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ABSTRACT 

 

Adoptive cell therapy using chimeric antigen receptor (CAR) T cells has shown great success 

in haematological malignancies, leading to recent approval of two CD19-specific CAR T cell 

products by the Food and Drug Administration (FDA) for the treatment of B cell Acute 

Lymphoblastic Leukaemia (ALL) and non-Hodgkin lymphoma. However, despite this high 

success in CD19+ malignancies, clinical trials for solid cancers have yielded only limited 

efficacy to date. This discrepancy is thought to be due to, in part, the immunosuppressive 

tumour microenvironment and antigen heterogeneity in solid tumours. Therefore strategies to 

overcome these challenges are necessary for CAR T cells to be effective in solid 

malignancies. In this thesis, we have investigated two approaches aimed at augmenting CAR 

T cell therapy in a solid cancer setting. The first approach involved the activation of a co-

stimulatory pathway known as CD137 (4-1BB). Targeting this pathway using an agonist α-4-

1BB antibody has been reported to induce robust co-stimulatory signals for diversifying and 

enhancing T cell responses, which led us to hypothesise that combining CAR T cells and α-4-

1BB antibody would result in improved therapeutic responses. Herein, we utilised a human-

Her2 self-antigen mouse model to assess the therapeutic efficacy of Her2-specific CAR T 

cells against Her2-expressing solid tumours. We report that the use of an α-4-1BB antibody 

significantly increased CAR T cell anti-tumour responses against two established Her2+ solid 

tumours. Our analysis revealed an increase in expression of IFNγ and the proliferation 

marker Ki67 in intratumoural CAR T cells following treatment with α-4-1BB antibody. 

Strikingly, we also demonstrated that treatment with an α-4-1BB antibody greatly decreased 

host immunosuppressive cells at the tumour site, including regulatory T cells and myeloid-

derived suppressor cells, which correlated with an increased therapeutic response. 

Interestingly, further investigation in immunocompromised RAG-/- mice showed reduced 

synergistic effects following the combination therapy, suggesting a contribution of 

endogenous T cells in mediating these effects. Furthermore, we observed an increased 

frequency of dendritic cells (DCs) and the endogenous T cells exhibiting an effector CD44hi 

CD62Llow phenotype in tumour-draining lymph nodes following α-4-1BB antibody 

stimulation, further supporting the potential involvement of the endogenous immune cells. 

Taken together, these data indicate an important contribution of the endogenous immune 

system in enhancing overall CAR T cell efficacy, and thus formed the basis for our second 

approach that aimed to improve CAR T cell therapy by harnessing the endogenous DC 

population. 
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Herein, we genetically modified Her2-specific CAR T cells to constitutively secrete a 

cytokine Flt3L, that is known to be critical for the differentiation of an important subset of 

DCs, the cross-presenting Batf3-dependent XCR1+ IRF8+ CD103+ DCs. We hypothesised 

that inducing the differentiation of these CD103+ DCs would increase the overall therapeutic 

efficacy of CAR T cells. We successfully generated Flt3L-secreting CAR T cells, and 

demonstrated that CAR T cell-derived Flt3L was able to induce expansion of CD103+ DCs 

and enhance their T cell stimulatory capacity. Adoptive transfer of Flt3L-secreting CAR T 

cells led to a significant enhancement of tumour growth inhibition, and subsequently 

enhanced mouse survival compared to the control CAR T cells. Similarly, using a TCR-based 

adoptive cellular therapy approach, namely the transfer of OT-I T cells against an OVA-

expressing tumour, led to superior anti-tumour responses, particularly with the addition of 

poly I:C adjuvant that resulted in the most significant suppression of tumour growth. 

 

In summary, results presented herein demonstrate the promising potential of combining CAR 

T cells with immunomodulatory agents for enhancing the efficacy of CAR T cells against 

solid tumours. Our results indicate that in addition to directly augmenting CAR T cell 

activity, immune-modulating agents are able to enhance the therapeutic efficacy of CAR T 

cells by modulating the endogenous immune response. Our studies have established a strong 

rationale for combining CAR T cells and immunomodulatory agents in the treatment of solid 

cancer, and therefore warrant clinical investigation of these combination therapies.  
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CHAPTER 1: Literature Review 

 

 Introduction to the immune system and cancer 1.

The immune system, involving a complex network of effector cells, lymphoid organs and 

molecules has evolved to protect the host against infection and disease by presenting various 

defence mechanisms. This network of immunity can be categorised into two broad groups; 

the innate immune system as our non-specific first line of defence, and the adaptive system 

whose response consists of long lasting antigen-specific immunity. Despite being classified 

as two different systems, the innate and adaptive immune systems interact with each other to 

mount an effective response against foreign pathogens as well as transformed tissues [1]. The 

following section will discuss numerous cell types involved in innate and adaptive immunity, 

and the roles they play in the detection and elimination of pathogens and/or tumour cells. 

 

 Innate immunity 1.1.

The innate immune system is the foremost defence of the body, which functions to prevent 

foreign materials and invading pathogens from entering the host and attempts to eliminate 

those that successfully enter through broad non-specific mechanisms. Innate immunity 

constitutes the front-line protection system in the body against invading pathogens, producing 

an immune response with relatively the same magnitude every time a pathogen is 

encountered. Broadly defined, the innate arm includes physical barriers, various molecules as 

well as cellular components. Although not antigen-specific, the innate immune system can 

discriminate between self and foreign molecules. The predominant cells involved in innate 

immunity are neutrophils, mast cells, macrophages, dendritic cells (DCs), basophils, 

eosinophils and natural killer cells (NK cells). These cells bear pattern recognition receptors 

(PRRs) which are able to recognise Pathogen Associated Molecular Patterns (PAMPs); 

molecules that are associated with pathogens and shared between microbes. In addition, 

PRRs can also recognise danger associated molecular patterns (DAMPs), which are 

endogenous molecules released from damaged/dying cells which act to signal cell 

transformation and/or tissue damage in the host [2]. Upon PAMP or DAMP engagement, 

PRRs trigger an intracellular signalling cascade resulting in the production of a wide variety 

of pro-inflammatory molecules, which orchestrate the immediate response to infection. This 

inflammatory microenvironment is also required for the subsequent activation of the adaptive 

immune system, which is required if the innate response is not sufficient to clear the invading 

pathogen and to provide immunological memory. However, this system is highly regulated 
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by endogenous molecules in order to limit the magnitude of inflammation which can 

potentially result in immunopathology [3]. 

 

 Adaptive immunity 1.2.

The adaptive arm is broadly separated into two classes; the humoral response mediated by B 

lymphocytes and the cell-mediated response carried out by T lymphocytes [4]. Unlike innate 

immune cells, each lymphocyte of the adaptive arm is specific to one antigen. Activation of 

lymphocytes leads to antigen-specific cell expansion and differentiation into various helper, 

effector and memory cell subsets. The memory cells provide long lasting immunity against 

the antigen that has been encountered previously, allowing a more vigorous and rapid 

response to be generated upon subsequent exposure to the same antigen [5]. B lymphocytes 

mature in the bone marrow whereas T lymphocytes mature in the thymus. Upon activation, B 

cells act as antigen presenting cells (APCs) and can develop into memory B cells. Types of B 

cell subsets that have been described include marginal zone B cells, regulatory B cells, 

follicular zone B cells, plasma B cells and memory B cells [6]. In humoral responses, 

activation of B lymphocytes is triggered by their cognate antigen to secrete antibodies that 

bind specifically to their antigen in the bloodstream and other body fluids. These antibodies 

have a hypervariable region, which is very diverse and allows for recognition of a wide range 

of antigens. Gene segments for membrane-bound antibody or B cell receptor (BCR) undergo 

rearrangement in the bone marrow to generate surface receptor with a unique specificity. 

Each BCR has one of the BCR constant region series dictating which of the five antibody 

isotypes is generated; IgM, IgD, IgE, IgA, IgG. There are two main regions every antibody is 

comprised of; a Fab region which binds its cognate antigen and a Fc region whose function is 

to bind Fc receptors expressed on innate immune cells to trigger effector function [5]. 

Different effector functions are initiated by different isotypes due to their differing affinities 

for distinct Fc receptors. Although B cells initially express cell-surface IgM and IgD, these 

cells can switch to other isotypes depending on the surrounding environment, a phenomenon 

called isotype switching. This switching is mediated by the interactions between surface 

receptors on B cells and helper CD4+ T cells that are both activated by the same antigen. The 

response-specific cytokines released by helper CD4+ T cells are responsible for driving 

isotype switching in B cells. The antibodies secreted by B cells function to protect the host by 

using various mechanisms. These include neutralisation of toxins, opsonisation of pathogens 

to facilitate engulfment by innate immune cells, activation of the complement cascade to help 

eliminate pathogens and contribution to cell-mediated immune responses [7]. 
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In contrast to B cells, T lymphocytes can eliminate intracellular pathogens and kill infected or 

transformed cells through cell-mediated mechanisms [8]. During development, precursor T 

lymphocytes migrate from the bone marrow to the thymus to undergo further development. 

In the thymic cortex these thymocytes rearrange their T cell receptor (TCR) genes resulting 

in each cell expressing surface receptors that are specific to a particular antigen. Following 

TCR expression, both CD4 and CD8 molecules begin to be expressed on the cell surface, 

forming double positive (DP) thymocytes [9]. Since the activation of T lymphocytes relies on 

their recognition of both antigenic peptides and antigen-presenting major histocompatibility 

complex (MHC) receptors, DP thymocytes must undergo positive selection to ensure that 

they are able to react with MHC receptors. Those failing to do so are eliminated due to the 

lack of pro-survival signals [10]. DP thymocytes continue to differentiate into single positive 

CD4+ or CD8+ T lymphocytes. These naïve lymphocytes next undergo negative selection, a 

process responsible for eliminating self-reactive cells in order to prevent autoimmunity. 

Following this extensive selection process, T cells leave the thymus and circulate through 

lymph nodes via the lymphatic system. These circulating T cells are also steadily monitored 

by various peripheral tolerance mechanisms to limit self-reactivity [11]. 

 

There are three signalling steps necessary for T cell activation. The first step involves the 

ligation of TCR by the appropriate MHC-peptide complexes; CD8+ T cells recognise MHC 

Class I whereas CD4+ T cells recognise MHC Class II. The second activation signal is 

provided through the engagement between co-stimulatory receptor CD28 on naïve T cells 

and membrane-bound glycoproteins CD80 and CD86 on APCs. This engagement leads to 

TCR signalling amplification as well as promotion of T cell survival [12]. The last signal 

required is a effector-promoting cytokine such as IL-2, which is produced by T cells 

following interaction between CD28 and CD80/86, and functions to stimulate the T cells 

resulting in antigen-specific proliferation [13]. T cells interact with APCs in the lymph nodes, 

and following clonal expansion these T cells migrate to the infected tissue. Here polarising 

cytokines secreted by tissue-resident leukocytes control the differentiation of effector cell 

subsets, allowing for more effective pathogen clearance, or in the context of cancer, 

eradication of tumour cells [14]. Following this, large numbers of the effector T cells will 

then undergo apoptosis while a proportion of these cells further differentiate into memory 

cells, known as effector memory T cells (TEM) and central memory T cells (TCM). These 
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memory cells play an important role in generating a more rapid response toward secondary 

infections providing life-long immunity to the host [15, 16]. 

 

1.2.1. CD4+ T helper cells 

Mature T helper (Th) cells have a CD4 receptor expressed on their surface which is used as a 

co-receptor for the engagement of TCR-antigen-MHCII complex [17]. CD4+ T cells function 

to provide help to other immune cells through cytokine and chemokine production [18]. 

There are various subsets of CD4+ T helper cells (Th) which differentiate according to the 

cytokine microenvironment they are in, and every subset is characterised by its associated 

transcription factors. These Th cells include Th1, Th2 [19], regulatory T cells (Tregs) [20], 

Th9, Th17 and Th22 [21, 22].  

 

Th1 cells are a subset of CD4+ T cells that have differentiated following transcription of the 

T-bet transcription factor following activation of STAT 1/4 by IL-12. This subset can 

enhance cellular immune responses by producing large amounts of IFNγ and TNFα, which 

can mediate cytostatic and cytotoxic effects on target cells [23, 24]. In addition, Th1 cells are 

able to secrete chemokines that are important for macrophage and other innate immune cells 

recruitment. These include for example, macrophage chemotactic protein-1 (MCP-1) and 

Regulated on Activation, Normal T cells Expressed and Secreted (RANTES) [25]. Notably, 

Th1 cells are known to be involved in arresting cancer progression due to their pro-

inflammatory phenotype [26, 27], and the level of Th1 cells in tumour has been correlated 

with good prognosis and survival in various cancers [28, 29]. Th2 cells develop due to 

transcription of GATA-3 and STAT6 activation following stimulation with IL-4. These cells 

produce a range of cytokines including IL-4, IL-5, IL-13 and are involved in the clearance of 

parasitic infection. Additionally, Th2 cells are often associated with allergic responses by 

stimulating the recruitment of eosinophils [30].  

 

T helper 17 (Th17) cells differentiate from CD4+ T cells when IL-6 and low amounts of TGFβ 

are present initiating the expression of the RORγt transcription factor. Th17 cells primarily 

produce IL-17, a cytokine involved in inflammatory responses including tissue inflammation 

and neutrophil recruitment [31]. Although generally considered pro-inflammatory, there are 

conflicting findings concerning the role of Th17 cells. In cancer, it has been reported that 

these cells can also dampen down immune responses by suppressing the development of 

other T helper subsets through the production of IL-6, IL-1, IL-23 and TGFβ [32]. 
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Regulatory T cells (Tregs) are characterised by expression of the Foxp3 transcription factor. 

These cells are classified into two groups, natural and induced, depending on the effector 

phenotype origin. Thymus derived natural Tregs mainly function to prevent autoimmunity 

through various peripheral tolerance mechanisms [33]. Induced Tregs develop in peripheral 

tissues, and can be induced by either TGFβ to become Foxp3+ Treg cells, or IL-10 to become 

Foxp3- Treg cells. Induced Tregs are known to play an important role in controlling 

inflammation and have been reported to be detrimental to generation of an effective anti-

tumour immune response [34]. Tregs are an attractive target in cancer therapy given the 

increased Treg levels in cancer patients [35], and depletion of Tregs has been reported in 

cancer regression [36].  

 

Recently, additional Th populations such as Th9 and Th22 cells were described. Th9 cells are 

able to produce IL-9 and IL-21 cytokines. Although they were first reported in the context of 

parasite infection and allergy, several studies have described their existence in tumours. They 

reportedly have anti-tumour functions due to their ability to produce high amounts of IL-9 

and IL-21 cytokines in the tumour microenvironment, which trigger the activation of 

numerous immune cells, including dendritic cells, CD8+ T cells and NK cells to elicit anti-

tumour responses [37]. In contrast, Th22 cells are thought to play a role in the development of 

tumour progression. At least in colon cancer, Th22 cells have been reported to contribute to 

colon carcinogenesis by promoting colon cancer stemness via STAT3 signalling and 

H3K79m2 demethylation [22]. More research to understand the molecular characteristics and 

functional role of these cells is currently being conducted, and results from these studies will 

hopefully shed lights on their potential use in cancer therapy.  

 

1.2.2. CD8+ cytotoxic T cells 

Cytotoxic T cells express CD8 on their surface, which is a co-receptor involved in the 

interaction with TCR-antigen-MHCI complex. CD8+ T cells are referred to as cytotoxic T 

lymphocytes (CTLs) once activated, and function to eliminate infected cells or cancer cells 

by perforin/granzyme mediated killing [38]. Alternatively, CTLs can mediate cell lysis 

through direct cell contact facilitated by the Fas/Fas ligand pathway, or through another 

mechanism involving TNF-related apoptosis-inducing ligand (TRAIL) [39]. In the context of 

viral clearance, once the primary infection is cleared, large numbers of these effector CTLs 

undergo apoptosis while a percentage of these cells become memory T cells [16]. 
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Although it is crucial for lymphocytes to generate an effective immune response, the effector 

activity of these cells must be controlled under certain circumstances. Therefore in addition 

to having activating receptors which are commonly upregulated upon T cell activation, such 

as CD28 [40], OX40 [41], CD137 [42] and inducible T cell costimulator (ICOS) [43], T cells 

also have numerous inhibitory receptors serving as immune regulators in order to prevent 

overactivation that can result in autoimmune responses. Interactions between inhibitory 

receptors and their respective ligands lead to the downregulation of T cell function and 

activity [8]. T cell inhibitory receptors include Cytotoxic T lymphocyte associated protein 4 

(CTLA-4) [44], Programmed Death receptor-1 (PD-1) [45] and T cell immunoglobulin and 

mucin domain containing molecule-3 (TIM-3) [46]. These various activation and inhibitory 

receptors on T cells will be further discussed in more details in Section 2, Chapter 1 of this 

thesis. 

 

 Natural immunity and cancer 1.3.

Cancer immunotherapy can be described as utilising host’s natural immune defences to fight 

against cancer. The role of the immune system in conferring protection against cancer has 

been extensively studied over decades. The cancer immunosurveillance theory, which 

postulates that immune cells continually patrol the body and eliminate transformed tumour 

cells was developed by Thomas and Burnet over forty years ago [47-49]. The importance of 

the immune system in cancer was formally demonstrated by the findings that 

immunocompromised mouse strains were more susceptible to tumour development [50-52]. 

  

In the interaction of host immune cells and tumour cells, three fundamental stages have been 

proposed as part of the cancer immunoediting concept: elimination, equilibrium and escape  

[53]. The first phase of cancer immunoediting is the elimination phase, in which innate and 

adaptive immune cells recognise and destroy transformed tissue, preventing the development 

of malignancy [54]. The immune system can use a specific killing mechanism to eliminate 

tumour cells expressing tumour associated antigens (TAAs) - molecules that are expressed on 

tumours which can be used to distinguish between tumours and most normal tissues. Immune 

cells in particular CD8+ T cells can selectively lyse tumour cells expressing these antigens 

[55]. In addition to CD8+ T cells, NK cells are also known to play an important role in cancer 

cell elimination via perforin/granzymes and death ligand/receptor mediated killing [56]. The 

importance of NK cells in anti-tumour immunity is highlighted by higher frequencies of 
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spontaneous or methylcholantrene (MCA)-induced tumours in mice lacking key NK cell 

effector molecules or activating receptors [57-59]. 

 

In the case where the immune system is unable to successfully eliminate transformed cells, 

this leads to the second phase of immunoediting, which is known as the equilibrium phase. 

Tumours in this phase are dormant tumours controlled by the immune system. At this stage 

both tumours and immune system are in a dynamic balance where anti-tumour responses are 

maintained but yet insufficient to completely eradicate the heterogeneous tumour population 

[60]. Though cancer elimination and equilibrium phases are mostly not apparent, a more 

dramatic outcome results when tumour cells escape the immune system. In this escape phase, 

the immune system fails to eradicate or control tumour cells, leading to an actively growing 

tumour which can result in the overt appearance of cancer [60]. 

 

 Immune suppression and activation pathways in cancer 2.

Various suppressive pathways in the immune system physiologically exist to allow for the 

induction of T cell tolerance and the prevention of autoimmunity. However through 

manipulation of these pathways, tumour cells can use numerous immunosuppressive 

mechanisms to dampen down anti-tumour responses allowing them to evade the immune 

system. 

 

Tumour cells and CD4+ Treg cells can produce TGFβ, a cytokine known to inhibit effector 

function of innate and adaptive immune cells. TGFβ acts on a number of immune cells and 

its secretion leads to reduced macrophage and T cell activation [61]. In order to regulate T 

cell activity, T cells can receive both positive and negative signalling through stimulatory and 

inhibitory receptors expressed on their surface. Several tumours have been reported to 

overexpress molecules that can ligate T cell inhibitory receptors, leading to decreased T cell 

anti-tumour activity [62]. The following sections will briefly discuss inhibitory and activation 

pathways in T cells in the context of cancer. 

 

 

 Programmed Death receptor-1 (PD-1) 2.1.

The immunosuppressive pathways are important in the context of cancer as several tumours 

have been reported to make use of the T cell inhibitory pathways in order to evade the 

immune system. PD-L1, for example, is a common ligand found to be overexpressed in a 
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number of cancers leading to impaired T cell anti-tumour responses via PD-L1:PD-1 

interaction [63-65]. PD-1 is a receptor expressed on activated T cells whose function is to 

regulate T cell activity following engagement by its ligands; PD-L1 which is constitutively 

expressed on normal tissues and can be upregulated in response to inflammatory cytokines 

such as IFNγ, and PD-L2 whose expression is upregulated on APCs upon activation. Ligation 

of PD-1 hinders T cell activation by inhibiting intracellular kinase signalling downstream of 

the TCR and has been reported to also promote T cell apoptosis [66, 67]. In some cancers, 

tumour-infiltrating lymphocytes (TILs) have been shown to have high expression of PD-1 

and this is thought to result from chronic exposure to tumour antigens that can lead to T cell 

anergy. Various solid tumours have been shown to express PD-L1 and these tumours can 

directly interact with T cells via PD-L1:PD-1 engagement to inhibit anti-tumour T cell 

responses [63]. Blocking this interaction using α-PD-L1 and/or α-PD-1 monoclonal 

antibodies (mAbs) has therefore shown great promise in the clinic, with α-PD-1 mAb 

(nivolumab) being approved by the Food and Drug Administration (FDA) in 2014, first for 

advanced melanoma and now for a number of other cancer types [68-70].  
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 Cytotoxic T-Lymphocyte Antigen-4 (CTLA-4) 2.2.

CTLA-4 is an inhibitory receptor known to be expressed on effector T cells upon activation 

and is constitutively expressed on Tregs. This inhibitory pathway is suggested to be used by 

Foxp3+ Tregs to facilitate immunosuppressive actions [71]. CTLA-4 binds to CD80 and 

CD86 expressed on the APC surface, though normally CD28 on T cells binds to CD80/CD86 

to provide a signal for T cell activation. If CTLA-4 is present on T cells it can outcompete 

CD28 for ligand engagement due to its higher affinity in binding CD80/CD86 molecules, 

resulting in reduced T cell activation [72]. Studies on the CTLA-4 suppressive pathway in the 

context of cancer have shown that blockade of this molecule using mAb results in enhanced 

IFNγ production and increased CD8+ anti-tumour response. As a result, a fully humanised α-

CTLA-4 mAb known as ipilimumab was developed and approved for treating melanoma 

patients, and is now in phase II/III clinical trials against other cancers [73, 74]. 

 

In addition to expressing inhibitory receptors, T cells express activation receptors which play 

an important role in determining the outcome of TCR signalling and thus T cell function. 

Activation receptors often co-localise with TCRs following antigen recognition, allowing 

them to synergise with TCR signalling and promote T cell function [75]. Discussed in the 

next sections are activation receptors on T cells that have been targeted in preclinical and 

clinical studies in an attempt to improve anti-tumour immunity in cancer patients. 

 

 OX40 2.3.

OX40 (also known as CD134) is an activation receptor that is expressed on activated T cells. 

Ligand binding (OX40L) to this receptor is known to prolong T cell survival as well as 

generate T cell memory, leading to enhanced T cell function. Stimulation of OX40 can 

increase T cell function by the upregulation of pro-survival cytokine receptors. OX40-

mediated signalling upon ligand engagement ultimately results in enhanced proliferation of 

effector T cells [76]. Preclinical mouse studies with the purpose of enhancing T cell anti-

tumour responses have been conducted and these results indicate that anti-tumour activity can 

be increased by the use of an agonistic α-OX40 antibody [77]. At present, α-OX40 agonistic 

antibodies are in phase I/II clinical trials against a number of cancers, as a single agent or in 

combination with other anti-cancer modalities (Identifier: NCT03410901, NCT01862900, 

NCT02559024) [78-80]. 

 

 4-1BB 2.4.
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4-1BB (also known as CD137) is a member of the tumour necrosis factor (TNF) receptor 

family. 4-1BB is a co-stimulatory receptor on the T cell surface whose expression is induced 

by T cell activation. Though expressed mainly on activated CD4+ and CD8+ T cells, 4-1BB is 

also expressed on activated B cells as well as NK cells. The ligand for 4-1BB (4-1BBL) is 

primarily expressed on APCs including dendritic cells, macrophages and B cells [81]. 

Numerous studies of mouse and human T cells indicate that signalling through 4-1BB 

pathway leads to increased T cell activation, survival, memory generation and cytokine 

secretion particularly IFNγ (Figure 1) [82]. This well-characterised role of 4-1BB makes it 

an appealing target, and the use of an agonistic α-4-1BB mAb to stimulate this receptor has 

been extensively studied in the context of cancer. Results from preclinical studies suggest 

that an agonistic α-4-1BB mAb, alone or in combination with other therapies, can lead to 

tumour rejection and eradication of established tumour through direct activation of CD8+ T 

cells [83]. In clinical trials, two fully human α-4-1BB mAbs are currently being tested in 

phase I/II clinical trials for various cancers including melanoma, ovarian cancer and renal cell 

carcinoma, and have been found to be well tolerated with disease stabilisation reported in a 

proportion of patients [84, 85]. Given its promising capacity to augment T cell activation and 

its high translational potential, we sought to examine the use of α-4-1BB in enhancing CAR 

T cell efficacy, and this will be described in Chapter 3 of this thesis. 
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Figure 1. Effects of CD137 (4-1BB) co-stimulation with α-CD137 (α-4-1BB) antibody on 

T cell function 

Binding of α-CD137 agonistic antibody leads to multimerisation of the CD137 receptors. 

This consequently brings TRAF-2 adapter molecules into proximity, allowing for 

transubiquitination to take place. Docking sites are created by these structures for the TAK1-

TAB1/2 complex and other signalling proteins. Ultimately, these events lead to NFκB 

activation, which results in increased T cell function mediated by various mechanisms 

including increased T cell survival, growth, costimulation and cytokine production. Figure 

adapted from Sanchez-Paulete et al., 2016 [86]. 
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 Adoptive cell therapy 3.

Adoptive cell therapy (ACT) can be described as the infusion of autologous or non-

autologous immune cells into patients following isolation, activation and expansion ex vivo. 

Early observation of spontaneous regression of hepatic metastases in a patient with gastric 

carcinoma gave insights into the potential role of the immune system in host protection 

against cancer. During this observation, Rosenberg et al. found dense infiltration of a 

resected primary tumour with lymphocytes, which was thought to be suggestive of the host 

immune-type response against the tumour [87]. More than a decade later, an important 

finding led by Rosenberg’s group that melanoma-infiltrating lymphocytes were able to 

recognise autologous melanoma cells served as a cornerstone for the development of ACT 

[88]. Early studies investigating the use of ACT were performed using tumor-infiltrating 

lymphocytes (TILs) on patients with metastatic melanoma in the 1980’s, the majority of 

which were led by Rosenberg’s group [89, 90]. Further optimisation of this therapy includes 

the use of lymphodepleting regimens prior to ACT and the addition of interleukin-2 (IL-2), 

yielding great success in the treatment of patients with metastatic melanoma with up to 70% 

objective response rates being reported [91]. Due to the promising success of this TIL-based 

ACT as demonstrated in advanced metastatic melanoma, numerous attempts were made to 

isolate and grow tumour-reactive TILs from other cancers such as ovarian, breast, colorectal 

and renal carcinoma [92-95]. Despite the encouraging results for the treatment of metastatic 

melanoma however, ACT using autologous TILs proved to have its own limitations. 

Although this approach has been shown to be effective in metastatic melanoma [91], and to a 

more limited extent other malignancies including glioma [96] and renal carcinoma [97], 

many cancers do not have sufficient number of TILs with anti-tumour activity that can be 

collected and expanded for adoptive transfer, hence restricting its application from the 

majority of cancers. This is partly because although T cells can respond to tumour-associated 

antigens, sometimes T cells specific to these antigens have been rendered tolerant, as most 

tumours originate from self-tissue, resulting in these T cells being unable to generate an 

appropriate response [98]. Melanoma is known to have the highest somatic mutational loads 

amongst other cancers [99]. Therefore there is an increased likelihood that neoantigen-

specific T cells will be present, which may be the reason why TIL-based ACT works most 

effectively in melanoma. Additionally, another limitation of TIL-based ACT lies in its 

dependency on tumour cells expressing MHCI, which is often downregulated in cancer [100, 

101]. 
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In an attempt to overcome these limitations, building on the TIL-based adoptive therapy, 

several creative strategies have been developed to broaden ACT application for other 

malignancies. Advanced technology enabling the introduction of genes into lymphocytes 

formed the foundation for the development of gene-modified T cells, that is T cells that are 

genetically engineered by gene-insertion to express receptors specific for tumour-associated 

antigens (TAAs) [102]. This approach allows for high numbers of tumour-reactive T cells to 

be generated from peripheral blood lymphocytes, thus bypassing the need of collecting TILs 

at the tumour site. The receptors can be either T cell receptor (TCR)-based, similar to 

endogenous TCRs, or chimeric antigen receptor (CAR)-based, consisting of antibody-derived 

single-chain variable fragments (scFv) fused to T cell signalling domain(s) [103]. Years of 

efforts invested in these approaches have brought to fruition the clinical application of these 

gene-modified T cells, with promising results reported in numerous clinical trials. The next 

section focuses on preclinical and clinical studies of ACT using TCR-engineered and CAR-

engineered T cells, and the advantages and challenges associated with each approach. 

 

 Genetic modification with TCR genes 3.1.

With advances in technology, identifications of TAAs as well as tumour-specific neoantigens 

as targets for gene-engineered T cells have been made possible [104-107]. Adoptive therapy 

involving reinfusion of T cells genetically modified with TCR-αβ transgenes, to generate 

antigen-specific TCRs capable of recognising a known tumour antigen, has demonstrated its 

potential and feasibility in treating a number of viral-induced malignancies [108, 109] and 

other cancers particularly melanoma [110-112]. The choice of TCR depends on the target 

antigen and MHC restriction of the patient. TCR-based gene therapy was initially studied for 

the treatment of metastatic melanoma. From a TIL culture, TCR genes were isolated from a 

tumour-reactive T cell clone, and they were HLA-A2 restricted and specific for the 

melanoma target antigen MART-1. These TCR genes were at first inserted into Jurkat cells 

via transfection, and a functional TCR was detected [113]. Retroviral transduction of the 

TCR genes into peripheral blood lymphocytes (PBLs) was then conducted and results 

showed anti-tumour activity in vitro [114]. Other melanoma antigens that have been 

investigated were derived from patients successfully treated with TIL therapy, such as 

tyrosinase and gp100 [115, 116]. Pioneering work by Morgan et al. demonstrated that in a 

trial involving retroviral transduction of patients’ PBLs to express a MART-1 specific, HLA-

A2 restricted TCR, around 17-67% of PBLs expressed the TCR, and these cells were able to 

secrete IFNγ following co-culture with cells pulsed with MART-1 peptide as well as HLA-
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A2+ melanoma cell lines. In this trial, 2 out of 15 patients that received TCR-modified T cells 

experienced objective responses, and modified T cells could be detected one year post-

treatment. This was importantly the first trial to demonstrate clinical efficacy of TCR-

engineered T cells in metastatic melanoma [112]. Following this study, the same group 

conducted another clinical trial using MART-1 specific T cells with higher affinity, whereby 

the TCRs were mouse or human derived, and reported 19% or 30% objective responses in the 

patients, respectively. This study was also the first to report autoimmunity from TCR-

engineered T cells, where they observed the targeting of normal melanocytes in the ear, skin 

and eye in some patients, who then received local steroid treatment [117]. Recently, the use 

of checkpoint blockade immunotherapy has highlighted that the appearance of immune-

related adverse events may be associated with anti-tumour activity. Interestingly, in 

melanoma patients treated with α-PD-1 therapy, higher response rates were observed in a 

patient cohort that had experienced at least one autoimmune adverse event [118]. Another 

target antigen that has been used in the context of TCR-engineered T cell therapy is NY-

ESO-1, which is a cancer-testis antigen [110]. NY-ESO-1 is expressed by a number of 

epithelial cancers such as prostate, breast, bladder, ovarian cancers and hepatocellular 

carcinoma, however its expression on normal tissue is limited to the testis [119-121]. Patients 

with synovial cell sarcoma and melanoma were reported to have 67% and 45% objective 

clinical response rates, respectively, following treatment with ACT using NY-ESO-1-specific 

TCR-engineered T cells. Furthermore, no antigen-specific toxicities were observed in these 

trials, hence making cancer-testis antigens an appealing target for ACT [110].  

 

Due to several limitations, however, to date there have only been a small number of clinical 

trials utilising TCR-engineered T cells. In preclinical studies, a potential limitation results 

from TCR mispairing that has occurred from the mixture of transduced and endogenous 

TCRs, leading to the development of potentially auto-reactive TCRs [122]. Attempts to 

lessen this mispairing incidence led to the introduction of leucine zipper motifs, cysteine 

bonds and human-murine hybrid TCRs to stabilise TCR chains [123-126]. Another concern 

that has contributed to the slow progression of this type of therapy is safety. TCR-engineered 

T cell immunotherapy in some clinical trials has resulted in some adverse events leading to 

tissue damage on the tissues that express the target antigen [127-129]. One important factor 

that determines the therapeutic efficacy of TCR-engineered T cells is the presence of 

appropriate MHC molecules, which are frequently downregulated in cancers as a means of 

avoiding immune recognition [101]. Moreover, as TCRs engage MHC-peptide complexes, 
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the TCRs used in adoptive immunotherapy need to be matched to the patient’s haplotype 

[130]. Further, the activation of the TCR in the absence of appropriate costimulation signals 

may be insufficient to elicit a potent anti-tumour response. To overcome these limitations, 

one approach has been the generation of T cells engineered with chimeric antigen receptors 

as discussed in the following section. 

 

 Genetic modification with CAR genes 3.2.

An alternative approach used to redirect T cell specificity to tumour antigens is by genetically 

engineering T cells to express antibody-based receptors called chimeric antigen receptors 

(CARs) (Figure 2). CARs are comprised of an extracellular antibody single-chain variable 

fragment (scFv) which serves as antigen-binding site, connected to intracellular signalling 

domain(s), the most commonly used of which are CD3ζ, CD28 and 4-1BB [131]. The 

versatile redirection of T cell specificity, and the intracellular signalling molecules linked as 

part of the CAR, endow T cells with potent anti-tumour function thus widening the ACT 

application to malignancies beyond melanoma. 

 

Due to the antibody-like properties of CARs, CAR T cell adoptive therapy has a number of 

advantages. For example, unlike TCRs, CARs can not only recognise peptide antigens but 

also other antigens such as lipids and carbohydrates. Another major advantage of utilising 

CARs is the fact that they do not require MHC molecules for antigen presentation, making 

them broadly applicable to diverse patient populations [132]. Attempts to make the most 

efficacious CAR T cells have led to generation of multiple structural designs of CAR. 

Discussed in the next section is the development progress from early design to the latest 

design of CARs. 
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Figure 2. Chimeric antigen receptor (CAR) T cell therapy 

T cells are first collected from a patient through leukapheresis, before being activated on 

antibody-coated beads. Transduction is then performed ex vivo on the activated T cells to 

express the CAR, followed by further CAR T cell expansion. After preparation of the CAR T 

cell product and once the product has passed all testing for quality control, the patient 

undergoes lymphodepleting treatment such as chemotherapy followed by CAR T cell 

infusion. Figure adapted from Maus and June, 2016 [133]. 
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3.2.1. CAR construct and design 

CARs are generally composed of an antibody-based scFv, an extracellular antibody fragment 

that is specific to a target of interest. Such targets include, for example, a tumour antigen 

[134, 135], viral protein such as human immunodeficiency virus (HIV) envelope glycoprotein 

[136], and in some cases a receptor or a ligand [137, 138]. The scFv is attached via hinge and 

transmembrane domains to cytoplasmic T cell signalling domains, which then trigger T cell 

activity (Figure 3). The concept of CAR T cell dates back to the 1980’s, when Zelig Eshhar 

and colleagues genetically engineered and generated chimeric T cell receptor genes 

composed of the antibody’s variable domains, fused to the TCR constant domains [139]. 

Following this, a seminal study by Irving et al. demonstrated that a chimeric protein linking 

the extracellular and transmembrane domains of CD8 to the cytoplasmic domain of CD3 zeta 

chain (CD8/zeta chimera) was capable of transducing signals for T cell activation upon 

stimulation of the CD8 alone using an α-CD8 antibody [140]. This importantly formed the 

basis for the use of CD3 zeta protein as a signalling domain in the CAR construct.  

 

In 1993, Eshhar et al. first reported the use of CARs in T cells, redirecting them to target the 

hapten, 2, 4, 6-trinitrophenyl (TNP) by generating scFv specific for TNP and linking it to 

either the ζ chain or γ chain of the TCR. These modified T cells were capable of mediating 

antigen-specific target cell lysis as well as secreting IL-2 cytokine upon antigen encounter 

[141]. The CAR design, incorporating one signalling molecule, ζ chain or γ chain of the 

TCR, was the first to develop and termed first generation CAR. CAR clinical studies were 

initially conducted using first generation CAR T cells against TAAs such as α-folate receptor 

(αFR) in ovarian cancer, and also carbonic anhydrase IX (CAIX) in renal cancer. Results 

from these early trials revealed that CAR T cell infusions were well tolerated but no 

significant clinical responses were observed. The lack of objective response was thought to 

be due to insufficient T cell activation in first generation CAR T cells [142, 143]. From this 

experience, in order to enhance T cell capacity in mediating tumour regression, an additional 

signalling domain was added to the first generation CAR construct. The two most commonly 

used signalling domains incorporated into the CARs were T cell co-stimulatory domains, 

CD28 or CD137, and this CAR design was referred to as second generation CAR [144, 145]. 

Differences between CD28 and CD137 costimulatory domains in CARs have been 

investigated, and studies have revealed that CD28-containing CAR T cells are associated 

with formation of effector memory cells, whereas 4-1BB-containing CAR T cells are 
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Figure 3. Schematic representation of first, second, third and fourth generation 

chimeric antigen receptors (CARs) 

CARs are generated by fusing an antibody fragment known as the single chain variable 

fragment configuration (scFv) which is able to recognise a specific tumour antigen, to 

transmembrane and intracellular T cell signalling domains. Signalling domains are 

incorporated into CARs to allow for intracellular T cell signalling. (I) First generation CARs 

contain the CD3ζ or FcRγ domain, which are signalling domains required for initial T cell 

activation. (II) Second generation CARs contain a co-stimulatory domain in addition to the 

CD3ζ or FcRγ domain. (III) Third generation CARs comprise two co-stimulatory domains, 

usually from a combination of CD28, CD27, 4-1BB or OX40, in addition to the CD3ζ 

domain. (IV) The more recent fourth generation CARs are armoured CAR T cells modified 

to produce cytokines and/or chemokines following antigen recognition. IL: interleukin, scFv: 

single chain variable fragment. Figure adapted from D’Aloia et al., 2018 [146]. 
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predominantly associated with central memory cell development [147]. The use of CD28-

containing CAR may therefore be more efficient for generating early robust effector anti-

tumour responses, however 4-1BB-containing CAR may be superior in the long-term. 

Another difference between the two signalling molecules was reported in a study 

demonstrating that CD28 costimulation augments, whereas costimulation through 4-1BB 

decreases CAR T cell exhaustion due to persistent CAR signalling [148]. It has also been 

reported that while CD28 contained within the CAR drives the anti-tumour response strongly, 

4-1BB signalling is more effective when delivered externally [149]. Clear conclusion of 

which costimulatory molecule is best for the CARs is still debatable, and studies testing the 

two molecules in the same condition such as same cancer model, preconditioning regimen 

and CAR T cell dose, in multiple tumour models will be required to determine the most 

appropriate costimulatory molecule.  

 

Recently, a newer CAR design has been developed in an attempt to optimise CAR T cell 

function further, and these so-called third generation CARs involved the incorporation of 

three signalling domains including CD3ζ and a combination of two other signalling 

molecules such as CD28, OX40, CD137 and CD27 [131, 134, 150, 151]. However, 

comparisons between second generation and third generation CAR T cells are yet to be fully 

understood since in vivo studies from different groups have shown inconsistent results as to 

whether third generation CAR T cells can result in improved efficacy in vivo compared to the 

second generation CAR T cells [152-155]. Potential explanations for this inconsistency and 

alternative approaches to provide costimulatory signal will be discussed further in Chapter 3. 

More recently, a fourth generation CAR T cells which is also known as “armoured CAR T 

cells” or T cells redirected for universal cytokine-mediated killing (TRUCKs), have been 

developed with the aim to increase CAR T cell persistence in the immunosuppressive tumour 

microenvironment. This approach involves engineering CAR T cells to produce and secrete 

cytokines that can help alleviate the immunosuppressive tumour microenvironment, as well 

as attract other immune cell populations to cause a multipronged tumour attack [156]. This 

concept of armoured CARs has attracted great interest in the adoptive immunotherapy field 

over the last few years, and studies incorporating various cytokines used in this approach will 

be further reviewed in Section 4.1, Chapter 1 of this thesis. 
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3.2.2. CAR T cell therapy in the clinic 

The number of CAR T cell clinical trials for cancer has been growing worldwide, with at 

least 250 clinical trials currently ongoing (Table 1) [157]. Early clinical studies conducted 

the trials using the first generation CAR T cells containing either FcRγ or CD3ζ signalling 

domain. The types of cancer that were treated in these trials included ovarian cancer, 

neuroblastoma and renal cell carcinoma [158-162]. Results from these trials were mixed, 

ranging from no objective clinical responses [158] to complete responses, which were the 

first documented report to demonstrate complete remission following treatment with CAR T 

cells in solid cancer [160]. However, overall results obtained from the first generation CAR T 

cell trials revealed that although CAR T cell infusions were well tolerated in cancer patients, 

the majority of these trials showed no significant clinical responses [142, 143].  

 

Clinical trials using second generation CAR T cells for patients with haematological cancers 

have generated the most potent therapeutic efficacy [163-167]. In comparison with first 

generation CAR T cells, a clinical study found that second-generation CAR T cells have 

greater persistence and elicit more potent anti-tumour responses, justifying the use of second 

generation CARs for improved therapeutic responses [168]. The most commonly used CAR 

constructs in clinical trials have been the CD28-CD3ζ and 4-1BB-CD3ζ second generation 

CAR T cells [169]. Overall, the biggest success of CAR T cell therapy has been highlighted 

in the treatment of B cell leukaemias, particularly B cell acute lymphoblastic leukaemia (B-

ALL). Adoptive transfer of CAR T cells targeting the CD19 antigen in B-ALL has yielded 

great success in multi-centre clinical trials with more than 90% patients achieving complete 

remission [164, 167, 169]. This has excitingly led to the approval of CD19-specific CAR T 

cells (Kymriah) by the FDA for the treatment of refractory/relapsed B-cell ALL in patients 

up to 25 years of age, making it the first gene therapy available in the US [170]. Shortly 

thereafter, the second approval of CD19-specific CAR T cells (Yescarta) was announced by 

the FDA for the treatment of several types of refractory/relapsed large B cell lymphoma in 

adult patients [171].  

 

The use of third generation CAR T cells in the clinic has been limited compared to that of the 

second generation. Several trials that have utilised the third generation CAR T cells include 

those for the treatment of lymphoma, colon cancer and leukaemia [172-174]. Results from  
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Table 1. Representative of recently published reports of CAR T cell therapy in the clinic 

 

Cancer type Target 
antigen 

Year 
published 

Number of 
patients 

Clinical 
Responses 

Reference 

ALL CD19 2017 43 40 CR (93%) [167] 
ALL CD19 2016 59 55 CR (93%) [175] 
ALL CD19 2016 29 27 CR (93%) [176] 
AML Lewis-Y 2013 4 0 [177] 
B cell 

lymphoma 
CD20 2016 11 6 CR (55%), 

3 PR 
[178] 

CLL CD19 2017 24 17 CR 
and/or PR 

(71%) 

[179] 

CLL CD19 2015 14 4 CR (29%), 
4 PR 

[180] 

CLL and Non 
Hodgkin 

Lymphoma 

CD19 2015 15 8 CR (53%), 
4 PD , 1 SD 

[181] 

Colorectal 
cancer 

CEA 2017 10 7 SD [182] 

Glioblastoma IL13Rα2 
 

2015 3 0 [183] 

Prostate PSMA 2016 5 2 PR [184] 
Sarcoma Her2 2015 17 4 SD [185] 

 

ALL, acute lymphoblastic leukaemia; AML, acute myeloid leukaemia; CLL, chronic 

lymphocytic leukaemia; CR, complete response; PR, partial reponse; SD, stable disease. 
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patients with lymphoma who were treated with CD20-specific CAR T cells containing CD3ζ, 

CD28 and 4-1BB signalling domains demonstrated safety and some anti-tumour activity by 

these CAR T cells [174]. In contrast, Morgan et al. reported a fatal adverse event in a patient 

with metastatic colon cancer following treatment with CD28-4-1BB-CD3ζ third generation 

CAR T cells targeting the Her2 antigen. The patient experienced respiratory failure soon after 

cell infusion, with serum samples suggesting a cytokine storm event as indicated by 

substantial increases in cytokines such as IFNγ, TNFα, IL6, IL10 and granulocyte 

macrophage-colony stimulating factor (GM-CSF). It was speculated that the large number of 

infused T cells used in this study may have immediately localised to the lung and were 

triggered to produce substantial amounts of inflammatory cytokines upon recognition of Her2 

antigen, albeit at low levels, on lung epithelium [173]. However, it is important to note that 

although these trials utilised the third generation CD28-4-1BB-CD3ζ CAR, the different 

safety profiles of third generation CAR T cells in these different trials could be caused by 

many factors, some of which include different target antigens, preconditioning regimens and 

T cell doses. Therefore further characterisation of third generation CARs in preclinical 

models is crucial to further understand their safety and efficacy profile. Given these safety 

concerns, an analogous approach is to provide costimulation with antibodies targeting the 

costimulatory molecule 4-1BB, which can be delivered in a controlled manner. This forms a 

major hypothesis for my thesis. 

 

3.2.3. Limitations of CAR T cell therapy in haematological cancer 

Despite excellent initial clinical outcomes from CD19-CAR T cell therapy for 

refractory/relapsed B-ALL, with reports showing high complete remission (CR) rates [175, 

176, 186], a significant proportion of patients still relapse [175, 187]. A study by Maude et al. 

reported that in a cohort of 59 patients, 93% of them were in complete remission at 1 month 

follow up after CD19-CAR T cell infusion. However, further follow up revealed that 45% of 

these patients relapsed within only one year. In the cohort of patients that relapsed, more than 

half of them had CD19-negative disease [175]. In a more recent study by Park et al., a long-

term follow up study of 53 patients who received CD19-CAR T cell therapy at the Memorial 

Sloan Kettering Cancer Center (MSKCC) through enrolment between February 2010 and 

June 2016 was conducted [187]. Of these 53 patients, 83% of them had a complete remission; 

32 patients experienced minimal residual disease-negative (MRD-) complete remission and 9 

patients experienced MRD+ complete remission. Analysis in this study showed that MRD 

status of a patient significantly affects long-term survival outcome of the patient. It was found 
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that patients who had MRD- complete remission had longer event-free and overall survival 

compared to those who had MRD+ complete remission after CAR T cell infusion. Overall, 

although around 20% of all patients treated remained disease-free for a significant amount of 

time (>60 months post T cell infusion), a high proportion of patients did relapse. 

Interestingly, further analysis revealed that all 9 patients who had MRD+ CR relapsed with 

CD19+ blasts, and half of the patients who had MRD- CR relapsed, 4 of which had a relapse 

with CD19-negative disease [187]. Taken together, studies have revealed that despite very 

high short-term response rates in haematological malignancies, a substantial proportion of 

patients still relapse. It is of high importance to understand the mechanisms behind this 

relapse and resistance to CD19-CAR T cells, and several studies over the last few years have 

found several factors that could contribute to this relapse. 

 
The emergence of CD19 loss relapse was an interesting novel escape mechanism in the 

context of CAR T cell therapy. A study investigating a subset of CD19-negative leukaemias 

which have emerged following CD19-CAR T cell treatment found mutations affecting the 

CD19 gene as well as an enrichment of splicing variants which lacked the epitope recognised 

by the CD19-CAR. Of note, there was a frequent splicing out of exon 2 of the CD19 gene, 

which resulted in the elimination of the epitope on CD19 normally recognised by the antigen-

binding site of CD19-CAR. Therefore it has been suggested that it is possible for CD19 

protein to still be expressed in some patients, but lacking the specific epitope necessary for 

recognition by the CAR, hence resulting in CD19-negative relapse [188]. Attempts to prevent 

such relapse following CD19-CAR T cell therapy have led to an approach involving the 

generation of dual-specific CARs targeting CD19 and CD22 at the same time [189]. This 

approach is currently under investigation in a phase I clinical trial (Identifier: NCT03448393, 

NCT03289455) [190, 191]. Very recently, an interesting finding was reported that could be 

another mechanism of resistance/relapse following CD19-CAR T cell therapy. In this case, 

they reported the possibility of inadvertent transduction of leukaemic B cells with CD19-

CAR during the ex vivo transduction process. This could lead to co-localisation of CD19 and 

CD19-CAR on the same leukaemic B cell, resulting in the masking of CD19 epitope by the 

CD19-CAR expressed on the same tumour cell due to the CAR-antigen recognition and 

binding [192]. This mimics the “CD19 antigen loss” phenomenon due to the CAR-transduced 

B cells masquerading as CD19 loss variants.  
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3.2.4. Limitations of CAR T cell therapy in solid cancer 

With regards to solid malignancies, following the remarkable outcome of CD19-specific 

CAR T cells, many efforts have been focused on transferring the success of CAR T cells to 

solid cancers. Several antigens that have been used as CAR T cell targets for various solid 

tumours include Her2, Lewis-Y, GD2, mesothelin, CD70, CD171, CD123, carcinoembryonic 

antigen (CEA) and many others [193-195]. A number of clinical trials utilising CAR T cells 

for the treatment of solid cancers have been initiated, but therapeutic responses have been 

low. For example, the best clinical responses demonstrated recently in clinical trials of CAR 

T cells targeting solid cancer antigens such as prostate-specific membrane antigen (PSMA), 

mesothelin or Her2 were 24-67% of patients experiencing stable disease [195-197]. 

 

In comparison to the high efficacy observed in haematological malignancies, results from 

CAR T cell therapy against solid cancers have evidently been much more limited to date [98, 

196, 198, 199]. This discrepancy is thought to be, in part, due to the lower numbers of CAR T 

cells that infiltrate solid tumours, and/or limitation of CAR T cell function by the 

immunosuppressive tumour microenvironment (TME) in solid tumours [98]. The 

microenvironment of solid tumours is generally composed of various cell types such as 

fibroblasts and immune cells, which in addition to limiting access of CAR T cells to the solid 

tumour mass, produces a microenvironment that orchestrates an immunosuppressive network 

and signalling that may put limitations on CAR T cell effectiveness [133]. For instance, it has 

been reported that tumoural stroma cells produce immunosuppressive molecules such as IL-

10, indoleamine-2,3-dioxygenase (IDO) and TGFβ, which dampen down T cell function and 

responses [61, 200, 201]. Furthermore, solid tumours also often express immune checkpoint 

ligands such as PD-L1 on their surface, which bind to the PD-1 receptor on activated T cells 

and consequently reduce T cell anti-tumour responses [202]. Notably, one major challenge of 

CAR T cell therapy for the treatment of solid malignancies is the heterogeneity of solid 

tumours. This can be described as the observation that tumour cells within the same bulk of 

tumour can have different phenotypes with regards to their surface antigen expression, gene 

expression, morphology, their potential to metastasise and other characteristics [203]. 

Therefore more often than not, a proportion of tumour cells in the tumour bulk will not 

express the target antigen that is recognised by the CAR and hence can evade CAR T cell 

surveillance. As a result, this can lead to the outgrowth of antigen-negative tumour cells. 

Overcoming antigen-negative tumour cell escape will therefore be of critical importance in 
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advancing CAR T cell therapy for solid tumours, and this will form the basis for my work in 

Chapter 4. 

 

Despite all these challenges and multiple setbacks in the treatment of solid cancer however, 

various exciting and innovative strategies have been under active investigation over the last 

decade in an attempt to enhance CAR T cell efficacy. Attempts to overcome challenges in 

solid malignancies have led to a wide range of novel approaches involving genetic 

modification of chemokine, cytokine and signalling pathways in CAR T cells, combination 

with other immunotherapies aimed at overcoming tumour-induced immunosuppression, as 

well as CAR incorporation into other immune cell subtypes such as NK cells and 

macrophages [204, 205]. The next section will discuss various strategies currently being 

developed in preclinical and clinical studies to enhance CAR T cell efficacy. 

 

 Strategies to enhance CAR T cell function and responses against haematological 4.

and solid malignancies 

The efficacy of CAR T cell therapy is influenced by both the environment to which CAR T 

cells are exposed, and also the intrinsic functional parameters of CAR T cells which 

determine if they can generate effective anti-tumour responses. The solid tumour landscape 

presents multiple barriers that can ultimately neutralise CAR T cell activity. In order to 

successfully eliminate the tumour cells, CAR T cells must successfully traffic to the tumour 

sites. This could be challenging in the case where there is a mismatch between tumour-

derived chemokines and chemokine receptors on T cells. Subsequently, if these CAR T cells 

do get to the tumour site, the next challenge is to successfully infiltrate the stromal elements 

for CAR T cells to induce TAA-specific cytotoxic effects. Finally, even after successful 

trafficking and infiltration to the tumour, CAR T cells must then overcome multiple obstacles 

created by the tumour and/or the host cells in the TME. These include the presence of 

immunosuppressive soluble factors, cytokines and immune cells. In addition to this, the 

negative regulatory mechanisms intrinsic to CAR T cells can also be a major challenge for an 

effective tumour targeting [206]. Attempts to increase CAR T cell effectiveness in solid 

cancers as well as to further enhance the success of CAR T cell therapy in haematological 

cancers have therefore led to various creative strategies involving either manipulation of the 

tumour microenvironment, or genetic modification of intrinsic CAR T cell signalling 

pathways, both of which will be discussed in the next section.  
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 Targeting the cytokine milieu to enhance CAR T cell therapy 4.1.

The area of synthetic biology is vastly developing and has provided us with the technology to 

perform customised engineering of cellular pathways, enabling various modifications in cell 

response behaviours required for more effective cell-based therapies [207-210]. Modification 

of cytokine pathways to counteract the immunosuppressive TME has been explored in an 

attempt to increase the permissiveness of tumour killing by CAR T cells. Efforts into 

investigating potential use of this cytokine modulation approach have resulted in the 

generation of the so-called ‘armoured’ CAR T cells, which are CAR T cells engineered to 

overexpress potent pro-inflammatory cytokines. For example, insertion of IL-12 gene into 

CAR T cells has been conducted, and improved efficacy has been reported against various 

tumour models in vivo by these IL-12-secreting CAR T cells, thought to be in part attributed 

to the intrinsic resistance to Treg-mediated inhibition acquired by IL-12-secreting CAR T 

cells [211-213]. Other pro-inflammatory cytokines have also been tested in the context of 

CAR T cell therapy including IL-15 and IL-18, with results demonstrating enhanced CAR T 

cell function and activity in a number of preclinical studies [214-216]. Taken together, based 

on promising observations from these pre-clinical studies investigating cytokine and/or 

chemokine genetic manipulation approach, it is anticipated that more cytokines and 

chemokines involved in promoting immune cell responses will be explored in the CAR T cell 

context. Importantly however, whilst these strategies have been developed and shown 

promising results in preclinical studies, translation into clinical setting must be carefully 

conducted as excess of pro-inflammatory cytokines can be harmful and lead to severe 

toxicities [217, 218]. 

 

 Chemotactic manipulation to improve CAR T cell trafficking  4.2.

Given that trafficking and penetration of CAR T cells into tumour mass are major obstacles 

that have to be overcome in solid cancer, manipulation of chemokine signalling is currently 

under intensive investigation. A recent study by Adachi et al. utilised the cytokine 

modulation approach in combination with chemokine modulation for CAR T cells, 

combining overexpression of IL-7 cytokine and CCL19 chemokine in CD20-targeted CAR T 

cells. Tested in two murine CD20-overexpressing tumour models, P815 mastocytoma and 

3LL Lewis lung carcinoma, CCL19xIL-7-secreting CAR T cells were proven superior in 

promoting tumour clearance in pre-established solid tumours compared to conventional CAR 

T cells. This superior performance by CCL19xIL-7-secreting CAR T cells was associated 

with a marked increase in T cell and DC infiltration into tumour tissues [219]. Solid tumours 



 
 

 48 

can secrete various chemokines which are able to prevent effective T cell trafficking into the 

tumour such as CXCL5 and CXCL12 [220, 221]. Moreover, chemokine receptors expressed 

on T cells frequently do not match the tumour chemokine signature, leading to limited 

trafficking to the tumour [222]. Therefore, matching chemokine receptor(s) expressed on 

CAR T cells to the tumour chemokine milieu is an attractive strategy as it may allow for a 

higher frequency of CAR T cells to traffic to the tumour site. Indeed, a study by Kershaw et 

al. has demonstrated that T cells engineered with CXCR2 were able to migrate towards 

various tumour cells expressing the cognate chemokine CXCL1 [223]. This similar effect has 

also been observed in other studies utilising CCR2b-bearing CAR T cells in neuroblastoma 

and mesothelioma xenografts, as well as CCR4-bearing CAR T cells in Hodgkin’s lymphoma 

[224-226]. Importantly, given chemokine signature may also be influenced by the tumour 

location, stroma and surrounding cytokine milieu [227], these factors should be taken into 

consideration when designing appropriate chemokine receptors for CAR T cells. 

 

 Targeting CAR T cell signalling pathways 4.3.

Studies have demonstrated that genetic modification of signalling pathways in T cells can be 

a powerful tool for protecting T cells from immunosuppression, enhancing their anti-tumour 

activity in ACT [228-231]. The signalling molecule Akt, for example, is an important protein 

involved in various signalling pathways in T cells such as IL-7R and CD28 pathways [232, 

233]. CD28 activation results in Akt phosphorylation, which then plays a significant role in 

cell survival and cytokine synthesis [234, 235]. In addition to being regulated by co-

stimulatory receptors however, inhibitory receptors including CTLA-4 and PD-1 can 

suppress Akt activity, indicating its involvement in immune regulation thus making it a 

potential target in cancer immunotherapy [236, 237]. As a result, various studies have been 

performed using OT-I and CAR T cell adoptive transfer models incorporating Akt 

overexpression in T cells, and results have demonstrated enhanced anti-tumour efficacy with 

this approach [229, 238]. In support of this, a study also showed that augmented Akt 

activation was observed in CAR T cells with the combination of CD28 and 4-1BB signalling 

domains, which correlated with increased T cell-mediated tumour elimination [153]. A 

similar strategy has been explored in an attempt to augment T cell activity and reduce their 

co-stimulatory need, for example by deleting Casitas B-lineage lymphoma-b (cbl-b), an E3 

ubiquitin ligase important in negative regulation of T cell activation [230]. Adoptive transfer 

of cbl-b-deficient T cells has been reported to enhance anti-tumour immunity, and further 

studies revealed resistance to the PD-1:PD-L1 immunosuppressive regulation to be a 
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potential mechanism for the observed increase in anti-tumour responses [231, 239, 240]. This 

approach has yet to be demonstrated for engineered CAR T cells, but with advances in 

genome editing, efficient specific interventions such as deletions in T cell genome are now a 

viable strategy for the improvement of T cell immunotherapy [241-243]. Another promising 

approach is the modification of CAR T cell signalling pathways by deletion of diacylglycerol 

kinases (dgk), negative regulators in T cell signalling. Several pre-clinical studies have 

demonstrated enhanced anti-tumour efficacy using this approach, and the development of dgk 

inhibitors has shown promising results in enhancing T cell function [228, 244, 245]. There 

are many more potential targets in T cell signalling and transcription regulators that warrant 

further exploration in ACT including ADAP, SKAP55, TNFAIP3, Nr4a2 and Maf [246-249].  

 

One creative approach that has attracted great interest in ACT is the development of nullified 

or mutant dominant negative receptors (DNRs). DNRs are receptors that generally contain 

mutated version (loss of function) of the intracellular chain however maintain the 

extracellular domain of the receptor. Integration of DNRs into T cells allows for the 

nullification of downstream signal transduction following surface receptor engagement, and 

is an attractive strategy to combat immunosuppression in the TME caused by inactivating 

molecules such as PD-L1 and TGFβ, as DNRs can compete with the host receptors for these 

molecules and therefore block the optimum inhibitory effect of host receptor binding to the 

target molecule [250]. A number of preclinical studies using this DNR approach for TGF-β 

have yielded encouraging results as shown by enhanced anti-tumour activity both in vitro and 

in vivo [251-253], and clinical trials testing the use of DNR-containing “TGF-β resistant” 

CAR T cells have commenced for Her2-positive malignancies (Identifier: NCT00889954, 

NCT02065362) [254, 255]. Furthermore, a DNR for PD-1 in the CAR T cell field has been 

studied and was reported to be able to restore effector CAR T cell functions by rescuing CAR 

T cells from the debilitating effects of PD-L1 signalling [256]. An interesting alternative to 

interfering with the PD-1 signalling pathway involves incorporation of a switch receptor 

composed of truncated extracellular PD-1 domain, and transmembrane-cytoplasmic CD28 

domains into CAR T cells. In this study, PD-1CD28 CAR T cells were demonstrated to 

significantly enhance solid tumour regression compared to CAR T cells alone or α-PD-1 

mAb, partly owing to the reduced susceptibility of the PD1CD28 CAR T cells to tumour-

induced suppression [257]. More recently, a strategy to disrupt PD-1 signalling in CAR T 

cells has resulted from the use of CRISPR technology, and a preclinical study has reported 

improved CAR T cell anti-tumour responses compared to the conventional CAR T cells 
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[258]. Altogether, while PD-1:PD-L1 interference is most commonly targeted by antibody 

blockade, approaches utilising PD-1 DNR, PD-1CD28 switch receptor or CRISPSR/Cas9-

mediated PD-1 disruption in CAR T cells could provide an alternate route for PD-1 blockade, 

with the advantage of targeting a certain subset of T cells, hence reducing potential 

autoimmunity that may be caused by antibody blockade due to its wider target extent. 

 

 Targeting T cell metabolism in CAR T cell therapy 4.4.

Modification of T cell metabolism pathways offers yet another alternative strategy to 

counteract the immunosuppressive TME. The availability of nutrients and substrates in the 

microenvironment is known to have a significant influence on T cell function both in vitro 

and in vivo [259]. It has been reported that T cell differentiation into different subsets is also 

partly regulated by the availability of exogenous nutrients [260]. Emerging evidence suggests 

that T cell metabolic pathways can be reprogrammed to favour T cell survival and function, 

highlighting the potential of metabolic parameter manipulation as a way of optimising ACT 

[261, 262]. Given that T cell persistence, expansion, and differentiation play crucial roles in 

determining the efficacy of adoptively transferred T cells [263-265], tailoring culture 

conditions based on T cell metabolic requirements might represent a potential strategy to 

generate desirable characteristics of T cells for ACT. 

 

One approach of modifying T cell metabolism that has been investigated to enhance anti-

tumour response is through the inhibition of glycolytic metabolism. Work by Sukumar et al. 

showed that cells exhibiting high levels of glucose intake had reduced potential to become 

long-lived memory T cells compared to those with low glucose uptake [264]. This is an 

important observation given that central memory T cells are known to be important for a 

sustained in vivo expansion after adoptive T cell transfer [266]. Accordingly, the use of 

glycolysis inhibitor was able to increase memory cell pool as well as promote enhanced anti-

tumour function [264]. Another way to increase T cell capacity to persist and replicate in the 

context of ACT is by promoting mitochondrial biogenesis or oxidative phosphorylation 

(OXPHOS). Studies show that mitochondrial fusing and dividing events play a role in 

modulating cell metabolism, fitness, and longevity [267, 268]. In the context of mouse and 

human cancers, tumour-infiltrating T cells exhibit reduced mitochondrial mass and function, 

and progressively lose an important transcriptional coactivator PGC-1α which regulates 

genes involved in mitochondrial biogenesis. An interesting study reported that tumour-

specific T cells could be reprogrammed by overexpression of PGC-1α in order to meet the 
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metabolic needs of effector T cells, consequently rescuing their effector function and 

improving ACT efficacy [269]. This PGC-1α overexpressing strategy to enhance 

mitochondrial biogenesis has not been examined in the context of CAR T cells, however 

recently an interesting study reported that mitochondrial biogenesis in CAR T cells can be 

augmented via inclusion of 4-1BB costimulatory domain in the CAR architecture [147]. 

Although reprogramming of immune metabolism is still in its early stages compared to the 

use of immune checkpoint and/or immune agonist combination in T cell therapy, intense 

research on this topic is ongoing and this approach holds great potential. Furthermore, in 

addition to glycolysis and mitochondrial biogenesis, other metabolic targets such as fatty acid 

synthesis/oxidation, glutaminolysis, and amino acid transports seem to play important roles in 

T cell regulation and therefore warrant exploration in ACT [259]. 

 

 Using checkpoint inhibitors to enhance CAR T cell anti-tumour responses 4.5.

Checkpoint inhibitors such as α-CTLA-4 and α-PD-1 antibodies in cancer therapy work by 

turning off the inhibitory mechanisms in T cells, consequently leading to further T cell 

activation and therefore tumour killing. Remarkable results from clinical trials using these 

reagents led to their approval by the FDA in 2011 and 2014, respectively [68, 270, 271]. 

Given the clinical success of α-CTLA-4 and α-PD-1 in enhancing T cell function and anti-

tumour activity, administration of checkpoint inhibitors makes an ideal partner for tumour-

targeted engineered CAR T cells. 

 

Several preclinical studies have tested the combination of CAR T cell therapy and α-PD-1 

mAb against various cancers, either through systemic administration of α-PD-1 or genetically 

engineered CAR T cells expressing α-PD-1 scFv. These studies also described potential 

mechanisms underlying the increased therapeutic efficacy observed following combination 

therapy [272-274]. Recently, the combination therapy of α-PD-1 mAb and CAR T cells has 

been investigated in clinical trials, and promising preliminary results were reported from the 

trial combining CD19-CAR T cell therapy and α-PD-1 mAb (pembrolizumab) in a patient 

with refractory diffuse large B-cell lymphoma [275]. In this patient, after failure to respond to 

CD19-specific CAR T cell therapy alone, the patient received pembrolizumab and had 

significant clinical improvement in less than 3 weeks. Laboratory results revealed substantial 

expansion of CD19-specific CAR T cells as well as increased expression of Granzyme B, 

particularly in CD8+ CAR T cells after administration of pembrolizumab. This finding 

suggests that α-PD-1 mAb therapy can be a promising strategy for cancers that are not 
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responsive to CAR T cell therapy alone [275]. More clinical testing using this combinatorial 

approach is currently ongoing and results from these clinical trials are eagerly awaited. 

 

There is a substantial number of other T cell inhibitory receptors, and many reagents 

targeting these receptors have been developed and tested in both preclinical and clinical 

studies such as α-LAG-3, α-BTLA and α-TIM3 mAbs with promising results [276-278]. 

Based on the success of combining CAR T cells and reagents blocking the 

immunosuppressive PD-1 and more recently adenosine pathways [273], other checkpoint 

inhibitors are yet to be tested and warrant further investigations in the context of CAR T cell 

therapy. Overall, the success of monoclonal antibodies targeting inhibitory receptors on T 

cells in eliciting potent anti-tumour activity has prompted substantial interest and opened up 

exciting opportunities to explore more immunomodulatory antibodies targeting other T cell 

receptors. 

 

 Using immune agonists to boost immune responses in CAR T cell therapy 4.6.

In addition to inhibitory receptor antagonist antibodies, monoclonal antibodies aimed at 

activating T cell co-stimulatory receptors, known as immune agonist antibodies, have 

advanced in their development. T cells express various co-stimulatory molecules that play a 

significant role in achieving optimal T cell activation. Two main co-stimulatory receptor 

families involved in immune activation are the immunoglobulin-like (Ig) superfamily and the 

Tumour Necrosis Factor Receptor (TNFR) superfamily. TNFR superfamily members such as 

CD137 (4-1BB), CD134 (OX40), CD40 and CD27 are potent co-stimulatory molecules that 

have been widely studied in pre-clinical models, and antibodies targeting these pathways are 

currently being tested in phase I/II clinical trials, making immune agonist antibodies an 

attractive option for combination with adoptive immunotherapy [85, 279-281].   
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4.6.1. OX40 agonist therapy 

OX40, a member of TNFR superfamily, is a co-stimulatory receptor present on T cells, 

neutrophils and NK cells. OX40 is transiently expressed on both CD4+ and CD8+ T cells 

following antigen encounter, but the duration of expression is reportedly shorter on CD8+ T 

cells compared with CD4+ T cells [282]. The engagement of OX40 by its natural ligand 

OX40L expressed on APCs, or by OX40-specific agonist antibodies induces T cell 

expansion, survival, and the production of various cytokines related to T helper cell  (Th) 

type 1 and type 2 responses [283-286]. Furthermore, OX40 ligation has also been reported to 

promote activation-induced cell death of regulatory T cells, attenuating their 

immunosuppressive activity [287]. The capacity of OX40 ligation to potently drive T cell 

function and activity indicates that OX40 holds great potential as an adjuvant in cancer 

immunotherapy. Indeed, numerous preclinical studies have demonstrated soluble OX40L and 

α-OX40 agonistic mAb to be potent stimulators of CD4+ and CD8+ T cells, consequently 

resulting in robust anti-tumour immunity and the establishment of immunological memory in 

various types of cancer, as a single agent or in combination with other therapies [288-291]. 

Encouraging results from in vivo studies have prompted multi-site phase I/II clinical trials 

evaluating the safety and efficacy of α-OX40 agonist mAbs in patients with metastatic and/or 

advanced solid tumours (Identifier: NCT02318394, NCT02559024) [292-295]. Several 

follow-up clinical trials exploring potential combinations of α-OX40 mAbs with other anti-

cancer modalities including radiotherapy, α-PD-L1 and α-4-1BB mAbs are currently 

underway (Identifier: NCT01862900, NCT02221960, NCT02315066) [296-298]. 

 

In ACT, studies have examined the effects of OX40 deficiency in the adoptive transfer of 

OVA-specific TCR transgenic CD8+ T cells, with results demonstrating that OX40 signalling 

is necessary for CD8+ T cell memory generation and their capacity to self-renew [299]. 

Furthermore, an agonist α-OX40 mAb has been tested in combination with ACT and shown 

to be able to augment T cell responses [300]. More recently, in the field of CAR T cells, 

OX40 has been used as a signalling domain in the CAR construct, usually paired with CD28 

molecule in the third generation CARs, and has shown unique co-stimulatory ability 

efficiently suppressing IL-10 secretion [301, 302]. Stimulation of OX40 receptor through the 

use of agonistic antibodies has yet to be tested in combination with CAR T cells but will be 

an interesting alternative to direct OX40 incorporation as a signalling domain in the CAR 

construct.  
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4.6.2. CD27 agonist therapy 

CD27 is a T cell co-stimulatory receptor shown to be important in T cell activation 

particularly by supporting T cell survival, proliferation and effector functions [303-305]. The 

signalling pathway of CD27 is primarily mediated by its ligand, CD70, which is expressed on 

B cells, DCs and activated T cells. Interaction of CD27 on T cells with CD70 causes 

recruitment of regulatory molecule Siva-1, and adapter protein E3 ligases including TRAF5 

and TRAF2, overall resulting in the activation of the NFκB signalling, promoting T cell 

survival and activation [306, 307]. In the CAR T cell context, CD27 molecule has recently 

been used as a signalling domain incorporated in the CAR construct, and some studies have 

tested its effects on CAR T cell activity in vitro and in vivo [151, 308-310]. Results showed 

that CD3ζ-CD27 containing CAR T cells exert greater effector functions including 

cytotoxicity and cytokine production, as well as enhanced tumour regression in vivo 

compared to CD3ζ-CAR T cells. When compared to other more frequently used signalling 

domains in CARs such as CD28 and 4-1BB, CD27-containing CAR T cells induced 

comparable tumour regression and T cell persistence in xenogeneic allograft model [308]. 

Despite emerging preclinical results, no clinical data of CAR T cells containing the CD27 

signalling molecule has been reported to date, though it will be interesting to determine if 

incorporation of the CD27 signalling domain can facilitate enhanced CAR T cell anti-tumour 

activity in humans. With regards to providing exogenous stimulation, CD27 expression on T 

cells can be upregulated following antigen stimulation, although unlike OX40 and 4-1BB, 

CD27 is already expressed constitutively at significant levels on T cell surface, including 

naïve T cells, making it an attractive receptor for targeting by antibodies [311, 312]. As such, 

agonistic antibodies targeting CD27 have been developed with promising results in 

preclinical studies demonstrating substantial reduction in tumour burden against a number of 

cancer types including melanoma [313, 314], and are currently being tested in phase I/II 

clinical trials for patients with advanced malignancies (Identifier: NCT01460134, 

NCT03307746) [315, 316]. 

 

4.6.3. 4-1BB agonist therapy 

CD137 or 4-1BB is an important T cell co-stimulatory receptor belonging to the TNFR 

superfamily, and is increasingly recognized as a potent stimulator of immune responses in 

cancer immunotherapy. Although primarily expressed on activated T cells, 4-1BB is also 

reportedly expressed on other immune subsets including B cells, NK cells, DCs, mast cells 

and neutrophils [84]. The expression of 4-1BB on immune cells is usually activation-induced 
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and transient, although some immune subsets such as Tregs and DCs have been reported to 

have constitutive 4-1BB expression, albeit at low levels [84, 317]. Upon activation of T cells, 

4-1BB binds strongly to its ligand (4-1BBL), which is predominantly expressed on DCs, 

macrophages and B cells [81]. Numerous studies of both mouse and human T cells have 

established the powerful co-stimulatory nature of 4-1BB signalling, making it a potent target 

for enhancing T cell activity. Consequently, agonistic monoclonal antibodies specific for 4-

1BB have been successfully developed, and studies have shown that agonist α-4-1BB mAb 

stimulation on T cells induces an array of intracellular signal transduction, resulting in the 

transcription of various genes involved in T cell survival, proliferation, memory generation, 

and cytokine-secreting function [84, 318, 319]. Anti-4-1BB agonistic antibodies have been 

used in multiple preclinical studies, with results consistently demonstrating enhanced anti-

tumour responses in various solid cancer settings following treatment with an α-4-1BB 

agonist, which appears to be primarily mediated by CD8+ T cells [320-322]. The use of 

agonistic α-4-1BB mAb has also been tested in a study involving the use of the OT-I model, 

and the study reported improved anti-tumour efficacy following concurrent administration of 

α-4-1BB mAb and OT-I T cells [323]. Taken together, encouraging preclinical data has led to 

the development of two fully human α-4-1BB mAbs, urelumab and utomilumab, which are 

currently being tested in early phase clinical trials [85, 324, 325]. 

 

In the CAR T cell field, two interesting strategies to provide 4-1BB stimulation have been 

employed. These include incorporation of 4-1BB signalling domain into the CAR construct 

and overexpression of 4-1BB ligand (4-1BBL) on CAR T cells which provides 

transcostimulation for other T cells and/or other endogenous immune cells [149, 152, 153], 

both of which have been tested in the clinic [326, 327]. These two approaches are effective at 

delivering 4-1BB signal, though overexpression of 4-1BBL has the distinct benefit of 

engaging not only the gene-modified CAR T cells but also other endogenous immune cells 

that express the 4-1BB receptor such as the host T cells, NK cells, and DCs, allowing for 

diversification of target antigens beyond the CAR antigen [149]. This thesis will explore 

another alternate strategy of delivering 4-1BB signal to CAR T cells via administration of 

exogenous α-4-1BB agonistic antibody, and the potential advantages of this approach will be 

discussed in Section 1, Chapter 5 of this thesis.  
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 Harnessing the endogenous immune cells to improve CAR T cell therapy against 5.

solid cancer 

One of the greatest challenges in the treatment of cancer, regardless of cancer type, is the 

heterogeneity of tumours whereby antigen positive and antigen negative tumour cells co-

exist. In the context of CAR T cell therapy, the consequences of tumour heterogeneity occur 

when in the same bulk of tumour lesion, the expression of a given tumour antigen varies 

across the cancer cell population [328-330]. In this situation, although tumour cells 

expressing the CAR target antigen may be eliminated by CAR T cells, antigen negative 

tumour cells can escape and eventually grow out. This issue of tumour heterogeneity has in 

fact been reported in the context of B cell malignancies treated with CD19-specific CAR T 

cells, where patients can have relapses of CD19-negative clones, presenting a challenge in the 

long-term control of this disease by CD19-specific CAR T cell therapy [331, 332]. In solid 

tumours, antigen negative tumour cells remain one of the major forces driving tumour relapse 

and progression despite ongoing specific therapy [330]. Antigen negative tumour cells cannot 

be recognised and eliminated by CAR T cells, highlighting a conceptual deficiency unable to 

be fixed by simply increasing binding affinity, cytotoxicity and/or function of CAR T cells. 

 

One potential strategy to overcome this problem of tumour heterogeneity is by recruiting and 

activating both innate and adaptive endogenous immune cells as they naturally have a wide 

range of receptors that can recognise various different tumour antigens, both intracellular and 

extracellular [333]. The recruitment and engagement of endogenous immune cells can 

potentially cause a multipronged attack against the tumour lesions, resulting in the killing of 

more tumour cells including those that are antigen negative that will otherwise escape CAR T 

cell recognition. This sums the basis for the hypothesis of Chapter 4 in this thesis, which 

describes a novel strategy to overcome tumour heterogeneity by harnessing the dendritic cell 

compartment, with further explanations to be detailed in Section 6, Chapter 1 of this thesis. 

Given the pivotal role dendritic cells play in promoting anti-tumour immune responses, 

understanding their function in the context of cancer is of high importance for designing 

novel immunotherapies. 

 

 Endogenous dendritic cells (DCs) and T cells  5.1.

Ralph Steinman is considered the father of DC research, and was awarded the Nobel Prize in 

Medicine in 2011 for his pivotal role in our current understanding of DC biology [334, 335]. 

DCs are antigen presenting cells whose primary function is to process antigen material and 
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present it to T cells [336]. Advances in DC research have recognised this cell population to 

have vast heterogeneity. As such, DCs have been identified as essential mediators of both 

immunity and tolerance [337, 338]. 

 

DCs are well known to be efficient initiators of immune responses against antigens, given 

they are uniquely equipped with various receptors for antigen uptake, express high levels of 

chemokines and cytokines, as well as molecules for antigen presentation and costimulation. 

DCs can detect pathogens, dying cells and tumour cells via a variety of molecules expressed 

by these cells such as SIRPα, DEC-205, Clec9A and others. Upon antigen uptake followed 

by antigen processing, peptide antigens are then presented via MHCI and MHCII molecules 

to T cells. Chemokine receptors expressed on DCs allow for their migration to secondary 

lymphoid organs and consequently antigen presentation to T cells. In addition to this, DCs 

also have costimulatory molecules which provide signals for effective T cell activation. 

Furthermore, another important aspect of DCs is their ability to produce a wide range of 

cytokines, which could not only influence the outcome of immune responses, but also allow 

for communications with other immune cell types including macrophages, B cells and NK 

cells [339].  

 

The critical role of DCs in initiating anti-tumour responses during cancer immunesurveillance 

is underscored by findings that DC infiltration into primary tumours is associated with 

reduced incidence of metastasis in patients with cancers of various types including gastric, 

oral, head and neck, bladder and lung [340]. High DC infiltration into tumours has also been 

associated with prolonged patient survival [341]. In cancer patients, it has been found that 

tumour-induced DC dysfunction can be an important mechanism of immune escape. Initial 

studies assessing the effects of tumours on DC reported that numbers of DC in the blood 

were aberrant in patients with cancer [342-344]. Furthermore, studies also revealed lack of 

DC recruitment into a wide range of tumour lesions [345-347], which could have important 

implications in cancer patients given that low DC infiltration is associated with poor survival 

prognosis [341]. In addition to reduced DC number and infiltration into tumours, DCs can 

also be altered with regards to their function. It has been reported that tumours can secrete a 

number of factors that can result in the inhibition of DC differentiation, suppression of DC 

maturation, activation and stimulatory function, as well as induction of immunosuppressive 

type of DC known as regulatory DCs [348]. Given the pivotal role of DCs in eliciting anti-

tumour responses, and the fact that DC number and function can be abnormally regulated in 
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cancer patients, immunotherapy involving DC recruitment and restoration is an appealing 

area of research in cancer therapy and holds great potential. 

 

 Dendritic Cell subsets 5.2.

The definition of DC subsets is evolving and will continue to do so with more research now 

focusing on the investigation of DC pathways and functions. In general, DCs can be broadly 

categorised into two main subsets, the classical DCs (cDCs) and plasmacytoid DCs (pDCs) 

(Table 2) [349]. Both of these cell populations arise from a common DC progenitor (CDP) in 

bone marrow, and for their development, these cell populations importantly depend on Flt3 

signalling [350, 351]. 

 

5.2.1. Plasmacytoid DCs 

Plasmacytoid DCs (pDCs) develop in the bone marrow and comprise 1-2% of all bone 

marrow cells. Following development into pDCs, these cells accumulate in the circulation 

and lymphoid tissues [352]. In steady state, they are characterised as having low MHCII and 

CD11c expression, and can be recognised by the expression of B220, which is a B cell 

lineage marker, and Bst2/PDCA1 plasmacytoid marker. Upon maturation following 

encounter with TLR7/9 ligands, pDCs are known to be a major source of type I IFNs, in 

particular IFNα [353]. 

 

5.2.2. Classical DCs 

Classical DCs, also known as cDCs, make up a small percentage of the immune cells and 

populate almost every tissue in the body. This DC population can be categorised into two 

subpopulations, lymphoid and non-lymphoid cDCs [354]. Lymphoid cDCs differentiate in, 

and permanently reside in secondary lymphoid organs including lymph nodes (LNs) and the 

spleen. This lymphoid cDC population can be further divided into CD8+ DCs, which form up 

to 40% of the LN and spleen cDCs, and CD11b+ cDCs which are usually the majority of the 

population [352]. On the other hand, non-lymphoid cDCs are present in non-lymphoid tissues 

and make up 1-5% of all tissue cells depending on the organ. This cDC population consists of 

two main subsets which can be based on their surface markers, CD103+ CD11b- and CD11b+   
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Table 2. Simplified phenotype of mouse dendritic cells (DCs) 

 

pDC, plasmacytoid dendritic cell; cDC, classical dendritic cell; ND, not determined. The + 

and/or – signs represent the presence and/or absence of the phenotypical marker, 

respectively. Higher expression of the phenotypical marker is illustrated by multiple + signs. 

Table adapted from Merad et al, 2013 [352]. 

  

  Lymphoid tissue cDC Non-lymphoid tissue cDC 

Phenotypical 
marker 

pDC CD8+ cDC CD11b+ cDC CD103+ CD11b- 
cDC 

CD103- CD11b+ 

cDC 
CD45 + + + + + 
CD11c + +++ +++ ++ ++ 
MHCII + ++ ++ ++ ++ 

CD8 subset + - - - 
CD11b - - + - + 
CD103 - subset - ++ - 
B220 + - - - - 
CD24 ND ++ + ++ +/- 
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cDCs [352]. Upon encountering antigens, non-lymphoid cDCs are capable of migrating to the 

LNs through the lymphatic system and are then referred to as migratory DCs [354]. Therefore 

LNs contain both lymphoid and non-lymphoid cDCs, whereas in the spleen, lymphoid cDCs 

are thought to make up all of the cDC compartment [355]. There have been some active 

investigations looking into differences between the lymphoid and non-lymphoid cDC 

functions. Recently, much attention has been primarily focused on the lymphoid CD8+ and 

non-lymphoid CD103+ cDCs. The following section will discuss this in more details. 

 
 Cross-presenting Dendritic Cells 5.3.

In the last decade, a substantial amount of research has focused on two highly specialised 

subtypes of DCs known to be superior at taking up antigens, and presenting the extracellular 

antigens through MHCI to CD8+ T cells, a term known as cross-presentation. The Batf3-

dependent XCR1+ IRF8+ migratory non-lymphoid tissue CD103+ and lymphoid-resident 

CD8+ DCs, herein referred to as CD103+ DCs and CD8+ DCs, respectively, have uniquely 

enhanced capacity of cross-presentation via MHCI molecules and therefore are thought to be 

potent CD8+ T cell activators [334, 352]. The human counterpart of mouse CD8+ and CD103+ 

DCs have been identified and are known as CD141+ DCs. These DCs are functionally 

homologous to the mouse CD8+ and CD103+ DCs in their superior ability to cross-present 

exogenous antigens to CD8+ T cells [356]. 

 

It is well established that both CD8+ and CD103+ DC subsets share many similar features 

including their same origin, similar phenotype, enhanced ability to cross-present and their 

reliance on the same transcription factors [352]. These transcription factors include Batf3 

[357, 358], Id2 [359, 360], Zbtb46 [361] and IRF8 [359, 362]. Developmentally, Batf3 is 

known to be essential for both CD8+ and CD103+ DC development, and it has been 

demonstrated that mice deficient in transcription factor Batf3 lack both these DC subsets 

[363]. The dependency of CD103+ DCs on other transcription factors such as IRF8 and 

Zbtb46 has also been demonstrated by the dramatically reduced CD103+ DC population 

when these factors are absent [361]. Lack of Batf3 or IRF8 in Batf3-/- or IRF8-/- mice, 

respectively, has been shown to accelerate tumour growth compared to wildtype (WT) mice 

[364]. Another similarity shared by the CD8+ and CD103+ DC subsets is their low expression 

of CD11b and lack of macrophage markers such as F4/80 and CD172a [365]. Another 

characteristic feature of the two DC subsets is their particularly high expression of toll-like 

receptor 3 (TLR3) compared to other DCs [366], and therefore TLR3 agonists such as 
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polyinosinic:polycytidylic acid (poly I:C) and RGC100 are often used to stimulate activation 

and maturation of these DC subsets [367, 368]. Although these two closely-related DCs show 

many similarities, there are several differences between them in their inflammasome 

expression, requirement for GM-CSF and capacity to differentiate Th cells, which could lead 

to different responses following different environmental signals [369]. 

 

More recently, a substantial amount of work has been conducted to investigate the role of 

CD103+ DCs in anti-tumour immunity. From various different studies, the CD103+ DC subset 

is reportedly a rare though powerful APC population for stimulating effector T cells [361]. 

Studies on this DC population have revealed their important role in antigen trafficking to the 

tumour-draining lymph nodes (tdLNs), leading to the priming of CD8+ T cells [370, 371]. It 

has been reported that amongst the myeloid cells infiltrating the tumour, CD103+ DCs are 

uniquely the most capable of transporting intact antigens and priming CD8+ T cells in the 

tdLNs [371]. These DCs are also known to be superior CD8+ T cell stimulators compared to 

other tumour-infiltrating APCs, as shown by enhanced T cell proliferation and activation 

markers following co-culture with OT-I T cells [370]. Additionally, a study done in an 

autochthonous melanoma model reported that CD103+ DCs are the predominant source of 

chemokine CXCL10 that is required for T cell trafficking to the tumour for both endogenous 

and adoptively transferred T cells, and immune control failed in the absence of this CD103+ 

DC-mediated recruitment of T cells [372]. In the context of immunotherapy such as α-PD-L1 

therapy, CD103+ DCs have been shown to be required for inducing anti-tumour immunity 

mediated by the α-PD-L1 mAb [371]. The importance of Batf3 transcription factor and 

therefore CD103+ DCs was also demonstrated in other antibody-based therapies such as α-4-

1BB and α-PD-1, by abrogation of therapeutic effects in Batf3-/- mice [373]. Functionally, an 

interesting study by Broz et al. showed that CD103+ DCs displayed transcriptional signatures 

accordant with elevated cross-presentation, co-stimulation and chemokine expression 

associated with increased T cell interactions. It has also been reported that the CD103+ and 

CD141+ DC transcripts correlate with improved survival in the mouse and human cancers, 

respectively, further supporting the significance of these cells in anti-tumour responses [361]. 

 

5.3.1. Targeting CD103+ DCs for immunotherapy 

Historical attempts to target DCs in cancer immunotherapy were largely in the form of 

vaccination approach. This involved immunisation of cancer patients with autologous DCs 

loaded with tumour antigens ex vivo. A number of clinical trials using this vaccination 
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approach have been conducted to treat multiple types of cancer, however results have been 

largely unsuccessful [374]. Recently, the clinical success of checkpoint inhibitors has had a 

great impact on vaccination therapy. Two important cytokines involved in DC development 

and function are granulocyte macrophage colony-stimulating factor (GM-CSF) and Fms-like 

tyrosine kinase 3 Ligand (Flt3L). One interesting study by Curran et al. has investigated and 

compared the in vivo use of vaccination with GM-CSF to vaccination with Flt3L in 

combination with immunotherapy agents including α-PD-1, α-CTLA4 and α-PD-L1 

antibodies in mice pre-implanted with B16 tumours. Interestingly, they found that compared 

to GM-CSF, vaccination with Flt3L more significantly increased mouse survival in 

combination with the immunotherapy agents, and this effect was associated with increased 

CD8+ T cell infiltration and reduced immunosuppressive cells [375]. Flt3L is a cytokine that 

upon binding to and activating its receptor Flt3, initiates signalling cascades promoting the 

expansion and differentiation of various lineages of the hematopoietic progenitor 

compartment including DCs [376-379]. Due to its potent ability in stimulating DC expansion 

and differentiation, a substantial amount of work investigating the use of Flt3L as a therapy 

for cancer has been conducted. Pre-clinical studies have revealed robust anti-tumour activity 

of Flt3L, alone or in combination with other anti-cancer agents in various cancer models in 

vivo [371, 380-382]. Recently, Flt3L has been extensively studied investigating its effects on 

DC development, and it has been reported that Flt3L can promote the expansion of DCs, 

importantly the cross-presenting CD103+ CD11b- DCs [371]. 
 

To date, Flt3L has been the most commonly known cytokine to induce the expansion of 

CD103+ DCs [371, 383]. However, more recently several other agents have been reported to 

increase CD103+ expansion. For example, a study showed that a small molecule agonist to 

CD11b receptor, ADH-503, can increase tumour-infiltrating CD103+ DCs [384]. An 

interesting study recently found that tumours can produce granulocyte-stimulating factor 

(GCSF), which could inhibit or disrupt CD103+ DC differentiation by impairing IRF8 

expression. Therefore, the use of neutralising antibody to GCSF was reported to rescue 

CD103+ DC differentiation, and synergised with Flt3L to improve expansion of this DC 

population [364].  
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 Pre-clinical and clinical therapeutic use of Flt3L 5.4.

The first use of Flt3L treatment in vivo in the context of cancer therapy can be dated back to 

the 1990’s [380]. The idea of using Flt3L in an attempt to induce anti-tumour immune 

responses originated from earlier findings that Flt3L can dramatically induce the expansion 

and numbers of CD11c+ DCs in various lymphoid and non-lymphoid tissues including the 

spleen, lymph nodes, peripheral blood, bone marrow, liver, lungs and many others [385]. A 

study by Lynch et al. showed that systemic treatment with Flt3L in mice bearing 

fibrosarcoma can lead to tumour regression, the mechanism of which appeared to be in part 

dependent on CD8+ T cells as depletion of these cells severely abrogated the therapeutic 

effects of Flt3L treatment [380]. Following this, in 1998 Péron et al. sought to investigate the 

anti-tumour effects of Flt3L on other murine tumour models C3 sarcoma and MC38 colon 

adenocarcinoma in the context of tumour metastasis. In this study, they found that Flt3L 

therapy significantly reduced liver metastasis, and further investigation suggested the 

importance of NK cells in mediating this effect [386]. Interestingly, this anti-tumour effect of 

Flt3L could be further enhanced when combined with a pro-inflammatory cytokine IL-12 

[386]. More recently, in a murine glioblastoma model, Flt3L treatment was reported to be 

able to enhance the efficacy of immune checkpoint inhibitors including α-CTLA-4 and α-PD-

1 antibodies. Downstream analysis suggested the combination was associated with the 

expansion of CD103+ DCs, increased number of CD8+ T cells infiltrating the tumour, as well 

as a decrease in the expression of immune checkpoint receptors [382]. 

 

In addition to the Flt3L therapy being delivered systemically, some other approaches to 

deliver Flt3L more locally have been tested in vivo. One approach is by using recombinant 

adenoviral vectors delivered intratumourally as a vehicle to deliver soluble Flt3L at the 

tumour site. It was demonstrated that this approach led to tumour growth inhibition and 

profoundly enhanced survival of mice bearing syngeneic CNS-1 glioma, associated with 

increased number of cells bearing DC markers at the delivery site of the adenoviral vectors. 

These results suggest the potential to recruit DC-like cells into the brain resulting from the 

locally produced Flt3L [387]. The use of adenoviral vectors carrying a gene encoding mouse 

Flt3L has also been investigated in combination with chemotherapy drug 5-FU. This 

combination showed promising synergistic effects against mouse hepatoma and colon cancer 

models, demonstrating long-lasting anti-tumour immunity [381]. 
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For clinical use, recombinant human Flt3L (rhFlt3L), known as CDX-301 has been 

successfully developed and has been used in clinical trials either as a single agent, or in 

combination with other anti-cancer modalities, such as radiotherapy and vaccination 

involving the use of DEC-205-NY-ESO-1 fusion protein [388, 389]. Flt3L administration in 

both healthy volunteers and cancer patients is well tolerated and results in peripheral 

expansion of various immune cell subsets including hematopoietic stem cells, monocytes, 

NK cells, myeloid DCs as well as plasmacytoid DCs [389, 390]. Early results from a clinical 

trial combining Flt3L and low-dose radiotherapy showed some promising clinical responses 

in a small number of evaluable patients [388]. Results from another trial combining Flt3L 

with stereotactic body radiation therapy (SBRT) revealed marked reduction in tumour 

burden, including tumours that were non-irradiated, indicating an abscopal effect [391]. 

Further clinical trials are currently underway to further investigate the effects of Flt3L on the 

enhancement of anti-tumour responses in several cancers including melanoma, B cell 

lymphoma and non-small cell lung cancer (NSCLC) (Identifier: NCT02839265, 

NCT01976585, NCT02129075 [392-394]. Taken together, results from clinical trials suggest 

that mobilisation of DCs using Flt3L is well tolerated and may be able to augment anti-

tumour responses. 

 

5.4.1. The use of poly I:C in Flt3L therapy 

Although studies have reported that Flt3L administration can result in the predominant 

expansion of CD103+ DCs at the tumour site, these DCs are often immature and unable to 

efficiently prime T cells. Therefore it is important to promote maturation of these CD103+ 

DCs in order for them to induce optimal T cell priming [371]. It has been reported that 

amongst APCs, TLR3 which is a receptor able to recognise viral double-stranded RNA, is 

highly expressed on CD103+ DCs and their human counterpart CD141+ DCs [365]. Of note, 

TLR3 activation has been reported to induce the production of type I IFN and also DC 

maturation via TRIF adaptor protein [395], making a TLR3 activator an ideal partner for 

Flt3L therapy. 

 

Polyinosinic-Polycytidylic acid (poly I:C) is a synthetic analog of double-stranded RNA and 

thus activates antiviral pattern recognition receptors (PRRs) including TLR3 but also others 

such as  RIG1, MDA5 and PKR, leading to the activation of several inflammatory pathways 

such as IRF and NF-κB [368, 396]. Upon recognition by TLR3, poly I:C is known to mature 

DCs and potently induce type I interferons, IFNα and IFNβ, and also type III interferons 
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(IFNλ) including IL-28 and IL-29  [397-400]. Therefore, in preclinical models poly I:C has 

often been used to accompany Flt3L therapy in order to generate functionally mature cross-

presenting DCs [371, 389, 401].  

 

In vivo, the use of poly I:C has been tested in the context of infection and cancer, and has 

been shown to be able to improve survival of tumour-bearing mice and augment anti-viral 

immune responses [402-405]. These therapeutic effects were reported to be mediated by 

enhancement of antibody responses [406, 407], cross-priming [408] and CD8+ T cell anti-

tumour responses [409-411]. In the clinic, a stable version of poly I:C, known as 

polyinosinic-polycytidylic acid stabilised by Lysine and carboxymethylcellulose (poly 

IC:LC) has been tested in a number of trials, for instance in a study involving vaccination 

with DCs for patients with recurrent malignant glioma [412], and more recently in a study of 

DC-targeting NY-ESO-1 vaccine in patients with malignant melanoma pre-treated with 

rhFlt3L [389]. Data from these studies so far support the safety of poly IC:LC use in humans, 

with more data coming from currently ongoing trials [389, 412]. 

 

 Overview, hypotheses and aims 6.

The clinical success of CAR T cell therapy has primarily been observed in B cell 

haematological malignancies, with less convincing results against solid cancers. Although not 

very well understood, this may be caused by a number of limiting factors, such as the lack of 

CAR T cell activation, trafficking into solid tumours, the immunosuppressive tumour 

microenvironment and/or tumour antigen heterogeneity, together leading to inhibition of 

CAR T cell activity at the tumour site [98]. This provided the rationale for this project, which 

was to investigate whether the therapeutic efficacy of CAR T cells in solid cancers could be 

enhanced using immune-stimulating agents. The immune agonist α-4-1BB antibody has been 

shown to be a potent reagent for enhancing T cell function, and therefore the use of an α-4-

1BB antibody may enhance the natural co-stimulatory signals received by CAR T cells. 

Importantly, α-4-1BB antibodies are currently being tested in clinical trials, with safety and 

some clinical activity being demonstrated in cancer patients [85]. The first part of this thesis 

therefore aimed to assess the potential of combining CAR T cells and α-4-1BB antibody to 

enhance anti-tumour efficacy against solid cancer.  

 

It has been well established that CAR T cells are very potent at tumour elimination, and are 

capable of not only killing single tumour targets, but also killing multiple tumour targets in 
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succession [413]. However, it is becoming increasingly apparent that in addition to direct 

tumour elimination, CAR T cells can also be used as a vehicle to deliver factors to reprogram 

the tumour microenvironment, owing to their ability to recognise tumour antigens and traffic 

to the tumour site. Studies have employed pro-inflammatory cytokines “unloaded” by CAR T 

cells to manipulate the tumour microenvironment, aiming to alter it from immunosuppressive 

to immune-stimulating. These include for example, pro-inflammatory cytokines such as IL-

12, IL-15 and IL-18, and also antibodies blocking the immunosuppressive pathway such as α-

PD-L1 scFv [212-214, 216, 414]. Transporting these factors using CAR T cells allows for 

more localized and concentrated delivery in the tumour microenvironment hence reducing 

potential systemic toxicity. An interesting study using this approach involved engineering 

CAR T cells to secrete IL-12 upon CAR engagement, where it was found that IL-12 

supplementation by CAR T cells within the tumour site recruited activated macrophages that 

cleared antigen-negative cancer cells in a TNFα-dependent manner, that would have 

otherwise escaped CAR T cell recognition, potentially leading to tumour outgrowth [330]. 

The elimination of these antigen-negative tumour cells is a phenomenon known as bystander 

elimination, and is of high importance for the clearance of solid tumours given their 

heterogenous nature. Therefore immunotherapies should be aimed at not only targeting the 

antigen-expressing tumours, but also other tumour cells not directly recognised by the 

antigen-specific immunotherapies. 

 

A novel strategy we investigated in this study involved enhancing the anti-tumour activity of 

endogenous T cells and an important antigen presenting cell population known as dendritic 

cells (DCs). DCs have adjuvant properties that can help bypass tolerance to tumours. DCs are 

a specialised APC subset with a strong sentinel capability, constantly scanning its 

microenvironment, then taking up and presenting antigens, as well as giving strong co-

stimulatory signals to trigger adaptive immune responses [415-417]. In cancer patients, 

studies have reported that DC number and function can be abnormally regulated [418-421], 

and therefore DCs serve as an attractive option for cancer immunotherapy to restore their 

pivotal role in mediating anti-tumour immunity. In our study, we generated CAR T cells 

secreting the Flt3L cytokine important for DC development and function, in an attempt to 

recruit and boost endogenous immune responses against cancer. There is a strong precedence 

for this type of approach since CAR T cells and other TCR-redirected T cells engineered to 

express IL-12 [212, 330, 422, 423], IL-15 [214] or IL-18 [215, 216] have previously been 

shown to elicit enhanced anti-tumour immune responses, partly through enhanced activity of 
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the endogenous immune cells including macrophages, NK cells and T cells, leading to 

increased production of pro-inflammatory cytokines such as TNFα and IFNγ in the tumour 

microenvironment. 

 

Recent evidence in various studies have highlighted the importance of tumour resident 

CD103+ DCs in enhancing the trafficking and function of endogenous and adoptively 

transferred T cells, primarily via  their superior antigen presentation ability, as well as their 

cytokine and chemokine secreting function [361, 372]. Interestingly, work from the first part 

of this thesis investigating the mechanisms of CAR T cell and α-4-1BB combination therapy 

(Chapter 3) suggested involvement of endogenous T cells and DCs in the overall enhanced 

therapeutic efficacy. This observation, along with various other recent studies highlighting 

the importance of cross-presenting CD103+ DCs in anti-tumour immunity, led us to explore 

the potential approach of modulating this DC compartment through CAR T cells by 

engineering them to secrete the cytokine Flt3L, that is known to expand the CD103+ DC 

population. This formed the basis of work described in Chapter 4 of this thesis.  

 

In summary, I propose that the combination approaches studied in this thesis will represent a 

significant advance for CAR T cell therapy for the treatment of solid cancer. While CAR T 

therapy by itself has not shown striking effects in the clinic against solid malignanices, 

combination strategies are strongly anticipated to be able to create lethal tumour-targeted T 

cells with the ability to overcome the immunosuppressive nature of established solid cancers.  

 

Below are the descriptions of aims and hypotheses of studies presented in this thesis, and 

illustrated in Figure 4 is a schematic diagram of my proposed hypotheses on the use of CAR 

T cells in combination with α-4-1BB and Flt3L. 
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Figure 4. Strategies to enhance CAR T cell and endogenous immune cell responses by 

using agonistic α-4-1BB mAb and Flt3L cytokine 

Immune agonist α-4-1BB monoclonal antibody (mAb) stimulates activation of both (A) 

chimeric antigen receptor (CAR)-modified T cells and (B) host endogenous T cells via the 4-

1BB receptor, leading to their increased anti-tumour responses. (C) CAR T cells engineered 

to secrete Flt3L promote the differentiation and expansion of CD103+ DCs, (D) resulting in 

increased antigen cross-presentation including potential neoantigens to the host CD8+ T cells, 

(E) which then leads to priming of the host CD8+ T cells to kill tumour cells, including those 

not expressing the CAR target antigen. This approach may be further enhanced by the 

inclusion of immune adjuvants such as α-4-1BB mAb or a Toll-like receptor (TLR) agonist.  
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Aim 1: To investigate if the use of an immune agonist α-4-1BB antibody can increase CAR T 

cell function and therapeutic efficacy in vitro and in vivo. 

Hypothesis: Given α-4-1BB antibody stimulation can induce T cell proliferation, survival 

and cytokine secretion, we hypothesise that adjuvant α-4-1BB antibody therapy will increase 

CAR T cell function thereby resulting in enhanced anti-tumour responses. 

 

Aim 2: To understand the mechanisms involved in the improved therapeutic efficacy 

following CAR T cell and α-4-1BB combination therapy against solid tumours in vivo. 

Hypothesis: The 4-1BB receptor is not only expressed on activated T cells, but also on other 

immune cells such as NK cells, dendritic cells and regulatory T cells. Therefore we 

hypothesise that α-4-1BB antibody therapy will not only stimulate CAR T cell activation, but 

potentially other endogenous immune cells that express the 4-1BB receptor. 

 

Aim 3: To test whether CAR T cell efficacy in solid tumours can be augmented by 

harnessing the endogenous immune response.  

Hypothesis: Using CAR T cells as a vehicle to deliver the cytokine Flt3L to the tumour 

microenvironment will stimulate CD103+ dendritic cells to engage endogenous cellular 

immunity to increase the overall therapeutic effect. 
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CHAPTER 2: Materials and Methods 

 

 Mice 1.

C57BL/6 wildtype (WT) mice, C57BL/6 human-Her2 (hHer2) transgenic mice [424] and 

C57BL/6 OT-I mice [425] were bred in the animal facility at the Peter MacCallum Cancer 

Centre (Melbourne, Victoria, Australia). C57BL/6 RAG-/- mice [426] were purchased from 

the Walter and Eliza Hall Institute (WEHI, Parkville, Victoria, Australia). All experiments 

used mice from the age of 6 to 16 weeks which were housed in PC2 specific pathogen-free 

conditions and were approved by the Animal Experimentation Ethics Committee #E498 and 

#E582. 

 

 Cell lines 2.

The mouse MC38 colon adenocarcinoma cell line and 24JK sarcoma cell line were kindly 

provided by Dr. Jeff Schlom (NIH, Bethesda, Maryland, USA) and Dr. Patrick Hwu, (NIH, 

Bethesda, Maryland, USA), respectively. The mouse breast carcinoma cell lines AT3 and 

e0771 were obtained from Dr. Trina Stewart (PMCC, Melbourne, Victoria, Australia) and 

Prof. Robin Anderson (Olivia Newton-John Cancer Centre, Heidelberg, Victoria, Australia), 

respectively. The parental tumour cells lines MC38, 24JK, e0771 and AT3 were transduced 

with a retroviral vector murine stem cell virus (MSCV)-GFP to express the truncated version 

of hHer2 antigen lacking the intracellular signaling components, and were referred to as 

MC38-Her2, 24JK-Her2, e0771-Her2 and AT3-Her2, respectively. Tumour cell lines MC38 

and 24JK-Her2 were also transduced to express Fms-like tyrosine kinase 3 ligand (Flt3L) 

cytokine using an MSCV-cherry vector.  

 

The retroviral vector packaging cell lines 293gp, PA317 and GP+e86 were obtained from 

American Type Culture Collection (ATCC, Manassas, VA, USA). All tumour cell lines and 

the GP+e86 cell line were cultured and maintained in RPMI media (Gibco, Life 

Technologies, Grand Island, New York, USA) with supplements consisting of 10% heat-

inactivated fetal bovine serum (FBS), 1 mM sodium pyruvate, 2 mM glutamine, 0.1 mM non-

essential amino acids, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 

100 U/mL penicillin and 100 µg/mL streptomycin. These cells were maintained in a 

humidified incubator at 37°C with 5% CO2. The 293gp and PA317 cell lines were maintained 

in DMEM media (Gibco, Life Technologies, Grand Island, New York, USA) with the 

complete supplements as described above, in an incubator at 37°C with 10% CO2. The MEL-
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GM-CSF cell line that was used to generate GM-CSF cytokine for dendritic cell culture was 

generously provided by Dr. Lev Kats (Peter MacCallum Cancer Centre, Melbourne, Victoria, 

Australia), and was cultured in RPMI media with 10% FBS at 37°C with 5% CO2. All 

tumour lines were tested negative for mycoplasma as verified by Victorian Infectious 

Diseases References, but not tested for genetic authenticity in the past five years. 

 

 Reagents and cytokines 3.

The mouse α-4-1BB (3H3 clone, IgG2a, catalog number: BE0239), α-PD-1 (RMP1-14 clone, 

IgG2a, catalog number: BE0146), α-IFNγ (H22 clone, IgG, catalog number: BE0254) and the 

isotype control (2A3 clone, IgG2a, catalog number: BE0089) antibodies were purchased from 

BioXcell, New Hampshire, USA. IL-7 and Flt3L cytokines were purchased from Peprotech, 

Rocky Hill, New Jersey, USA. IL-2 cytokine was obtained from National Institutes of Health 

(Bethesda, Maryland, USA), and granulocyte-macrophage colony-stimulating factor (GM-

CSF) cytokine was produced in house, collected from the MEL-GM-CSF cell culture 

supernatant. TLR3 agonist poly I:C (CAS number: 42424-50-0) was purchased from Sigma-

Aldrich, Missouri, USA. SIINFEKL peptide (OVA257-264) was purchased from Auspep, 

Tullamarine, Victoria, Australia. 

 

 Generation of nerve growth factor receptor (NGFR) and MSCV-cherry 4.

retroviral vectors encoding murine Flt3L 

Murine Flt3L DNA was purchased in a pcDNA3 vector from GenScript (Piscataway, New 

Jersey, USA). The pcDNA3-Flt3L plasmid was transformed using one shot Stbl3 chemically 

competent Escherichia coli (E. coli) (Thermo Fisher, Waltham, Massachusetts, USA) for 

DNA amplification, and the DNA was then purified using a Nucleospin plasmid  kit 

(Macherey-Nagel, Bethlehem, Pennsylvania, USA) as per manufacturer’s instructions.  The 

Flt3L DNA was excised using enzymes specific for EcoRI and BglII restriction enzyme sites, 

followed by ligation into the human NGFR or MSCV-cherry vector. The human NGFR used 

in the study was truncated and lacked intracellular signalling components. The sequences of 

Flt3L-containing vectors were verified by DNA sequencing, and large amounts of DNA 

encoding the Flt3L were obtained using a NucleoBond Xtra Maxi kit (Macherey-Nagel, 

Bethlehem, Pennsylvania, USA).  
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 Generation of retroviral packaging cell lines for the transduction of primary 5.

murine T cells  

The viral packaging GP+e86 cell line containing empty (control) LXSN or LXSN-anti-Her2 

chimeric antigen receptor (CAR) retroviral vector was generated as described previously 

[272, 427, 428]. The CAR construct used in this study consisted of an extracellular single 

chain variable fragment specific for human Her2, an extracellular CD8 hinge region linked to 

a trans-membrane CD28 domain and an intracellular CD3ζ domain [429]. To generate 

GP+e86 LXSN and GP+e86 CAR retroviral producer cell lines encoding murine Flt3L, the 

ecotrophic GP+e86 and amphotrophic PA317 retroviral producer cell lines were utilised in a 

“ping pong” procedure. GP+e86 and PA317 cell lines were seeded into 100 mm petri dishes 

at 3x105 and 1.5x105 cells, respectively, in 10 mL DMEM media (10% FCS + 2 mM 

glutamine). This 2:1 ratio was used given the slow growth rate of the GP+e86 cells in 

comparison to the PA317 cells. The next day, a solution containing 10 µg of plasmid DNA 

encoding NGFR or MSCV-cherry, with or without Flt3L, was prepared in 750 µL Opti-

MEM® media (Thermo Fisher, Waltham, Massachusetts, USA), and another solution 

containing 30 µL Lipofectamine 2000 in 750 µL Opti-MEM® media was also prepared. 

These two solutions were separately incubated for 5 minutes at room temperature (RT) before 

being mixed together and incubated for 30 minutes at RT, allowing for the DNA-

Lipofectamine complexes to form. In the meantime, media in the petri dish containing a 

mixture of GP+e86 and PA317 cells from the previous day was replaced with fresh DMEM 

media containing 10% FCS and 2 mM glutamine. After the 30 minute incubation, DNA-

Lipofectamine mixture was added drop wise to the GP+e86 and PA317 cell monolayer, and 

cells were then incubated for 24 hours at 37°C with 10% CO2. 

 

Following the 24 hour incubation, media was replaced with fresh DMEM media containing 

10% FCS and 2 mM glutamine, and the cells were allowed to further incubate for 7 to 9 days, 

while splitting the cells as necessary prior to flow cytometry sorting of NGFR+ or cherry+ 

cells (composed mainly of the faster-growing PA317 cells). After growing enough NGFR+ or 

cherry+ PA317 cells, 4x106 cells were seeded into 75 cm2 flasks in 20 mL DMEM media 

(10% FCS + 2 mM glutamine) followed by a 15 hour incubation at 37°C with 10% CO2 . In 

separate 75 cm2 flasks, 1x106 GP+e86 LXSN cells or 1x106 GP+e86 anti-Her2 CAR cells 

were seeded in 20 mL supplemented RPMI media. The cells were also incubated for 15 hours 

at 37°C with 5% CO2. After incubation, supernatants from PA317 cells were harvested and 
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filtered through a 0.45 µM filter (Pall Corporation, Cheltenham, Victoria, Australia). Fresh 

DMEM media (10% FCS + 2 mM glutamine) was then added into the flasks to replenish the 

supernatants. Media on the GP+e86 LXSN or GP+e86 CAR cells was aspirated and replaced 

with previously filtered supernatants from the PA317 cells with the addition of polybrene (8 

µg/mL, Sigma Aldrich, Missouri, USA). This process was repeated 6 hours later, and the 

GP+e86 LXSN or GP+e86 CAR cells were then incubated for 24 hours prior to media 

replacement with fresh DMEM media. The cells were left to incubate further for another 7 to 

9 days at 37°C with 10% CO2. Cells were grown and split during this period when necessary 

before cell-sorting was performed using flow cytometry, selecting for NGFR+ or cherry+ 

cells. These cells were then grown in culture in supplemented RPMI media, and their 

supernatants were used for T cell transduction. 

 

 Retroviral transduction of primary murine T cells to generate gene-modified T 6.

cells 

The method used to generate gene-engineered T cells including CAR T cells, Flt3L-secreting 

CAR (CAR-FL) or OT-I (OT-I-FL) T cells is illustrated in Figure 5. First, spleens from 

C57BL/6 wildtype or OT-I mice were harvested and processed through a 70 µM filter (BD 

Falcon, San Jose, California, USA) to produce a single cell suspension. Cells were then 

centrifuged at 450 g for 4 minutes before supernatant was aspirated. Red blood cells were 

lysed by resuspending the cells in 3 mL Ammonium-Chloride-Potassium (ACK) lysis buffer 

pH 7.4 for 3 minutes. Supplemented RPMI media was added to neutralise the reaction, and a 

cell count was performed on a haemocytometer with trypan blue. Cells were centrifuged 

again at 450 g for 4 minutes and the supernatant was removed. Cells were cultured in 6 well-

plates (Greiner Bio One, Frickenhausen, Germany) containing 5 mL supplemented RPMI 

media per well, at a density of 2.5x107 cells/well. T cells were activated by adding α-CD3 

(0.5 µg/mL) and α-CD28 (0.5 µg/mL) antibodies, along with IL-2 (100 IU/mL) and IL-7 (2 

ng/mL) in the culture. The next day, the cells were harvested from 6-well plates and live T 

cells were isolated by adding 10 mL Ficoll® Paque (Sigma Aldrich, Castle Hill, NSW, 

Australia) to the bottom of cell suspension, followed by a 10 minute centrifugation at 4/4 

acceleration/deceleration speed. Retrovirus-containing supernatants from GP+e86 packaging 

cells were added to retronectin-coated (10 µg/mL) non-treated 6-well plates (Corning Costar, 

New York, USA) at 4 mL/well. The plates containing retroviral supernatants were   



 
 

 74 

 
 
 
 

 

Figure 5. Schematic of the retroviral transduction procedure for expression of CAR and 

Flt3L in primary mouse T cells  

Mouse splenocytes were harvested and T cells were collected following lysis of red blood 

cells by ACK lysis buffer. Mouse anti-CD3 mAb (500 ng/mL), anti-CD28 mAb (500 ng/mL), 

mIL-7 (2 ng/mL) and rhIL-2 (100 U/mL) were added to activate the T cells and maintain 

their survival in vitro. Supernatant from packaging cells containing retroviral vectors 

comprising the anti-Her2 CAR and Flt3L plasmids was harvested and used to transduce the T 

cells. 
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centrifuged for 15 minutes at 1,200 g before T cells resuspended in additional retroviral 

supernatant were added into the plates at 1 mL/well to give a total volume of 5 mL/well. In 

addition, IL-2 (100 IU/mL) and IL-7 (2 ng/mL) cytokines were added into the T cell culture. 

Final T cell concentration varied between 5x106 to 10x106 cells/well. The plates containing T 

cells and retroviral supernatants were then centrifuged at 1,200 g for 1 hour prior to 

incubation at 37°C with 5% CO2. The transduction process was repeated the next day, before 

T cells were finally transferred to new 6-well treated plates in supplemented RPMI media 

with IL-2 (100 IU/mL) and IL-7 (2 ng/mL) at a volume of 5 mL/well. Two or three days 

later, 5 mL of fresh supplemented RPMI media was added to each well along with IL-2 (100 

IU/mL) and IL-7 (2 ng/mL) cytokines, and the transduced T cells were used 2 to 6 days later 

for various assays and adoptive transfer experiments. 

 

 Generation of murine bone marrow-derived dendritic cells (BMDCs) 7.

Femurs and tibias were first removed from mice using scissors. Skin and muscle were 

removed from the bones using a disposable blade. The bone was held using tweezers, and 

each end of the bone was cut before flushing the bone marrow cells using cold (4°C) PBS 

and 2% FCS into a small 60x15 mm petri dish (Greiner Bio One, Frickenhausen, Germany) 

using a sterile syringe with 26 gauge needle. Each bone was flushed at least 3 times to collect 

maximum number of bone marrow cells. The cells were then transferred into a 50 mL tube 

(Greiner Bio One, Frickenhausen, Germany) through a 70 µM filter, and centrifuged at 450 g 

for 4 minutes. The supernatant was then aspirated and red blood cells were lysed by 

resuspending the cells in 3 mL ACK lysis buffer for 3 minutes. The reaction was neutralised 

by adding 7 mL of supplemented RPMI media. Following this, 10 µL of the cell-containing 

media was taken for cell counts, and the cells were then centrifuged at 450 g for 4 minutes. 

Following centrifugation, supernatant was aspirated and cells were resuspended in 

supplemented RPMI media before being plated at 5x106 cells/well in 5 mL media in 6-well 

plates.  Exogenous GM-CSF (1:400 dilution from the MEL-GM-CSF cell supernatant) and/or 

Flt3L (20 ng/mL or 200 ng/mL or 1,600 ng/mL) was added into appropriate wells, and the 

cells were cultured in a 37°C incubator with 5% CO2. For the cells cultured with CAR T cell 

supernatants, 5x106 bone marrow cells were seeded per well in supernatant from CAR T cells 

transduced with either empty NGFR vector or NGFR-Flt3L. Exogenous GM-CSF (1:400 

dilution from the MEL-GM-CSF cell supernatant) was added to all wells. Three days later, 

half of the cell-containing media (2.5 mL) in each well was transferred to a new well in 6-

well plates. All wells were then topped up with 2.5 mL fresh supplemented RPMI media 
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containing GM-CSF (1:400 dilution from the MEL-GM-CSF cell supernatant), and cells 

were incubated for another 5 days before being used for co-culture assays. 

 

 Isolation of naïve OT-I CD8+ T cells 8.

Isolation of mouse naïve OT-I CD8+ T cells in this study was performed using an EasySepTM 

isolation kit (catalog number: 19858, STEMCELL Technologies, Victoria, Australia). First, 

spleens were harvested from OT-I mice, grounded in supplemented RPMI media and filtered 

through a 70 µM sieve. Splenocytes were centrifuged at 450 g for 4 minutes, and supernatant 

was removed. Cells were then treated with 3 mL ACK lysis buffer for 4 minutes to lyse the 

red blood cells before 15 mL supplemented RPMI media was added to neutralise the reaction. 

The cells were centrifuged at 450 g for 4 minutes, and supernatant was aspirated prior to the 

cells being resuspended in sterile FACS buffer (PBS and 2% FBS) at a concentration of 

1x108 cells/mL in a 5 mL polystyrene round-bottom tube. Following this, 50 µL of the mouse 

naïve CD8+ T cell isolation cocktail was added per 1 mL of cell suspension. The mixture was 

then mixed and incubated at RT for 15 minutes. Following the incubation, 100 µL EasySepTM 

streptavidin RapidSpheresTM 50001 was added per 1 mL of the mixture followed by a 10 

minute incubation at RT. The mixture was then topped up with FACS buffer to a 2.5 mL 

volume. The polystyrene tube (without lid) was placed into the magnet (EasySepTM, 

catalogue number: 18000) and left for 2.5 minutes at RT. Finally, the magnet was lifted, and 

the tube along with the magnet were inverted in one continuous motion to pour the enriched 

cell suspension into a new tube. Isolated cells were then counted and used for co-culture 

assays as described below. 

 

 Co-culture assays 9.

 

 Co-culture of tumour cells and CAR T cells 9.1.

In 96-well flat-bottom plates (Greiner Bio One, Frickenhausen, Germany), mouse α-CD3 

(0.05 ng/µL) and α-CD28 (0.05 ng/µL) antibodies (BD Biosciences, San Jose, California, 

USA), α-c-Myc Tag antibody (1:1000 dilution, clone 9B11, #2276S, Cell Signaling 

Technology, Danvers, Massachusetts, USA) or IgG2a antibody (0.05 ng/µL, BD Biosciences, 

San Jose, California, USA) were used to coat wells in 200 µL PBS per well for 1 hour before 

the wells were washed twice with PBS. For the wells containing tumour targets, tumour cells 

were seeded at 1x105 cells/well in supplemented RPMI media. In all wells, transduced control 

or CAR T cells were seeded at 2x105 cells/well in supplemented RPMI media. For the wells 
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requiring α-4-1BB or isotype control antibody, 0.05 µg/µL of antibody was added as 

appropriate. The volume in all wells was made up to 200 µL using supplemented RPMI 

media, and the plates were allowed to incubate at 37°C with 5% CO2 for 16 - 66 hours. 

 

 Co-culture of OT-I T cells and dendritic cells (DCs) pulsed with SIINFEKL (OVA 9.2.

257-264) peptide 

In a 96-well round-bottom plate (Greiner Bio One, Frickenhausen, Germany), 8-day-old BM-

derived DCs (see Figure 21, Chapter 4) were seeded at 2x104 cells/well in 100 µL 

supplemented RPMI media, in the presence or absence of poly I:C (25 µg/mL), followed by a 

24 hour incubation at  37°C with 5% CO2. Following incubation, DCs were pulsed with 

SIINFEKL by adding 0.1 µg/mL SIINFEKL into each well. The wells were then washed 

twice 2 hours later with RPMI media to remove unbound SIINFEKL. Spleens from OT-I 

mice were harvested and isolation of CD8+ T cells was conducted as described in Section 8, 

Chapter 2 of this thesis. CD8+ OT-I T cells were then added into the DC-containing plate at 

4x104 cells/well in 200 µL supplemented RPMI media. The co-cultured cells were incubated 

for 24 - 120 hours, before supernatants and cells were harvested at various time points for 

cytokine and cell analysis. 

 

 Quantification of cytokine production 10.

 

 IFNγ quantification using Enzyme-linked immunosorbent assay (ELISA) 10.1.

First, all wells of flat-bottom 96-well ELISA plate (Maxisorp, Nalgene Nunc International, 

Denmark) were coated with 50 µL of purified rat α-mouse IFNγ (1 mg/mL, clone R4-6A2, 

BD Biosciences, San Jose, California, USA) and kept at 4°C for 16 hours. The plate was then 

washed 4 times with ELISA wash buffer (PBS and 0.05% Tween) and firmly patted on a 

paper towel to remove any remaining wash buffer. FACS buffer was next added into the 

wells (200 µL/well) to block non-specific binding, and the plate was incubated for 1 hour at 

RT. Following incubation, the plate was washed 5 times with ELISA wash buffer and patted 

on a paper towel before samples and standards were added to the wells. For the standards, 

IFNγ was serially diluted (1:2) from 20,000 pg/mL to 312.5 pg/mL to acquire a standard 

curve. For the samples, 100 µL of supernatants were added to wells (neat or diluted in FACS 

buffer). The plate was left at RT to incubate for 2 hours before being washed 6 times with 

ELISA wash buffer. Following this, 100 µL of biotinylated α-IFNγ detection antibody (0.5 

mg/mL, clone XMG1.2, BD Biosciences, San Jose, California, USA) was added to wells, and 
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the plate was incubated for 1 hour at RT. Following incubation, the plate was washed 8 times 

with ELISA wash buffer and streptavidin horseradish-peroxidase (HRP) (RPN1231V, GE 

Healthcare) was then added to wells at 1:500 dilution in a 100 µL volume per well. The plate 

was allowed to incubate at RT for 30 minutes in the dark. The plate was next washed 8 times 

with ELISA wash buffer before 100 µL of substrate solution [(a tablet of 3.3’- 5.5’-

Tetramethylbenzidine dihydrochloride in 10 mL phosphate-citrate buffer (2 M Na2HPO4, 1 

M citric acid, pH 5) and 0.2 µg/mL hydrogen peroxide] was added into each well. The plate 

was kept in the dark and allowed to incubate at RT for 10 minutes. Once the colour change 

was sufficiently developed relative to the intensity of the standards, 50 µL sulphuric acid (1.8 

M H2SO4) was added to all wells to stop the reaction. Finally, the absorbance values were 

determined using a Benchmark microplate reader (405 nm) (Bio-Rad, Hercules, California, 

USA) and Softmax Pro software (Molecular Devices, Sunnydale, California, USA). The 

absorbance values were then used to quantify the concentration of IFNγ in the samples based 

on the standard curve generated. 

 

 Flt3L quantification using ELISA 10.2.

To determine the concentration of Flt3L in samples, a mouse/rat Flt3L quantikine ELISA kit 

was used (MFK00, R&D Systems, Minneapolis, Minnesota, USA). The kit came with 

microplate strips previously coated with Fc-bound antibody specific for Flt3L. First, Flt3L 

standards were serially diluted (1:2) in a volume of 100 µL/well from 20,000 pg/mL to 312.5 

pg/mL to acquire a standard curve. For the samples, 100 µL of supernatants were added to 

wells (neat or diluted). The plate was then incubated for 2 hours at RT. After incubation, 

wells were washed 5 times using the provided wash buffer, followed by the addition of 

conjugated α-Flt3L antibody at a volume of 100 µL/well, which was followed by another 2 

hour incubation at RT. The plate was washed 5 times using the provided wash buffer, and 

100 µL of substrate solution was then added per well. The plate was kept in the dark and 

allowed to incubate at RT for 10 minutes before 100 µL of the H2SO4 stop solution was 

added into each well. Finally, the absorbance values were determined using a Benchmark 

microplate reader (405 nm) (Bio-Rad, Hercules, California, USA) and Softmax Pro software 

(Molecular Devices, Sunnydale, California, USA). The absorbance values were then used to 

quantify the concentration of Flt3L in the samples based on the standard curve generated. 

 

 Cytometric Bead Array (CBA) 10.3.
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All products used in the CBA assay were purchased from BD Biosciences, San Jose, 

California, USA. Cytokine standards were serially diluted in assay diluent across 12 wells in 

a round-bottom 96-well plate from 5,000 pg/mL to 2.44 pg/mL to produce a standard curve. 

The volume taken from cytokine standards and supernatant samples was 10 µL/well. 

Cytokine-specific capture beads were prepared for murine cytokines including IFNγ and 

TNFα (0.2 µL for each cytokine per well, diluted in capture diluent in 10 µL/well). Cytokine-

specific capture bead cocktail was added into each well containing the standards or samples 

at 10 µL/well, followed by an hour incubation in the dark at RT. After incubation, cytokine-

specific PE-conjugated beads were prepared the same way as the capture beads and added to 

each well at 10 µL/well. The plate was allowed to incubate in the dark for another hour. 

Finally, 150 µL of wash buffer was added per well, and the plates were centrifuged at 200 g 

for 5 minutes. Supernatants were discarded, and 150 µL of wash buffer was added into each 

well prior to analysis on FACS Verse (BD Biosciences, San Jose, California, USA). Data was 

then further analysed using FCAP software (BD Biosciences, San Jose, California, USA). 

 

 Flow Cytometry (FACS) 11.

 

  Extracellular staining 11.1.

Cell suspensions in round-bottom 96-well plates were centrifuged at 450 g for 4 minutes and 

supernatants were discarded. Following this, 50 µL of Fc receptor block (2.4G2 at 1:100 

dilution in PBS) was added into each well to block non-specific binding, and the cells were 

incubated for 10 minutes at 4°C.  Cells were then washed with 150 µL of FACS buffer by 

centrifugation at 450 g for 4 minutes. Supernatants were removed following the 

centrifugation, and cells were stained with fluorochrome-conjugated antibodies (50 

µL/sample) for 10 to 30 minutes in the dark at 4°C. Cells were then washed two more times 

prior to being resuspended in 100 µL FACS buffer. For samples requiring quantification, 

counting beads (Beckman Coulter, Mount Waverley, Victoria, Australia) were added to the 

samples (10 µL/sample), and the number of cells of interest was calculated using the formula: 

number of beads in the sample/ beads events x events of cell of interest. Cells were analysed 

on LSRII (BD Biosciences, San Jose, California, USA) or Fortessa (BD Biosciences, San 

Jose, California, USA), and FlowlogicTM software (Miltenyi Biotec, Auburn, California, 

USA). 

 

 Intracellular staining 11.2.
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After staining with extracellular antibodies as described in the preceding section, cells 

requiring intracellular staining were fixed and permeabilised using a Cytofix/Cytoperm 

Solution Kit according to the manufacturer’s instructions (catalogue number: 88-8824, 

eBioscience, San Diego, California, USA). Cells were then stained with fluorochrome-

conjugated antibodies (50 µL/sample) targeting intracellular proteins for 30 minutes at RT in 

the dark. Following incubation, cells were washed in 200 µL/well of fixation/ 

permeabilisation buffer, followed by centrifugation at 450 g for 4 minutes, before being 

resuspended in 100 µL of fixation/ permeabilisation buffer for flow cytometry analysis. Cells 

were analysed on LSRII (BD Biosciences, San Jose, California, USA) or Fortessa (BD 

Biosciences, San Jose, California, USA), and FlowlogicTM software (Miltenyi Biotec, 

Auburn, California, USA). Antibodies used in the flow cytometry experiments are listed in 

Table 3.  
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Table 3. List of mouse antibodies and dilutions used for flow cytometry 

 

Specificity Fluorochrome Clone Company Dilution 
c-Myc Tag (CAR) FITC 9E10 BD Biosciences 2 µl neat 

CD103 PE 2E7 BioLegend 1:200 
CD11b BV711 M1/70 BioLegend 1:400 
CD11c e450 N418 eBioscience 1:100 

CD137 (4-1BB) PE 17B5 eBioscience 1:400 
CD24 FITC M1/69 BD Biosciences 1:200 
CD27 APC LG.3A10 BD Biosciences 1:200 
CD4 e450 GK1.5 BD Biosciences 1:200 
CD44 PE G44-26 BD Biosciences 1:400 

CD45.1 (Ly5.1) FITC A20 eBioscience 1:400 
CD45.2 APC-eFluor780 104 eBioscience 1:100 
CD62L APC MEL-14 BD Biosciences 1:400 

CD8 PeCy7 53-6.7 BD Biosciences 1:400 
CD8 BV711 53-6.7 BioLegend 1:400 
F4/80 e450 BM8 eBioscience 1:200 
Foxp3 e450 FJK-16s eBioscience 1:200 
Her2 PE MOPC-21 BD Biosciences 1:100 
IFNγ APC XMG1.2 BD Biosciences 1:100 

IgG1 isotype PE Neu 24.7 BD Biosciences 1:100 
IgG2a isotype APC eBR2a BD Biosciences 1:200 
IgG2a isotype FITC eBR2a BD Biosciences 1:200 

Ki67 APC B56 BD Biosciences 1:400 
Ly6C Pe-Cy7 HK1.4 BioLegend 1:800 

MHCII APC M5/114.15.2 eBioscience 1:1000 
NGFR Pe-Cy7 ME20.4 BioLegend 1:400 
NK1.1 Pe-Cy7 PK136 eBioscience 1:400 
PD-1 PE J43 BD Biosciences 1:400 
TCRβ PerCpCy5.5 H57-597 BD Biosciences 1:100 
TCRβ FITC H57-597 eBioscience 1:400 
TCRβ APC H57-597 eBioscience 1:400 
TNFa BV421 MP6-XT22 BioLegend 1:100 

Viability FluoroGold  Biotium 1:1000 
Viability Fixable Yellow  Thermo Fisher 1:400 
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 Chromium release assay 12.

A total of 5x106 cells from each tumour cell line 24JK, 24JK-Her2, AT3 and AT3-Her2 were 

labelled with 75 µCi 51Cr for 45 minutes at  37°C with 5% CO2. After 45 minute incubation, 

tumour cells were washed three times with serum-free RPMI media by centrifugation at 480 

g for 3 minutes. The cells were then resuspended in supplemented RPMI media and plated at 

a density of 2x104 cells/well in round-bottom 96-well plates. Effector T cells were added to 

the appropriate wells at T cell:tumour cell ratios of 1:1, 5:1, 20:1 or 40:1, with either α-4-

1BB (0.05 µg/µL) or isotype control 2A3 antibody (0.05 µg/µL). In each experiment, control 

wells containing only 51Cr-labelled tumour cells alone and wells containing tumour cells with 

100 µl of sodium dodecyl sulfate (SDS) were included to determine spontaneous and total 

chromium release, respectively. The total volume of supplemented RPMI media in each well 

was made up to 200 µl, and the plates were allowed to incubate for 4 or 16 hours at 37°C 

with 5% CO2. Following incubation, plates were centrifuged at 400 g for 5 minutes, and 100 

µL of supernatant from each well was transferred to 1.2 mL microtitre tubes (Quality 

Scientific Plastics, San Diego, California, USA). Chromium release was measured using an 

automatic gamma counter Wallac Wizard 1470 (General Electricity Healthcare, Amersham 

Australia, Kewdale, Western Australia). Percentage of tumour cell lysis was calculated using 

the formula: [(sample counts per minute – spontaneous counts per minute)/(total counts per 

minute – spontaneous counts per minute)] x 100%. 

 

 Flt3L-secreting tumour growth experiment in vivo 13.

C57BL/6 human-Her2 transgenic or RAG-/- mice were subcutaneously inoculated with Flt3L-

secreting or control 24JK-Her2 sarcoma cells (5x105 cells/mouse), whereas C57BL/6 

wildtype mice were subcutaneously inoculated with Flt3L-secreting or control MC38 colon 

adenocarcinoma cells (5x104 or 5x105 cells/mouse). Several cohorts of mice were treated 

with poly I:C (200 µg/injection) and/or α-4-1BB  (100 µg/injection) on day 10 after MC38 

tumour cell injection. Additional poly I:C treatments were given 4 and 8 days after the first 

poly I:C injection. Alternatively, control groups of mice were given PBS and/or isotype 

control 2A3 antibody (100 µg/injection). In the experiment involving total body radiation, 

mice received 0.5 Gy – 4 Gy total body radiation (X-RAD320, Precision X-Ray PXi, North 

Branford, New Haven County, Connecticut, USA) prior to being inoculated with Flt3L- 

secreting or control 24JK-Her2 cells. Tumour area was measured every two or three days by   
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multiplying the maximum diameter by the diameter perpendicular to the maximum diameter, 

until a pre-determined endpoint was reached whereby tumour area was ≥100 mm2. 

 

 Adoptive transfer experiment 14.

 

 CAR T cell therapy in combination with α-4-1BB and/or α-PD-1 antibodies 14.1.

C57BL/6 human-Her2 transgenic mice were first injected with e0771-Her2 breast carcinoma 

cells (1x105 cells/mouse) orthotopically into the fourth mammary fat pad, or MC38-Her2 

colon adenocarcinoma cells (5x105 cells/mouse) subcutaneously. In the study using RAG-/- 

mice, e0771-Her2 tumour cells (1x105 cells/mouse) were injected into the fourth mammary 

fat pad of RAG-/- mice. Seven days (e0771-Her2) or ten days (MC38-Her2) following tumour 

injection, mice received total body radiation (4 Gy or 5 Gy) for preconditioning prior to 

receiving treatments according to their allocated treatment group. These treatments included 

adoptive T cell transfer injected intravenously (1x107 cells/mouse), one dose of 

intraperitoneal IL-2 injection (50,000 IU/injection per mouse) on the same day as T cell 

injection, followed by two doses of IL-2 each day for the next two days. Cohorts of mice 

receiving the antibody therapies were given intraperitoneal injections of α-4-1BB (100 

µg/injection per mouse) and/or α-PD-1 (200 µg/injection per mouse) antibodies on the same 

day as T cell injection, followed by two more injections 4 and 8 days later. Alternatively, 

mice received intraperitoneal injections of isotype control 2A3 antibody (100 and/or 200 

µg/injection per mouse). Mice requiring treatment with IFNγ-depleting antibody were given 5 

intraperitoneal injections of α-IFNγ antibody (250 µg/injection per mouse) on days 0, 1, 4, 8 

and 12 post T cell treatment. Tumour area was evaluated using a digital caliper every two or 

three days by multiplying the maximum diameter by the diameter perpendicular to the 

maximum diameter. Mice were sacrificed when the tumour area was ≥100 mm2 (e0771-Her2) 

or ≥150 mm2  (MC38-Her2), or if there were apparent signs of disease. For flow cytometry 

experiments, recipient mice received transduced T cells from C57BL/6-Ly5.1 congenic donor 

mice, allowing us to track the adoptively transferred T cells in vivo using the congenic 

marker. 

 

 Adoptive transfer of Flt3L-secreting CAR T cells or OT-I T cells 14.2.

C57BL/6 human-Her2 transgenic or wildtype mice were inoculated with 24JK-Her2 sarcoma 

cells subcutaneously (5x105 cells/mouse), or e0771-OVA breast carcinoma cells in the 
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mammary fat pad (2x105 cells/mouse), respectively. Tumours were allowed to grow for 5 

days (24JK-Her2) or 14 days (e0771-OVA) prior to receiving 0.5 Gy total body radiation for 

pre-conditioning. On the same day, mice were given intravenous injection of 1x107 Flt3L-

secreting CAR T cells (24JK-Her2) or Flt3L-secreting OT-I T cells (e0771-OVA), followed 

by another T cell injection the following day. Control mice received control non-Flt3L-

secreting CAR T cells or OT-I T cells. In addition, mice also received 5 doses of 

intraperitoneal IL-2 (50,000 IU/injection per mouse), with the first dose given on the same 

day as T cell injection, and twice daily over the next 2 days. The cohorts of mice requiring 

poly I:C treatment were given 2 intraperitoneal injections of poly I:C (200 µg/injection per 

mouse) 4 and 8 days post T cell injection. Tumour area was measured every few days by 

multiplying the maximum diameter by the diameter perpendicular to the maximum diameter. 

Mice were sacrificed when tumour area reached ≥100 mm2 or if there were apparent signs of 

disease. 

 

 Analysis of immune subsets in tumour or tumour-draining lymph nodes 15.

Tumour-bearing mice were sacrificed, and tumours or tumour-draining lymph nodes (tdLNs) 

were harvested and digested in a DMEM media containing 0.02 mg/mL DNase (Sigma 

Aldrich, Missouri, USA) and 1 mg/mL type IV collagenase (Sigma Aldrich, Missouri, USA). 

Digestion was performed in a rocking incubator at 110 rotations per minute for 30 minutes at 

37°C. Following digestion, cells were filtered through a 70 µm filter twice and resuspended 

in Fc receptor block prior to being stained with fluorochrome-conjugated antibodies. For 

experiments requiring restimulation, PMA (10 ng/mL) and ionomycin (1 µg/mL) were added 

into samples in the presence of GolgiStop (1:500 dilution, BD Biosciences, San Jose, 

California, USA) and GolgiPlug (1:1000 dilution, BD Biosciences, San Jose, California, 

USA). Samples were incubated for 3 hours at 37°C prior to staining with fluorochrome-

conjugated antibodies for flow cytometry analysis as per Section 11, Chapter 2 of this 

thesis. 

 

 Histology 16.

Mammary and brain tissues were removed from untreated hHer2 transgenic mice or mice 

previously treated with CAR T cells, with α-4-1BB or isotype control antibody. Tissues were 

taken 9 days post treatment and fixed with 10% neutral-buffered formalin (NBF), before 

being embedded in paraffin and cut into sections. Staining with haematoxylin and eosin 
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(H&E) was performed, and the stained-sections were then examined for any potential signs 

of autoimmunity caused by the therapy. Olympus BX61 microscope was used to visualise 

images, and RT SE Diagnostics Instruments SPOT camera with SPOT Advanced Version 4.6 

was used to obtain images. 

 

 Statistical Analysis 17.

All statistical analyses in this study were performed using GraphPad Prism (version 6 and 7; 

California, USA). Data analyses were conducted using unpaired Student’s t test to compare 

two data sets, or using one-way/two-way ANOVA when analyzing multiple sets of data 

(more than two sets). Data are presented in this thesis as mean ± standard error of the mean 

(SEM). 

  



 
 

 86 

 

CHAPTER 3: A Multifunctional Role for Adjuvant Anti-4-1BB Therapy in 

Augmenting Antitumor Response by Chimeric Antigen Receptor T Cells 

 

 

Preface 

The aim of this chapter was to investigate whether the combination of CAR T cell therapy 

and an immune agonist α-4-1BB antibody therapy can augment anti-tumour responses 

against solid tumour. 

 

This chapter is published in the journal Cancer Research, as per the following reference: 

 

Sherly Mardiana, Liza B. John, Melissa A. Henderson, Clare Y. Slaney, Bianca von Scheidt, 

Lauren Giuffrida, Alexander J. Davenport, Joseph A. Trapani, Paul J. Neeson, Sherene Loi, 

Nicole M. Haynes, Michael H. Kershaw, Paul A. Beavis, and Phillip K. Darcy. A 

Multifunctional Role for Adjuvant Anti-4-1BB Therapy in Augmenting Antitumor Response 

by Chimeric Antigen Receptor T Cells. 2017; DOI: 10.1158/0008-5472.CAN-16-1831 

 

The published manuscript and associated supplementary information are presented in Chapter 

3 of this thesis. Additional related data not included in the manuscript are presented in this 

chapter as an addendum.  

 

All figures presented in this chapter, including those in the publication, were produced by me 

in the course of my PhD studies. 
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Introduction 

The robust efficacy of CAR T cell therapy has been predominantly demonstrated in B cell 

haematological malignancies [167, 175, 176], leading to the FDA approval of CAR T cell 

therapy for two B cell cancers, ALL and non-Hodgkin lymphoma [170, 171]. CAR T cell 

therapy however, when used alone in various different solid cancers, has proven limited in its 

efficacy [98, 430]. Although the reason for this disparity is unclear, it has been suggested that 

this may be, in part, due to the lack of CAR T cell activation, limited capacity of CAR T cells 

to traffic and penetrate solid tumours, the immunosuppressive environment induced by solid 

tumours and/or tumour antigen heterogeneity [98]. In order to address such challenges for  

enhancing CAR T cell therapy for solid malignancies, investigations into increasing CAR T 

cell function and anti-tumour activity are therefore necessary. Indeed, numerous studies have 

developed various exciting and creative approaches in an attempt to enhance CAR T cell 

anti-tumour responses as discussed in Section 4, Chapter 1 of this thesis. These include a 

study from our laboratory involving the use of a checkpoint inhibitor α-PD-1 mAb [272]. The 

combination of CAR T cells specific for the Her2 antigen and an α-PD-1 mAb in this study 

revealed enhanced tumour regression compared to CAR T cells alone against established 

Her2+ solid tumours in vivo. This improved anti-tumour effect correlated with improved 

function of the CAR T cells following PD-1 blockade [272]. Other studies aimed at 

improving CAR T cell anti-tumour efficacy have included genetic modification of signalling 

and metabolic pathways in CAR T cells and manipulation of the cytokine/ chemokine milieu 

in the tumour microenvironment [193, 430]. However, there are no studies reported that have 

investigated the combination of CAR T cells with agonist antibodies directed to T cell 

activation receptors.  

 

The T cell activation receptor CD137, also known as 4-1BB, stands out as a promising target 

in cancer therapy, as it is a well-characterised receptor known to provide important co-

stimulatory signals for T cells. The immune agonist α-4-1BB mAb has been shown to be a 

potent reagent for enhancing T cell function and activation. Furthermore, preclinical studies 

have shown robust anti-tumour responses following α-4-1BB mAb therapy, and clinical trials 

have been conducted demonstrating its safe use in cancer patients [85]. Therefore the use of 

an α-4-1BB mAb immune agonist may enhance the co-stimulatory signals received by CAR 

T cells and consequently augment CAR T cell activation and subsequent anti-tumour effects. 

Moreover, another potential advantage of using an α-4-1BB mAb is that in addition to being 

expressed by T cells, the 4-1BB receptor is expressed on other cells such as NK cells and 
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dendritic cells [325], and therefore α-4-1BB mAb may enhance the important immune 

functional response of these cells resulting in a multipronged attack against the tumour. In the 

present study, the effects of α-4-1BB mAb in combination with CAR T cells in the solid 

tumour setting were evaluated using an immunocompetent self-antigen human-Her2 

transgenic (hHer2 tg) mouse model. 

 

The hHer2 tg mouse model is a C57BL/6 mouse strain that has been engineered to 

constitutively express the hHer2 antigen on normal tissue including the brain and mammary 

gland driven by the whey acidic protein promoter, and is thus tolerant to hHer2, allowing 

permissive growth of tumours expressing this human antigen [431]. In this mouse model, 

hHer2 is expressed at relatively low levels on normal tissue compared to the tumour cell lines 

used in this study [134], making it a relevant model to the clinical setting as humans do 

express hHer2 at low levels in a number of normal tissues such as the lungs, heart, kidney, 

prostate and other tissues [432, 433]. Importantly, one advantage owing to the 

immunocompetent nature of hHer2 tg mice is that this model allows for investigation into 

potential mechanisms of therapy, including contribution to efficacy of the endogenous 

immune response. Using the hHer2 tg mouse model, the Darcy and Beavis laboratories have 

successfully investigated various therapies in combination with Her2-specific CAR T cells 

such as α-PD-1 mAb [272], adenosine 2A receptor antagonist [273] and vaccination 

incorporating vaccinia virus [434]. The aim of this chapter was to test the combination of 

immune agonist α-4-1BB mAb and CAR T cell therapy in hHer2 tg mice, to assess 

therapeutic efficacy, mechanisms of action, and whether the combination therapy induced on-

target off-tumour toxicity. 

 

This chapter describes in vitro and in vivo studies of CAR T cell and α-4-1BB combined 

therapy as published in Cancer Research (Mardiana et al., 2017) [435]. Herein, the 

combination of Her2-specific CAR T cell therapy and α-4-1BB demonstrated superior anti-

tumour efficacy against Her2-expressing solid tumours compared to CAR T cell therapy 

alone, or α-4-1BB therapy with control T cells. It was found that α-4-1BB therapy not only 

increased the function of adoptively transferred CAR T cells, but also significantly modulated 

endogenous cellular immunity as evidenced by decreased frequency of immunosuppressive 

cells including Tregs and MDSCs. Importantly, we did not observe any autoimmune 

pathology in Her2-expressing brain and breast tissues of hHer2 tg mice following 

combination therapy. This study therefore highlighted the potential of significantly 
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augmenting CAR T cell therapeutic effects in solid tumours in the absence of pathology 

against antigen-positive normal tissue. Finally, given both CAR T cells and α-4-1BB mAbs 

are currently being tested in clinical trials as single-agent therapies for various cancer types, 

the combination appears feasible and holds high translational potential.  
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 Supplementary information associated with Cancer Research publication 19.

 

 

 

 

 

 

 

Supplementary Figure S1. Expression of activation and memory markers on transduced 

mouse T cells 

Following transduction, T cells were stained and analyzed by flow cytometry for the 

expression of CD44 and CD62L to determine their activation and memory status. (A) 

Representative dot plots from 17 experiments demonstrating CD44 and CD62L expression on 

both CAR and control LXSN T cells. (B) Overall percentage of T cells expressing high or 

low levels of CD44 and CD62L, presented as mean ± SEM of 17 independent experiments. 
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Supplementary Figure S2. CAR T cell cytotoxic responses are not modulated by anti-4-

1BB mAb therapy  

C57BL/6 sarcoma tumor cells 24JK or 24JK-Her2 (5x106 cells) were labelled for 45 minutes 

with 75 µCi of 51Chromium before being co-cultured (2x104 cells) with control (LXSN) or 

anti-Her2 CAR T cells, in the presence or absence of α-4-1BB (0.05 µg/µL) at the indicated 

effector:target ratio. Radioactivity was measured using a gamma counter from the 

supernatants harvested to determine percentage specific tumor lysis, following incubation for 

(A) 4 hours or (B) 16 hours at the indicated T cell (effector) to tumor cell ratios. Data are 

presented as mean ± SEM of 3 independent experiments (**** p<0.0001, ns=not significant).  
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Supplementary Figure S3. Her2 expression level on the mouse breast cancer cell line 

e0771-Her2 is comparable to the Her2-overexpressing human breast cancer cell line 

SKBR3 

Flow cytometry was performed to assess levels of Her2 expressed on the mouse breast cancer 

cell line e0771-Her2 and human breast cancer cell lines known to express low or high levels 

of Her2, MCF7 and SKBR3, respectively. Tumor cells were stained with either anti-Her2 

antibody (shaded area) or isotype control (clear area), and data are presented as histograms 

demonstrating Her2 expression on the breast cancer cell lines as indicated. 
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Supplementary Figure S4. Tumor weight is significantly reduced following CAR T cell 

and α-4-1BB therapy  

Nine days following adoptive transfer of T cells, e0771-Her2 mammary fat pad tumors from 

C57BL/6 human-Her2 transgenic mice of the indicated treatment groups were excised and 

weighed. Data are presented as mean ± SEM of 5-9 mice per group pooled from 2 

independent experiments (* p<0.05, ** p<0.01, *** p<0.001). 
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Supplementary Figure S5. Anti-4-1BB therapy does not modulate the frequency of 

transferred or endogenous CD8+ tumor-infiltrating T cells  

Breast carcinoma cells e0771-Her2 (1x105 cells/mouse) were injected orthotopically into the 

mammary fat pad of C57BL/6 human-Her2 transgenic mice. Seven days following tumor 

injection, the mice received total body radiation (5 Gy) before being treated according to their 

allocated treatment group. Treatments included adoptive transfer of control (LXSN) or anti-

Her2 CAR T cells intravenously (1x107 cells/mouse), intraperitoneal IL-2 injections (50,000 

IU/injection) and intraperitoneal injections of α-4-1BB (100 µg/injection) or isotype control 

2A3 antibody on days 0, 4 and 8 post T cell injection. Nine days after treatment, tumors were 

harvested and analyzed using flow cytometry. (A) Percentage of live cells that were Ly5.1+ T 

cells. (B) Percentage of CD45.2+ cells that were CD8+ T cells. (C) Total number of CD45.2+ 

cells. (A and B) Data are shown as mean ± SEM of 5 mice/group, presented as a 

representative from 3 independent experiments. (C) Data are shown as mean ± SEM of 7-9 

mice/group (*** p<0.001, ns=not significant). 
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Supplementary Figure S6. Anti-4-1BB therapy modulates the frequency of mature 

dendritic cells in tumors and draining lymph nodes  

C57BL/6 human-Her2 transgenic mice bearing 7 day established e0771-Her2 tumors 

received total body radiation (5 Gy) before being treated with anti-Her2 CAR T cells (1x107 

cells/mouse), IL-2 (50,000 IU/injection), and either α-4-1BB (100 µg/injection) or isotype 

control 2A3 antibody, or received no treatment. Tumors and tumor-draining lymph nodes 

were harvested and analyzed using flow cytometry to determine the percentage of MHCII+ 

CD11b+ CD11c+ DCs of CD45.2+ endogenous cells from (A) tumors on days 3 and 6 post 

treatment, and (B) tumor-draining lymph nodes on day 9 post treatment. Data are shown as 

mean ± SEM of 3-6 mice per group (* p<0.05).  
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Supplementary Figure S7. Anti-4-1BB does not modulate the frequency of MDSCs and 

DCs in RAG -/- mice 

Breast carcinoma cells e0771-Her2 (1x105 cells/mouse) were injected into the mammary fat 

pad of C57BL/6 RAG-/- mice. Seven days after tumor inoculation, the mice received total 

body radiation (5 Gy) prior to being treated according to their allocated treatment group. 

Treatments included adoptive transfer of CAR T cells intravenously (1x107 cells/mouse), 

intraperitoneal IL-2 injections (50,000 IU/injection) and intraperitoneal injections of α-4-1BB 

(100 µg/injection) or isotype control 2A3 antibody on days 0, 4 and 8 post T cell injection. 

Tumors were then harvested on day 9 post treatment and flow cytometry was performed to 

determine percentage of (A) CD11b+ Ly6Chigh MDSC and (B) MHCII+ CD11b+ CD11c+ DC 

of CD45.2+ cells. Data are shown as mean ± SEM of 6 mice/group, representative of 2 

independent experiments (ns=not significant). 
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Supplementary Figure S8. Anti-4-1BB therapy drives maturation of NK cells  

C57BL/6 human-Her2 transgenic mice bearing 7 day established e0771-Her2 tumors 

received total body radiation (5 Gy) before being treated with anti-Her2 CAR T cells (1x107 

cells/mouse), IL-2 (50,000 IU/injection), and either α-4-1BB (100 µg/injection) or isotype 

control 2A3 antibody, or left untreated. On day 6 post treatment, tumors were harvested from 

untreated and treated mice and NK cells were analyzed using flow cytometry to determine 

maturation phenotype as defined by the expression of CD11b and CD27 markers. Data are 

shown as mean ± SEM of 3 mice per group, and is representative of 2 independent 

experiments. 
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 Addendum (Results and Discussion) 1.

 

 Increased expression and kinetics of 4-1BB on CAR T cells 1.1.

Our study reported increased proportion of CAR T cells expressing 4-1BB 16 hours 

following antigen-specific stimulation through the CAR (Figure 2 in Mardiana et al., 2017, 

Section 2, Chapter 3 of this thesis). We also observed an increase in mean fluorescence 

intensity (MFI) of 4-1BB expression on the CAR T cells upon CAR-specific stimulation 

(Figure 6). To further investigate the kinetics of 4-1BB expression following CAR T cell 

activation, we performed flow cytometry at two later time points, 40 and 60 hours, and found 

that the level of 4-1BB expressed on CAR T cells started to decrease after the 16 hour time 

point, however it remained greater than that observed on unstimulated CAR T cells (Figure 

7). This pattern of transient 4-1BB expression following CAR stimulation is similar to that 

observed upon stimulation through the endogenous TCR, as previously reported [42]. 
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Figure 6. Mean fluorescence intensity (MFI) of 4-1BB expression is increased on CAR T 

cells following antigen-specific stimulation 

CAR or control T cells were transduced as previously described and cultured for 16 hours 

either in media alone, stimulated with immobilised α-CD3 (0.05 ng/µL) and α-CD28 (0.05 

ng/µL), or co-cultured with parental or Her2+ 24JK, e0771, MC38, AT3 tumour cells. 

Following incubation, flow cytometry analysis was performed to determine the MFI of 4-

1BB expressed on CD8+ or CD4+ T cells. Data are presented as mean ± SEM of triplicate 

samples, representative of 3 independent experiments (* p<0.05, ** p<0.01, *** p<0.001, 

**** p<0.0001, ns=not significant). 
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Figure 7. Kinetics of 4-1BB expression on CAR T cells following antigen-specific 

stimulation 

CAR T cells were cultured either in media alone, with immobilised plate-bound α-CD3 (0.05 

ng/µL) and α-CD28 (0.05 ng/µL), isotype control antibody (0.5 ng/µL) or α-CAR (α-c-Myc 

Tag antibody 9B11, 1:1000 dilution). At the indicated time points, T cells were harvested and 

flow cytometry analysis was performed to determine the percentage of T cells expressing 4-

1BB. Data are presented as mean ± SEM of triplicate samples. 
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 Her2 antigen on tumour cells remains stably expressed in vivo following 1.2.

combination therapy  

Results from our adoptive transfer experiment demonstrated the most significant inhibition of 

e0771-Her2 tumour growth upon treatment with CAR T cell and α-4-1BB combination 

therapy, in comparison to either CAR T cells alone or control T cells and α-4-1BB (Figure 4 

in Mardiana et al., 2017, Section 2, Chapter 3 of this thesis). However, not all tumours 

treated with the combination therapy responded well, and this could potentially be due to the 

loss of Her2 antigen in vivo, causing Her2-negative tumour cells to escape CAR T cell 

recognition. To determine if the outgrowths of tumours following combination treatment 

were due to this antigen loss phenomenon, we harvested tumours from mice following CAR 

T cell and α-4-1BB therapy, and performed FACS to assess Her2 expression on these 

tumours. These experiments showed that Her2 remained stably expressed on the tumour cells 

from mice treated with the combination therapy (Figure 8), indicating that tumour outgrowth 

despite the combination therapy was not due to the loss of Her2 expressed on tumour cells. 
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Figure 8. Her2 expression on e0771-Her2 tumour cells remains stable in vivo following 

CAR T cell and α-4-1BB therapy 

Tumours were harvested from mice following treatment with CAR T cells and α-4-1BB 

combination therapy on day 9 post treatment (day 16 post tumour inoculation). Tumours 

were enzymatically digested into single cell suspensions, and flow cytometry was utilised to 

assess Her2 expression on viable GFP+ tumour cells. Data are presented as representative 

histograms from 5 mice. Pre-injected e0771-Her2 tumour cells were used as a positive 

control. 
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 Endogenous T cells play a role in the increased efficacy of CAR T cell and α-4-1BB 1.3.

combination therapy 

We observed in our study that the endogenous T cells appeared to play an important role in 

the combination of CAR T cell and α-4-1BB therapy. This was seen in an experiment using 

RAG-/-  tumour-bearing mice where it was found that the combination of CAR T cell and α-4-

1BB therapy worked less effectively compared to hHer2 transgenic recipient mice with 

normal endogenous T cells (Figure 4 in Mardiana et al., 2017, Section 2, Chapter 3 of this 

thesis). More experiments were performed to further investigate involvement of endogenous 

T cells, and we observed more endogenous T cells in the tumour-draining lymph nodes 

(tdLNs) following the CAR T cell and α-4-1BB combination therapy compared to CAR T 

cell therapy alone (Figure 9). Notably, we also found that α-4-1BB increased CAR T cell 

numbers in the tdLNs as shown by increased number of congenic marked Ly5.1-expressing T 

cells, although this increase was not seen at the tumour site (Supplementary Figure S5 in 

Mardiana et al., 2017, Section 3, Chapter 3 of this thesis). Interestingly, we also found that 

both endogenous T cells and CAR T cells had an increased effector phenotype as indicated 

by enhanced CD44 expression on the T cells following α-4-1BB treatment (Figure 10). 

These data could be indicative of more effector T cells exhibiting anti-tumour responses 

following α-4-1BB therapy, however it is unknown whether this contributed to the enhanced 

therapeutic efficacy.  
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Figure 9. Increased numbers of endogenous and transferred CAR T cells in the 

draining lymph nodes following α-4-1BB treatment 

Seven days following tumour-inoculation, e0771-Her2-bearing human-Her2 transgenic mice 

were pre-conditioned with 5 Gy total body radiation before receiving treatments with 

intravenous CAR T cells (1x107 cells/mouse), intraperitoneal IL-2 injections (50,000 

IU/injection) and intraperitoneal injections of α-4-1BB (100 µg/injection) or isotype control 

2A3 antibody as indicated on days 0, 4 and 8 post T cell injection. IL-2 treatment was 

administered on the day of T cell injection and twice daily for the following 2 days. On day 9 

post treatment, tumour-draining lymph nodes were harvested and assessed using flow 

cytometry to determine the number of (A) endogenous CD45.2+ TCRβ+ T cells and (B) 

adoptively transferred Ly5.1+ TCRβ+ T cells. Data are mean ± SEM of 4-5 mice per group (* 

p<0.05, ns=not significant). 
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Figure 10. Anti-4-1BB therapy increases the proportion of effector T cells in both the 

CAR and endogenous T cell populations 

E0771-Her2 cells (1x105 cells/mouse) were injected into the mammary fat pad of C57BL/6 

human-Her2 transgenic mice. Seven days later, mice were pre-conditioned with 5 Gy total 

body radiation before receiving treatments of CAR T cells (1x107 cells/mouse injected 

intravenously) with either α-4-1BB (100 µg/injection) or isotype control 2A3 antibody on 

days 0, 4 and 8 post T cell injection. IL-2 (50,000 IU/injection) was administered on day 0, 

and twice a day for the next 2 days. On day 9 post treatment, tumour-draining lymph nodes 

were harvested and flow cytometry was performed to (A) assess expression of CD44 and 

CD62L markers on T cells and (B) determine overall percentage of CD44hi CD62lo T cells in 

either endogenous or transferred CAR T cell population. (A) Red boxes display the effector T 

cell phenotype as indicated by CD44hi CD62Llo expression. Data are representative dot plots 

from 5-6 mice/group. (B) Data are mean  ± SEM of 5-6 mice/group (*** p<0.001, **** 

p<0.0001). 
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 The addition of α-PD-1 mAb does not increase the efficacy of CAR T cell and 1.4.

 α-4-1BB therapy 

It has been previously reported that upon activation, T cells increase the expression of 

inhibitory receptors such as PD-1, CTLA-4 and TIM3 [276]. Upon ligation, these receptors 

are known to attenuate anti-tumour immunity by delivering negative signals to down-regulate 

T cell activation. In this experiment, we sought to investigate whether enhancing T cell 

activation following α-4-1BB stimulation could result in increased PD-1 expression on CAR 

T cells. To examine this, an experiment was undertaken whereby CAR T cells were cultured 

either in media alone, activated through the TCR with α-CD3 and α-CD28, activated through 

the CAR with an α-c-Myc Tag antibody, or cultured with IgG2a isotype antibody for 16 

hours. These T cells were also incubated with either α-4-1BB or 2A3 isotype antibody. T 

cells were then harvested and analysed for PD-1 expression by flow cytometry. We found a 

significant increase in PD-1 expressed on CAR T cells when stimulated with α-4-1BB 

compared to isotype control antibody, after activation through the TCR or CAR by α-CD3/α-

CD28 antibodies or anti-c-Myc Tag antibody, respectively (Figure 11). 

 

This upregulation of PD-1 on CAR T cells following stimulation with α-4-1BB suggests that 

further T cell acitvation with α-4-1BB can lead to increased expression of the inhibitory 

receptor PD-1 on CAR T cells, and this can potentially restrict the full potential of the 

combined CAR T cell and α-4-1BB mAb approach. This finding prompted us to conduct an 

experiment exploring the combination of α-4-1BB agonist and α-PD-1 blocking antibodies in 

the context of CAR T cells in vivo, as an attempt to optimise the anti-tumour effects of this 

approach. Surprisingly, our results showed that although addition of either α-PD-1 or α-4-

1BB therapy alone could improve CAR T cell efficacy compared to CAR T cells alone, the 

addition of α-PD-1 blocking antibody to the CAR T cell and α-4-1BB combination did not 

further improve therapeutic efficacy against e0771-Her2 breast cancer (Figure 12). 

 

Previous studies have combined various immune checkpoint inhibitors and agonistic 

antibodies in preclinical cancer models in the context of the endogenous anti-tumour immune 

response. Some of these studies reported increased anti-tumour effects, for example 

following the combination of α-PD-1 and α-4-1BB antibodies in a number of murine cancer 

models [373, 436, 437], and α-PD-1 and α-OX40 antibodies in an ID8 murine ovarian cancer 

model [438]. However, more recently other studies have reported opposing effects.   
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Figure 11. PD-1 expression is increased on CAR T cells following stimulation with α-4-

1BB antibody 

CAR T cells were generated as previously described, and cultured for 16 hours either in 

media alone, with immobilised α-CD3 (0.05 ng/µL) and α-CD28 (0.05 ng/µL) mAbs, α-CAR 

(α-c-Myc Tag mAb, 9B11, 1:1000 dilution) or IgG2a isotype antibody (0.5 ng/µL). Cells 

were cultured in the presence of either α-4-1BB mAb (0.05 µg/µL) or 2A3 isotype control 

antibody (0.05 µg/µL). Cells were then harvested and tested for PD-1 expression using flow 

cytometry. Percentage of CAR T cells expressing PD-1 was determined. Data are presented 

as mean ± SEM of 2 independent experiments, each performed in triplicates (* p<0.05, *** 

p< 0.001, ns=not significant). 
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Figure 12. Checkpoint inhibitor α-PD-1 therapy does not increase the therapeutic 

efficacy of combined CAR T cell and α-4-1BB treatment 

C57BL/6 human-Her2 transgenic mice bearing 7 day established e0771-Her2 tumours 

received total body radiation (5 Gy) before being treated with anti-Her2 CAR T cells (1x107 

cells/mouse), five doses of IL-2 (50,000 IU/injection), and either α-4-1BB and/or α-PD-1 

antibodies according to their allocated treatment group on days 0, 4 and 8 post T cell 

injection. IL-2 was administered on day 0, and twice a day on days 1 and 2. Tumour area was 

measured and recorded. Data shown are mean ± SEM of 4-6 mice/group, and are 

representative of two independent experiments (** p<0.01, **** p<0.0001, ns=not 

significant). 
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Two different studies reported that the concurrent addition of α-PD-1 markedly reduced the 

therapeutic response of α-OX40 therapy [439, 440]. Interestingly however, a study by 

Messenheimer et al. found that when α-OX40 and α-PD-1 antibodies were administered 

sequentially by treating MMTV-PyMT tumour-bearing mice with α-OX40 therapy before α-

PD-1, the sequential combination therapy resulted in augmented anti-tumour efficacy. This 

improved effect was not observed however, when α-PD-1 was administered before α-OX40, 

highlighting the importance of timing and sequence of the various treatments [439]. Another 

study used the combination of α-4-1BB and α-PD-1 antibodies in a murine spontaneous B 

cell lymphoma model, and found that simultaneous use of α-PD-1 diminished the anti-tumour 

activity of α-4-1BB therapy alone. The mechanism for this effect was thought to be due to a 

dramatic reduction in effector CD8+ T cells in the presence of α-PD-1 antibody, potentially 

through induced apoptosis [441]. The reason for the discrepancies observed between different 

studies involving checkpoint inhibitor and immune agonist combination is not completely 

understood, however the dose and timing of the immune-modulating antibody administration 

may be of high importance. Together, all these observations reveal that while supporting T 

cell activation using combination of immune agonists and checkpoint inhibitors could 

generate synergistic anti-tumour effects, caution is necessary in choosing the optimal timing 

and sequence, in order to achieve optimal therapeutic efficacy. 
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CHAPTER 4: A Novel Strategy for Harnessing the Endogenous Dendritic Cell 

Compartment to Enhance the Efficacy of Adoptive Cell Therapy 
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 Introduction  1.

CAR T cell therapy has demonstrated powerful anti-tumour responses in patients, as 

highlighted by the FDA approval of two CD19-CAR T cell products for two haematological 

malignancies, B-ALL and Non-hodgkin lymphoma [170, 171, 442]. However it has become 

increasingly apparent that in solid cancers, where the tumour microenvironment is generally 

more complex and heterogenous, endogenous immune cells such as T cells, macrophages and 

NK cells may also play important roles in supporting CAR T cell anti-tumour responses [443, 

444]. Although long-lasting tumour regression following CD19-specific CAR T cell therapy 

has been observed, most CAR T cell trials in solid cancers have only had a moderate anti-

tumour effect [175, 185, 193]. Amongst the many strategies cancer cells employ to avoid 

immune recognition, such as releasing immunosuppressive cytokines, recruiting suppressive 

cells to the TME and increasing physical barriers to hinder lymphocyte infiltration, antigen-

loss variants remain one of the dominant factors that lead to tumour progression despite 

persistent antigen-specific therapy [330, 445, 446]. Due to tumour heterogeneity, adoptive T 

cell therapy has demonstrated outgrowth of antigen-loss tumour variants [447]. This 

phenomenon accentuates the urgent need to employ new strategies to enhance antigen-

specific therapy like CAR T cells, in order to extend tumour eradication beyond a single 

target antigen.  

 

Efforts to overcome antigen heterogeneity issues in solid cancer have led to the idea of 

harnessing the endogenous immune system to generate a multipronged attack against the 

tumour. Harnessing the endogenous immune system is potentially a viable strategy for 

broadening the tumour-specific T cell repertoire, that may eradicate subpopulations of 

tumour cells that have lost or never expressed the target antigen recognised by the adoptively 

transferred CAR T cells. In the process of becoming activated upon antigen recognition, CAR 

T cells secrete effector cytokines that are able to shape the TME to promote an endogenous 

anti-tumour immune response. Several studies have harnessed this cytokine-secreting ability 

to investigate the use of pro-inflammatory cytokines such as IL-18, IL-7, IL-12 and IL-15, by 

engineering CAR T cells to secrete these cytokines, a term known as “armoured” CAR T 

cells [212-214, 216, 219, 330, 444]. These cytokines are delivered via CAR T cells which, 

owing to their ability to traffic to the tumour and recognise a given tumour antigen, are used 

as a vehicle to synthesise and transport these cytokines at the tumour site. In comparison to 

systemic cytokine administration, this approach has the advantage of delivering highly 

concentrated doses of cytokine within the tumour, and is not limited by potential systemic 
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toxicity that often occurs as a consequence of exogenous cytokine delivery [218, 448, 449]. 

Results from preclinical studies utilising “armoured” CAR T cells have shown promising 

results. CAR T cells engineered to express IL-18, IL-7, IL-12, or IL-15 have been shown to 

be superior in exerting anti-tumour immune responses in vivo compared to conventional CAR 

T cells. The mechanisms vary between different cytokines, but are mainly through the 

enhancement of CAR T cell functional parameters, engagement of endogenous effector 

immune cells such as NK cells, macrophages and T cells, and/or partly through engagement 

of APCs [212, 219, 330, 444]. Such an approach of engineering CAR T cells to produce pro-

inflammatory cytokines is highly innovative, and can significantly enhance immune effector 

cell responses. However, we propose that targeting and expanding more specifically a 

specialised subset of cross-presenting DCs, the Batf3-dependent XCR1+ IRF8+ CD103+ DCs, 

herein referred to as the CD103+ DCs, will provide additional advantages owing to the 

multifunctional roles of this DC subset in facilitating effective anti-tumour immunity.  

 

CD103+ DCs are uniquely equipped to process exogenous antigens and present them to CD8+ 

cytotoxic T cells through MHCI, rendering them highly efficient at cross-presentation [352]. 

Indeed, in the context of cancer, accumulating evidence suggest that this cross-presenting 

CD103+ DC subset is the most efficient antigen presenting cell compared to other APC 

subsets [361, 370, 450]. Notably, CD103+ DCs have also been shown to be crucial for 

induction of effective anti-tumour responses following immunotherapy such as α-PD-L1 

mAb [371]. A study from our group has also reported activation of the CD103+ DCs in mice 

following treatment with α-PD-1 and α-CTLA-4 dual blockade, mediated by activation of 

CD4+ Foxp3- cells [451]. In the adoptive transfer setting using activated OT-I T cells, ablation 

of CD103+ DCs attenuated the anti-tumour effects [361], highlighting the critical importance 

of this DC population in facilitating anti-tumour immunity. CD103+ DCs are also able to 

produce high levels of various cytokines including IL-12 [452]. Therefore, expansion of 

CD103+ DCs may eventually lead to high secretion of IL-12, potentially resulting in 

enhanced anti-tumour responses as observed in the use of the previously reported IL-12-

secreting T cells. Of note, a recent study elegantly demonstrated that, in the context of 

therapy using immunomodulatory antibodies, the anti-tumour effect in Batf3-/- mice lacking 

cross-presenting DCs was nullified, and could not be rescued by IL-12 administration, thus 

highlighting the superior anti-tumour effect of this DC subset [373]. Furthermore, CD103+ 

DCs are capable of secreting high levels of important chemokines including CXCL9 and 

CXCL10, that are both important for T cell trafficking to the tumour site. Therefore, 
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expansion of CD103+ DCs may lead to better effector T cell recruitment to the tumour. 

Indeed, as shown in a melanoma tumour model in mice, owing to their ability to produce 

CXCL9/CXCL10, CD103+ DCs were shown to play a pivotal role in the recruitment of 

effector T cells to the tumour [372]. Due to these desirable attributes, expansion of CD103+ 

DCs has the potential to overcome three of the major shortfalls of current CAR T cell therapy 

in solid tumours, namely tumour antigen heterogeneity, the immunosuppressive TME and 

poor T cell trafficking. 

 

The cytokine FMS-like tyrosine kinase 3 ligand (Flt3L) has been identified as a critical 

cytokine for the differentiation of CD103+ DCs. Therefore the work in this chapter focused 

on enhancing CD103+ DC differentiation using the Flt3L cytokine. I hypothesised that 

targeting this DC population more specifically, through engineering CAR T cells to express 

Flt3L, may engage the endogenous T cell response to enhance overall efficacy. I further 

proposed that given the expression of the Flt3 receptor is mainly restricted on haematopoietic 

progenitor cells, as opposed to the more broadly expressed receptors for IL-18, IL-7, IL-12 or 

IL-15, which are widely expressed on various immune effector cells [453-457], the use of 

Flt3L may be better tolerated and less likely to induce off-target adverse events. 

 

Our previous studies have demonstrated that therapies engaging the endogenous immune 

system such as DCs have the potential to enhance CAR T cell efficacy [434, 435]. 

Furthermore, results from Chapter 3 of this thesis suggested potential involvement of DCs 

and endogenous T cells in the increased therapeutic effect of CAR T cell following α-4-1BB 

treatment. As shown in Figure 9A and Supplementary Figure S6B, I observed increased 

proportion of endogenous T cells and DCs in the tumour-draining lymph nodes (tdLNs) 

following CAR T cell and α-4-1BB combined therapy. Moreover, analysis of the endogenous 

T cells in the tdLNs revealed an enhanced proportion of these cells with the CD44high 

CD62Llow effector phenotype (Figure 10), further supporting involvement of the endogenous 

T cell-DC axis in the therapeutic effect. Altogether, these observations along with increasing 

evidence that highlight the importance of CD103+ DCs in anti-tumour immunity, support my 

rationale to therapeutically target the CD103+ DC compartment for further improving CAR T 

cell therapy. In this chapter, I sought to enhance the efficacy of adoptive T cell therapy by 

engineering T cells to secrete Flt3L in order to promote CD103+ DC expansion, that may 

enhance the engagement of endogenous T cells and lead to an overall increase in therapeutic 

efficacy. Importantly, given both adoptive T cell therapy and Flt3L are currently being tested 
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in clinical trials as single agents, I believe that this approach holds high translational potential 

[104, 187, 217, 390]. 
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 Generation of Flt3L-expressing tumour cells 2.

Flt3L is a cytokine required for the differentiation of cross-presenting CD103+ DCs, and its 

use in vivo, either through exogenous administration or a recombinant adenovirus constructed 

to express the cytokine Ad-mFlt3L, has been reported in a number of cancers to enhance 

endogenous anti-tumour immunity [371, 381-383]. As a proof of principle to determine the 

effect of Flt3L on tumour growth in our mouse models, I generated tumour cell lines that 

constitutively secrete Flt3L, allowing for the production of high levels of Flt3L in the local 

tumour environment.  

 

The C57BL/6 mouse colon adenocarcinoma MC38 and sarcoma 24JK-Her2 cell lines were 

engineered to express Flt3L using an MSCV-cherry retroviral vector. Tumour cell lines 

transduced with empty MSCV-cherry vector were used as controls. I demonstrated by flow 

cytometry that tumour cells were successfully transduced, as shown by high levels of cherry 

expression on the two tumour cell lines compared to the respective non-transduced tumour 

cells, MC38 and 24JK-Her2 (Figure 13A). In order to confirm that the tumour cells 

transduced to express Flt3L secreted the cytokine, supernatants from the tumour cell cultures 

were harvested and analysed in an ELISA assay. High concentrations of Flt3L from the 

Flt3L-transduced MC38 and 24JK-Her2 tumour cells were observed (Figure 13B, 22,000 ± 

100 pg/mL SEM and 17,050 ± 2,350 pg/mL SEM, respectively), which were significantly 

higher than those from the respective MC38 and 24JK-Her2 control-transduced tumour cells 

(0 ± 0 pg/mL and 950 ± 950 pg/mL SEM, p<0.01 and p<0.01, respectively). 

 

Although the Flt3L-transduced tumour cells were shown to be able to secrete high levels of 

Flt3L cytokine in vitro (Figure 13), it was important to confirm that the tumour cells were 

also capable of generating and secreting Flt3L in vivo. To test this, the Flt3L-secreting 24JK-

Her2 tumour cells (24JK-Her2-FL) were subcutaneously inoculated in C57BL/6 human-Her2 

transgenic mice. As a control group, a cohort of mice were inoculated with empty cherry-

transduced 24JK-Her2 cells (24JK-Her2-cherry). Six days later, serum was collected from the 

mice to determine the concentration of Flt3L. A higher concentration of Flt3L in the serum of 

mice bearing 24JK-Her2-FL tumours (766 ± 250 pg/mL SEM) was observed compared to 

mice bearing control 24JK-Her2-cherry tumours (167 ± 46 pg/mL SEM) or no tumour (184 ± 

94 pg/mL SEM) (Figure 14). 
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Figure 13. Generation of Flt3L-expressing tumour cell lines 

C57BL/6 murine colon adenocarcinoma and sarcoma cell lines, MC38 and 24JK-Her2 

respectively, were transduced with MSCV-cherry retroviral vector with or without Flt3L 

(FL). Cells were analysed by flow cytometry for cherry expression. (A) Histograms 

displaying cherry expression on the transduced tumour cells. (B) After transduction, cells 

were sorted for cherry-expressing cells by FACS, and each cell line was plated in a T75 flask 

at a density of 5x105 cells/flask in 20 mL media. Supernatants were collected 16 hours later 

for use in an ELISA assay to determine the amount of Flt3L secreted in the supernatants. 

Results are presented as mean ± SEM of duplicate samples (** p < 0.01).  
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Figure 14. Increased concentration of serum Flt3L in mice bearing 24JK-Her2-FL 

tumour 

C57BL/6 human-Her2 transgenic mice were injected subcutaneously with either 24JK-Her2-

cherry or Flt3L-secreting 24JK-Her2-FL tumour cells (5x105 cells/mouse). Non-injected age-

matched mice were used as a control. Peripheral mouse blood was sampled via retro-orbital 

eye bleeds 6 days after tumour inoculation, and serum was collected for ELISA testing to 

determine the concentration of Flt3L. Data are shown as mean ± SEM of 3 mice/group. 
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 Flt3L causes tumour regression in vivo 3.

 

 Tumour-derived Flt3L induces regression of solid tumours in a T cell-dependent 3.1.

manner 

In this experiment, I investigated whether overexpression of Flt3L by 24JK-Her2 and MC38 

tumour cells would result in a significant reduction in primary tumour growth. Mice were 

subcutaneously injected with Flt3L-secreting or control tumour cells, and the tumour area 

was measured to monitor the growth of tumours until they reached a pre-determined endpoint 

(tumour area ≥ 100 mm2). This endpoint was used to determine survival of the mice. Our 

experiments revealed significant tumour regression and consequently enhanced survival in 

mice bearing 24JK-Her2-FL (Figure 15A and B) and MC38-FL tumours (Figure 15C and 

D), compared to control non-Flt3L expressing tumours. Strikingly, a proportion of the mice 

were tumour free for greater than 70 days in both tumour models (Figure 15B and D). I next 

determined if this potent effect of Flt3L was primarily T cell-mediated. To do this, I 

performed the same experiment as previously described using the 24JK-Her2-FL tumour 

model in RAG-/- mice that lacked mature T cells, and observed that the Flt3L effect in 

regressing tumour growth was completely abrogated (Figure 16). These observations 

indicated the predominant role of T cells in mediating the effect of Flt3L in this model. The 

next part of the study examined whether the strong anti-tumour activity of Flt3L in vivo was 

associated with CD103+ DC expansion, as predicted by the biological function of Flt3L. 
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Figure 15. Tumour-derived Flt3L induces regression in vivo 

The murine sarcoma 24JK-Her2 and colon adenocarcinoma MC38 cell lines were transduced 

to express Flt3L using the MSCV-cherry vector. (A and B) C57BL/6 human-Her2 transgenic 

mice or (C and D) C57BL/6 WT mice were subcutaneously inoculated with Flt3L-secreting 

24JK-Her2-FL tumour cells (5x105 cells/mouse) or MC38-FL tumour cells (5x104 

cells/mouse), respectively. Empty cherry-transduced tumour cells were used as controls. (A 

and C) Growth of 24JK-Her2 or MC38 tumours at the indicated times was recorded. Data 

are shown as mean ± SEM of 6-8 mice per group, representative of 3 independent 

experiments. (B and D) Survival of mice injected with 24JK-Her2 or MC38 was monitored, 

with the endpoint being when the tumour area reached ≥100 mm2. Data are shown as percent 

survival of 6-8 mice per group, representative of 3 independent experiments. Numbers in 

parentheses indicate number of tumour-free mice/number of mice inoculated with tumour 

cells (*** p<0.001, **** p<0.0001). 
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Figure 16. Anti-tumour effect of Flt3L is abrogated in T cell-deficient mice 

C57BL/6 RAG-/- mice were subcutaneously injected with 5x105 murine sarcoma cells 24JK-

Her2, transduced to express Flt3L (24JK-Her2-FL), or transduced with empty MSCV-cherry 

vector (24JK-Her2-cherry) as a control. Tumour area was measured at the indicated times, 

and data are presented as mean ± SEM of 6 mice/group (ns=not significant). 
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 Anti-tumour effect of Flt3L is associated with CD103+ DC expansion 3.2.

After demonstrating robust anti-tumour activity of Flt3L in vivo, I next assessed if this effect 

was associated with an increased number of tumoural CD103+ DCs. This experiment 

involved subcutaneous inoculation of 24JK-Her2-FL tumour cells into hHer2 transgenic 

mice, and tumours were left to grow for 9 days before being harvested and processed into 

single cell suspensions for analysis by flow cytometry. At the same time, I also collected 

tumour draining lymph nodes (tdLNs) from the mice for analysis. Our flow cytometry gating 

strategy of the CD103+ DC population is shown in Figure 17. In tumours overexpressing 

Flt3L, our results revealed significantly increased CD103+ DC frequency in the CD45.2+ 

immune cell population, compared to control non-Flt3L expressing tumours (Figure 18A). 

Concomitantly, the frequency of tumour-infiltrating CD8+ T cells was significantly increased 

(Figure 18B). Of note, I also observed a marked increase in the total number of CD103+ DCs 

in the tdLNs of mice bearing 24JK-Her2-FL tumours compared to mice bearing control 

tumours (Figure 18C). 

 

In summary, I was able to successfully transduce mouse MC38 and 24JK-Her2 tumour cell 

lines to express Flt3L, and found that the transduced tumour cells secreted high levels of the 

Flt3L cytokine. I demonstrated that Flt3L had a potent anti-tumour effect in vivo in two 

different tumour models, and this effect was dependent on endogenous T cell activity. 

Further, I also demonstrated that Flt3L produced by the tumour cells was able to induce 

CD103+ DC expansion in vivo, which was accompanied by increased frequency of CD8+ T 

cells. The next part of the project aimed to recapitulate this approach in the context of CAR T 

cell therapy. 
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Figure 17. Gating strategy for CD103+ dendritic cells ex vivo 

(A) Tumours or (B) tumour-draining lymph nodes (tdLNs) were harvested from C57BL/6 

hHer2 transgenic mice bearing 24JK-Her2-FL tumours on day 9 post tumour inoculation. 

Both tumours and tdLNs were processed into single cell suspensions prior to analysis by flow 

cytometry. Diagrams display the gating strategy used to evaluate CD103+ DC population 

based on a publication by Salmon et al., 2016 [371]. Diagrams are representative of 2 

independent experiments. 
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Figure 18. Tumour-derived Flt3L promotes CD103+ DC and CD8+ T cell accumulation 

The murine sarcoma 24JK-Her2 cell line was transduced with the MSCV-cherry-Flt3L vector 

or empty MSCV-cherry control vector. C57BL/6 human-Her2 transgenic mice were 

subcutaneously inoculated with Flt3L-secreting 24JK-Her2-FL tumour cells or control 24JK-

Her2-cherry cells (5x105 cells/mouse). On day 9 post tumour injection, (A and B) tumours 

and (C) tumour-draining lymph nodes (tdLNs) were harvested from the mice and processed 

into single cell suspensions for analysis by flow cytometry. Frequency of (A) CD103+ DCs 

and (B) CD8+ T cells in the tumour was assessed and presented as percentage of CD45.2+ 

cells. (C) Absolute number of CD103+ DCs in the tdLNs was determined. Data are shown as 

mean ± SEM of 5-10 mice per group (* p<0.05, ** p<0.01).  
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  Generation of Flt3L-producing CAR T cells 4.

 

 Expression of the anti-Her2 CAR and Flt3L in primary mouse T cells 4.1.

In the first set of experiments I focused on the generation of CAR T cells that were able to 

constitutively produce Flt3L. To achieve this, I introduced two different retroviral vectors 

into the GP+e86 packaging cell line, comprising the second generation anti-Her2 CAR 

plasmid (Figure 19A) and either Flt3L-containing nerve growth factor receptor (NGFR-FL) 

or the control empty NGFR plasmid (Figure 19B). In this system, NGFR was truncated 

lacking the intracellular signalling components, and could be used as a marker for flow 

cytometry as an indication of successful transduction. The co-transduced GP+e86 packaging 

cells were FACS-sorted based on their NGFR expression, into either low, intermediate or 

high NGFR-expressing cell populations. Supernatants from the high NGFR-expressing 

GP+e86 cells were then used to transduce primary mouse splenocytes as per Figure 5, 

allowing for the generation of Flt3L-secreting CAR T cells. Following flow cytometry 

analysis, both the Flt3L-secreting CAR (CAR-NGFR-FLhi) T cells and the control CAR-

NGFRhi T cells expressed reproducibly high levels of CAR, as measured by the expression of 

c-Myc Tag, and also expressed NGFR on the cell surface (Figure 19C). Further, in order to 

test the differences between varying doses of Flt3L, supernatants from the previously sorted 

GP+e86 packaging cells expressing either low, intermediate or high NGFR levels were used 

for splenocyte transduction. As shown in Figure 19D, the levels of NGFR expressed on the 

transduced T cells correlated with the NGFR levels expressed by the FACS-sorted packaging 

cells. Importantly, cell surface expression of the CAR was not significantly different across 

all transduced T cells (Figure 19E). 
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Figure 19. Generation of Flt3L-secreting CAR T cells from primary mouse splenocytes 

Schematic diagrams of the (A) anti-Her2 CAR in LXSN and (B) Flt3L in NGFR vector 

plasmids. (C-E) GP+e86 packaging cells containing the anti-Her2 CAR vector, and either 

Flt3L cloned into the NGFR vector (CAR-NGFR-FL) or empty NGFR vector (CAR-NGFR) 

were FACS-sorted based on their NGFR expression, into low, intermediate or high NGFR-

expressing cells. Supernatants from the sorted GP+e86 packaging cells were then used to 

transduce splenocytes from C57BL/6 mice (as per Figure 5). NGFR was used as a marker of 

successful transduction as determined by flow cytometry. On day 7 following transduction, T 

cells were analysed using flow cytometry to determine the expression of CAR and NGFR, as 

measured by the expression of c-Myc Tag and cell surface NGFR, respectively. (C) Density 

plots show percentages of CAR and/or NGFR expressing cells in the T cell populations 

transduced with either CAR-NGFRhi or CAR-NGFR-FLhi retroviral vectors, and are 

representative of 5 independent experiments. (D and E) Data show overall percentage of T 

cells expressing (D) NGFR and (E) CAR in the transduced T cell populations. (D and E) 

Data are presented as mean ± SEM of 3 independent experiments (ns=not significant). 
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 Secretion of Flt3L by transduced CAR T cells 4.2.

Although assessment by flow cytometry revealed successful T cell transduction, as shown by 

cell surface expression of both the CAR and NGFR (Figure 19), it was important to verify 

that Flt3L was being secreted by these transduced T cells. On day 7 after initial T cell 

activation in the transduction process (Figure 5), supernatants from the transduced T cell 

cultures were collected and an ELISA assay was utilised to quantify the concentration of 

Flt3L released in the supernatants. Results from this experiment demonstrated that Flt3L was 

not only transcribed but also successfully secreted by the transduced T cells, and the secretion 

levels correlated well with the levels of cell surface expression of NGFR (NGFR-FLlo:16,250 

± 5,850 pg/mL SEM, NGFR-FLint: 28,633 ± 1,955 pg/mL SEM and NGFR-FLhi: 65,500 ± 

14,782 pg/mL SEM) (Figure 20). Importantly, the Flt3L was secreted at significantly higher 

levels by the Flt3L-transduced CAR T cells compared to the control NGFR-transduced T 

cells.  
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Figure 20. Flt3L secretion by transduced CAR T cells 

The viral packaging GP+e86 cell lines containing anti-Her2 CAR and either Flt3L (CAR-

NGFR-FL) or empty NGFR retroviral (CAR-NGFR) vectors were sorted by flow cytometry 

into low, intermediate or high NGFR-expressing cells. Sorted packaging cells were then 

grown in media and supernatants were used to transduce α-CD3/α-CD28-activated splenic T 

cells from C57BL/6 mice (as per Figure 5). Seven days later supernatants from the 

transduced T cell cultures (1x106 cells/mL) were collected and assessed using ELISA to 

determine the amount of Flt3L secreted by the T cells with different levels of NGFR 

expression as indicated. Data shown are mean of ± SEM of 3 independent experiments (* 

p<0.05, ** p<0.01, ns=not significant). 
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 CAR T cell-secreted Flt3L promotes DC expansion 5.

After demonstrating that Flt3L-transduced T cells successfully secreted the cytokine Flt3L, I 

proceeded to assess whether this cytokine was functionally active. I examined whether CAR 

T cell-secreted Flt3L was able to induce the expansion of CD103+ DCs. To investigate this, 

dendritic cells were generated from bone marrow (BM) cells of C57BL/6 WT mice according 

to a previously published protocol [458]. As illustrated in Figure 21, BM cells were cultured 

in a 6-well plate containing GM-CSF-supplemented media, in the presence or absence of 

exogenously supplied Flt3L. Alternatively, BM cells were grown in Flt3L-containing media 

that was derived from Flt3L-transduced CAR T cell cultures, with the addition of GM-CSF. 

Seven days later, BM-derived dendritic cells were harvested for phenotypic analysis by flow 

cytometry. With the use of counting beads, I quantified the number of CD103+ DCs using the 

gating strategy outlined in Figure 22 based on a publication by Broz et al. [361], as well as 

total DCs characterised by expression of MHCII and CD11c. I found that the presence of 

increasing concentrations of recombinant Flt3L significantly promoted CD103+ DC 

differentiation in a dose-dependent manner (20 ng/mL Flt3L: 16,678 ± 618 cells SEM, 200 

ng/mL Flt3L: 90,091 ± 906 cells SEM and 1,600 ng/mL Flt3L: 129,075 ± 3,024 cells SEM) 

(Figure 23A). Similarly, Flt3L-containing CAR T cell supernatant significantly enhanced 

CD103+ DC differentiation compared to control CAR T cell supernatant, and this effect was 

also dose-dependent (NGFR-FLlo: 47 ± 19 cells SEM, NGFR-FLint: 866 ± 156 cells SEM and 

NGFR-FLhi: 5,297 ± 175 cells SEM) (Figure 23B). Interestingly, I found that Flt3L not only 

led to increased number of CD103+ DCs, but also total DC number in both exogenously 

supplied (Figure 23C) and CAR T cell-derived (Figure 23D) settings. Of note, I did observe 

a lower frequency of CD103+ DCs and total DCs generated in the presence of CAR T cell-

derived Flt3L compared to that provided by the exogenous Flt3L (Figure 23). I speculate that 

this might be due to the lower Flt3L concentration present in the CAR T cell culture (Figure 

20) compared to the exogenously supplied Flt3L. Therefore in subsequent experiments, only 

supernatant from NGFR-FLhi-expressing CAR T cells was used to stimulate DCs to achieve 

the highest concentration of Flt3L. 

 

In summary, I was able to successfully generate stable GP+e86 packaging cells comprising 

anti-Her2 CAR and NGFR-FL retroviral vectors, that could be used to transduce   
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Figure 21. Schematic of murine bone marrow-derived dendritic cell generation 

C57BL/6 wildtype mouse femurs/tibias were harvested and flushed with PBS to collect bone 

marrow cells. Cells were sieved through a 70 µM filter and ACK lysis buffer was added to 

lyse the red blood cells. The cells were then plated in a 6-well plate, at a density of 5x106 

cells/well in a 5 mL volume of either fresh media, or media collected from CAR T cell 

cultures. GM-CSF was added to all cell cultures, while Flt3L was given either exogenously 

or from the supernatants containing Flt3L previously collected from the CAR T cell cultures. 

Three days later, half the cells from each condition were transferred to a new well in a 6-well 

plate, and all wells were replenished with 2.5 mL GM-CSF-containing fresh media. Seven 

days following bone marrow collection, cells were analysed using flow cytometry to 

determine DC phenotype and number. 
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Figure 22. Gating strategy for murine bone marrow-derived dendritic cells 

Bone marrow cells were collected from C57BL/6 mice and cells were seeded in a 6-well 

plate in media containing GM-CSF and Flt3L (200 ng/mL) (see Figure 21). Seven days later 

cells were harvested and phenotypically analysed by flow cytometry. Diagrams display flow 

cytometry gating strategy of DC populations from A to G, based on a publication by Broz et 

al., 2014 [361]. Cells were first gated on DC morphology followed by single cell population, 

and live cells were then selected by gating on the fluorogold-negative cells. The live cells 

were next gated on the Ly6C- population, followed by MHCII+, CD24hi F4/80lo and either 

CD11b+ or CD103+ DC populations. Diagrams are representative of 9 independent 

experiments.  



 
 

 151 

(Intentionally left blank) 



 
 

 152 

  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



 
 

 153 

Figure 23. Flt3L expands dendritic cells in a dose dependent manner 

Dendritic cells were generated from C57BL/6 mouse bone marrow cells as per Figure 21. All 

bone marrow cells were cultured in GM-CSF with or without Flt3L (FL). (A and C) 

Recombinant Flt3L was added into the DC culture exogenously at the indicated 

concentrations. (B and D) Supernatants containing Flt3L collected from engineered Flt3L-

secreting CAR T cell cultures (NGFR-FL) were used for culturing the DCs. (A-D) On day 7 

post bone marrow collection, cells were harvested from the 6-well plate and stained with 

antibodies for DC markers. Flow cytometry counting beads were used in samples to quantify 

the number of DCs. Data show the number of (A and B) CD103+ DCs and (C and D) 

MHCII+ CD11c+ (all DCs), per well of a 6-well plate. Data are representative of 3 

independent experiments and presented as mean ± SEM of triplicate samples (* p<0.05, ** 

p<0.01, *** p<0.001, **** p<0.0001, ns=not significant).  
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primary mouse T cells to express reproducibly high levels of CAR with either low, 

intermediate or high levels of NGFR. I demonstrated that the transduced CAR T cells were 

able to synthesise and secrete the Flt3L cytokine, which was functional and could promote 

expansion of the CD103+ DC subset and total number of DCs in a dose dependent manner. I 

next determined the potency of Flt3L-treated DCs in the activation of CD8+ T cells. 
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 Flt3L-treated dendritic cells are superior T cell stimulators 6.

 

 Flt3L-treated dendritic cells induce enhanced expansion of CD8+ T cells 6.1.

A number of studies have reported superior capability of CD103+ DCs to stimulate CD8+ T 

cells compared to other DC subsets. A study by Broz et al. reported that stimulation by 

CD103+ DCs led to more robust TCR signalling in both naïve and previously activated CD8+ 

T cells compared to other APCs. In addition, the CD103+ DC population was also found to be 

highly proficient at inducing CD8+ T cell proliferation [361]. Given my previous observation 

of prominent CD103+ DC expansion following stimulation with Flt3L, in this experiment I 

examined T cell stimulatory capacity of the Flt3L-treated DCs, that led to development of a 

co-culture assay. As previously described in Section 5.3, Chapter 1 of this thesis, due to 

high expression of TLR3 on CD103+ DCs, the TLR3 agonist poly I:C is often used to induce 

maturation of these DCs [366, 371]. Therefore, in this experiment, poly I:C was used in the 

co-culture assay to assess whether the addition of poly I:C could further enhance stimulatory 

capacity of Flt3L-treated DCs. 

 

In the co-culture assay, OT-I T cells were used, as unlike for CAR T cells, OT-I T cells 

recognise target cells through their TCR binding with the MHCI-peptide complex, and 

therefore require antigen presentation by DCs. This feature of OT-I T cells therefore allowed 

us to evaluate the direct effect of Flt3L-treated DCs on T cell stimulation. In this assay, BM-

derived DCs (generated as per Figure 21) were first incubated in the presence or absence of 

poly I:C, and the following day these cells were pulsed with the OT-I T cell-specific peptide 

SIINFEKL, prior to being cultured together with naïve OT-I CD8+ T cells. On day 5 

following co-culture, cells were harvested for T cell quantification and also analysis of T cell 

functional parameters. I observed that DCs treated with exogenous Flt3L, at a dose of 200 

ng/mL or 1,600 ng/mL, significantly led to increased number of CD8+ T cells at the end of 

the co-culture period (166,563 ± 17,809 cells SEM or 162,698 ± 2,384 cells SEM, p<0.0001 

or p<0.0001, respectively) compared to DCs treated with GM-CSF alone (51,311 ± 10,171 

cells SEM) (Figure 24A). Similarly, in the context of DC stimulation using Flt3L-secreting 

CAR T cell supernatant, I observed that co-culture with the Flt3L-treated DCs also resulted in 

a marked increase in CD8+ T cell number (115,844 ± 17,909 cells SEM), compared to 

stimulation by DCs cultured in supernatant derived from control CAR T cells (17,052 ± 

1,595 cells SEM, p<0.001). Furthermore, pre-treatment of DCs with poly I:C led to   
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Figure 24. Increased expansion of CD8+ T cells following stimulation by Flt3L-treated 

dendritic cells 

Bone marrow-derived dendritic cells (DCs) were generated as per Figure 21. During this 

process, bone marrow cells were cultured in different conditions as indicated on the x-axis, 

but all culture conditions contained GM-CSF. Eight days after bone marrow cell collection, 

DCs were plated in a 96 well-plate (2x104 cells/well) in fresh media with or without poly I:C 

as indicated. The following day, DCs were pulsed with SIINFEKL peptide (0.1 µg/mL), and 

2 hours later cells were washed prior to the addition of naïve OT-I T cells (4x104 cells/well) 

into the 96-well plate. Five days following co-culture, cells were harvested and flow 

cytometry was performed to quantify the number of CD8+ T cells. (A and B) Data show the 

number of CD8+ T cells per well following co-culture with SIINFEKL-pulsed DCs treated 

with either GM-CSF alone or in combination with Flt3L (FL), where (A) FL was given 

exogenously at the indicated concentrations or (B) FL-containing supernatants collected from 

CAR T cell cultures were used to provide stimulation. Data are representative of 4 

independent experiments and shown as mean ± SEM of triplicate samples (** p<0.01, *** 

p<0.001, **** p<0.0001, ns=not significant). 
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significant CD8+ T cell expansion, and this effect was significantly greater in the context of 

DCs differentiated in Flt3L-containing CAR T cell supernatant (159,603 ± 2,736 cells SEM) 

compared to control T cell supernatant (79,775 ± 3,331 cells SEM, p<0.01) (Figure 24B). 

These results thus demonstrated that CAR T cell derived-Flt3L enhanced DC function, 

recapitulating the effect of exogenous Flt3L. 
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 Elevated proportion of 4-1BB-expressing T cells upon stimulation by Flt3L-treated 6.2.

dendritic cells 

The co-stimulatory receptor 4-1BB is a cell surface marker often used to assess effector cell 

activation. Cell surface expression of 4-1BB on T cells is upregulated upon TCR activation 

up to 5 days before reverting back to undetectably low basal levels [42]. In this experiment I 

assessed 4-1BB expression on T cells 5 days following co-culture as described in the 

preceding section. Although all T cells initially expressed 4-1BB at 24 hours post co-culture 

(data not shown), at the end of the co-culture period less than 5% of the CD8+ T cells 

stimulated with non-Flt3L-treated DCs expressed 4-1BB (Figure 25A and B). In contrast, in 

the co-culture containing DCs treated with Flt3L, either provided exogenously or CAR T 

cell-derived, I observed a significant increase in the proportion of T cells expressing 4-1BB 

(200 ng/mL Flt3L: 23 ± 1 % SEM, 1,600 ng/mL Flt3L: 42 ± 2 % SEM and NGFR-FL: 8 ± 1 

% SEM). More strikingly however, co-culture with Flt3L-treated DCs in the context of poly 

I:C stimulation led to an even greater increase in the frequency of 4-1BB-expressing T cells 

(200 ng/mL Flt3L: 77 ± 1 % SEM, 1,600 ng/mL Flt3L: 92 ± 1 % SEM and NGFR-FL: 55 ± 2 

% SEM), whereas poly I:C was not able to recapitulate this effect following stimulation of 

control GM-CSF-treated DCs (GM-CSF: 4 ± 0.3 % SEM and NGFR: 4 ± 0.2 % SEM) 

(Figure 25A and B). 

 

In summary, these experiments demonstrated that Flt3L-treated DCs had superior capability 

in stimulating CD8+ T cell expansion and activation, compared to control DCs treated with 

GM-CSF alone. In addition, this Flt3L-treated DC phenotype could be further enhanced 

following stimulation with poly I:C. The next part of the study examined the ability of Flt3L-

stimulated DCs to induce T cell cytokine production. 
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Figure 25. Increased proportion of 4-1BB-expressing T cells following stimulation by 

Flt3L-treated dendritic cells 

A DC and OT-I T cell co-culture assay was performed as described in Figure 24. Five days 

post co-culture, cells were collected for analysis by flow cytometry. Data show the 

percentage of 4-1BB-expressing CD8+ T cells following co-culture with SIINFEKL-pulsed 

DCs treated with either GM-CSF alone or in combination with Flt3L (FL), where (A) FL was 

given exogenously at the indicated concentrations or (B) FL-containing supernatants 

collected from CAR T cell cultures were used to provide stimulation. Data are representative 

of 3 independent experiments and shown as mean ± SEM of triplicate samples (* p<0.05, 

**** p<0.0001, ns=not significant).  
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 Enhanced production of pro-inflammatory cytokines IFNγ  and TNFα  following 7.

T cell co-culture with Flt3L-treated dendritic cells 

 

 Flt3L-treated dendritic cell and T cell co-culture produces higher cytokine levels 7.1.

Having established that Flt3L-stimulated DCs enhanced expansion and activation of T cells, I 

next assessed the production of IFNγ and TNFα in the T cell and DC co-cultures. Using the 

same co-culture system previously described in Section 6.1, Chapter 4 of this thesis, I 

collected supernatants 5 days after co-culture, and performed a cytometric bead array (CBA) 

assay to determine the concentration of both IFNγ and TNFα in the supernatants. I found that 

supernatant collected from the co-culture of OT-I T cells and GM-CSF-treated DCs 

contained a low level of IFNγ (172 ± 47 pg/mL SEM). However, exogenous Flt3L-treated 

DCs significantly enhanced the amount of IFNγ released in the co-culture (200 ng/mL Flt3L: 

290 ± 55 pg/mL SEM and 1,600 ng/mL Flt3L: 550 ± 35 pg/mL SEM), and prior treatment of 

these DCs with poly I:C led to even greater enhancement of IFNγ production (200 ng/mL 

Flt3L: 1,065 ± 72 pg/mL SEM and 1,600 ng/mL Flt3L: 2,024 ± 103 pg/mL SEM) (Figure 

26A). Similarly, co-culture of T cells with Flt3L-treated DCs, where Flt3L was derived from 

CAR T cell supernatant, also resulted in a significant elevation of IFNγ in the supernatant 

(482 ± 11 pg/mL SEM) compared to co-culture with control DCs (210 ± 15 pg/mL SEM, 

p<0.01). Stimulation of the CAR T cell-derived Flt3L-treated DCs with poly I:C prior to the 

co-culture again resulted in significantly greater levels of IFNγ being produced (4,928 ± 221 

pg/mL SEM) (Figure 26B). Results from quantification of TNFα concentration in the co-

culture supernatants revealed a similar pattern of Flt3L-induced effects to that observed with 

IFNγ, however the Flt3L effect on TNFα secretion was more moderate, and poly I:C did not 

have any additional effect on the production of TNFα (Figure 27). 
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Figure 26. Flt3L-stimulated DC and OT-I T cell co-culture produces higher amount of 

IFNγ 

A DC and OT-I T cell co-culture assay was performed as described in Figure 24. Five days 

following co-culture, supernatants were collected and the concentration of IFNγ was 

determined using a cytometric bead array (CBA) assay. (A and B) Data show IFNγ 

concentration in the supernatants, taken from co-culture of OT-I T cells and SIINFEKL-

pulsed DCs treated with either GM-CSF alone or in combination with Flt3L (FL), where (A) 

FL was exogenously given at the indicated concentrations or (B) FL-containing supernatants 

previously collected from CAR T cell cultures were used to provide FL stimulation. Data are 

representative of 3 independent experiments and presented as mean ± SEM of triplicate 

samples (* p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, ns=not significant).  



 
 

 163 

Figure 27. Flt3L-stimulated DC and OT-I T cell co-culture produces higher amount of 

TNFα 

A DC and OT-I T cell co-culture assay was performed as described in Figure 24. Five days 

post co-culture, supernatants were collected and the concentration of TNFα was determined 

in a cytometric bead array (CBA) assay. (A and B) Data show TNFα concentration in the 

supernatants, taken from co-culture of OT-I T cells and SIINFEKL-pulsed DCs treated with 

either GM-CSF alone or in combination with Flt3L (FL), where (A) FL was exogenously 

given at the indicated concentrations or (B) FL-containing supernatants previously collected 

from CAR T cell cultures were used to provide FL stimulation. Data are representative of 3 

independent experiments and presented as mean ± SEM of triplicate samples (** p<0.01, *** 

p<0.001, **** p<0.0001, ns=not significant).  
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 CD8+ T cells contribute to the increased production of IFNγ  and TNFα  following 7.2.

stimulation with Flt3L-treated dendritic cells 

In order to determine whether CD8+ T cells were responsible for the enhanced overall 

cytokine secretion observed in the co-culture supernatants following T cell stimulation by 

Flt3L-treated DCs (Figure 26 and 27), I performed intracellular cytokine staining on CD8+ T 

cells 5 days post co-culture, and determined the expression of both IFNγ and TNFα by 

evaluating their mean fluorescence intensity (MFI) using flow cytometry. This analysis 

revealed a significant increase in IFNγ MFI observed in the CD8+ T cell population upon 

stimulation with exogenous Flt3L-treated DCs (200 ng/mL Flt3L: 1,053 ± 35 MFI SEM and 

1,600 ng/mL Flt3L: 1,324 ± 58 MFI SEM), in comparison to stimulation with control GM-

CSF-treated DCs (484 ± 30 MFI SEM) (Figure 28A). In agreement with my previous data in 

Figure 26A demonstrating the ability of poly I:C to further increase IFNγ secretion, I also 

observed a higher IFNγ MFI in the CD8+  T cells when Flt3L-treated DCs were pre-

stimulated with poly I:C (200 ng/mL Flt3L: 2,712 ± 129 MFI SEM and 1,600 ng/mL Flt3L: 

3,830 ± 258 MFI SEM) (Figure 28A). For the co-culture involving CAR T cell-derived 

Flt3L, there was no significant difference in the level of IFNγ MFI between T cells co-

cultured with Flt3L-treated and control DCs. This distinct observation compared to when 

CBA was used to assess the IFNγ level in the co-culture supernatant (Figure 26B), could be 

due to several factors such as reduced sensitivity of the intracellular staining (ICS) assay, or 

the fact that the ICS assay only took into account the cytokine expression from the last 2 

hours before staining was conducted, where T cells were incubated with golgistop and 

golgiplug to stop the cytokine from leaving the cell. However, when poly I:C was used for 

DC stimulation, I found a markedly higher IFNγ MFI in CD8+ T cells upon stimulation with 

CAR T cell-derived Flt3L-treated DCs (3,190 ± 146 MFI SEM) compared to the control DCs 

(700 ± 138 MFI SEM, p<0.001) (Figure 28B). Investigation of the TNFα cytokine MFI level 

in the same co-culture assay reported a similar increase to that seen with IFNγ, although the 

effect of Flt3L was more modest (Figure 29). 

 

In summary, I have demonstrated that Flt3L-treated DCs, where Flt3L was exogenously 

provided or derived from CAR T cells, were able to more strongly induce CD8+ stimulation, 

resulting in higher production of both IFNγ and TNFα by CD8+ T cells compared to control 

GM-CSF-treated DCs. Together with results observed in section 7.1, my data indicates that  
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Figure 28. CD8+ T cells contribute to increased IFNγ secretion following Flt3L-treated 

DC stimulation 

A DC and OT-I T cell co-culture assay was performed as described in Figure 24. Five days 

post co-culture, cells were incubated with golgistop and golgiplug for 2 hours prior to being 

harvested for analysis by flow cytometry. Data represent the mean fluorescence intensity 

(MFI) of IFNγ in CD8+ T cells following co-culture with SIINFEKL-pulsed DCs treated with 

either GM-CSF alone or in combination with Flt3L (FL), where (A) FL was given 

exogenously at the indicated concentrations or (B) FL-containing supernatants collected from 

CAR T cell cultures were used to provide FL stimulation. Data are representative of 2 

independent experiments and shown as mean ± SEM of triplicate samples (* p<0.05, *** 

p<0.001, **** p<0.0001, ns=not significant).  
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Figure 29. CD8+ T cells contribute to enhanced TNFα secretion following stimulation 

with Flt3L-treated DCs 

A DC and OT-I T cell co-culture assay was performed as described in Figure 24. Five days 

post co-culture, cells were incubated with golgistop and golgiplug for 2 hours prior to being 

harvested for analysis by flow cytometry. Data show the mean fluorescence intensity (MFI) 

of TNFα in CD8+ T cells following co-culture with SIINFEKL-pulsed DCs treated with either 

GM-CSF alone or in combination with Flt3L (FL), where (A) FL was given exogenously at 

the indicated concentrations or (B) FL-containing supernatants collected from CAR T cell 

cultures were used to provide FL stimulation. Data are representative of 2 independent 

experiments and shown as mean ± SEM of triplicate samples (* p<0.05, ** p<0.01, *** 

p<0.001, ns=not significant).   
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the overall increased secretion of both IFNγ and TNFα observed in the co-culture was most 

likely due to the increased production of these cytokines by the CD8+ T cells. 

 

My preceding results have shown that mouse primary T cells could be successfully 

transduced and were able to produce Flt3L (Figure 19 and 20). In addition, I also showed 

that the produced Flt3L was functionally active, and DCs treated with the CAR T cell-derived 

Flt3L were able to more robustly stimulate T cell activation compared to control DCs 

(Figure 24-29). These findings formed the foundation for my next set of experiments aimed 

to evaluate whether CAR T cells secreting Flt3L could exert a superior anti-tumour response 

compared to conventional CAR T cells. However, as our established protocol for CAR T cell 

adoptive transfer experiments in mice involved the use of 4 Gy total body radiation as a 

lymphodepleting pre-conditioning regimen, I first investigated whether this radiation dose 

may impact on the function of Flt3L, given Flt3L acts on haematopoietic stem cell 

progenitors to promote DC differentiation [459, 460]. To test this, I used the Flt3L-secreting 

24JK-Her2-FL tumour model in this experiment. 
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 The effect of irradiation on Flt3L function: implications for CAR T cell therapy 8.

 

 Irradiation affects the anti-tumour function of Flt3L in a dose-dependent manner 8.1.

To investigate the impact of total body irradiation on Flt3L anti-tumour activity, mice were 

irradiated with a 4 Gy dose before being inoculated subcutaneously with 24JK-Her2-FL 

tumour cells. Non-irradiated mice and mice inoculated with control 24JK-Her2-cherry 

tumour cells were used as controls. Consistent with my previous data in Figure 15A, the 

majority of 24JK-Her2-FL tumours eventually regressed when mice were given no prior 

irradiation (Figure 30A), resulting in 80% of the mice surviving long-term (Figure 30B). 

However, when mice received 4 Gy irradiation prior to tumour inoculation, the potent Flt3L 

anti-tumour effect was dramatically reduced, as shown by accelerated tumour growth and 

ultimately reduced survival compared to non-irradiated 24JK-Her2-FL tumour-bearing mice 

(Figure 30A and B). Furthermore, to examine if the effect of irradiation on Flt3L was dose-

dependent, I performed further experiments utilising a range of irradiation doses between 0.5 

Gy and 4 Gy. My results revealed that mice receiving 0.5 Gy prior to 24JK-Her2-FL tumour 

inoculation retained their potent Flt3L anti-tumour activity as shown by similar tumour 

regression in these mice compared to non-irradiated mice. Interestingly, when mice received 

a higher irradiation dose (>0.5 Gy), I observed that the anti-tumour effect of Flt3L was 

reduced, as demonstrated by increased tumour growth rate with increasing irradiation dose 

(Figure 30C). In the control 24JK-Her2-cherry tumour-bearing mice, I also observed 

increased tumour growth rate when mice were pre-treated with 4 Gy irradiation prior to 

tumour inoculation, although this effect was not as profound (Figure 30D). Taken together, 

this experiment revealed that total body irradiation can have a profound effect on the anti-

tumour activity of Flt3L, likely due to depletion of the host immune cells required for 

facilitating the therapeutic effect. Results from this experiment performed using varying 

doses of irradiation indicated that the effect of irradiation on Flt3L was dose-dependent. 

Given the importance of total body irradiation in the CAR T cell pre-conditioning regimen, 

the following experiment aimed to find the optimum irradiation dose for use in CAR T cell 

therapy. 
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Figure 30. Total body irradiation decreases the anti-tumour effect of Flt3L in a dose-

dependent manner 

C57BL/6 human-Her2 transgenic mice were subcutaneously inoculated with murine sarcoma 

24JK-Her2 cells  (5x105 cells/mouse) previously transduced with either empty or Flt3L (FL)-

containing MSCV-cherry retroviral vector. (A-D) Mice received total body irradiation (TBI) 

prior to tumour inoculation at a dose indicated by the legend labels in parentheses. (A, C and 

D) Figures show growth of 24JK-Her2-cherry or 24JK-Her2-FL tumours as measured by 

tumour area at the indicated times. Data are shown as mean ± SEM of 4-10 mice/group. (B) 

Data show percent survival of mice inoculated with 24JK-Her2-cherry or 24JK-Her2-FL. The 

survival endpoint was when tumour area reached ≥100 mm2. Numbers in parentheses indicate 

number of tumour-free mice/number of mice inoculated with tumour cells (* p<0.05, *** 

p<0.001, **** p<0.0001). 
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 Dose titration of total body irradiation 8.2.

Lymphodepleting pre-conditioning regimen such as total body irradiation and chemotherapy 

is commonly used in patients prior to treatment with adoptive cell therapy (ACT) [461-463]. 

This is an important component of the ACT protocol that has led to a significant 

improvement in anti-tumour activity. The host lymphodepletion allows for the adoptively 

transferred T cells to engraft and expand by removing competition for lymphoproliferative 

cytokines and allowing for more space within the haematopoietic compartment for the 

transferred T cells to expand [464]. Given the importance of this lymphodepletion regimen, 

and the conflicting effect of total body irradiation on Flt3L therapeutic activity, I next 

determined the optimum radiation dose to use prior to CAR T cell adoptive transfer. The aim 

of this experiment was to find an irradiation dose whereby significant depletion of the 

endogenous immune cells could be achieved without compromising the effect of Flt3L. I 

designed an experiment where I gave mice total body irradiation with increasing doses 

starting from 0.5 Gy to 4 Gy. Two days later, spleens were harvested from these mice and 

processed into single cell suspensions to determine the number of immune cells remaining 

after irradiation. Using flow cytometry counting beads, I found that irradiation with all doses 

reduced the number of total CD45.2+ immune cells, including MHCII+ and TCRβ+ cells 

(Figure 31). Notably, there was a trend for irradiation to deplete the immune cells in a dose-

dependent manner, although this could not be tested statistically due to the small number of 

mice used in this experiment. However, given this finding, and my previous result showing 

that 0.5 Gy radiation had no detrimental effect on Flt3L function (Figure 30C), I decided that 

0.5 Gy would be the most appropriate dose for our CAR T cell pre-conditioning regimen, and 

was therefore used in subsequent adoptive therapy experiments. My data suggested that this 

dose resulted in a substantial level of lymphodepletion (Figure 31), while having the least 

detrimental effect on Flt3L anti-tumour activity (Figure 30C). 
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Figure 31. Radiation reduces the number of immune cells in a dose dependent manner 

C57BL/6 mice received varying doses of total body irradiation, and some mice were left non-

irradiated (0 Gy) as a control. Two days later, spleens were harvested from the mice and 

processed into single cell suspensions for analysis by flow cytometry. Data show the number 

of (A) CD45.2+ immune cells, (B) MHCII+ cells and (C) TCRβ+ T cells. Data are presented as 

mean ± SEM of 2 mice/group. 
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 Increased Flt3L levels in vivo following adoptive transfer of Flt3L-secreting CAR 9.

T cells 

The aim of my Flt3L-secreting CAR T cell therapy approach was to use CAR T cells as a 

vehicle to transport a highly concentrated amount of Flt3L to the tumour site. Therefore I 

next performed an experiment to assess whether CAR T cells could successfully produce 

Flt3L in vivo and deliver this cytokine to the tumour. I based our CAR T cell therapy 

experiment on the well-established protocol in our laboratory that has been used in previous 

publications [272, 273, 435]. In this experiment, I subcutaneously inoculated C57BL/6 

human-Her2 transgenic mice with 24JK-Her2 sarcoma tumour cells, and allowed the tumour 

cells to grow into established solid tumours. On day 5 post tumour injection, mice received 

0.5 Gy total body irradiation prior to treatment with intravenous Flt3L-secreting CAR T cells 

(CAR-FL T cells) or control CAR T cells. A total of 5 injections of IL-2 were also given to 

mice on the day of T cell injection and over the next 2 days to provide growth support. On 

day 6 post T cell injection, sera and tumours from the treated mice were collected to 

determine the level of Flt3L in the samples by ELISA. I observed detectable levels of Flt3L, 

albeit at a low level, in the serum of mice treated with Flt3L-secreting CAR T cells, but not in 

the serum of untreated mice or mice receiving control CAR T cells (Figure 32A). However, a 

striking 40-fold increase in Flt3L concentration was found in the tumour (8,730 ± 1,367 

pg/mL SEM) compared to serum (217 ± 117 pg/mL SEM, p<0.001) of mice treated with 

Flt3L-secreting CAR T cells (Figure 32B). Flt3L was also detected in tumours from 

untreated mice or mice receiving control CAR T cells, although at a lower level (1,413 ± 567 

pg/mL SEM or 3,760 ± 1,826 pg/mL SEM, respectively) (Figure 32B). It is important to note 

however, in mice bearing Flt3L-secreting 24JK-Her2-FL tumours, it was found that Flt3L 

levels were significantly higher in both the tumour and serum of these mice (129,837 ± 

96,382 pg/mL SEM and 1,135 ± 285 pg/mL SEM, respectively) (Figure 32C), compared to 

Flt3L levels in the tumour and serum of 24JK-Her2-bearing mice treated with the Flt3L-

secreting CAR T cells (8,730 ± 1,367 pg/mL SEM and 217 ± 117 pg/mL SEM, respectively) 

(Figure 32A and B).  
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Figure 32.  Flt3L level in serum and tumour is increased following adoptive transfer of 

Flt3L-secreting CAR T cells 

C57BL/6 human-Her2 transgenic mice were subcutaneously inoculated with (A and B) 

24JK-Her2 tumour cells (5x105 cells/mouse) or (C) Flt3L-secreting 24JK-Her2-FL tumour 

cells (5x105 cells/mouse). (A and B) Five days following tumour inoculation (day 5), mice 

received 0.5 Gy total body irradiation prior to treatment with CAR T cells transduced to 

secrete Flt3L (CAR-FL T cells) or control CAR T cells (1x107 cells/injection) on days 7 and 

8. Mice were also given IL-2 (50,000 IU/injection) on day 7, and twice a day on days 8 and 9. 

Control mice were left untreated. Six days following (A and B) CAR T cell transfer or (C) 

24JK-Her2-FL tumour inoculation, bloods were taken from mice via retro-orbital eye bleeds, 

and sera were collected for analysis by ELISA to determine the amount of Flt3L. In addition, 

tumours were harvested from the mice and sliced into small pieces followed by a 37oC 

incubation in PBS for 2 hours, before supernatants were used in ELISA assay to determine 

the amount of Flt3L in the tumour. Data show the Flt3L concentration in the mouse serum or 

tumour as indicated, and are presented as mean ± SEM of 3 mice/group (* p<0.05, ns=not 

significant).  
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 Adoptive transfer of Flt3L-secreting CAR T cells enhances anti-tumour efficacy 10.

in vivo 

Having demonstrated that significant levels of Flt3L could be generated in the tumour 

environment by CAR T cells (Figure 32B), I next investigated whether adoptive therapy 

using Flt3L-secreting CAR T cells would lead to enhanced therapeutic efficacy compared to 

control CAR T cells. In this experiment, I assessed the effect of Flt3L-expressing or non-

expressing CAR T cells against the 24JK-Her2 tumour. First, human-Her2 transgenic mice 

received a subcutaneous inoculation of 24JK-Her2 tumour cells, and the tumour cells were 

left to establish for 5 days (day 5). The mice were then irradiated with 0.5 Gy dose prior to 

receiving intravenous injections of Flt3L-secreting or control CAR T cells on days 5 and 6. 

Intraperitoneal injections of IL-2 were also given to mice on the day of the first T cell 

injection, and twice daily IL-2 injections were given over the next 2 days. Tumour growth 

was monitored and recorded by measuring tumour area at the indicated time points. Results 

from this experiment demonstrated superior anti-tumour efficacy following treatment with 

Flt3L-secreting CAR T cells, as shown by significantly augmented tumour suppression 

compared to treatment with control CAR T cells or no treatment (Figure 33A). In this 

experiment, mouse survival was also recorded, with the endpoint being tumour area reaching 

≥ 100 mm2. In accordance with the tumour growth results, I found significantly enhanced 

survival of mice treated with Flt3L-secreting CAR T cells compared to control CAR T cells 

or no treatment (Figure 33B). Importantly, I observed no toxicity in mice receiving Flt3L-

secreting CAR T cells. 

 

In summary, this set of experiments showed that CAR T cells could be successfully 

engineered to secrete Flt3L in vivo.  I observed that a significantly higher concentration of 

Flt3L was present within the tumour site rather than the serum, suggesting that CAR T cell 

stimulation by the Her2 antigen expressed on the tumour resulted in CAR T cell 

accumulation, leading to enhanced accumulation of Flt3L in the tumour. This observation 

was in accordance with my previous data demonstrating increased frequency of CAR T cells 

found in the tumour compared to control transduced T cells (Supplementary Figure S5A), 

suggesting the importance of Her2 recognition by the CAR to trigger CAR T cell 

accumulation and therefore increased net cytokine secretion. Further, my results also 

demonstrated a significant improvement in the anti-tumour response mediated by the Flt3L-   
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Figure 33. Flt3L-secreting CAR T cell therapy results in enhanced tumour suppression 

C57BL/6 human-Her2 transgenic mice were subcutaneously injected with 24JK-Her2 tumour 

cells (5x105 cells/mouse). The tumours were allowed to grow for five days (day 5), and the 

tumour-bearing mice were treated with total body irradiation (0.5 Gy) on day 5, followed by 

intravenous injections with Flt3L-secreting CAR T cells (CAR-FL T cells) or control CAR T 

cells on days 5 and 6 (1x107 cells/injection). Mice treated with CAR T cells also received 

intraperitoneal IL-2 injections (50,000 IU/injection) once on day 5, and twice a day on days 6 

and 7. As a control, a cohort of mice were left untreated. (A) Tumour area was measured at 

the indicated times, and data are mean ± SEM of 4-6 mice/group, representative of 2 

independent experiments. (B) Percent survival was determined with the endpoint being 

tumour area reaching ≥100 mm2 (n = 11-14 mice/group, pooled from 2 independent 

experiments, * p<0.05, **** p<0.0001).  



 
 

 178 

secreting CAR T cells against solid tumour in vivo compared to conventional CAR T cells. 

However, although the observed effects were significant, given other studies indicating that 

CD103+ DC maturation requires a second stimulus such as poly I:C for maximum anti-

tumour effects [371], I proposed that the anti-tumour activity of Flt3L in our CAR T cell 

setting was not optimal and may be further enhanced using a combination of other 

immunotherapy approaches. Therefore, in the following set of experiments I explored 

whether the anti-tumour effect of Flt3L could be enhanced with other immunotherapy agents 

including poly I:C and α-4-1BB antibody. 
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 The use of immune adjuvants to improve the Flt3L anti-tumour effect 11.

 

 Immune adjuvants poly I:C and α-4-1BB mAb work cooperatively with Flt3L to 11.1.

enhance anti-tumour responses 

It has been previously reported that Flt3L-generated CD103+ DCs express high levels of 

TLR3 compared to other DC subsets. TLR3 agonists such as poly I:C are therefore often used 

to stimulate maturation and activation of CD103+ DCs [366, 371]. In this experiment, I 

investigated whether the anti-tumour effect of Flt3L produced from the tumour could be 

enhanced using poly I:C. Furthermore, given the important role of T cells in mediating the 

Flt3L effect as observed in Figure 16 and also other studies involving the use of exogenous 

Flt3L [371], I also utilised the T cell agonistic antibody α-4-1BB  to determine if this 

combination could further increase the overall anti-tumour response. 

 

In this experiment, I first tested the potential use of the immune adjuvants poly I:C and α-4-

1BB agonistic antibody in the Flt3L-secreting MC38-FL tumour model. Given the potent 

effect of tumour-derived Flt3L in reducing the growth of MC38 tumours (Figure 15C), I 

increased the tumour burden in order for Flt3L to work sub-optimally, hence allowing us to 

potentially observe any additional effects on tumour growth following combination 

immunotherapy. The Flt3L-secreting or control MC38 tumour cells were first injected 

subcutaneously into mice, and 10 days later mice received intraperitoneal injections of poly 

I:C (200 µg/injection) and/or α-4-1BB antibody (100 µg/injection). Additional treatments 

with poly I:C were given 4 and 8 days after the first poly I:C treatment. In the group of mice 

bearing control MC38 (MC38-cherry) tumours, treatment with poly I:C and α-4-1BB resulted 

in the highest overall survival of mice compared to either treatment alone (Figure 34A). In 

the group of mice bearing MC38-FL tumours, I observed that the increased tumour burden 

reduced the impact of Flt3L on the growth of MC38 tumours, as opposed to the significant 

effect seen in Figure 15C when a lower number of tumour cells were used. As a result, 

almost all mice eventually reached the pre-determined endpoint (tumour area ≥ 100 mm2) 

(Figure 34B). However, the combination of poly I:C and α-4-1BB in MC38-FL-bearing mice 

led to significantly increased tumour regression, resulting in all mice being tumour-free (6/6 

mice) (Figure 34B). Notably, the anti-tumour effect of poly I:C and α-4-1BB in mice bearing 

MC38-FL tumours was more profound compared to that observed in mice bearing the control   
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Figure 34. Anti-tumour effect of Flt3L is enhanced with poly I:C and anti-4-1BB 

C57BL/6 WT mice were subcutaneously inoculated with (A) control MC38 (MC38-cherry) 

tumour cells (5x105 cells/mouse) or (B) Flt3L-secreting MC38 (MC38-FL) tumour cells 

(5x105 cells/mouse). On day 10 post tumour inoculation, mice received intraperitoneal 

injections of poly I:C (200 µg/injection) and/or α-4-1BB  (100 µg/injection). Additional 

treatments with poly I:C were given 4 and 8 days after the first poly I:C injection. Control 

mice were left untreated. Growth of the MC38 tumours was monitored, and percent survival 

was determined with the endpoint being when tumour area reached ≥100 mm2. Data are 

presented as percent survival of 4-6 mice/group. Numbers in parentheses indicate number of 

tumour-free mice/number of mice inoculated with tumour cells (* p<0.05, ** p<0.01).  
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MC38-cherry tumours, as demonstrated by lower proportion of the MC38-cherry-bearing 

mice being tumour free (3/5 mice) (Figure 34). Taken together, these results suggested that 

poly I:C and α-4-1BB therapy could elicit a potent anti-tumour response, however the 

secretion of Flt3L by tumours could further increase the overall response. Given the small 

number of mice used in this experiment, care must be taken when interpreting these results, 

and this experiment will need to be repeated. However, these results are consistent with a 

previous study that reported a synergistic effect of poly I:C and exogenous Flt3L in the 

regression of B16 tumours [371]. Given these observations, in the next experiment I tested 

whether the addition of poly I:C with adoptive transfer of Flt3L-secreting T cells could 

mediate an increased anti-tumour effect. 
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 Flt3L-secreting OT-I T cell and poly I:C combined therapy exerts superior anti-11.2.

tumour responses in vivo 

CAR T cells do not require direct antigen presentation by DCs due to their antibody-based 

receptor expression. Given that our Flt3L-secreting T cell approach is aimed at enhancing T 

cell activation by DCs, more specifically CD103+ DCs, in this experiment we utilised the OT-

I T cell model where direct antigen presentation by DCs is more likely to occur. The OT-I T 

cells recognise their cognate antigen, the OVA peptide, via their T cell receptor (TCR). This 

provides a model whereby the effects of Flt3L may be more pronounced given the potential 

antigen cross-presentation of the OVA antigen by the CD103+ DCs is more likely to be 

observed. Thus, in this experiment, I injected e0771-OVA mouse breast carcinoma cells into 

the mammary fat pad of C57BL/6 WT mice. After tumours were allowed to establish for 2 

weeks, mice were irradiated with 0.5 Gy prior to being given 2 injections of Flt3L-secreting 

or control OT-I T cells over two consecutive days. IL-2 was also administered on the same 

day as the first T cell treatment and twice daily over the next 2 days. Furthermore, mice 

receiving poly I:C treatment were given poly I:C on days 4 and 8 following the first T cell 

injection. Tumour area and mouse survival were then recorded with the endpoint being 

tumour area reaching ≥ 100 mm2. As seen in Figure 35A, the combination of Flt3L-secreting 

OT-I T cells (OT-I-FL T cells) and poly I:C resulted in the most significant tumour growth 

inhibition compared to untreated mice or mice receiving control OT-I T cells and poly I:C. 

This resulted in a trend for increased survival following treatment with OT-I-FL T cells 

compared to OT-I T cells (Figure 35B), however a more significant increase was observed 

when mice were treated with a combination of OT-I-FL T cells and poly I:C, compared to 

control OT-I T cells and poly I:C (Figure 35C). This result is consistent with our hypothesis 

that poly I:C treatment can enhance the therapeutic effects of Flt3L. 

 

In summary, this set of experiments demonstrated a superior anti-tumour effect from Flt3L-

secreting OT-I T cell therapy in combination with poly I:C. This finding suggested that poly 

I:C may work cooperatively with Flt3L to enhance anti-tumour responses, and warrants 

further investigation in the context of CAR T cells. Furthermore, given our data in Figure 25 

showing a significant increase in T cell 4-1BB expression following co-culture with DCs 

previously stimulated by Flt3L and poly I:C, and in Figure 34 showing enhanced therapeutic 

response when MC38-FL-bearing mice were treated with poly I:C and α-4-1BB combination,  
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Figure 35. Adoptive transfer of Flt3L-secreting OT-I T cells in combination with poly 

I:C suppresses the growth of e0771-OVA tumour 

C57BL/6 WT mice were subcutaneously injected with e0771-OVA tumour cells (2x105 

cells/mouse). The tumours were allowed to grow for 2 weeks, and the tumour-bearing mice 

were treated with total body irradiation (0.5 Gy) on day 14, followed by intravenous 

injections of Flt3L-secreting OT-I T cells (OT-I-FL T cells) or control OT-I T cells on days 

14 and 15 (1x107 cells/injection). A cohort of mice were left untreated as a control. Mice 

treated with OT-I T cells also received intraperitoneal IL-2 injections (50,000 IU/injection) 

once on day 14, and twice a day on days 15 and 16. Intraperitoneal injections of either poly 

I:C (200 µg/injection) or PBS were also given on days 18 and 22. (A) Tumour area was 

measured at the indicated times, and data are mean ± SEM of 14-16 mice/group. (B and C) 

Percent survival of 14-16 mice per group was determined with the endpoint being tumour 

area reaching ≥100 mm2. Numbers in parentheses indicate number of tumour-free 

mice/number of mice receiving the indicated treatments. (A-C) Data are pooled from 2 

independent experiments (* p<0.05, ** p<0.01, **** p<0.0001, ns=not significant). 
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the addition of the α-4-1BB agonist to the Flt3L-secreting OT-I T cell and poly I:C therapy 

may further increase the overall therapeutic effect, and this will be explored in future studies. 
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 Discussion 12.

Adoptive cell therapy using CAR T cells in both preclinical and clinical studies has shown 

robust anti-tumour activity, in particular against haematological B cell malignancies [167, 

465, 466]. However, an increasing number of studies have shed light upon the significance of 

endogenous immunity in collaboration with CAR T cells [219, 330, 435, 443, 444]. The 

majority of these studies have harnessed the anti-tumour function of endogenous immune 

cells such as NK cells, macrophages, DCs and T cells. However, no study to date has 

investigated the potential of harnessing the highly important cross-presenting DC subset, 

more specifically the Batf3-dependent XCR1+ IRF8+ CD103+ DCs, in the context of adoptive 

T cell therapy. Increasing evidence from numerous studies have defined and reported the 

critical requirement of CD103+ DCs for efficient tumour destruction, owing to their innately 

superior cross-presenting function, T cell stimulatory capacity as well as their ability to 

secrete various cytokines and chemokines [361, 371, 372]. These highly desirable anti-

tumour characteristics of CD103+ DCs prompted us to explore the potential of expanding this 

DC subset to augment endogenous immunity, that may ultimately lead to greater efficacy in 

combination with CAR T cells. Thus, in an established solid tumour setting, we investigated 

the therapeutic use of Flt3L, an important cytokine for CD103+ DC differentiation, in 

combination with CAR T cells by engineering Her2-specific CAR T cells to secrete the Flt3L 

cytokine.  

  

I first performed a proof of principal experiment in order to determine the anti-tumour effect 

of Flt3L alone in vivo. I successfully transduced two different murine tumour cell lines, 

MC38 colon adenocarcinoma and 24JK-Her2 sarcoma, to constitutively produce and secrete 

the cytokine Flt3L both in vitro and in vivo. This allowed me to assess the effect of Flt3L on 

tumour growth without the need to generate and adoptively transfer Flt3L-secreting T cells. I 

found that in both MC38 and 24JK-Her2 tumour models, a reproducibly high proportion of 

Flt3L-expressing tumours regressed completely, resulting in improved overall survival of 

mice compared to those inoculated with control tumour cells not expressing Flt3L. Of note, 

the most prominent effect of Flt3L in mediating tumour regression seemed to take place only 

after 7 days post tumour inoculation. This timing is consistent with the length of time 

required for the adaptive immune response to take effect [467]. Indeed, a similar experiment 

performed in RAG-/- mice lacking mature functional T cells resulted in complete abolishment 

of the Flt3L anti-tumour response, highlighting the importance of endogenous T cells in 

facilitating this effect. Moreover, consistent with the well-known function of Flt3L in 
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promoting the differentiation and expansion of CD103+ DCs [371], I observed elevated 

frequency of CD103+ DCs both in the tumour and tdLN of mice bearing Flt3L-secreting 

24JK-Her2 tumours. Notably, expansion of the CD103+ DC subset in the tumour was 

accompanied by increased CD8+ T cell frequency. This observation supports previous 

findings that stimulation by CD103+ DCs can lead to enhanced T cell proliferation [371]. 

 

After demonstrating the potent anti-tumour effect of Flt3L expressed by tumour cells, I next 

translated this approach to the CAR T cell setting. I successfully generated a stable packaging 

cell line able to produce retroviruses harbouring the anti-Her2 CAR and Flt3L cytokine, that 

were then used to transduce primary mouse T cells. In this study, I utilised a truncated non-

signalling NGFR vector to clone the Flt3L gene into, hence allowing me to use NGFR as a 

marker for Flt3L expression by flow cytometry. Following primary mouse T cell 

transduction, based on an established protocol in our laboratory [273, 435], it was important 

to first determine the expression of CAR and NGFR on the transduced T cells. Analysis by 

flow cytometry revealed reproducibly high levels of the anti-Her2 CAR and NGFR co-

expressed on T cells following transduction with CAR and NGFR retroviral vectors. 

Importantly, the levels of CAR and NGFR expressed on T cells transduced with the CAR and 

NGFR-Flt3L vectors were comparable to those transduced with the CAR and control empty 

NGFR vectors, removing transduction efficiency as a confounding factor in future studies 

using these cells. Furthermore, as I was interested in testing the effect of different levels of 

Flt3L, we additionally performed flow cytometry to sort and generate three packaging cell 

lines to transduce T cells with different expression levels of NGFR: low, intermediate and 

high. As confirmed in an ELISA assay, the levels of Flt3L produced by the transduced CAR 

T cells reflected the different levels of NGFR expressed.  

 

Although successful production and secretion of Flt3L were demonstrated following T cell 

transduction, it was of importance to make sure that the CAR T cell-derived Flt3L was 

functional and, like the previously reported function of Flt3L [371], could induce expansion 

of CD103+ DCs. In order to undertake this experiment, I generated and cultured bone 

marrow-derived dendritic cells (BMDCs) in Flt3L-containing supernatant from the 

transduced CAR T cells, or in media in the presence of exogenously added recombinant 

Flt3L as a positive control. My results revealed that similarly to exogenously added Flt3L, 

CAR T cell-derived Flt3L significantly increased the number of CD103+ DCs in the BMDC 

culture, and this effect was found to be dose-dependent. Interestingly, Flt3L did not only 
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increase the number of CD103+ DCs but also the total number of DCs in the culture. 

Although many studies have associated Flt3L with CD103+ differentiation, in agreement with 

our finding, several studies have reported that Flt3L can additionally expand other DC 

populations [468-470]. In my experiment, I noted that the numbers of both CD103+ DCs and 

total DCs generated by exogenous Flt3L were substantially higher than those generated by 

Flt3L from CAR T cells. I speculated that this disparity was due to the fact that a 

significantly lower concentration of Flt3L derived from CAR T cells was present in the 

BMDC culture compared to the exogenously supplied Flt3L. However, we cannot exclude 

the possibility of other cytokines in the CAR T cell supernatants modulating DC 

differentiation. In order to generate a higher concentration of Flt3L in the CAR T cell culture, 

a potential future strategy may be to culture only the Flt3L-secreting T cells by sorting for the 

NGFR+ cells, and grow these cells at a higher density before harvesting the supernatants for 

use in the BMDC culture. 

 

Various studies have reported superior T cell stimulatory capacity of CD103+ DCs [361, 

372]. Given Flt3L significantly increased the proportion of CD103+ DCs in our BMDC 

culture, I hypothesised that Flt3L-treated DCs would be able to more robustly stimulate T 

cells compared to DCs grown in the presence of GM-CSF alone. In order to test my 

hypothesis, and since CAR T cells do not require antigen presentation by DCs, I used CD8+ 

OT-I T cells whose TCR is specific for the SIINFEKL peptide. Their requirement for 

antigen-presentation by DCs allowed us to determine the effect of Flt3L on DC stimulatory 

capacity. 

 

I conducted a co-culture experiment comprising SIINFEKL-pulsed DCs and CD8+ OT-I T 

cells. DCs used in this experiment were harvested from the BMDC culture stimulated with 

GM-CSF, in the presence or absence of Flt3L, either exogenously supplied or derived from 

the transduced CAR T cells. Furthermore, CD103+ DCs have been demonstrated to have high 

expression levels of TLR3, and agonists for TLR3 such as poly I:C have been reported to 

improve CD103+ DC stimulatory capacity by inducing maturation of these DCs [371]. As 

such, I examined the effect of poly I:C in this co-culture assay. We harvested the cells 5 days 

post co-culture, and found that stimulation by Flt3L-treated DCs led to a marked increase in 

the frequency of CD8+ T cells. This was observed in the context of both exogenous Flt3L and 

CAR T cell-derived Flt3L. Interestingly, when poly I:C was added in the DC culture, all DCs 

mediated a significant elevation of CD8+ T cell number, regardless of stimulation with Flt3L. 
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This data suggest that poly I:C is a powerful adjuvant that is able to stimulate conventional 

DCs to enhance T cell proliferation. However, although poly I:C may be potent at inducing T 

cell proliferation, its combination with Flt3L is necessary to significantly enhance T cell 

function as discussed in the following section. 

 

In addition to T cell number, I also assessed the activation status of T cells. Given that 4-1BB 

is a reliable marker for T cell activation and tumour-reactivity [471], I determined T cell 

activation status by their expression of 4-1BB. In my analysis, a significant increase in the 

proportion of 4-1BB-expressing T cells was observed on day 5 following co-culture with 

Flt3L-treated DCs compared to control GM-CSF-treated DCs. I also observed a similar 

increase in the expression of other activation markers including CD69 and CD25 on the T 

cells following co-culture with Flt3L-treated DCs compared to control DCs (data not shown). 

However, when I analysed the 4-1BB expression on T cells 24 hours post co-culture, no 

difference in 4-1BB expression was observed as almost all T cells expressed 4-1BB 

following stimulation with either control or Flt3L-DCs (data not shown). These results 

suggest that Flt3L-DCs play an important role in the maintenance of T cell activation, 

consequently leading to prolonged T cell activation compared to control DCs. Intriguingly, in 

contrast to the effect of poly I:C-treated DCs on T cell expansion as previously described, 

only poly I:C treatment on Flt3L-DCs but not GM-CSF-DCs was able to induce further T cell 

activation, as shown by a higher increase in 4-1BB expression. Taken together, these data 

indicate that although poly I:C stimulation of DCs can facilitate enhanced T cell proliferation, 

only poly I:C stimulation on Flt3L-DCs is able to further increase activation of T cells. 

 

Since activation of T cells is usually associated with cytokine production, we next proceeded 

to assess cytokine secretion levels following the co-culture of OT-I T cells and SIINFEKL-

pulsed DCs. The two cytokines we examined were IFNγ and TNFα, given their critical roles 

in potentiating anti-tumour immunity [472, 473]. I collected supernatants from the co-culture 

and performed cytometric bead array (CBA) to determine cytokine concentrations. Data from 

this assay established that co-culture of T cells with Flt3L-treated DCs, where Flt3L was 

provided exogenously or derived from CAR T cells, resulted in enhanced levels of IFNγ and 

TNFα being secreted in the supernatants compared to control DCs. This increase in IFNγ 

production was enhanced even further when Flt3L-DCs were stimulated with poly I:C, 

although there was no additional increase in TNFα secretion. Control DC stimulation with 
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poly I:C also resulted in slightly increased IFNγ production, albeit to a much lesser extent 

compared to Flt3L-DCs. This data suggests that while DC stimulation by Flt3L alone can 

lead to significantly enhanced IFNγ secretion, this effect can be greatly amplified in 

combination with poly I:C. Interestingly, it was noted that the cytokine-modulating effect of 

poly I:C was not observed for TNFα. Although previous findings have reported that TLR3 

activation by poly I:C can lead to induction of both IFNγ and TNFα by DCs [474-478], given 

that our co-culture assay contained T cells, that are known to express receptors for TNFα 

[479], we cannot exclude the possibility of rapid TNFα uptake by T cells in the co-culture, 

consequently resulting in no apparent increase in TNFα secretion.  

 

Supernatants from the co-culture experiments clearly showed increased release of IFNγ and 

TNFα upon T cell stimulation with Flt3L-DCs, where Flt3L was exogenously provided or 

derived from CAR T cells. However, it was unknown which cell was the primary source 

leading to the observed increase in cytokine secretion. To investigate this, I harvested cells at 

the end of my co-culture on day 5 and performed flow cytometry to evaluate the MFI of both 

IFNγ and TNFα. However, I was only able to assess cytokine expression in CD8+ OT-I T 

cells as I was unable to detect viable DCs at the end of the co-culture. My analysis revealed a 

similar pattern of increased IFNγ and TNFα expression in the CD8+ T cells upon stimulation 

with Flt3L-treated DCs, as observed by increased levels of the cytokines in the supernatants 

as assessed by CBA. However, I noted a consistent difference in that there was no enhanced 

IFNγ expression in the CD8+ T cells as assessed by MFI, following stimulation with Flt3L-

DCs where the Flt3L was derived from CAR T cells. This noted difference could potentially 

be due to several factors, including reduced sensitivity of the intracellular staining (ICS) 

assay, or the fact that only cytokine expression from last 2 hours before ICS was taken into 

account in the assay, when golgistop and golgiplug were added into the T cells to stop the 

cytokine from leaving the cell. 

 

All of the functional studies undertaken to investigate the anti-tumour potential of Flt3L 

derived from CAR T cells generated promising results demonstrating that DC stimulation 

with Flt3L had profound T cell stimulatory capacity. These results ultimately strengthened 

our rationale to test the anti-tumour effect of Flt3L-expressing CAR T cells in an adoptive 

transfer experiment. However, given that Flt3L acts on haematopoietic stem cell progenitors 

to stimulate their proliferation and differentiation into DCs [459, 460], it was important to 
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ensure that the preconditioning procedures used in our adoptive transfer protocol did not 

interfere with the cellular targets of Flt3L.  

 

Our established protocol for in vivo CAR T cell experiments involves the use of 4 Gy total 

body irradiation on mice prior to CAR T cell transfer, which acts as a lymphodepleting pre-

conditioning regimen. This irradiation causes depletion of a large proportion of the host 

immune cells, which in our case could interfere with the effect of Flt3L. To address this, I 

examined the effect of different doses of irradiation on the anti-tumour effect mediated by 

Flt3L using tumour cells engineered to express Flt3L. Indeed, it was found that irradiation 

had a significant impact on Flt3L function, and this effect was dependent on the irradiation 

dose, with a higher dose resulting in more attenuated anti-tumour activity of Flt3L. I further 

discovered that the reduced anti-tumour effect with increasing doses of radiation was 

associated with a decreasing number of host immune cells remaining after irradiation. This 

observation supports the view that the decreased anti-tumour effect of Flt3L following total 

body irradiation is likely to be a consequence of endogenous immune cell depletion. Based 

on these observations, and given the importance of lymphodepletion in adoptive cell therapy 

[480, 481], I investigated an optimum dose to be used in our adoptive transfer experiments. 

My data showed a profound depletion of endogenous immune cell population after only 0.5 

Gy dose of radiation, and this depletion was not profoundly amplified following higher doses 

of radiation. Simultaneously, the 0.5 Gy irradiation dose did not hinder the full anti-tumour 

potential of Flt3L, as shown by similar tumour regression to that observed in mice receiving 

no irradiation. Together these results led me to the conclusion that 0.5 Gy would be the 

optimum dose for my adoptive transfer experiments. 

 

Following this, I proceeded to conduct an adoptive transfer experiment in 24JK-Her2 tumour-

bearing mice using Her2-specific CAR T cells engineered to secrete the Flt3L cytokine. 

Following intravenous transfer of Flt3L-secreting CAR T cells, I detected an elevated level of 

Flt3L in the serum of mice compared to untreated mice or mice receiving control CAR T 

cells. Importantly, a striking 40-fold increase in Flt3L concentration was detected in the 

tumour compared to serum following Flt3L-secreting CAR T cell transfer. This result 

strongly indicated that CAR T cells could traffic to and recognise the Her2-expressing 

tumour, resulting in augmented levels of Flt3L being secreted in the tumour. This was an 

important observation as it confirmed my hypothesis that I could use CAR T cells as a 

vehicle to successfully deliver high levels of Flt3L in the tumour, achieving a concentrated 
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level more selectively in the tumour as opposed to systemic administration of the cytokine. It 

is therefore anticipated that this approach may mitigate systemic toxicity concerns that have 

arisen from trials involving systemic delivery of other cytokines such as IL-2, IL-12, and IL-

15, that have proven to be a limiting factor [218, 448, 449]. 

 

Following CAR T cell therapy, I monitored the growth of 24JK-Her2 tumours and 

subsequently determined the survival of mice based on a pre-determined endpoint of tumour 

area reaching ≥ 100 mm2. Encouragingly, my results showed significant tumour growth 

inhibition and subsequently enhanced overall survival following treatment with Flt3L-

secreting CAR T cells compared to conventional control CAR T cells, and I noted no toxicity 

in mice receiving Flt3L-secreting CAR T cells. However, I posit that while the effect of Flt3L 

in inhibiting tumour growth is significant, the full anti-tumour potential of Flt3L and CAR T 

cell combination remains to be achieved. Based on my own findings and other reports in the 

literature, I have gathered several strategies that warrant investigations in future experiments. 

 

First, based on our evaluation of Flt3L level in the tumour following adoptive transfer of 

Flt3L-secreting CAR T cells, although I found high levels of Flt3L secreted in the tumour, it 

was not at the level similar to that produced by tumour cells engineered to express Flt3L. 

This may explain the observation of more prominent anti-tumour activity mediated by Flt3L 

produced by the engineered tumour cells compared to engineered T cells. Thus, I propose 

that strategies aimed at enhancing the production and delivery of Flt3L to the tumour site will 

be of high importance to elicit a greater anti-tumour effect following CAR T cell therapy. 

These may include administering higher number of Flt3L-secreting T cells and/or adding T 

cell adjuvants to boost T cell proliferation. 

 

Second, it is interesting that in my study, irradiation can significantly impair Flt3L anti-

tumour activity. Although I have optimised the dose of irradiation for use in my adoptive 

therapy model, alternative lymphodepleting agents such as chemotherapy drugs remain to be 

tested. Interestingly, a commonly used chemotherapy agent, cyclophosphamide, has been 

described to not only induce lymphodepletion, but also cause rapid rebound of myelopoiesis 

and re-establish DC homeostasis [482]. These important features could be useful for our DC-

targeting Flt3L therapy, and indeed ongoing experiments will test the Flt3L-secreting T cell 

approach whereby cyclophosphamide is used for pre-conditioning in replacement of the total 

body radiation. 
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Third, an interesting study by Salmon et al. reported that although Flt3L treatment alone can 

lead to significant CD103+ DC differentiation in vivo, the accumulating CD103+ DCs in 

tumour were found to be of an immature phenotype, as indicated by the low expression of 

CD40, CD86 and MHCII on the cell surface [371]. This study showed that the addition of 

poly I:C was able to induce DC maturation and enhance the Flt3L anti-tumour effect. In light 

of this study, along with encouraging data from our co-culture assays demonstrating the 

cooperative effect of poly I:C and Flt3L in enhancing T cell function, I next assessed whether 

this combination could lead to the enhancement of anti-tumour efficacy. Further, given 

previous reports [371] and my own finding that Flt3L crucially depends on T cells to 

facilitate an efficacious anti-tumour response, I also evaluated whether the addition of the 

agonistic α-4-1BB antibody could augment anti-tumour efficacy to an even greater extent. 

Utilising MC38 murine colon carcinoma cells previously transduced to express Flt3L, or 

control tumours, I allowed tumour cells to grow in mice and establish into solid tumours. 

Subsequently, mice were then treated with intraperitoneal injections of poly I:C and/or α-4-

1BB antibody, while tumour growth continued to be monitored until a pre-determined 

endpoint. The combination of poly I:C and α-4-1BB gave rise to the highest survival rate in 

mice bearing control MC38 tumours. When poly I:C and α-4-1BB combination was 

administered to mice bearing Flt3L-secreting tumour, a greater survival advantage was 

observed, as demonstrated by all mice being tumour-free. These results suggest that Flt3L 

can work in harmony with poly I:C and α-4-1BB, together potentiating an effective anti-

tumour response. A previous study has reported a synergistic effect of poly I:C and 

exogenous Flt3L combination in the treatment of B16-bearing mice [371]. Therefore in the 

next experiment, I tested the combination of poly I:C with Flt3L-secreting T cells in an 

adoptive transfer setting to determine whether the combination could lead to an enhanced 

anti-tumour effect. 

 

For the purpose of my study, as described in the preceding section, using an OVA-specific 

OT-I CD8+ T cell model would allow for more frequent direct T cell activation, and 

potentially cross-presentation by DCs compared to that observed in the CAR T cell system. 

Therefore my Flt3L-secreting T cell approach was evaluated in an OT-I T cell adoptive 

transfer experiment against an OVA-expressing tumour, the e0771-OVA breast carcinoma. A 

more potent anti-tumour effect was anticipated in this OT-I T cell model given the increased 

potential of antigen cross-presentation by the Flt3L-induced CD103+ DCs, a phenomenon 



 
 

 195 

less likely to occur in the CAR T cell setting given their non-dependency on antigen 

presentation by DCs. Encouragingly, my results demonstrated that the most significant 

tumour growth inhibition, and subsequently the highest survival rate, was observed in mice 

upon treatment with Flt3L-secreting OT-I T cells in combination with poly I:C, compared to 

mice treated with control OT-I T cells and poly I:C, or untreated mice. Ongoing experiments 

will now examine this combination approach in the CAR T cell setting in the presence of 

poly I:C and/or α-4-1BB  adjuvant therapy. 

 

In summary, I have established the feasibility and viability of Flt3L-secreting T cell approach 

for use in adoptive cell therapy. My study demonstrates the potent effect of Flt3L on DCs in 

augmenting T cell stimulatory capacity, leading to enhanced T cell proliferation, activation 

and secretion of pro-inflammatory cytokines including IFNγ and TNFα. Encouragingly, my 

in vivo studies using CAR-based or TCR-based T cell adoptive therapy suggest that Flt3L-

secreting T cells may be superior compared to conventional T cells in the potentiation of 

effective anti-tumour responses. The addition of immune adjuvants such as poly I:C and α-4-

1BB  may work cooperatively with Flt3L and warrants further investigation in future studies. 

Future experiments are also required to reveal insight into potential mechanisms involved in 

the Flt3L-secreting T cell approach. These include examining the intratumoural CD103+ DC 

differentiation, their cross-presentation capability, as well as potential epitope spreading. 

Overall, I strongly believe that my approach of engineering T cells to express Flt3L holds 

high translational potential given both adoptive T cell therapy and Flt3L are currently being 

tested in clinical trials as single agents [104, 187, 217, 390].  
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CHAPTER 5: Summary, Discussion and Future Perspectives 

 

 Summary and discussion 1.

Evidence highlighting the importance of harnessing the immune system for cancer control 

has become increasingly apparent, and is in part attributed to the efficacy of checkpoint 

blockade therapy such as α-PD-1 and α-CTLA-4 antibodies [483]. More recently, the 

success of CD19-targeted CAR T cell therapy in some haematological malignancies, 

including B-ALL and Non-hodgkin lymphoma, has further accentuated the potent anti-

tumour potential of T cells [169, 175, 327]. However, the impressive clinical success seen 

with CAR T cells in B cell malignancy patients has yet to be translated beyond CD19+ 

malignancies. Both preclinical studies and multicentre clinical trials have been conducted, 

and are still ongoing to test the efficacy of CAR T cell therapy targeting different antigens in 

solid tumours. Results thus far have indicated that CAR T cell therapy for epithelial cancers 

has not matched the remarkable clinical responses observed in patients with B cell 

malignancies [98]. Although not completely understood, the discrepancy between CAR T cell 

effectiveness in CD19+ haematological and solid cancers can be due to the 

immunosuppressive tumour environment in solid tumours, the lack of CAR T cell trafficking 

and penetration into the solid mass, tumour antigen heterogeneity, as well as the lack of full 

complement activation signals required for optimal functional responses by CAR T cells. To 

overcome these challenges, the work in this thesis focused on investigating novel 

combination strategies to augment CAR T cell therapeutic efficacy. Herein we utilised an 

immune-competent human-Her2 transgenic mouse model to test the effectiveness of our 

combination therapies in the context of Her2-specific CAR T cells. 

 

In Chapter 3 of this thesis, we explored the potential of utilising an agonistic antibody 

targeting a T cell activation receptor to augment CAR T cell activity, a strategy that has never 

been tested for CAR T cell therapy. Activation of the 4-1BB signalling pathway in T cells 

stands out as a promising target for stimulation by an agonistic antibody given its well-

characterised capacity for promoting T cell activity and encouraging translational potential 

[85, 318]. Ligation of the 4-1BB receptor on T cells leads to T cell activation through the 

p38, c-Jun N-terminal kinase (JNK) and NF-κB pathways, predominantly mediated by TRAF 

adaptor proteins, that ultimately results in enhanced T cell proliferation, survival, co-

stimulation and cytokine production [484, 485]. Stimulation of the 4-1BB receptor has also 
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been shown to promote mitochondrial biogenesis as well as an increase in central memory T 

cell development, together indicating a protective role of 4-1BB in T cell persistence [147]. 

With regards to anti-tumour activity, the use of an agonistic α-4-1BB antibody has 

demonstrated potent T cell-mediated anti-tumour responses in various types of cancer, alone 

or in combination with other therapies [321, 323, 486]. In summary, these T cell-enhancing 

characteristics of 4-1BB stimulation make the agonistic α-4-1BB antibody an appealing 

adjuvant for improving CAR T cell therapy. 

 

In previous studies, strategies to provide 4-1BB stimulation to the existing second generation 

CD28-CD3ζ CAR T cells have been either through direct incorporation of the 4-1BB 

signalling domain into the CAR, referred to as third generation CAR T cells [152], or via 

overexpression of the 4-1BB ligand (4-1BBL) on the CAR T cell surface [149]. However, as 

discussed in our published manuscript (Mardiana et al. 2017, Section 2, Chapter 3 of this 

thesis), contrasting results have been reported with the use of third generation CAR T cells in 

various cancers, making it unclear whether they exhibit superior anti-tumour function to the 

more broadly used second generation CD28-CD3ζ CAR T cells in vivo [152-155]. Third 

generation CARs therefore need further preclinical testing and characterisation against 

different antigens, to determine whether they truly improve anti-tumour therapeutic 

responses. The strategy involving overexpression of 4-1BBL on CAR T cells is an interesting 

alternative that can provide trans-costimulation to the neighbouring cells expressing the 4-

1BB receptor, such as endogenous T cells and potentially other immune cell subsets [149]. 

This study supports our hypothesis that unlike having the 4-1BB signalling domain contained 

in the CAR, exogenous α-4-1BB antibody may additionally stimulate other endogenous 

immune cells that express the 4-1BB receptor [84]. Both permanent incorporation of the 4-

1BB signalling domain and 4-1BBL expression into CAR T cells are highly innovative 

approaches, however important concerns such as potential toxicity remain to be addressed, 

highlighted by the fatal incidence that was reported involving the death of a patient receiving 

4-1BB-containing third generation CAR T cells targeting the Her2 antigen [487]. Our 

alternative approach of providing 4-1BB stimulation using an exogenous α-4-1BB antibody 

may reduce the risk of such adverse toxicity by allowing for dose control of 4-1BB receptor 

stimulation. Furthermore, although CAR T cells incorporating the 4-1BB signalling domain 

have been associated with ameliorated exhaustion in the context of chronic CAR signalling 

[148], a recent study by Gomes-Silva et al. elegantly showed that continuous tonic 4-1BB co-

stimulation within the CAR construct could induce T cell apoptosis and consequently 
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reduced anti-tumour activity [488]. Therefore we propose that the use of an exogenous α-4-

1BB antibody, given its dose control advantage, may be appropriate to not only reduce 

potential toxicity, but also protect CAR T cell survival. 

 

Based on results from Chapter 3 of this thesis, it was evident that α-4-1BB therapy could 

significantly augment CAR T cell efficacy, as demonstrated by enhanced tumour growth 

inhibition in two different solid tumours. This enhanced therapeutic response was shown to 

be critically dependent on IFNγ, and was associated with a marked decrease in the frequency 

of host immunosuppressive cells in the tumour including MDSCs and Tregs. Interestingly, 

results from our study also suggested potential involvement of endogenous cell immunity in 

the heightened therapeutic response upon CAR T cell and α-4-1BB antibody combined 

treatment. It was noted that the combination therapy was less efficacious when given to 

tumour-bearing RAG-/- mice lacking mature endogenous T cells. Additionally, we observed 

increased proportion of endogenous T cells and DCs in tumour-draining lymph nodes of mice 

receiving the combination therapy. Taken together, these results suggested potential 

involvement of the endogenous immune response in collaboration with CAR T cells for the 

overall therapeutic effect. This provided the rationale for Chapter 4 of this thesis, that aimed 

to harness the anti-tumour function of endogenous immune cells, particularly the T cell-DC 

axis, in an attempt to augment overall CAR T cell efficacy. 
 
In Chapter 4 of this thesis, we aimed to enhance the expansion of an important antigen-

presenting subset, the Batf3-dependent XCR1+ IRF8+ CD103+ DCs, which are known to 

possess superior T cell stimulatory capacity [361]. To do this, CAR T cells were further 

modified to secrete the Flt3L cytokine, a critical cytokine for the differentiation of CD103+ 

DCs. We demonstrated that Flt3L secreted by the CAR T cells was able to promote CD103+ 

DC differentiation, and these DCs were able to augment T cell expansion, activation and 

production of pro-inflammatory cytokines including IFNγ and TNFα. Adoptive transfer of 

the Flt3L-secreting CAR T cells against Her2-expressing 24JK tumour cells revealed a 

superior anti-tumour response to conventional non-Flt3L secreting CAR T cells, leading to 

increased tumour growth inhibition and survival. Encouragingly, application of this approach 

to another adoptive transfer setting, using Flt3L-secreting OT-I T cells for the treatment of 

OVA-expressing e0771 tumour, also demonstrated a superior therapeutic effect when 

combined with the TLR3 agonist poly I:C. These observations taken together support the 

feasibility and potential use of Flt3L-secreting T cells for improving the efficacy of adoptive 
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T cell therapy. In future studies, to achieve maximum potency of this approach, we will 

further optimise the anti-tumour effect of Flt3L-secreting T cells using strategies detailed in 

Section 12, Chapter 4 of this thesis, such as increasing the level of Flt3L within the tumour, 

using alternative pre-conditioning regimens such as chemotherapy that is able to induce rapid 

rebound of myelopoiesis, and using other immune adjuvants to further boost T cell function. 

 

 Future perspectives 2.

Our current study has demonstrated that CAR T cell efficacy in solid tumours can be 

significantly enhanced utilising adjuvant combination therapy. Future studies are required to 

further optimise and characterise the most effective combination strategies in different 

tumour models including metastatic disease. In the field of cancer immunotherapy, several 

important aspects are currently under intense investigation. These include the importance of 

timing and sequence of immunotherapy administration, potential use of neoantigens as target 

antigens for adoptive T cell therapy, strategies to induce epitope spreading in the context of 

antigen-specific CAR T cell therapy and widespread implementation of CAR T cells as a 

standard of care therapy. Each of these aspects will be discussed in the following sections. 

 

 Timing and sequence of immunotherapy agents for optimum anti-tumour efficacy 2.1.

As discussed in Chapter 3, the timing regarding administration of multiple immunotherapy 

agents appears to be a critical factor in determining overall outcome. Various studies from 

different groups have highlighted the importance of administration timing regarding the use 

of immunomodulatory agents including α-4-1BB, α-PD-1 and α-OX40 antibodies [439-441]. 

In a number of preclinical studies, conflicting data has resulted from combinatorial therapy 

using immune adjuvants α-4-1BB mAb, α-OX40 mAb and the checkpoint inhibitor α-PD-1 

mAb. Although several studies have reported synergistic anti-tumour effects following 

treatment with α-PD-1 and α-4-1BB antibodies or α-PD-1 and α-OX40 antibodies in the 

context of increased endogenous cellular immunity [373, 436-438], other studies have 

reported opposing results, demonstrating reduced efficacy of α-4-1BB or α-OX40 single 

therapy when α-PD-1 mAb was administered concurrently [439-441]. However, when 

sequential administration of α-OX40 mAb followed by α-PD-1 mAb was conducted in the 

same study, this combination therapy contrastingly resulted in augmented efficacy [439]. 

Therefore, these findings importantly underscore the importance of timing and sequence of 

immunotherapy agent administration, which may be in part dependent on the type of tumour 

model employed. In our study, as discussed in Section 4.4, Chapter 3 of this thesis, we 
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demonstrated no increased efficacy of α-4-1BB and CAR T cell combined therapy when α-

PD-1 mAb was concurrently administered. The reason for this is unclear, but could be due to 

enhanced activation induced cell death (AICD) from overstimulation, a phenomenon that has 

been observed in previous studies involving immune agonist and checkpoint inhibitor 

combination therapy [440, 441]. Given increasing evidence that timing and sequence are 

important for outcomes of immunotherapy, future studies will examine the combination 

where CAR T cell and α-4-1BB therapy is administered prior to α-PD-1 therapy or other 

checkpoint inhibitors, such as the adenosine A2A receptor (A2AR) antagonist and 

indoleamine 2,3-dioxygenase (IDO) inhibitor. 

 

 Neoantigens as targets for adoptive T cell therapy 2.2.

Designing a treatment that is effective in facilitating tumour destruction whilst sparing 

healthy cells is considered the “holy grail” in cancer immunotherapy. Numerous antigen-

specific therapies have been developed and yielded promising outcomes in cancer patients, 

with various drugs already being used in the clinic. These include for example, alemtuzumab 

and rituximab, which are monoclonal antibodies targeting the CD52 and CD20 surface 

proteins, respectively [489, 490]. However, while effectively eliminating cancerous cells that 

express the surface proteins, administration of these antibodies also results in the elimination 

of normal healthy cells expressing the same target. This phenomenon is known as on-target 

off-tumour toxicity, that is a major limiting factor when designing antigen-specific therapies, 

as this may lead to serious ramifications [491]. In order to circumvent this, targeting antigens 

that are highly specific to the tumour and not expressed on healthy cells will be a key goal 

moving forward. 

 

Tumour antigens can be classified into several categories. Tumour-associated antigens 

(TAAs) can be defined as proteins that are overexpressed on tumour cells but also expressed 

on healthy cells to a lesser extent. Examples of these include the Her2, CEA and GD2 

antigens, that have in fact been used as targets for immunotherapy [492-494]. Given TAAs 

are present on healthy cells, their use as immunotherapeutic targets is attributable solely to 

their preferential expression on tumours. However, a cautious approach must be taken when a 

TAA-targeted immunotherapy with high avidity is used, as this may increase the possibility 

of autoimmunity [127]. 
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Antigens that are truly tumour-specific are ideal targets for immunotherapy. This tumour 

antigen category involves proteins that are expressed on tumour cells but not present on 

normal healthy cells. This includes proteins derived from viral proteins in the case of viral-

induced cancers, and proteins resulting from somatic mutations (neoantigens) [495]. While 

the presence of viral proteins is only limited to tumours developing from a viral infection, 

somatic mutations are acquired by tumours in general in the process of transformation and 

progression. As such, the resulting aberrant or mutated proteins may serve as neoantigens 

[496], which are preferred immunotherapeutic targets because they are not subject to 

tolerance by the host. Further, due to unique expression of neoantigens specifically on tumour 

cells, neoantigen-directed immunotherapy can be designed to possess strong avidity to 

generate highly efficacious therapy. Not surprisingly, in recent years much attention has been 

directed towards targeting neoantigens as potential precision immunotherapy. 

 

In the field of adoptive T cell therapy, there has been an increasing number of studies 

examining the significance of neoantigen-targeted T cells, and adoptive transfer of these T 

cells have been shown to induce sustained tumour regression [497-499]. It is anticipated that 

identification, isolation and reinfusion of neoantigen-directed T cells will be essential to 

facilitate tumour destruction without causing on-target off-tumour toxicity [500]. Current 

technology suitable for acquiring high numbers of neoantigen-specific T cells is via the 

insertion of TCR sequences recognising the identified neoantigens into T cells. An interesting 

procedure recently developed by Lu et al. led to efficient isolation of neoantigen-specific 

TCRs, making this approach more feasible for clinical application [501]. 

 

At present, the most established approach for targeting personalised neoantigens is adoptive 

therapy using TCR-engineered T cells [497]. CAR-engineered T cells are only able to 

recognise antigens expressed on the cell surface, hence mutated intracellular antigens are 

considered non-targetable by the CAR. However, a recent innovative study demonstrated the 

feasibility of generating a CAR that targets intracellular antigens. This was achieved by 

designing a TCR-mimic CAR, able to recognise intracellular antigens presented on the cell 

surface in the context of MHC, specifically engaging the MHC-peptide complex [502]. 

Taken together, based on these promising developments, there may be an opportunity for the 

use of neoantigen-directed CAR T cells in adoptive therapy, as a highly specific approach for 

development of personalised therapies for cancer.  
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 Safety of CAR T cell therapy 2.3.

Potential toxicity due to CAR T cell recognition of low levels of the target antigen on healthy 

cells remains an important issue to be addressed. Thus, multiple strategies to mitigate the on-

target off-tumour effects are currently under intense investigation. One approach has been to 

ensure target selectivity by dual CAR T cell recognition of two different TAAs on the same 

tumour cell. In this setting, the two CARs are designed to either induce a ζ-chain signal or a 

CD28 co-stimulatory signal, allowing for superior T cell activation upon simultaneous 

antigen engagement of the two CARs. As a result, this may be a safer approach restricting 

CAR T cell full activity to only tumour cells expressing the two antigens at the same time, 

whereas the potency of signals delivered into the CAR T cells via only one CAR engaged 

remains below the activation threshold and hence rendered ineffective [503]. A similar 

approach of dual T cell recognition involves engineering a T cell circuit whereby a synthetic 

Notch receptor for one antigen leads to subsequent expression of a CAR specific for a second 

antigen. These T cells are only activated when both antigens are present on the tumour cells. 

Both of these approaches may be suitable for controlling potential on-target off-tumour 

effects, as dual antigen recognition may allow for more selective tumour elimination, whilst 

sparing healthy cells that express only a single antigen.  

 

Another strategy employs the principle of an inhibitory CAR (iCAR), a receptor designed to 

counteract the CAR T cell activation signal induced by the conventional CAR. This approach 

involves a signalling combination of two different CARs in the engineered T cell, whereby 

the iCAR, upon engagement by a specific antigen expressed only on healthy cells, induces a 

dominant inhibitory signal to limit the T cell activating signal generated by the conventional 

CAR. In human T cells, PD-1 and CTLA-4 intracellular signalling domains were used in 

iCARs owing to their ability to reduce TCR signalling, resulting in decreased T cell cytokine 

production and lysis upon antigen stimulation on healthy cells [504]. This iCAR T cell 

strategy thus provides a self-regulating safety switch that allows for distinction between the 

tumour and healthy cells, resulting in a more selective elimination of tumour cells. 
 

Another promising alternative to overcome potential CAR T cell toxicity is via incorporation 

of a suicide gene involving an inducible caspase 9 (iCasp9) in CAR T cells. The iCasp9 gene 

consists of an intracellular compartment of the human Casp9 protein, which is a pro-

apoptotic molecule, fused to a chemical induction of dimerisation (CID) drug-binding 

domain. Upon administration of a CID drug, the drug-binding domains of the fused iCasp9 
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protein are cross-linked, leading to dimerisation of the Casp9 proteins that eventually results 

in cellular apoptosis induced by the downstream caspase 3 molecule [505]. In 2010, Hoyos et 

al. reported the first preclinical study of CAR T cells incorporating the iCasp9 gene. In this 

study, second generation CD19-CAR T cells expressing iCasp9 were used in vivo, and were 

successfully eliminated within 3 days following administration of a CID drug [506]. In the 

event of a serious adverse event, this suicide gene strategy may facilitate immediate removal 

of CAR T cells, alleviating toxicity induced by the CAR T cells. However, there may be 

other preferred strategies to utilise given that removal of CAR T cells may increase the risk 

of relapse. 

 

 Inducing epitope spreading for tumour eradication beyond CAR T cell antigen 2.4.

recognition 

Treatment with engineered CAR T cells has predominantly focused on targeting one single 

tumour antigen [174, 185, 224, 507]. This has been an effective strategy in the case where the 

target antigen is ubiquitously expressed by tumour cells, which is the case for CD19 in B cell 

malignancies. However, even in the most successful case of CD19-CAR T cells targeting B-

cell malignancies, a significant fraction of patients relapse not long after T cell infusion. A 

proportion of the relapsed patients experience antigen-negative disease recurrence, 

manifested by the outgrowth of CD19- tumour cells [508, 509]. This phenomenon therefore 

highlights the important subject of tumour antigen heterogeneity, even when the target 

antigen is uniformly expressed on all tumour cells. Investigations into the mechanisms 

leading to this antigen loss phenomenon revealed an alternative splicing mechanism of the 

CD19 mRNA, resulting in the loss of the cognate epitope on the CD19 protein required for 

recognition by CD19-CAR T cells [510]. Similar evidence of this splice variant process was 

reported in the context of melanoma cells resistant to vemurafenib, together indicating splice-

based adaptations by tumour cells as an escape mechanism that consequently leads to 

outgrowth of tumour variants [511]. These findings suggest that CAR T cell therapy, or any 

other targeted therapy more generally, may promote the outgrowth of tumour escape variants. 

Antigen loss renders CAR T cells ineffectual, and may have significant ramifications for the 

wider success of CAR T cell therapy. Thus, the ability to induce additional anti-tumour 

responses recognising alternative tumour antigens, especially in the context of solid tumours 

where antigen expression is more heterogenous, will be pivotal for CAR T cells to have a 

universally efficacious anti-tumour effect. 
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Several tactics have been developed in an attempt to overcome antigen-negative relapse. For 

example, the generation of dual CAR T cells targeting two different antigens, CD19 and 

CD22, has been shown to increase anti-tumour effects compared to CAR T cells targeting 

either single antigen, where mice were co-inoculated with a mixture of CD19- CD22+ and 

CD19+ CD22- NALM6 leukaemia cells. Importantly, it was demonstrated that having two 

CARs in the T cell population was able to offset antigen escape [512, 513]. Other dual and 

even trivalent CAR T cells have also been investigated in preclinical studies, including CAR 

T cells targeting CD19 and CD123 in a leukaemia model [514], and CAR T cells targeting 

Her2, IL13Rα2 and EphA2 in a glioblastoma model [515], respectively. Despite the 

promising potential of this approach however, it may be difficult for most malignancies to 

find multiple different tumour antigens on one tumour cell that can be targeted by CAR T 

cells in a safe and effective manner. 

 

Alternatively, an anti-tumour response against a wider range of targets may be achieved 

through the recruitment and stimulation of the endogenous immune response, as this involves 

various effector cells with a broad spectrum of recognition capabilities and anti-tumour 

functions. Indeed, engagement of endogenous cellular immunity has been reported to induce 

epitope spreading following antigen-specific T cell therapy, which can be defined as 

generation of an immune response to epitopes that are different to the initially targeted 

epitope [509]. One strategy to promote epitope spreading has been through further 

modification of CAR T cells to secrete pro-inflammatory cytokines. A study by Chmielewski 

et al. elegantly demonstrated the capacity of CAR T cells engineered to secrete the IL-12 

cytokine to induce epitope spreading. In this study, destruction of antigen-negative tumour 

cells was demonstrated, and this effect was accompanied by accumulation of macrophages, 

which were shown to be a critical facilitator for the observed anti-tumour response [330]. In 

addition, a study from our laboratory using a different approach has also demonstrated a 

phenomenon of epitope spreading, as observed in the study using dual-specific CAR T cells 

with vaccination involving recombinant vaccinia virus expressing gp-100 [434]. 

 

Taken together, it is well established that tumours can enhance their capacity for immune 

escape by loss of a targeted antigen or epitope. This makes antigen heterogeneity a major 

challenge that urgently needs to be overcome in the context of antigen-targeted therapy, more 

specifically CAR T cell therapy. Furthermore, in CAR T cell clinical trials for solid 
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malignancies, eligibility criteria for patients to be enrolled often requires only partial 

expression of the CAR target antigen on a patient’s tumour. For example, in our Lewis Y-

specific CAR T cell clinical trial at the Peter MacCallum Cancer Centre, enrolment criteria 

specified Lewis Y to be expressed on a minimum of 20% of tumour blast cells, meaning that 

the majority of the tumour cells would not be recognised by the CAR T cells [516]. 

Therefore, engagement of endogenous anti-tumour immunity appears to be a promising 

approach to increase the likelihood of epitope spreading, that may potentially lead to 

eradication of antigen-negative tumour cells, and subsequently decreased risk of antigen 

escape variants emerging. 

 

 Generating universal “off-the-shelf” CAR T cells 2.5.

The two recently approved CD19-CAR T cell products, Kymriah® and Yescarta ®, although 

highly effective, are very expensive treatments, priced at US $475,000 and US $373,000 for a 

one-time treatment, respectively [517]. These high costs are partly attributed to the fact that 

the process from T cell collection, genetic-modification, to CAR T cell reinfusion is patient 

specific. Therefore, in order to make CAR T cell therapy more broadly applicable to diverse 

patient populations, strategies to generate universal off-the-shelf CAR T cell products that 

can be safely and effectively delivered to multiple recipients will be important [518]. At 

present, there have been a number of clinical trials evaluating the potential use of allogeneic 

CAR T cells [519]. 

 

It is anticipated that the use of allogeneic rather than the more personalised autologous CAR 

T cells will significantly reduce manufacturing costs, as bulk manufacturing of CAR T cells 

can be achieved in a time-efficient and less labour-intensive manner. However, to permit 

such an approach, two inherent challenges associated with allogeneic cell transfer must be 

overcome. These include graft-versus-host disease (GVHD) and rejection of the infused CAR 

T cells by the host. Studies have been conducted to address these issues, as exemplified by 

the development of an approach using Transcription Activator-Like Effector Nucleases 

(TALEN™) to simultaneously inactivate both the endogenous TCR and CD52 of the 

adoptively transferred T cells. This approach decreased GVHD risk due to elimination of the 

endogenous TCR, whilst allowing for persistence of the infused CAR T cells due to depletion 

of the host T cells upon α-CD52 antibody administration [520]. A more recently developed 

alternative to remove TCR expression on the transferred CAR T cells is by targeting the CAR 



 
 

 206 

transgene insertion into the native TCR alpha chain (TRAC) locus. In this study, it was 

demonstrated that the transduced CD19-specific CAR T cells lacked the endogenous TCR 

whilst exhibiting robust anti-tumour responses due to reduced tonic CAR signalling and T 

cell exhaustion [521]. Given rapid advances in gene-editing technology such as CRISPR and 

other site-specific endonucleases, such genetic modification strategies may be achieved in an 

efficient and precise manner, allowing for a widespread clinical use [521]. Other potential 

avenues to generate off-the-shelf antigen-specific effector cells have also been investigated, 

and a promising strategy is the incorporation of a CAR transgene into NK cells instead of T 

cells. The use of CAR-expressing NK cells can obviate the GVHD issue from allogeneic 

donors as they do not induce GVHD. Several groups have reported pre-clinical evaluation of 

these CAR-expressing NK cells with promising results demonstrated [522, 523], and clinical 

trials investigating this approach are currently underway [524]. 
 

 Progression of CAR T cell therapy in the clinic to a standard of care treatment 2.6.

Adoptive T cell therapy holds promising potential for being a standard of care treatment 

option. This is supported by the recent exciting news of FDA approval of two CD19-CAR T 

cell products, KymriahTM and YescartaTM, for the treatment of patients with B cell-ALL and 

non-Hodgkin lymphoma who have not responded to, or who have relapsed following at least 

two other conventional treatments [170, 171, 442]. In order for adoptive T cell therapy to 

become a first-in-line treatment option however, a number of crucial challenges still need to 

be addressed. 

 

Overall, clinical responses of patients with B-cell ALL and non-Hodgkin lymphoma to the 

FDA-approved CD19 CAR T cells have been excellent [525]. However, a significant 

proportion of patients treated with KymriahTM have relapsed after several months, and many 

of the patients treated with YescartaTM have exhibited only partial responses that eventually 

waned by 6 months post treatment [526]. Thus, despite the remarkable success, there are 

concerns about long-term efficacy of CAR T cells, and it remains unknown how long the 

responses might last. More clinical data with long-term follow up will be required to assess 

the long-term benefit of CAR T cells. Furthermore, in the more complex setting of solid 

cancer, significant clinical responses are yet to be achieved [98]. Several factors could 

potentially have an impact on CAR T cell efficacy, including the variable potencies of the 

CARs themselves. It has been reported that tonic CAR signalling triggered by the clustering 

of CAR scFvs independent of antigen is capable of inducing CAR T cell exhaustion hence 
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limiting anti-tumour activity. Such activation was observed to varying degrees in multiple 

CARs studied targeting different antigens, except for the highly efficacious CD19 CAR 

[148]. Another factor that could influence CAR T cell effectiveness includes the makeup of 

the gut microbiome. A recent study demonstrated that the efficacy of adoptive therapy in a 

mouse model was significantly affected by differences in the composition of gut bacteria 

[527]. Further, the tumour microenvironment is highly immunosuppressive in solid tumours 

[528], and hence combination strategies that can alleviate the immunosuppressive 

environment and enhance CAR T cell function, as we have investigated in this thesis,  will be 

important to test in future clinical trials. Indeed, there has been some clinical evidence 

demonstrating the promising combined effect of CAR T cells and an immune checkpoint 

inhibitor α-PD-1 antibody, as reported in a patient with refractory diffuse large B cell 

lymphoma [275]. 

 

In addition to the tumour microenvironment, other factors related to the CAR T cells 

themselves can also have significant impacts on the therapeutic outcome. For example, 

component variability of the CAR T cell product such as variable differentiation stages of T 

cells used for infusion can potentially affect overall CAR T cell activity, and thus a more 

uniform production method may be important in the future. One approach to address this 

issue may include determining the optimum formulation of T cell subsets to use for infusion. 

It is well established that each subset of T cells has a unique function and cytokine profile, 

which influence their respective anti-tumour response [529, 530]. In the clinic, pre-defined 

CD4:CD8 T cell compositions have been used in clinical trials funded by therapeutic 

companies including Juno and Celgene [176, 531]. Moreover, it is increasingly apparent that 

the quality and efficacy of T cell immunity are a result of the diversification of naïve T cells 

into a number of phenotypically different subsets, including the highly differentiated effector, 

tissue resident memory, effector memory, central memory and memory stem T cells [532]. 

Naïve T cells can give rise to long-lived memory stem and central memory T cells, that are 

capable of self-renewal and can provide proliferating populations of more differentiated 

effector T cells, which are relatively short-lived [530]. This fate framework indicates that 

CAR genetic modification of less differentiated T cell subsets may result in achieving a 

greater and more sustained therapeutic response [533]. Indeed, preclinical studies have 

reported that receptor engineering of T cells selected from naïve and central memory subsets, 

or expanding naïve T cells in vitro with the addition of factors preventing the differentiation 
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of T cells, can result in cell products possessing superior anti-tumour effects, proliferation 

and engraftment following adoptive transfer [534-536]. Further, given that different 

cytokines commonly used in in vitro culture to maintain T cell survival such as IL-2, IL-7 

and IL-15 may have different impacts on T cell differentiation [537-539], cytokines used to 

culture T cells prior to adoptive transfer require further testing and characterisation. These 

observations together indicate that determining the optimum formulation of T cell subsets 

with the most superior anti-tumour potency for uniform use in adoptive transfer may help 

improve therapeutic outcome. Further, this strategy may additionally reduce product 

variability between patients, resulting in a more consistent therapeutic response. Taken 

together, resolving these concerns and challenges will hopefully allow for more widespread 

application, as well as acceleration of CAR T cell therapy to become a standard of care 

treatment option for various cancer types. 

 
 

 Concluding summary 2.7.

The potential approaches described herein to potentially improve CAR T cell therapy 

emphasise the important challenges within solid malignancies that need to be overcome. 

Increasing the specificity and safety of CAR T cells, harnessing the endogenous immune 

response to extend tumour destruction beyond CAR recognition, and reducing the 

manufacturing costs will together accelerate the broad application of CAR T cell therapy in 

various cancer types. Importantly, insights gained from the work in this thesis will contribute 

to the growing body of knowledge that provides alternative combination strategies that may 

significantly address some of the existing limitations for the treatment of solid malignancies. 
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