent on the presentation of tumour antigens by APCs, 

rendering these cells prime candidates for therapeutic antigen delivery and vaccination against 

tumours. 

Traditionally, dendritic cells have been viewed as the primary antigen presenting cells involved in the 

initiation of antigen-specific anti-tumour immune responses. However, recent findings have 

suggested that macrophages play a greater role in the presentation of tumour antigens to T cells 

and, therefore, a greater role in the generation of anti-tumour immune responses. In a recent study, 

it was shown that a subset of macrophages expressing the adhesion molecule CD169+ are required 

for effective priming of CD8+ T cell responses against dead tumour cell-associated antigens [30]. 

Antigen presentation by these macrophages was found to be critical for the activation and 

proliferation of tumour-specific CD8+ T cells, demonstrated by the observation that mice depleted of 

these cells at the time of vaccination failed to reject viable tumour cells [30]. Additionally, the 

induction of anti-tumour immunity following oxaliplatin-induced degradation of an established 

tumour was also abolished in CD169+ macrophage-depleted mice [30]. It is thought that these 

macrophages, which reside in the lymph node sinus, acquire tumour antigens via the phagocytosis of 

dead tumour cells transported in the lymphatic fluid and cross-present cell-associated antigens to 

CD8+ T cells [31]. Strikingly, results from the study also suggested that migratory dendritic cells may 

play a limited role in the transport and presentation of dead tumour cell antigens to CD8+ T cells and 

that CD169+ macrophages more efficiently cross-present cellular antigens compared to DCs. 
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Currently, cell-based immunotherapies focus on the use of dendritic cells to generate or enhance 

anti-tumour immunity via the activation of tumour-specific T cells. Unfortunately, these approaches 

have had limited success in clinical trials. However, in light of the notion that DCs may not be 

primarily responsible for the cross-presentation of tumour-associated antigens, the reliance on DCs 

to generate anti-tumour immunity in these therapies may be a factor in their limited success. Thus, 

as macrophages play an important role in the cross-presentation of tumour antigen to CD8+ T cells, 

the use of macrophages to generate tumour-specific T cells may enhance some approaches to 

cancer immunotherapy. 

1.3 Adoptive Cell Transfer for the Treatment of Cancer 
 

1.3.1 Adoptive Cell Transfer (ACT) 

The adoptive transfer of tumour-specific lymphocytes, known as adoptive cell transfer (ACT), is a 

promising approach to the immunotherapy of cancer. This therapeutic approach involves the 

isolation of autologous (i.e. from the same patient) tumour-specific T cells, usually cytotoxic CD8+ T 

cells (CTL), which are then activated and expanded ex vivo before being infused back into the cancer 

patient [32, 33]. The hypothesis of this approach is that the large population of activated T cells 

generated ex vivo will migrate to the tumour in vivo and mediate its destruction. In many cases, 

these cell-based therapies have proven superior for controlling tumour growth when compared to 

standard monotherapies, such as treatment with one chemotherapeutic agent [34]. In fact, adoptive 

cell transfer is so effective for the treatment of metastatic melanoma that it is currently one of the 

best available treatments, achieving long-lasting clinical responses in approximately 50% of patients 

[35-38]. In a recent study, patients with metastatic melanoma were treated with the adoptive 

transfer of heterogeneous T cells isolated from autologous tumours [34]. Clinical responses ranged 

from 49% to 72%, with 20 of the 93 patients (22%) achieving complete tumour regression [34]. It 

should be noted that melanoma is unique in that it is a highly immunogenic cancer, naturally 

generating anti-tumour T cells in vivo [35]. Thus, adoptive cell transfer has failed to achieve 
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comparable results for the treatment of other cancers including glioma [39] and metastatic synovial 

cell sarcoma [40]. However, different cancer types should be equally susceptible to the anti-tumour 

activity of T cells [35] and therefore, improving the effectiveness of ACT should enable a broad 

application of this therapeutic approach for the treatment of multiple types of cancer.  

1.3.2 Challenges for Adoptive Cell Transfer 

Although adoptive cell therapy can achieve high rates of cancer regression in patients with 

metastatic melanoma, there is still a lack of response in some patients [34]. This failure to achieve 

tumour regression in all patients can be attributable to variety of factors associated with clinical 

outcome. These include: (i) the proliferation potential of transferred cells [41, 42], (ii) the 

persistence of transferred cells [43], the differentiation status or phenotype of transferred cells [44, 

45], and (iv) the ability of the transferred T cells to migrate to the tumour site [33, 36, 46]. Another 

important reason immunotherapies commonly fail is due to the inability to isolate and expand a 

sufficient number of tumour-specific T cells to mediate tumour destruction [47]. This may be 

attributable to the fact that tumour-specific T cells will either be at the tumour site or in the draining 

lymph node, rather than in the peripheral circulation from which the cells used for therapy are 

isolated [47]. Thus, optimising the efficacy of ACT will depend on a greater understanding of the 

basic immunological processes that influence clinical outcome in patients. 

1.4 T Cell Differentiation and Memory Generation 
 

1.4.1 T Cell Differentiation 

Antigen-specific naïve T cells exist at extremely low frequencies in the host. However, these cells 

undergo differentiation and clonal expansion after encountering their cognate antigen, generating a 

high frequency of antigen-specific cells with efficient effector functions. Thus, T cells undergo both 

quantitative and qualitative changes in response to antigen, enabling a more rapid response to 

infection and disease upon antigen re-exposure [48]. These changes in T cell function and cell 
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number, in collaboration with the humoral response, constitute the adaptive immune response and 

form the basis for immunological memory.  

Both CD4+ and CD8+ T cells undergo unique differentiation pathways following activation in order to 

orchestrate their distinct functions. In response to antigen and costimulation, naïve CD4+ T cells 

differentiate into effector cells that can carry out specific functions. There are several different CD4+ 

T cell functional subsets, however, in the context of cancer, T helper type 1 (TH1) cells are most 

important as they can orchestrate effective anti-tumour responses [49]. In the case of naïve CD8+ T 

cells, stimulation results in their differentiation into effector T cells (TEFF). These cells are classified as 

such based on their cytolytic activity and production of cytokines such as IFN-γ and TNF-α, both of 

which can mediate tumour destruction [48].  

1.4.2 T Cell Memory Subsets 

Following the cessation of antigenic stimulus, a massive contraction in the effector T cell population 

occurs [50, 51]. Cells that avoid apoptosis during this period undergo further differentiation to form 

populations of long-lived memory cells, which are characterised by their ability to rapidly exert 

effector functions in response to antigen and undergo efficient antigen-independent homeostatic 

proliferation [52]. Two distinct memory T cells have been defined based on their anatomical 

location, expression of cell surface markers and effector functions [48, 53]. In humans, these subsets 

are identified based on their expression of CCR7 and CD62L, molecules that facilitate homing to 

lymph nodes through high endothelial venules, with central memory T cells (TCM) identified as CCR7+ 

CD62LHi and effector memory T cells (TEM) identified as CCR7- CD62LLo [53]. In mice, expression of the 

adhesion molecules CD62L and CD44 seem to be the most reliable markers for both CD4+ and CD8+ 

memory subsets, with TCM cells identified as CD44+ CD62L+ and TEM cells identified as CD44+ CD62L- 

[54]. In brief, there are several models for the development of memory CD4+ and CD8+ T cells. For 

CD8+ T cells, differentiation appears to follow a linear pathway from naïve → TEFF → TEM → TCM, with 

TEM and TCM cells representing a continuum of effector-to-memory transition rather than distinct 
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subsets [52]. On the other hand, CD4+ TH1 memory differentiation differs from that of CD8+ cells and 

appears to be more complex, with a small proportion of stimulated, IFN-ɣ- cells developing into long-

lived memory cells [48]. 

Both central memory and effector memory T cells have distinct functions, which are reflected by 

their unique anatomical localisations. TCM are found exclusively in the blood, spleen and lymph 

nodes, due to the expression of homing receptors, while TEM cells are found primarily in non-

lymphoid tissues. Both subsets also have distinct functional characteristics, with TEM cells responding 

more rapidly to antigen re-exposure. Compared to TCM cells, TEM cells produce effector cytokines 

more efficiently and, in the case of CD8+ T cells, acquire CTL function more swiftly. Thus, TEM cells 

provide a first line of defence in peripheral tissues where they are poised to provide protective 

immunity following reinfection or relapse in the case of cancer [52, 54]. Conversely, TCM cells have a 

greater capacity to persist in vivo and exhibit greater proliferative potential compared to TEM cells 

[52]. It is thought that TCM cells are reactivated in the lymph nodes following antigen re-exposure, 

decrease lymph-homing receptor expression and migrate to peripheral tissues to become TEM cells, 

providing a secondary immune response [48]. Protective immunity is considered to be more 

efficiently conferred by TCM cells than TEM due the greater proliferative capacity of these cells in 

response to antigen [44].  In the context of an anti-tumour response, studies examining the 

therapeutic potential of different CD8+ T cell memory subsets in ACT have found TCM to be superior 

to TEM cells [44]. 

1.4.3 Generation of T Cell Memory 

The initial activation of naïve T cells and the subsequent generation of memory T cell subsets is a 

complex process involving TCR, costimulation and cytokine signalling [48, 55]. The precise molecular 

interactions that regulate memory generation remain unclear; however, costimulation and the 

strength and duration of TCR signalling, determined by the concentration of and affinity for antigen, 

appear to be a major factors [56]. In addition, the cytokines IL-2 [57, 58], IL-7 [59]  and IL-15 [44, 60] 
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are implicated in memory cell generation, however, which of these cytokines are essential remains 

somewhat of a contentious issue. As the strength of signalling received by T cells varies depending 

on the concentration of costimulatory molecules and antigen presentation, the phenotype of APCs 

ultimately influences T cell fate [55]. Thus, as the cytokine profiles, efficiency of antigen-presentation 

and costimulation capacity of different APCs varies, different APC populations (for example, DCs and 

macrophages) may generate distinct frequencies of T cell memory subsets. 

1.5 The Roles of T Cell Subsets in Anti-Tumour Immunity and Use in ACT 
 

Although CD4+ T cells play a crucial role in the initiation and maintenance of immune responses, 

cytotoxic CD8+ T cells have been the predominant focus of cancer immunotherapy, with adoptive 

cell transfer (ACT) clinical trials normally focusing on the use of this T cell subset [32, 33]. This is 

largely due to the traditional consensus that CD8+ T cells are the dominant effectors that mediate 

the destruction of cancerous cells [19]. Furthermore, antigen recognition by CD4+ T cells is restricted 

to MHC class II-peptide complexes in contrast to MHC class I-restricted CD8+ T cells [18]. Very few 

MHC class II-restricted tumour antigens have been identified [61, 62] and most tumour cells do not 

express MHC class II [22]. Consequently, the role of CD4+ T cells in anti-tumour immunity has 

received little attention and has for the most part, remained underappreciated and somewhat 

controversial [18, 19, 63]. However, it is becoming increasingly apparent that CD4+ T cells play a vital 

role in coordinating the host response to tumours by mediating significant anti-tumour effector 

functions [18]. 

CD8+ T cell function is largely reliant on CD4+ T cells through a number of mechanisms [18]. Studies 

have shown that both CD4-knockout and CD4+ T cell-depleted mice fail to reject tumours following 

vaccination with tumour-antigen, demonstrating that CD4+ T cells play a crucial regulatory role in the 

induction of tumour antigen-specific CD8+ T cells [19, 64]. Furthermore, the adoptive transfer of 

CD4+ T cells can elicit the de novo generation of tumour-specific CD8+ T cells that can mediate 

tumour destruction [16]. It is thought that the efficient activation of CD8+ T cells by CD4+ T cells 
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requires both cells to recognise the same antigen presented on respective MHC molecules by a 

dendritic cell [16, 18]. The recognition of antigen by CD4+ T cells enables these cells to prime CD8+ T 

cell responses, largely through the production of IL-2 which promotes proliferation and cell growth 

[16, 18]. Furthermore, CD4+ T cells also activate antigen-bearing dendritic cells, enhancing their 

ability to effectively prime naïve CD8+ T cells through the interaction of CD40L, expressed on the 

surface of activated CD4+ T-helper cells [65], with CD40, expressed on the surface of dendritic cells 

[14, 66, 67]. Thus, the initiation of anti-tumour immune responses requires the active participation 

of both CD4+ and CD8+ T cells in which antigen-presenting cells, DC in particular, play a critical 

intermediary role. 

In addition to their role in initiating anti-tumour immune responses, CD4+ T cells are vital in 

maintaining CD8+ T cell functions through the secretion of cytokines [18, 20]. Following antigen-

recognition, CD4+ T helper cells produce IL-2, which is important in the generation and maintenance 

of CD8+ memory cells [57, 58] and promotes T cell expansion [68, 69]. Furthermore, antigen-specific 

CD4+ T cells induce the production of IL-15 by dendritic cells [70]. This cytokine is important in the 

maintenance of CD8+ T cell function [71] and has been shown to enhance the anti-tumour activity of 

tumour-reactive CD8+ T cells in vivo [60]. Moreover, IL-15 promotes the survival of CD8+ memory T 

cells by inhibiting apoptosis [70]. Thus, it comes as no surprise that in the absence of CD4+ T cells, 

antigen-specific CD8+ T cells lose the ability to develop into memory cells and generate a secondary 

response upon re-encountering antigen [24, 72]. This highlights the importance of CD4+ T cells in the 

maintenance of anti-tumour responses, required to eradicate tumours, and the generation of 

immunological memory, required to prevent the recurrence of disease. 

In addition to facilitating CD8+ T cell function, CD4+ T cells have been shown to play a broader role in 

anti-tumour immunity through the mediation of other effector functions [19].  In mice vaccinated 

with irradiated tumour cells several weeks before a live tumour challenge, those that were 

immunologically intact were capable of tumour rejection, however, the depletion of CD4+ T cells 
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prior to the tumour challenge resulted in the complete loss of tumour rejection [73]. Studies in 

murine models have also demonstrated that the adoptive transfer of tumour-specific CD4+ T cells 

can eradicate established melanoma [74, 75], pulmonary metastases [76] and adenocarcinoma [77]. 

Furthermore, the adoptive transfer of autologous CD4+ T cell clones, specific for the tumour-

associated antigen NY-ESO-1, achieved long-term complete remission in a patient with metastatic 

melanoma [78]. Although these studies are promising and clearly suggest a more direct role for CD4+ 

T cells in the effector phase of tumour rejection, the mechanisms by which CD4+ T cells mediate anti-

tumour immunity remain unclear. However, as the majority of tumours do not express MHC class II 

molecules, these mechanisms are thought not to require direct contact with cancerous cells and it is 

likely that cytokine production by effector CD4+ T cells is important [19, 22, 79]. One important 

mechanism is the production of IFN-ɣ by CD4+ T cells, which can contribute to tumour regression 

through the inhibition of tumour-induced angiogenesis [79]. Furthermore, this cytokine has direct 

effects on tumour cell immunogenicity, increasing CD8+ T cell tumour-recognition and destruction 

through the upregulation of MHC class I expression in cancerous cells [80]. In addition, IFN-γ and IL-4 

production by CD4+ T cells results in the activation and recruitment innate effector cells such as 

eosinophils and macrophages [19]. These cells infiltrate into the tumour site, causing its destruction 

through the production of both superoxide and nitric oxide [19]. It has also been shown that 

peroxidase produced by eosinophils interacts synergistically with hydrogen peroxide, released from 

activated macrophages, to destroy tumour cells [81]. These innate effector cells clearly play an 

important role in tumour destruction, a notion supported by the finding that mice with nitric oxide 

synthase deficiency and decreased macrophage tumouricidal activity exhibit a reduced ability to 

reject tumours [19]. Thus, CD4+ T cells are capable of mediating anti-tumour immunity through 

indirect mechanisms which are independent of CD8+ T cells. These indirect mechanisms of tumour 

recognition and destruction have advantages over those employed by CD8+ T cells, remaining 

effective even when tumour cells down-regulate MHC and/or antigen expression; an important 

strategy employed by tumours to evade classical CD8+ T cell-dependent immune responses [12]. 
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In both experimental models and in the clinical setting, treatments involving the adoptive transfer of 

tumour-specific CD8+ T cells often produce transient anti-tumour responses that fail to achieve 

complete tumour regression [11, 32]. The failure of such therapies to generate the persistent 

immune response required to eradicate tumours and prevent recurrence can be attributable to a 

variety of different factors. However, as CD4+ T helper cells play a crucial role in generating CD8+ T 

cell memory, the absence of these cells in such therapies is one explanation. It has been shown that 

incorporating CD4+ T cells into therapies improves the persistence and function of adoptively 

transferred cells compared to therapies that only use CD8+ T cells [46]. Furthermore, studies have 

even shown that the adoptive transfer of CD4+ T cells can be more efficient at tumour rejection than 

CD8+ T cells [82]. Indeed, there is a growing consensus that CD4+ T cells can be powerful anti-tumour 

effector cells that play a central role in immune responses against cancer [83]. Thus, the use of both 

CD4+ and CD8+ T cells in cancer treatments may achieve optimal immunotherapy through the 

generation of strong and long-lasting anti-tumour immunity. 

1.6 Aims and Rationale  
 

Previous work in our lab has demonstrated that T cells expanded in vitro for 20 days are highly 

effective at mediating tumour regression when used in ACT. Additionally, we have shown that using 

combinations of both CD4+ and CD8+ T cells in ACT has a synergistic effect, achieving superior 

therapeutic efficacy compared to the use CD4+ or CD8+ T cells alone. Due to the efficient antigen-

presentation capabilities of dendritic cells, these cells were utilised to generate T cells in vitro for use 

in these ACT experiments. 

Recent evidence indicates that macrophages may in fact play an important role in the presentation 

of tumour-associated antigens, suggesting that the contribution of these cells to anti-tumour 

immunity has been overlooked. In light of these findings and the intense focus on dendritic cells as 

the primary cell involved in generating T cell responses, the aim of this project was to compare the 

ability of the different types of APC to induce anti-tumour T cell responses in vitro using ovalbumin 
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as a model tumour antigen. Specifically, the aims of this study were to (a), compare the ability of 

dendritic cells (DCs) and macrophages to generate tumour-specific CD4+ and CD8+ T cells for use in 

ACT, and (b), assess the phenotype and function of these generated cells.  
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Chapter 2 – Material and Methods 
 

2.1 Animals and Cell Culture 
 

2.1.1 Mice 

Specific pathogen-free (SPF) 8-12 week old female C57BL/6, OT-I and OT-II mice were obtained from 

the Hercus Taieri Research Unit (HTRU), University of Otago, New Zealand. All experimental 

protocols were approved by the University of Otago Animal Ethics Committee and were performed 

in accordance with the ethical approval number ET09/14. 

2.1.2 Preparation of Murine Bone Marrow Cells  

Following euthanasia, C57BL/6 mice were sprayed with 70% ethanol and the femurs and tibias were 

dissected using scissors. Muscle connected to the bones was removed before the femurs and tibias 

were placed into a petri dish containing ice cold Dulbecco’s phosphate buffered saline (DPBS, Gibco 

by Life Technologies Corp, Grand Island, NY, USA). The bones were then transferred into a laminar 

flow biological safety cabinet where they were placed in 70% ethanol for 1 minute and washed twice 

in sterile DPBS + 5% foetal calf serum (FCS, Moregate Biotech, Hamilton, New Zealand). The 

epiphyses were then removed using sterilised scissors and forceps and the shafts flushed with a 

syringe containing cold DPBS5 to extrude the bone marrow. The bone marrow was then passed 

through a 70µm nylon cell strainer into a sterile 50mL polypropylene tube and the cell suspension 

centrifuged for five minutes at 250 × g at 4°C. Red blood cells were lysed by resuspending the cell 

pellet in 2mL warm red cell lysis buffer (Appendix 1) for 1 minute. The cells were then washed in 

DPBS5, centrifuged for seven minutes at 250 × g at 4°C and resuspended in 10mL of cold complete 

IMDM medium (Gibco) supplemented with 5% FCS (Moregate Biotech), 100 units/mL of penicillin, 

100µg/mL of streptomycin and 55µM 2-mercaptoethanol (all from Gibco), hereafter referred to 

simply as cIMDM-5. The cell number was determined using a haemocytometer (trypan blue 
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exclusion method) and the cells were then resuspended at a concentration of 1 × 106 cells/mL in 

cIMDM-5. This cell suspension generated is hereafter referred to as fresh bone marrow cells. 

2.1.3 Generation of Bone-Marrow Derived Dendritic Cells (BMDCs) 

To generate dendritic cells, fresh bone marrow cells were resuspended in cIMDM-5 containing 

20ng/mL murine recombinant GM-CSF (mGM-CSF, Prospec-Tany TechnoGene Ltd, Rehovot, Israel) at 

a concentration of 0.5 × 106 cells/mL. 2.5 × 106 cells were seeded into each well of a six-well plate 

(tissue-culture treated) and incubated at 37°C with 5% CO2. After three days, 2mL of supernatant 

was removed from each well and replaced with 3mL of fresh cIMDM-5 containing 20ng/mL mGM-

CSF. Six days after seeding the cells, immature BMDCs were obtained by harvesting the non-

adherent cell population, rinsing each well with cold DPBS5. The cells were pooled into a 50mL 

polypropylene tube, centrifuged for seven minutes at 250 × g at 4°C and resuspended in 10mL of 

cIMDM-5. The cell number was determined using a haemocytometer (trypan blue exclusion method) 

and the cells were then resuspended at a concentration of 1 × 106 cells/mL in cIMDM-5. This cell 

suspension generated is hereafter referred to as BMDCs. 

2.1.4 Generation of Bone-Marrow Derived Macrophages (BMDMs) 

To generate macrophages, fresh bone marrow cells suspended in cIMDM-5 containing 5ng/mL 

mGM-CSF (Prospec-Tany TechnoGene) were seeded in a tissue-culture flask (T75) at a concentration 

of 1 × 106 cells/mL and incubated at 37°C with 5% CO2. After 24 hours, cells were gently resuspended 

and murine recombinant IL-3 (mIL-3, Prospec-Tany TechnoGene) was added to the cell suspension at 

a concentration of 5ng/mL. 5mL aliquots of cell suspension were then transferred into raw 

polystyrene plates (non-tissue culture treated, bacteriological grade) and incubated for a further 

three days. After this period of time, 5mL of fresh cIMDM-5 containing 5ng/mL mGM-CSF and 

5ng/mL mIL-3 was added to each plate and cells were incubated for an additional 6 days. 10 days 

after seeding the cells, media containing the non-adherent cell population was discarded and the 

plates were rinsed twice with ice cold DPBS. To obtain BMDMs (the adherent cell population), 3mL 
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of Accutase™ cell detachment solution (BD Biosciences, San Jose, CA, USA) was added to each plate 

and incubated at room temperature for 5 minutes. After this incubation period, 5mL of DPBS5 was 

added to each plate and cells were pooled into a 50mL polypropylene tube, centrifuged for seven 

minutes at 250 × g at 4°C and resuspended in 10mL of cIMDM-5. The cell number was determined 

using a haemocytometer (trypan blue exclusion method) and the cells were then resuspended at a 

concentration of 1 × 106 cells/mL in cIMDM-5. This cell suspension generated is hereafter referred to 

as BMDMs. 

2.1.5 Activation of Antigen-presenting Cells (APCs) with Toll-Like Receptor (TLR) Agonists 

For experiments assessing the expression of activation and mononuclear cell-specific markers in 

APCs, immature day 6 BMDCs and day 10 BMDMs were treated with 0.1-5µg/mL lipopolysaccharide 

(Escherichia coli, Sigma-Aldrich, St Louis, MO, USA), 0.1-5µg/mL CpG-ODN 1826 (GeneWorks, 

Hindmarsh, SA, Australia) or left untreated in cIMDM-5 medium for 24 hours. Following incubation, 

BMDCs and BMDMs were stained with fluorophore-conjugated anti-mouse CD11c, CD11b, CD40, 

CD80, CD169, H-2Kb (MHC-I) and Ly6C monoclonal antibodies. The specific antibodies used and their 

manufacturer are listed in Table 2.1. Fluorescence intensity was analysed by flow cytometry (refer to 

section 2.3). 

2.1.6 Maturation and Peptide-pulsing of Antigen-Presenting Cells 

For T cell co-cultures and experiments assessing the T cell stimulatory capacity of APCs, day 6 BMDCs 

and day 10 BMDMs were treated with 1µg/mL lipopolysaccharide (Sigma-Aldrich) in cIMDM-5 

medium for 24 hours. After 24 hours, cells were harvested, centrifuged for seven minutes at 250 × g 

at 4°C, counted and then resuspended in cIMDM-5 medium at a concentration of 1 × 106 cells/mL. 

LPS-matured BMDCs and BMDMs were then pulsed with 1µg/mL of either OVA257-264 (SIINFEKL) or 

OVA323-339 (ISQAVHAAHAEINEAGR, both from Mimitopes, Clayton, Victoria, Australia) and incubated 

at 37°C with 5% CO2 for 4 hours. Cells were then washed in room temperature DPBS to elute excess 

peptide and resuspended at a concentration of 1 × 106 cells/mL in complete advanced DMEM/F-12 
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medium (Gibco) supplemented with 5% FCS (Moregate Biotech), 100 units/mL of penicillin, 

100µg/mL of streptomycin, 55µM 2-mercaptoethanol and 20µM HEPES buffer solution (all from 

Gibco). For T cell co-cultures and experiments, OT-I and OT-II cells were stimulated with SIINFEKL- 

and OVA323-339-pulsed APCs, respectively.  LPS-matured antigen-pulsed BMDCs and BMDMs are 

hereafter referred to as DC-OVA323-339 and DC-SIINFEKL or MΦ-OVA323-339 and MΦ-SIINFEKL, 

respectively. 

2.1.7 Preparation of Splenocytes 

OVA-specific CD4+ and CD8+ T cells were obtained from the spleens of OT-II and OT-I transgenic mice, 

respectively. Following euthanasia, mice were sprayed with 70% ethanol and the spleens dissected 

using sterilised scissors and forceps. Spleens were placed into a petri dish containing sterile ice cold 

DPBS (Gibco), transferred into a laminar flow biological safety cabinet and washed twice in sterile 

DPBS + 5% FCS (DBPS5). Spleen tissue was then homogenised by forcing it through a 70µm nylon cell 

strainer and rinsing with ice cold DPBS5. The resultant splenic cell suspension was then centrifuged 

for seven minutes at 300 × g at 4°C. Red blood cells were lysed by resuspending the cell pellet in 3mL 

warm red cell lysis buffer (Appendix 1) for 2 minutes. Cells were then washed in DPBS5, centrifuged 

for seven minutes at 300 × g at 4°C and resuspended in 10mL of complete advanced DMEM/F-12 

medium (Gibco) supplemented with 5% FCS (Moregate Biotech), 100 units/mL of penicillin, 

100µg/mL of streptomycin, 55µM 2-mercaptoethanol and 20µM HEPES buffer solution (all from 

Gibco), hereafter referred to simply as cDMEM/F12-5. The cell number was determined using a 

haemocytometer (trypan blue exclusion method) and the cells were then resuspended at a 

concentration of 1 × 106 cells/mL in cA-DMEM/F12-5 (for T cell co-cultures) or cIMDM-5 medium (for 

target cell preparation). 

2.2.8 Generation of T Cells from Splenocytes 

Spleen cells from naïve OT-I and OT-II mice were co-cultured in cA-DMEM/F12-5 medium with LPS-

matured BMDCs pulsed with SIINFEKL or OVA323-339 peptide, respectively. 2 × 106 OT-I or OT-II 
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splenocytes were seeded into 12-well tissue culture plates with 0.1 × 106 DC-SIINFEKL or DC-OVA323-

339 (1 DC:20 T cell ratio), respectively. Wells containing splenocytes only and splenocytes with 

unpulsed DCs were also seeded as negative controls. All cultures were supplemented with murine 

recombinant IL-7 (mIL-7, Prospec-Tany TechnoGene) at a concentration of 5ng/mL and cultures 

containing OT-II splenocytes were also supplemented with human recombinant IL-2 (hIL-2, 

BioLegend, San Diego, CA, USA) at a concentration of 1ng/mL. Cells were expanded for 10 days at 

37°C with 5% CO2. On days 3, 5 and 7, cells were harvested, counted by haemocytometer and 

resuspended in fresh cA-DMEM/F12-5 medium containing 5ng/mL mIL-7 at a concentration of 0.5 – 

1 × 106 cells/mL.  

On day 10, cells were harvested, seeded into 12-well tissue culture plates and restimulated with 

either DC-SIINFEKL/DC-OVA323-339 or MΦ-SIINFEKL/MΦ-OVA323-339 at an APC to T cell ratio of 1:10. All 

cultures were supplemented with 5ng/mL mIL-7 and cultures containing OT-II cells were also 

supplemented with 1ng/mL hIL-2. Again, wells containing day 10 cells only and day 10 cells with 

unpulsed DCs or MΦs were also seeded as negative controls. As a positive control, day 10 cells were 

restimulated with a 1:1 ratio of mouse T-activator CD3/CD28 Dynabeads® (Invitrogen Dynal AS, Oslo, 

Norway). After 4 hours, non-adherent cells were gently resuspended using a pipette, transferred 

into new wells and expanded for a further 10 days at 37°C with 5% CO2. Two, four and seven days 

after restimulation (days 12, 14 and 17), cells were harvested, counted by haemocytometer and 

resuspended in fresh cA-DMEM/F12-5 medium containing 5ng/mL mIL-7 at a concentration of 0.5 – 

1 × 106 cells/mL. On day 20, 10 days after restimulation, cells were harvested for phenotypic analysis 

and functional assessment.  

The expression of various T cell markers by Day 0, Day 10 and Day 20 cells was identified using 

fluorophore-conjugated antibody staining and analysed by flow cytometry (refer to section 2.3). 

Cytokine production by Day 10 and Day 20 cells was also assessed (detailed in section 2.2.1). 
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2.2.9 Fold of T Cell Expansion 

At the end of each expansion (Day 0-10 and Day 10-20), the total number of viable cells was 

determined using a haemocytometer (trypan blue exclusion method). Day 0, Day 10 and Day 20 cells 

were stained with fluorophore-conjugated anti-mouse CD3 and CD4 (OT-II) or CD8 (OT-I) monoclonal 

antibodies and then analysed by flow cytometry to determine the proportion of T cells (identified as 

CD3+ CD4/8+). The number of viable CD3+ CD4/8+ cells for each time point was then calculated by 

multiplying the total number of viable cells, determined using a haemocytometer, by the proportion 

of CD3+ CD4/8+ cells in that cell population. The fold of T cell expansion was then calculated using 

the formula:  

Fold Expansion =
Number of viable CD3+CD4/8+ cells (harvested on day 10 or 20)

Number of viable CD3+CD4/8+  cells (seeded on day 0 or 10)
 

2.2 T Cell Functional Assays 
 

2.2.1 Assessment of cytokine production by T Cells 

To assess cytokine production by generated T cells, Day 10 and Day 20 T cells were resuspended in 

cA-DMEM/F12-5 medium at a concentration of 1 × 106 cells/mL and seeded into 12-well tissue 

culture plates (2 × 106 cells/well). CD4+ (OT-II) and CD8+ (OT-I) T cells were then stimulated with DC-

OVA323-339 or MΦ-OVA323-339 and DC-SIINFEKL or MΦ-SIINFEKL, respectively, at an APC to T cell ratio 

of 1:10. For a positive control, T cells were stimulated with 50ng/mL phorbol 12-myristate 13-

acetate (PMA) and 500ng/mL ionomycin. Wells containing T cells only and T cells plus unpulsed 

macrophages or unpulsed dendritic cells were also plated as negative controls. Wells were treated 

with 1 × brefeldin A solution (BioLegend) to inhibit protein transport (enabling the detection of 

cytokine production by intracellular antibody staining) and incubated for 5 hours at 37°C with 5% 

CO2. Cells were then stained with Zombie violet™ viability dye (BioLegend), permeabilized and 

stained intracellularly with fluorophore-conjugated anti-mouse IL-2, IL-10, IFN-ɣ and TNF-α 



Material and Methods  Nicholas Shields 

23 
 

monoclonal antibodies (refer to Table 2.1 and section 2.3.1).  The expression of cytokines was then 

analysed by flow cytometry.  

2.2.2 Preparation of Target Cells 

A splenic cell suspension was made as detailed previously (section 2.1.7) from the spleens of naïve 

C57BL/6 mice. Splenic cells were resuspended at a concentration of 5 × 106 cells/mL in cIMDM-5 and 

pulsed with 5µg/mL of either SIINFEKL or OVA323-339 peptide or left unpulsed for 3 hours. Following 

this incubation period, cells were washed three times in DPBS, centrifuged for 10 minutes at 300 × g 

at room temperature and resuspended in DPBS at a concentration of 4 × 107 cells/mL. Unpulsed, 

SIINFEKL-pulsed and OVA323-339-pulsed cells were then labelled with 1µM violet cell proliferation dye 

450 (VPD450, BD Biosciences), 10 µM CFSE (CFSEHigh, CellTrace™ CFSE Cell Proliferation Kit, Life 

Technologies Corp) and 1 µM CFSE (CFSELow), respectively. Cells were incubated in the dark at room 

temperature for 8 minutes before an equal volume of FCS was added to the cell suspensions. CFSE 

and VPD450 stained cells were then washed three times in DPBS and centrifuged for 10 minutes at 

300 × g at room temperature. Finally, the cells were resuspended in cIMDM-5 at a concentration of 3 

× 106 cells/mL and combined at a 1:1:1 ratio by mixing equal volumes of the three cell suspensions. 

This cell suspension generated is hereafter referred to as target cell suspension. 

2.2.3 In vitro Cytotoxicity Assay 

To assess the cytotoxicity of CD4+ and CD8+ T cells in vitro, 100µL of target cell suspension (3× 105 

cells) was seeded into each well of a 96-well round bottom tissue-culture plate. Day 20 CD4+ and/or 

CD8+ T cells (generated as detailed section 2.2.8) were resuspended in cIMDM-5 medium at a 

concentration of 3 × 106 cells/mL and added to wells containing target cell suspension at a T cell to 

target cell ratio of 1:1. Wells containing target cell suspension only were also plated as a control. To 

investigate the role of cytokine secretion in the mediation of target cell killing, half of the wells were 

treated with 1 × brefeldin A solution (BioLegend). Cells were then incubated for 6 hours at 37°C with 

5% CO2 before being stained with LIVE/DEAD® near-IR dead cell dye (Life Technologies Corp) and 
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phycoerythrin-conjugated anti-mouse I-A/I-E (MHC-II) monoclonal antibody (refer to Table 2.1 and 

section 2.3.1). Cells were then analysed by flow cytometry and the percentage of specific lysis was 

calculated for each sample using the following formula:  

Percentage of Specific Lysis =  1 − (
RatioTarget Cell Only Control

RatioTarget Cells + T Cell Sample
) ×  100 

Where ‘Ratio’ equals the proportion of control cells (VPD450+) divided by the proportion of target 

cells (MHC-II+ CFSELow or CFSEHigh) in a given sample. MHC-II+ CFSELow cells represent CD4+ T cell 

targets and CFSEHigh cells represent CD8+ T cell targets. 

2.3 Antibody Staining and Data Analysis 
 

2.3.1 Antibody Staining 

All antibodies used in experiments and their manufacturers are listed in Table 2.1. For all antibody 

staining, 1 × 106 cells were used for each sample and washed in 200µL FACS buffer (Appendix 1). 

Cells were then stained with either Zombie violet™ viability dye (Biolegend) or LIVE/DEAD® near-IR 

dead cell dye (Life Technologies Corp) diluted in 50µL PBS (Appendix 1) for 20 minutes in the dark at 

4°C. Samples were then washed in 200µL FACS buffer and centrifuged for 3 minutes at 350 × g at 

4°C. To prevent non-specific binding of antibodies, cell surface Fc receptors were blocked using anti-

mouse CD16/CD32 Fc Block™ (BD Biosciences).  Samples were incubated with anti-mouse 

CD16/CD32 Fc Block™ diluted in 50µL FACS buffer for 10 minutes at 4°C, washed in 200µL FACS 

buffer and centrifuged for 3 minutes at 350 × g at 4°C. For staining of cell surface markers, cells were 

incubated with fluorophore-conjugated monoclonal antibodies diluted in 50µL FACS buffer for 20 

minutes in the dark at 4°C. Cells were then washed twice in 200µL FACS buffer before being fixed 

with 2% paraformaldehyde (PFA, Sigma-Aldrich). For this fixation step, cells were resuspended in 

200µL PFA fixation buffer (Appendix 1) and incubated in the dark at room temperature for 20 
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minutes. Following this step, samples were centrifuged for 3 minutes at 350 × g at 4°C, resuspended 

in 200µL FACS buffer and analysed by flow cytometry. 

For staining of intracellular cell markers, viability and cell surface staining was performed as detailed 

above before the cells were fixed using FOXP3 Fix/Perm buffer (BioLegend) diluted by a factor of 

four in PBS. Cells were resuspended in 150µL FOXP3 Fix/Perm buffer solution and incubated in the 

dark at room temperature for 20 minutes. Following this step, samples were centrifuged for 3 

minutes at 350 × g at 4°C and washed in 500µL FOXP3 permeabilization buffer (BioLegend) diluted in 

deionised water by a factor of 10. Samples were then centrifuged for 3 minutes at 350 × g at 4°C, 

resuspended in 500µL FOXP3 permeabilization buffer solution and incubated in the dark at room 

temperature for 15 minutes. Following this incubation period, cells were centrifuged for 3 minutes 

at 350 × g at 4°C and then incubated with fluorophore-conjugated monoclonal antibodies diluted in 

50µL FOXP3 permeabilization buffer solution for 20 minutes in the dark at room temperature. The 

cells were washed in 500µL FACS buffer, centrifuged for 3 minutes at 350 × g at 4°C, and 

resuspended in 200µL FACS buffer for flow cytometry analysis. 

2.3.2 Flow Cytometry Analysis 

All flow cytometry data was acquired using a Gallios™ flow cytometer  (Beckman Coulter, Fullerton, 

CA, USA) and analysed using FlowJo analysis software (Tree Star Inc, Ashland, OR, USA). 

2.3.3 Statistical Analysis 

Statistically significant differences between mean values were determined by Student’s t-test or 

one-way ANOVA followed by the Dunnett’s multiple comparision test using Prism 5.0 statistical 

software (Graphpad Software Inc., La Jolla, CA, USA). A p value of <0.05 was considered statistically 

significant. 
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Table 1 - Antibodies used in Flow Cytometry Analysis 

Antibodies Clone Fluorophore(s) Supplier 

Anti-mouse CD3 17A2 PE BioLegend 

Anti-mouse CD4 GK1.5 APC-H7 BD Biosciences 

Anti-mouse CD8α 53-6.7 APC-H7 BD Biosciences 

Anti-mouse/human CD11b M1/70 PE-Cy7 BioLegend 

Anti-mouse CD11c N418 APC BioLegend 

Anti-mouse CD25 PC61 FITC BioLegend 

Anti-mouse CD27 LG.3A10 PE BD Biosciences 

Anti-mouse CD28 E18 FITC BioLegend 

Anti-mouse CD40 3/23 PE-Cy7 BioLegend 

Anti-mouse/human CD44  IM7 FITC BioLegend 

Anti-mouse CD62L MEL-14 PE-Cy7 BioLegend 

Anti-mouse CD80 16-10A1 BV421 BioLegend 

Anti-mouse CD122 (IL-2Rβ) TM-β1 PE BD Biosciences 

Anti-mouse CD127 (IL-7Rα)  SB/199 PE-CF594 BD Biosciences 

Anti-mouse CD169 (Siglec-1) 3D6.112 PE BioLegend 

Anti-mouse CD274 (PD-L1) 10F.9G2 PE-Cy7 BioLegend 

Anti-mouse CD279 (PD-1) 29F.1A12 PerCP-Cy5.5 BioLegend 

Anti-mouse CTLA-4 UC10-4B9 APC BioLegend 

Anti-mouse/rat FOXp3 FJK-16s PerCP-Cy5.5 eBioscience 

Anti-mouse IFN-ɣ XMG1.2 APC BioLegend 

Anti-mouse IL-2 JES6-5H4 PE-CF594 BD Biosciences 

Anti-mouse IL-10 JES5-16E3 PE BD Biosciences 

Anti-mouse Ly6C HK1.4 PerCP-Cy5.5 BioLegend 

Anti-mouse H-2Kb (MHC-I) AF6-88.5 PerCP-Cy5.5 BioLegend 

Anti-mouse I-A/I-E (MHC-II) M5/114.15.2 FITC and PE BioLegend 

Anti-mouse T-bet 4B10 APC BioLegend 

Anti-mouse TNFα MP6-XT22 PE-Cy7 BD Biosciences 

Anti-mouse CD16/CD32 (Fc Block™) 2.4G2 None BD Biosciences 
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Chapter 3 – Results 
3.1 Phenotypic Analysis of BMDC and BMDM Cell Populations 
 

3.1.1 BMDC and BMDM are phenotypically distinct populations 

Initial experiments aimed to characterise the cell populations of BMDC and BMDM used to stimulate 

T cells in vitro. BMDC and BMDM cells were analysed by flow cytometry to evaluate their expression 

of the cell surface markers CD11b, CD11c, CD169 and Ly6C commonly used to identify dendritic cells 

and macrophages (Fig. 2A). Both BMDC and BMDM expressed CD11b at a high frequency, with 

almost all cells exhibiting a CD11b+ phenotype (>98%, Fig. 2B). Compared to BMDM, a significantly 

higher proportion of BMDC expressed CD11c with frequencies of 78.2% for BMDC and 64.1% for 

BMDM (p = 0.0043). BMDM exhibited a significantly greater frequency of CD169 expression 

compared to BMDC, with frequencies of 85.6% and 47.8%, respectively (p = <0.0001). Whereas 

29.2% of BMDC expressed Ly6C, BMDM did not express this marker, with a frequency of <1%. This 

difference in Ly6C+ frequency was extremely significant. (p = 0.0006). 
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Figure 2 – Phenotype of BMDCs and BMDMs. (A) Day 6 BMDCs and day 10 BMDMs were analysed by flow 
cytometry, gating on size (forward scatter) and granularity (side-scatter) patterns for doublet exclusion and 
LIVE/DEAD® Near IR viability staining for dead cell exclusion. (B) Cells were labelled with fluorophore-
conjugated antibodies against the cell surface markers CD11c, CD11b, CD169 and Ly6C, fixed in 2% 
paraformaldehyde solution and analysed by flow cytometry. BMDC contour plots are shown as gating strategy 
examples. (C) Results are presented as percentages of positive cells and represent the mean (±SEM) of three 
independent experiments. Statistically significant differences were determined by unpaired Student’s t tests. 
**** p < 0.0001; *** p < 0.0005; ** p < 0.005. 

(A) 

(B) 

(C) 
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3.1.2 BMDC and BMDM upregulate costimulatory molecule and MHC-I expression in 

response to TLR-ligands 

Toll-like receptors (TLR) facilitate the detection of pathogens through the recognition of a variety of 

viral and bacterial compounds [84]. Both dendritic cells and macrophages express a broad repertoire 

of TLRs that can induce the maturation of these cells in response to such compounds, resulting in the 

upregulation of MHC and costimulatory molecules essential for T cell priming [84-86]. To evaluate 

the response of dendritic cells and macrophages to TLR-ligands, BMDC and BMDM were treated with 

various dosages of LPS and CpG or left untreated for 24 hours (Fig. 3 and Fig. 4). Based on their high 

frequencies of expression and extensive use in literature, CD11c was used to identify dendritic cells 

within BMDC populations (Fig. 3A) [87] while CD169 was used to identify macrophages within 

BMDM populations (Fig. 4A) [30]. CD11c+ dendritic cells and CD169+ macrophages were analysed by 

flow cytometry to assess their expression of MHC-I (H2Kb) and the costimulatory molecules CD40 

and CD80. 

Evaluation of CD40 expression revealed significant upregulation in response to TLR-ligands. In both 

dendritic cells and macrophages, CD40 was markedly upregulated in TLR-ligand treated groups 

compared to untreated cells (p = 0.0003 and p < 0.0001, respectively). In macrophages, LPS 

appeared to induce greater levels of CD40 expression compared to CpG, while CD40 expression 

levels were similar between LPS- and CpG-treated dendritic cells. CD80 expression in dendritic cells 

was significantly upregulated in response to TLR-ligands compared to untreated cells (p = 0.0022). In 

comparison, CD80 expression by macrophages was extremely low in all groups. Specifically, CpG-

treatment did not induce a significant increase in CD80 expression in macrophages; however, CD80 

was significantly upregulated in these cells in response to LPS (p < 0.0001). For both dendritic cells 

and macrophages, analysis of MHC-I expression revealed significant increases in expression levels in 

response to TLR-ligand treatment (p = 0.0022 and p < 0.0001, respectively). In dendritic cells, MHC-I 

expression was high and both CpG and LPS induced similar levels of MHC-I upregulation. Compared 
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to dendritic cells, macrophages expressed a far lower level of MHC-I while LPS appeared to induce 

greater upregulation of MHC-I in these cells compared to CpG. 

 

 

 

Figure 3 – Expression of activation markers in bone-marrow derived dendritic cell (BMDCs) following 
treatment with TLR ligands. BMDCs were generated in cIMDM-5 medium with 20ng/mL mGM-CSF for 6 days. 
The non-adherent cell population was then harvested and treated with various doses of the TLR ligands LPS or 
CpG or left untreated for 24 hours. (A) Cells were gated on size (forward scatter) and granularity (side-scatter) 
patterns for doublet exclusion, LIVE/DEAD® Near IR viability staining for dead cell exclusion and expression of 
the cell surface marker CD11c was used for dendritic cell selection. (B) Cells were labelled with fluorophore-
conjugated antibodies against the cell surface markers CD40, CD80, and H-2Kb (MHC-I), fixed in 2% 
paraformaldehyde solution and analysed by flow cytometry. Contour plots show gating with unstained cells 
used as negative controls (black contour plot populations). (C) Expression levels of activation markers shown as 
mean fluorescence intensity (MFI). The results represent the mean (±SEM) of three independent experiments. 
Statistically significant differences were determined by one-way ANOVA with Dunnett’s multiple comparisons 
test post-hoc. **** p < 0.0001; *** p < 0.0005; ** p < 0.005. 

(B) 

(A) 

(C) 
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Figure 4 – Expression of activation markers in bone-marrow derived macrophages (BMDMs) following 
treatment with TLR ligands. BMDMs were generated in cIMDM-5 medium with 5ng/mL IL-3 and 5ng/mL 
mGM-CSF for 10 days. The adherent cell population was then harvested and treated with various doses of the 
TLR ligands LPS or CpG or left untreated for 24 hours. (A) Cells were gated on size (forward scatter) and 
granularity (side-scatter) patterns for doublet exclusion, LIVE/DEAD® Near IR viability staining for dead cell 
exclusion and expression of the cell surface marker CD169 was used for macrophage selection. (B) Cells were 
labelled with fluorophore-conjugated antibodies against the cell surface markers CD40, CD80, and H-2Kb 
(MHC-I), fixed in 2% paraformaldehyde solution and analysed by flow cytometry. Contour plots show gating 
with unstained cells used as negative controls (black contour plot populations). (C) Expression levels of 
activation markers shown as mean fluorescence intensity (MFI). The results represent the mean (±SEM) of 
three independent experiments. Statistically significant differences were determined by one-way ANOVA with 
Dunnett’s multiple comparisons test post-hoc. **** p < 0.0001; ** p < 0.005; ns – not significant.   

(B) 

(A) 

(C) 
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3.2 Fold of T Cell Expansion and Phenotypic Analysis of In vitro-Expanded T 

Cells 
 

3.2.1 Fold of T Cell Expansion 

To compare the T cell proliferation-inducing abilities of BMDC and BMDM, the fold of T cell 

expansion following DC or MΦ stimulation was calculated following both primary (Day 0-10) and 

secondary (Day 10-20) expansions. The proportion of T cells in Day 0, Day 10 and Day 20 cell 

populations was determined by flow cytometry, with T cells identified by CD3 CD4/CD8 coexpression 

(Fig. 5B and Fig. 6B). The fold of T cell expansion was then calculated as detailed in Section 2.2.9. 

Macrophages fail to productively stimulate naïve CD4+ T cells 

To assess the ability of macrophages and dendritic cells to prime naïve CD4+ T cells, OT-II (CD4+) 

splenocytes were stimulated with either DC-OVA323-339 or MΦ-OVA323-339 and expanded for 10 days 

(Fig. 5A). DC-OVA323-339 effectively stimulated T cell proliferation, producing a 49-fold expansion in 

the number of CD3+ CD4+ T cells by Day 10 (Fig. 5C). Strikingly, MΦ-OVA323-339 failed to productively 

stimulate naïve CD4+ T cells, with virtually no viable cells present in cultures at Day 10. Between days 

3 and 6 of in vitro-expansion, a small level of proliferation was observable in OT-II-MΦ-OVA323-339 co-

cultures when examined under the microscope. However, these proliferating cells appeared to 

become anergic and undergo apoptosis by Day 10. As negative controls, OT-II splenocytes were 

plated alone and with either unpulsed DC or MΦ. By Day 10, no viable cells were detectable in these 

cultures, confirming that the proliferation of DC-OVA323-339- and MΦ-OVA323-339-stimulated CD4+ T 

cells was dependent on antigen-presentation by DC and MΦ (data not shown).  
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Both macrophages and dendritic cells can effectively prime naïve CD8+ T cell responses 

To assess the ability of macrophages and dendritic cells to stimulate naïve CD8+ T cell proliferation, 

OT-I (CD8+) splenocytes were stimulated with either DC-SIINFEKL or MΦ- SIINFEKL and expanded for 

10 days (Fig. 5A). Both DC-SIINFEKL and MΦ-SIINFEKL effectively primed naïve CD8+ T cell responses, 

producing a 97-fold and 86-fold expansion in the number of CD3+ CD8+ T cells by Day 10, respectively 

(Fig. 5C). This difference in expansion between DC-SIINFEKL- and MΦ-SIINFEKL-stimulated groups 

was not significant. Again, T cell only and unpulsed DC/MΦ controls failed to proliferate, with few 

viable cells detectable at Day 10 (data not shown). 

Dendritic cells induce greater CD4+ memory T cell proliferation compared to macrophages 

Because macrophages failed to effectively induce naïve CD4+ T cell responses, dendritic cells were 

used to stimulate naïve T cells in order to generate antigen-experienced T cells for secondary 

expansion experiments. To evaluate the ability of macrophages and dendritic cells to stimulate 

antigen-experienced CD4+ T cell proliferation, Day 10 DC-OVA323-339-stimulated cells were 

restimulated with either DC-OVA323-339 or MΦ-OVA323-339 and expanded for a further 10 days (Fig. 6A). 

Additionally, Day 10 cells were also restimulated with α-CD3/CD28 beads as a positive control (Fig. 

6A). Both DC-OVA323-339 and MΦ-OVA323-339 induced CD4+ T cell proliferation, producing a 173-fold 

and 55-fold expansion in the number of CD3+ CD4+ T cells by Day 20, respectively (Fig. 6C). T cell 

proliferation in MΦ-OVA323-339-restimulated cells was significantly less than that of DC-OVA323-339 and 

αCD3/CD28 restimulated cells (p = 0.0002 and p = 0.0011, respectively). There was no significant 

difference in the fold of CD3+ CD4+ T cell expansion between DC-OVA323-339 and αCD3/CD28 

restimulated groups. Day 10 cell only and unpulsed DC/MΦ controls failed to proliferate, with few 

viable cells detectable at Day 20 (data not shown). 
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Figure 5 – CD4
+ 

and CD8
+
 naïve T cell fold expansion (Day 0-10). (A) Naïve OT-I and OT-II splenocytes were 

stimulated with LPS-matured BMDCs or BMDMs pulsed with SIINFEKL or OVA323-339, respectively, and 
expanded for 10 days. (B) To determine the proportion of T cells in the cell populations, day 0 cells and day 10 
cells were labelled with fluorophore-conjugated antibodies against the cell surface markers CD3 and CD4 (OT-II 
cells) or CD8 (OT-I cells)  before being fixed in 2% paraformaldehyde solution. Cells were then analysed by flow 
cytometry, gating on size (forward scatter) and granularity (side-scatter) patterns for doublet exclusion, 
Zombie Violet™ viability staining for dead cell exclusion and CD4/CD8 CD3 co-expression for T cell selection. 
OT-II cell dot plots are shown as an example of the gating strategy used. (C) Fold expansion was determined by 
dividing the total number of CD3

+
CD4/CD8

+ 
cells harvested on Day 10 by the total number of CD3

+
CD4/CD8

+ 

cells plated on Day 0. Viable cell numbers were determined with a haemocytometer using the trypan blue 
exclusion method. The results represent the mean (±SEM) of three independent experiments. Statistically 
significant differences were determined by unpaired Student’s t tests. *** p < 0.0005; ** p < 0.005; * p < 0.05; 
ns - not significant.  

(A) 

(C) 

(B) 



Results  Nicholas Shields 

36 
 

 
 

 

            

Figure 6 – CD4
+ 

and CD8
+
 memory T cell fold expansion (Day 10-20). (A) Naïve OT-I and OT-II splenocytes were 

stimulated with LPS-matured BMDCs pulsed with SIINFEKL or OVA323-339, respectively, and expanded for 10 
days. On day 10, cells were restimulated with either anti-CD3/CD28 beads or peptide-pulsed LPS-matured 
BMDCs or BMDMs and expanded for a further 10 days. (B) To determine the proportion of T cells in the cell 
populations, day 10 cells and day 20 cells were labelled with fluorophore-conjugated antibodies against the 
cell surface markers CD3 and CD4 (OT-II cells) or CD8 (OT-I cells)  before being fixed in 2% paraformaldehyde 
solution. Cells were then analysed by flow cytometry, gating on size (forward scatter) and granularity (side-
scatter) patterns for doublet exclusion, Zombie Violet™ viability staining for dead cell exclusion and CD4/CD8 
CD3 co-expression for T cell selection. OT-II cell dot plots are shown as an example of the gating strategy used. 
(C) Fold expansion was determined by dividing the total number of CD3

+
CD4/CD8

+ 
cells harvested on Day 20 by 

the total number of CD3
+
CD4/CD8

+ 
cells plated on Day 10. Viable cell numbers were determined with a 

haemocytometer using the trypan blue exclusion method. The results represent the mean (±SEM) of three 
independent experiments. Statistically significant differences were determined by unpaired Student’s t tests. 
*** p < 0.0005; ** p < 0.005; * p< 0.05; ns - not significant. 

(A) 
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Macrophages induce greater CD8+ memory T cell proliferation compared to dendritic cells 

To compare the ability of macrophages and dendritic cells to stimulate antigen-experienced CD8+ T 

cell proliferation, Day 10 DC-SIINFEKL stimulated cells were restimulated with either DC-SIINFEKL, 

MΦ-SIINFEKL or α-CD3/CD28 beads and expanded for a further 10 days (Fig. 6A). MΦ-SIINFEKL 

induced the greatest level of CD8+ T cell proliferation, producing a 462-fold expansion in the number 

of CD3+ CD8+ T cells by Day 20 (Fig. 6C). DC-SIINFEKL and α-CD3/CD28 beads also stimulated 

extensive CD8+ T cell proliferation, culminating in 334-fold and 321-fold expansions, respectively. 

CD8+ T cell proliferation induced by MΦ-SIINFEKL was significantly greater than that of both DC-

SIINFEKL and α-CD3/CD28 restimulated groups (p = 0.0012 and p < 0.0001, respectively). There was 

no significant difference in the fold of CD3+ CD8+ T cell expansion between the DC-SIINFEKL and α-

CD3/CD28 restimulated groups. As with all other expansion experiments, Day 10 cell only and 

unpulsed DC/MΦ controls failed to proliferate, with few viable cells detectable at Day 20 (data not 

shown). 

3.2.2 Phenotypic Characteristics of In vitro-Expanded CD4+ T Cells 

In vitro-expanded CD4+ T cells exhibit TH1 effector phenotype 

CD4+ T regulatory cells are known to suppress anti-tumour immune responses and are identified by 

CD25 and FoxP3 coexpression [63]. In contrast, CD4+ TH1 cells can augment anti-tumour immunity 

[19] and are identified by expression of the transcription factor T-bet which initiates TH1 lineage 

development [88]. To identify the effector phenotype of in vitro-expanded CD4+ T cells, expression of 

CD25, FoxP3 and T-bet was assessed by flow cytometry (Fig. 7A). Analysis of CD25 and FoxP3 

expression revealed extremely low frequencies of FoxP3 expression (<1%) and low levels of CD25 

expression in Day 10 and Day 20 cell groups. Conversely, analysis of T-bet expression revealed 

upregulation of this transcription factor following T cell stimulation (Fig. 7B). The T-bet+ frequency 

was extremely low for naïve Day 0 cells (1.2%) but in Day 10 and Day 20 cells, T-bet was expressed at 

frequencies of 23.8% and >75%, respectively. Compared to Day 10 cells, Day 20 DC-OVA323-339 and 
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MΦ-OVA323-339 restimulated cells exhibited a significantly greater proportion of T-bet+ cells (p = 

0.0017 and p = 0.0045, respectively). Between the Day 20 groups, DC-OVA323-339 restimulated cells 

exhibited a significantly higher frequency of T-bet+ cells (90.9%) compared to the MΦ-OVA323-339 

restimulated group (76.4%, p = 0.041). Examination of T-bet expression levels, measured by 

fluorescence intensity, showed no significant difference between the Day 20 CD4+ T cell groups.  

In vitro-expanded CD4+ T cells predominately exhibit early memory cell phenotype with a small 

proportion of terminally differentiated cells 

CD27 and CD28 expression can be used to identify functional subsets of effector memory cells, with 

early memory cells identified as CD27+ CD28+ and terminally-differentiated cells identified as CD27- 

CD28+ [89, 90]. In addition, CD27 and CD28 expression provides an indication of the costimulatory 

capacity and proliferative potential of cells [90]. Analysis of CD27 and CD28 costimulatory molecule 

expression on CD4+ T cells revealed high frequencies of coexpression, with the majority of Day 0, Day 

10 and Day 20 CD4+ T cells exhibiting a CD27+ CD28+ phenotype (Fig. 7B). Compared to the Day 10 

and Day 20 MΦ-OVA323-339 groups, DC-OVA323-339 restimulated cells exhibited a significantly higher 

frequency of CD27+ CD28+ cells (p = 0.0007 and p = 0.0041, respectively). In addition to the CD27+ 

CD28+ cell populations, all groups exhibited smaller populations of CD27- CD28+ cells. Day 10 cells 

exhibited a CD27- CD28+ frequency of 30.7% while Day 20 DC-OVA323-339 and MΦ-OVA323-339 

restimulated cells exhibited significantly lower frequencies of 17.8% (p = 0.0004) and 23.5% (p = 

0.0023), respectively. Between Day 20 groups, the difference in CD27- CD28+ frequency was 

significantly greater in MΦ-OVA323-339 restimulated cells (p = 0.0062). 
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Figure 7 – In vitro-expanded CD4
+
 T cells exhibit TH1 phenotype with high costimulatory capacity. Naïve OT-II 

splenocytes were stimulated with LPS-matured BMDCs pulsed with OVA323-339 and expanded for 10 days. On 
day 10, cells were restimulated with either peptide-pulsed LPS-matured BMDCs or BMDMs and expanded for a 
further 10 days. Expression of CD25, CD27, CD28 and the transcription factors T-bet and FoxP3 was analysed 
by flow cytometry. (A) CD25 and FoxP3 dot plots representative of three independent experiments. (B) T-bet 
expression shown as percentage of positive cells and mean fluorescence intensity (MFI). (C) CD27 and CD28 
expression shown as percentages of CD27

+
CD28

+ 
and CD27

-
CD28

+ 
cells. All cells were fixed and those analysed 

for the expression of intracellular markers (T-bet and FoxP3) were also permeabilized. The results represent 
the mean (±SEM) of three independent experiments. Statistically significant differences were determined by 
unpaired Student’s t tests. *** p < 0.0005; ** p < 0.005; * p < 0.05; ns - not significant. 
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In vitro-expanded CD4+ T cells express effector memory phenotype  

Murine antigen-experienced T cells can be separated into two distinct memory cell populations on 

the basis of CD44 and CD62L expression, with TCM cells identified as CD44+ CD62L+ and TEM cells 

identified as CD44+ CD62L-  [52]. Analysis of CD44 and CD62L expression on CD4+ T cells revealed 

high proportions of CD44+ CD62L- TEM cells, with frequencies greater than 90% in both DC-OVA323-339 

and MΦ-OVA323-339 restimulated cells (Fig. 8A). Day 20 CD4+ T cell populations also contained a small 

proportion of CD44+ CD62L+ TCM cells, with frequencies of less than 10% in both DC-OVA323-339 and 

MΦ-OVA323-339 restimulated cells. There were no significant differences in the CD44+ CD62L+ and 

CD44+ CD62L- cell frequencies between DC-OVA323-339 and MΦ-OVA323-339 restimulated cells. 

CD122 and CD127 expression by CD4+ T cells is upregulated during in vitro expansion  

The expression of cytokine receptor subunits for the common ɣ chain signalling cytokines IL-2 and IL-

7 was also examined on in vitro-expanded CD4+ T cells (Fig. 8B). Expression of CD122 (IL-2Rβ) and 

CD127 (IL-7Rα) indicates responsiveness to homeostatic cytokine signalling and these markers are 

predictive of long-term persistence in vivo [57, 90-92]. The frequency of CD122+ cells ranged from 

4.5% in naïve Day 0 cells to 21% and 21.8% in Day 20 DC-OVA323-339 and MΦ-OVA323-339 restimulated 

cells, respectively. An extremely low frequency of Day 10 cells expressed CD122, with 0.8% CD122+. 

The increase in frequency of CD122+ cells between Day 10 cells and Day 20 DC-OVA323-339 and MΦ-

OVA323-339 restimulated cells was significant (p < 0.0001 and p = 0.0032, respectively), however, the 

difference between the Day 20 CD4+ T cell groups was not significant. The frequency of CD127+ cells 

increased over the duration of in vitro expansion, with 34.8% at Day 0, 71.9% at Day 10 and >85% at 

Day 20. The increase in frequency between Day 10 cells and Day 20 DC-OVA323-339 restimulated cells 

was significant (p = 0.0009), while there was no significant difference between Day 10 cells and the 

Day 20 MΦ-OVA323-339 group. Analysis of CD127 expression levels revealed upregulation of CD127 

over the course of in vitro-expansion. Compared to Day 10 cells, Day 20 DC-OVA323-339 and MΦ-

OVA323-339 restimulated cells displayed significantly higher CD127 expression levels (p = 0.0002 and p 
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= 0.0004, respectively). Between the Day 20 groups, DC-OVA323-339 restimulated cells expressed a 

significantly greater level of CD127 compared to the MΦ-OVA323-339 restimulated cells (p = 0.0063). 

 
 

 

 

Figure 8 – In vitro-expanded CD4
+
 T cells predominantly exhibit effector memory phenotype with 

upregulated CD122 and CD127 expression. Naïve OT-II splenocytes were stimulated with LPS-matured BMDCs 
pulsed with OVA323-339 and expanded for 10 days. On day 10, cells were restimulated with either peptide-
pulsed LPS-matured BMDCs or BMDMs and expanded for a further 10 days. All cells were fixed in 2% 
paraformaldehyde solution and the expression of CD44, CD62L, CD122 and CD127 analysed by flow cytometry. 
(A) CD44 and CD62L expression showing the percentage of cells with central memory (CD44

+
 CD62L

+
) or 

effector memory (CD44
+
 CD62L

-
) phenotypes. (B) CD122 and CD127 expression shown as percentages of 

positive cells and mean fluorescence intensity (MFI). The results represent the mean (±SEM) of three 
independent experiments. Statistically significant differences were determined by unpaired Student’s t tests. 
**** P < 0.0001; *** P < 0.0005; ** P < 0.005; ns - not significant. 

  

(B) 
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In vitro-expanded CD4+ T cells are predominately PD-1- and express PD-L1  

Programmed death 1 receptor (PD-1) is an inhibitory receptor commonly used as a marker for 

exhausted or chronically stimulated T cells [93]. One ligand of PD-1, PD-L1 or B7-H1, is expressed by 

activated T cells and is thought to negatively regulate T cell responses [94, 95]. CTLA-4 is another 

inhibitory receptor that functions to maintain peripheral tolerance by suppressing T cell proliferation 

and activation [96]. Thus, high expression of these markers by T cells can indicate functional 

impairment and susceptibility to immunosuppressive mechanisms. For Day 10 and Day 20 CD4+ T cell 

groups, the frequency of CTLA-4 expression was extremely low, with <1% of cells expressing CTLA-4 

(Fig. 9A). A slightly higher frequency of CTLA-4+ cells was observed in the naïve Day 0 group.  In 

general, the majority of cells in all groups did not express PD-1 (Fig. 9B). The frequency of PD-1+ cells 

was greatest in Day 0 cells (14.7%) and lowest in the Day 10 group (2.6%). A small frequency of Day 

20 cells were PD-1+ with frequencies of 7.4% and 5.2% for DC-OVA323-339 and MΦ-OVA323-339 

restimulated cells, respectively. The frequency of PD-1+ Day 20 DC-OVA323-339 restimulated cells was 

significantly greater compared to that of Day 10 cells (p = 0.0109) while the difference in PD-1+ 

frequencies between Day 20 groups was not significant. Analysis of PD-1 expression levels showed 

no significant difference between Day 20 DC-OVA323-339- and MΦ-OVA323-339-restimulated cells. The 

majority of Day 0, Day 10 and Day 20 cells expressed PD-L1 (Appendix 2, Supplementary Data Fig. 2). 

Analysis of PD-L1 expression levels revealed significant upregulation in Day 20 DC-OVA323-339 and 

MΦ-OVA323-339 restimulated cells compared to Day 10 cells (p = 0.0064 and p = 0.0026, respectively). 

There was no significant difference in PD-L1 expression levels between the Day 20 groups. 
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Figure 9 – In vitro-expanded CD4
+ 

T cells are predominately PD-1
-
 and express PD-L1. Naïve OT-II splenocytes 

were stimulated with LPS-matured BMDCs pulsed with OVA323-339 and expanded for 10 days. On day 10, cells 
were restimulated with either peptide-pulsed LPS-matured BMDCs or BMDMs and expanded for a further 10 
days. All cells were fixed in 2% paraformaldehyde solution and the expression of CTLA-4, PD-1 and PD-L1 was 
analysed by flow cytometry. (A) Dot plots representative of three independent experiments showing lack of 
CTLA-4 expression. (B) PD-1 and PD-L1 expression shown as percentages of positive cells and mean 
fluorescence intensity (MFI). The results represent the mean (±SEM) of three independent experiments. 
Statistically significant differences were determined by unpaired Student’s t tests.  ** P < 0.005; * P< 0.05; ns - 
not significant. 
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3.2.3 Phenotypic Characteristics of In vitro-Expanded CD8+ T Cells 

In vitro-expanded CD8+ T cells exhibit CTL effector phenotype 

T-bet was used as a marker for CTL effector phenotype as this transcription factor drives the 

differentiation of naïve CD8+ T cells into effector CTLs and regulates their function [97]. T-bet 

expression was assessed by flow cytometry, revealing upregulation of this transcription factor 

following antigen-exposure (Fig. 10A). The vast majority of naïve Day 0 cells did not express T-bet 

(98.35%), however, in Day 10 and Day 20 cells T-bet expression was greatly upregulated with T-bet+ 

frequencies of 62.5% and >99%, respectively. Day 20 cells exhibited the highest proportion of T-bet+ 

cells; however, there was no significant difference in the level of expression as measured by 

fluorescence intensity between DC-SIINFEKL and MΦ-SIINFEKL restimulated cells. Compared to Day 

10 cells, a significantly greater proportion of Day 20 DC-SIINFEKL and MΦ-SIINFEKL restimulated cells 

expressed T-bet (p = 0.0015 and p = 0.0016, respectively). 

In vitro-expanded CD8+ T cells exhibit early memory cell phenotype with high costimulatory 

capacity 

Analysis of CD27 and CD28 expression on CD8+ T cells revealed high frequencies of coexpression, 

with the majority of cells exhibiting a CD27+ CD28+ phenotype across all time points (Fig. 10B). 

Expression levels of CD27 remained relatively constant through the duration of expansion with no 

significant difference in expression between Day 0, Day 10 and Day 20 cells. CD28 expression was 

upregulated over the course of in vitro expansion, indicated by increasing mean fluorescence 

intensity. Day 20 cells expressed the highest levels of CD28, however, there was no significant 

difference between DC-SIINFEKL and MΦ-SIINFEKL restimulated cells. Compared to Day 10 cells, Day 

20 DC-SIINFEKL and MΦ-SIINFEKL restimulated cells expressed significantly higher levels of CD28 (p = 

0.0022 and p = 0.0050, respectively). 
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Figure 10 – In vitro-expanded CD8
+
 T cells exhibit effector phenotype with high costimulatory capacity. Naïve OT-I 

splenocytes were stimulated with LPS-matured BMDCs pulsed with SIINFEKL and expanded for 10 days. On day 10, cells 
were restimulated with either peptide-pulsed LPS-matured BMDCs or BMDMs and expanded for a further 10 days. All cells 
were fixed in 2% paraformaldehyde solution and the expression of CD27, CD28 and the transcription factor T-bet was 
analysed by flow cytometry. (A) T-bet expression showing the percentage of positive cells and mean fluorescence intensity 
(MFI). (B) CD27 and CD28 expression showing upregulation of CD28 expression during in vitro expansion. The results 
represent the mean (±SEM) of three independent experiments. Statistically significant differences were determined by 
unpaired Student’s t tests. ** p < 0.005; ns - not significant.   

(A) 

(B) 
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In vitro-expanded CD8+ T cells predominately express effector memory phenotype with a small 

proportion of central memory T cells 

Day 20 cells were evaluated for the expression of cell markers associated with memory T cell 

differentiation and lymph node-homing (Fig. 11A). Analysis of CD44 and CD62L expression revealed 

high proportions of CD44+ CD62L- TEM cells, with frequencies of 90.6% and 79% in DC-SIINFEKL and 

MΦ-SIINFEKL restimulated cells, respectively. Day 20 CD8+ T cell populations also contained a 

smaller proportion of CD44+ CD62L+ TCM cells, with frequencies of 9.3% and 20.9% in DC-SIINFEKL and 

MΦ-SIINFEKL restimulated cells, respectively. The differences in CD44+ CD62L+ TCM cell and CD44+ 

CD62L- TEM cell frequencies between DC-SIINFEKL and MΦ-SIINFEKL restimulated cells were highly 

significant (p = 0.005 and p = 0.0047, respectively). 

CD122 and CD127 expression by CD8+ T cells is upregulated during in vitro expansion  

To assess survival potential and responsiveness of cells to homeostatic cytokine signalling in vivo, 

expression of CD122 (IL-2Rβ) and CD127 (IL-7Rα) by CD8+ T cells was evaluated (Fig. 11B). The 

frequency of CD122-expressing cells ranged from 6.6% in Day 10 cells to 70% and 72.4% in Day 20 

DC-SIINFEKL and MΦ-SIINFEKL restimulated cells, respectively. A relatively low frequency of naïve 

Day 0 cells expressed CD122, with 14.4% CD122+. The increase in frequency of CD122+ cells between 

Day 10 cells and Day 20 DC-SIINFEKL and MΦ-SIINFEKL restimulated cells was highly significant (p = 

0.0069 and p = 0.0015, respectively). The frequency of CD127+ cells increased over the duration of in 

vitro expansion, with 65.3% at Day 0, 77.2% at Day 10 and >80% at Day 20. However, this increase in 

frequency was not significant between Day 10 cells and both Day 20 groups. Analysis of CD127 

expression levels revealed upregulation of CD127 over the course of in vitro-expansion. Compared to 

Day 10 cells, Day 20 DC-SIINFEKL and MΦ-SIINFEKL restimulated cells displayed significantly higher 

CD127 expression levels (p = 0.0216 and p = 0.0151, respectively). There was no significant 

difference in CD127 expression levels between Day 20 DC-SIINFEKL and MΦ-SIINFEKL restimulated 

cells. 
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Figure 11 – In vitro-expanded CD8

+
 T cells exhibit effector memory and central memory phenotypes with upregulated 

CD122 and CD127 expression. Naïve OT-I splenocytes were stimulated with LPS-matured BMDCs pulsed with SIINFEKL and 
expanded for 10 days. On day 10, cells were restimulated with either peptide-pulsed LPS-matured BMDCs or BMDMs and 
expanded for a further 10 days. All cells were fixed in 2% paraformaldehyde solution and the expression of CD44, CD62L, 
CD122 and CD127 was analysed by flow cytometry. (A) CD44 and CD62L expression showing the percentage of cells with 
central memory (CD44

+
 CD62L

+
) or effector memory (CD44

+
 CD62L

-
) phenotypes. Day 20 cells restimulated with MΦ-

SIINFEKL exhibited a significantly greater proportion of central memory cells compared to those restimulated with DC-
SIINFEKL. (B) CD122 and CD127 expression shown as percentages of positive cells and mean fluorescence intensity (MFI). 
The results represent the mean (±SEM) of three independent experiments. Statistically significant differences were 
determined by unpaired Student’s t tests. ** p < 0.005; * p < 0.05; ns - not significant.  

(A) 

(B) 
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PD-1 and PD-L1 expression is upregulated in Day 20 in vitro-expanded CD8+ T cells 

Finally, expression of the inhibitory receptors CTLA-4, PD-1 and PD-L1 on in vitro-expanded CD8+ T 

cells was examined. The frequency of CTLA-4 expression was extremely low across all groups, with 

<1% of cells expressing CTLA-4 in Day 10 and Day 20 groups (Fig. 12A).  The frequency of PD-1+ cells 

was low in Day 0 (7.3%) and Day 10 cells (7%), however, the majority of Day 20 cells were PD-1+ with 

frequencies of 78.6% and 67.5% for DC-SIINFEKL and MΦ-SIINFEKL restimulated cells, respectively 

(Fig. 12B).  The frequency of PD-1+ Day 20 DC-SIINFEKL and MΦ-SIINFEKL restimulated cells was 

significantly greater compared to that of Day 10 cells (p = 0.0021 and p = 0.0007, respectively). There 

was no significant difference between the frequencies of PD-1+ cells in the Day 20 groups, however, 

analysis of PD-1 expression levels revealed significantly higher expression in Day 20 DC-SIINFEKL 

restimulated cells compared to MΦ-SIINFEKL restimulated cells (p = 0.0023). The majority of Day 0, 

Day 10 and Day 20 cells expressed PD-L1 (Appendix 2, Supplementary Data Fig. 4). Analysis of PD-L1 

expression levels revealed significant upregulation in Day 20 DC-SIINFEKL and MΦ-SIINFEKL 

restimulated cells compared to Day 10 cells (p = 0.0026 and p = 0.0096, respectively). There was no 

significant difference in PD-L1 expression levels between Day 20 groups. 
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Figure 12 – PD-1 and PD-L1 expression by CD8
+
 T cells is upregulated during in vitro-expansion. Naïve OT-I 

splenocytes were stimulated with LPS-matured BMDCs pulsed with SIINFEKL and expanded for 10 days. On day 
10, cells were restimulated with either peptide-pulsed LPS-matured BMDCs or BMDMs and expanded for a 
further 10 days. All cells were fixed in 2% paraformaldehyde solution and the expression of CTLA-4, PD-1 and 
PD-L1 was analysed by flow cytometry. (A) Dot plots representative of three independent experiments 
showing lack of CTLA-4 expression. (B) PD-1 and PD-L1 expression shown as percentages of positive cells and 
mean fluorescence intensity (MFI). The results represent the mean (±SEM) of three independent experiments. 
Statistically significant differences were determined by unpaired Student’s t tests. *** p < 0.0005; ** p < 0.005; 
ns - not significant.  

(A) 

(B) 
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3.3 Assessment of In vitro-Expanded T Cell Effector Function 
 

3.3.1 Cytokine Production by In Vitro-Expanded T cells 

In vitro-expanded CD4+ T Cells express TH1 effector cytokines in response to antigenic stimulation 

To assess the effector function of generated T cells, specifically their cytokine production in response 

to cognate antigen, Day 10 and Day 20 cells were stimulated with either DC-OVA323-339 or MΦ-OVA323-

339 and analysed by flow cytometry. Additionally, T cells were stimulated with PMA + ionomycin, 

which induces non-specific activation of T cells through the activation of protein kinase C (PKC). As 

negative controls, T cells were left untreated or incubated with unpulsed DC and MΦ. Overall, CD4+ 

T cells produced cytokines associated with a TH1 effector phenotype, with high frequencies of IL-2+, 

IFN-ɣ+ and TNF-α+ cells (Figure 13B). Only a small proportion of T cells were capable of IL-10 

production following activation (<7%). Cells stimulated with DC-OVA323-339 produced IL-2, IFN-ɣ and 

TNF-α at higher frequencies compared to cells of the MΦ-OVA323-339-treated group. Notably, MΦ-

OVA323-339-stimulated cells produced IL-2 and IFN-ɣ at much lower frequencies (6-12% and 5-16%, 

respectively) compared to cells stimulated with DC-OVA323-339 (38-67% and 41-86%, respectively). 

The frequencies of IL-2+, IFN-ɣ+ and TNF-α+ cells were greater in Day 20 cells compared to Day 10 

cells. Between the Day 20 groups, the frequencies of IL-2, IFN-ɣ and TNF-α-producing cells were 

higher in DC-restimulated cells compared to those restimulated with MΦ. Unfortunately, due to the 

variation in repeated measurements it was not possible to determine whether these differences in 

frequencies were significant. The vast majority of cells in the untreated and unpulsed DC/MΦ-

treated groups did not exhibit cytokine production. 
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Figure 13 – Cytokine production by in vitro-expanded CD4
+
 T cells. Day 10 and Day 20 cells were treated with 

brefeldin A and stimulated with DC-OVA323-339, MΦ-OVA323-339 or PMA + ionomycin for 5 hours. Cells were also 
left untreated or plated with unpulsed DCs or MΦs as negative controls. Following this incubation period, cells 
were fixed, permeabilized and then stained intracellularly with fluorophore-conjugated antibodies against the 
cytokines IL-2, IL-10, IFN-ɣ and TNF-α. Cytokine production was then assessed by flow cytometry. (A) Dot plots 
of PMA + ionomycin-stimulated cells showing the gating of cytokine-producing cell populations. (B) Cytokine 
expression shown as percentage of positive cells. The results represent the mean (±SEM) of three independent 
experiments. Statistically significant differences were determined by unpaired Student’s t tests. * p < 0.05. 

(A) 

(B) 
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In vitro-expanded CD8+ T cells express CTL effector cytokines in response to antigenic stimulation 

Flow cytometric analysis revealed that in response to stimulation, in vitro-expanded CD8+ T cells 

produced both IFN-ɣ and TNF-α at very high frequencies (Fig. 14). Compared to Day 10 cells, Day 20 

cells exhibited a higher frequency of IFN-ɣ and TNF-α production, with >87% IFN-ɣ+ TNF-α+ in DC-

SIINFEKL-, MΦ-SIINFEKL- and PMA + ionomycin-treated groups (Fig. 14B). Compared to MΦ-

SIINFEKL-stimulation, DC-SIINFEKL appeared to stimulate a higher frequency of IFN-ɣ and TNF-α 

production in both Day 10 and Day 20 cells. In vitro-expanded CD8+ T cells also produced IL-2 at 

frequencies of 49-62%, 29-51% and 48-68% for DC-SIINFEKL-, MΦ-SIINFEKL- and PMA + ionomycin-

treated groups, respectively. Specifically, DC-SIINFEKL-treatment appeared to induce a higher 

frequency of IL-2 production compared to MΦ-SIINFEKL-stimulation. In all treatment groups, Day 10 

cells produced IL-2 at higher frequencies. The frequency of IL-10 production was very low for all 

treatments, with <6% of cells exhibiting IL-10 production. Due to the variation in repeated 

measurements, it was not possible to determine whether differences in frequencies within groups 

were significant. The vast majority of cells (>95-99%) in the untreated and unpulsed DC/MΦ-treated 

groups did not exhibit cytokine production. 
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Figure 14 – Cytokine production by in vitro-expanded CD8
+
 T cells. Day 10 and Day 20 cells were treated with 

brefeldin A and stimulated with DC-SIINFEKL, MΦ-SIINFEKL or PMA + ionomycin for 5 hours. Cells were also 
left untreated or plated with unpulsed DCs or MΦs as negative controls. Following this incubation period, cells 
were fixed, permeabilized and then stained intracellularly with fluorophore-conjugated antibodies against the 
cytokines IL-2, IL-10, IFN-ɣ and TNF-α. Cytokine production was then assessed by flow cytometry. (A) Dot plots 
of PMA + ionomycin-stimulated cells showing the gating of cytokine-producing cell populations. (B) Cytokine 
expression shown as percentage of positive cells. The results represent the mean (±SEM) of three independent 
experiments. There were no significant differences within the Day 20 cell groups for any treatment. Statistical 
significance was assessed by unpaired Student’s t tests.  

(A) 

(B) 
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3.3.2 In vitro Cytotoxicity 

To assess the antigen-specific killing of T cells in vitro, CD4+ and CD8+ T cells (both alone and in 

combination) were incubated with a target cell population containing OVA323-339-pulsed, SIINFEKL-

pulsed and unpulsed splenocytes. Unfortunately, due to intense CFSE staining, compensation issues 

were encountered during flow cytometry analysis and limited data was obtained from these 

experiments. However, the results obtained demonstrate that both CD4+ and CD8+ in vitro-generated 

T cells can specifically kill cells presenting their cognate antigen on MHC.  

In the case of MHC-I target cell lysis (Fig. 15, left), untreated CD8+ MΦ-SIINFEKL-restimulated T cells 

achieved the highest rate of specific lysis (SIINFEKL-specific cell killing) with a mean of 65.7%. As 

expected, CD4+ T cells did not mediate specific-lysis of MHC-I target cells, indicated by their low rates 

of specific lysis. Surprisingly, combinations of both CD8+ and CD4+ T cells did not appear to enhance 

MHC-I+-specific target cell lysis. For all groups, brefeldin A treatment resulted in a reduction in 

specific cell lysis, indicating that specific cell killing is mediated by secreted proteins such a IFN-ɣ, 

TNF-α, granzyme and/or perforin. 

In the case of MHC-II target cell lysis (Fig. 15, right), all untreated groups achieved similar rates (34-

44%) of specific lysis (OVA323-339-specific cell killing). This was surprising, given that CD8+ T cells 

cannot recognise the MHC-II+ target cells due to their MHC-I-restricted antigen recognition. This 

result can therefore be attributable to error or represents non-specific bystander killing mediated by 

CD8+ T cells. Again, there was no apparent synergy in the CD8+ and CD4+ T cell combination groups 

and brefeldin A treatment reduced specific cell lysis. Clearly, these experiments need to be repeated 

in order to determine whether the differences observed are statistically significant. 
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Figure 15 – CD4
+ 

and CD8
+ 

T cell in vitro cytotoxicity assay. Splenocytes obtained from naïve C57BL/6 mice 
were pulsed with the ovalbumin peptides OVA323-339 or SIINFEKL or left unpulsed (control) and stained with 
CFSE

Low
, CFSE

High
 or VPD450, respectively. These three populations were combined at a 1:1:1 ratio and plated 

into the wells of a 96-well plate. Day 20 CD4
+
 and/or CD8

+ 
T cells restimulated with peptide-pulsed LPS-

matured BMDCs or BMDMs were added to the target cell suspension at a 1:1 ratio and incubated for 6 hours 
at 37°C + 5% CO2. (A) Cells were analysed by flow cytometry, gating on size (forward scatter) and granularity 
(side-scatter) patterns for doublet exclusion and Zombie Violet™ viability staining for dead cell exclusion. CD4

+ 

T cell targets were identified as MHC-II
+
. (B) The percentage of specific lysis was calculated using the following 

formula: % Lysis = 1 - (Ratio
Target Cells Only

/Ratio
Target Cells + Effector Cells

) × 100, where ‘ratio’ equals the proportion of 
control cells (VPD450

+
) divided by the proportion of target cells (CFSE

Low 
or CFSE

High
) in a given sample. Data for 

Lysis of MHC-I Target Cells is representative of two independent experiments. Data for Lysis of MHC-II Target 
Cells is representative of one experiment. 

(B) 

(A) 
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Chapter 4 – Discussion 

Data from our lab has demonstrated that dendritic cells can effectively generate tumour-specific 

CD4+ and CD8+ T cells that can mediate tumour regression in vivo. Additionally, we have shown that 

using a combination of both CD4+ and CD8+ T cells in ACT has a synergistic effect, achieving greater 

tumour regression than that of single T cell populations alone. However, this therapeutic approach 

still fails to achieve complete responses in all cases, only achieving complete tumour regression rates 

of 50-60%. In light of these findings, we investigated whether using different APC populations could 

generate T cells with superior function and phenotypic characteristics to further enhance the 

therapeutic efficacy of ACT. Flow cytometric analysis was performed to assess the expression of 

molecules associated with T cell dysfunction, survival, effector function and proliferative potential in 

ovalbumin-specific T cells generated in vitro. Final experiments set out to assess the effector 

function of in vitro-expanded T cells, specifically cytokine production and antigen-specific cell killing. 

The results demonstrate that macrophages can effectively generate tumour-specific CD8+ T cell 

responses but are poor inducers of CD4+ T cell responses compared to dendritic cells.  In the case of 

CD8+ T cells, antigen-experienced T cells that were restimulated with macrophages exhibited 

superior phenotypic characteristics for use in ACT compared to DC-restimulated cells. In vivo 

experiments are now needed to assess the functional characteristics of these cells and compare 

their ability to mediate anti-tumour immune responses. 

4.1 Validation of BMDCs and BMDMs as Distinct of APC Populations 
 

Initial experiments set out to validate the use of BMDC and BMDM cell populations as 

representative models for dendritic cells and macrophages, respectively. Both cell populations were 

assessed for their expression of various markers commonly used to identify dendritic cells and 

macrophages. Phenotypic analysis revealed unique frequencies of CD11c, CD169 and Ly6C 

expression in BMDC and BMDM, confirming that these were indeed distinct cell populations. 

Specifically, BMDCs exhibited a high frequency of CD11c expression, which is commonly used as a 
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marker to identify dendritic cells in vitro and in vivo [87]. The cell adhesion molecule CD169, also 

known as sialoadhesin, is commonly used as a macrophage marker and was expressed at a high 

frequency by BMDMs. Further phenotypic analysis revealed distinct activation marker expression 

profiles by both CD11c+ BMDCs and CD169+ BMDMs in response to TLR-ligands.  

4.2 Abilities of DCs and Macrophages to Stimulate CD4+ T Cell Proliferation 
 

A major challenge preventing effective ACT therapy is the inability to expand a sufficient number of 

tumour-specific T cells ex vivo to mediate tumour destruction in the patient [47]. Thus, the ability of 

APCs to stimulate the proliferation of tumour-specific T cells is an important consideration when 

expanding T cells for use in ACT. For the in vitro expansion of ovalbumin-specific CD4+ T cells, MΦ-

OVA323-339 failed to productively stimulate naïve cells and induced poor proliferation of antigen-

experienced cells. In comparison, DC-OVA323-339 effectively stimulated the proliferation of both naïve 

and antigen-experienced CD4+ T cells, generating strong responses to the ovalbumin peptide. 

Notably, phenotypic analysis of MΦ-OVA323-339 revealed extremely low expression of the 

costimulatory molecule CD80 by these cells. CD80 is expressed by activated APCs and engages CD28 

expressed by T cells during APC-T cell interactions.  In T cells, CD28-signalling amplifies TCR-mediated 

T cell proliferation and lack of CD28-mediated costimulation results in reduced T cell proliferation. 

Specifically, CD4+ T cell responses are severely compromised in CD28-deficient mice and CD28-

mediated amplification of TCR-signalling is crucial for the effective priming of naïve CD4+ T cells [48, 

98]. Thus, the failure of MΦ-OVA323-339 in generating effective CD4+ T cell proliferation could be 

attributable to their low expression of CD80, resulting in insufficient CD28-signalling in T cells during 

antigen-presentation. In support of this notion, α-CD3/CD28 beads stimulated efficient antigen-

experienced CD4+ T cell proliferation, producing a similar level of proliferation compared to DC-

OVA323-339. These beads stimulate non-specific proliferation of T cells by binding CD28 and T cell co-

receptor CD3, inducing both TCR- and CD28-signalling in T cells. The fact that these beads could 
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induce antigen-experienced CD4+ T cell proliferation shows that TCR- and CD28-signalling alone can 

induce efficient CD4+ T cell memory responses. 

4.3 Abilities of DCs and Macrophages to Stimulate CD8+ T Cell Proliferation 
 

For the in vitro expansion of ovalbumin-specific CD8+ T cells, both BMDC and BMDM could efficiently 

stimulate CD8+ T cell responses, inducing extensive proliferation of both naïve and antigen-

experienced cells. Strikingly, BMDM induced more extensive proliferation of antigen-experienced 

CD8+ T cells compared to both BMDC and α-CD3/CD28 beads. There was no significant difference in 

the level of proliferation induced by both BMDC and α-CD3/CD28 beads, suggesting that the more 

extensive proliferation induced by BMDM is in part mediated by signalling other than that provided 

by CD28 and the TCR complex. In support of this, phenotypic analysis of BMDM showed that these 

cells expressed lower levels of both CD80 (as discussed previously) and MHC-I compared to BMDC. 

This suggests that the ability of BMDM to stimulate TCR- and CD28- signalling in CD8+ T cells is less 

than that of BMDC. Thus, the greater level of CD8+ T cell proliferation produced by BMDM is likely to 

be mediated through other costimulatory receptor-ligand interactions or by cytokine production by 

macrophages. For example, CD86 is another costimulatory receptor expressed by activated APC that 

binds CD28 on T cells, providing costimulatory signals for T cell proliferation [99].  BMDM may 

express higher levels of CD86 compared to BMDC, facilitating greater CD8+ T cell proliferation. In the 

case of cytokine production, both activated dendritic cells and macrophages are known to produce 

IL-2, IL-12 and IL-15, cytokines that are known to enhance CD8+ T cell responses [100-102]. It is 

possible that BMDM produce greater levels of supportive cytokines such as IL-12 compared to 

BMDC, resulting in the differences in CD8+ T cell proliferation induced by these cells. Clearly, in order 

to identify the exact mechanisms by which BMDM induce greater CD8+ T cell proliferation, further 

experiments are required to compare the cytokine production and costimulatory molecule 

expression of BMDMs and BMDCs. 

 



Discussion  Nicholas Shields 

60 
 

1.4 Phenotypic Characteristics of In Vitro-Expanded T Cells 
 

4.4.1 Day 20 In Vitro-Expanded CD4+ T Cells 

Phenotypic analysis of Day 20 in vitro-expanded CD4+ T cells revealed several key differences that 

suggest DC-OVA323-339-restimulated T cells are more suitable for use in ACT compared to those 

restimulated with MΦ-OVA323-339. Firstly, DC-OVA323-339-restimulated CD4+ T cells displayed a higher 

proportion of CD27+ CD28+ cells. CD27 and CD28 expression patterns are used to discriminate distinct 

stages of T cell differentiation, with CD27+ CD28+ cells associated with an early antigen-experienced 

phenotype characterised by a strong proliferative potential. In the context of ACT, CD27+ CD28+ cells 

have been shown to develop into long-term tumour-reactive memory T cells following adoptive 

transfer and represent the ideal CD27/CD28 expression phenotype. In addition to the population of 

CD27+ CD28+ cells, both Day 20 T cell populations contained smaller proportions of CD27- CD28+ cells. 

Prolonged TCR stimulation is known to result in the downregulation of CD27, and this proportion of 

CD27- CD28+ cells probably reflects a population of terminally-differentiated T cells [90]. Following 

ACT, T cells with this phenotype have been shown to mediate tumour destruction but fail to persist 

in vivo [90]. The proportion of CD27- CD28+ cells was significantly greater in MΦ-OVA323-339-

restimulated cell population, indicating a poor potential for in vivo persistence for this group. 

The majority of Day 20 CD4+ T cells expressed a CD44+ CD62L- phenotype associated with effector 

memory T cells with a small proportion of CD44+ CD62L+ central memory cells. There was no 

significant difference in the proportions of these cells between the MΦ-OVA323-339- and DC-OVA323-

339-restimulated groups, indicating that dendritic cells and macrophages have similar effects on CD4+ 

memory T cell differentiation. CD44+ CD62L- effector memory T cells preferentially localise to 

peripheral tissues where they are poised to rapidly execute effector functions and can therefore 

mediate tumour destruction when used in ACT [44]. Compared to their CD44+ CD62L+ counterparts, 

these cells possess a relatively limited engraftment and proliferative potential [53], suggesting that 
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the majority of Day 20 CD4+ T cells may fail to persist in vivo for an extended period of time following 

ACT. 

There were no significant differences in the proportions of CD122+ and CD127+ cells between the 

MΦ-OVA323-339- and DC-OVA323-339-restimulated cells, however, analysis of expression levels showed 

that DC-OVA323-339-restimulated CD4+ T cells expressed higher levels of interleukin-7 receptor α (IL-

7Rα or CD127). IL-7-signalling is important in memory CD4+ T cell homeostatic maintenance and 

proliferation, illustrated by the fact that CD4+ T cell survival and proliferation is greatly impaired in 

IL-7 receptor-deficient mice [103]. Thus, higher expression of CD127 in DC-OVA323-339-restimulated 

CD4+ T cells means that these cells are more responsive to IL-7 and suggests that these cells will 

persist in vivo for a greater period of time compared to the MΦ-OVA323-339-restimulated cells. Only a 

small proportion (~20%) of Day 20 CD4+ T cells expressed interleukin-2 receptor β (IL-2Rβ or CD122) 

in both MΦ-OVA323-339- and DC-OVA323-339-restimulated groups. Similar to IL-7, IL-2 is important for 

homeostatic maintenance and is implicated in T cell memory development and survival [57, 92, 104]. 

As the majority of Day 20 CD4+ T cells lack CD122 expression, they are unresponsive to IL-2-signalling 

which may impact on the long-term persistence of these cells in vivo. 

To assess whether Day 20 in vitro-expanded CD4+ T cells were functionally impaired, expression of 

markers associated with T cell dysfunction were evaluated. Programmed death receptor 1 (PD-1) is 

an immune-checkpoint receptor expressed by chronically stimulated T cells and functions to 

negatively regulate immune responses to both foreign and self-antigens [105]. The 

immunosuppressive ligands of PD-1, PD-L1 and PD-L2, are commonly expressed by tumour cells as a 

strategy to evade immune destruction [106], inducing functional exhaustion in tumour-specific T 

cells expressing PD-1 [93]. PD-L1 is also expressed by activated T cells and is thought to have a 

bidirectional signalling role, acting to negatively regulate T cell responses through a process termed 

reverse signalling [95]. Specifically, engagement of PD-L1 on CD4+ T cells has been shown to induce 

secretion of the immunosuppressive cytokine IL-10 and subsequently leads to programmed cell 
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death [94]. Thus, PD-L1 and PD-1 expression are associated with aberrant T cell responses and 

functional impairment.  

Analysis of PD-1 expression on Day 20 in vitro-expanded CD4+ T cells revealed low proportions 

(<10%) of PD-1+ cells, with no significant difference between MΦ-OVA323-339- and DC-OVA323-339-

restimulated cells. This suggests that the majority of both cell populations are not susceptible to 

immunosuppressive PD-1-signalling and should exhibit efficient effector function in vivo. In contrast, 

PD-L1 was expressed by the majority of Day 20 cells which was not unusual given that activated T 

cells commonly express this marker. However, this does suggest that the in vitro-expanded T cells 

are susceptible to immune dysregulation through PD-L1-signalling. Recently, clinical trials have 

demonstrated that antibody-mediated blockade of PD-L1 can induce durable tumour regression in 

patients with advanced cancers and blockade of PD-L1 in vitro is known to enhance immune function 

[107]. Thus, PD-L1 blockade may enhance the function of these cells in vivo following adoptive cell 

transfer. 

Finally, analysis of cytokine production by Day 20 in vitro-expanded CD4+ T cells revealed no 

significant differences between MΦ-OVA323-339- and DC-OVA323-339-restimulated cells, with high 

frequencies of IL-2, IFN-ɣ and TNF-α production. This shows that both populations of Day 20 CD4+ T 

cells produce a pro-inflammatory response to their cognate antigen and suggests that these cells can 

mediate effective tumour destruction in vivo. Interestingly, in vitro stimulation of CD4+ T cells with 

MΦ-OVA323-339 resulted in lower levels of cytokine production compared to that of cells stimulated 

with PMA + ionomycin and DC-OVA323-339, further supporting the notion that macrophages are poor 

inducers of CD4+ T cell responses. 

Overall, Day 20 in vitro-expanded CD4+ T cells predominately exhibited a TH1 effector memory cell 

phenotype (T-bet+ CD44+ CD62L-), with populations of terminally-differentiated (CD27- CD28+) and 

early memory cells (CD27+ CD28+). Compared to MΦ-OVA323-339-restimulated cells, cells restimulated 

with DC-OVA323-339 displayed a phenotype associated with improved long-term survival and 
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persistence in vivo, with higher expression of CD127 and a higher proportion of CD27+ CD28+ CD4+ T 

cells. In light of these superior phenotypic characteristics and the fact that DC-OVA323-339 induced 

significantly greater CD4+ T cell proliferation, the ability of dendritic cells to generate tumour-specific 

CD4+ T cells in vitro for use in ACT is far superior to that of macrophages. However, as the majority of 

cells were CD44+ CD62L- and CD27+ CD28+, it is difficult to predict the persistence of Day 20 CD4+ T 

cells in vivo as these phenotypes are conflicting in terms of long-term survival potential following 

ACT.  

4.4.2 Day 20 In Vitro-Expanded CD8+ T Cells 

Phenotypic analysis Day 20 in vitro-expanded CD8+ T cells revealed similar patterns of CD27 and 

CD28 coexpression, with high frequencies (>98%) of CD27+ CD28+ cells in both MΦ-SIINFEKL- and DC-

SIINFEKL-restimulated groups. Evaluation of CD28 expression levels showed that there was no 

significant difference between the Day 20 T cell populations. Thus, Day 20 CD8+ T cells displayed an 

early antigen-experienced phenotype with strong proliferative potential and a high capacity for 

costimulation.  

Interestingly, Day 20 CD8+ T cells groups exhibited distinct memory cell proportions, with a 

significantly higher percentage of CD44+ CD62L+ central memory cells in the MΦ-SIINFEKL-

restimulated group (20.9%) compared to the DC-SIINFEKL-restimulated group (9.3%). TCM cells have a 

greater capacity to persist in vivo and exhibit greater proliferative potential compared to TEM cells 

[55]. In the context of ACT, CD8+ TCM cells confer superior anti-tumour immunity and mediate greater 

tumour regression compared to TEM cells [44, 108]. The remaining proportions of Day 20 CD8+ T cell 

populations expressed a CD44+ CD62L- effector memory phenotype, with a significantly greater 

proportion of CD44+ CD62L- cells in the DC-SIINFEKL-restimulated group. The difference in memory 

cell subset proportions between MΦ-SIINFEKL- and DC-SIINFEKL-restimulated cell populations 

suggests that dendritic cells and macrophages have distinct effects on CD8+ memory T cell 

differentiation. Although the precise molecular interactions that regulate memory generation remain 
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unclear, the strength and duration of TCR-signalling and costimulation appear to be major factors 

[56]. Additionally, numerous studies have implicated IL-2 [57, 58], IL-7 [59]  and IL-15 [44, 60] in 

memory cell formation. Thus, as the generation of T cell memory is a complex multifactorial process, 

the distinct frequencies of T cell memory subsets is most likely attributable to differences in cytokine 

production, efficiency of antigen-presentation and expression of costimulatory molecules by DCs 

and MΦ. 

MΦ-SIINFEKL- and DC-SIINFEKL-restimulated CD8+ T cells exhibited very similar patterns of CD122 

and CD127 expression, with both groups expressing CD122 and CD127 at high frequencies (>70% 

and >80%, respectively). There was with no significant differences in the proportions of CD122+ and 

CD127+ cells or the level of CD127 expression between MΦ-SIINFEKL- and DC-SIINFEKL-restimulated 

cells. These data indicate that both Day 20 CD8+ T cell groups are similar in their responsiveness to 

homeostatic cytokine signalling and in the context of ACT, these cells exhibit long-term persistence 

potential. 

The expression of markers associated with T cell dysfunction was also evaluated in CD8+ T cells to 

assess whether these cells were functionally impaired. As PD-1 expression is correlated with an 

exhausted phenotype and impaired anti-tumour effector function, Day 20 CD8+ T cells were 

evaluated for PD-1 expression [93]. Analysis revealed high proportions (>67%) of PD-1+ cells, with no 

significant difference between MΦ-SIINFEKL- and DC-SIINFEKL-restimulated cells. This suggests that 

Day 20 cells may exhibit functional impairment in vivo as the majority of both cell populations are 

vulnerable to immunosuppressive PD-1-signalling. Compared to MΦ-SIINFEKL-restimulated cells, 

levels of PD-1 expression were significantly higher in DC-SIINFEKL-restimulated cells, indicating that 

these cells are exhausted and functionally impaired to a greater extent. As blockade of PD-1-

signalling can enhance T cell responses in vitro and restore the anti-tumour activity of exhausted 

cells [109, 110], the administration of anti-PD-1 antibodies may enhance the function of these CD8+ T 

cells in vivo following adoptive transfer. PD-L1 was also expressed by the majority of Day 20 cells, 
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suggesting that these cells are susceptible to immune dysregulation through PD-L1-signalling and 

may therefore benefit from PD-L1 blockade in vivo. 

Finally, analysis of cytokine production by Day 20 CD8+ T cells revealed no significant differences 

between MΦ-SIINFEKL- and DC-SIINFEKL-restimulated cells, with high production of the effector 

cytokines IL-2, IFN-ɣ and TNF-α. Both populations of Day 20 CD8+ T cells displayed efficient CTL 

effector function, with almost all cells producing both IFN-ɣ and TNF-α in response to their cognate 

antigen. As these cytokines can induce tumour cell death, these data suggest that both Day 20 cell 

groups can mediate effective tumour regression in vivo. 

In summary, Day 20 in vitro-expanded CD8+ T cells predominately exhibited a CTL effector memory 

cell phenotype (T-bet+, CD44+ CD62L-), with a smaller population of central memory cells (CD44+ 

CD62L+). Compared to the DC-SIINFEKL-restimulated group, cells restimulated with MΦ-SIINFEKL 

displayed a significantly greater proportion of CD44+ CD62L+ TCM cells which are associated with 

better clinical outcomes when used in ACT [44, 108]. Both Day 20 cell populations produced IL-2, 

IFN-ɣ and TNF-α at similar frequencies, however, DC-SIINFEKL-restimulated cells expressed greater 

levels of PD-1, indicating a greater extent of functional impairment in these cells. Both MΦ-SIINFEKL- 

and DC-SIINFEKL-restimulated cells expressed CD122 and CD127 at high frequencies, suggesting high 

survival potential and long-term persistence in vivo. Additionally, all Day 20 cells displayed an early 

antigen-experienced phenotype with high levels of CD27 and CD28 expression. This indicates high 

costimulatory capacity, proliferative potential and long-term persistence in vivo. As MΦ-SIINFEKL-

restimulated cells expressed lower levels of PD-1 and displayed a higher frequency of TCM cells, the 

ability of macrophages to generate tumour-specific CD8+ T cells in vitro appears to be superior to 

that of dendritic cells. 
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4.5 In vitro Cytotoxicity 
 

Phenotypically, generated T cells expressed cellular markers associated with effective anti-tumour 

function. Therefore, in order to investigate the functionality of these cells, in vitro cytotoxicity assays 

were performed. Results from these experiments provided preliminary data demonstrating antigen-

specific cell killing by in vitro-generated T cell populations. Unfortunately, due to technical difficulties 

only a limited number of experiments generated useable data. Consequently, statistically significant 

differences in antigen-specific cell killing could not be determined, meaning that it was not possible 

to compare the cytotoxic function of different T cell populations. Clearly, this experiment needs to 

be repeated in order to gain statistical significance and determine which population of T cells can 

mediate superior antigen-specific cell lysis. However, due to time constraints and the period of time 

required to generate T cells (>20 days), this was not possible. 

In hindsight, a simpler assay should have been performed to assess antigen-specific cell killing by T 

cells individually, i.e. CD4+ or CD8+ T cells incubated with unpulsed cells and cells pulsed with their 

respective peptides. Further experimentation and optimisation of this assay is required to 

confidently assess the antigen-specific cell killing by expanded T cells in vitro. 

4.6 Limitations and Future Directions 
 

Clearly, phenotypic characterisation and in vitro analysis of effector function can only provide an 

indication of cellular function in vivo and may not reflect the phenotype and function of cells 

following adoptive transfer. Therefore, in order to accurately assess the anti-tumour immune 

responses mediated by in vitro generated T cells, in vivo experiments need to be performed. A 

tumour trial represents the ideal experiment to assess the efficacy of ACT using these cells.  This 

experiment would involve challenging naïve mice with the ovalbumin-expressing tumour cell line 

B16-OVA and treating these mice with adoptively transferred T cells expanded in vitro. Tumour 
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growth and the survival of mice would enable the evaluation of T cell tumour killing in vivo, 

providing an insight into the anti-tumour function of adoptively transferred cells. 

4.7 Limitations and Challenges for ACT 

 

4.7.1 Immune Evasion Mechanisms Employed by Tumours 

In order to escape immune-mediated destruction, tumours employ specific immune-resistance 

strategies that hinder anti-tumour immune responses. The exact mechanisms by which tumours 

mediate immune suppression are numerous and involve a wide variety of cell-expressed and 

secreted molecules [111].  Many of these mechanisms occur concurrently within tumours, resulting 

in a highly immunosuppressive microenvironment that facilitates the growth and survival of 

cancerous cells [112].  Specific mechanisms include the secretion of immunosuppressive cytokines 

(such as IL-10 and TGF-β) [113], the loss of MHC and/or tumour antigen expression [114, 115], 

resistance of tumour cells to apoptosis [116, 117], and the induction of apoptosis in anti-tumour 

immune effector cells [118, 119]. The recruitment of suppressive regulatory immune cells such as 

regulatory T cells [63, 120, 121], tumour-associated macrophages [122] and myeloid-derived 

suppressor cells [123, 124] is another mechanism by which tumours evade the host immune system. 

These cells function to suppress anti-tumour T cell responses through the secretion of IL-10 and TGF-

β or the expression of immune-inhibitory molecules [123, 125, 126]. These immune-inhibitory 

molecules, known as ‘immune checkpoints’, normally function to maintain self-tolerance and 

modulate the amplitude and duration of physiological immune responses [127, 128]. However, 

tumour cells utilise these immune-inhibitory pathways in order to develop an immunosuppressive 

tumour microenvironment and escape detection by the host immune system [112]. This ability of 

tumours to evade immune responses is perhaps the most important challenge to the efficacy of 

adoptive immunotherapy and is the major reason that immunotherapies fail to achieve complete 

responses in all patients [111]. Thus, a greater understanding of the cellular and molecular pathways 
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involved in immune suppression may provide targets for therapeutic intervention and elicit 

strategies to enhance ACT. 

4.7.2 Enhancing ACT via Immune Checkpoint Blockade 

Recently, the therapeutic administration of monoclonal antibodies that inhibit the cellular mediators 

of cancer-induced immunosuppression have shown promising results in clinical trials [129-131]. 

These antibodies block inhibitory receptors on immune effector cells or their ligands expressed by 

other cells such as regulatory T cells and APCs to potentiate anti-tumour T cell responses [128]. One 

important immune-inhibitory receptor is cytotoxic T lymphocyte-associated antigen 4 (CTLA-4), 

which functions to down-regulate the amplitude of T cell activation through engagement with its 

ligands CD80 and CD86 [132]. Blockade of CTLA-4 has been shown to abrogate the function of CD4+ T 

regulatory cells [133] and enhance T cell anti-tumour responses [134, 135]. In clinical trials, 

Ipilimumab, a fully human monoclonal antibody that blocks CTLA-4, improved overall survival and 

induced tumour regression in patients with metastatic melanoma, achieving durable disease control 

in a subset of patients [129, 130]. Another important immune-inhibitory receptor is programmed cell 

death protein 1 (PD-1), which functions to limit the activity of T cells in peripheral tissues through 

interaction with its ligands PD-L1 and PD-L2 [136]. Recently, blockade of PD-1 has also shown 

promising results in clinical trials for the treatment of melanoma and renal-cell carcinoma, achieving 

objective responses in 28% and 27% of patients, respectively [131]. This year, the anti-PD-1 

monoclonal antibody Pembrolizumab received approval from the US Food and Drug Administration 

(FDA) for the treatment of advanced melanoma [137]. Blockade of such immune checkpoint proteins 

may therefore enhance and sustain anti-tumour immunity, potentially allowing immunotherapies 

such as ACT to generate durable responses that can eliminate tumours. 

4.7.3 Enhancing ACT via Lymphodepletion Regiments Prior to Treatment 

Over the past decade, the use of non-myeloblative chemotherapy or total body irradiation prior to 

adoptive cell therapy has proven effective for enhancing the anti-tumour activity of transferred cells. 
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It is well known that treatment with chemotherapeutic agents and total body irradiation not only 

harms tumour cells, but also the cells of the immune system, resulting in the depletion of immune 

elements [138-141]. Paradoxically, numerous experimental models and clinical trials have 

demonstrated that pre-conditioning ‘lymphodepleting regimens’ dramatically improve the efficacy 

of subsequent adoptive cell therapies [37, 142-144]. The specific mechanisms by which 

lymphodepletion augments anti-tumour immunity remain somewhat poorly understood, however, 

recent insights have revealed some of the cellular and molecular mechanisms underlying the 

improved activity of adoptively transferred T cells [145, 146]. As the inability to generate effective T 

cell responses hinders the development of successful ACT therapies, fully elucidating the 

mechanisms that mediate the beneficial effects of lymphodepletion could provide new approaches 

for improving the efficacy of these therapies in a clinical setting. 

Numerous studies have shown that lymphodepletion prior to ACT improves the survival of 

transferred T cells and enhances the engraftment of these cells in the host [144, 146-148]. It is 

postulated that this occurs due to the depletion of cellular ‘cytokine sinks’ or host lymphocytes; 

these compete with adoptively transferred cells for homeostatic cytokines, particularly IL-7 and IL-15 

[147]. The supportive role of these cytokines in the expansion and survival of adoptively transferred 

cells has been demonstrated in studies of mice deficient in IL-7 or IL-15 [91, 149, 150]. In addition to 

increasing the availability of homeostatic cytokines, lymphodepletion greatly reduces immune-

suppressive cell populations such as CD4+ T regulatory cells and myeloid-derived suppressor cells 

[144, 147, 151]. These cells are a major hurdle for immunotherapies, circumventing anti-tumour 

immune responses by suppressing the function of tumour-reactive T cells [123, 125, 126]. Thus, 

lymphodepletion improves the efficacy of tumour-reactive T cells through the creation of a ‘niche’ in 

which these cells have increased access to homeostatic cytokines and are free from the influence of 

immune-suppressive cell populations [146]. 



Discussion  Nicholas Shields 

70 
 

In addition to these mechanisms by which lymphodepletion enhances adoptive immunotherapy, 

recent studies have indicated that antigen presenting cells, in particular dendritic cells, also play an 

important role [145]. This is supported by the fact that the effects of lymphodepletion in improving 

the efficacy of ACT are further enhanced when treatment is followed by vaccination with tumour-

associated antigens [145, 152-154]. Following lymphoablative chemotherapy or radiation treatment, 

massive numbers of tumour cells undergo necrosis, resulting in the release of tumour-associated 

antigens and endogenous TLR agonists such as heat-shock proteins and uric acid [155, 156]. 

Released tumour antigens are recognised by dendritic cells, which become activated through TLR 

signalling (induced by the release of TLR agonists) and undergo maturation [155-157]. Uptaken 

tumour antigens are then processed and presented to T cells by DCs, enhancing the anti-tumour 

activity of adoptively transferred T cells [145, 148]. Thus, the induction of inflammation and tumour 

cell necrosis promotes the activation of antigen-presenting cells which, in turn, enhance anti-tumour 

immune responses through the presentation of tumour antigen to adoptively transferred T cells. The 

standard application of lymphodepleting regiments prior to adoptive cell transfer may, therefore, aid 

in achieving maximal benefit from this immunotherapy in the clinical setting. 

4.8 Conclusion  
 

Cancer is a complex disease that is difficult to treat due to its aggressive nature and inherent ability 

to adapt to therapy. Numerous preclinical and clinical trials investigating the use of 

immunotherapies for the treatment of cancer have shown promising efficacy but have, 

unfortunately, fallen short of a curative ‘magic bullet’. This failure can be attributable to a variety of 

different factors, including immune-evasion strategies employed by tumours, and, perhaps more 

importantly, the limited aspects of the anti-tumour immune response that these treatments utilise. 

Fortunately, as our understanding of cancer and the immune response to this disease grows, more 

avenues for improving immunotherapy come to light. Prime examples include the use of anti-CTLA-4 

and anti-PD-1 antibodies and lymphodepletion prior to adoptive cell transfer, both of which act to 
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circumvent the mechanisms of immune evasion exploited by tumours and improve the function of 

transferred cells. Furthermore, the use of multiple immune effectors such as CD4+ and CD8+ T cells 

may elicit durable anti-tumour immune responses that deploy multiple arms of the immune system, 

destroying tumour cells through both direct and indirect mechanisms. Thus, a multifaceted 

approach, utilising immune checkpoint blockade, lymphodepletion and the use of multiple immune 

cell populations targeting multiple antigens, may be the key to successful curative immunotherapy. 
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Appendix 1 – Media and Solutions 
 
Trypan Blue Solution 
 
 0.25 g Trypan blue powder (0.25%, Sigma-Aldrich) 
 100mL 1 x PBS solution 
 Sterile-filtered 
 
Red Blood Cell Lysis Buffer 
 
 4.15 g NH4Cl 
 0.5 g KHCO3 
 0.02 g EDTA 
 500mL Milli-Q deionised water 
 Sterile-filtered 
 
Dulbecco’s Phosphate-Buffered Saline (DPBS) 
 
 10g Dulbecco’s PBS powder (no calcium chloride and magnesium chloride, Gibco) 
 1L Milli-Q deionised water 
 Sterile-filtered 
 
4× PFA Fixation Buffer 
 
 8g paraformaldehyde (PFA, 8%) 
 100mL FACS buffer 
 
10× Phosphate-Buffered Saline (PBS) 
 
 160g Sodium chloride (NaCl) 
 22.7g Disodium phosphate (Na2HPO4) 
 4g Monopotassium phosphate (KH2PO4) 
 4g Potassium chloride (KCl) 
 2L Milli-Q deionised water 
 Sterile-filtered 
 
FACS Buffer 
 
 1g Bovine serum albumin (BSA, 0.1%) 
 0.1g Sodium azide (NaN3, 0.01%) 
 1L 1 x PBS solution 
 Sterile-filtered 
 
Complete Iscove’s Modified Dulbecco’s Medium (cIMDM-5)  
 
 500mL Iscove’s Modified Dulbecco’s Medium (IMDM) + GlutaMAX™-1 medium (Gibco) 
 25mL foetal calf serum (5%, Moregate Biotech) 
 5mL Penicillin-Streptomycin (100 units/mL of penicillin and 100 µg/mL of streptomycin, Gibco) 
 500μL (55μM) 2-mercaptoethanol (Gibco) 
 
Complete Advanced Dulbecco’s Modified Eagle’s Medium/Ham’s F-12 (cA-DMEM/F12-5) 
 
 500 mL Dulbecco’s Modified Eagles Medium/Ham’s F-12 medium (Advanced DMEM/F-12, Gibco) 
 5mL Penicillin-Streptomycin (100 units/mL of penicillin and 100 µg/mL of streptomycin, Gibco)  
 5mL (20μM) HEPES buffer solution (Gibco)  
 5mL (1×) GlutaMAX™ solution (Gibco) 
 500μL (55μM) 2-mercaptoethanol (Gibco) 
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Supplementary Figure 1: Expression of T cell markers by CD4+ T cells restimulated with either macrophages or dendritic cells. Naïve OT-II 
splenocytes were stimulated with LPS-matured BMDCs pulsed with the peptide OVA323-339 and expanded for 10 days. On day 10, cells were 
restimulated with either OVA323-339-pulsed LPS-matured BMDCs or BMDMs and expanded for a further 10 days. (A) Cells were gated on size 
(forward scatter) and granularity (side-scatter) patterns for doublet exclusion, Zombie Violet™ viability staining for dead cell exclusion and 
CD4 expression for CD4+ T cell selection. (B) Day 0 OT-II splenocytes, (C) day 10 cells and (D) day 20 cells were labelled with fluorophore-
conjugated antibodies against the surface antigens CD4, CD27, CD28, CD44, CD62L, CD122, CD127 and the intracellular transcription factor 
T-bet. Cells were then analysed by flow cytometry using unstained cells as negative controls for gating. All cells were fixed and those 
analysed for expression of the intracellular marker T-bet were also permeabilized. Data are representative of three independent 
experiments with similar results. DC: Dendritic cell. Mф: Macrophage. 
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Supplementary Figure 2: Phenotypic analysis of suppressive marker expression in CD4+ T cells restimulated with either macrophages or 
dendritic cells. Naïve OT-II splenocytes were stimulated with LPS-matured BMDCs pulsed with the peptide OVA323-339 and expanded for 10 
days. On day 10, cells were restimulated with either OVA323-339-pulsed LPS-matured BMDCs or BMDMs and expanded for a further 10 days. 
(A) Cells were gated on size (forward scatter) and granularity (side-scatter) patterns for doublet exclusion, Zombie Violet™ viability staining 
for dead cell exclusion and CD4 expression for CD4+ T cell selection. (B) Day 0 OT-II splenocytes, (C) day 10 cells and (D) day 20 cells were 
labelled with fluorophore-conjugated antibodies against the surface antigens CD4, CTLA-4, PD-1, PD-L1 and the intracellular transcription 
factor FoxP3. Cells were then analysed by flow cytometry using unstained cells as negative controls for gating. All cells were fixed and 
those analysed for expression of the intracellular marker FoxP3 were also permeabilized. Data are representative of three independent 
experiments with similar results. DC: Dendritic cell. Mф: Macrophage. 
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Supplementary Figure 3: Expression of T cell markers by CD8+ T cells restimulated with either macrophages or dendritic cells. Naïve OT-I 
splenocytes were stimulated with LPS-matured BMDCs pulsed with the peptide SIINFEKL and expanded for 10 days. On day 10, cells were 
restimulated with either SIINFEKL-pulsed LPS-matured BMDCs or BMDMs and expanded for a further 10 days. (A) Cells were gated on size 
(forward scatter) and granularity (side-scatter) patterns for doublet exclusion, Zombie Violet™ viability staining for dead cell exclusion and 
CD8 expression for CD8+ T cell selection. (B) Day 0 OT-I splenocytes, (C) day 10 cells and (D) day 20 cells were labelled with fluorophore-
conjugated antibodies against the surface antigens CD8, CD27, CD28, CD44, CD62L, CD122, CD127 and the intracellular transcription factor 
T-bet. Note the larger population of CD44+ CD62L+ cells in the Mф-SIINFEKL restimulated day 20 group (D). Cells were then analysed by 
flow cytometry using unstained cells as negative controls for gating. All cells were fixed and those analysed for expression of the 
intracellular marker T-bet were also permeabilized. Data are representative of three independent experiments with similar results. DC: 
Dendritic cell. Mф: Macrophage.  
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Supplementary Figure 4: Phenotypic analysis of suppressive marker expression in CD8+ T cells restimulated with either macrophages or 
dendritic cells. Naïve OT-I splenocytes were stimulated with LPS-matured BMDCs pulsed with the peptide SIINFEKL and expanded for 10 
days. On day 10, cells were restimulated with either SIINFEKL-pulsed LPS-matured BMDCs or BMDMs and expanded for a further 10 days. 
(A) Cells were gated on size (forward scatter) and granularity (side-scatter) patterns for doublet exclusion, Zombie Violet™ viability staining 
for dead cell exclusion and CD8 expression for CD8+ T cell selection. (B) Day 0 OT-I splenocytes, (C) day 10 cells and (D) day 20 cells were 
labelled with fluorophore-conjugated antibodies against the surface antigens CD8, CTLA-4, PD-1 and PD-L1. Cells were then analysed by 
flow cytometry using unstained cells as negative controls for gating. All cells were fixed in 2% paraformaldehyde solution. Data are 
representative of three independent experiments with similar results. DC: Dendritic cell. Mф: Macrophage. 
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