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Abstract 

 

Despite the successes of immunotherapy in the treatment of several cancer types, in 

metastatic proficient mismatch repair (pMMR) colorectal cancer (CRC) it has shown limited 

beneficial impact. In CRC, liver metastases are common and represent one of the greatest 

clinical challenges, both worsening prognosis and impeding the response to 

immunotherapy. Hence, it is essential to decipher the mechanisms by which liver 

metastases disrupt anti-tumour immunity and how these can be targeted therapeutically. 

The aim of this work was to better understand the fate of intratumoural CD8 T cells, namely 

how populations within the tumour interface with the peripheral immune compartment 

and ultimately contribute to the response to metastatic disease. To do this, novel in vivo 

primary and metastatic orthotopic CRC models that enable the temporal labelling of 

immune cells were developed. Across multiple models, the dynamics and migratory 

capacity of CD8 T cell populations were investigated.  

 

This work, utilising both scRNA-seq and flow cytometry, identified an intratumoural TCF-

1+ PD-1+ stem-like CD8 compartment. This stem-like population actively trafficked from 

tumours and these ‘tumour experienced’ T cells migrated to the dLN and beyond, 

circulating through lymphoid tissues. Implantation of CRC cell lines within both the colon 

wall and liver, modelling primary and metastatic disease respectively, showed that the 

location of tumour cell lines did not impact the phenotype of intratumoural CD8 

populations. Finally, utilising an in vivo dual liver and subcutaneous tumour model allowed 

for the systemic suppressive effect of liver tumours on the anti-tumour immune response 
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to be recapitulated. This model, coupled with novel labelling of the immune compartment 

of liver tumours, confirmed that CD8 T cells are able to migrate between the two tumour 

sites; however, the migration of T cells between dual subcutaneous tumours was minimal, 

highlighting the importance of orthotopic models in the study of immune cell migratory 

dynamics. Collectively, this work has developed new tools to study the migration of 

immune subsets in orthotopic metastatic models of CRC and revealed new insight into the 

behaviour of the stem-like CD8 population in cancer. 
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1.1. Introduction to Cancer Immunology 

 
The burden of cancer within the United Kingdom is substantial, with 375,000 new cases of 

cancer diagnosed and 167,000 deaths attributed to cancer each year.(1, 2) Globally, it is 

estimated that 18.1 million new cases of cancer were diagnosed and 10 million deaths were 

due to cancer in 2020.(3, 4) Most of the cancer-related mortality both within the UK and 

worldwide is attributed to metastatic disease, in which cancer cells from the initial tumour 

mass detach and establish deposits at an anatomically distant site.(5, 6) 

 

The therapeutic enhancement of the anti-cancer immune response represents one of the 

most significant advances in the field of oncology in recent years.(7) However, there 

remains enormous scope to improve responses to immunotherapy, and this is especially 

true in the metastatic setting where immunotherapy has shown limited success.(8) 

Improvements in immunotherapy critically depend upon a robust understanding of the 

effector immune compartment and the cellular environment that facilitates or obstructs 

it, the so-called tumour microenvironment (TME). This is especially the case in metastatic 

disease, where the interactions of tissue-specific cells and the cancer appear to develop 

further mechanisms of immune evasion.(9, 10) Cancer-related mortality is due to increase 

by 64% over the next two decades, and so research into the immunology of metastases is 

critical.(4)  
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1.1.1. Discovery of an immune response against cancer 

Cancer immunosurveillance refers to the capacity of the immune system to recognise 

tumour antigen and eliminate cancer cells accordingly. Paul Ehrlich was the first to 

hypothesise that most neoplastic cells were removed by the immune system before clinical 

presentation.(11) Evidence of an anti-tumour immune response was provided by Gross in 

1943, in a series of experiments in which mice were inoculated intradermally with 

syngeneic tumour cells before reinoculation with the same tumour cells.(12) Gross 

observed a higher rate of spontaneous regression of subcutaneously implanted tumours in 

animals that had prior inoculation with the same syngeneic tumour lysate.(12) 

Spontaneous rejection of intradermally implanted tumours had been observed previously, 

however, Gross controlled for the possibility of genetic differences between host animal 

and tumour cell line by developing a syngeneic tumour cell line.(12, 13) Similar work 

conducted by Foley in 1953 supported this, which controlled for the possibility of 

mutations in the re-injected tumour cells after repeated transplantation over time.(14) 

Burnet, building from this work, proposed the idea of cancer immunosurveillance in 1970, 

theorising that tumour neo-antigens stimulate an immune response that leads to 

elimination of many cancers before they become clinically apparent (15):  

 

“It is by no means inconceivable that small accumulations of tumour cells may develop and 

because of their possession of new antigenic potentialities provoke an effective 

immunological reaction with regression of the tumour and no clinical hint of its existence.”  
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Essential advances in understanding the important link between the immune system and 

cancer were made using genetically engineered mice. Mice deficient in various lymphocyte 

subsets showed increased susceptibility to tumour development, providing strong 

evidence supporting the theory of immunosurveillance.(16-19) The mechanisms 

underlying the anti-cancer function of lymphocytes began to be uncovered in the early 

2000s, with the protective role of interferon gamma (IFNγ) production by T cells and 

perforin.(19-21) 

 

Much of the evidence discussed comes from utilising murine models of cancer. Clinically, 

some of the most compelling evidence for an immune response against cancer is the 

increased risk of developing cancers with no known viral aetiology observed in those 

immunosuppressed recipients of solid organ transplants.(22-27) Unfortunately, many 

cancers do lead to clinical presentation, thus evidently immune surveillance of cancer is 

fallible. Understanding the factors leading to the failure of immune surveillance is essential 

to better consider how to restore or enhance immune cell functions.  

 

1.1.2. Immunoediting  

A more nuanced way of considering the immune response to cancer, termed 

‘immunoediting’, was introduced in Dunn et al.’s 2002 review.(28)  Three essential phases 

to the immune response in the context of cancer were described, elimination, equilibrium, 

and finally evasion.(28) Elimination is analogous to Burnet’s theory of immunosurveillance 

in which the immune system acts to eradicate the cancer prior to the development of 

symptoms.(15) Initial growth of the tumour leads to innate cell recruitment, then the 
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subsequent activation of infiltrating lymphocytes and production of IFNγ.(29) The IFNγ can 

act directly to induce tumour cell death, or indirectly through production of chemokines 

from the tumour as well as host tissues which have anti-angiogenic properties.(30-33) 

Chemokines further attract anti-tumour immune populations, such as natural killer (NK) 

cells, directly to the response. Death of tumour cells results in the release of tumour 

antigens and their uptake by DCs, which subsequently traffic to the draining lymph nodes 

(dLNs) and present these antigens to T cells, driving the expansion of tumour specific CD8+ 

and CD4+ T cells. These then home to the tumour and attempt to eliminate remaining 

tumour cells.(34) If successful, all the cancer cells are eradicated, however, frequently, 

some cells will survive the initial attack from the immune system. 

 

Equilibrium denotes the prolonged period in which tumour growth is restrained but unable 

to be eliminated by the action of host immune cells.(28) During this period, the host 

mechanisms deployed in the elimination phase exist but exert a selection pressure, leading 

to outgrowth of cancer cells that are better adapted to evade immune detection and 

eradication. Finally, immune escape describes when a cancer has evolved the ability to 

resist immune detection and destruction completely. In this phase, there is outgrowth of 

disease and malignant spread.(28)  

 

1.1.3. Evading immune destruction as a hallmark of cancer 

In 2000 Hanahan and Weinberg suggested six unifying principles underlying the complex 

multi-step development of cancer, including: sustaining proliferative signalling, evading 

growth suppressors, activating invasion and metastasis, enabling replicative immortality, 
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inducing angiogenesis, and resisting cell death.(35) These hallmarks were focused on the 

essential capabilities normal cells acquire on their progression to a neoplastic state. This 

framework was updated by the authors in 2011 to include what they termed “enabling 

characteristics” and “emerging hallmarks”.(36) Emerging hallmarks were yet more 

characteristics acquired by cells on their progression to cancer, including “deregulating 

cellular energetics” and “avoiding immune destruction”. The enabling characteristics of 

“genome instability” and “tumour-promoting inflammation”, were included as they 

facilitate the acquisition of the original hallmarks of cancer.(36)  

 

The 2011 review further highlighted essential elements of the TME beyond cancer cells, 

bringing the importance of the immune system into the picture.(36) The authors 

acknowledged that immune surveillance must necessitate that tumours find ways of 

evading detection by the immune system. Methods of immune evasion noted were 

secretion of immunosuppressive factors and the recruitment of inflammatory cell types 

that in turn have an immunosuppressive effect.(36-39) Despite work published on immune 

checkpoints in cancer by 2011, these were not mentioned as a mechanism of immune 

avoidance; and so avoiding immune destruction was confined to an “emerging” hallmark, 

until 2022 when Hanahan’s review included this as a core hallmark of cancer.(40-42)  

 

1.1.4. Pro- and anti-tumourigenic immune subsets in the tumour microenvironment 

Extensive analysis of the composition of the TME has revealed that an array of immune 

cells and subsets, both pro- and anti-tumourigenic, are present in the TME. Key cells 

responsible for direct tumour cell killing are NK cells initially, then later cytotoxic T 
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lymphocytes take over.(43, 44) This response is underpinned by cells of the innate immune 

compartment, including dendritic cells and certain subtypes of macrophages, as well as 

cells of the adaptive arm of the immune response, comprising B cells and some CD4+ T 

cells.(45-47) The suppressive immune populations hindering effective anti-tumour 

immune responses include, but are not restricted to, T regulatory (Treg) cells, inflammatory 

macrophages, and immune suppressive neutrophils.(48) These populations stunt effector 

responses via various humoral and cellular mechanisms, including the secretion of 

immunosuppressive cytokines, depletion of resources essential for T cell responses, and 

expression of inhibitory receptors.(38, 49) Beyond immune populations within the TME 

there are stromal populations, such as fibroblasts, that both coordinate the actions of 

immune cells but also display immune functions.(50-53) Both immune and stromal 

populations in the TME are heavily influenced by tumour site. The intricacies of the roles 

each of these immune subsets play in the setting of malignancy is beyond the scope of this 

thesis. CD8+ T cells, as the final anti-tumour effector agent in the adaptive response against 

cancer, will form the focus of this work.  

 

 

1.2. CD8 T Cell Activation & Effector Function in Cancer  

 

It is well-established that T cell infiltration within tumours is associated with improved 

prognosis.(54-57) Specifically, an enriched cytotoxic CD8+ T cell population is strongly 

indicative of superior outcomes in multiple cancers.(54, 55, 58-60) However, CD8+ T cells 

are not static and exist on a continuum of differentiation states from naïve, to effector, to 
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memory populations. In the model scenario in which there is clearance of the tumour and 

thus inciting antigen, many cytotoxic CD8+ cells will be removed by apoptosis with some 

differentiating to form memory cells, providing future protection.(61) If tumour clearance 

is not possible, then there is antigen persistence, and CD8+ T cells are pushed toward a  

different fate termed ‘exhaustion’, resulting from chronic stimulation. Both exhaustion and 

memory states will be covered in 1.3. and 1.5. First, it is important to consider how a robust 

anti-tumour CD8 T cell response is generated.  

 

1.2.1. Presentation of tumour antigen on MHC class I  

The presentation of tumour antigen represents the key initial step in the generation of a 

successful anti-tumour CD8 T cell response. Dendritic cells cross-present tumour antigen 

to naïve CD8 T cells bearing the cognate T cell receptor within the dLN, where these rare 

populations are concentrated to increase the likelihood of interactions.(62-66) This results 

in the subsequent clonal expansion of antigen-specific T cells that underlie a robust 

adaptive immune response. The conventional dendritic cell 1 (cDC1) subset is most 

effective at cross-presenting tumour antigen on major histocompatibility complex class I 

(MHCI) to initiate CD8 T cell responses.(64, 67) Aside from the classical model of antigen 

presentation described, due to the persistence of antigen in established tumours that have 

escaped immunological control, there exists the possibility of cross-priming by antigen 

presenting cells (APCs) within the TME itself.(68, 69) However, whilst the TME provides a 

large depot of tumour antigen, as well as populations equipped for antigen presentation, 

immunosuppressive populations present within tumours and lack of adequate co-

stimulation may limit the extent of priming of successful T cell responses at this site.(67) 
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Alongside this, the typical migration of naïve T cells is through blood and lymphatic 

circulation, as mediated by the expression of CD62L and chemokine receptor 7 (CCR7) (70); 

despite evidence of naïve T cell migration into peripheral tissues, there is far less evidence 

of robust naïve T cell populations entering unmanipulated tumours.(71) Hence, the relative 

importance of this mechanism remains uncertain.  

 

The mechanisms by which dendritic cells (DCs) are recruited into the TME and 

subsequently acquire antigen are important, as it has been shown that an increased 

number of intratumoural cDC1s is a positive prognostic marker.(72, 73) cDC1 recruitment 

into tumours is chemokine-mediated, important chemokines include chemokine ligand 5 

(CCL5) and chemokine (C motif) ligand 1 (XCL1) produced by NK cells.(73) The population 

is then maintained within the TME by growth factors, such as  FMS-like tyrosine kinase 3 

ligand (FLT3L), again principally produced by NK cells.(74) Activation of DCs within the TME 

is via pattern recognition receptors (PRRs) recognising damage-associated molecular 

pattern (DAMPs) released from stressed or damaged cells.(75) Tumour-derived DAMPs 

arise from the much-increased cell turnover, damage signals are then further enhanced by 

conventional cancer therapies.(75, 76) Post-activation, DCs upregulate CCR7, facilitating 

egress through lymphatics to the dLN, where priming of naïve T cells can occur as 

mentioned previously.(77, 78)  

 

In the context of cancer, there are numerous barriers to the successful presentation of 

tumour antigen. One of the first problems is the tumour antigens themselves. The first 

tumour antigen recognised by the immune system to be discovered was melanoma-
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associated antigen (MAGE-1) in 1991.(79) Melanoma is an example of a cancer with a high 

tumour mutational burden (TMB), and therefore more tumour neoantigen which can be 

presented to T cells, making it more immunogenic.(80) TMB was thought to be linked to 

increased responsiveness to immunotherapy observed in melanoma.(81) Therefore, those 

cancers with a lower mutational burden, such as proficient mismatch repair (pMMR) 

colorectal cancer (CRC), being less ‘visible’ to the immune system, often induce a limited 

anti-tumour T cell response.(80) TMB whilst important, is not the only factor, and clearly 

other inhibitory mechanisms play a role. Aside from tumour antigen, another barrier worth 

mentioning is DC dysfunction. Mature DCs enriched in immunoregulatory molecules, or 

mRegDCs, was a term introduced by Miriam Merad in 2020 to describe a distinct DC subset 

present in tumours that might curtail the anti-tumour response via high expression of 

programmed death-ligand 1 (PD-L1) and 2 (PD-L2).(82) This ‘mRegDC’ programme was 

shown in both cDC1 and cDC2s following the uptake of tumour antigen, with the increase 

in immunoregulatory molecules ultimately reducing DC functionality.(82) More recent data 

indicate that this intratumoural DC population should be considered an activated DC 

compartment and while DC activation is associated with traffic to the dLN, dynamic 

labelling of tumours revealed that some activated DC are actually retained within the 

TME.(83) Precisely how intratumoural DCs shape the anti-tumour T cell response remains 

an area of intense research.  

 

1.2.2. T cell activation 

T cells originate from the bone marrow in the form of early thymic progenitors that then 

undergo maturation within the thymus.(84) Negative selection represents a critical step in 
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thymic development, involving presentation of self-peptide on MHC within the medulla. T 

cells binding self-peptide with high avidity are deleted and hence those exiting the thymus 

are not reactive to host tissues.(85-89) Upon exiting the thymus CD8+ T cells are termed 

naïve and require activation to become effector CD8 T cells. The initial step in CD8 T cell 

activation is the T cell receptor (TCR) recognising its cognate antigen, in this scenario 

tumour specific antigens, presented on MHCI.(90) As class I MHC is present on the surface 

of all nucleated cells, CD8 T cells can recognise antigen presented by DCs but also on a 

variety of cells, including the cancer cells themselves.(91, 92) Binding of the co-receptor 

CD8 to MHCI stabilises the interaction between the cell presenting antigen and the T cell, 

inducing conformational changes in the CD3 family of proteins resulting in phosphorylation 

and downstream signalling.(90)  

 

Peptide:MHCI TCR signalling alone in the absence of other signals will not result in T cell 

activation, but instead anergy and eventual apoptosis; co-stimulation via interaction of 

CD28 on the T cell surface with CD80/B7.1 or CD86/B7.2 on other immune cells is essential 

for productive T cell stimulation.(93, 94) There exist a multitude of co-stimulatory, as well 

as co-inhibitory, receptors that contribute to determining the outcome of TCR signalling 

and ultimately the fate of the T cell.(95) CD8 activation requires help from innate 

populations as well as CD4 T cells. CD4 T cells facilitate the CD8 response through multiple 

mechanisms, including through CD40L binding of CD40 on DCs;(96, 97) this binding results 

in signalling within the DC that increases production of interleukin (IL) 12 and 15, and 

upregulates co-stimulatory molecules on the DC surface CD80, CD86 and CD70.(96-98) 

Other signals in the environment such as the presence of cytokines, can additionally 
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promote or inhibit the T cell response.(99) IL-12 provided by DCs, and type I interferon 

from DCs and macrophages, are examples of signals that enhance a CD8 effector response, 

promoting CD8 survival and differentiation into effector and memory subsets.(100-

102)  IFNγ production from NK cells, as well as autocrine production by CD8 T cells 

themselves, supports CD8 effector differentiation.(103) The absence of co-stimulation and 

activating signals results in reduced proliferation and diminished effector 

functionality.(104, 105)  

 

The exact timing and location of CD8 T cell priming, activation and acquisition of effector 

functionality in cancer is still not fully resolved. A paper published by Prokhnevska et al. in 

2023 suggested that initial priming and activation of T cell factor 1+ (TCF-1+) tumour-

specific CD8 T cells occurred in the dLN, but fundamentally these cells lacked an effector 

phenotype.(106) It was proposed that this TCF-1+ CD8 population migrates to the tumour, 

where appropriate co-stimulation and cytokines are provided, resulting in acquisition of an 

effector phenotype. These studies relied upon phenotypic similarities and TCR overlap 

between cells at both sites, a direct assessment of migration was not performed.(106) 

However, this study highlights that subtle differences in CD8 T cell priming and activation 

in cancer are yet to be fully elucidated.  

 

1.2.3. CD8 effector functions in cancer 

CD8+ T cells, also termed cytotoxic T lymphocytes (CTLs), carry out essential functions 

protecting the host from intracellular pathogens, as well as in tumour immunosurveillance. 

CD8+ T cells play a major role in the anti-tumour immune response due to their ability to 
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directly kill cancer cells, alongside promoting tumour MHCI expression and tumour antigen 

presentation through IFN-γ production. Effector CD8 T cells can be identified based on 

expression of surface markers such as CD25, CD69 and CD95; alongside high levels of 

perforin, granzymes and IFNγ; and transcription factors (TFs) such as T-box expressed in T 

cells (T-bet) and eomesodermin homologue (EOMES) that drive effector functions and 

differentiation.(16, 107-110)  

 

The main mechanism by which CD8+ T cells act is through the induction of target cell 

apoptosis, either via the directional release of cytotoxic granules or engagement of death 

receptors. Cytotoxic granules contain perforin, which forms pores in the membrane of the 

target cell, then granzymes which can travel through the perforin-pore cause apoptosis. 

(111, 112) Perforin-deficient mice had normal numbers of CD8 T cells but demonstrated 

partial defects in eradicating induced tumours.(111) Once stimulated, CD8 T cells also 

express Fas ligand (FasL), which can bind Fas present on the target cell, resulting in 

activation of the caspase cascade and subsequent apoptosis.(113) The tumouricidal 

activity of FasL is uncertain, as cancer cells have multiple resistance mechanisms.(114-118) 

Finally, most CD8 T cells release IFN-γ, alongside other cytokines, additionally boosting host 

immune responses. IFN-γ causes macrophage activation and the increased expression of 

MHCI, further assisting antigen presentation and recognition.(119, 120) However, the 

balance of cytokines is key, and IFN-γ exemplifies this. IFN-γ, whilst playing a role in the 

anti-cancer immune response, has conversely been shown to promote tumour growth 

through chronic inflammation and promotion of an immunosuppressive TME.(121-124) 

Ultimately, CD8 T cells are essential in the anti-cancer immune response, however 
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persistence of an effector CD8 phenotype in the face of chronic antigen exposure is not 

possible.  

 

 

1.3. CD8 Dysfunction in Cancer - The Default State 

 

The normal fate of CD8+ T cells following antigen clearance in the context of acute 

infection, is that remaining T cells undergo apoptosis with a fraction differentiating to form 

a pool of long-lived memory populations.(61) However, with cancer there is persistence of 

antigen, meaning that CD8 T cells will follow a different trajectory toward exhaustion. 

Persistent antigen exposure represents a different challenge for the immune response, and 

the exhaustion programme may represent an adaptation to enable prolonged T cell 

responses in this scenario. It is essential to unpick at which stage of CD8 differentiation T 

cells are having the greatest impact on the tumour, and which of these stages can be 

‘rescued’ or manipulated by immunotherapeutic targeting. 

 

1.3.1. Discovery of ‘exhausted’ CD8 T cells 

The exhausted CD8+ T cell population represents a heterogeneous pool of cells that arise 

during chronic viral infections and cancer. An exhausted CD8+ T cell phenotype was first 

described in the context of chronic lymphocytic choriomeningitis virus (LCMV), as a 

population of antigen-specific CD8+ T cells that lacked the ability to produce 

cytokines.(125, 126) T cell exhaustion was first defined in models of chronic viral infection 

according to phenotypic and functional characteristics.(126, 127) High levels of co-
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inhibitory receptor expression at the cell surface is an identifying feature of 

exhaustion.(128) For example programmed cell death protein 1 (PD-1), though present 

upon T cell activation, is expressed at higher levels on exhausted cells.(129-131) A 2011 

review by Wherry described the hierarchical loss of function during the acquisition of an 

exhausted CD8 phenotype.(132) The functional changes begin with loss of ex vivo killing, 

IL-2 production and decreased proliferative potential, followed by loss of tumour necrosis 

factor (TNF) production.(132) Later, the ability to release cytotoxic granules and produce 

IFN-γ is lost.(132) More recently several TFs have been used to define the exhausted CD8+ 

T cell, not limited to thymocyte selection-associated high mobility group box protein (TOX), 

EOMES, and B lymphocyte-induced maturation protein 1 (BLIMP1). (133-137)   

 

The main factor in the development of an exhausted CD8 T cell phenotype is prolonged 

antigen exposure, with the degree of exhaustion positively correlated with the amount and 

length of antigen exposure.(138-142) Experiments in which the amount of the LCMV-

derived gp33 peptide was altered, but the viral load kept consistent, revealed that low 

amounts of antigen result in CD8 T cells of a phenotype found in the acute infectious 

setting.(141) However, low affinity TCR binding still resulted in CD8 T cell exhaustion.(141) 

It was also shown that depletion of CD4 T cells at the time of infection contributed to the 

development of exhaustion in the antigen-specific CD8 compartment, and as a result mice 

became lifelong LCMV carriers.(143) Finally, although proinflammatory cytokines alone are 

not enough to cause exhaustion, at high levels they may cause the release of regulatory 

cytokines that foster exhaustion. IL-10 appears to promote the development of an 

exhausted phenotype, and indeed several studies studying the effect of therapeutically 
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blocking IL-10, demonstrated that this enhanced T cell function and helped prevent 

exhaustion.(144-146) Transforming growth factor beta (TGF-β) is another cytokine that 

appears to play a role in promoting exhaustion, using a model in which TGF-β signalling 

was attenuated demonstrated a reduced level of PD-1 expression on virus-specific CD8 T 

cells.(147) Even from the two cytokines mentioned here, it is clear that the balance of 

cytokines has an important effect on the nature of CD8 T cell response.  

 

T cell exhaustion exists on a gradient, from pre-exhausted to early and late exhausted, see 

Figure 1.1. The transition from an early dysfunctional state toward late exhaustion is 

characterised by a progressive increase in the expression of co-inhibitory receptors and 

loss of typical CD8+ effector functions, alongside changes in the expression levels of 

TFs.(134, 148) CD44 and PD-1 were the first markers used to show heterogeneity in the 

exhausted CD8 compartment, PD-1int CD44hi were shown to retain more functionality 

compared to PD-1hi CD44int;(128) in addition, PD-1int CD44hi cells still showed a degree of 

responsiveness to ICB.(128) Im et al. provided further insight into the heterogeneity in the 

PD-1int population following PD-1 therapy in the LCMV setting.(149) Transfer of CXCR5+ 

TCF-1+ TIM-3- cells into infection-matched recipients were shown to mediate the response 

to ICB, whilst also giving rise to a more exhausted CXCR5- TCF-1- TIM-3+ 

population.(149) The PD-1hiCD44int terminally exhausted effector population represents 

those CD8 T cells at the end of the exhausted spectrum, with high expression of co-

inhibitory receptors, no proliferative potential and poor effector capacity.(132) The above 

studies are consistent with a model in which a small number of pre-exhausted or early 

exhausted cells giving rise to a larger exhausted or terminally exhausted population.  
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Figure 1.1. Illustration showing the spectrum of CD8 T cell exhaustion. 

Transcription factors and surface markers associated with each CD8 T cell differentiation 

state are shown. Of note, from early to a fully exhausted state there is an increase in the 

expression of inhibitory receptor genes as well as loss of TCF-1. Created with 

Biorender.com 

 

1.3.2. CD8 T cell exhaustion in cancer  

T cell exhaustion is a defining feature of the T cell infiltrate within tumours. Some of the 

first evidence that demonstrated an exhausted intratumoural T cell compartment was the 

high expression of inhibitory receptors by tumour infiltrating lymphocytes (TILs).(150, 151) 

In addition, the production of effector cytokines alongside proliferative capacity is reduced 

in this population, as observed in T cell exhaustion in the context of chronic viral 

infection.(132, 151) It was demonstrated that this compartment was key in the response 
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to ICB, and phenotypic characterisation of the cells responding to ICB led to the realisation 

that there was heterogeneity in the exhausted CD8 T cell pool.(149, 152, 153) 

 

The TF TOX was shown to underpin CD8 T cell exhaustion (133, 134). Through studying 

retroviral TOX expression in vitro, it was shown that TOX is unnecessary for the formation 

of effector and memory CD8 populations, but in the absence of TOX exhausted CD8 T cells 

did not form.(134) Single cell analysis, both scRNA-seq and scATAC-seq, and profiling of 

exhausted CD8 populations in tumours revealed regulatory regions important in 

developing an exhausted phenotype, these confirmed that they are an independent 

lineage from the effector population; they also highlighted that the exhaustion of T cells in 

both chronic viral infection and cancer are epigenetically similar.(154-156) ScATAC-seq 

indicated that chromosome accessibility in exhausted versus effector T cells showed 

fundamental differences, with exhaustion-related regions enriched for nuclear receptor 

subfamily 4 group A member 1 (N4RA1) and nuclear factor of activated T cells (NFAT) 

without adjacent activator protein 1 (AP-1) site.(154) Abdel-Hakeem et al. demonstrated 

that exhausted CD8 T cells remain epigenetically ‘stuck’, as upon removal of antigen there 

is some recovery of function, however this population is unable to regain memory 

capacity.(135) The evidence available supports the notion that exhaustion is a distinct state 

of differentiation underpinned by re-wiring of the genome. 

 

This exhausted T cell population within tumours lacks proliferative potential, in particular 

in response to ICB, and so how the anti-tumour response was sustained for many years in 

some patients remained under debate.(157) A precursor or early exhausted population, 
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expressing the memory-associated transcription factor TCF-1 (encoded by Tcf7), provided 

an answer.(158, 159) 

 

1.3.3. Stem-like CD8 T cells sustain the exhausted compartment 

Stem-like CD8 T cells, or the ‘precursors of exhausted’ T cells (Tpex), represent an early 

subset on the exhaustion continuum that allows the T cell response to be sustained. Stem-

like CD8 T cells have memory-like features (expression of CD62L, CCR7, CD127), lack 

expression of effector genes (granzyme B), but demonstrate certain features of exhaustion 

(including PD-1 and TOX expression).(158-160) This population express TCF-1 and preserve 

a high proliferative potential, meaning that stem-like cells are capable of maintaining the 

antigen-specific TCF-1- population whilst also undergoing self-renewal.(158)  It has been 

suggested that high antigen load may play an important role in preventing this population 

from continuing along the differentiation pathway toward a fully exhausted 

phenotype.(141, 160) 

 

In LCMV models, the pre-exhausted stem-like (TCF-1+ PD-1+) CD8 phenotype was linked 

to the proliferative burst following blockade of the PD-1/PD-L1 axis responsible for 

sustaining the response.(149, 158) Most of the work mentioned thus far was carried out in 

murine LCMV models, but Siddiqui et al. identified a TCF-1+ PD-1+ CD8 compartment and 

examined its function in both pre-clinical tumour models and the clinical setting.(148) 

Experiments in which TCF-1+ CD8 T cells were selectively ablated, led to reduced numbers 

of TCF-1- CD8 T cells and significant tumour progression.(148) Intratumoural TCF-1+ PD-1+ 

CD8 T cells specifically were highlighted as driving proliferation following ICB therapy, as 
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tumours still responded to ICB even when FTY720 was administered blocking further 

lymphocyte entry into the tumour.(148) Further supporting these data, transcriptomic 

profiling of clinical samples from melanoma patients treated with immune checkpoint 

blockade (ICB) revealed that a similar CD8 phenotype was essential in the response to 

therapy, as Tcf7 expression by tumour infiltrating CD8 T cells correlated with an improved 

response to ICB.(161) The studies above emphasise the potential significance of the 

intratumoural stem-like CD8 compartment in the response to immunotherapy.  

 

 
1.4. Harnessing the Immune Response Against Cancer - Current CD8 

Immunotherapies  

 

Over the past decade cancer immunotherapy has increasingly been recognised as an 

important means of treating cancer, with the Nobel Prize in Physiology or Medicine in 2018 

awarded for the discovery of ICB.(7, 41, 42) Immunotherapy now forms an essential part 

of the treatment of some cancers, with the National Institute for Health and Care 

Excellence in the UK issuing recommendations for the use of ICB in multiple cancers.(162-

164) There are a multitude of immunotherapies being used to target various components 
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of the anti-tumour immune response, however here the focus will be on the CD8 T cell 

response (Fig. 1.2). 

 

Figure 1.2. Diagram demonstrating immunotherapies that target the anti-tumour CD8 T 

cell response.  

CD8 immunotherapies can be broadly categorised as enhancing an existing anti-tumour 

immune response or stimulating a new response. Types of therapies are underlined, and 

examples of each therapy type shown in bold. Created with Biorender.com 

 

1.4.1. Types of T cell focused immunotherapy 

T cell immunotherapies, in broad terms, can be understood as either enhancing a pre-

existing anti-tumour immune response, or as generating a new response to tumour 

antigen, see Figure 1.2. Both checkpoint inhibitors and therapeutic cytokines, are examples 
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of therapies that enhance existing anti-tumour immunity. Checkpoint inhibitors are 

monoclonal antibodies that target immune regulatory checkpoints, allowing for the 

continuation of an anti-tumour immune response.(165) ICB will be covered in further detail 

in 1.4.2. Therapeutic cytokines have been trialled and work to support productive T cell 

responses, examples include: IL-2 to support T cell expansion, IL-15 through enhancement 

of proliferation and cytotoxicity, and locally acting IL-12 leading to IFN-γ production by T 

cells whilst also having anti-angiogenic properties.(166-171) Alternatively, antibodies 

targeting immunosuppressive cytokines such as TGF-β and TNF-α have been used in clinical 

trials to prolong anti-tumour T cell responses.(172-174) However, the dynamics of these 

cytokines in the anti-tumour response is likely to be more nuanced. TNF-α can be 

supportive of the immune response, but chronic TNF-α signalling within the TME can lead 

to activation-induced T cell death.(175, 176)  Similarly, TGF-β inhibits growth of tumour 

cells in the initial stages of tumour development, but later on acts in an 

immunosuppressive fashion by recruiting immune cells of an immunoregulatory 

phenotype, shaping the stromal compartment, and decreasing CD8 T cell activity.(177, 

178) 

 

Stimulating a novel immune response against a patient’s tumour represents another 

approach in cancer immunotherapy. Adoptive cell therapy (ACT) encompasses multiple 

techniques that involve the isolation and expansion of a patient’s own T cells; once the 

number of tumour-specific T cells cultured has reached the therapeutic threshold, then the 

cells are transferred back into the patient following lymphodepletion. The three main types 

of ACT are tumour-infiltrating lymphocytes (TILs), genetically engineered T cell receptors, 
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and chimeric antigen receptor T cells. ACT has led to successful treatment of 

haematological malignancies in the clinic, as well as more limited successes in treating solid 

tumours such as melanoma.(179-182) This approach is not without its problems, including 

patients lacking TILs in their tumour, immunosuppressive mechanisms present in the TME, 

T cell exhaustion, and the time taken to produce cells for transfer.(183) 

 

Cancer vaccination overlaps both the strategies mentioned above, with the aim of inducing 

tumour antigen-specific T cells capable of anti-tumour activity. Vaccine platforms are 

either peptide-based (containing multiple epitopes to stimulate a T cell response), cell-

based (tumour cell or dendritic cell), viral-based (e.g., using adenovirus to provide tumour-

shared antigen), or nucleic acid-based. Antigen selection is key to the design of vaccines, 

in the context of cancer these are categorised according to whether they are tumour-

shared antigens or tumour-specific antigens.(184) Tumour-shared antigens include those 

proteins that are overexpressed in cancer, differentiated self-antigen, and viral specific 

proteins. The merit of this approach is that the vaccines developed can be used across 

patients, however these vaccines have had limited success and the nature of the antigen 

being non-specific means that off-target toxicities are a risk.(184, 185) Tumour-specific 

antigens on the other hand are expressed only by tumour cells, the off-target effects are 

limited with this strategy, but finding an effective neoantigen is problematic.(184, 186, 

187) Currently most cancer vaccines are in clinical trial stages, and the limited benefits 

observed may be due to the patient groups being treated, largely those who have received 

all available conventional treatment and whose immune systems are depleted.(188)  
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1.4.2. Immune checkpoint blockade 

Immune checkpoints are surface molecules, both stimulatory and inhibitory, that help 

regulate the magnitude of the adaptive immune response. Inhibitory immune checkpoints 

are key in preventing autoimmunity and regulating immune responses, so they do not 

cause unwanted damage to tissues. However, in the context of an anti-tumour immune 

response contribute to pathology by cutting short a productive T cell response and assist 

in immune escape of the tumour.  

 

The discovery of ICB in enhancing the antitumour immune response, led to Allison and 

Honjo being jointly awarded the Nobel Prize in Physiology or Medicine in 2018.(7, 41, 42) 

Immune checkpoint inhibitors, also referred to as ICB, support the existing immune 

response by blocking receptor-ligand interactions that dampen the immune response. The 

PD-1/PD-L1 and CTLA-4/CD80 CD86 axis represent two of the most important pathways in 

the field of cancer immunotherapy. Programmed cell death 1 (PD-1) protein is present on 

the T cell surface post-activation and negatively regulates activity when bound by 

programmed cell death ligand 1 (PD-L1), expressed by both APCs in the tumour 

environment as well as the cancer cells themselves.(41, 189) Early work demonstrating the 

effect of the PD-1/PD-L1 axis in pre-clinical myeloma models demonstrated that tumour 

growth could be inhibited by administration of anti-PD-L1 antibodies and completely 

repressed in PD-1 deficient mice.(41) The second key inhibitory checkpoint, cytotoxic T 

lymphocyte associated protein 4 (CTLA-4), is upregulated in activated T cells and 

translocated to the cell surface where it can then interact with CD80/CD86 on APCs.(97) 

CTLA-4 binds with higher affinity and avidity than CD28 to CD80/86, where it then inhibits 
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T cell stimulation and cytokine production.(97, 190) Initial studies using antibodies to block 

CTLA-4 activity in pre-clinical cancer models resulted in the rejection of pre-established 

tumours.(42) Antibodies against PD-1, PD-L1, CTLA-4 and LAG-3 are currently routinely 

used in clinical practice (162-164, 191, 192); with many other trials using ICB targeting 

other checkpoints ongoing.(193) Table 1.1 summarises current therapeutically targeted 

inhibitory checkpoints.  

 

Table 1.1– Inhibitory immune checkpoints currently targeted. 

List of inhibitory immune checkpoints alongside their corresponding ligands and immune 

cell expression pattern. Current therapeutic antibodies targeting immune checkpoints and 

their stage of clinical development are also displayed.  

Inhibitory Checkpoints Ligand/s Pattern of 

Expression 

Therapies Phase of 

Clinical 

Trials 

Programmed Death-1 

Receptor (PD-1) 

PD-L1 

PD-L2 

T cells  

B cells 

Anti-PD-1 mAb 

(pembrolizumab, 

nivolumab) 

Anti-PD-L1 mAb 

(atezolizumab) 

Approved 

by NICE. 

(191, 194, 

195) 

Cytotoxic T-

Lymphocyte Antigen 4 

(CTLA-4) 

CD80 

CD86 

T cells Anti-CTLA-4 mAb 

(ipilimumab) 

Approved 

by NICE. 

(164, 196) 
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Lymphocyte 

Activation Gene-3 

(LAG-3) 

MHCII T cells 

B cells 

NK cells 

DCs 

Anti-LAG-3 mAb 

(relatlimab) 

LAG3 fusion protein 

Bispecific LAG-3/PD-L1 

Ab 

Approved 

by NICE. 

(197) 

T Cell 

Immunoreceptor with 

Ig and ITIM Domains 

(TIGIT) 

CD155 T cells 

NK cells 

Anti-TIGIT mAb 

(tiragolumab) 

Phase III. 

(198) 

T Cell Immunoglobulin 

and Mucin Domain 3 

(TIM-3) 

Galectin 9  

CEACAM1 

Phosphatidy

lserine 

T cells 

B cells  

Cancer cells 

NK cells 

DCs 

Monocytes 

Anti-TIM-3 mAb 

(sabatolimab) 

Bispecific TIM-3/PD-1 

Ab 

Phase III. 

(199) 

NKG2A MHCI HLA-E T cells  

NK cells 

Anti-NKG2A mAb 

(monalizumab) 

Phase III. 

(200) 

Inducible T Cell 

Costimulator (ICOS) 

ICOSL T cells Anti-ICOS mAb Phase II. 

(201) 

B and T Lymphocyte 

Attenuator (BTLA) 

HVEM T cells  

B cells 

Anti-BTLA mAb 

(icatolimab) 

Phase I. 

(202) 
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1.4.3. Resistance to immune checkpoint blockade 

Despite the successes of ICB in oncology there are still major barriers to overcome. 

Resistance to ICB can be either primary, in cases where the tumour is unresponsive to initial 

therapy, or acquired, where patients experience relapse after an original response. Tumour 

immunogenicity poses one of the first barriers to the generation of a productive anti-

tumour immune response, with a higher TMB often correlating with improved responses 

to ICB.(203-206) However, TMB is an imperfect marker to predict responsiveness to ICB, 

this is in part due to the type of mutation not being taken into account.(81, 207, 208) 

Another mechanism of resistance is the downregulation of MHCI hindering the CD8 T cell 

response, this is described in around half of human tumours and often correlates with 

inferior prognosis.(92, 209-213) Finally, even when effector T cells are able to recognise 

tumour antigen and physically infiltrate the tumour, the TME itself is overwhelmingly 

immunosuppressive, harbouring immunoregulatory subtypes that foster irreversible CD8 

T cell dysfunction.(150, 154, 214-216) 

 

Differences in the response to ICB go beyond the tumour and extend to the host. It has 

been demonstrated that syngeneic mice, injected with the same tumour cells, treated with 

ICB at the same time points can have completely different responses to ICB. Host-related 

factors such as age, sex, and disease clearly impact the immune system at baseline, so it 

seems clear that these could influence response to ICB.(217, 218) Environmental factors, 

such as diet, microbiota and infection history, also profoundly influence the immune 

system of the host and thus the immune response. (219, 220) Most of the research into 
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the failure of the CD8 T cell response in ICB treatment focuses on the immune landscape 

of the tumour mass itself, neglecting to consider the role of immune cells trafficking into 

the cancer from elsewhere; or indeed egressing the tumour and the influence of this 

population on nodal disease and wider metastatic spread.  

 

1.4.4. Combination therapies  

Many patients still do not receive substantial benefit from monotherapy with ICB, and so 

efforts have shifted toward finding appropriate combination therapies. The use of anti-

CTLA-4 with anti-PD-1 was the first ICB combination trialled in clinic, resulting in prolonged 

progression free survival and overall survival.(221) However, the proportion of patients 

reporting treatment-related adverse effects went from 86% to 96%, raising concerns over 

toxicity.(221) Combination therapies may combine ICB with chemotherapy, radiotherapy, 

targeted therapy, or other immunotherapies working on different pathways. 

Chemotherapy-ICB and radiation-ICB combinations are thought to work due to increased 

immunogenic cell death (ICD) and cancer antigen presentation following chemotherapy or 

radiotherapy.(222-224) Unfortunately, both chemotherapy and radiotherapy can have 

negative impacts on the efficacy of immunotherapy, with chemotherapy causing 

lymphodepletion and radiation therapy enhancing an immunosuppressive phenotype 

within the TME.(225, 226) With regard to targeted therapy-ICB combinations, the most 

promising are angiogenesis inhibitors. Like the previously mentioned strategies, ICD plays 

a part in the effectiveness, but in addition the VEGF-VEGFR pathway has 

immunomodulatory functions influencing T cell activation, regulatory populations and 

dendritic cells.(227, 228) Dual immunotherapy combination strategies are numerous, 
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including cytokines-ICB, ACT-ICB, ICB-ICB and targeting of innate immune cells alongside 

ICB.(229-232) Whilst these approaches are still in their infancy, several combination 

therapies are already approved for use in clinic. 

 

 
1.5. Systemic and Long-lived Immunity to Cancer 

 

Durable tumour regression is the desired end-state of immunotherapy. The generation of 

immune memory should ensure protection against future recurrence of the same cancer. 

Essential questions remain concerning anti-tumour immunity and memory responses, 

including whether true memory T cells can contribute to the immune response against 

cancer, and whether exhausted CD8 T cells are involved in memory responses. 

 

1.5.1. Generation of CD8 memory responses 

Memory T cells are those that have responded to antigen prior to long-term maintenance 

in the pool of T cells. Defining features of memory populations include a high proliferative 

potential, an ability to rapidly regain effector function upon antigen re-exposure, and 

persistence in the absence of antigen through the effects of IL-7 and IL-15.(233-235) The 

key memory CD8 T cell subtypes are central memory (Tcm), effector memory (Tem), and 

tissue resident memory (Trm). Tcm cells are defined as CD44hi CD62L+ CCR7+ and re-

circulate through secondary lymphoid tissue in search of their cognate antigen.(236) Tcm 

proliferate to produce the effector memory population.(236) Tem cells, CD44hi CD62L- 

CCR7-, circulate through non-lymphoid tissue and maintain the ability to produce effector 



30 
 

cytokines.(236) Trm cells, CD44hi CD62L- CD69+ remain within the tissue in which they were 

generated, providing protection where the antigen was originally found, and produce 

effector cytokines.(237) Ultimately, the generation of memory CD8 T cell populations 

provides enhanced future protection upon re-exposure to antigen. Most of the work on 

CD8 memory comes from models of infection, much less is known about the role of these 

populations in the context of cancer. 

 

1.5.2. Memory CD8 T cells in cancer  

The vast majority of intratumoural CD8 T cells are phenotypically exhausted, and so it is 

essential to understand how exhaustion and the formation of memory populations fit 

together. Exhausted CD8+ T cells have reduced expression of CD122, forming the beta 

chain of the IL-15 receptor, and CD127, the alpha chain of the IL-7 receptor.(238) This 

means that in the absence of antigen, unlike memory cells, the remaining exhausted CD8 

cells are unable to respond to IL-7 and IL-15 and are unable to be maintained.(238) 

However, recent data using the chronic LCMV model of exhaustion in which antigen was 

removed after the formation of an exhausted T cell population, showed that if epitope 

escape occurs early during the disease course some recovery of memory functions is 

possible.(135) It was found that most of the recovered exhausted cells were derived from 

the TCF-1+ progenitors, however this population was less capable of expansion on antigen 

re-exposure and preferentially gave rise to cells of an exhausted rather than effector 

phenotype.(135) Hence, it appears unlikely that “epigenetically scarred” exhausted 

populations in the tumour are contributing to systemic memory and protection against 

cancer, raising the question of how systemic anti-tumour memory is established. 



31 
 

Fundamentally, it seems that exhausted CD8 T cells within the tumour are unable to form 

true memory populations, and as a result poorly equipped in the instance of disease 

recurrence. 

 

There is evidence that memory populations, both CD8 and CD4, form in parallel to 

exhausted T cells in cancer.(153, 239, 240) The presence of CD103+ CD8 Trm cells has been 

demonstrated in several cancers, and has been associated with an improved 

prognosis.(241-243) Within this Trm population, a PD-1+ TIM-3+ fraction was shown to be 

particularly responsive to treatment with a PD-1 inhibitor, transcriptionally enriched for 

markers of cytotoxicity and clonally expanded.(244) Trm populations within lymph nodes 

(LNs) have been found to originate in non-lymphoid tissues, this observation is most 

important in the setting of nodal disease spread.(245) Beyond the tumour itself, secondary 

lymphoid organs and non-exhausted clones in the periphery have been shown to be 

essential in the response to ICB (239); with peripheral populations being the most 

proliferative post treatment.(239) The systemic T cell response, though often overlooked, 

is able to avoid the exhaustion inherent to the intratumoural CD8 pool and appears critical 

to a successful anti-tumour immune response. 

 

 

1.6. The Immune Response to Colorectal Cancer 

 

CRC is the fourth most common cancer in the United Kingdom, with 42,000 new diagnoses 

and 16,000 deaths each year.(246) The backbone of treatment for CRC is surgical resection, 
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chemotherapy and radiotherapy.(247) The merits of immunotherapy in the treatment of 

CRC are limited, and will be covered in the following pages, hence there remains enormous 

scope to improve efficacy in this setting. 

 

1.6.1. The immune landscape of colorectal cancer  

CRC develops from adenoma to carcinoma, adenomas form through inactivation of APC 

resulting in WNT signalling in intestinal stem cells and the resultant outgrowth of epithelial 

cells (248); progression to carcinoma then occurs through a combination of tumour protein 

P53 (TP53) inactivation and mutations in KRAS and BRAF.(248) CRC is divided up into four 

consensus molecular subtypes CMS1-4, however it can be roughly divided into pMMR 

aligning with CMS2-4, and deficient mismatch repair (dMMR) CRC, CMS1.(249) dMMR CRC 

is characterised by a high TMB due to the defect in mismatch repair machinery, and ICB in 

this setting has shown positive results in patients.(80, 250, 251) However, only around 15% 

of individuals with CRC have dMMR CRC, meaning that the vast majority have pMMR 

disease.(249, 252) pMMR CRC bears fewer mutations and has a decreased T cell infiltrate, 

with CMS4 containing a larger neutrophil infiltrate; in this setting the role of 

immunotherapy is limited, with largely disappointing results from trials in late-stage 

disease.(251) 

  

The staging of CRC is based on the TNM system in which the size of the tumour, number of 

LNs affected, and presence of metastasis are used to provide an estimate of the extent of 

disease.(253) In recent years the importance of the TME has been highlighted, including 

the type and distribution of immune cells within this, leading to attempts to include these 
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factors in the classification and staging of disease. The Immunoscore was established to 

evaluate the risk of CRC recurrence following surgery, the scoring system incorporates CD3 

and CD8 T cell density within the tumour and its margins, resulting in a score of low, 

intermediate or high.(254) There was a statistically significant difference between the 

Immunoscore assigned and the time to recurrence, with a high Immunoscore resulting in 

lowest risk of recurrence.(254) Taking all of the above into consideration, there is clearly 

an opportunity to therapeutically enhance the anti-cancer immune response in CRC; to 

achieve this, it is essential to first unpick the barriers to the establishment of durable and 

successful T cell responses in CRC.  

 

1.6.2. The importance of liver metastasis in CRC  

Primary disease can often be treated through a combination of surgical excision and 

chemotherapy, it is metastatic disease that kills most patients with CRC, and approximately 

20% of patients have metastatic deposits at the time of presentation to clinic.(255-257) 

The most common sites of metastatic disease in CRC are the liver, lung and 

peritoneum.(258) About a third of patients diagnosed with CRC develop liver metastasis, 

and over half of all metastatic disease in CRC is hepatic.(258, 259) Patients with liver 

metastasis often have the worst prognosis, with the median survival post-diagnosis with 

metastatic CRC being just 9 months.(258) Some benefit of atezolizumab, an ICB agent 

targeting PD-L1, has been seen in those with metastatic pMMR CRC when used in 

combination with the chemotherapeutic drug capecitabine and anti-VEGF agent 

bevacizumab.(260) However, the response rate was significantly worse in those with liver 

metastasis (6%) versus those without (23%).(260) The reduced efficacy of ICB in the 
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presence of liver disease was also shown by a study comparing the combination of anti-

VEGF agent regorafenib with nivolumab (targeting anti-PD-L1), with the response rates 

when using either drug as a monotherapy;(261) those with liver disease saw an objective 

response rate of 8%, versus 63% in those with lung disease.(261) Even in the setting of 

more immunogenic cancers that respond well to ICB, such as melanoma, those with liver 

metastases have much lower response rates to ICB than those without.(262-264) 

 

The mechanisms underlying the suppressive effect of liver metastasis on systemic anti-

tumour immunity are still being uncovered. One suggested mechanism is the destruction 

of antigen-specific T cells by macrophage populations within the liver metastases.(265) Yu 

et al. reported that monocyte-derived macrophage populations within liver tumours were 

able to selectively remove activated CD8+ T cells from the circulation, which depleted 

systemic T cell protection.(265) Regulatory T cell populations within liver tumours provide 

an alternative mechanism behind the observed suppression of the anti-tumour immune 

response.(266) Lee et al. demonstrated in a pre-clinical melanoma model that the antigen-

specific immune suppressive effect observed when tumour antigen was present in the liver 

was associated with Treg activation.(266) The effect of anti-PD-1 therapy in the setting of 

liver disease was not observed unless Treg function was disrupted.(266) 

 

1.6.3. Immunotherapy in the treatment of proficient mismatch repair colorectal cancer 

Metastatic CRC is a disease of huge unmet therapeutic need, in particular pMMR (CMS2-

4) disease. Systemic treatment for these patients is reliant on chemotherapy, however the 

median survival is less than two years.(267) Despite the limited beneficial impact of ICB 
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monotherapy in this setting, with the National Institute for Health and Care Excellence 

(NICE) recommending anti-PD-L1 therapy only in the setting of metastatic dMMR CRC, 

there are efforts to improve ICB’s efficacy in the treatment of metastatic pMMR CRC;(250, 

268) see Table 1.2 for some of the main anti-PD-1/PD-L1 therapeutic combination 

approaches currently being trialled in pMMR CRC. Combinations of ICB with both 

conventional and novel targets are being trialled, though many are currently in early 

phases. In dMMR CRC, the combination of anti-PD-1 and anti-CTLA-4 was utilised in the 

neoadjuvant setting, resulting in major pathological responses in over half of patients.(252) 

The same combination in pMMR CRC, resulted in no clinically significant differences in 

survival.(269) Clearly there remains enormous scope to improve immunotherapy in the 

treatment of CRC, particularly for those bearing liver metastasis, and to achieve this we 

must gain further detailed understanding of the mechanisms that limit successful immune 

responses.  
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Table 1.2- Combination therapies with anti-PD-1/PD-L1 trialled in pMMR CRC.  

Therapeutic combination strategies with anti-PD-1/PD-L1, with the stage of clinical 

development and trial names. 
 

Combination Phase of 
Clinical Trial 

Study 

Chemotherapy Fluorouracil + oxaliplatin + 
anti-PD-1 

II METIMMOX.(270) 

Anti- 
Epidermal 
growth factor 
receptor 
(EGFR) 

Cetuximab + irinotecan + 
anti-PD-1 

II AVETUXIRI.(271) 

Anti-VEGF Bevacizumab + capecitabine 
+ anti-PD-L1 

II BACCI.(272) 

Bevacizumab + FOLFOXIRI + 
anti-PD-L1 

II AtezoTRIBE.(273) 

Bevacizumab + fluorouracil 
+ leucovorin + oxaliplatin + 
anti-PD-1 

III CheckMate9x8.(274) 

Tyrosine 
Kinase 
Inhibitor 

Regorafenib + anti-PD-1 Ib REGONIVO.(261) 

Regorafenib + anti-PD-L1 II REGOMUNE.(275) 

Levatinib + anti-PD-1 II LEAP-005.(276) 

ICB Ipilimumab (anti-CTLA-4) 
+ panitumumab (EGFR) 
+ anti-PD-1  

II LCCC1632.(277) 

Favezelimab (anti-LAG-3) 
+ anti-PD-1  

II MK-4280A.(278) 
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1.7. Aims & Objectives  
 

The aim of this investigation was to understand the relationship between the CD8 

compartment within primary tumours, the periphery, and secondary tumours. Much work 

in the field of tumour immunology has focused on changes within the intratumoural 

immune compartment, and yet much less is known about systemic anti-tumour immunity. 

Utilising the Kaede tumour photolabelling approach established within the Withers Lab, 

temporal labelling of host cells within tumours has enabled the study of immune cell 

dynamics within the tumour and subsequent migration to the periphery. Combining this 

photolabelling approach with primary and metastatic orthotopic models of CRC will 

provide new insight into how the CD8 compartments within distinct tumours interface. 

 

The overarching aims of this investigation were to: 

1. Characterise the establishment and migratory potential of the stem-like CD8 

compartment in tumour models. 

2. Investigate whether utilising orthotopic models of CRC alters the nature of the CD8 

compartment. 

3. Establish photolabelling approaches in orthotopic tumour models to enable 

immune cell migration in anatomically relevant models of disease to be assessed.  

4. Examine how the CD8 compartment within tumours at anatomically distinct sites 

interact. 
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Chapter 2  

Materials & Methods  
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2.1. Materials 

 

2.1.1. Chemicals & Reagents 

The staining solutions used for immunofluorescence microscopy and flow cytometry are 

listed in Tables 2.1 and 2.2.  

 

Table 2.1- Staining buffer solution used for flow cytometry. 

Reagent Manufacturer Concentration 

Dulbecco’s Phosphate-Buffered 

Saline (DPBS) + MgCl2 and CaCl2  

Sigma-Aldrich; D8662 97.5% 

Ethylenediaminetetraacetic Acid 

Solution (EDTA) 

Sigma-Aldrich; 03690 2.5M 

Heat-inactivated Foetal Bovine 

Serum (Hi FBS) 

Sigma-Aldrich; F9665 2.0% 

 

 

Table 2.2- Staining solution used for immunofluorescence microscopy. 

Reagent Manufacturer Concentration 

Phosphate-Buffered Saline (PBS)  Sigma-Aldrich; D8537 99% 

Bovine Serum Albumin (BSA) Sigma-Aldrich; A7906 1% 

 

Gey’s red cell lysis buffer is used to remove red blood cells prior to flow cytometry. 

Solutions A and B are made by adding the components listed in Table 2.3 to 1L of distilled 
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water. 50ml aliquots of Gey’s buffer are then made using 35ml distilled water, 10ml 

solution A, 2.5ml solution B and 2.5ml solution C. 

 

Table 2.3- Chemicals and additives used to make solutions A, B and C in Gey’s red cell 
lysis buffer. 

Solution Component Concentration 

A Distilled H2O 1L  

NH4Cl 3.5 % (w/v) 

KCl 0.185 % (w/v) 

Na2HPO4.12H2O 0.15 % (w/v) 

KH2PO4 0.0119 % (w/v) 

Glucose 0.5 % (w/v) 

Gelatin 2.5 % (w/v) 

1% Phenol Red 0.15 % (v/v)   

B Distilled H2O 1L 

MgCl2.6H2O 0.42 % (w/v) 

MgSO4.7H2O 0.14 % (w/v) 

CaCl2  0.34 % (w/v) 

C Distilled H2O 1L 

NaHCO5 2.25% (w/v) 
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2.1.2. Antibodies 

The antibodies used for flow cytometry are listed in Table 2.4.  

 

Table 2.4- List of antibodies used for flow cytometry throughout this project. 

Target Antigen Conjugate Clone Manufacturer Dilution Used 

B220 PE/DazzleTM594 RA3-6B2 BioLegend 1/300 

B220 BV650 RA3-6B2 BioLegend 1/100 

CCR7 PE-Cy7 4B12 Invitrogen 1/100 

CD103 AF700 2E7 Invitrogen 1/100 

CD11b PE/DazzleTM594 M1/70 BioLegend 1/300 

CD11c PE/DazzleTM594 N418 BioLegend 1/200 

CD11c AF700 N418 Invitrogen 1/200 

CD16/32 

(Fc block) 

Unconjugated 2.4G2 BD Biosciences 1/200 

CD3e BUV737 145-2C11 BD Biosciences 1/200 

CD39 Super Bright 600 24DMS1 Invitrogen 1/200 

CD4 BUV395 GK1.5 BD Horizon 1/200 

CD44 BV785 IM7 BioLegend 1/200 

CD45 BUV395 104 BD Biosciences 1/400 

CD45 BV785 30-F11 BioLegend 1/400 

CD62L APC MEL-14 Invitrogen 1/200 

CD62L BV650 MEL-14 BioLegend 1/150 
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CD62L BV711 MEL-14 BioLegend 1/200 

CD69 BV711 H1.2F3 BioLegend 1/100 

CD8 APC 53-6.7 eBioscience 1/200 

CD8a BV510 53-6.7 BioLegend 1/200 

CD8a PE-Cy7 53-6.7 BioLegend 1/200 

CXCR3 BV605 CXCR3-173 BioLegend 1/100 

CXCR6 Biotin SA051D1 BioLegend 1/100 

F4/80 BV605 BM8 BioLegend 1/100 

FOXP3 eFluorTM450 FJK-16s Invitrogen 1/100 

Isotype 

Control Rat 

IgG2a kappa 

eFluorTM450 eBR2a Invitrogen 1/100 

Isotype 

Control Rat 

IgG2a kappa 

BV605 RTK2758 Biolegend 1/200 

Isotype 

Control Rat 

IgG2a kappa  

eFlour®660 eBR2a Invitrogen 1/200 

Isotype 

Control Rabbit 

IgG  

PE-Cy7 DA1e Cell Signalling 

Technology 

1/100 

LAG-3 APC C9B7W BioLegend 1/100 
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Ly6C BV421 HK1.4 BioLegend 1/500 

Ly6G BV650 1A8 BioLegend 1/400 

MHCII APC M5/114.15.2 BioLegend 1/500 

MHCII BV510 M5/114.15.2 BioLegend 1/500 

NK1.1 BV650 PK136 BD Horizon 1/50 

NKG2A BV421 20d5 BD Biosciences 1/400 

PD-1 APC RMP1-30 eBioscience 1/200 

PD-1 BV421 29F.1A12 BioLegend 1/200 

PD-1 BV605 29F.1A12 BioLegend 1/200 

Streptavidin 

(SA) 

BV768  BD Horizon 1/200 

TCF-1 PE-Cy7 C63D9 Cell Signalling 

Technology 

1/100 

TIM-3 BUV395 5D12 BD OptiBuildTM 1/200 

TIM-3 SB-645 8B.2C12 Invitrogen 1/200 

TOX eFlour®660 TXRX10 Invitrogen 1/200 

XCR1 AF647 ZET BioLegend 1/150 

 

The antibodies used for immunofluorescence microscopy are listed in Table 2.5 and 2.6.  
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Table 2.5- List of primary antibodies used for immunofluorescence microscopy in this 
project.  

Primary 

Antibody 

Conjugate 

 

Clone Manufacturer Dilution 

CD3e Biotin eBio500A2 eBioscience 1/100 

CD8 eFlour®660 53-6.7 eBioscience 1/50 

Cytokeratin (pan 

reactive) 

AlexaFluorTM594 C-11 BioLegend 1/500 

 

Table 2.6- List of secondary antibodies used for immunofluorescence microscopy in this 
project.  

Secondary 

Antibody 

Conjugate 

 

Manufacturer Dilution 

Streptavidin AlexaFluorTM555 Invitrogen 1/500 

 

Therapeutic antibodies used in vivo were all diluted in sterile Dulbecco’s Phosphate-

Buffered Saline (DPBS) without MgCl2 and CaCl2, the sources and concentrations are listed 

in Table 2.7.  

 

Table 2.7- Therapeutic antibodies used for in vivo experiments.  

Antibody  Manufacturer Concentration (mg/ml) 

Anti-PD-L1 mouse IgG1 AstraZeneca  11.2 

NIP228 isotype IgG1 AstraZeneca  10.1 
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2.1.3. Cell Lines 

Cancer cell lines utilised throughout this work are listed in Table 2.8, and the constituent 

elements of the culture media used listed in Table 2.9. All cell lines were cultured at 37°C 

and 5% CO2. Stocks of each cell line, passage 0-1, were kept in liquid nitrogen. Cell lines 

were kept in the -80°C for no longer than 6 months after freezing and not passaged beyond 

10 times.  

 

Table 2.8- Murine colon adenocarcinoma and melanoma cell lines utilised throughout 
the project.   

Cell Lines Source Base Culture Media 

CT26 ATCC; CRL-2638™ RPMI 

CT26 GFP Luciferase 

(CT26 GFP Luc) 

GenTarget Inc; SC061-LG RPMI 

MC38 Kerafast; ENH204-FP DMEM 

MC38-OVA AstraZeneca DMEM 

B16  ATCC; CRL-6475™ DMEM 

 

Table 2.9- Base media and additional supplements used for the culture of cancer cell 
lines.    

Base Media Supplement Concentration Manufacturer 

Roswell Park 

Memorial 

Institute-1640 

Heat-inactivated 

Foetal Bovine 

Serum (Hi-FBS) 

10% Sigma-Aldrich; 

F9665 
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(RPMI-1640) 

(Source: Gibco) 

L-glutamine 2mM ThermoFisher; 

25030081 

Penicillin-

streptomycin 10000 

units 

Penicillin 0.1mg/ml 

Streptomycin 0.1mg/ml 

Sigma-Aldrich; 

P4333 

Dulbecco’s 

Modified Eagle 

Medium 

(DMEM) (Gibco; 

21875034) 

Heat-inactivated 

Foetal Bovine 

Serum (Hi-FBS) 

10% Sigma-Aldrich; 

F9665 

L-glutamine 2mM ThermoFisher; 

25030081 

Penicillin-

streptomycin 10000 

units 

Penicillin 0.1mg/ml 

Streptomycin 0.1mg/ml 

Sigma-Aldrich; 

P4333 

 

2.1.4. Mice 

The mice used throughout this project were housed in specific pathogen-free conditions 

and used in accordance with Home Office guidelines at the University of Birmingham 

Biomedical Services Unit (BMSU) under a Project License awarded to D.R. Withers 

(PP3755654) and approved by the University of Birmingham Animal Welfare and Ethical 

Review Body (Table 2.10). Mice were housed at 21 ± 2°C, 55% humidity (±10%), with 12 h 

light dark/cycle in 7–7 individually ventilated caging with environmental enrichment of 

plastic houses plus paper bedding. Mice with subcutaneous (s.c.) tumours were injected 

between 6-9 weeks old, and animals with orthotopic colon or liver tumours were injected 
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between 10-15 weeks old. For the purposes of phenotyping experiments mice were not 

sex matched. However, for experiments involving immunotherapy mice were age and sex 

matched.  

 

 Table 2.10- Mice used throughout this project.   

 

 
 

Strain Formal Name Background Source 

BALB/c  BALB/c BALB/c Charles River 

BALB/c 

Kaede 

C.Cg-Tg(CAG-

tdKaede)15Utr 

BALB/c RIKEN BioResource Center, 

Experimental Animal Division and a 

colony is maintained in the BMSU 

C57BL/6 C57BL/6J C57BL/6 Charles River 

C57BL/6 

Kaede 

B6.Cg-Tg(CAG-

tdKaede)15Utr 

C57BL/6 University of Glasgow and a colony 

is maintained in the BMSU 

Bcl-6 Bcl6Tomato-CreERT2 C57BL/6 Yohsuke Harada kindly provided 

these mice to the Withers Lab and a 

colony is maintained in the BMSU 

MMTV-

PyMT 

FVB/N-Tg(MMTV-

PyVT)634Mul/J 

FVB James Arnold Kings College London  

and a colony is maintained in the 

BMSU 
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2.2. Cell Culture 

 

2.2.1. Thawing Cells 

Cryovials containing the required cell line were removed from -80°C and thawed at 37°C. 

Cells were transferred into 20ml of pre-warmed culture media prior to centrifugation for 5 

minutes at 300 RCF at 25°C. After which, the supernatant was discarded, and the cells re-

suspended in 10ml of the appropriate culture media (Table 2.8) prior to transfer to a 75cm2 

cell culture flask (Corning). Cells were cultured and maintained in an incubator at 37°C 5% 

CO2. 

 

2.2.2. Cell Passage 

Morphology and confluence of adherent cell lines was checked daily. At or above 70% 

confluency, cells were passaged. Cells were washed twice with 10ml DPBS without CaCl2 

or MgCl2 to ensure removal of cell debris. Adherent cells were dissociated by incubating 

cells with 5ml TrypLE™ Express (ThermoFisher; 12605010) for 5 minutes at 37°C 5% CO2. 

15ml of pre-warmed culture media was added to the cell-trypsin solution prior to transfer 

to a 50ml centrifuge tube and subsequent centrifugation for 5 minutes at 300 RCF at 25°C. 

The supernatant was discarded, and the cells diluted 1:3, 1:5, or 1:10 as required before 

being placed in 10ml pre-warmed culture media in 75cm2 cell culture flasks (Corning). 
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2.2.3. Preparing Cells for Injection  

Cells were used for injection at approximately 70% confluency. Cells were washed twice 

and dissociated as per 2.2.2. 15ml of culture media was added to the cell-trypsin solution 

prior to transfer to a 50ml centrifuge tube and subsequent centrifugation for 5 minutes at 

300 RCF at 4°C. The supernatant was discarded, and cells re-suspended in DPBS for 

counting as described in 2.2.4. The DPBS-cell suspension was made up to a final volume of 

30ml before being centrifuged for 5 minutes at 300 RCF at 4°C. The supernatant was 

discarded, and cells re-suspended in the calculated volume of sterile DPBS without CaCl2 

or MgCl2. The cells were placed on ice for transport to the BMSU for injection.  

 

2.2.4. Counting Cells  

Cell pellets were re-suspended in a volume of DPBS without CaCl2 or MgCl2, 10μl of the 

cell-DPBS suspension was then pipetted onto a haemocytometer (Biosigma Fast-Read 

102®; BVS100) . The number of cells in a 4x4 grid was assessed using light microscopy, and 

an average of 3 separate counts taken (y); the equation for calculating the number of cells 

in suspension is as follows: 

𝐴𝑐𝑡𝑢𝑎𝑙	𝑐𝑒𝑙𝑙	𝑛𝑢𝑚𝑏𝑒𝑟 = (𝐶𝑒𝑙𝑙	𝑐𝑜𝑢𝑛𝑡	𝑥10!)	𝑥	𝑉𝑜𝑙𝑢𝑚𝑒	𝑜𝑓	𝐷𝑃𝐵𝑆	(𝑚𝑙)		

The	actual	cell	number	could	then	be	used	to	calculate	the	volume	to	re-suspend	cells	

in	based	on	the	desired	concentration,	as	follows:		

𝑉𝑜𝑙𝑢𝑚𝑒	𝑟𝑒𝑞𝑢𝑖𝑟𝑒𝑑	(𝜇𝑙) =
𝐴𝑐𝑡𝑢𝑎𝑙	𝑐𝑒𝑙𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	

	𝐷𝑒𝑠𝑖𝑟𝑒𝑑	𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛	(𝑐𝑒𝑙𝑙𝑠	𝑝𝑒𝑟	𝜇𝑙) 
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2.2.5. Freezing Cells  

Cells were frozen down to make stocks at approximately 80% confluency. Cells were 

dissociated (2.2.3.) and counted (2.2.4.). After counting, the DPBS-cell suspension was 

made up to a final volume of 30ml before being centrifuged for 5 minutes at 300 RCF at 

4°C. The supernatant was discarded, and cells re-suspended in the calculated volume of 

required culture media +10% dimethylsulfoxide (DMSO), to achieve a final concentration 

of 1.0 x106 cells per 1ml. The cell-culture media-DMSO suspension was thoroughly mixed 

before distribution into 1ml cryovials (Greiner). Cryovials containing 1ml of 1.0 x106 cells 

were placed into the Mr. Frosty™ freezing container (ThermoFisher), this was then moved 

to -80°C; the Mr. Frosty™ freezing container has a chamber filled with 100% isopropyl 

alcohol which surrounds the cryovials, this allows cells to decrease in temperature -1°C per 

minute, ensuring gradual freezing of cells within the -80°C freezer.  

 

2.2.6. Mycoplasma Testing 

Cells were cultured for 48 hours prior to mycoplasma testing without antibiotics to enable 

alternative infections to be uncovered. The MycoStrip testing kit (Invivogen MycoStripTM; 

rep-mysnc-50) was routinely used for mycoplasma testing according to the manufacturer’s 

instructions. 
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2.3. In Vivo Procedures  

 

2.3.1. Subcutaneous Implantation of Tumour Cell Lines 

Mice were weighed to ensure animals exceeded 18g before induction of anaesthesia with 

5% gaseous isoflurane. Anaesthesia was then maintained with 2.5% gaseous isoflurane. 

The flank was shaved and cleaned with 2% chlorhexidine. Mice were injected 

subcutaneously with 100μl tumour cell-PBS suspension, using a 1ml syringe with 26-gauge 

needle (BD; 303800), then pressure applied to the site of injection (Fig. 2.1). Animals were 

left on oxygen and observed until recovered.  

 

 

Figure 2.1. Procedure for injection of tumour cell lines subcutaneously on the flank. 

BALB/c Kaede mouse receiving injection of CT26 cell line shown. The images demonstrate 

(1) area of the flank shaved and cleaned prior to injection (2) insertion of the needle 

subcutaneously (3) injection site following injection of 100μl of cells. 
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2.3.2. Endoscopic Implantation of Tumour Cell Lines and Organoids within the Colon 

Wall  

Mice were weighed and 0.1mg/kg buprenorphine (Temgesic®) administered. Induction of 

anaesthesia was achieved with 5% gaseous isoflurane before maintenance at 2.5%. 

Colonoscopy was performed using a Karl Storz Endoskope with a multi-purpose rigid 

telescope. Once the site of injection was located, 5 x105 tumour cells in 30% Matrigel or 

PBS carrier in a total volume of 30μl, were injected into the colon wall (Fig. 2.2). A 100μl 

Hamilton syringe with 33-gauge 180mm needle (Hamilton) was used to inject the tumour 

cells into the colon wall. Mice remained on oxygen and observed until recovered.  

 

Figure 2.2. Procedure for injection of tumour cell lines into the colon via colonoscopy. 

BALB/c Kaede mouse receiving an injection of CT26 into the colon wall shown. The images 

demonstrate (1) set up of the colonoscope for the procedure (2) the colon lumen visualised 

by endoscopy, with needle in the top centre of the image (3) injection site in the colon wall 

following injection of 30μl of cells. 

 

2.3.3. Intrahepatic Implantation of Tumour Cell Lines   

Mice were weighed and 0.1mg/kg buprenorphine (Temgesic®) administered. Induction of 

anaesthesia was achieved with 5% gaseous isoflurane before maintenance at 2.5%. Eye 
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ointment (Xailin Night) was applied directly to the eyes at the start of the procedure, to 

ensure the eyes did not dry out. The abdomen was shaved and cleaned with 2% 

chlorhexidine, and the surgical area covered with sterile transparent plastic sheet. A 3cm 

incision was made through the skin and abdominal muscle wall to expose the larger left 

lobe. 2.0 x105 tumour cells in 30μl PBS was injected into the lower border of the left lobe 

using a 0.3ml 26-gauge syringe and needle (Terumo®) (Fig. 2.3). The abdominal wall was 

repaired using single interrupted stitches and the skin repaired using continuous 

intradermal suturing, both internal and external stitches were made with 13mm 1/2c 

Vicryl™ suture (Vicryl™; 9981). 0.5ml of 9mg/ml saline was delivered to the animals 

subcutaneously post-procedure. Animals were left on oxygen and observed until 

recovered, then placed in cages at 26°C with DietGel® and HydroGel® (ClearH2O). 

 

Figure 2.3. Procedure for intrahepatic injection of tumour cell lines. BALB/c Kaede mouse 

receiving an injection of CT26 into the left liver lobe shown. The images demonstrate: (1) 

positioning of the mouse for surgery (2) exposure of the surgical field, cutting through skin 

and muscle layers (3) liver lobe positioned outside of the abdominal cavity (4) injection of 

30μl of cells in PBS into the lower border of the lobe. 
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2.3.4. In Vivo Bioluminescent Imaging using IVIS 

Luciferase substrate (VivoGlo™ Luciferin, In Vivo Grade Cat# P1041) for in vivo imaging 

studies was reconstituted in sterile DPBS without CaCl2 or MgCl2, at a concentration of 

15mg/ml. Luciferin was stored in 1ml aliquots at -20°C.  

 

Animals were weighed prior to intraperitoneal injection of 10μl/g of body weight luciferase 

substrate, animals were left for 5 minutes before induction of anaesthesia with 5% gaseous 

isoflurane. Animals were then transferred to the IVIS® Spectrum In Vivo Imaging System 

(PerkinElmer) stage and anaesthesia maintained with 2.5% gaseous isoflurane. Living 

Image software was used for data acquisition (see 2.8.3). Mice were returned to their 

home cage and monitored until normal behaviour was observed. IVIS imaging was 

performed with a minimum of 48 hours between each session. 

 

2.3.5. Administration of Antibodies  

Antibodies were diluted, according to the concentrations listed in Table 2.7, in DPBS 

without CaCl2 or MgCl2 in sterile conditions within the lab. Mice were weighed prior to the 

administration of immunotherapy. All therapeutic antibodies were delivered in 200μl via 

intraperitoneal injection with a 1ml syringe with 26-gauge needle (BD; 303800). 

 

2.3.6. Photoconversion Procedure  

For the photoconversion of subcutaneous tumours, Kaede mice were first anaesthetised 

with 5% gaseous isoflurane before maintenance at 2.5% isoflurane. Any hair on the skin at 

the tumour site was removed. The skin over the tumour was moistened using 2% 
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chlorhexidine in H2O, this was done to prevent skin damage from the photoconversion 

procedure. A black acrylic shield was used to protect the area of skin surrounding the 

tumour throughout. The tumour was exposed to light at 405nm wavelength for 9 cycles of 

20 seconds, with 5 seconds in between for the re-application of 2% chlorhexidine solution. 

The light source used was the Dymax BlueWave QX4 system (Intertronics; DYM41572) at 

50% power with an 8mm focusing lens. Animals were left on oxygen and observed until 

recovered. Skin condition at the site of photoconversion was regularly monitored for 

adverse reactions.  

 

For the photoconversion of colon tumours, Kaede mice were first weighed and 0.1mg/kg 

buprenorphine (Temgesic®) administered. Induction of anaesthesia was then achieved 

with 5% gaseous isoflurane before maintenance at 2.5%. Colonoscopy was performed 

using a customised rigid telescope, with both white and ultraviolet (UV) light sources, from 

Zibra Corporation (commissioned March 2024). Using the white light source, the site of 

tumour implantation was located. The source was then switched to the UV light, and the 

colon tumour was exposed for 100 seconds. The endoscope was then withdrawn, and 

animals were left on oxygen and observed until recovered. The condition of the animal was 

regularly monitored until tissue collection.  

 

For the photoconversion of liver tumours, Kaede mice were induced, and the surgical area 

prepared as per 2.3.3. An incision was made through the skin and abdominal muscle at the 

site of the previous surgery, to expose the lobe bearing the liver tumour. The liver was 

moistened using sterile water solution to prevent the tissue drying out during the 
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photoconversion procedure. A black acrylic shield was used to protect the surrounding 

liver and skin of the abdomen throughout. The liver tumour was exposed to light at 405nm 

wavelength for a varying number of cycles of 20 seconds, with 5 seconds in between for 

the re-application of water. The light source used for photoconversion was the Dymax 

BlueWave QX4 system (Intertronics; DYM41572) at 50% power with an 8mm focusing lens. 

The abdominal wall was repaired, and animals monitored as per 2.3.3. 

 

2.3.7. Intravenous CD45 Labelling 

The CD45 antibody (BV785 Clone 30-F11 BioLegend; 103149) was diluted to a 

concentration of 0.01μg/μl in sterile DPBS without CaCl2 or MgCl2. Mice were placed in 

warming containers for 10 minutes at 28°C, before being placed in restraint tubes. The 

anti-CD45 antibody was injected in 200μl into the tail vein of mice using a 0.3ml 26-gauge 

syringe and needle (Terumo®). Mice were culled 2 minutes after intravenous (i.v.) injection 

with anti-CD45 antibody and tissues harvested.  

 

2.3.8. Blood Sampling 

Mice were placed in warming containers for 10 minutes at 28°C, before being placed in 

restraint tubes. Approximately 50μl of blood was collected from the lateral saphenous 

vein,  using a 26-gauge needle to lance the vein (BD; 303800). Droplets of blood were 

collected in a tube pre-coated with EDTA (Vet-Tube®E EDTA 1.3ml blood tube) and 

transported from the BMSU on ice.  

 

 



57 
 

2.4. Tissue Processing & Cell Isolation for Flow Cytometry 

 

2.4.1. Preparation of Tumour  

Subcutaneous tumours were excised from the surrounding tissue, in the case of colon and 

liver tumours the whole organ was dissected at BMSU; all tissues were then placed in RPMI 

on ice for transport from BMSU. Colon and liver tumours were excised from surrounding 

tissue under light microscopy. 

 

Tumours were weighed prior to commencing tissue digestion. Individual tumours were first 

mechanically disrupted using scissors to divide the samples into 1-2mm pieces within an 

Eppendorf. 1mg/ml collagenase D (Roche; 11088858001) and 0.1mg/ml 

deoxyribonuclease (DNAse) I (Roche; 4536282001) reconstituted in 1ml of culture media 

was then added to the Eppendorf and placed in a shaking heat block (Eppendorf 

Thermomixer 5436) at 1000rpm 37°C for 25 minutes. After this time, tissues were filtered 

through a 70μm mesh using the back of a syringe plunger to mechanically disrupt the 

remaining tissue; RPMI was used to wash through tissue stuck to the filter to a total volume 

of 30ml. The tumour samples were centrifuged at 453 RCF at 4°C for 5 minutes, the 

supernatant discarded, and the final cell suspension resuspended in staining buffer (Table 

2.1). 

 

The above describes the standard tumour digestion protocol used for the majority of 

experiments in this thesis. For scRNA-seq experiments, a modified Miltenyi gentleMACS™ 

tumour digestion protocol was used. Tumours were weighed and mechanically disrupted 
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as before. Tumours were then placed into gentleMACS™ C tubes (Miltenyi; 130-093-237) 

and the gentleMACS™ enzyme mix added (Tumour Dissociation Kit Miltenyi; 130-096-730); 

the enzyme mix consisted of 12.5μl enzyme A, 10μl enzyme R, 100μl enzyme D and 2.35ml 

RPMI. C tubes were then placed in the gentleMACS™ Octo Dissociator (Miltenyi) with 

heating elements fitted and dissociated using the pre-set 37C_m_TDK1 programme. C 

tubes were then washed with 10ml RPMI and RPMI-tumour suspension filtered through a 

70μm mesh using the back of a syringe plunger to mechanically disrupt the remaining 

tissue. The tumour samples were centrifuged at 453 RCF at 4°C for 5 minutes, the 

supernatant discarded, and the final cell suspension resuspended in the required amount 

of staining buffer prior to cell sorting. 

 

2.4.2. Preparation of Lymph Nodes  

Lymph nodes were dissected from the surrounding tissue, then placed in RPMI on ice for 

transport from BMSU. The designated tumour dLNs for subcutaneous, liver and colon 

tumours are the inguinal, hepatic portal and caudal lymph nodes respectively.(279, 280) 

Lymph nodes were placed in 200μl RPMI in a petri dish where they were cleansed of fat 

before being transferred to a 1.5ml Eppendorf. Preparation of tissue then continued as per 

the protocol stated in 2.4.1. 

 

2.4.3. Preparation of Spleen  

Spleens were dissected from the surrounding tissue, then placed in RPMI on ice for 

transport from BMSU. Forceps were used to remove fat and remnants of the pancreas from 

dissected spleens. Spleens were then crushed through a 70μm filter using the back of a 
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syringe plunger to mechanically disrupt the tissue, 30ml RPMI was then used to wash 

through residual tissue. The RPMI-spleen solution was then centrifuged at 453 RCF at 4°C 

for 5 minutes, the supernatant discarded, and the cell pellet resuspended in 5ml of Gey’s 

red blood cell lysis buffer (Table 2.3); the samples were then left on ice for 5 minutes. 15ml 

RPMI was added to the 5ml spleen-buffer suspension, and the solution again passed 

through a 70μm filter before centrifugation at 453 RCF at 4°C for 5 minutes. The 

supernatant was discarded prior to re-suspension in the required amount of staining 

buffer. 

 

2.4.4. Preparation of Liver  

Livers were dissected from the surrounding tissue, then placed in RPMI on ice for transport 

from BMSU. Forceps were used to remove the gallbladder before the liver was 

mechanically disrupted through a 100μm cell strainer using the back of a syringe plunger 

to crush the tissue, and RPMI used to wash tissue through to a final volume of 40ml. 

Samples were then centrifuged at 453 RCF at 4°C for 5 minutes and the supernatant 

discarded. Cell pellets were resuspended in 5ml of Gey’s red blood cell lysis buffer (Table 

2.3) and the samples left on ice for 5 minutes. Samples were centrifuged at 453 RCF at 4°C 

for 5 minutes, then the supernatant discarded, and the cell pellet resuspended in 30ml 

RPMI. Liver suspensions were slowly layered on top of 15ml 67% OptiPrep™ density 

gradient medium (Sigma-Aldrich; D1556). The OptiPrep™ medium was made an hour in 

advance to allow it to warm to room temperature (RT). Samples were then centrifuged at 

1000g 15°C for 25 minutes with no brakes. The interphase layer between the OptiPrep 

medium and RPMI was collected with a Pasteur pipette and transferred to a 50ml 
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centrifuge tube; RPMI was added to a final volume of 30ml, and samples centrifuged at 

453 RCF at 4°C for 5 minutes. The supernatant was discarded, and cells resuspended in the 

required volume of staining buffer. 

 

2.4.5. Preparation of Large Intestine 

The colon was dissected below the caecum and the surrounding fat removed using forceps. 

The colon lumen was flushed twice with Hanks’ Balanced Salt Solution (HBSS) (Sigma; 6648) 

supplemented with 2.5 FBS using a 2ml syringe with 26-gauge needle. Tissue was then 

brought back in HBSS + FBS on ice from the BMSU.  

 

The colon was then cut into 0.5cm sections and incubated twice with HBSS + 2.5M EDTA in 

a shaking incubator for 15 min at 37°C. In between incubations the tissue was washed with 

HBSS. The tissue was then incubated in a shaking incubator at 37°C with the colon digestion 

enzyme mix (RPMI culture medium with 1mg/ml Collagenase VIII (Sigma; C0130) and 

30μg/ml DNAse I (Roche; 4536282001)) for approximately 45 minutes. The cell-enzyme 

suspension was then passed through 100μm and 70μm strainers with RPMI to a final 

volume of 30ml. Samples were centrifuged at 453 RCF at 4°C for 5 minutes before re-

suspension in the required volume of staining buffer. 

 

2.4.6. Preparation of Blood Samples 

Approximately 50μl of blood was collected and transferred to an Eppendorf containing 

2mM EDTA to prevent clotting prior to transport from BMSU on ice. Samples were 

transferred to 15ml centrifuge tubes and 4ml RPMI added before centrifugation at 453 RCF 
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at 4°C for 5 minutes. The supernatant was discarded, then cells resuspended in 1ml of Gey’s 

red blood cell lysis buffer (Table 2.3) and incubated on ice for 5 minutes. 4ml RPMI was 

added to the cell-buffer suspension before centrifugation and another incubation step with 

Gey’s buffer. Samples were centrifuged for a final time and re-suspended in 200μl staining 

buffer.  

 

 

2.5. Magnetic Sorting for CD8 Enrichment  

 

A single cell suspension was made from the spleen or liver as per 2.4.3 and 2.4.4 and CD8 

T cells were then enriched using the murine CD8a+ T Cell Isolation Kit (Miltenyi; 130-104-

075). Single cell suspensions were counted as per 2.2.4, before incubation with CD8a (Ly-

2) MicroBeads (Miltenyi; 130-117-044) for 10 minutes according to the concentration 

recommended by the manufacturer (10μl MicroBeads in 90μl PBS per 1 x107 cells). After 

10 minutes, samples were run through LS columns (Miltenyi; 130-122-729) pre-washed 

with PBS and fixed to the QuadroMACS™ Separator (Miltenyi; 130-091-051). Once the 

sample had run through the column, the column was removed from the magnet and 2 ml 

of PBS plunged through the LS column to be collected in a separate centrifuge tube, this 

fraction contained the selected CD8+ cells.  

 

 



62 
 

2.6. Flow Cytometry  

 

2.6.1. Proportion of Tissues Stained for Flow Cytometry  

Samples were transferred to a 96-well plate (ThermoFisher) prior to staining. In cases 

where CD8 enrichment (2.4.8), allowing for analysis of the whole CD8 compartment of a 

tissue, was not used, a known proportion of the cell suspension was stained to enable total 

counts to be made (Table 2.11).  

 

Table 2.11- Proportions of tissues stained for flow cytometry. 

Tissue Proportion Stained  

Tumour 0.05g / Total weight (g) 

Lymph Node 1/1 

Spleen 1/1 CD8 enrichment prior to staining 

Liver 1/1 CD8 enrichment prior to staining 

Colon 1/3 

 

2.6.2. Extracellular Staining  

Samples were resuspended in 1/200 Fc block (Table 2.4) diluted in staining buffer and left 

on ice for 20 minutes, to ensure minimal non-specific Fc-binding. Where required, 

antibodies for cytokine receptors were diluted in culture media, and samples incubated in 

this mixture for 1 hour at 37°C. All other surface antibodies were diluted in staining buffer 

as per the concentrations listed in Table 2.4, and samples resuspended in the antibody 

stain and left on ice for 1 hour. Samples were resuspended in 1/1000 LIVE/DEAD™ 
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Viability/Cytotoxicity (Invitrogen™ ThermoFisher; L34960) diluted in PBS; the viability stain 

was left on the samples for 20 minutes on ice. Cells, if fixed, were done so using Cytofix (BD 

Biosciences) on ice for 1 hour. Between each incubation step mentioned, samples were 

centrifuged at 453 RCF at 4°C for 5 minutes, before re-suspension with 200μl of staining 

buffer, and another centrifugation at the same settings.  

 

2.6.3. Intracellular Staining  

For intracellular staining, cells were permeabilised with the Forkhead box P3 (FoxP3) 

Transcription Factor Staining Buffer Set (Invitrogen™ ThermoFisher; 00-5523-00) following 

fixation and a wash step with 200μl of staining buffer. Samples were re-suspended in 100μl 

permeabilisation buffer (1:10 10x Permeabilisation buffer: dH20) and incubated for 30 

minutes at RT. All intracellular antibodies were diluted in permeabilization buffer solution 

according to the concentrations listed in Table 2.4. Intracellular staining was carried out 

overnight at room temperature. 

 

2.6.4. Sample Processing Pre-Acquisition 

Cells were washed twice with 200μl staining buffer in the case of extracellular staining only, 

or with 200μl permeabilisation buffer for intracellular staining; and centrifuged at 453 RCF 

at 4°C for 5 minutes between washes. For final transfer to FACS tubes, samples were re-

suspended in 200μl of staining buffer. To allow for the quantitation of total cell numbers 

10μl of AccuCount Blank Particles (Spherotech), containing approximately 10,000 particles, 

was added to the FACS tubes prior to addition of the samples. The samples were 

transferred to FACS tubes from the 96 well plate through a 50μm mesh to ensure minimal 
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cell clumping. Data was acquired using the BD LSR Fortessa™ X-20 (BD Biosciences) using 

FACSDiVA 8.0.2. software (BD Biosciences). FCS files were imported to FlowJo, and data 

analysed using FlowJo version 10 software.(281) 

 

 

2.7. Immunofluorescence Microscopy  

 

2.7.1. Tissue Fixation, Sectioning and Preparation of Slides 

Murine tissues were examined under light microscopy and fat removed prior to fixation. 

Tissues were placed in 2% paraformaldehyde for 2 hours, then transferred to 30% sucrose 

for approximately 18 hours, after this time tissues were frozen on optimal cutting 

temperature (OCT) medium. All tissues after fixation were stored at -80°C until sectioning. 

Samples were cut into 7μm sections using a cryostat and placed on Superfrost™Plus 

Adhesion glass slides (Epredia; J1800AMNZ). Slides were air dried for 30 minutes at RT and 

then stored at -20°C. 

 

2.7.2. Immunolabelling of Tissue Sections 

All the following steps were carried out at RT in a humidified chamber. In between each 

step, excess solution was removed prior to placing sections in a PBS wash for 5 minutes, 

unless otherwise stated.  

 

Slides were left to air dry for a minimum of 20 minutes prior to hydration in a PBS bath for 

10 minutes. Vector Laboratories Avidin/Biotin Blocking Kit was used to block non-specific 
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binding as per the manufacturer’s directions. Sections were incubated with 10% horse 

serum for 15 minutes to prevent non-specific protein binding, after which the serum was 

aspirated off the slide prior to the addition of primary antibody solution; no PBS wash step 

was required before addition of the primary antibody. Sections were incubated with 

primary antibodies for 45 minutes. Further incubations with antibody solutions occurred 

for 30 minutes. Biotinylated antibodies were detected using streptavidin-conjugated 

reagents, typically SA-AF555 (Table 2.6). Secondary antibodies were cross absorbed for 30 

minutes in 10% mouse serum in staining solution, prior to addition to tissue sections. All 

antibody solutions were diluted in 1% BSA staining solution (Table 2.2).  

 

Sections were stained with 4’,6-diamidino-2-phenylindole (DAPI) for 30-60 seconds, then 

washed three times in PBS for 1 minute. Slides were dried before the addition of ProLong™ 

Gold antifade reagent (LifeTechnologies; P36930) to the tissue, on top of which cover slips 

were placed. The mounting media was left to partially dry, then the cover slip secured in 

place on the slide with clear varnish. Finally, slides were left at RT overnight in a dark 

container before storage at 4°C.  

 

 

2.8. Single-cell RNA-sequencing  

 

The experimental design for the scRNA-seq in this thesis involved C57BL/6 Kaede mice 

being injected with 2.5 x105 MC38-OVA cells subcutaneously between 6-9 weeks, prior to 

photoconversion of the subcutaneous tumour on day 13. Tumours and dLNs were collected 
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48 hours following photoconversion. Tissues were processed as per the gentleMACS™ 

method outlined in 2.4.1. Cells were stained with CD45, CD11b, Ter119, LIVE/DEAD™ 

Viability/Cytotoxicity. Lymphocytes (Live CD45+ TER119- Kaede+ CD11b-) were then 

isolated using the FACS Aria II Cell Sorter (BD) and sorted into two groups Kaede red+ (KR+) 

and Kaede red-. Samples were prepared by members of the Withers Lab. Analysis of scRNA-

seq data was all performed by Colin Lee (Clatworthy Lab, University of Cambridge), and 

further details of the analysis are provided in the paper by Lee et al. 2023.(83) 

 

 

2.9. Data Processing  

 

2.9.1. Data Collection & Analyses of Flow Cytometry Data 

Data was acquired using the BD LSR Fortessa™ X-20 (BD Biosciences) using FACSDiVA 8.0.2. 

software (BD Biosciences). FCS files were imported to FlowJo, and data analysed using 

FlowJo version 10.8 software.(281) 

 

As a known amount of AccuCount Blank Particles (Spherotech) were added to samples 

prior to data acquisition, the total cell counts per sample could be calculated as follows: 

Cell	Number	Acquired

= 	
C𝑒𝑙𝑙	𝑐𝑜𝑢𝑛𝑡	(𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑐𝑒𝑙𝑙𝑠	𝑎𝑐𝑞𝑢𝑖𝑟𝑒𝑑)
𝐵𝑒𝑎𝑑	𝑐𝑜𝑢𝑛𝑡	(𝑁𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑏𝑒𝑎𝑑𝑠	𝑎𝑐𝑞𝑢𝑖𝑟𝑒𝑑) × 10,000	(𝑇𝑜𝑡𝑎𝑙	𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑏𝑒𝑎𝑑𝑠) 

 

Using the total number of cells per sample acquired, the number of cells in a given tissue 

could be calculated as follows:  
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Cell	Number	per	Tissue = 	
Cell	Number	Acquired

Proportion	of	Tissue	Stained 

 

2.9.2. Image Capture, Visualisation & Analysis of Microscopy Data 

Images were acquired on the Zeiss LSM880 Confocal Microscope using ZEN Black software 

(Zeiss). Images were exported as CZI files and analysed using ZEN Black software (Zeiss). 

 

2.9.3. Data Acquisition & Analysis for IVIS Imaging Data 

Data was acquired using the IVIS Spectrum In Vivo Imaging System (PerkinElmer) using 

Living Image® 4.3.1. software (PerkinElmer). Bioluminescence imaging mode with open 

filter was  used; a field of view of 23.3cm was chosen, with a subject height of 1.5cm. A 

time series study of 8 segments with a 1-minute delay was performed. Image files (TIFF) 

were imported and analysed using Living Image® 4.7.4. software (PerkinElmer). A table of 

peak bioluminescence was exported in Microsoft Excel for further statistical analysis.  

 

 

2.10. Statistical Analysis  

 

Statistical analyses were performed using GraphPad Prism version 9 for Mac.(282) In 

experiments in which the sample size was small (n <10), the decision was made not to use 

tests for normality as they don't have enough power to detect non-gaussian 

distributions.(283) In experiments in which there was an appropriately large sample size, a 

Shapiro-Wilk test was used to test for normality. Table 2.12 details the statistical analyses 
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used according to whether the data was normally distributed or not. Where a linear 

correlation analysis was performed, the correlation coefficient is displayed on the graph.  

The threshold for statistical significance was p <0.05 and noted as follows: *, p <0.05; **, p 

<0.01; ***, p <0.001; and ****, p <0.0001. Where differences were not statistically 

significant, a p value was not indicated on the graph. 

 

Table 2.12- Statistical analyses used in this thesis according to the data type.  

 Two column  Multiple column Grouped 

Non-parametric Mann-Whitney Kruskal Wallis (Dunn’s 

multiple comparison 

tests) 

N/A 

Parametric Unpaired two-tailed 

student’s t-test 

Ordinary one-way 

ANOVA (Tukey’s 

multiple comparisons 

test ) 

 

Two-way ANOVA  (4 

family comparison, 

Fisher’s LSD test) 

(All means, Tukey’s 

multiple 

comparisons) 
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Chapter 3 

Investigating the Migratory Behaviour of Stem-like CD8 T cells in 

the Anti-Tumour Response 
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3.1. Introduction 

 
A greater intratumoural CD8 T cell infiltrate is associated with improved prognosis in 

multiple cancer types.(54, 55, 58-60) However, CD8 T cells are not all the same, instead 

existing on a continuum of differentiation states from naïve, to activated, exhausted and 

memory.(156) In the case of acute infection, expansion of activated T cells is accompanied 

by a rapid contraction, leaving only a small pool of memory cells.(61) However, when there 

is antigen persistence, as is the case in cancer, CD8 T cells follow a different trajectory 

toward exhaustion.(132, 284) The concept of CD8 T cell exhaustion was first described in 

the context of chronic viral infection with LCMV.(132) Here, CD8 T cells were found to be 

both phenotypically and functionally different from the activated CD8 T cells formed in 

acute infection, including increased expression of co-inhibitory receptors, reduced effector 

function and reduced proliferative potential.(125, 132, 238) As mentioned previously, 

exhaustion occurs in the setting of prolonged antigen exposure, and both the length of 

exposure and amount of antigen correlate with the extent of exhaustion.(138, 139) High 

expression of multiple co-inhibitory receptors by most CD8 T cells in pre-clinical and clinical 

tumour samples indicates that a large proportion of these intratumoural T cells are 

exhausted.(151, 285, 286) Given the reduced proliferative potential of exhausted CD8 T 

cells, how this compartment is sustained over years in some patients treated with ICB 

remained a key unanswered question. The discovery of the precursor exhausted 

population, or stem-like CD8 T cells provides an explanation for this.(158)  
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3.1.1. The importance of stem-like CD8 T cells in cancer 

Stem-like CD8 T cells share several features of memory populations, including retention of 

proliferative capacity, expression of CD127, CCR7 and TCF-1, whilst lacking effector 

functions such as granzyme production.(148, 149, 157, 159, 160, 287) However, unlike 

memory populations, stem-like CD8 T cells show some hallmarks of exhaustion, primarily 

increased expression of co-inhibitory receptors such as PD-1 and LAG-3, and crucially, the 

TF TOX.(149, 158-160) The clinical relevance of this population is that it underlies the 

proliferative burst in response to ICB therapy, facilitating the continuation of the CD8 

response.(149) In profiling clinical melanoma samples, Tcf7 expression within the T cell 

infiltrate of tumours indicated a positive response to ICB.(161) Hence, this population 

appears to be integral in sustaining the CD8 T cell compartment within tumours and is 

currently considered key to driving a productive response to treatment.  

 

3.1.2. The location and migratory potential of stem-like CD8 T cells  

Stem-like CD8 T cells have been detected within the tumour and dLN in preclinical cancer 

models, but the migratory potential of this population remains less clear.(148, 161, 288, 

289) Murine studies of chronic viral infection observed that cDC1s support a stem-like CD8 

population within the lymphoid tissue of infected animals, with some studies suggesting 

the T cell population is actually resident in the lymphoid tissue.(149, 290) Within the TME 

itself, it has been suggested that stem-like cells cluster within antigen-presenting cell 

niches enriched for DCs and increased MHCII expression.(288) These stem-like: APC 

clusters were enriched for exhausted CD8 T cells, correlated with improved tumour 

control, and were found in the proximity of lymphatics and vasculature.(288) Other studies 
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reinforced this, finding that stem-like CD8 T cells were associated with intratumoural high 

endothelial venules formed following antiangiogenic immunotherapies.(291) Exactly how 

therapeutic interventions and remodelling of the tumour environment influence the stem-

like compartment, and vice versa, needs further investigation.  

 

Whether the intratumoural stem-like compartment is sustained solely within the tumour 

itself or by differentiation within the dLN is debated. Anti-PD-L1 therapy dosed in a way to 

specifically target cells within the tumour dLN resulted in increased numbers of stem-like 

CD8 T cells within the LN, and a resultant decrease in tumour burden;(292) suggesting 

cellular traffic between the dLN and tumour, perhaps by the stem-like CD8 population. In 

the clinic, the same authors reported that PD-1:PD-L1 interactions in the tumour dLN, 

rather than in the tumour itself, dictated whether melanoma patients had a response to 

ICB.(292) However, stem-like CD8 T cells are clearly present within tumours and have the 

potential to respond within this environment. Another study using a pre-clinical model of 

lung adenocarcinoma compared the tumour-specific stem-like CD8 T cells within the 

tumour and the dLN, finding that the tumour-based stem-like population changed over 

time whereas the population in the dLN remained stable.(293) The authors suggested that 

the stem-like population in the tumour was pushed down the exhausted trajectory over 

time with tumour progression, yet the stem-like population within the dLN retained its 

phenotype and was able to then seed the tumour and sustain the response.(293) Studies 

of the tumour dLN from clinical samples of prostate, kidney and bladder cancer suggested 

a two-step maturation of stem-like CD8 T cells, showing phenotypic and TCR overlap 

between activated TCF-1+ CD8 T cells in the dLN and tumour; proposing that stem-like cells 
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in the dLN were precursors to more resident stem-like CD8 T cells that had received further 

co-stimulation in the TME from APCs.(106) Overall, the current understanding of tumour-

specific stem-like CD8 T cells implies trafficking between the tumour and tumour dLN, in 

contrast to the more resident stem-like CD8 T cells found in the context of LCMV 

infection.(149)  

 

3.1.3. Tracking T cell migration in pre-clinical tumour models using Kaede transgenic mice 

Kaede is a protein, found in stony coral, containing a tripeptide His(62)-Tyr(63)-Gly(64) 

which is responsible for its green to red fluorescent shift.(294) In its base state the 

tripeptide contributes to a green chromophore, upon UV irradiation there is a cleavage of 

the peptide and formation of a double bond resulting in a red-emitting chromophore.(294) 

In 2008, Tomura et al. established a Kaede transgenic mouse model, in which expression 

of Kaede is under the CAG-promoter, driving ubiquitous expression of the protein.(295) 

Therefore, all host cells are green (termed ‘Kaede green’ for clarity) under normal 

conditions but violet light transforms the protein to a red form (‘Kaede red’), enabling 

temporal site-specific tagging.(295) The Kaede transgenic model was initially used by 

Tomura et al. to label the skin, facilitating the study of immune cell migration between the 

skin and dLN.(296, 297) Within the Withers lab, site-specific photolabelling of LNs was then 

established by Marriott et al. in 2017, allowing the migration of CD4 memory T cell 

populations into and out of these tissues to be characterised.(298)  

 

The Withers lab further adapted the Kaede photolabelling model to enable the study of 

immune cell recruitment and egress in pre-clinical tumour models.(286) In this tumour 
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model, syngeneic tumour cell lines are injected subcutaneously into the flank prior to 

selective exposure of the subcutaneous tumour to UV light, termed photoconversion. The 

photoconversion procedure results in near complete Kaede red labelling of the 

intratumoural immune compartment; meaning that Kaede green (KG) cells found within 

the tumour have entered during the period after photoconversion, and Kaede red cells 

found in the periphery were within the tumour at the time of labelling and have since 

egressed. Utilising this Kaede tumour model, data from our lab revealed how quickly T cells 

within the tumour become exhausted and that this population appear to be largely 

retained within the tumour and unable to egress to the dLN. Importantly, a TCF-1+ PD-1+ 

CD8 population labelled in the tumour and potentially a stem-like CD8 T cell population 

were found to have migrated to the dLN.(286) These data indicated that the intratumoural 

stem-like CD8 compartment is dynamic, moving between the tumour and dLN. However, 

detailed characterisation of the stem like compartment in the tumour, the precise nature 

of the migratory T cells and their fate after migration to the dLN remain poorly understood.  

 

3.1.4. Aims 

The overarching aim of this chapter was to investigate the migratory behaviour of stem-

like CD8 T cells in the anti-tumour response, building on initial observations that a TCF-1+ 

PD-1+ CD8 T cell population egressed the tumour and was detected within the dLN. We 

hypothesise that the stem-like CD8 T cell compartment continually traffics from the 

tumour to the dLN. This behaviour would support the local expansion of exhausted CD8 T 

cells within the tumour whilst preserving the stem-like compartment in the face of 

continued antigen exposure and differentiation toward an exhausted phenotype. To 
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investigate this, pre-clinical tumour models grafted into Kaede transgenic mice will be used 

to interrogate the composition of the anti-tumour response within the tumour and dLN, 

combined with the direct tracking of T cells between these tissues as well as the peripheral 

lymphoid compartment.   

 

This chapter will aim to answer the following questions: 

- Are stem-like CD8 T cells resident within the tumour? 

- Do stem-like T cells egress the tumour, and if so, to where do they migrate? 

- Are there phenotypic differences in stem-like T cell populations present in different 

tissues and is this dependent upon their migratory history? 
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3.2. Results 

 

3.2.1. Establishing subcutaneous CRC models to study the composition of the 

intratumoural CD8 population and how this changes over time 

To undertake detailed investigations of the CD8 T cell response in cancer, in vivo tumour 

models are required. Given that the pre-clinical model used can influence the immune 

environment of the tumour and hence the resulting T cell response, two different 

syngeneic colorectal cancer models were first compared to examine whether fundamental 

differences exist in the CD8 T cell compartment across mouse backgrounds. Furthermore, 

the use of MC38-OVA, a modified C57BL/6 CRC cell line, supported the investigation of 

antigen-specific CD8 T cell responses. For both CRC models, 2.5 x105 CT26 and MC38-OVA 

cells were injected into the left flank of BALB/c Kaede and C57BL/6 Kaede mice 

respectively, tumour growth was monitored before collection between day 12 and day 14 

post-injection (Fig. 3.1A). To additionally compare with the subcutaneously implanted 

syngeneic cell line models, we analysed the spontaneous MMTV-PyMT breast tumour 

model. Here, the timing of tumour development is highly background dependent. To 

generate the MMTV-PyMT model on a Kaede background, F1 mice resulting from crossing 

PyMT+ male mice with Kaede female mice were used, in which tumours typically appeared 

within 11-14 weeks (Fig. 3.1B). The weight of resultant tumours from CT26 and MC38-OVA 

primary CRC models were between 0.025 and 0.15 grams, with tumours rapidly increasing 

in size between day 12 and day 14 post-injection (Fig. 3.1C-D). The weight of mammary 

tumours collected from PyMT mice varied substantially but were within a similar range to 

the CT26 and MC38-OVA tumours (Fig. 3.1E).  



A.

B.

C. D. E.
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Figure 3.1. Summary of initial tumour models used to investigate immune cell trafficking 

in dynamic labelling models.  

BALB/c and C57BL/6 mice (6-9 weeks) were injected with 2.5 x105 CT26 and MC38-OVA 

cells subcutaneously. To generate the MMTV-PyMT model on a Kaede background, F1 mice 

resulting from crossing PyMT+ male mice with Kaede female mice were used, in which 

tumours typically appeared within 11-14 weeks. All data shown are from two (MC38 OVA 

and PyMT tumours) or three (CT26) independent experiments. All graphs show the median 

and interquartile range (IQR). Statistical significance was determined using a Mann-

Whitney test. * = p < 0.05, ** = p < 0.01.  

A. Illustration outlining the experimental set-up of subcutaneous CRC tumour models. 

Created with Biorender.com. 

B. Illustration demonstrating the breeding and timeline for primary PyMT breast 

tumour models. Created with Biorender.com. 

C. The weight (g) of CT26 tumours at day 12 and day 14 post-injection.  

D. The weight (g) of MC38-OVA tumours at day 12 and day 14 post-injection.  

E. The weight (g) of PyMT tumours collected at 12 weeks.  
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Immune cells were isolated from tumours and stained with viability dye to allow 

immunophenotyping of live CD45+ cells by flow cytometry. Intratumoural CD8 T cells were 

identified by pre-gating on CD3+ CD11b- B220- cells before selecting those cells that 

expressed CD8 (Fig. 3.2A). After identifying intratumoural CD8 populations, the proportion 

of live CD45+ cells that were CD8+, as well as the number of CD8 T cells per gram of tumour 

were assessed. Both the proportion and infiltration of CD8 T cells in the tumour increased 

over time in the CT26 model, though this was not evident within the MC38-OVA tumours 

(Fig. 3.2B-E). Though the proportion of CD8 T cells in the live CD45+ compartment was 

comparable in PyMT tumours, CD8 infiltration in terms of cells per gram of tumour was 

significantly lower than in both CRC models (Fig. 3.2F-G). This reduced T cell infiltrate, 

compared with the variable tumour size and growth dynamics meant that after initial 

experiments, the more controlled cell line models became the focus of my studies. 

 

To initially phenotype the CD8 T cell compartment, a panel capturing information on 

exhaustion, activation, and their migratory capacity was used. To identify exhausted CD8 T 

cells, the TF TOX, alongside PD-1 was used. In addition, expression of co-inhibitory receptor 

NKG2A was assessed, building on earlier studies in the lab, to explore its expression pattern 

on CD8 T cells.(299) CD69 and CD62L were used to indicate tissue residency versus 

migratory potential. The TF TCF-1 was assessed as a key marker of memory T cells, but also 

the stem-like compartment. Expression of these markers by CD8 T cells isolated from CT26 

tumours taken at day 12 and 14 is shown in Fig. 3.3A. Most evident in this initial analysis 

was the robust expression of NKG2A and PD-1, which increased from day 12 to 14, 

alongside TOX expression, consistent with the emergence of an exhausted CD8 T cell  



A.

B. C. D.

E. F. G.
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Figure 3.2. Enumerating the intratumoural CD8 T cell population by flow cytometry in 

subcutaneous and primary tumour models.   

BALB/c and C57BL/6 mice (6-9 weeks) were injected with 2.5 x105 CT26 and MC38-OVA 

cells subcutaneously. To generate the MMTV-PyMT model on a Kaede background, F1 mice 

resulting from crossing PyMT+ male mice with Kaede female mice were used, in which 

tumours typically appeared within 11-14 weeks. All data shown are from two (MC38 OVA 

and PyMT tumours) or three (CT26) independent experiments. All graphs show the median 

and IQR. In the case of two-column analysis statistical significance was determined using a 

Mann-Whitney test, in the case of multiple column analysis statistical significance was 

determined using a Kruskal-Wallis multiple comparison with Dunn’s post-hoc correction 

performed. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 

A. Gating strategy used to define the CD8+ T cell population in subcutaneous tumours. 

Representative flow cytometry plots shown are from a CT26 subcutaneously 

implanted tumour at day 12 post-injection.  

B. The percentage of live CD45+ cells that are CD8+ in CT26 tumours day 12 versus 

day 14 post-injection.  

C. The number of CD8+ cells per gram of CT26 tumour shown at day 12 and day 14 

post-injection.  

D. The percentage of live CD45+ cells that are CD8+ in MC38-OVA tumours day 12 

versus day 14 post-injection.  

E. The number of CD8+ cells per gram of MC38-OVA tumour shown at day 12 and day 

14 post-injection.  

F. The percentage of live CD45+ cells that are CD8+ in PyMT tumours collected when 

the animal was 12 weeks of age.  

G. Comparison of CD8 T cell infiltration, demonstrated as CD8+ cells per gram of 

tumour, in three different tumour models.  

  



A.

B. C. D.

E. F. G.

H. I. J.
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Figure 3.3. Phenotype of the total CD8 T cell intratumoural population in subcutaneous 

tumour models.  

BALB/c mice (6-9 weeks) were injected with 2.5 x105 CT26 cells subcutaneously. Tissues 

were collected day 12 post-injection. All data shown are from three independent 

experiments. All graphs show the mean ±SD. Statistical significance was determined using 

an unpaired t test. * = p < 0.05, ** = p < 0.01, *** = p < 0.001. 

  

A. Histograms demonstrating the expression of TOX, TCF-1, NKG2A, PD-1, CD62L and 

CD69 in the total CD8+ T cell population in a representative CT26 WT subcutaneous 

tumour at day 12 (top row) and day 14 (bottom row). CD8 T cells previously gated 

on Live CD45+ CD11b- B220- CD11c- CD3+ CD8+.  

B. The percentage of intratumoural CD8+ cells that are TOX+ at day 12 and day 14.  

C. The MFI of TOX expression in the intratumoural CD8+ cells at day 12 and day 14.  

D. The percentage of intratumoural CD8+ cells that are NKG2A+ at day 12 and day 14.  

E. The percentage of intratumoural CD8+ cells that are PD-1+ at day 12 and day 14.  

F. The MFI of PD-1 expression in the intratumoural CD8+ cells at day 12 and day 14.  

G. The percentage of intratumoural CD8+ cells that are TCF-1+ at day 12 and day 14.  

H. The percentage of intratumoural CD8+ cells that are CD62L+ at day 12 and day 14.  

I. The percentage of intratumoural CD8+ cells that are CD69+ at day 12 and day 14.  

J. The MFI of CD69 expression in the intratumoural CD8+ cells at day 12 and day 14.  
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programme. Limited expression of either TCF-1 or CD62L was detected, consistent with a 

limited memory cell compartment within the tumour and a CD8 T cell population becoming 

exhausted. High expression of CD69 indicated that most CD8 T cells are retained within the 

tumour. Enumeration of these data confirmed significant increases in the percentage of 

CD8 T cells expressing TOX and the level of TOX expression (MFI) from day 12 to 14 (Fig. 

3.3B, C). The proportion of TCF-1+ CD8 T cells was low, falling further between day 12 and 

14 (Fig. 3.3D). The percentage of CD8 T cells expressing co-inhibitory receptors PD-1 and 

NKG2A increased over time, and the level of PD-1 also increased (Fig. 3.3E-G). A small 

proportion of the intratumoural CD8 population was CD62L+, falling further between day 

12 and 14, conversely the proportion and level of CD69 expression increased (Fig. 3.3H-J) 

displaying a shift toward tissue residency. Collectively, these data indicate that the 

intratumoural CD8 T cell population was becoming more exhausted as the tumour 

persisted. Spontaneous tumour samples from the PyMT model showed a similar pattern 

of expression, although interestingly, these tumours also contained a putative tissue-

resident T cell compartment that is absent in implanted CRC models (Appendices 3.1 & 

3.2). Further controls including fluorescence minus one (FMO) controls are shown in 

Appendix 3.3.  

 

The MC38-OVA CRC model enabled the examination of antigen-specific CD8 T cells. Using 

OVA antigen tetramer H-2Kb-SIINFEKL from the NIH Tetramer Core Facility, CD8 T cells 

recognising a model antigen expressed by the tumour cells could be specifically identified 

and compared to the total CD8 T cell population within tumours. OVA staining between 

intratumoural CD8 and CD4 T cell populations is shown in the appendix (Appendix 3.4). 
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CD8 exhaustion and activation were assessed as previously, with the addition of the marker 

Ly108 which has been linked to TCF-1 expression and stem-like populations.(300) There 

was no clear change in the expression of TOX between days 12 and 14 unlike CT26 tumours, 

and expression was similar between the antigen-specific and total CD8 T cell populations 

(Fig. 3.4A-B). TCF-1 expression was reduced over time, as in CT26 tumours, however, 

changes in Ly108 expression were not evident, and both markers were comparable 

between the total and OVA-specific CD8 populations (Fig. 3.4A,C-D). PD-1 expression was 

high at both day 12 and 14 and a significant increase in the proportion of PD-1+ OVA-

specific CD8 T cells was evident, such that almost all these cells were positive by day 14 

(Fig. 3.4A,E). Most CD8 T cells in MC38-OVA tumours, whether OVA-specific or not, lacked 

CD62L expression (Fig. 3.4A,F). Finally, CD69 expression remained unchanged across time 

points or between the two groups (Fig. 3.4A,G). Overall, these data clearly demonstrate an 

intratumoural CD8 T cell compartment that becomes increasingly dominated by an 

exhausted phenotype, across the multiple pre-clinical models used.  

 

3.2.2. Examining changes in the intratumoural CD8 population over time 

To study the effect of time within the tumour on immune populations, our lab has 

established an in vivo tumour photolabelling model, where tumours are grafted into Kaede 

transgenic mice and the immune compartment ‘time-stamped’ using violet light.(286) CRC 

cell lines were injected subcutaneously on the left flank as described in 2.3.1, and at day 

11 photolabelling was performed. The aim of this procedure was to switch Kaede 

fluorescence from its native green (Kaede green) to the converted red form (Kaede red) 

within all host cells present in the tumour at the time of labelling. Tissues were then  



A.

B. C.

D. E.
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Figure 3.4. Phenotype of the antigen-specific CD8 T cell intratumoural population in 

subcutaneous tumour models. 

C57BL/6 mice (6-9 weeks) were injected with 2.5 x105 MC38-OVA cells subcutaneously. 

Tissues were collected day 12 and day 14 post-injection. All data shown are from two 

independent experiments. All graphs show the mean ± SD. Statistical significance was 

determined using a two-way ANOVA , 4 family comparison, Fisher’s LSD test. * = p < 0.05, 

** = p < 0.01, *** = p< 0.001. 

A. Histograms demonstrating the expression of TOX, TCF-1, Ly108, PD-1, CD62L and 

CD69 in the total CD8+ T cell population in a representative MC38-OVA tumour at 

day 12 (top row) and day 14 (bottom row) post-injection. The MFI of markers in the 

OVA+ CD8+ population is shown in light blue, and in the total CD8 T cell population 

in grey. 

B. The percentage of intratumoural CD8+ T cells versus OVA+ CD8+ T cells that are 

TOX+ at day 12 and day 14.  

C. The percentage of intratumoural CD8+ T cells versus OVA+ CD8+ T cells that are 

TCF-1+ at day 12 and day 14.  

D. The percentage of intratumoural CD8+ T cells versus OVA+ CD8+ T cells that are 

Ly108+ at day 12 and day 14.  

E. The percentage of intratumoural CD8+ T cells versus OVA+ CD8+ T cells that are PD-

1+ at day 12 and day 14.  

F. The percentage of intratumoural CD8+ T cells versus OVA+ CD8+ T cells that are 

CD62L+ at day 12 and day 14.  

G. The MFI of CD69 expression in intratumoural CD8+ T cells versus OVA+ CD8+ T cells 

at day 12 and day 14.  
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harvested at different times post-photolabelling (Fig. 3.5A). Photolabelling of effectively all 

CD3+ T cells within the tumour was achieved, evidenced by the proportion of Kaede red+ 

cells in the tumour immediately after photoconversion, which was effectively 100% (Fig. 

3.5B). This means that any Kaede green cells found within tumours after labelling have 

trafficked into the tumour after photoconversion, while Kaede red cells were present in 

the tumour at the time of labelling. Ingress of CD8 T cells can be seen as early as 5 hours 

after labelling and the proportion of Kaede green+ cells increased over time, consistent 

with the continued influx of new cells into the tumour (Fig. 3.5C). The proportion of Kaede 

red CD8 T cells decreased over time in both CT26 and MC38-OVA models, but the 

proportion of Kaede red+ cells was notably lower in MC38-OVA tumours than CT26 (Fig. 

3.5D-E). The density of Kaede red+ CD8 T cells within the tumour increased in the CT26 

model over time (Fig. 3.5F), however this may reflect the significant increase in the CD8 T 

cell population between the two timepoints (Fig. 3.2C-D). In MC38-OVA tumours, the 

density of Kaede red+ CD8 T cells remained consistent across the two timepoints (Fig. 

3.5G). Thus, both CT26 and MC38-OVA CRC models are amenable to photoconversion and 

allow the study of CD8 T cell ingress and egress. 

 

The vascularisation of tumours is essential to their development, however immune cells 

will also be contained within the primitive vasculature of subcutaneous tumours and 

potentially provide a source of contamination in analyses of TILs. To determine the extent 

to which these cells trapped within the vasculature of tumours at the time of collection 

contribute to the overall CD8 T cell phenotype, cells in the vasculature were labelled using 

intravenously injected fluorescently labelled CD45 antibody and allowed to circulate for 5  
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Figure 3.5. Using the Kaede transgenic mouse and photo-labelling of tumours to assess 

changes in the immune compartment over time. 

BALB/c Kaede and C57BL/6 Kaede mice (6-9 weeks) were injected with 2.5 x105 CT26 and 

MC38-OVA cells subcutaneously. Subcutaneous tumours were photoconverted on day 11, 

and tissues collected 0, 24 and 72 hours after photoconversion. All CT26 data shown are 

from three independent experiments. All MC38-OVA data shown are from two 

independent experiments. All graphs show the median value and IQR. Statistical 

significance was determined using a Mann-Whitney test. * = p < 0.05, ** = p < 0.01. 

A. Illustration outlining the set-up of subcutaneous Kaede tumour model experiments. 

Created using Biorender.com.  

B. Flow cytometry plots demonstrating the Kaede expression in the CD3+ T cell 

population of un-labelled and photolabelled subcutaneous tumours. T cells were 

pre-gated on live CD45+ CD11b- CD11c- B220- CD3+ cells. Representative flow 

cytometry plots shown are from a representative CT26 tumour collected 

immediately following photoconversion.  

C. Flow cytometry plots demonstrating the gating of Kaede red+ and Kaede green+ 

CD8 populations in representative CT26 tumours at 5, 24 and 72 hours (left to right) 

after photo-labelling.  

D. The percentage of intratumoural CD8+ T cells that are Kaede red+ 24 and 72 hours 

after photoconversion in CT26 tumours.  

E. The percentage of intratumoural CD8+ T cells that are Kaede red+ 24 and 72 hours 

after photoconversion in MC38-OVA tumours.  

F. The number of Kaede red+ CD8 T cells per gram of tumour 24 and 72 hours 

following photoconversion in CT26 tumours.  

G. The number of Kaede red+ CD8 T cells per gram of tumour 24 and 72 hours 

following photoconversion in MC38-OVA tumours.  
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minutes prior to collection of the tumour tissue (Fig. 3.6A). Analysis of the cells labelled by 

the injected anti-CD45 antibody revealed that less than 1% of the CD8 T cells isolated from 

the tumour were labelled, and so the likelihood of their skewing the CD8 phenotype was 

minimal (Fig. 3.6B-C). Phenotyping of the i.v. CD45-labelled CD8 T cells within tumours 

revealed that they were mostly phenotypically distinct from those cells in the tumour, with 

reduced expression of markers of activation or exhaustion and higher expression of CD62L 

(Fig. 3.6D-I). Approximately 10% of the i.v. CD45-labelled CD8 T cells were Kaede red+ (Fig. 

3.6J). Overall, the contribution of immune cells within the vasculature of subcutaneously 

implanted tumours to overall CD8 phenotype is minimal and hence this additional further 

step to the in vivo experiments was deemed redundant in subsequent experiments.  

 

Due to complete photolabelling of the tumour immune compartment, Kaede green cells 

found within the tumour at timepoints following the photolabelling procedure can be said 

to be newly entering. Thus, it is possible to observe how quickly these newly entered cells 

change with time spent in the tumour. Similar to previous results, the longer CD8 T cells 

spend within the tumour the more exhausted their phenotype, this can be seen through 

both differences between the 24- and 72-hour timepoints, but also between the Kaede red 

and Kaede green populations at both time points (Fig. 3.7A-D). The most marked result is 

how rapidly newly entering Kaede green cells become exhausted within the tumour, 

resembling their Kaede red counterparts (Fig. 3.7A-D & Appendices 3.5-3.7). The 

expression of PD-1 is a good example, Kaede green CD8 T cells at 24 hours express a low 

level of PD-1, clearly less than those Kaede red CD8 T cells that have been in the tumour 

for at least a day (Fig. 3.7C). At 72 hours post-labelling, the Kaede green CD8 T cell  
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Figure 3.6. Determining the extent to which cells within the tumour vasculature 

contribute to the tumour infiltrating lymphocyte analysis.  

BALB/c Kaede mice (6-9 weeks) were injected with 2.5 x105 CT26 cells subcutaneously. On 

day 12 following injection, 1μg BV785 CD45 antibody was injected intravenously, prior to 

cessation of circulation 5 minutes later and collection of tissues. All CT26 data shown are 

from one experiment with four animals. All graphs show the median value only.  

A. Illustration outlining the set-up of i.v. labelling to ascertain the phenotype of 

lymphocytes residing in tumour vessels. 

B. The number of CD8+ T cells in the subcutaneous tumour that are i.v. labelled versus 

unlabelled.  

C. Flow cytometry plot demonstrating the gating of i.v. CD45 labelled CD8 T cells from 

representative CT26 WT tumour.  

D. Histograms demonstrating the MFI of TOX, PD-1, NKG2A, CD62L, and CD69 in the 

total CD8 population (grey) versus the i.v. CD45 labelled CD8 population (purple) in 

a representative CT26 tumour sample.  

E. The MFI of TOX in i.v. labelled and unlabelled CD8 cells in CT26 tumours. 

F. The MFI of PD-1 in i.v. labelled and unlabelled CD8 cells in CT26 tumours. 

G. The MFI of NKG2A in i.v. labelled and unlabelled CD8 cells in CT26 tumours. 

H. The MFI of CD62L in i.v. labelled and unlabelled CD8 cells in CT26 tumours. 

I. The MFI of CD69 in i.v. labelled and unlabelled CD8 cells in CT26 tumours. 

J. The percentage of Kaede red+ i.v. labelled and unlabelled CD8 cells in CT26 

tumours.  
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Figure 3.7. Examining the effect of time in the tumour on the phenotype of the CD8 

population. 

BALB/c Kaede mice (6-9 weeks) were injected with 2.5 x105 CT26 cells subcutaneously. 

Subcutaneous tumours were photoconverted on day 11, and tissues collected 24 and 72 

hours after photoconversion. All CT26 data shown are from three independent 

experiments. All graphs show the mean ±SD. Statistical significance was determined using 

a two-way ANOVA , 4 family comparison, Fisher’s LSD test. * = p < 0.05, ** = p < 0.01, *** 

= p< 0.001, **** = p< 0.0001 

A. Histograms demonstrating the expression of TOX, TCF-1, NKG2A, PD-1, CD62L and 

CD69 in the Kaede green+ (green) and Kaede red+ (red) CD8 T cell populations in a 

representative CT26 tumour sample, 24hr (top row) and 72hr (bottom row) 

following photoconversion.  

B. The percentage of intratumoural CD8+ Kaede red and green cells positive for TOX 

expression at 24 and 72 hours after photoconversion.  

C. The MFI of the PD-1+ compartment in intratumoural CD8+ Kaede red and green 

populations at 24 and 72 hours after photoconversion. 

D. The percentage of intratumoural CD8+ Kaede red and green cells positive for CD62L 

expression at 24 and 72 hours after photoconversion.  
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compartment now includes cells that have potentially been in the tumour for a further two 

days, and some cells had upregulated PD-1 expression to a level more comparable to that 

seen in the Kaede red population (Fig. 3.7A, C). Comparison of the tumour antigen-specific 

CD8 population and the tumour-resident Kaede red CD8 T cells shows that there were no 

significant differences between these two populations (Fig. 3.8A-D), suggesting that 

antigen-specific CD8 T cells become retained within the tumour.   

 

3.2.3. Studying the changes in the intratumoural stem-like population over time 

The clinical importance of the stem-like CD8 population has been strongly implicated, it is 

suggested that this population underpins a successful response to ICB, sustaining an 

intratumoural exhausted CD8 T cell population.(149, 161) Despite this, a detailed 

transcriptomic description of these cells in pre-clinical models of cancer is lacking, they 

remain rare within tumours and existing scRNA-seq data sets do not clearly define the 

stem-like population distinct from other TCF-1+ cells.(301) Following the establishment of 

subcutaneous CRC models and effective photolabelling of the tumour immune 

compartment, we sought to generate further transcriptomic resources defining the 

immune landscape of tumours. To this end we sought to optimise tumour digestion and 

sorting strategies and then used scRNA-seq to analyse Kaede green+ and Kaede red+ TILs 

and myeloid cells isolated from MC38 tumours 48-hours post-photoconversion. This 

experimental approach established an extensive scRNA-seq resource, rich in data 

characterising the immune compartment of MC38 tumours.(168, 302) Focusing on just the 

CD8 T cells within this data set, unbiased clustering of the CD8 compartment of these 

tumours revealed 12 clusters including naïve, cycling, memory, intermediate exhausted,  
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Figure 3.8. Comparison of antigen-specific CD8 T cells versus the total CD8 compartment 

in tumours over time. 

C57BL/6 Kaede mice (6-9 weeks) were injected with 2.5 x105 MC38-OVA cells 

subcutaneously. Subcutaneous tumours were photoconverted on day 11, and tissues 

collected 24 and 72 hours after photoconversion. All graphs show the mean ±SD. Statistical 

significance was determined using a two-way ANOVA , 4 family comparison, Fisher’s LSD 

test. * = p < 0.05, ** = p < 0.01, *** = p< 0.001. 

A. Histograms demonstrating the expression of TOX, TCF-1, Ly108, PD-1, CD62L and 

CD69 in the OVA+ CD8 (blue) and Kaede red+ CD8+ (red) populations in a 

representative MC38-OVA tumour sample at 24 (top row) and 72 hours (bottom 

row) after photoconversion. 

B. The percentage of intratumoural CD8+ Kaede red+ and CD8+ OVA+ that are TOX+ 

24 and 72 hours after photoconversion. 

C. The percentage of intratumoural CD8+ Kaede red+ and CD8+ OVA+ that are PD-1+ 

24 and 72 hours after photoconversion. 

D. The percentage of intratumoural CD8+ Kaede red+ and CD8+ OVA+ that are CD62L+ 

24 and 72 hours after photoconversion. 
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terminally exhausted, and a distinct progenitor exhausted population or stem-like 

compartment (Fig. 3.9A-B). This spectrum closely matched described populations in a 2023 

review by Wherry et al..(303) Within the 12 clusters, a cluster defined by high expression 

of Tcf7, Ccr7, Pdcd1, Cxcr3, and Tox was identified and termed ‘CD8 T exh_prog’ or stem-

like cluster (Fig. 3.9B-C). Consistent with other reports, these cells lacked expression of 

Havcr2 and Entpd1, unlike other exhausted cells (Fig. 3.9B-D).(149, 301) Comparison of this 

‘CD8 T exh_prog’ cluster with published data sets showed an enrichment for signatures 

thought to be representative of stem-like cells (CXCR5+ TIM-3-, TIM-3- PD-1+) (Fig. 

3.9D).(149, 301)  However, according to the signatures within both published datasets, 

there is also a high enrichment score among memory clusters, further evidencing these do 

not fully resolve stem-like cells (Fig. 3.9D).(149, 301)   

 

Flow cytometry was then used to validate the stem-like CD8 T cell transcriptome defined 

by scRNA-seq. Co-expression of TCF-1 and PD-1 was used to initially identify these cells. 

While Ly108 has been used by others to identify stem-like cells, in our hands we were 

concerned that co-expression of Ly108 and PD-1 falsely elevates the numbers of stem-like 

cells, particularly in CT26 tumours (Fig. 3.10A-D); potentially due to Ly108 protein 

expression being sustained after TCF-1 has been downregulated.(300) Consistent with the 

transcriptomic changes,  TCF-1+ PD-1+ cells demonstrated higher expression of TOX and 

CXCR6 than TCF-1+ PD-1- cells (Fig. 3.10E-G, J). The TCF-1+ PD-1+ cells also showed very 

limited expression of CD39 and TIM-3 when compared to the exhausted population, again 

consistent with the transcriptomic data (Fig. 3.10E, H-I, K). Interestingly, these stem-like 

cells also demonstrated robust expression of NKG2A, though not quite as abundantly as  
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Figure 3.9. Identification of intratumoural stem-like CD8 T cells using scRNA-seq analysis 

of MC38-OVA subcutaneous tumours. 

C57BL/6 Kaede mice (6-9 weeks) were injected with 2.5 x105 MC38-OVA cells 

subcutaneously, before photoconversion of the subcutaneous tumour on day 13. Tumours 

were collected 48 hours following photoconversion. Tissues were processed as per 

methods, before staining for CD45, CD11b, Ter119, Live/Dead. Cell suspensions were 

sorted using the FACS Aria II Cell Sorter (BD), sorted lymphocytes were further sorted into 

Kaede red+ and Kaede red-. scRNA sequencing of Kaede green+ and Kaede red+ TIL 

populations was carried out. For this work, scRNA-seq data from the CD8 population only 

is demonstrated.  

A. UMAP of CD8+ T cells from scRNA-seq of MC38 tumours. Clusters (coloured) were 

identified using unsupervised Leiden clustering. Cluster CD8T_exh_prog represents 

the stem-like CD8 population.  

B. Dot plot showing differentially expressed genes between CD8 clusters in MC38 

tumours. Clusters (coloured) were identified using unsupervised Leiden clustering 

and annotated using canonical CD8 T cell subset marker gene expression.  

CD8T_exh_prog is highlighted.  

C. UMAP demonstrating the expression of canonical gene markers between CD8 T cell 

clusters. CD8T_exh_prog is highlighted.  

D. Clusters identified were annotated using gene signatures published by Singer et al. 

(2016) and Im et al. (2016). 
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Figure 3.10. Defining the intratumoural stem-like CD8 population by flow cytometry.  

BALB/c Kaede mice (6-9 weeks) were injected with 2.5 x105 CT26 cells subcutaneously. 

Tissues were collected day 12 post-injection. All CT26 data shown are from three 

independent experiments. All MC38-OVA data shown are from two independent 

experiments. All graphs show the median value and IQR. In the case of two-column analysis 

statistical significance was determined using a Mann-Whitney test, in the case of multiple 

column analysis statistical significance was determined using a Kruskal-Wallis multiple 

comparison with Dunn’s post-hoc correction performed. * = p < 0.05, ** = p < 0.01, *** = 

p < 0.001. 

A. Flow cytometry plots demonstrating the co-expression of PD-1 with TCF-1 (left) and 

Ly108 (right) in CT26 tumours. Flow plots are pre-gated on live CD45+ CD11b- B220- 

CD3+ CD8+ cells in a representative tumour sample. 

B. Flow cytometry plots demonstrating the co-expression of PD-1 with TCF-1 (left) and 

Ly108 (right) in MC38-OVA tumours. Flow plots are pre-gated on live CD45+ CD11b- 

B220- CD3+ CD8+ cells in a representative tumour sample. 

C. The percentage of CD8 T cells that are TCF-1+ PD-1+ versus Ly108+ PD-1+ at day 12 

post-injection in CT26 tumours. 

D. The percentage of CD8 T cells that are TCF-1+ PD-1+ versus Ly108+ PD-1+ at day 12 

post-injection in MC38 OVA tumours.  

E. Histograms demonstrating the levels of TOX, CXCR6, CD39, and TIM-3 expression in 

the intratumoural CD8 T cell population according to TCF-1 and PD-1 expression at 

day 12 post-injection in a representative MC38-OVA tumour. The y axis is 

normalised to the mode. Histograms were generated using FlowJo software.  

F. The percentage of the CD8 T cell population according to TCF-1 and PD-1 expression 

that are TOX+ at day 12 post-injection in MC38 OVA tumours.  

G. The percentage of the CD8 T cell population according to TCF-1 and PD-1 expression 

that are CXCR6+ at day 12 post-injection in MC38 OVA tumours.  

H. The percentage of the CD8 T cell population according to TCF-1 and PD-1 expression 

that are CD39+ at day 12 post-injection in MC38 OVA tumours.  
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I. The percentage of the CD8 T cell population according to TCF-1 and PD-1 expression 

that are TIM-3+ at day 12 post-injection in MC38 OVA tumours.  

J. Flow cytometry plots demonstrating TOX and CXCR6 expression in the TCF-1+ PD-

1+ (pink) and TCF-1- PD-1+ (purple) compartments at day 12 post-injection in a 

representative MC38-OVA tumour. 

K. Flow cytometry plots demonstrating TIM-3 and CD39 expression in the TCF-1+ PD-

1+ (pink) and TCF-1- PD-1+ (purple) compartments at day 12 post-injection in a 

representative MC38-OVA tumour. 

L. Histogram demonstrating the level of NKG2A expression in the intratumoural CD8 

T cell population according to TCF-1 and PD-1 expression at day 12 post-injection in 

a representative CT26 tumour. The y axis is normalised to the mode. 

M. The percentage of the CD8 T cell population according to TCF-1 and PD-1 expression 

that are NKG2A+ at day 12 post-injection in CT26 tumours.  
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the TCF-1- PD-1+ cells (Fig. 3.10L-M). Thus, key transcriptomic features of the stem-like 

CD8 T cell compartment of tumours were validated at the protein level, providing 

appropriate ways to identify and track this population in vivo. 

 

Photolabelling of tumours was further used to assess the migratory capabilities of the 

stem-like CD8 T cell population. Initially, the proportion of Kaede red+ cells within the TCF-

1+ PD-1-, TCF-1+ PD-1+ and TCF-1- PD-1+ populations was compared at 24 hours post-

photoconversion of MC38-OVA tumours, to provide information on the extent to which 

newly entering cells contribute to these compartments (Fig. 3.11A). A significantly higher 

proportion of the TCF-1+ PD-1+ CD8 T cells were Kaede red+ compared with the TCF-1+ 

PD-1- population, indicating that these cells were more retained within the tumour (Fig. 

3.11B). Examining the stem-like CD8 T cell population according to their Kaede expression, 

and hence time in the tumour, it was clear that Kaede green+ stem-like cells that had 

entered the tumour within the past 24 hours had decreased expression of TOX and PD-1 

compared to Kaede red counterparts (Fig. 3.11C-D); but both Kaede green and red TCF-1+ 

PD-1+ cells were negative for TIM-3 expression, consistent with them being true stem-like 

CD8 cells (Fig. 3.11E). Comparison of the TCF-1+ PD-1+ cells at 24 and 72 hours post 

photoconversion revealed a significant drop in the proportion of Kaede red+ cells 

consistent with the continued recruitment of TCF-1+ PD-1+ cells into the tumour, but at a 

rate less than that of other populations (such as TCF-1+ PD-1- cells) (Fig. 3.11F-G). 

Comparable data was also observed within CT26 tumours after labelling (Appendix 3.8). 

Collectively these data indicate that there is a steady influx of new stem-like T cells into the 

tumour. 
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Figure 3.11. Phenotyping the intratumoural stem-like CD8 population over time. 

C57BL/6 Kaede mice (6-9 weeks) were injected with 2.5 x105 MC38-OVA cells 

subcutaneously. Photoconversion of subcutaneous tumours occurred on day 12 post-

injection, and tissues collected 24 hours later. All MC38-OVA data shown are from two 

independent experiments. All graphs show the median value and IQR. In the case of two-

column analysis statistical significance was determined using a Mann-Whitney test, in the 

case of multiple column analysis statistical significance was determined using a Kruskal-

Wallis multiple comparison with Dunn’s post-hoc correction performed. * = p < 0.05, ** = 

p < 0.01. 

A. Flow cytometry plots showing Kaede expression in the TCF-1+ PD-1- CD8+ (left), the 

TCF-1+ PD-1+ CD8+ (centre), and the TCF-1- PD-1+ CD8+ (right) populations. Data 

shown are from a representative MC38-OVA tumour 24 hours following 

photoconversion.  

B. The percentage of Kaede red+ cells based on expression of TCF-1 and PD-1 at 24 

hours following photoconversion of MC38-OVA tumours.  

C. The MFI of TOX in the KR+ and KG+ TCF-1+ PD-1+ CD8 population at 24 hours 

following photoconversion of MC38-OVA tumours.  

D. The MFI of PD-1 in the KR+ and KG+ TCF-1+ PD-1+ CD8 population at 24 hours 

following photoconversion of MC38-OVA tumours.  

E. The percentage of TIM-3+ cells in the KR+ and KG+ TCF-1+ PD-1+ CD8 population at 

24 hours following photoconversion of MC38-OVA tumours.  

F. Flow cytometry plots showing the Kaede expression (right) of the TCF-1+ PD-1+ 

CD8+ population highlighted (blue) in the left-hand flow plot at 24 and 72 hours 

following photoconversion. Data shown are from representative MC38-OVA 

tumours at each time point.  

G. The percentage of Kaede red+ in the TCF-1+ PD-1+ CD8 population at 24 and 72 

hours following photoconversion of MC38-OVA tumours.  
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To extend these analyses of the stem-like compartment and better understand when this 

population becomes established within the tumour, we asked whether these cells were 

evident earlier in the development of tumours. Therefore, MC38-OVA tumours were 

established in wildtype (WT) mice and the intratumoural TCF-1+ PD-1+ CD8 T cells analysed 

at day 7 and day 14 post implantation. The weight of MC38-OVA tumours, as well as the 

proportion and density of CD8 T cells within the tumour, increased between day 7 and 14 

of tumour development, as expected (Fig 3.12A-C). The number of OVA-specific CD8 T cells 

within the tumours also increased significantly between day 7 and 14 (Fig. 3.12D-E). Of 

note, there was a significant reduction in the proportion of TCF-1+ PD-1+ CD8 T cells from 

day 7 to 14 (Fig. 3.12F-G). The TCF-1+ PD-1+ compartment expressed low levels of TIM-3 

at both day 7 and 14, whereas at day 14 the exhausted TCF-1- PD-1+ population was 

predominantly TIM-3+, similar to the scRNA-seq signatures (Fig. 3.12H). The level of PD-1 

expression in the TCF-1+ PD-1+ population increased between day 7 and 14, though it was 

not statistically significant as in the TCF-1- PD-1+ population (Fig. 3.12I). The transcription 

factor B-cell lymphoma 6 (Bcl-6) was recently identified as a key driver of stem-like CD8 T 

cell persistence and provided an alternative means of identifying this population.(304) 

Using Bcl-6 reporter mice grafted with MC38-OVA tumours, we assessed Bcl-6 expression 

amongst the CD8 T cells in day 7 and 14 tumours. Due to the reporter, fixation and 

intracellular staining with TCF-1 was not possible, and so Ly108+ PD-1+ cells were used as 

a surrogate for the stem-like population. By overlaying Bcl-6+ cells onto plots of Ly108 

versus PD-1, it was evident that most Ly108+ PD-1+ cells lacked Bcl-6 expression (Fig. 

3.12J), consistent with Ly108 being a less than robust means to identify stem-like CD8 T 

cells as discussed previously. Bcl-6+ CD8 T cells were almost all Ly108+, and between day  
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Figure 3.12. Determining the expansion of the OVA+ antigen-specific CD8 population. 

C57BL/6 Kaede and Bcl-6 reporter mice (6-10 weeks) were injected with 2.5 x105 MC38-

OVA cells subcutaneously. All MC38-OVA data, in both Kaede mice and Bcl-6 mice, shown 

are from two independent experiments. All graphs show the mean ±SD. In the case of two-

way analysis statistical significance was determined using an unpaired t test, in the case of 

grouped data a two-way ANOVA , 4 family comparison, Fisher’s LSD test was used. * = p < 

0.05, ** = p < 0.01, *** = p< 0.001. 

A. The weight (g) of MC38-OVA tumours measured at day 7 and day 14 post-injection.  

B. The percentage of live CD45+ cells that are CD8+ in MC38-OVA tumours day 7 

versus day 14 post-injection.  

C. The number of CD8+ cells per gram of tumour in MC38-OVA tumours day 7 versus 

day 14 post-injection.  

D. Flow cytometry plots demonstrating OVA tetramer staining among the 

intratumoural CD8+ T cell population at day 7 (left) and day 14 (right) post-injection 

in representative MC38-OVA subcutaneous tumours.  

E. The percentage of CD8+ T cells that are OVA+ at day 7 and day 14 post injection in 

MC38-OVA tumours.  

F. Flow cytometry plots demonstrating TCF-1 and PD-1 staining in MC38-OVA tumours 

at day 7 (left) and day 14 (right) post injection. The TCF-1+ PD-1+ is highlighted in 

pink, and TCF-1- PD-1+ in purple.  

G. The percentage of CD8+ cells that are TCF-1+ PD-1+ at day 7 and day 14 after 

injection.  

H. The percentage of TIM-3+ cells in the intratumoural TCF-1+ PD-1+ and TCF-1- PD-

1+ populations at day 7 and day 14 after injection.  

I. The MFI of PD-1 in the intratumoural TCF-1+ PD-1+ and TCF-1- PD-1+ populations 

at day 7 and day 14 after injection.  

J. Flow cytometry plots demonstrating Ly108 and PD-1 expression in the Bcl-6+ CD8 

population (in red) and the total CD8 population (blue) at day 7 (left) and day 14 

(right) after injection of 2.5x105 MC38-OVA cells subcutaneously into bcl-6 reporter 

mice.   



99 
 

7 and 14 there was a clear upregulation of PD-1 expression by these cells (Fig. 3.12J). In 

summary, a comparison of the TCF-1+ PD-1+ cells present in the tumour at day 7 and day 

14 indicated phenotypic differences and suggested that this compartment changes as the 

tumour develops.   

 

3.2.4. Investigating the phenotype of CD8 T cells as they enter the tumour 

Photoconversion of the tumour enables newly entering CD8 T cells to be characterised and 

thus how cells change over time in the tumour investigated. Our comparison of Kaede 

green and Kaede red CD8 T cells at 24 hours post-photoconversion had highlighted 

significant differences in the phenotype of cells including reduced expression of PD-1 and 

TOX. To refine our analysis of recent tumour immigrants and specifically ask whether any 

cells with a stem-like phenotype were evident amongst cells that had only very recently 

entered the tissue, we characterised the intratumoural CD8 T cell compartment at 5 hours 

post-photoconversion. At this time point only a small fraction (<5%) of the CD8 T cells were 

Kaede green+ (Fig. 3.13A-C). Consistent with the 24-hour analysis, the majority of these 

cells were TCF-1-, TOX-, CD62L- and CD69-, and levels of both PD-1 and NKG2A were 

significantly lower on Kaede green cells than Kaede red cells (Fig. 3.13D & Appendix 3.9). 

Given the lower level of PD-1 expression by Kaede green cells, it was not surprising that 

analysing the co-expression of TCF-1 and PD-1 revealed that the TCF-1+ PD-1hi stem-like 

population amongst the Kaede red cells was lacking in the Kaede green compartment 

(Fig.3.13E-F). However, a small population of TCF-1+ PD-1-/lo cells were evident amongst 

the Kaede green population and comparable in frequency to the Kaede red TCF-1+ PD-1+ 

cells (Fig. 3.13E-); this TCF-1+ PD-1+ population on entry expresses not only lower levels of  
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Figure 3.13. Phenotype of CD8 T cells entering the tumour within 5 hours of 

photoconversion.  

BALB/c Kaede mice (6-9 weeks) were injected with 2.5 x105 CT26 cells subcutaneously. 

Photoconversion of the subcutaneous tumour occurred on day 11, and tissue collection 5 

hours following the procedure. All CT26 data shown are from two independent 

experiments. All graphs show the median value and IQR. Statistical significance was 

determined using a Mann-Whitney test. * = p < 0.05. 

A. The proportion of CD8+ cells that are Kaede green+ and Kaede red+ in CT26 

tumours 5 hours following photoconversion.  

B. Flow cytometry plot demonstrating Kaede expression in the CD8 T cell 

compartment of a representative CT26 s.c. tumour harvested 5 hours following 

photoconversion.  

C. The number of Kaede red and Kaede green CD8+ cells per gram in CT26 s.c. tumours 

5 hours following photoconversion.  

D. Histograms demonstrating the expression of TCF-1, TOX, NKG2A, PD-1, CD62L and 

CD69 in Kaede red+ CD8+ cells (top row) and Kaede green+ CD8+ cells (bottom row) 

5 hours after photoconversion.  

E. Flow cytometry plots demonstrating TCF-1 and PD-1 expression in the Kaede green 

(left plot) and Kaede red (right plot) CD8 populations 5 hours following 

photoconversion. 

F. The MFI of PD-1 in KG+ and KR+ TCF-1+ PD-1+ CD8 T cells 5 hours after 

photoconversion. 

G. The percentage of NKG2A+ cells in the KG+ and KR+ TCF-1+PD-1+ CD8 populations 

5 hours after photoconversion. 
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PD-1 but also most were NKG2A- (Fig. 3.13F-G). Collectively, our data indicate that the 

stem-like TCF-1+ PD-1+ population of tumours is continuously seeded by new cells entering 

the tumour, and these cells have phenotypic differences including a lower level of 

inhibitory receptor expression.  

 

Photoconversion of the tumour enables identification of cells entering after labelling, but 

does not identify the source of these cells, for example whether they come from the blood, 

the dLN (via the blood) or from reservoirs of responding T cells in peripheral lymphoid 

tissues. To specifically ask whether the cells entering the tumour were recently present 

within the dLN, we used photoconversion of this tissue, adapting approaches previously 

used to label LNs.(298) The tumour draining inguinal LN was transcutaneously 

photoconverted at day 11 post-injection of CT26 cell line into the left flank, both the 

tumour and photoconverted LN were then either collected at 0- or 24 hours following 

labelling (Fig. 3.14A). Lymph nodes were successfully photoconverted without labelling of 

the subcutaneous tumour, at 0 hours all CD8 T cells in labelled LNs were Kaede red+ and 

no intratumoural CD8 T cells were Kaede red+ (Fig. 3.14B-D). Due to anatomical variation 

between animals, and distortion of normal anatomy due to the presence of a tumour, 

labelling of the inguinal LN was technically difficult and only about 20-30% of attempts 

were successful in terms of fully labelling the LN. When samples were taken at 24 hours 

post-labelling of the dLN, only mice in which the dLN contained a distinct Kaede red+ 

compartment (typically 15-20% of the total CD8 T cells) were considered as fully labelled. 

In these mice, the tumour consistently contained a very small, but distinct population of 

Kaede red+ CD8 T cells (Fig. 3.14D). Given that only partial dLN labelling was achieved in  
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Figure 3.14. Photoconversion of the tumour draining lymph node allows tracking of CD8 

T cells migrating into the tumour.  

BALB/c Kaede mice (6-9 weeks) were injected with 2.5 x105 CT26 cells subcutaneously. 

Photoconversion of the tumour dLN (inguinal) occurred on day 11, and tissue collection 24 

hours following the procedure. All CT26 data shown are from three independent 

experiments. All graphs show the median value and IQR.  

A. Illustration showing the set-up of tumour dLN photoconversion experiments. 

Created using Biorender.com.  

B. The percentage of CD8 T cells in the dLN that are Kaede red+ 0 hrs and 24 hrs 

following photoconversion of the dLN. 

C. The percentage of CD8 T cells in the subcutaneous tumour that are Kaede red+ at 

0 hrs and 24 hrs following photoconversion of the dLN. 

D. Flow cytometry plots demonstrating Kaede labelling in the dLN (left), and tumour 

(right), 0hrs (top row) and 24hrs (bottom row) after UV labelling of the tumour dLN. 
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most mice and this potentially undermined detection of cells trafficking to the tumour, we 

performed three separate experiments where dLN labelling was attempted. Fig. 3.15A 

shows analysis of the Kaede red+ CD8 T cells in the tumour of different mice where we 

were confident that the dLN was robustly labelled. Strikingly, while the number of Kaede 

red+ CD8 T cells detected in the tumour was consistently very low, TCF-1+ PD-1+ CD8 T 

cells were always detected (Fig. 3.15A-B). These data suggest that amongst the few CD8 T 

cells that traffic from the dLN to the tumour within a 24-hour time frame, cells resembling 

stem-like CD8 T cells are consistently present. Furthermore, these data highlight that most 

of the newly entering CD8 T cells within the tumour have not left the dLN within 24 hours. 

Rather, these data suggest that T cells emigrating the dLN spend a period of time, that 

likely comprises several days, within the periphery before successfully trafficking to the 

tumour. Why this occurs and what this means for the anti-tumour T cell response requires 

further investigation. 

 

3.2.5. Examining the composition of CD8 T cells that egress the tumour  

So far, our data has highlighted that TCF-1+ PD-1+ stem-like CD8 T cells are present within 

the tumour and likely retained here, although there appears to be continuous seeding of 

this population with new cells that show modest phenotypic differences such as reduced 

PD-1 expression. These data are consistent with a reservoir of cells in the dLN that 

replenishes the CD8 T cell compartment of the tumour.(106) To understand whether the 

entry of new stem-like CD8 T cells into the tumour was balanced by the egress of this 

population, we sought to investigate what CD8 T cells, if any, leave the tumour. Therefore, 

subcutaneous tumours were labelled 48 hours prior to collection of dLNs. Single cell RNA- 
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Figure 3.15. Characterisation of Kaede red+ CD8 T cells trafficking to the tumour within 

24 hours of photoconversion of the draining lymph node. 

BALB/c Kaede mice  (6-9 weeks) were injected with 2.5 x105 CT26 cells subcutaneously. 

Photoconversion of the tumour dLN (inguinal) occurred on day 11, and tissue collection 24 

hours following the procedure. All CT26 data shown are from three independent 

experiments.  

A. Flow cytometry plots showing expression of TCF-1, PD-1, NKG2A, TOX, CD62L and 

CD44 in the Kaede red+ CD8 population found within the subcutaneous tumour 

following LN photoconversion. The left-hand column shows TCF-1+ PD-1+ CD8 T 

cells highlighted in blue. In subsequent flow plots (three left hand plots) TCF-1+ PD-

1+ CD8 T cells are represented by blue dots in the plots.  

B. Pie chart showing the proportion of Kaede red+ CD8 T cells that are TCF-1+ PD-1+ 

(light blue).  
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sequencing of Kaede red+ TILs isolated from the tumour dLN of MC38 tumours was used 

to unbiasedly characterise the labelled cells that had trafficked from the tumour. Five CD8 

T cell clusters were identified within the Kaede red+ CD8 T cell compartment in tumour 

dLNs labelled CD8T_a to CD8T_e (Fig. 3.16A). Clusters a-c comprised the majority of the 

cells and expressed high levels of Tcf7 and Ccr7 (Fig. 3.16A-C). CD8T_d appeared to 

describe a more effector population, expressing Gzma, Gzmb, Prf1 and Ifng.(Fig. 3.16A-C). 

CD8T_e was a small cluster of proliferating cells (Fig. 3.16A-C). Of note, CD8T_a was distinct 

from clusters CD8T_b and c by nature of high Pdcd1, Tox and Cxcr6 expression in the 

absence of Havcr2 and Entpd1, consistent with a stem-like CD8 T cell phenotype (Fig. 

3.16A-C). Which CD8 T cell cluster in the tumour most resembled CD8T_a was modelled, 

and it was found that CD8T_a most resembled the CD8 T exh_prog/ stem-like cluster from 

the tumour (Fig. 3.16D-E). Thus, an unbiased analysis of the CD8 T cells egressing the 

tumour identified a clear population of stem-like CD8 T cells at the transcriptional level. 

 

Having investigated the transcriptome of CD8 T cells egressing the tumour, we sought to 

validate these expression data at the protein level and identify stem-like CD8 T cells. 

Immune cells were isolated from the tumour dLN and stained, CD8 T cells were gated as 

Live/DeadTM- CD45+ CD11b- CD3+ CD8+ cells (Fig. 3.17A). After identifying the CD8 T cell 

population in the dLN, Kaede red+ cells that had migrated from the tumour were selected 

(Fig. 3.17A), and the proportion and number quantified (Fig. 3.17B-C). In both MC38-OVA 

and CT26 tumour models Kaede red+ CD8 T cells could be identified in the tumour dLN, 

and both the number and proportion of Kaede red+ CD8 T cells increased between 24 and 

72 hours (Fig. 3.17B-C). To confirm that the Kaede red labelling was not an artefact or by- 
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Figure 3.16. Identification of a stem-like population in Kaede Red+ CD8 T cells trafficking 

to the tumour draining lymph node on scRNA-seq. 

C57BL/6 Kaede mice (6-9 weeks) were injected with 2.5 x105 MC38-OVA cells 

subcutaneously, before photoconversion of the subcutaneous tumour on day 13. dLNs 

were collected 48 hours following photoconversion. Tissues were processed as per 

methods, before staining for CD45, CD11b, Ter119, Live/Dead. Cell suspensions were 

sorted using the FACS Aria II Cell Sorter (BD), sorted lymphocytes were further sorted into 

Kaede red+ and Kaede red-. scRNA sequencing of Kaede green+ and Kaede red+ 

lymphocyte population was carried out. For this work, scRNA-seq data from the CD8 

population only is demonstrated.  

A. UMAP of scRNA sequencing of Kaede red+ CD8 T cells isolated from the tumour-

dLNs (from tumours in Fig 3.9). Clusters (coloured) were identified using 

unsupervised Leiden clustering.  

B. Dot plot showing differentially expressed genes between clusters in the CD8 Kaede 

red+ population identified in MC38 tumour dLNs. Clusters (coloured) were 

identified using unsupervised Leiden clustering and annotated using canonical CD8 

T cell subset marker gene expression.  CD8T_a is highlighted.  

C. UMAP demonstrating the expression of canonical gene markers between CD8 T cell 

clusters.  

D. Predicted cell identities of dLN KR+ CD8 T cells corresponding to tumour CD8 T cells. 

A lasso and elastic-net regularised generalised linear model (glmnet) was fit to the 

tumour CD8 T cell single-cell gene expression matrices from Fig 3.9 using a 

multinomial regression, and the optimal regularisation parameter (lambda) was 

selected using a cross-validation approach (n = 100). The resulting model was 

applied to the gene expression matrices from Kaede-red dLN CD8 T cells (A) to 

obtain predicted cellular identities (coloured). CD8T_exh_prog are highlighted on 

the key. 

E. Heatmap of multinomial classification results of Kaede-red dLN CD8 T cells. Colours 

and values correspond to the proportion of the dLN CD8 T cell cluster that was 

assigned a particular identity from the tumour CD8 T cell labels.  
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Figure 3.17. A population of Kaede Red+ CD8 T cells can be found in the draining lymph 

node following photoconversion of the subcutaneous tumour. 

BALB/c Kaede and C57BL/6 mice (6-9 weeks) were injected with 2.5 x105 CT26 and MC38-

OVA cells subcutaneously. Photoconversion of the subcutaneous tumour occurred on day 

11, and tissue collection 24 and 72 hours following the procedure. All data shown are from 

two independent experiments. All graphs show the mean ±SD. Statistical significance was 

determined using a two-way ANOVA , 4 family comparison, Fisher’s LSD test was used. * = 

p < 0.05, ** = p < 0.01, *** = p< 0.001, **** = p< 0.0001. 

A. Flow cytometry plots showing the initial gating used to identify Kaede red+ CD8 T 

cells that have migrated to the dLN in a representative mouse.  

B. The percentage of Kaede red+ cells in the CD8 population of the tumour dLN in 

MC38-OVA and CT26 tumours at 24 and 72 hours after photoconversion. 

C. The number of Kaede red+ CD8 cells in the tumour dLN in MC38-OVA and CT26 

tumours at 24 and 72 hours after photoconversion. 

D. Flow cytometry plots demonstrating Kaede red labelling of CD8 T cells in the dLN, 

0 hours (left hand side), and 24 hours (right two plots) after labelling. The 24-hour 

flow plots show examples of a LN in which Kaede red labelling is from CD8 T cells 

trafficking from a labelled tumour (middle panel), and artefactually labelled due to 

partial UV labelling of the LN at the time of photoconversion (right plot).  
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stander labelling, firstly LNs were taken immediately after photoconversion revealing no 

Kaede red+ CD8 T cells (Fig. 3.17D); in addition, LNs from tumours not covered with the 

plastic guard were taken to demonstrate how partially photoconverted LNs appear in 

comparison (Fig. 3.17D).  

 

Analysis of the Kaede red+ CD8 T cells in the dLN indicated that approximately 15% of these 

were stem-like TCF-1+ PD-1+ cells at 24 hours post-photolabelling and this rose to nearly 

30% by 72 hours (Fig. 3.18A-B). The Kaede red+ TCF-1+ PD-1+ CD8 T cells had higher 

expression of TOX, NKG2A, and CD69 than the total Kaede red CD8 population, consistent 

with a mix of cells egressing the tumour including TCF-1+ PD-1+ cells as indicated by the 

scRNA-seq (Fig. 3.18C-G). Comparison of Kaede red+ CD8 T cells in the dLN at 24- and 72- 

hours post-labelling revealed the upregulated expression of TOX, NKG2A and CD69, with 

reciprocal further loss of CD62L (Fig. 3.18C-G). This data might suggest that a proportion of 

migratory CD8 T cells, already committed to an exhausted trajectory, migrate as far as the 

dLN before becoming fully exhausted and resident within the dLN. In experiments using 

MC38-OVA tumours, we confirmed that antigen-specific CD8 T cells were present within 

the Kaede red+ CD8 population migrating to the dLN (Fig. 3.19A). The migratory antigen-

specific population appeared different from the total Kaede red+ CD8 population found in 

the tumour dLN, as they showed lower expression of TCF-1 and CD62L, but higher TOX and 

PD-1 (Fig. 3.19A-F). Interestingly, over time the migratory antigen-specific CD8 population 

showed decreases in expression of TCF-1, TOX and CD62L, but increased CD69 and PD-1 

(Fig. 3.19A-F). This antigen-specific CD8 T cell population was enriched for stem-like TCF-

1+ PD-1+ cells (Fig. 3.19G-H). The total number of Kaede red+ stem-like CD8 T cells found  
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Figure 3.18. Phenotyping the Kaede Red+ CD8 population trafficking to the draining 

lymph node in CT26 tumours. 

BALB/c Kaede mice (6-9 weeks) were injected with 2.5 x105 CT26 cells subcutaneously. 

Photoconversion of the subcutaneous tumour occurred on day 11, and tissue collection 24 

and 72 hours following the procedure. All CT26 data shown are from two independent 

experiments. All graphs show the mean ±SD. In the case of two column analysis statistical 

significance was determined using an unpaired t test, in the case of grouped data a two-

way ANOVA , 4 family comparison, Fisher’s LSD test was used. * = p < 0.05, ** = p < 0.01, 

*** = p< 0.001, **** = p< 0.0001 

A. Flow cytometry plots demonstrating the gating of Kaede red (left) CD8 T cells, and 

the TCF-1+ PD-1+ (right) pre-gated on CD8+ KR+.  

B. The percentage of TCF-1+ PD-1+ cells in the Kaede red+ CD8 population in the 

tumour dLN 24 and 72 hours following photoconversion of the tumour. 

C. Histograms demonstrating the expression of TOX, NKG2A, CD62L and CD69 in the 

Kaede red+ CD8+ population (grey) and Kaede red+ TCF-1+ PD-1+ population (pink), 

24 hrs (top row) and 72 hrs (bottom row) after photoconversion. A representative 

dLN at each time point was chosen. The y axis is normalised to the mode. 

Histograms were generated using FlowJo software.  

D. The MFI of TOX in the KR+ CD8+ and TCF-1+ PD-1+ KR+ CD8+ populations in the dLN 

at 24 and 72 hours after photoconversion. 

E. The percentage of NKG2A+ cells in the KR+ CD8+ and TCF-1+ PD-1+ KR+ CD8+ 

populations in the dLN at 24 and 72 hours after photoconversion. 

F. The percentage of CD62L+ cells in the KR+ CD8+ and TCF-1+ PD-1+ KR+ CD8+ 

populations in the dLN at 24 and 72 hours after photoconversion. 

G. The percentage of CD69+ cells in the KR+ CD8+ and TCF-1+ PD-1+ KR+ CD8+ 

populations in the dLN at 24 and 72 hours after photoconversion. 
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Figure 3.19. Understanding antigen-specific CD8 T cell trafficking to the tumour draining 

lymph node in MC38 OVA tumours. 

C57BL/6 Kaede mice (6-9 weeks) were injected with 2.5 x105 MC38-OVA cells 

subcutaneously. Photoconversion of the subcutaneous tumour occurred on day 11, and 

tissue collection 24 and 72 hours following the procedure. All MC38-OVA data shown are 

from two independent experiments. All graphs show the mean ±SD. In the case of two 

column analysis statistical significance was determined using an unpaired t test, in the case 

of grouped data a two-way ANOVA , 4 family comparison, Fisher’s LSD test was used. * = p 

< 0.05, ** = p < 0.01, *** = p< 0.001, **** = p< 0.0001 

A. Histograms demonstrating TCF-1, TOX, PD-1, CD69 and CD62L expression in the 

Kaede red+ CD8+ population (red) and Kaede red+ OVA+ population (blue), 24 hrs 

(top row) and 72 hrs (bottom row) after photoconversion. A representative MC38-

OVA dLN at each time point is shown. The y axis is normalised to the mode.  

B. The percentage of TCF-1+ cells in the KR+ CD8+ (red) and OVA+ KR+ CD8+ 

population (blue) in the dLN, 24 and 72 hours after photoconversion. 

C. The MFI of TOX in the KR+ CD8+ (red) and OVA+ KR+ CD8+ population (blue) in the 

dLN, 24 and 72 hours after photoconversion. 

D. The percentage of PD-1+ cells in the KR+ CD8+ (red) and OVA+ KR+ CD8+ population 

(blue) in the dLN, 24 and 72 hours after photoconversion. 

E. The percentage of CD69+ cells in the KR+ CD8+ (red) and OVA+ KR+ CD8+ 

population (blue) in the dLN, 24 and 72 hours after photoconversion. 

F. The percentage of CD62L+ cells in the KR+ CD8+ (red) and OVA+ KR+ CD8+ 

population (blue) in the dLN, 24 and 72 hours after photoconversion. 

G. The percentage of TCF-1+ PD-1+ cells in the KR+ CD8+ population (red) and OVA+ 

KR+ CD8+ population (blue) in the dLN, 24 and 72 hours after photoconversion. 

H. Flow cytometry plots demonstrating TCF-1 and PD-1 expression in the Kaede red+ 

CD8+ population (red) and OVA+ KR+ CD8+ population (overlayed in blue) in the 

dLN, 24 (left) and 72 (right) hours after photoconversion. 

I. The number of Kaede red+ TCF-1+ PD-1+ cells within the tumour dLN 24 and 72 

hours following photoconversion. 
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within the dLN did not significantly increase between the two timepoints; perhaps 

indicating their dissemination beyond, rather than accumulation in, the lymph node (Fig. 

3.19I). 

 

3.2.6. Examining the dissemination of stem-like CD8 T cells  

The cellular basis to systemic protection from tumours and their metastatic spread remains 

incompletely understood. Exhausted T cells are impaired in their ability to generate long-

lived memory populations.(135) Therefore, understanding the dissemination of tumour 

experienced T cells may provide new insight into how systemic memory compartments are 

established and ultimately inform of how protection from metastatic disease is 

coordinated. As a crude initial model of metastatic disease and to allow the extent of 

immune cell trafficking between tumours to be assessed, a dual flank tumour model using 

CRC cell lines was established. Animals were injected with the 2.5 x105 CT26 cells on each 

flank, at day 11 one tumour was then photoconverted but the other left unlabelled, and 

tissues collected 24 hours after (Fig. 3.20A). As before, near complete labelling of the T cell 

compartment of the photoconverted tumour was achieved (Fig. 3.20B, E). Analysis of 

peripheral tissues showed that there was no Kaede red+ contamination immediately 

following the photoconversion procedure (Fig. 3.20B). There was no difference in the 

weight or proportion of CD8 T cells of photoconverted tumours versus those that were not 

photolabelled (Fig. 3.20C-D). Analysis of peripheral tissues 24 hours after photoconversion 

of the subcutaneous tumour showed that it was possible to identify Kaede red+ CD8 T cells 

that had migrated from the tumour beyond the tumour dLN (Fig. 3.20F-G). Again, Kaede 

red+ TCF-1+ PD-1+ CD8 T cells were identified in the dLN, but also in the contralateral LNs  
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Figure 3.20. Establishing a dual flank subcutaneous tumour model to understand the 

migration of CD8 T cells between tumours and peripheral lymphoid tissues –CT26. 

BALB/c Kaede mice (6-9 weeks) were injected with 2.5 x105 CT26 cells subcutaneously into 

both left and right flanks. Photoconversion of one subcutaneous tumour occurred on day 

11, and tissue collection 24 and 72 hours following the procedure. Spleen and liver samples 

in this experiment were CD8 enriched. All CT26 data shown are from two independent 

experiments. All graphs show the median value and IQR. In the case of two column analysis 

statistical significance was determined using a Mann-Whitney test, in the case of multiple 

comparisons statistical significance was determined with a Kruskal-Wallis multiple 

comparison test with post-hoc Dunn’s correction. * = p < 0.05, ** = p < 0.01. 

A. Illustration demonstrating the set-up of dual flank s.c. tumour photoconversion 

experiments. Created with Biorender.com. 

B. Flow cytometry plots demonstrating Kaede red expression in the CD8 population in 

different tissues 0 hours following photoconversion. Plots are from one 

representative mouse implanted with L and R flank tumours, with the L flank 

tumour photoconverted.  

C. The weight (g) of right and left flank tumours (unphotoconverted and 

photoconverted tumours) at the time of collection.  

D. The percentage of live CD45+ cells that are CD8+, between right and left flank 

tumours (unphotoconverted and photoconverted tumours) at the time of 

collection.  

E. The percentage of CD8 T cells that are Kaede red+, between right and left flank 

tumours (unphotoconverted and photoconverted tumours) at the time of 

collection.  

F. Flow cytometry plots pre-gated on live CD45+ CD8+ population from different 

tissues. Top row demonstrates Kaede labelling in different tissues. Bottom row is 

pre-gated on KR+ CD8+ T cells and shows the TCF-1 PD-1 expression in different 

tissues, with the TCF-1+ PD-1+ population highlighted. The plots are from a 

representative animal 24 hours post-photoconversion.  
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G. The percentage of CD8 T cells in different tissues that are Kaede red+ 24 hours 

following photoconversion.  

H. The percentage of KR+ CD8+ T cells in different tissues that are TCF-1+ PD-1+ 24 

hours following photoconversion.   
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and spleen, consistent with their further dissemination beyond the dLN to become a 

circulatory population (Fig. 3.20F,H). Only a tiny fraction of the Kaede red+ CD8 cells were 

found to have disseminated to the contralateral tumour and no Kaede red+ T cells were 

observed in the liver (Fig. 3.20F-G). 

 

We then repeated this dual flank model using MC38-OVA, rather than CT26, to support 

tracking of antigen-specific CD8 T cells. Photoconversion of MC38-OVA tumours did not 

influence the weight of tumours nor the proportion of total CD8 T cells, stem-like or OVA-

specific CD8 T cells when compared to those tumours not photoconverted (Fig. 3.21A-D). 

Kaede red+ CD8 T cells were found in the dLN, spleen, contralateral tumour and 

contralateral LN including OVA-specific CD8 T cells  (Fig. 3.21E-G). As in the CT26 dual flank 

model, a stem-like CD8 population represented a proportion of the Kaede red+ CD8 T cells 

found in the periphery (Fig. 3.21E,H). However, beyond the dLN OVA-specific stem-like CD8 

T cells became undetectable, potentially due to their relatively low frequency and 

dissemination throughout the mouse (Fig. 3.21E,H).  
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Figure 3.21. Using the dual flank subcutaneous tumour model to understand the 

migration of antigen-specific CD8 T cells beyond the draining lymph node –MC38-OVA. 

C57BL/6 Kaede mice (6-9 weeks) were injected with 2.5 x105 MC38-OVA cells 

subcutaneously into both left and right flanks. Photoconversion of one subcutaneous 

tumour occurred on day 11, and tissue collection 24 and 72 hours following the procedure. 

Tissues were processed according to methods, splenic samples in this experiments were 

CD8 enriched. All MC38-OVA data shown are from two independent experiments. All 

graphs show the median value and IQR. In the case of two column analysis statistical 

significance was determined using a Mann-Whitney test, in the case of multiple 

comparisons statistical significance was determined with a Kruskal-Wallis multiple 

comparison test with post-hoc Dunn’s correction. * = p < 0.05, ** = p < 0.01. 

A. The weight (g) of right and left flank tumours (unphotoconverted and 

photoconverted tumours) at the time of collection. 

B. The percentage of live CD45+ cells that are CD8+, between right and left flank 

tumours (unphotoconverted and photoconverted tumours) at the time of 

collection. 

C. The percentage of CD8+ cells that are TCF-1+ PD-1+, between right and left flank 

tumours (unphotoconverted and photoconverted tumours) at the time of 

collection. 

D. The percentage of CD8+ cells that are OVA+, between right and left flank tumours 

(unphotoconverted and photoconverted tumours) at the time of collection.  

E. Flow cytometry plots of the CD8 population from different tissues. Top row 

demonstrates Kaede labelling, with the Kaede red+ population highlighted. The 

middle row is pre-gated on KR+ CD8+ T cells and shows the OVA+ expression 

highlighted. The bottom row is pre-gated on KR+ CD8+ T cells and shows the TCF-

1+ PD-1+ expression highlighted in, the OVA+ cells are shown overlayed as yellow 

dots. The plots are from a representative mouse 24 hours after photoconversion.  

F. The percentage of CD8 T cells in different tissues that are Kaede red+ 24 hours 

following photoconversion.  
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G. The percentage of KR+ CD8 T cells in different tissues that are OVA+ 24 hours 

following photoconversion.  

H. The percentage of KR+ CD8 T cells in different tissues that are TCF-1+ PD-1+ 24 

hours following photoconversion.  
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3.3. Summary 

 
Given the current lack of knowledge regarding precisely where stem-like CD8 T cells reside, 

whether these are truly tumour-resident populations and what T cells egress the tumour 

to seed the periphery, this chapter aimed to utilise the Kaede tumour labelling approach 

to track this immune subset in vivo. First, using two pre-clinical models of CRC (CT26 and 

MC38-OVA) we ensured that Kaede tumour labelling approaches were optimised, and 

established a way of identifying tumour-specific CD8 T cells. Once established, using both 

scRNA-seq and flow cytometry, we were able to define the intratumoural stem-like CD8 

compartment in subcutaneous pre-clinical tumour models with the addition of temporal 

labelling. Following this, using flow cytometry to analyse the dissemination of Kaede red+ 

CD8 T cells from the tumour to the periphery, we were able to identify a TCF-1+ PD-1+ 

stem-like CD8 population among migratory cells. Finally, using a dual flank subcutaneous 

tumour model, the movement of CD8 T cells between tumours at anatomically distinct 

sites was examined.  

 

3.3.1. Identifying changes in the intratumoural stem-like CD8 population over time 

There is no single marker that defines the stem-like CD8 population, and there is variation 

within the current literature as to what combination of markers to use. Chronic viral 

infection models using LCMV in mice have been fundamental to informing the phenotyping 

of stem-like CD8 T cells, this stem-like population has been defined as being positive for 

TCF-1, Ly108, CD73, PD-1 alongside low levels of CD127, CD62L, and TIM-3.(149, 158, 300) 

scRNA sequencing of MC38 tumours performed in the lab revealed a clear stem-like 
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population among intratumoural CD8 T cells with a resolution beyond that of published 

studies.(286) This provided a key resource to then define the phenotype of this T cell 

compartment further. The most faithful marker of the stem-like CD8 population across 

both CRC models used in this work was co-expression of both TCF-1 and PD-1, with this 

population matching the expression profile of stem-like cells identified in our scRNA-seq. 

Robust expression of TOX, combined with a lack of CD39 and TIM-3 expression, are key 

parameters to define these cells.  Using the Kaede model, differences in the phenotype of 

TCF-1+ PD-1+ cells newly entering the tumour could be discerned, with Kaede green cells 

expressing less TOX and PD-1, suggesting these are upregulated within the TME.  

 

As a means of examining when this stem-like population truly becomes established within 

the tumour, the compartment was compared at day 7 and day 14. The TCF-1+ PD-1+ CD8 

T cells at day 7 looked different to the mature phenotype seen at day 14, that more closely 

matched the description of stem-like cells in the literature. This could reflect the two-step 

activation process proposed by Prokhnevska et al., in which antigen-specific stem-like CD8 

T cells in the tumour dLN were activated, but only upon further co-stimulation and APC 

help within the tumour did this population mature into an anti-tumour effector CD8 

phenotype.(106) Both phenotype and TCR overlap were used to link the stem-like 

population in the dLN with the intratumoural stem-like CD8 population that arose.(106) To 

investigate this seeding of the tumour with stem-like cells, we used a short 

photoconversion timepoint of just 5 hours to allow characterisation of populations first 

entering the tumour. In this population entering the tumour, there was a lack of a TCF-1+ 

PD-1hi population but instead a TCF-1+ PD-1lo population was observed, this population 
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was not negative for PD-1 and further hints at the two-step activation process described 

above. The upregulation of inhibitory receptors observed could reflect further signalling 

through the TCR which is likely to occur within tumour. 

 

3.3.2. Investigating the migratory potential of stem-like CD8 T cells  

Utilising our Kaede tumour photolabelling approach, the stem-like compartment within 

the tumour was shown to be predominantly resident, with the percentage of Kaede red+ 

stem-like CD8 T cells comparable to the exhausted compartment at 24 hours post-labelling. 

The low proportion of Kaede green+ cells suggests that there is not a large influx of new 

stem-like CD8 T cells into the tumour, most cells entering are likely effector cells (TCF-1-, 

PD-1 and CD62L low) that then become exhausted within the tumour. However, over time 

the proportion of Kaede green+ stem-like CD8 T cells increases, suggesting that there is 

new input from outside of the tumour. These data may support existing work in the field, 

suggesting that there is seeding of the tumour with stem-like cells from the dLN.(106, 292, 

293)  

 

To examine the hypothesis that stem-like CD8 T cells from the dLN seed the tumour, we 

used photolabelling of the dLN to probe whether this compartment was present in the 

Kaede red CD8 T cells trafficking back to the tumour within a 24-hour period. The most 

striking observation from these experiments was that only a few Kaede red+ T cells were 

detected within the tumour, despite the influx of Kaede green cells observed 24 hours after 

tumour photoconversion. These data clearly indicate that the majority of cells entering the 

tumour have not left the dLN in the last 24 hours. Rather, these cells have almost certainly 
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been present within the periphery for an as yet undetermined period of time. Despite the 

small fraction of Kaede red+ CD8 T cells that were found to have trafficked to the tumour 

in the 24-hour period, there was a consistent fraction of these cells that were TCF-1+ PD-

1+. Hence, we were able to provide a more direct means of tracking the movement of the 

stem-like CD8 population from the dLN into the tumour, but there remain unanswered 

questions around the kinetics of this and where cells that egress the dLN reside before 

entering the tumour and for how long.  

 

Finally, to answer the question of whether stem-like cells once within the tumour are 

capable of egress or stuck within the tumour to be retained as per exhausted populations, 

we traced the migration of Kaede red+ TCF-1+ PD-1+ cells from photoconverted tumours 

to the periphery. Single-cell RNA sequencing of Kaede red+ CD8 T cells in the dLN of 

photoconverted tumours provided an unbiased analysis of migratory T cells, and within 

this a cluster of CD8 T cells expressing all the hallmarks of TCF-1+ PD-1+ stem-like cells was 

identified. Transcriptomically, these resembled the stem-like population within the 

tumour. By flow cytometry, we were able to track Kaede red+ CD8 T cells in the periphery 

that had migrated from the tumour. Using multiple experimental approaches, the 

dissemination of stem-like CD8 T cells from the tumour to distal tissues is evident within 

our data, suggesting that perhaps a fraction of these cells retain their migratory capacity 

to form a population potentially capable of providing systemic protection (Fig. 3.22).  
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Figure 3.22. Illustration demonstrating the proposed establishment and migration of the 

stem-like CD8 compartment.  

The findings of this thesis alongside previous work by Prokhnevska et al. support a model 

whereby tumour specific stem-like CD8 T cells are maintained within the dLN. This stem-

like CD8 population is then able to migrate to the tumour and sustain the exhausted 

intratumoural CD8 compartment. According to work in this Chapter utilising the Kaede 

model, a population of these stem-like cells are capable of systemic dissemination from 

the tumour. Created using Biorender.com. 
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4.1. Introduction  

 

4.1.1. Limitations of pre-clinical tumour models 

An essential step in the progression of new therapies in oncology is the use of pre-clinical 

models to demonstrate impact in vivo. Progress in the field of cancer immunology is 

dependent upon having the appropriate in vivo systems to robustly test research 

hypotheses. The study of tumour immunology using in vivo tumour models began with the 

injection of tumour cell lines subcutaneously in studies by Gross in 1943.(12) Subcutaneous 

tumour models still form the basis of most in vivo tumour work to the current day. This is 

largely because these models are technically easy to establish, highly reproducible and can 

be implanted into different host mice to assess mechanisms in vivo. Furthermore, tumour 

growth typically reaches clinical end points within weeks. This supports relatively quick in 

vivo experiments that can be appropriately powered and permit side-by-side testing of 

therapy combinations and controls. These models have underpinned many of the advances 

in cancer immunology made in the last 30 years including the development of the 

immunotherapies that have revolutionised how cancers are now treated. However, there 

are very clear limitations with these models, and it is increasingly apparent that their 

predictive role in the development of treatment combinations for particular cancer types 

is very limited. A major concern with these models is that the TME is ‘underdeveloped’ and 

essentially lacks key cellular components prevalent in human cancers, for example cancer 

associated fibroblasts (CAFs), a cell type that appears to strongly influence treatment 

efficacy.(50) Focusing on CAFs, it is apparent that this population plays an important role 

in regulating the anti-tumour response, and increasing CAFs has been shown to limit 
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sensitivity to ICB in the MC38 model.(50, 53) This strongly suggests that modelling anti-

cancer immune responses in the absence of an appropriate TME and key suppressive 

mechanisms, will incorrectly identify appropriate treatments and represents a major 

limitation of conventional subcutaneous tumour cell line models.  

 

Given that a wealth of cell lines are injected subcutaneously, regardless of their tissue of 

origin, the inadequate modelling of the TME  raises the question of whether the site of cell 

line implantation matters. The intratumoural immune composition was found to be altered 

depending on whether syngeneic tumour cell lines 4T1 and CMT167 were implanted 

subcutaneously or orthotopically, suggesting that immune populations associated with 

certain tumours may be lacking when the equivalent cell line is injected 

subcutaneously.(305) Different tissues naturally possess different frequencies or types of 

certain immune cells, for example comparing the colon versus the lung, but this detail is 

clearly lost in subcutaneous implantation of colonic or lung tumour cell lines.(306) This can 

then result in models that lack key aspects of the response that are relevant in the 

clinic.(307) Finally, there are key differences in innate immune populations, mutational 

load and resultant lymphocyte infiltration within human tumours versus murine syngeneic 

subcutaneous tumour models.(308-311). It is clear after many years of clinical trials using 

different immunotherapies to build on the success of ICB, that the subcutaneous tumour 

models that have been the workhorse of pre-clinical studies, are not predictive of 

responses in patients. As we seek to build upon the success of ICB with therapy 

combinations tailored to specific cancer types, appropriate pre-clinical models are 

essential.  
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Subcutaneous tumour models fail to fully recapitulate the anatomy of most cancers, 

growing rapidly in a restricted tissue space and bypassing many of the initial stages of 

tumour development. For example, the vasculature in pre-clinical subcutaneous tumour 

models is often referred to as ‘immature’, owing to the bolus injection of rapidly dividing 

tumour cells in which the angiogenic switch has already occurred leading to rapid 

development of a disorganised and fragile network of vessels.(312-314) Angiogenesis is a 

key therapeutic target, a study found that blocking VEGF led to the normalisation of 

tumour vasculature, and importantly improved lymphocyte infiltration and an enhanced 

anti-tumour response.(315) Clearly the tumour vasculature, and also lymphatics, are 

essential for lymphocyte migration as well as impacting metastatic progression, and so 

there is a need to develop anatomically faithful in vivo tumour models. Orthotopic 

colorectal cancer models have been developed, through implantation of cell lines directly 

into the caecum or colon, and the limited immunophenotyping carried out suggests that 

the site of injection does impact intratumoural immune composition.(316, 317) However, 

these approaches are technically complex and there remains limited data on the 

composition of the T cell compartment in these models and how this is shaped by the 

migration or retention of specific populations. Subcutaneous tumour models do not readily 

metastasise, however there are models of CT26 that metastasise when injected into the 

colon wall, providing a means of studying the fundamental issue of metastatic 

disease.(318)  
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4.1.2. The importance of modelling metastatic disease 

Colorectal cancer is primarily a surgical disease, with around half of patients surviving 10 

years.(246, 247) Unfortunately, one in five of those with CRC have metastatic disease at 

the time of presentation, with many developing metastatic disease later in the disease 

course.(258, 259) Liver metastasis accounts for over half of CRC metastases, and 

importantly is an indicator of poor clinical outcome, hence it is essential to better model 

the burden of this disease to facilitate the development of treatments specific for liver 

metastases.(258, 260) There are existing models of CRC liver metastasis involving the 

injection of cancer cells into the hepatic portal vein or into the spleen, as well as 

orthotopically implanted CRC cell lines that naturally metastasise.(318-320) These 

approaches model aspects of the establishment of the metastatic niche, however, they 

present challenges in controlling the timing and site of liver metastases, with multiple foci 

scattered within the liver. A key aim of this study was to establish approaches enabling the 

photolabelling of liver tumours in situ, to aid understanding of immune cell dynamics at 

this site, but to do this we anticipated that a single tumour growing near the outer border 

of a liver lobe was required. A 2021 paper used direct injection of CRC cell lines into the 

liver to model ICB efficacy in pMMR CRC liver metastasis, finding key differences in the 

dynamics of the T cell and DC response in these tumours versus the same cell line 

implanted subcutaneously.(321) This approach was decided as the most appropriate due 

to the predictable growth and peripheral location of tumours to support efficient 

photoconversion.  
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4.1.3. Chapter aims 

The primary aim of this chapter was to establish orthotopic tumours using CRC cell lines in 

the hope that this better models primary and metastatic disease in patients. This required 

the development of two new experimental approaches in the lab – firstly, the endoscopic 

injection of cells into the colon wall, and secondly the direct injection of cells into the liver 

to model the main site of CRC metastasis. We hypothesise that the CD8 T cell response in 

these orthotopic tumours will differ from that of subcutaneous tumours established with 

the same cell lines. To test this, I will interrogate the composition and phenotype of the 

CD8 T cell compartment using flow cytometry, then characterise their spatial organisation 

using microscopy. To better understand how the T cell compartment is formed and 

sustained, it is also important to develop photolabeling approaches to assess immune cell 

migration in these models. Therefore, the secondary aim of this chapter was to develop 

methods enabling the photo-labelling of orthotopic tumours to support detailed study of 

immune cell dynamics, as established for subcutaneous tumours.  
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4.2. Results 

 

4.2.1. Establishing an orthotopic model of colorectal cancer 

Subcutaneous tumour models are a useful tool in the study of cancer immunology, but as 

highlighted previously, lack the relevant anatomical context that likely impacts aspects of 

the response including immune cell migration and retention. The intracolonic injection of 

both cell lines and organoids is an established technique in a few research labs.(322-324) 

Initial experiments aimed to establish that in our hands tumour cell lines could be injected 

into the correct anatomical space, and growth monitored successfully. To this end, it was 

envisaged that the IVIS® imaging platform would enable detailed monitoring of tumour 

growth, IVIS® is an in vivo imaging system providing information regarding the 

concentration and anatomical location of fluorescence/ bioluminescence of 

reporters.(325) Using the methods outlined in Chapter 2, 2.5 x105 CT26 GFP Luciferase cells 

(GenTarget Inc; SC061-LG) were injected into the colon wall. Using IVIS, the site of the 

injected cells was assessed at day 2 following injection. Subsequent IVIS imaging performed 

on days 5 and 10, aimed to correlate the magnitude of bioluminescence with the size of 

the colon tumour in situ, prior to tissue collection two weeks post-injection (Fig. 4.1A). Due 

to the high resolution of images taken with the light endoscope, success of the initial 

injection could be roughly determined according to the development of a protrusion in the 

colon lumen during injection (Fig. 4.1B). However, to allay concerns that the needle had 

perforated the colon wall and cells consequently injected intraperitoneally, IVIS imaging 

was used; a diffuse non-localised signal across the abdomen of the animal indicated a failed 

injection, whereas a localised bioluminescent signal demonstrated successful intracolonic 



A.

B.
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Figure 4.1. Implantation of CT26 GFP Luciferase colorectal cancer cell line into the colon 

wall of BALB/c mice. 

In an initial pilot experiment, 2.5 x105 CT26 GFP Luc tumour cells were injected into the 

colon wall of 10-week-old BALB/C Kaede mice. 

A. Illustration outlining the timeline of initial orthotopic colon tumour experiments. 

Created with Biorender.com. 

B. Images demonstrating the injection of tumour cell lines into the wall of the colon. 

The left-hand panel shows the colon lumen prior to injection and right-hand panel 

after injection. Images were taken using a Karl Storz Endoskope with a multi-

purpose rigid telescope.  
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injection (Fig. 4.2A). IVIS imaging on days 5 and 10 was used to record bioluminescence of 

the primary colon tumour, but also revealed hepatic bioluminescent signal in 33% of 

animals (Fig. 4.2B). The hepatic bioluminescence suggested circulation of the tumour cells 

during initial tumour development, though in both mice this signal was no longer present 

on imaging at day 10 (Fig. 4.2B). The bioluminescence of the colon tumour that developed, 

recorded as total flux p/s, fluctuated during the course of the experiment with peak signal 

reported early on in tumour growth, an observation that was consistent across three 

independent experiments (Fig. 4.2C). Importantly, final readings for total flux did not 

correlate with the size of the tumour excised (Fig. 4.2D). Despite tumours developing 

during each of the initial experiments, the overall yield was low with only 20% of animals 

injected having developed colon tumours at tissue harvest. This raised concerns as to the 

success of the injection, but also uncertainties over the immunogenicity of the cell line and 

potential rejection of the tumours over time (Fig. 4.2E).  

 

To specifically test whether the CT26 GFP Luc cell line was more immunogenic, and thus 

leading to spontaneous rejection, we decided to track the growth of this cell line alongside 

the WT CT26 line in the same host utilising a dual flank tumour model. Therefore, mice 

received 2.5 x105 of CT26 WT cells into one flank and 2.5 x105 CT26 GFP Luc cells into the 

opposite flank. To further explore the immunogenicity, the sensitivity of this cell line to ICB 

was assessed, the mice were further split into two groups and treated with either anti-PD-

L1 or isotype control (administered on days 7 and 11), before collection and analysis of 

both tumours on day 14 post-injection (Fig. 4.3A). The growth of CT26 GFP Luc tumours 

clearly plateaued at day 7 when compared with the growth of CT26 WT tumours in the  



A.

B.

C.

D.

E.

Experiment No. Animals Injected
Tumour Status 

Tumour Present None

1 5 1 4

2 15 3 12

3 10 2 8
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Figure 4.2. Monitoring the growth of CT26 GFP Luc colon tumours using IVIS.  

BALB/c Kaede mice (aged 9-12 weeks) were injected with 2.5 x105 CT26 GFP Luc cells into 

the colon wall. CT26 GFP Luc data are from three independent experiments. IVIS images 

were collected and exported using LivingImage software. 

A. IVIS images demonstrating intraperitoneal injection (left panel) and two successful 

colon wall injections (right panel). Images acquired day 2 post-injection of CT26 GFP 

Luc into the colon wall.  

B. IVIS images of the same mice at different timepoints (days 2, 5, and 10) after 

injection. The middle image has a white circle added to highlight IVIS signal in the 

liver as well as the colon.  

C. Total flux (p/s) in the colon tumour ROI at day 2, day 5 and day 10 post-injection for 

each animal that developed a tumour within the colon. The maximum total flux 

reading reached on each day is recorded per mouse on the graph, paired data is 

demonstrated with a line between points over time. 

D. Images of tumours and surrounding colon ex vivo, recorded on each image is the 

maximum flux recorded at day 10 IVIS (top left) and the weight of the excised 

tumour (top right). 

E. Table demonstrating the number of colon tumours that developed, or did not, 

following injection of CT26 GFP Luc into the colon wall of BALB/c mice per 

experiment. 

  



A.

B.
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Figure 4.3. Expression of GFP and luciferase renders CT26 more immunogenic. 

BALB/c Kaede mice (8-10 weeks) were injected with 2.5 x105 CT26 GFP Luc or CT26 WT 

cells subcutaneously. Anti–PD-L1 mouse IgG1 (Clone 80, SP16-260; AstraZeneca) or NIP228 

isotype control mouse IgG1 (SP16-017; AstraZeneca) were administered by intraperitoneal 

injection using one dose of 200 µg diluted in 200 µl PBS (10 mg/kg body weight) on day 7 

and day 11. Tissues were harvested on day 14 post-injection. Cells were isolated from 

subcutaneous tumours as per methods. Data shown are from two independent 

experiments. All graphs show the median value and IQR. Statistical significance was 

determined using a Mann-Whitney test. * = p < 0.05, ** = p < 0.01.  

A. Illustration demonstrating the set-up of experiments to test the immunogenicity of 

the CT26 GFP Luc cell line. Created with Biorender.com. 

B. Growth curves demonstrating the difference in tumour volume upon anti-PD-L1 

treatment between CT26 GFP Luc and CT26 WT.  

C. Tumour weight in grams day 14 post-injection, showing difference between CT26 

WT and CT26 GFP Luc tumours treated with isotype or anti-PD-L1.  

D. Number of CD8 T cells per gram of tumour at day 14, showing difference between 

CT26 WT and CT26 GFP Luc tumours treated with isotype antibodies. Note, data 

from the anti-PD-L1 treated group is not shown as the samples were too small to 

perform flow cytometry analysis on.  
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same animal (Fig. 4.3B). Furthermore, a more marked effect on tumour growth was evident 

with anti-PD-L1 treatment (Fig. 4.3B). The final weights of CT26 GFP Luc tumours were 

significantly decreased when compared with CT26 WT tumours in the same animal (Fig. 

4.3C). Notably, complete clearance of some CT26 GFP Luc tumours was achieved following 

treatment with anti-PD-L1; this was not seen with CT26 WT tumours in the treated arm, 

though there was an expected significant decrease in tumour weight caused by 

administration of anti-PD-L1 Abs (Fig. 4.3C). Finally, examination of CD8 infiltration in the 

isotype tumour group showed a significant increase in the number of CD8 T cells per gram 

of tumour weight in CT26 GFP Luc tumours, consistent with an enhanced T cell response 

(Fig. 4.3D). This analysis was not possible in the anti-PD-L1 treated animals due to complete 

clearance and small size of the tumours.  

 

Having established that the CT26 GFP Luc tumours were significantly more immunogenic 

than WT CT26, we reasoned that the failure of orthotopic CT26 GFP Luc tumours to grow 

in the majority of injected mice likely reflected spontaneous clearance of these tumours. 

Therefore, we decided to use intracolonic injection of CT26 WT, with repeat colonoscopy 

to monitor tumour growth. Repeat colonoscopy using a light endoscope was performed 

weekly to ensure occlusion of the colon lumen had not occurred (Fig. 4.4A). Colon tumours 

developed in 66% of animals injected (Fig. 4.4B-C), a clear improvement on the success of 

CT26 GFP Luc injections. We further compared CT26 tumours growing within the colon to 

CT26 tumours grown subcutaneously on the flank of mice for the same period of time. 

Colon tumours were first excised from the surrounding colon tissue prior to analysis and 

were of a consistent size (Fig. 4.4D). The weight of CT26 WT tumours grown in the colon  



A.

B.

Experiment No. Animals 
Injected

Tumour Status 
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2 6 4 2
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D. E.
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Figure 4.4. Monitoring the growth of CT26 WT tumours using repeat colonoscopy. 

BALB/c mice (8-10 weeks) were injected with CT26 WT cells into either the colon wall or 

subcutaneously. Data shown are from two independent experiments. The graph shows the 

median value and IQR. Statistical significance was determined using a Mann-Whitney test. 

A. Images of the colon lumen, colon tumours are present on the top right of both 

images. The images were captured during repeat colonoscopy, used as an 

alternative method of monitoring tumour growth, using a Karl Storz Endoskope 

with a multi-purpose rigid telescope. Images from two different experiments at day 

7.  

B. Table demonstrating the number of colon tumours that developed following 

injection of CT26 WT cells into the colon wall of BALB/c mice per experiment. 

C. Images of the tumours and surrounding colon tissues ex vivo. The tumours shown 

correspond to the images taken in figure A.  

D. Images of the tumours excised from the colon wall, all from the first experiment, 

and weights (g) recorded on the right.  

E. Tumour weight (g) at day 14 post-injection, showing the difference between CT26 

WT colon and CT26 WT subcutaneous tumours.  
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was not significantly different to those grown subcutaneously (Fig. 4.4E). Collectively, these 

data demonstrate the successful establishment of an orthotopic model of CRC using direct 

injection into the colon wall via endoscopy.  

 

4.2.2. Characterisation of the intratumoural CD8 T cell population in orthotopic colon 

tumours compared to subcutaneous tumours 

Having established CT26 tumours in the colon, we then sought to compare the composition 

of intratumoural CD8 T cells in colorectal cancer cell lines implanted orthotopically versus 

subcutaneously. Therefore, mice were implanted with CT26 tumours either orthotopically 

or subcutaneously and these were assessed 14 days later by flow cytometry with their CD8 

T cell compartments compared. Flow cytometry was used to identify CD8 T cells, according 

to the gating strategy shown in Appendix 4.1, and phenotype them. Alongside the tumours, 

CD8 T cells in the colon proximal to the tumour were also assessed to help establish the 

background composition of cells in this tissue. The proportion of live CD45+ cells that were 

CD8+ T cells and their density within the tumour was slightly increased in those grown 

subcutaneously versus in the colon (Fig. 4.5A-B). However, the phenotype of CD8 T cells 

found within CT26 WT tumours at both sites was not significantly altered according to 

markers of activation, exhaustion, and migratory potential (Fig. 4.5C-I). Briefly, the 

proportion of cells expressing either PD-1 or TOX, was not significantly different between 

tumours. In comparison, the CD8 population in the background healthy colon tissue, used 

as an additional control, expressed significantly lower levels of inhibitory receptors and 

significantly higher levels of TCF-1 (Fig. 4.5D, E, G). To further investigate the exhausted 

CD8 T cell compartment, expression of PD-1 versus TOX was assessed. As expected, a  
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Figure 4.5. Characterising the difference in the CD8 population of CT26 tumours 

implanted in the colon versus subcutaneously.  

BALB/c mice (8-10 weeks) were injected with CT26 WT cells into the colon wall or 

subcutaneously. Subcutaneous tumours were collected at the same time as colon tumours 

at day 14 post-injection and served as controls, as an additional control 2cm of healthy 

proximal colon was taken from animals with colon tumours. Data shown are from two 

independent experiments. All graphs show the median value and IQR. In the case of two 

column analysis statistical significance was determined using a Mann-Whitney test. In the 

case of multiple comparisons statistical significance was determined with a Kruskal-Wallis 

multiple comparison test. * = p < 0.05, ** = p < 0.01. 

A. The percentage of live CD45+ cells that are CD8+ in colon tumour, colon tissue and 

s.c. tumour. 

B. The number of CD8+ cells per gram of tumour, comparing colon and s.c. tumour.  

C. Histograms demonstrating the expression of NKG2A, PD-1, TOX, TCF-1, CD62L, and 

CD69 in the total CD8+ population in a representative CT26 WT colon tumour (top 

row) and s.c. tumour (bottom row). The percentage of the population that is 

positive for the stated marker is shown. CD8 T cells previously gated on live CD45+ 

CD11b- B220- CD11c- CD3+ CD8+.  

D. The percentage of CD8+ T cells that are NKG2A+ in the colon tumour, colon tissue 

and s.c. tumour. 

E. The percentage of CD8+ T cells that are PD-1+ in the colon tumour, colon tissue and 

s.c. tumour. 

F. The percentage of CD8+ T cells that are TOX+ in the colon tumour, colon tissue and 

s.c. tumour. 

G. The percentage of CD8+ T cells that are TCF-1+ in the colon tumour, colon tissue 

and s.c. tumour. 

H. The percentage of CD8+ T cells that are CD62L+ in the colon tumour, colon tissue 

and s.c. tumour. 

I. The percentage of CD8+ T cells that are CD69+ in the colon tumour, colon tissue 

and s.c. tumour. 
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comparable PD-1hi TOX+ population was observed (Fig. 6A, B). Finally, the stem-like TCF-

1+ PD-1+ population was assessed and again no significant difference in the portion of CD8 

T cells with this phenotype was observed when the two tumour sites were assessed (Fig. 

4.6C-E). Collectively, these data indicate that the CD8 T cell compartment in CT26 tumours 

implanted at these two anatomically distinct sites appeared broadly comparable in their 

phenotype and composition. 

 

Alongside phenotyping the intratumoural CD8 population at both sites by flow cytometry, 

spatial characterisation of CD8 T cells was performed using immunofluorescence confocal 

microscopy. The aim of this approach was to check whether any gross differences existed 

in the distribution of T cells in the tumour and to check that T cells were able to fully 

penetrate these tumours. There appeared to be an enrichment in the number of CD8 T 

cells at the border of subcutaneously implanted tumour cell lines (Fig. 4.7A-B). Although 

the number of CD8 T cells found in the centre of the tumour appeared to be fewer in 

number, CD8 T cells were still evident (Fig. 4.7A, C). To identify the location of CD8 T cells 

in tumours embedded within the colon wall, pancytokeratin was used to differentiate the 

colon wall from the substance of the tumour (Fig. 4.8A). As with subcutaneously implanted 

tumours, the highest number of CD8 T cells were found at the tumour-colon border (Fig. 

4.8B); whilst CD8 T cells were found but at decreased density in the centre of the colon 

tumour (Fig. 4.8C). Positive controls for both CD8 and pancytokeratin antibodies used in 

the microscopy analysis can be found in Appendix 4.2. These initial analyses indicate that 

the distribution of CD8 T cells in CT26 tumours appears similar regardless of whether the  
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Figure 4.6. Identifying the stem-like CD8 population in CT26 tumours implanted in the 

colon versus subcutaneously.  

BALB/c mice (8-10 weeks) were injected with CT26 WT cells into the colon wall or 

subcutaneously. Subcutaneous tumours were collected at the same time as colon tumours 

at day 14 post-injection and served as controls. Data shown are from two independent 

experiments. All graphs show the median value and IQR. Statistical significance was 

determined using a Mann-Whitney test. * = p < 0.05, ** = p < 0.01. 

A. Representative flow cytometry plots demonstrating TOX and PD-1 co-expression at 

day 12 post-injection in CT26 colon (left) and s.c. tumours (right).  

B. The percentage of total CD8 T cells that are TOX+ PD-1+ at day 12 post-injection, in 

the colon and s.c. tumour. 

C. Representative flow cytometry plots demonstrating TCF-1 and PD-1 co-expression 

at day 12 post-injection in CT26 colon (left) and s.c. tumours (right).  

D. The percentage of total CD8 T cells that are TCF-1+ PD-1+ at day 12 post-injection, 

in the colon and s.c. tumour.  

E. The number of TCF-1+ PD-1+ CD8+ T cells per gram of tumour at day 12 post-

injection, in the colon and s.c. tumour.  
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Figure 4.7. Examining the spatial distribution of T cells in subcutaneous tumour models. 

Immunofluorescent microscopy of a CT26 WT tumour embedded subcutaneously in a 

BALB/c WT mouse (n=3). Sections were stained for CD8 and counterstained with DAPI to 

allow CD8 T cells within the tissue to be identified. Representative images shown. All scale 

bars represent 100μm. DAPI is shown in grey and CD8 show in cyan.  

A. x25 tile scan of a CT26 WT tumour. White boxes B and C represent the ROIs shown 

in figures B and C at higher magnification. 

B. x40 image of the edge of a subcutaneous tumour (labelled in figure A). The ROI 

highlighted in the top left image B1, is shown zoomed in highlighted in blue on the 

right. Arrows mark CD8 T cells. 

C. x40 image of the middle of a subcutaneous tumour (labelled in figure A). The ROI 

highlighted in the top left image C1, is shown zoomed in highlighted in blue on the 

right. Arrows mark CD8 T cells. 
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Figure 4.8. Examining the spatial distribution of T cells in orthotopic colon tumour 

models.  

Immunofluorescent microscopy images of a CT26 WT tumour embedded in the colon wall 

of a BALB/c WT mouse (n=3). Sections were stained for pancytokeratin, CD8 and 

counterstained with DAPI to allow CD8 T cells within the tissue to be identified. 

Representative images shown. All scale bars represent 100μm. DAPI is shown in grey, 

pancytokeratin in red, and CD8 in cyan.  

A. x25 tile scan of a CT26 WT colon tumour. White boxes B and C represent the ROIs 

shown in figures B and C at higher magnification. 

B. x40 image of the edge of a colon tumour (labelled in figure A). The ROI highlighted 

in the top left image B1, is shown zoomed in highlighted in blue on the right. Arrows 

mark CD8 T cells. 

C. x40 image of the middle of a colon tumour (labelled in figure A). The ROI highlighted 

in the top left image C1, is shown zoomed in highlighted in blue on the right. Arrows 

mark CD8 T cells. 
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tumour is grown subcutaneously or orthotopically in the colon, with dense and rapidly 

growing tumours forming at both sites.  

 

4.2.3. Establishing a model to track the migration of immune cells in orthotopic colon 

tumours 

The broad phenotype and location of intratumoural CD8 T cells were similar between CRC 

cell lines implanted subcutaneously versus orthotopically, however the migration of 

immune populations may be influenced by the different anatomical locations of the 

tumour. Building from the dynamic labelling models established in the lab, I aimed to 

develop a tumour labelling approach for tumours within the colon wall.(286) In the initial 

pilot experiment, CT26 WT CRC cells were injected into the wall of the colon and growth 

monitored using the light colonoscope. At day 12 the colon tumour was then exposed to 

UV light in vivo using a modified endoscope that emits violet light (Fig. 4.9A). Tissues were 

collected either immediately or 24 hours after photolabeling with the UV colonoscope. In 

tumours collected immediately following the photoconversion procedure there were 

Kaede red+ CD3+ T cells found within the tumour (Fig. 4.9B). However, photolabelling of 

the intratumoural T cell compartment was by no means complete within this pilot 

experiment. There appeared to be no bystander labelling of the tumour dLN nor adjacent 

colon proximal to the tumour (Fig. 4.9B). In tumours collected 24 hours after 

photolabelling, Kaede red+ CD3+ T cells could still be identified in the tumour, and a clear 

Kaede red+ T cell population was found to have migrated to the tumour dLN (Fig. 4.9C). All 

the colon tumours collected 24 hours after photoconversion, and their weights after 

excision from the surrounding colon are shown in Fig. 4.9D. Kaede red labelling in T cell  
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Figure 4.9. Photolabelling of colon tumours in situ using a UV colonoscope. 

In the pilot experiment for colon tumour photoconversion, 5 x105 CT26 WT cells were 

injected into the colon wall, followed by photoconversion using a custom UV endoscope 

(Zibra Corp.) at day 12 post-injection. Tissues were collected either immediately after or 

24 hours after photoconversion. Graphs display the median and IQR.  

A. Illustration of the timeline of initial colon tumour photoconversion experiments. 

Created using Biorender.com. 

B. Representative flow cytometry plots demonstrating the efficiency of 

photoconversion through Kaede red and green expression in the CD3+ T cell 

population at 0 hours post-photoconversion; shown, left to right, are a 

photoconverted colon tumour, the dLN of a photoconverted colon tumour, and 

unphotoconverted colon proximal to the colon tumours. All tissues shown were 

taken from the same mouse.  

C. Representative flow cytometry plots demonstrating the efficiency of 

photoconversion through Kaede red and green expression in the CD3+ T cell 

population at 24 hours post-photoconversion; shown, left to right, are a 

photoconverted colon tumour, the dLN of a photoconverted colon tumour, and 

unphotoconverted colon proximal to the colon tumour. All tissues shown are taken 

from the same mouse.  

D. Images of the tumours and surrounding colon 24 hours following photoconversion. 

The weight (g) of tumours once excised is stated on each image.  

E. The proportion of Kaede red+ cells in the CD3+ T cell population within colon 

tumours 0 and 24 hrs following photoconversion. 
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compartment of tumours immediately after photoconversion was around 20%, which after 

24 hours fell to under 5% (Fig. 4.9E). Examining the egress of immune cells from the colon 

tumour to the dLN, Kaede red+ CD4 and CD8 T cells, alongside Kaede red+ DCs could be 

identified within the dLN (Fig. 4.10A-D). Dendritic cells were the most common among the 

CD45+ Kaede red+ migratory population found in the dLN (Fig. 4.10E). Finally, a population 

of Kaede red+ TCF-1+ PD-1+ stem-like CD8 T cells was evident in the dLN, consistent with 

data produced in the CT26 WT subcutaneous model in Chapter 3 (Fig. 4.10F-G). The 

acquisition of this new endoscope in early 2024 prevented further experiments, but the 

results of the pilot study indicate the potential of this labelling approach. 

 

4.2.4. Establishing a liver tumour model through direct injection following limited 

surgical exposure  

Given that the liver is a common site for colorectal cancer metastasis, we sought to 

establish a  model of hepatic colorectal cancer metastasis. Murine injection models of liver 

metastasis have been established using hemi-splenic injection of cells, which results in 

multiple foci of disease within the liver.(320) Anticipating that we wanted to limit tumour 

growth to a single site in the liver in order to facilitate photolabelling, we identified direct 

injection into a surgically exposed liver lobe as the most appropriate model to use. Training 

in this was kindly provided by Jack Leslie’s group at the University of Newcastle. Pilot 

experiments aimed to ensure injections were accurate and cells remained within the 

correct anatomical space, again seeking to use the IVIS platform in conjunction with CT26 

GFP Luc cells. Via a small abdominal incision, the larger left lobe of the liver was exposed 

and CT26 GFP Luciferase gradually injected in 30 µL 30% Matrigel before wound closure. 
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Figure 4.10. Studying egress of immune cells to the draining lymph node following 

photolabelling of colon tumours in situ. 

In the pilot experiment for colon tumour photoconversion, 5 x105 CT26 WT cells were 

injected into the colon wall, followed by photoconversion using a custom UV endoscope 

(Zibra Corp.) at day 12 post-injection. Tissues were collected either immediately after or 

24 hours after photoconversion. Graphs display the median and IQR.  

A. Representative flow cytometry plots demonstrating the efficiency of 

photoconversion through Kaede red and green expression in the CD8, CD4 and DC 

populations (left to right), in the dLN of a photoconverted colon tumour 24 hours 

following photoconversion. All flow plots are from the same mouse.  

B. The proportion of Kaede red+ cells in the CD8+ T cell population within the dLN 0 

and 24 hrs following photoconversion. 

C. The proportion of Kaede red+ cells in the CD4+ T cell population within the dLN 0 

and 24 hrs following photoconversion. 

D. The proportion of Kaede red+ cells in the DC population within the dLN 0 and 24 

hrs following photoconversion. 

E. The proportion of Kaede red+ CD45+ cells within the dLN that are CD8+, CD4+ or 

MHCIIhi CD11c+ DC, 24 hours following photoconversion. 

F. Flow cytometry plot demonstrating TCF-1 and PD-1 expression in the KR+ CD8+ T 

cell population in the dLN 24 hours after photoconversion. 

G. The proportion of TCF-1+ PD-1+ cells in the KR+ CD8+ T cell population within the 

dLN 0 and 24 hrs following photoconversion. 
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 IVIS imaging of the animals on days 3, 7 and 11, showed localised hepatic bioluminescent 

signal, providing important evidence that cells had not ‘leaked’ into the abdominal cavity 

post-injection (Fig. 4.11A). By day 11, all four animals in the pilot experiment demonstrated 

bioluminescence in the liver, with a gradual increase in signal per ROI with time (Fig. 4.11B). 

Tissues were collected two weeks after injection and in each animal injected there was a 

discrete tumour mass growing within the largest lobe of the liver, with consistent tumour 

weights within 0.073g variation (Fig. 4.11C-D).    

 

Colorectal cancer cell lines were initially injected using a 30% Matrigel carrier to minimise 

the risk of cells leaking back into the abdominal cavity, as advised by researchers at 

University of Newcastle. However, Matrigel may influence cell trafficking into and out of 

the tumour mass, which is the key focus of this work. Therefore, it was of interest to 

investigate whether tumour cells could be injected without the use of Matrigel, instead 

using the normal PBS carrier used throughout this thesis. IVIS demonstrated that there was 

no leakage of cells into the abdominal cavity with PBS carrier, and there was a similar 

gradual increase in bioluminescent signal in the liver with PBS and 30% Matrigel (Fig. 4.12A-

C); in addition, the final weight of the excised tumours was not significantly different 

between the two groups (Fig. 4.12D). Flow cytometry was used to identify and phenotype 

CD8 T cells within the liver tumours (Appendix 3.3). The proportion and density of CD8 T 

cells within liver tumours was consistent regardless of the cell carrier used (Fig. 4.13A-B). 

Finally, CD8 T cell phenotype was unchanged by the cell carrier, with high levels of co-

inhibitory receptor, TOX and CD69 expression, and reduced expression of TCF-1 and CD62L 

(Fig. 4.13C-I). Collectively, these data demonstrate the successful growth of tumours in the  
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Figure 4.11. Monitoring the growth of CT26 GFP Luc liver tumours using IVIS.  

In this pilot experiment, BALB/c Kaede mice (12 weeks) were injected with 2.5 x105 CT26 

GFP Luc cells in 30% Matrigel into the liver lobe. IVIS imaging was conducted on day 3, 7, 

and 11 post-injection. Tissues were collected on day 14 post-injection of tumour cell lines. 

Data shown is from one pilot experiment. Individual data points for each mouse are shown. 

IVIS images are collected and exported using LivingImage software.  

A. IVIS images of the same mice at different timepoints (days 3, 7, and 11) after 

injection.  

B. The maximum reading for total flux (p/s) in the liver tumour ROI plotted against the 

days post-injection. The maximum total flux reading reached on each day is 

recorded for each mouse, paired data is demonstrated with a line between points 

over time. 

C. Images of the liver tumours (circled in blue) within the liver ex vivo. Recorded on 

each image is the weight (g) of the liver tumour once excised from the surrounding 

tissue.  

D. The weight (g) of the CT26 GFP Luc liver tumour plotted for each mouse in the pilot 

experiment. 
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Figure 4.12. Monitoring the growth of CT26 GFP Luc liver tumours with different cell 

carriers. 

BALB/c Kaede mice (12 weeks) were injected with 2.5 x105 CT26 GFP Luc cells in 30% 

Matrigel or PBS carrier into the liver lobe. IVIS imaging was conducted on day 3, 7, and 11. 

Tissues were collected on day 14 post-injection of tumour cell lines. All CT26 GFP Luc data 

shown are from two independent experiments. In the case of two column analysis 

statistical significance was determined using a Mann-Whitney test.  

A. The maximum reading for total flux (p/s) in the liver tumour ROI plotted against the 

days post-injection of CT26 GFP Luc in PBS carrier. Each individual mouse from the 

two experiments is shown. 

B. The maximum reading for total flux (p/s) in the liver tumour ROI plotted against the 

days post-injection of CT26 GFP Luc in 30% Matrigel carrier. Each individual mouse 

from the two experiments is shown. 

C. The median value for total flux (p/s) in the liver tumour ROI from each group (30% 

Matrigel carrier v PBS carrier) is plotted against the days post-injection.  

D. The weight (g) of liver tumours implanted in 30% Matrigel or PBS. The weight of 

each individual tumour is shown, the bar represents the median value with IQR 

demonstrated. All tumours were collected day 14 post-injection. 
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Figure 4.13. Characterising the difference in the CD8 population of CT26 GFP Luc tumours 

implanted in the liver in Matrigel versus PBS. 

BALB/c Kaede mice (12 weeks) were injected with 2.5 x105 CT26 GFP Luc cells in 30% 

Matrigel or PBS carrier into the liver lobe. IVIS imaging was conducted on day 3, 7, and 11. 

Tissues were collected on day 14 post-injection of tumour cell lines. All CT26 GFP Luc data 

shown are from two independent experiments. All graphs show the median value and IQR. 

In the case of two column analysis statistical significance was determined using a Mann-

Whitney test. * = p < 0.05.  

A. The percentage of live CD45+ cells that are CD8+ in liver tumours implanted using 

30% Matrigel carrier versus PBS carrier. 

B. The number of CD8+ T cells per gram of tumour, comparing liver tumours implanted 

using 30% Matrigel carrier versus PBS carrier. 

C. Histograms demonstrating the expression of PD-1, NKG2A, TOX, TCF-1, CD62L, and 

CD69 in the total CD8+ T cell population in a representative CT26 WT liver tumour 

implanted using 30% Matrigel carrier (top row) and PBS carrier (bottom row). CD8 

T cells previously gated on live CD45+ CD11b- B220- CD11c- CD3+ CD8+.  

D. The percentage of CD8+ T cells that are PD-1+ in liver tumours implanted using 30% 

Matrigel carrier versus PBS carrier. 

E. The percentage of CD8+ T cells that are NKG2A+ in liver tumours implanted using 

30% Matrigel carrier versus PBS carrier. 

F. The MFI of TOX in CD8+ cells in liver tumours implanted using 30% Matrigel carrier 

versus PBS carrier. 

G. The percentage of CD8+ T cells that are TCF-1+ in liver tumours implanted using 

30% Matrigel carrier versus PBS carrier. 

H. The percentage of CD8+ T cells that are CD62L+ in liver tumours implanted using 

30% Matrigel carrier versus PBS carrier. 

I. The MFI of CD69 in CD8+ T cells in liver tumours implanted using 30% Matrigel 

carrier versus PBS carrier. 
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liver without additional peritoneal disease burden. Matrigel appeared redundant in the 

injection process and so was excluded to minimise potential artefacts of injecting this 

medium, in particular the possible effects on immune cell migration. 

 

The spatial organisation of CD8 T cells was characterised, using the same fixation and 

staining methods as previous. Pancytokeratin was used to highlight the surrounding liver 

tissue, with the tumour clearly demonstrated through bright DAPI staining and complete 

absence of cytokeratin (Fig. 4.14A). As per CRC cell lines grown both subcutaneously and 

within the colon, the greatest number of CD8 T cells appeared to congregate at the tumour-

liver parenchyma border (Fig. 4.14B); with fewer CD8 T cells also found throughout the 

tumour mass (Fig. 4.14C). Thus, no gross differences in the recruitment of CD8 T cells into 

the liver tumour were evident.  

 

4.2.5. Establishing a model to track the migration of immune cells in liver tumour models 

To better understand the effect that liver tumours have on the systemic anti-tumour 

immune response, it would be advantageous to be able to trace lymphocyte egress and 

ingress from liver tumours. Therefore, we sought to adapt the Kaede tumour photolabeling 

model previously deployed by the group, to enable the same tracking of lymphocytes into 

and out of liver tumours. Initial experiments to establish this model involved implanting 

colorectal tumour cells within the liver as before (4.2.4.), then at day 12 of tumour growth 

another small abdominal incision was made to allow the tumour bearing lobe of the liver 

to be re-exposed (Fig. 4.15A). Upon re-exposure a black guard was placed over the 

surrounding liver tissue so that only the liver tumour was exposed, tumour tissue was then  
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Figure 4.14. Examining the spatial distribution of T cells in liver tumour models.  

Immunofluorescent microscopy of a CT26 WT tumour embedded in the liver lobe of a 

BALB/c WT mouse (n=3). Sections were stained for pancytokeratin, CD8 and 

counterstained with DAPI to allow CD8 T cells within the tissue to be identified. 

Representative images shown. All scale bars represent 100μm. DAPI is shown in grey, 

pancytokeratin is shown in red, and CD8 show in cyan.  

A. x25 tile scan of a CT26 WT liver tumour. White boxes B and C represent the ROIs 

shown in figures B and C at higher magnification. 

B. x40 image of the edge of a liver tumour (labelled in figure A). The ROI highlighted 

in the top left image B1, is shown zoomed in highlighted in blue on the right. Arrows 

mark CD8 T cells. 

C. x40 image of the middle of a liver tumour (labelled in figure A). The ROI highlighted 

in the top left image C1, is shown zoomed in highlighted in blue on the right. Arrows 

mark CD8 T cells. 
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Figure 4.15. Photolabelling of liver tumours in situ. 

In the pilot experiment for liver tumour photoconversion, 2.5 x105 CT26 WT cells were 

injected into the liver, followed by photoconversion using the Dymax BlueWave QX4 

system at day 12 post-injection. Tissues were collected immediately after 

photoconversion. Anatomically distinct adjacent liver lobes and dLNs acted as a control for 

the contamination of surrounding tissue during the photoconversion procedure. Graphs 

display the median. 

A. Illustration of the timeline of initial liver tumour photoconversion experiments. 

Created using Biorender.com. 

B. Representative flow cytometry plots demonstrating the efficiency of 

photoconversion through Kaede red and green expression in the CD8 T cell 

population 0 hours following photoconversion; shown, left to right, are a 

photoconverted liver tumour, the dLN of a photoconverted liver tumour, and an 

unphotoconverted adjacent liver lobe. 

C. Representative flow cytometry plots demonstrating the efficiency of 

photoconversion with varying exposure times to UV light source, Kaede red and 

green expression by CD8 T cells are shown in a photoconverted liver tumour 

exposed for 3, 5 and 7 cycles respectively.  

D. The percentage of CD8+ T cells that are Kaede red+ in liver tumours exposed to UV 

light for different lengths of time. This data reflects Kaede red labelling immediately 

following photoconversion.  
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exposed to UV light for different lengths of time; tissues were collected immediately 

following the photolabeling procedure to allow labelling efficiency to be assessed (Fig. 

4.15A). Immediately following photolabeling of the liver tumour it was clear that over half 

of the intratumoural CD8 T cells were labelled, in addition there was no bystander labelling 

of the adjacent liver nor tumour dLN (Fig. 4.15B). The most appropriate number of UV light 

cycles was found to be 5, as the labelling efficiency improved up until that point before 

plateauing at 7 cycles (Fig. 4.15C-D). It was a concern that direct exposure of internal 

tissues to the UV light source would cause damage, but the proportion of live CD45+ cells 

was comparable between photoconverted and non-photoconverted liver tumours, and 

health of the animals was maintained following the procedure.  

 

Immunofluorescence confocal microscopy was used to assess the spatial organisation of 

photolabelled T cells within liver tumours and enable us to explore whether this approach 

could label T cells centrally in liver tumours. In all the following experiments described 

tumours were photoconverted and tissues collected 24 hours after. Tissues were fixed 

using the methods shared with us by the Anderson group in Birmingham ensuring 

fluorescent reporters were conserved;(326) samples then had to be stained and imaged 

within 72 hours of photoconversion. In subcutaneously injected CT26 WT tumours, Kaede 

expression by host tissues allowed a simple means of differentiating tumour cells from host 

cells (Fig. 4.16A). Effective photolabeling of T cells was apparent upon imaging, with most 

of the T cells at the border of the tumour labelling Kaede red, and many of the T cells at 

the centre of the tumour also Kaede red+ (Fig. 4.16B-C). Microscopy controls, both positive 

and negative, for Kaede are shown in Appendix 3.4. The same experiment was also  
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Figure 4.16. Spatial characterisation of photolabelled T cells in transcutaneously labelled 

subcutaneous tumours. 

Immunofluorescent microscopy of a photoconverted CT26 WT tumour implanted 

subcutaneously in a BALB/c Kaede mouse, 24 hours after photoconversion (n=3). Sections 

were stained for CD3 and counterstained with DAPI. Kaede green and Kaede Red reflect 

the natural fluorescence of the tissue. Representative images are shown. All scale bars 

represent 100μm. Kaede green is shown in green, Kaede red in red, and CD3 in cyan.  

A. x25 tile scan of a CT26 WT photoconverted s.c. tumour. White boxes B and C 

represent the ROIs shown in figures B and C at higher magnification. 

B. x40 image of the edge of a photoconverted s.c. tumour (labelled in figure A). The 

ROI highlighted in the top left image B1, is shown zoomed in highlighted in blue on 

the right. Arrows mark photoconverted Kaede red+ CD3 T cells. 

C. x40 image of the middle of a photoconverted s.c. tumour (labelled in figure A). The 

ROI highlighted in the top left image C1, is shown zoomed in highlighted in blue on 

the right. Arrows mark photoconverted Kaede red+ CD3 T cells. 
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conducted with photoconverted liver tumour tissues, Kaede expression again provided an 

easy means of defining tumour tissue versus liver parenchyma (Fig. 4.17A). Although the 

vasculature sometimes obscured clear visualisation of all T cells within the image, examples 

of Kaede red expression by T cells within the tumour, both peripherally and centrally, were 

found repeatedly (Fig. 4.17B-C). The effectiveness of liver photoconversion is therefore not 

only quantifiable by flow cytometry but can also be visually confirmed by confocal imaging. 
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Figure 4.17. Spatial characterisation of photolabelled T cells in liver tumours. 

Immunofluorescent microscopy of a photoconverted CT26 WT tumour embedded in the 

liver lobe of a BALB/c Kaede mouse, 24 hours after photoconversion (n=3). Sections were 

stained for CD3 and counterstained with DAPI. Kaede green and Kaede Red reflect the 

natural fluorescence of the tissue. Representative images are shown. All scale bars 

represent 100μm. Kaede green is shown in green, Kaede red in red, and CD3 in cyan.  

A. x25 tile scan of a CT26 WT photoconverted liver tumour embedded within the liver 

parenchyma. White boxes B and C represent the ROIs shown in figures B and C at 

higher magnification. 

B. x40 image of the edge of a photoconverted liver tumour (labelled in figure A). The 

ROI highlighted in the top left image B1, is shown zoomed in highlighted in blue on 

the right. Arrows mark photoconverted Kaede red+ CD3 T cells. 

C. x40 image of the middle of a photoconverted liver tumour (labelled in figure A). The 

ROI highlighted in the top left image C1, is shown zoomed in highlighted in blue on 

the right. Arrows mark photoconverted Kaede red+ CD3 T cells. 
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4.3. Summary 

 
Given the limitations of pre-clinical models of CRC using the injection of tumour cell lines 

subcutaneously, this chapter sought to establish approaches to implant CRC cell lines into 

the colon or liver with the aim of establishing more physiologically relevant models of both 

primary and metastatic colorectal cancer.(50, 305, 307, 308, 310, 311) Using colonoscopy-

guided injection of tumour cell lines, tumours were successfully grown within the wall of 

the colon. Initial steps in developing the photolabelling of these colorectal tumours were 

also made. The establishment of tumours in the liver required surgical exposure and the 

development of a distinct skill set, compared to the colonoscopy required to model primary 

disease. Direct injection of tumour cells into the liver proved to be an efficient means of 

establishing liver tumours and crucially allowed precise control over where these tumours 

formed. Furthermore, no issues with spread of cells from the injection site into the 

peritoneum were observed, an initial concern given the readiness with which injected 

tumour cells will grow within the body cavity. While liver tumours grew rapidly, it was still 

possible to establish robust photolabelling of this site, providing an approach to explore 

immune cell egress from these tumours.  

 

4.3.1. Immunogenicity of modified cell lines 

To facilitate tracking of tumour growth in the colon and liver, we anticipated exploiting the 

IVIS platform, utilising a modified CT26 cell line expressing both GFP and Luciferase. 

Expression of Luciferase would support bioluminescence studies to track tumour growth, 

while the GFP expression would support the tracking of antigen-specific T cells.(327) 
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However, across the studies described here, the challenges with the growth of the CT26 

GFP Luc cell line highlighted the importance of considering immunogenicity when 

modifying cell lines to aid experimental approaches. Initial efforts with CT26 GFP Luc had 

a high failure rate of tumour formation, which may have reflected poor injection technique. 

However, use of the IVIS platform to track tumour growth suggested some tumours had 

failed to grow after initial seeding, raising concerns over potential spontaneous rejection. 

To test this, we designed an experiment using subcutaneous injection of both WT CT26 and 

CT26 GFP Luc within the same host and assessed the subsequent response of tumours to 

treatment with anti-PD-L1 therapy. Even subcutaneously, the dynamics of the anti-tumour 

immune response was changed in CT26 GFP Luc tumours, with two doses of ICB 

unexpectedly clearing these tumours but not WT CT26 tumours. Consistent with the 

hypothesis that the modified CT26 GFP Luc cell line was driving tumour rejection, once WT 

CT26 cells were injected in the colon the success rate of implantation, in terms of the 

number of mice injected that successfully grew colonic tumours, increased from 20% to 

66%. Interestingly, the CT26 GFP Luc cell line was not spontaneously rejected when 

injected intrahepatically, consistent with the liver environment being naturally 

immunosuppressive.(328) Initial pilot experiments establishing tumours within the liver 

used Matrigel as a cell carrier, but due to concerns over the impact of Matrigel on immune 

cell migration, it was of interest to establish whether a PBS carrier could instead be used. 

The choice of cell carrier did not alter the growth of tumours nor the phenotype of 

intratumoural CD8 populations, therefore the use of a carrier medium was deemed 

redundant.  
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The growth kinetics of tumours implanted within alternative sites in this work perfectly 

demonstrates the altered immune environment in different tissues.(317) The same 

number of tumour cells implanted intrahepatically produced much larger tumours than 

when grown subcutaneously. Whereas to produce tumours of the same size in the colon 

wall, the number of tumour cells injected had to be doubled versus subcutaneously. 

Tumour growth within the liver seemed more rapid than within the colon or 

subcutaneously, this may have been due to a combination of increased vascularisation and 

the natural immunosuppressive liver environment. Collectively, this work has highlighted 

the importance of using unmodified cell lines where possible to reduce impacts on tumour 

immunogenicity, and reducing the use of modified media where there is limited clear 

benefit to reduce potential artefacts. Furthermore, titration of cell numbers for each tissue 

site is needed to control for differing tissue-specific growth kinetics. 

 

4.3.2. Orthotopic and subcutaneous tumours have comparable CD8 T cell compartments  

Having established tumours within the colon and liver, we were then able to ask whether 

the CD8 T cell compartment was grossly altered when the WT CT26 cell line grew in specific 

tissues. Surprisingly, and despite evidence that location influences tumour growth, there 

was little proof that the phenotype or location of intratumoural CD8 T cells was altered, at 

least by the parameters considered here. Across tumour sites, flow cytometric analysis 

revealed a comparable level of expression of key markers PD-1, TOX, TCF-1 and CD69, 

including TOX+ PD-1hi cells characteristic of exhaustion. The proportions of exhausted T 

cells and the specific stem-like compartment appeared similar, indicating that the CD8 

compartment of colon and liver tumours was not significantly different to tumours 
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implanted subcutaneously. Important to note, this analysis lacks markers of T cell function, 

such as IFNg or granzyme production, which may be altered by the site of tumour 

implantation. Ultimately, it appears as though the CD8 population within colon and liver 

tumours is committed to the same fate as in subcutaneous tumours, with exhausted CD8 

T cells comprising most of the infiltrate.(132, 286, 329) Of course, whether other immune 

populations differ, thinking in particular of innate cells, remains to be assessed. 

 

While flow cytometry provides detailed phenotypic characterisation of T cells within the 

tumour, it does not provide information on their location. To assess whether there were 

differences in T cell penetration into the tumour core dependent on site, 

immunofluorescence microscopy was used to examine the distribution of T cells within 

tumours. Within subcutaneous, colon and liver tumour models studied there was a 

peripheral enrichment of CD8 T cells at the tumour-tissue border. However, T cells were 

also found throughout the tumour in the cell line models developed here. In this way the 

model is not reflective of the majority of colorectal cancers or their subsequent metastasis 

in humans, as pMMR CRC accounts for most disease and is defined by a reduced immune 

infiltrate and limited responsiveness to ICB.(250, 251, 330) The use of cell lines appears to 

result in fast growing tumours regardless of site, and this likely contributes to a failure in 

modelling human disease and establishment of the mechanisms that impede the T cell 

response. The key to more accurately modelling anti-tumour immune responses may still 

be in using orthotopic models, but instead choosing slower models of disease such as 

mouse derived organoids from spontaneous tumours.(331) Aside from slowed growth 

kinetics, orthotopic organoid models have been shown to contain a more developed 
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stromal compartment, as well as naturally metastasising, both important considerations in 

pre-clinical cancer models.(324, 331, 332) Further consideration of the stromal 

compartment of the orthotopic tumours is a key area of future work and remains 

understudied in this chapter.  

 

4.3.3. Photolabelling of orthotopic tumours 

A secondary aim within this chapter was to establish a method of effectively photolabelling 

tumours. The dynamic labelling of the immune compartment of subcutaneous tumours 

revealed just how quickly T cell populations change. The data discussed in Chapter 3 

highlighted the extent to which certain T cell subsets, such as the stem-like CD8 

compartment, are able to disseminate. Currently, it is unclear whether the recirculation of 

CD8 T cell populations is a feature of subcutaneous models or tumours in general. 

Therefore, to explore cell dynamics in more physiological tumours, we wanted to develop 

the same photolabelling approaches in orthotopic models which has never been done 

before. Unlike the photolabelling of subcutaneous tumours in Chapter 3, in which 

complete photoconversion of the intratumoural immune compartment is regularly 

achieved, so far this was not possible for colon or liver tumour models.(286) Part of the 

challenge here was the rapid growth of tumours within the colon and liver, alongside the 

limited tumour measurements possible prior to labelling. Due to the incomplete labelling, 

studying the retention or entry of immune cells into the primary tumour mass is limited. 

However, clear Kaede red labelling was still achieved in the intratumoural immune 

population such that the egress of cells could be studied, and traffic of both T cells and DCs 

from the colon tumour to the dLN was evident. Building on our recent studies of DC 
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retention and egress from subcutaneous MC38 tumours, it would be interesting to explore 

whether DC behaviour in orthotopic tumour models was similar.(83) Interestingly, there 

was clear evidence of stem-like CD8 migration to the dLN of CT26 WT colon tumours, 

supporting the data produced in Chapter 3.  

 

Within this chapter, both colon and liver orthotopic models were successfully established 

alongside photolabelling approaches, enabling the study of the intratumoural CD8 

population at different sites and its migration. Ultimately, the application of photolabelling 

to orthotopic tumour models will allow for the characterisation of immune cell migration 

in more anatomically relevant settings. Using this model, I aim to further investigate the 

CD8 response in the setting of CRC liver metastasis. 
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Chapter 5 

Investigating the Systemic Suppression of Anti-Tumour Immunity 
Mediated by Liver Metastases 
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5.1. Introduction 

 

Immunotherapy has had a negligible impact in the treatment of pMMR CRC.(250)  

Therefore, understanding the mechanisms underlying this arrested anti-cancer immune 

response in pMMR CRC is essential to improving patient outcomes.(250) Metastatic 

disease poses one of the greatest challenges in the treatment of colorectal cancer. Hepatic 

metastases account for over half of CRC metastases, and in this patient group the prognosis 

is poor, with 9-month median survival post-diagnosis.(258, 259) Liver metastases, even in 

more immunogenic cancers with a high TMB such as melanoma, result in poorer responses 

to treatment.(262-264) Furthermore, it is clear that the site of metastatic burden in CRC is 

key, and reduced efficacy of ICB in the presence of liver metastasis versus lung has been 

demonstrated clearly in the clinic.(260, 261) Treatment failure was associated with not 

only local progression of liver disease, but systemic disease progression. Ultimately, 

understanding how liver metastases mediate suppressive local and systemic changes to 

the anti-tumour immune response is key to facilitating therapeutic advancement for 

patients most in need, likely through the development of tailored immunotherapy 

approaches.   

 

5.1.1. The liver is an immune suppressive environment 

The immunological environment of the liver is skewed toward tolerance to prevent 

constant pathological inflammation in response to food antigen carried in the hepatic 

portal vein. The tolerogenic hepatic environment is best evidenced by successful liver 

transplantation with less stringent immune suppressive regimens than seen in other 
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transplant settings.(333) However, in the context of cancer within the liver, this tendency 

toward immune tolerance has negative implications. Multiple mechanisms underlie 

hepatic immune tolerance which are briefly outlined here.  

 

There are fundamental differences in the immune populations within the liver. Liver 

resident immune cells produce anti-inflammatory cytokines (IL-10 and prostaglandins) 

alongside reduced levels of co-stimulatory molecules (CD80 & CD86).(334-338) 

Furthermore, hepatocytes themselves can be induced to express PD-L1 in response to 

locally produced IL-10, contributing to T cell anergy.(334, 339) Dendritic cells within the 

liver express lower MHC as well as co-stimulatory molecules (CD80 & CD86), and are 

associated with type 2 T helper (Th2) responses and regulatory T cell generation.(340-342) 

Tregs are thought to play an essential role in maintaining liver tolerance, and the 

enrichment of Tregs within the liver environment has been suggested as a reason for the 

poor prognosis in liver cancer.(343, 344)  

 

In addition to underlying differences in immune populations, the stromal compartment of 

the liver also impacts its immunology. Hepatic stellate cells are important in the production 

of extracellular matrix, and also produce retinoid, which can skew CD4 T cells towards a 

regulatory phenotype.(345) Liver sinusoidal endothelial cells (LSECSs), forming the 

boundary between the hepatic circulation and hepatocytes, can act as APCs, but similar to 

many resident cells of the liver induce tolerance. Antigen presentation by LSECs results in 

tolerance, in CD8 T cells through upregulation of immune checkpoints, and a Treg 

phenotype is induced in CD4 T cells due to low levels of co-stimulatory molecules.(346, 



165 
 

347) It is clear that the liver is set up at baseline to dampen immune responses. However, 

precisely which mechanisms are key to driving local and systemic suppression of the anti-

tumour response remains less well defined. Further insight here has the potential to 

support tailored immunotherapy approaches specifically for liver metastases.  

 

5.1.2. Proposed mechanisms underlying the systemic suppressive effects of liver 

metastasis  

In recent years, several mechanisms have been suggested to explain the apparent systemic 

anti-tumour immune suppressive effect of liver metastasis. In a paper published in 2021, 

Yu et al. used a pre-clinical dual liver and subcutaneous tumour model, with CRC cell lines, 

to highlight a potential role for macrophage populations within the liver in this 

phenomenon.(265) First, looking at clinical data, they highlighted that patients with liver 

metastases responded poorly to ICB and had diminished overall survival. The authors then 

demonstrated that a murine dual liver and subcutaneous tumour model could recapitulate 

liver tumour related systemic suppression, with the presence of liver tumours in mice 

preventing a response to anti-PD-L1 in a distal subcutaneous tumour. Mice bearing liver 

tumours were reported to have a diminished peripheral antigen-specific CD8 T cell pool, 

this effect was mirrored in clinical data. This diminished CD8 T cell pool was proposed to 

be due to monocyte-derived macrophage populations within liver tumours selectively 
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removing these cells from circulation through the induction of apoptosis, thus depleting 

systemic T cell protection.(265)  

 

Lee et al. proposed a role for liver tumour Treg populations in suppression of the anti-

tumour immune response.(266) The authors similarly utilised a murine dual liver and 

subcutaneous tumour model to demonstrate ICB failure, though melanoma rather than 

CRC cell lines were used.  However, the loss of a peripheral anti-tumour T cell pool was not 

identified by the authors here. Instead, the suppression of a successful response to ICB 

when tumour antigen was present in the liver, was found to be linked to Treg activation. 

Disruption of regulatory T cell function facilitated an effect of anti-PD-L1 therapy in the 

setting of liver metastasis.(266) Both of these papers utilise a dual tumour model to explore 

the mechanisms driving systemic suppression of the anti-tumour response in the context 

of ICB, summarised in Figure 5.1. Given the limited studies in this important field, alongside 

conflicting data as to precisely why the response is suppressed, further in vivo 

experimentation is needed. 

 

Fundamentally, substantial gaps remain in our understanding of how intratumoural T cells 

interface with the peripheral T cell pool and the nature of the systemic immune 

compartment in general. From data within our own lab, it appears that the majority of 

exhausted T cells remain within the tumour, but specific CD8 subsets retain migratory 

capacity (see Chapter 3).(286) Further experimental data is needed to confirm whether this 

is altered by the presence of tumour within the liver, and the additional mechanisms 
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involved in its suppression of the anti-tumour response. Through interrogating this, better 

approaches to specifically overcome this suppression can be developed.  

 

 

Figure 5.1. Illustration of proposed mechanisms behind the liver tumour-mediated 

diminished response to ICB.  

Yu et al.’s (top model) proposed mechanism entails the depletion of tumour specific CD8 T 

cells by liver-resident macrophages. Lee et al. (bottom model) link the activation state of 

regulatory T cells within the liver to the decreased response to ICB at the subcutaneous 

site. Created using Biorender.com. 
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5.1.3. Aims  

The experiments described in Chapters 3 and 4 were focused on establishing in vivo models 

of colorectal cancer, and utilising these to investigate the dynamics of the T cell response 

within primary tumours and how this linked to the systemic immune response. Different 

models of primary cancer, including colon and liver orthotopic models, were developed to 

assess potential tissue-specific effects on the nature of the T cell response. The overarching 

aim of this chapter was to bring together some of these experimental models to investigate 

the relationship between primary tumours and liver metastases and build upon recent 

published studies by other groups. Different mechanisms have been proposed to mediate 

the systemic suppression observed within simplified dual (liver and subcutaneous) tumour 

models. Given the huge clinical challenge of treating patients with liver metastases, here 

we sought to establish an in vivo model of liver tumour-mediated systemic immune 

suppression and explore cellular traffic between these tumour sites to further investigate 

the mechanisms that restrict the anti-tumour response. 

 

Chapter aims: 

1. Establish an in vivo model in which subcutaneous and liver tumours are both 

present, demonstrating systemic suppression of the anti-tumour response. 

2. Assess whether the presence of liver tumours alters the dynamics of the T cell 

response in the subcutaneous tumour. 

3. Investigate the direct trafficking of immune cells between the two tumour sites. 

4. Test the cellular basis of systemic suppression of the anti-tumour immune 

response. 
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5.2. Results 
 
5.2.1. Investigating the composition of intratumoural CD8 T cells in orthotopic liver 

models 

To understand the systemic suppressive effect of liver tumours on the anti-cancer response 

at different sites, a dual liver and subcutaneous tumour model had to be established. The 

initial set up of the liver tumour model is described in further detail within Chapter 4. 

Having established CRC cell lines within the liver, we first sought to understand whether 

the intratumoural CD8 population within liver tumours versus subcutaneously implanted 

tumours was different. Mice were injected with 2.0 x105 WT CT26 cells intrahepatically or 

subcutaneously and tumours harvested and phenotyped using flow cytometry 12 days 

later. CT26 WT cells implanted within the liver grew more rapidly than when implanted 

subcutaneously, with liver tumours weighing significantly more at day 12 than 

subcutaneous tumours (Fig. 5.2A). The proportion of CD8+ T cells and their density within 

the tumour was slightly increased in those tumours grown within the liver versus 

subcutaneously (Fig. 5.2B-C). Phenotypically, looking at markers of exhaustion, activation, 

and migratory capacity, the CD8 T cells within CT26 tumours at both sites were comparable 

(Fig. 5.2D-J); with no significant difference seen between the percentage of CD8 T cells 

expressing PD-1, NKG2A, TCF-1, and CD62L, or the MFI of CD69 (Fig. 5.2D-H, J). FMOs are 

shown in Appendix 5.1. However, a difference was seen in the MFI of TOX, with the 

intratumoural CD8 T cells within liver tumours displaying a higher MFI than their 

subcutaneous counterparts (Fig. 5.2G). To further investigate this difference and what it 

meant for the CD8 T cell compartment, the co-expression of TOX alongside PD-1 was  
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Figure 5.2. Phenotypic comparison of CD8 T cells in CT26 tumours implanted 

intrahepatically versus subcutaneously.  

BALB/c mice (9-12 weeks) were injected with 2.0 x105 CT26 WT cells subcutaneously or 

intrahepatically. Tissues were harvested on day 12 post-injection. All data shown are from 

three independent experiments. All graphs show the mean ± SD. Statistical significance was 

determined using an unpaired t test. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p 

< 0.0001 

A. The weight (g) of CT26 tumours implanted in the liver versus subcutaneously. 

B. The percentage of live CD45+ cells that are CD8+ in CT26 tumours implanted 

subcutaneously or intrahepatically.  

C. The number of CD8+ T cells per gram of tumour in CT26 tumours implanted 

subcutaneously or intrahepatically.  

D. Histograms demonstrating the expression of PD-1, NKG2A, TOX, TCF-1, CD62L and 

CD69 in the total CD8+ population in a representative CT26 WT liver tumour (top 

row) and subcutaneous tumour (bottom row). CD8 T cells previously gated on Live 

CD45+ CD11b- B220- CD11c- CD3+ CD8+.  

E. The percentage of intratumoural CD8+ T cells that are PD-1+ in liver tumours versus 

subcutaneous tumours. 

F. The percentage of intratumoural CD8+ T cells that are NKG2A+ in liver tumours 

versus subcutaneous tumours. 

G. The MFI of TOX expression in the intratumoural CD8+ T cells in liver tumours versus 

subcutaneous tumours. 

H. The percentage of intratumoural CD8+ T cells that are TCF-1+ in liver tumours 

versus subcutaneous tumours. 

I. The percentage of intratumoural CD8+ T cells that are CD62L+ in liver tumours 

versus subcutaneous tumours. 

J. The MFI of CD69 expression in the intratumoural CD8+ T cells in liver tumours 

versus subcutaneous tumours. 
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quantified. A small but significant increase in the proportion of tumour infiltrating CD8 T 

cells that were TOX+ PD-1+ was detected in liver versus subcutaneous tumours (Fig. 5.3A-

C). In addition, the stem-like TCF-1+ PD-1+ population was examined, and there was found 

to be a higher infiltration of stem-like CD8 T cells within subcutaneous tumours (Fig. 5.3D-

F). Whether this effect is due to the smaller tumour size, and subsequently enhanced 

infiltration, is uncertain. 

 

In Chapter 3, the establishment of the stem-like CD8 T cell compartment was characterised 

within subcutaneous tumours by comparing this population at day 7 and 14, and a similar 

approach was used here within liver tumours. Comparison of tumour weights showed that 

both subcutaneous and liver tumours were larger at day 14 than day 7 as expected, and as 

previously observed liver tumours at day 14 were larger than subcutaneous tumours, 

though at day 7 this difference was not yet apparent (Fig. 5.4A). The proportion of CD8 T 

cells among live CD45+ cells in the tumour was highest in the day 14 liver tumours at 

around 12%, compared to the 2.5-5% observed within subcutaneous tumours and at day 7 

within the liver (Fig. 5.4B). The TCF-1+ PD-1+ population within liver tumours was lower at 

both day 7 and 14, though the TCF-1+ PD-1+ population in subcutaneous tumours present 

at day 7 is PD-1 intermediate rather than high, as discussed in Chapter 3 (Fig. 5.4C & 

Appendix 5.2). The fact that within day 7 liver tumours this TCF-1+ PD-1+ stem-like 

population is PD-1 high, suggests the more rapid development of a mature phenotype in 

this tissue (Fig. 5.4C). The proportion of intratumoural CD8 T cells that are TIM-3+ and PD-

1+ at both sites are similar, both at day 7 and day 14, but the level of PD-1 expression is 

higher in liver tumours at day 7 than subcutaneous tumours (Fig. 5.4D & Appendix 5.2).  
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Figure 5.3. Comparison of exhausted CD8 T cell populations within tumours implanted 

intrahepatically versus subcutaneously.  

BALB/c mice (9-12 weeks) were injected with 2.0 x105 CT26 WT cells subcutaneously or 

intrahepatically. Tissues were harvested on day 12 post-injection. All data shown are from 

three independent experiments. All graphs show the median and IQR. Statistical 

significance was determined using a Mann-Whitney. * = p < 0.05, ** = p < 0.01 

A. Flow cytometry plots demonstrating staining and co-expression of PD-1 and TOX in 

CT26 liver (left) and subcutaneous (right) tumours. Flow plots are pre-gated on Live 

CD45+ CD11b- B220- CD11c- CD3+ CD8+ cells in a representative tumour sample. 

B. The percentage of CD8+ T cells that are TOX+ PD-1+ at day 12 post-injection in liver 

tumours and s.c. tumours.  

C. The number of TOX+ PD-1+ CD8+ T cells per gram of tumour at day 12 post-injection 

in liver tumours and s.c. tumours.  

D. Flow cytometry plots demonstrating staining and co-expression of PD-1 and TCF-1 

in CT26 liver (left) and subcutaneous (right) tumours. Flow plots are pre-gated on 

Live CD45+ CD11b- B220- CD11c- CD3+ CD8+ cells in a representative tumour 

sample. 

E. The percentage of CD8+ T cells that are TCF-1+ PD-1+ at day 12 post-injection in 

liver tumours and s.c. tumours.  

F. The number of TCF-1+ PD-1+ CD8+ T cells per gram of tumour at day 12 post-

injection in liver tumours and s.c. tumours.  
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Figure 5.4. Comparison of exhausted CD8 T cell populations in liver tumours at day 7 and 

14. 

BALB/c mice (9-12 weeks) were injected with 2.0 x105 CT26 WT cells subcutaneously or 

intrahepatically. Tissues were harvested on day 7 or day 14 post-injection. All data shown 

are from two independent experiments. All graphs show the mean ± SD. Statistical 

significance was determined using a 2-way ANOVA with Tukey’s correction for multiple 

comparison. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 

A. Comparison of the weight (g) of CT26 tumours implanted in the liver versus 

subcutaneously at day 7 and day 14 post-injection. 

B. Comparison of the percentage of live CD45+ cells that are CD8+ in CT26 tumours 

implanted in the liver versus subcutaneously at day 7 and day 14 post-injection. 

C. Flow cytometry plots demonstrating TCF-1 and PD-1 expression in the CD8+ 

populations in liver tumours (top) versus subcutaneous tumours (below), at day 7 

(left) and day 14 (right). Representative tumours have been chosen at each time 

point.  

D. Flow cytometry plots demonstrating TIM-3 and PD-1 expression in the CD8+ 

populations in liver tumours (top) versus subcutaneous tumours (below), at day 7 

(left) and day 14 (right). Representative tumours have been chosen at each time 

point.  
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5.2.2. The presence of liver tumours impedes the effects of anti-PD-L1 treatment 

Previous studies using dual implantation of tumours into the liver and subcutaneously 

established that the presence of liver tumours impedes a productive anti-tumour response 

within subcutaneous tumours that were previously responsive to treatment with ICB.(265, 

266) Prior to further investigation of the immune suppressive effect of liver tumours, we 

first wanted to ensure that in our tumour models with CRC cell lines, this effect was still 

observable. To do this, four experimental groups were used, with half the animals receiving 

a single dose of anti-PD-L1 at day 7 and the other half receiving isotype (10 mg/kg body 

weight), within each of these treatment groups half were injected with CT26 WT 

intrahepatically and subcutaneously, whilst the other half received CT26 WT 

subcutaneously only (Fig. 5.5A). Measurements of subcutaneous tumours were taken at 

day 7 and day 10 post-injection and revealed that prior to administration of treatment 

tumour growth between groups was the same (Fig 5.5B). Following treatment, the 

subcutaneous tumours of mice with liver tumours, in both isotype and anti-PD-L1 treated 

groups, grew larger than their subcutaneous tumour only counterparts (Fig. 5.5B); this was 

true on measuring but also visually and on weighing the tumours, with the smallest 

subcutaneous tumours seen in the subcutaneous only group receiving anti-PD-L1 

treatment (Fig. 5.5B-D).  

 

Flow cytometry was then used to further phenotype the CD8 T cells within the 

subcutaneous tumours among the different groups. The proportion of live CD45+ cells that 

were CD8 T cells within subcutaneous tumours did not significantly differ between any of 

the groups (Fig. 5.6A). However, CD8 T cell infiltration according to the number of cells per  



A.

B.

C.

D.



175 
 

Figure 5.5. Intrahepatic tumour burden blunts anti-PD-L1 enhancement of the anti-

tumour response. 

BALB/c mice (9-12 weeks) were injected with 2.0 x105 CT26 WT subcutaneously and 

intrahepatically, or subcutaneously only. Anti–PD-L1 mouse IgG1 (Clone 80, SP16-260; 

AstraZeneca) or NIP228 isotype control mouse IgG1 (SP16-017; AstraZeneca) was 

administered by intraperitoneal injection using one dose of 200 µg diluted in 200 µl PBS 

(10 mg/kg body weight) on day 7. Tissues were harvested on day 12 post-injection. All data 

shown are from two independent experiments. All graphs show the mean ± SD. Statistical 

significance was determined using a 2-way ANOVA with Tukey’s correction for multiple 

comparison. * = p < 0.05, ** = p < 0.01 

A. Representation of the groups used within the experiment, comparing the 

subcutaneous tumour response to anti-PD-L1 in mice bearing liver tumours versus 

not. Created with BioRender.com. 

B. Growth curves showing the estimated tumour volume, from measurements taken 

on day 7 and 10.   

C. Images showing the subcutaneous tumours only from each of the four 

experimental groups. One representative experiment of two is shown here. 

D. The weight (g) of CT26 s.c. tumours in each of the four groups.  
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Figure 5.6. Liver tumours do not drive overt changes in CD8 T cell phenotype but do result 

in altered density within the tumour. 

BALB/c mice (9-12 weeks) were injected with 2.0 x105 CT26 WT subcutaneously and 

intrahepatically, or subcutaneously only. Anti–PD-L1 mouse IgG1 (Clone 80, SP16-260; 

AstraZeneca) or NIP228 isotype control mouse IgG1 (SP16-017; AstraZeneca) was 

administered by intraperitoneal injection using one dose of 200 µg diluted in 200 µl PBS 

(10 mg/kg body weight) on day 7. Tissues were harvested on day 12 post-injection. All data 

shown are from two independent experiments. All graphs show the mean ± SD. Statistical 

significance was determined using a 2-way ANOVA with Tukey’s correction for multiple 

comparison. * = p < 0.05, ** = p < 0.01 

A. The percentage of live CD45+ cells that are CD8+ in CT26 subcutaneous tumours, in 

isotype or anti-PD-L1 treated mice, with liver and subcutaneous tumours or 

subcutaneous tumours only.  

B. The number of CD8+ cells per gram of tumour in CT26 subcutaneous tumours, in 

isotype or anti-PD-L1 treated mice, with liver and subcutaneous tumours or 

subcutaneous tumours only.  

C. The MFI of TOX in the CD8 T cell population of CT26 subcutaneous tumours, in 

isotype or anti-PD-L1 treated mice, with liver and subcutaneous tumours or 

subcutaneous tumours only.  

D. The MFI of PD-1 in the CD8 T cell population of CT26 subcutaneous tumours, in 

isotype or anti-PD-L1 treated mice, with liver and subcutaneous tumours or 

subcutaneous tumours only.  

E. The percentage of CD8+ T cells that are TOX+ PD-1+ in CT26 subcutaneous tumours, 

in isotype or anti-PD-L1 treated mice, with liver and subcutaneous tumours or 

subcutaneous tumours only.  

F. The percentage of CD8+ T cells that are TCF-1+ PD-1+ in CT26 subcutaneous 

tumours, in isotype or anti-PD-L1 treated mice, with liver and subcutaneous 

tumours or subcutaneous tumours only.  
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G. The MFI of CD44 in the CD8 T cell population of CT26 subcutaneous tumours, in 

isotype or anti-PD-L1 treated mice, with liver and subcutaneous tumours or 

subcutaneous tumours only.  
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gram of subcutaneous tumour, was significantly higher in the subcutaneous tumour only 

group receiving a dose of anti-PD-L1 (Fig. 5.6B). Phenotypically, the intratumoural CD8 

population was similar among all groups, in particular focusing on markers of exhaustion 

(TOX MFI, PD-1 MFI and percentage TOX+ PD-1+), stem-like (TCF-1+ PD-1+), and activation 

(CD44 MFI) (Fig. 5.6C-G). Collectively, these data indicate that we have reproduced the dual 

liver/subcutaneous tumour model described by others and in our hands observe an 

impaired response to anti-PD-L1 treatment when liver tumours are present.(265, 266)  

 

5.2.3. Liver tumours alter the anti-tumour response in peripheral tumours 

So far, our data have shown that the anti-tumour effect of anti-PD-L1 on subcutaneous 

tumours is abolished in the presence of liver tumours. To understand whether this immune 

suppressive effect of liver tumours is only present or observable in the response to ICB, the 

growth of subcutaneous tumours in mice bearing liver tumours or without, was compared 

in the absence of therapeutic interventions. Mice were injected with 2 x105 CT26 WT cells 

subcutaneously and intrahepatically, or subcutaneously only, and subcutaneous tumours 

(as well as the accessory lobe of the liver, and liver tumour where applicable) collected and 

analysed on day 12 after injection (Fig. 5.7A). The size and weight of subcutaneous tumours 

in mice without liver tumours was significantly lower than those with liver tumours (Fig. 

5.7B-C). The weight of liver tumours was plotted against subcutaneous tumour weight in 

mice bearing both liver and subcutaneous tumours, and there appeared to be a moderate 

positive correlation between liver tumour burden and the weight of the subcutaneous 

tumour (Fig. 5.7D). Similar to previous results, the percentage of CD8 T cells among the live 

CD45+ population did not significantly differ between the two groups, whereas the number  
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Figure 5.7. Intrahepatic tumour burden influences the growth of s.c. tumours at distal 

sites. 

BALB/c mice (9-12 weeks) were injected with 2.0 x105 CT26 WT subcutaneously and 

intrahepatically, or subcutaneously only. Tissues were harvested on day 12 post-injection. 

All data shown are from two independent experiments. All graphs show the mean ± SD. 

Statistical significance was determined using an unpaired t test. * = p < 0.05 

A. Illustration outlining the experimental set-up of subcutaneous CRC tumour models 

and liver CRC metastasis models. Created with Biorender.com. 

B. Image of the subcutaneous tumours from mice bearing liver tumours (top row) and 

mice with no liver tumour burden (bottom row).  

C. The weight (g) of CT26 subcutaneous tumours from mice bearing liver tumours and 

mice with no liver tumour.  

D. Correlation between the weight of liver tumours and the weight of s.c. tumours 

within the same animal. Simple linear regression analysis demonstrated, R-sq value 

61% shown on graph.  

E. The percentage of live CD45+ cells that are CD8+ in subcutaneous tumours from 

mice bearing liver tumours or with no liver tumour. 

F. The number of CD8 T cells per gram of tumour in subcutaneous tumours from mice 

bearing liver tumours or with no liver tumour. 
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of CD8 T cells per gram of subcutaneous tumour was significantly higher in the 

subcutaneous tumour only mice (Fig. 5.7E-F). There was a small, but statistically significant 

reduction in stem-like CD8 T cell infiltration into subcutaneous tumours in animals with 

liver tumours, though the proportion of these cells among all CD8 T cells in the tumour was 

comparable (Fig. 5.8A-C). Equally, there was a significant increase in the number of 

exhausted TOX+ PD-1+ CD8 T cells per gram of subcutaneous tumours in animals with liver 

tumours, but percentage of TOX+ PD-1+ cells was similar (Fig. 5.8D-F). Further phenotyping 

of the subcutaneous CD8 population between groups is shown in Appendix 5.3. 

 

Having investigated the effect of liver tumour burden on a peripheral tumour, in the same 

experiment the smaller left lobe of the liver from all mice was collected, to assess whether 

the presence of tumour altered the immune composition within other areas of the liver. 

The anatomically distinct non-tumour bearing accessory lobe of the liver, will be referred 

to as the ‘background liver’. Immune cells were isolated from the liver lobe according to 

the methods outlined in Chapter 2, then stained with viability dye to allow 

immunophenotyping of live CD45+ cells by flow cytometry, phenotyping then focussed on 

the intrahepatic CD11b- CD11c- B220- CD3+ CD8+ population. The proportion of CD8 T cells 

among live CD45+ cells remained the same in the background liver of mice with and 

without liver tumours, however, the CD8 T cell population within the background liver of 

mice bearing liver tumours showed signs of exhaustion (Fig. 5.9); a higher proportion of 

CD8 T cells were positive for PD-1, NKG2A, as well as having higher expression of TOX and 

CD69 (Fig. 5.9A,C-F). In addition, there was a distinct TOX+ PD-1+ exhausted CD8 T cell 

population clearly present in the background liver of mice bearing liver tumours, which  
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Figure 5.8. Intrahepatic tumour burden does not influence the phenotype of 

intratumoural CD8 populations at distal sites.  

BALB/c mice (9-12 weeks) were injected with 2.0 x105 CT26 WT subcutaneously and 

intrahepatically, or subcutaneously only. Tissues were harvested on day 12 post-injection. 

All data shown are from two independent experiments. All graphs show the median and 

IQR. Statistical significance was determined using a Mann-Whitney. * = p < 0.05 

A. Flow cytometry plots demonstrating TCF-1 and PD-1 expression in the CD8+ 

populations in the subcutaneous tumours of mice with liver tumours (left) versus 

without liver tumours (right). Representative tumours have been chosen from the 

same experiment. 

B. The percentage of CD8+ T cells that are TCF-1+ PD-1+ in CT26 subcutaneous 

tumours, in mice with liver tumours (liver + s.c. label) and without (s.c. only label). 

C. The number of TCF-1+PD-1+ CD8 T cells per gram of CT26 subcutaneous tumours, 

in mice with liver tumours (liver + s.c. label) and without (s.c. only label). 

D. Flow cytometry plots demonstrating TOX and PD-1 expression in the CD8+ 

populations in the subcutaneous tumours of mice with liver tumours (left) versus 

without liver tumours (right). Representative tumours have been chosen from the 

same experiment. 

E. The percentage of CD8+ T cells that are TOX+ PD-1+ in CT26 subcutaneous tumours, 

in mice with liver tumours (liver + s.c. label) and without (s.c. only label). 

F. The number of TOX+PD-1+ CD8 T cells per gram of CT26 subcutaneous tumours, in 

mice with liver tumours (liver + s.c. label) and without (s.c. only label). 
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Figure 5.9. The presence of tumour intrahepatically changes the phenotype of CD8 T cells 

within anatomically distinct lobes of the liver. 

BALB/c mice (9-12 weeks) were injected with 2.0 x105 CT26 WT subcutaneously and 

intrahepatically, or subcutaneously only. Tissues were harvested on day 12 post-injection. 

All data shown are from two independent experiments. All graphs show the median and 

IQR. Statistical significance was determined using a Mann-Whitney. * = p < 0.05 

A. Histograms demonstrating the levels of PD-1, NKG2A, TOX, TCF-1, CD62L, CD69 

expression in the CD8+ populations in the accessory lobe of the liver at day 12 post-

injection, in mice with a liver tumours (top row) and no liver tumours (bottom row). 

The y axis is normalised to the mode. Histograms were generated using FlowJo 

software.  

B. The percentage of live CD45+ cells that are CD8+ in the accessory lobe of the liver, 

in mice with liver tumours versus those with no liver tumour.  

C. The percentage of PD-1+ CD8 T cells in the accessory lobe of the liver, in mice with 

liver tumours versus those with no liver tumour.  

D. The percentage of NKG2A+ CD8 T cells in the accessory lobe of the liver, in mice 

with liver tumours versus those with no liver tumour.  

E. The MFI of TOX in CD8 T cells in the accessory lobe of the liver, in mice with liver 

tumours versus those with no liver tumour.  

F. The MFI of CD69 in CD8 T cells in the accessory lobe of the liver, in mice with liver 

tumours versus those with no liver tumour.  

G. The percentage of TOX+ PD-1+ CD8 T cells in the accessory lobe of the liver, in mice 

with liver tumours versus those with no liver tumour. 

H. Flow plots demonstrating TOX and PD-1 expression in the CD8+ populations in the 

accessory lobe of the liver of mice with liver tumours (left) versus without liver 

tumours (right). Representative liver samples have been chosen from the same 

experiment. 
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was not present in mice without liver tumour burden (Fig. 5.9.G-H). These data suggest 

that the presence of tumour in one liver lobe alters the immune composition of in the 

background liver. 

 

It is clear that the presence of tumour burden within the liver licenses the subcutaneous 

tumour to grow at an accelerated rate, and it is reasonable to assume that this reflects  

suppression of the anti-tumour immune response. Other studies using a similar approach 

have indicated that suppression requires the same cell line to be implanted within the liver 

and subcutaneous site.(265, 266) If true, this implies that the systemic suppression 

mediated by the liver tumour influences antigen-specific immune compartments and thus 

brings mechanisms involving lymphocytes to the fore, including regulatory T cells.(266) To 

explore this, a pilot experiment was conducted, in which mice were injected 

subcutaneously with 2.0 x105 B16 melanoma cells, then injected intrahepatically with 2.0 

x105 B16 melanoma cells or 2.0 x105 MC38-OVA CRC cells; then liver and subcutaneous 

tumours harvested and analysed by flow cytometry day 14 after injection (Fig. 5.10A). 

Hence, half of the mice had liver and subcutaneous tumours with shared antigen and half 

had tumours in which there was no common antigen. Due to this being a pilot experiment, 

the number of mice per group was low and there were differences observed in the growth 

kinetics of the B16 and MC38-OVA liver tumours, and MC38-OVA liver tumours were much 

larger than B16 on collection (Fig. 5.10B-C). Dissecting the response at the peripheral B16 

subcutaneous tumour showed that the MC38-OVA liver tumour group had larger 

peripheral subcutaneous tumours (Fig. 5.11A-B). A positive correlation between size of the 

liver tumour burden and weight of the subcutaneous tumour was again observed (Fig. 
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Figure 5.10. Setting up a model to investigate whether the systemic immune suppressive 

effect of liver tumours is antigen dependent. 

C57BL/6 mice (9-12 weeks) were injected with 2.0 x105 B16 subcutaneously and 

intrahepatically, or with 2.0 x105 B16 subcutaneously and 2.0 x105 MC38-OVA 

intrahepatically. Tissues were harvested on day 14 post-injection. All data shown is from 

one experiment. All graphs show the median value with IQR. Statistical significance was 

determined using a Mann-Whitney test. * = p < 0.05.  

A. Illustration outlining the experimental set-up of subcutaneous CRC tumour models 

and liver CRC metastasis tumour model, testing the importance of shared antigen 

between tumour sites. Created with Biorender.com. 

B. Image of the liver tumours and surrounding liver tissue from mice bearing MC38-

OVA liver tumours (top row) and mice with B16 liver tumours (bottom row).  

C. The weight (g) of B16 and MC38-OVA liver tumours.  

  



A. B.

C. D.

E. F.

G. H.

R2 0.67



185 
 

Figure 5.11. The systemic immune suppressive effect of liver tumours appears volume 

dependent rather than antigen-specific. 

C57BL/6 mice (9-12 weeks) were injected with 2.0 x105 B16 subcutaneously and 

intrahepatically, or with 2.0 x105 B16 subcutaneously and 2.0 x105 MC38-OVA 

intrahepatically. Tissues were harvested on day 14 post-injection. All data shown is from 

one experiment. All graphs show the median value with IQR. Statistical significance was 

determined using a Mann-Whitney test. 

A. Image of the subcutaneous B16 tumours from mice bearing MC38-OVA liver 

tumours (top row) and mice with B16 liver tumours (bottom row).  

B. The weight (g) of B16 subcutaneous tumours from mice bearing B16 liver tumours 

versus MC38-OVA liver tumours.  

C. Correlation between the weight of liver tumours and the weight of s.c. tumours 

within the same animal. Simple linear regression analysis performed, with R-sq 

value of 67%. 

D. The percentage of T cells that were CD4+ in B16 subcutaneous tumours, from mice 

bearing B16 liver tumours versus MC38-OVA liver tumours.  

E. The percentage of T cells that were CD8+ in B16 subcutaneous tumours, from mice 

bearing B16 liver tumours versus MC38-OVA liver tumours.  

F. Flow cytometry plots demonstrating CD4 and CD8 distribution in the T cell 

population in B16 subcutaneous tumours from mice bearing B16 liver tumours (left) 

versus MC38-OVA liver tumours (right). Representative tumours have been chosen.  

G. Flow cytometry plots demonstrating FOXP3+ staining in the CD4+ CD3+ population 

in B16 subcutaneous tumours from mice bearing B16 liver tumours (left) versus 

MC38-OVA liver tumours (right). Representative tumours have been chosen.  

H. The percentage of FOXP3+ CD4+ T cells in B16 subcutaneous tumours from mice 

bearing B16 liver tumours versus MC38-OVA liver tumours.  
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 5.11C). There were no significant differences between the CD4: CD8 ratio in subcutaneous 

tumours between the two groups, and the proportion of FOXP3+ Tregs was not 

significantly different (Fig. 5.11 D-H). Though no statistically significant differences were 

observed, this could simply reflect underpowering of the data, and there appear to be 

slight alterations in the immune response within the subcutaneous tumours between the 

two groups. Due to this being a pilot experiment no firm conclusions can be drawn, but the 

results hint at the extent of the liver tumour burden being more important than shared 

antigen.  

 

5.2.4. Investigating immune cell traffic between liver tumours and subcutaneous 

tumours 

In this work, the dual liver and subcutaneous tumour model has been established to 

investigate mechanisms of immune suppression that systemically impact the anti-tumour 

response. Utilising the site-specific labelling afforded by Kaede mice, the direct trafficking 

of immune cells between the two tumour sites can be investigated to further explore how 

suppression is mediated. To ask whether liver tumours alter the influx of T cells into the 

subcutaneous tumour, and to investigate the trafficking of cells from the peripheral 

tumour to the liver tumour, photolabelling of the subcutaneous tumour was performed. 

BALB/c Kaede mice were injected with 2.0 x105 WT CT26 cells both intrahepatically and 

subcutaneously, followed by photolabelling of the subcutaneous tumour on day 12 post-

injection,  prior to tissue collection 24 hours following the labelling procedure (Fig. 5.12A). 

Figure 5.12B confirmed that complete Kaede red labelling of the intratumoural CD8  
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Figure 5.12. Establishing a dual liver + flank subcutaneous tumour model to understand 

immune cell migration out of and into subcutaneous tumours. 

BALB/c Kaede mice (9-12 weeks) were injected with 2.0 x105 CT26 WT subcutaneously and 

intrahepatically, or subcutaneously only. Subcutaneous tumours were photoconverted on 

day 12 post-injection, and tissues collected 24 hours after. All data shown are from two 

independent experiments. All graphs show the median value with IQR. Statistical 

significance was determined using a Mann-Whitney test. 

A. Illustration demonstrating the set-up of dual liver + s.c. tumour photoconversion 

experiments, subcutaneous tumours were photoconverted on day 12 post-

injection and collected 24 hours later. Created with Biorender.com. 

B. Flow cytometry plots demonstrating Kaede red expression in live CD45+ CD11b- 

CD11c- B220- CD3+ CD8+ cells in different tissues at 0 hours following 

photoconversion, demonstrating no Kaede red contamination in the periphery at 

baseline. Plots are from one representative mouse. 

C. Flow cytometry plots demonstrating Kade expression in CD3+ population, pre-

gated on live CD45+ CD11b- CD11c- B220- cells, in subcutaneous CT26 tumours. The 

right-hand plot shows the s.c. tumour in animals with CT26 liver tumours, and the 

left-hand plot shows the subcutaneous tumour in animals with no liver tumours 

burden.  

D. Proportion of Kaede green+ CD3 cells in subcutaneous tumours in animals with liver 

tumours versus without liver tumours.  

E. Percentage of Kaede green+ CD8 T cells in subcutaneous tumours in animals with 

liver tumours versus without liver tumours.  
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compartment of the subcutaneous tumour can be achieved, and immediately after 

labelling there is no Kaede red contamination of peripheral tissues, including the liver.  

 

To understand whether the presence of tumour intrahepatically, influences T cell 

infiltration into subcutaneous tumours, the proportion of Kaede green T cells 24 hours 

following labelling was investigated. There was no clear difference in the proportion of 

either CD3 nor CD8 T cells that recently entered subcutaneous tumours in mice with or 

without liver tumours (Fig. 5.12C-E). Migration from the subcutaneous tumour to the 

periphery was then examined through tracking Kaede red cells in peripheral tissues.  

Analysis of peripheral tissues 24 hours after photoconversion detected a distinct Kaede 

red+ T cell population, however, few Kaede red T cells were evident beyond the dLN of the 

subcutaneous tumour  (Fig. 5.13A-D). CD8 T cells accounted for less than 50% of the Kaede 

red T cells detected. Within the Kaede red labelled CD8 population in peripheral tissues, 

the majority lacked PD-1 expression although a small TCF-1+ PD-1+ stem-like population 

was evident in lymphoid tissues (Fig. 5.13E-F).  These data are consistent with previous 

observations showing there is clear systemic dissemination of cells, and evidence of stem-

like CD8 trafficking. The nature of the different T cells trafficking from the subcutaneous 

tumour requires further investigation. 

 

Using the novel liver tumour photolabelling approach outlined in Chapter 4, I then sought 

to directly assess immune cell trafficking from liver tumours to the subcutaneous tumour. 

BALB/c Kaede mice were injected with 2.0 x105 CT26 both subcutaneously and 

intrahepatically, followed by photolabelling of the liver tumour through an abdominal  
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Figure 5.13. Establishing a dual liver + flank subcutaneous tumour model to understand 

the migration of CD8 T cells from the subcutaneous tumour to liver tumour. 

BALB/c Kaede mice (9-12 weeks) were injected with 2.0 x105 CT26 WT subcutaneously and 

intrahepatically, or subcutaneously only. Subcutaneous tumours were photoconverted on 

day 12 post-injection, and tissues collected 24 hours after. All data shown are from two 

independent experiments. All graphs show the median value. Statistical significance was 

determined using a Mann-Whitney test. 

A. Flow cytometry plots of the CD3 population demonstrating Kaede red expression 

in different tissues. The plots are from the same mouse (with liver tumours) 24 

hours post-photoconversion.  

B. Flow cytometry plots of CD8+ expression in the migratory KR+ CD3+ T cells in 

different tissues. The plots are from the same mouse (with liver tumours) 24 hours 

post-photoconversion. Order of tissues same as A.  

C. The percentage of Kaede red+ CD3 T cells in different tissues 24 hours following 

photoconversion, between mice with liver tumours and without liver tumours.  

D. The percentage of CD8+ cells in the Kaede red+ CD3+ population in different tissues 

24 hours following photoconversion, between mice with liver tumours and without 

liver tumours.  

E. Flow cytometry plots of TCF-1 and PD-1 expression among migratory KR+ CD8+ T 

cells in different tissues. The plots are from the same mouse (with liver tumours) 

24 hours post-photoconversion.  

F. The percentage of TCF-1+ PD-1+ cells in the Kaede red+ CD8+ population in 

different tissues 24 hours following photoconversion, between mice with liver 

tumours and without liver tumours.  
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incision on day 12 post-injection,  prior to tissue collection 24 hours following the labelling 

(Fig. 5.14A). Figure 5.14B shows the extent of photolabelling possible with this approach. 

Rapid growth of the liver tumours resulted in only partial labelling, but importantly, there 

was no unintended labelling of peripheral tissues (Fig. 5.14B). Complete photolabelling of 

the liver tumour is not currently achievable and hence phenotyping of newly entering 

Kaede green cells was not meaningful, however the egress of Kaede red cells can still be 

assessed. In these initial pilot experiments, the aim was to find evidence that immune cells 

trafficked from the liver tumour and to begin to investigate where they migrated to. Figure 

5.14C-F shows that it is possible to identify Kaede red+ CD4, CD8, and DC populations in 

the hepatic portal dLN. Gating of MHCIIhi CD11c+ dendritic cells can be found in Appendix 

5.4. Analysis of DC migration was an important control given that labelled DC should be 

evident within the hepatic portal LN, but not in peripheral tissues (Fig. 5.14C,F). In contrast, 

Kaede red CD4 and CD8 T cells were detected in the dLN of the liver tumour, but also within 

the peripheral subcutaneous tumour and its dLN (Fig. 4.14C-E), consistent with the 

dissemination of these cells systemically. Thus, these initial liver photoconversion pilot 

studies provided proof of principle that immune cell movement from liver tumours to 

peripheral tissues could be assessed in our model to better understand how systemic 

suppression is mediated.  

 

To enable a more focused analysis of the CD8 T cell response, including the tracking of 

antigen-specific CD8 T cells, photoconversion of liver tumours in a dual liver and 

subcutaneous MC38-OVA tumour model was performed. Analysis at 24 hours after liver 

tumour photoconversion again identified Kaede red T cells within the dLN and beyond, 
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Figure 5.14. Establishing a dual liver + flank subcutaneous tumour model to understand 

the migration of CD8 T cells from liver tumour to subcutaneous tumour. 

BALB/c Kaede mice (9-12 weeks) were injected with 2.0 x105 CT26 WT subcutaneously and 

intrahepatically, or subcutaneously only. Liver tumours were photoconverted day 12 post-

injection through a limited abdominal incision, and tissues collected 24 hours after. All data 

shown are from two independent experiments. All graphs show the median value with IQR. 

Statistical significance was determined using a Kruskal-Wallis multiple comparison with 

post-hoc Dunn’s correction. * = p < 0.05, ** = p < 0.01. 

A. Illustration demonstrating the set-up of dual liver + s.c. flank tumour 

photoconversion experiments, 24hr photoconversion of the liver tumour only via 

small abdominal incision. Created with Biorender.com. 

B. Flow cytometry plots demonstrating Kaede red expression in the CD8 T cell 

population of the photoconverted liver tumours and peripheral tissues 

immediately following photoconversion, showing no background labelling of 

tissues. The plots are from the same mouse 0 hours post-photoconversion.  

C. Flow cytometry plots demonstrating Kaede red expression in the photoconverted 

liver tumours and peripheral tissues 24 hours following photoconversion. The top 

row demonstrates Kaede labelling in the CD8 population, middle row CD4 

population, and bottom row dendritic cell population (MHCIIhi 11c+).The plots are 

from the same mouse 0 hours post-photoconversion.  

D. Proportion of Kaede red+ CD8 cells in peripheral tissues 24 hours following 

photoconversion of the liver tumour.  

E. Proportion of Kaede red+ CD4 cells in peripheral tissues 24 hours following 

photoconversion of the liver tumour.  

F. Proportion of Kaede red+ DC cells in peripheral tissues 24 hours following 

photoconversion of the liver tumour.  
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 with CD8 T cells typically accounting for less than 50% of this population within the 

different tissues (Fig. 5.15A-D). Focusing further on the phenotype of Kaede red+ CD8 T 

cells migrating from the liver tumours, a stem-like TCF-1+ PD-1+ population was detected 

within the LNs (Fig. 5.15E-F). Antigen-specific CD8 T cells were largely undetectable within 

the Kaede red population, but given the frequency of Kaede red cells, this may simply 

reflect the size of this endogenous response. Collectively, these data reveal that TCF-1+ 

PD-1+ CD8 T cells egress liver tumours and can be detected in draining and peripheral 

lymphoid tissues, as identified in the subcutaneous tumour models (Chapter 3). These data 

further highlight the potential of the photolabelling approach to explore the different 

immune cells that egress liver tumours, including CD4 T cells that may include regulatory 

populations. 

 

5.2.5. Assessing which lymphocyte populations are required for anti-tumour control in 

the dual liver and subcutaneous model 

The data from tumour photolabelling in this chapter demonstrates that there is migration 

of both CD8 and CD4 populations between tumours implanted in the liver and 

subcutaneously. To better understand which of these lymphocyte populations is required 

for anti-tumour control within the dual liver and subcutaneous model, antibodies were 

administered to deplete CD4 and CD8 T cell responses in vivo. The antibodies used 

recognised non-polymorphic epitopes on CD4 and CD8 and efficiently deplete the 

respective T cell populations following one systemic dose (Dr N. Jones personal 

communication). To first assess whether the antibodies effectively depleted CD4 and CD8 

T cells in vivo in our hands, including within tumours, a pilot study using subcutaneous  
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Figure 5.15. Stem-like CD8 T cells egress liver tumours. 

C57BL/6 Kaede mice (9-12 weeks) were injected with 2.0 x105 MC38-OVA subcutaneously 

and intrahepatically, or subcutaneously only. Liver tumours were photoconverted day 12 

post-injection through a limited abdominal incision, and tissues collected 24 hours after. 

All data shown are from two independent experiments. All graphs show the median value 

with IQR. Statistical significance was determined using a Kruskal-Wallis multiple 

comparison with post-hoc Dunn’s correction. 

A. Flow cytometry plots demonstrating Kaede red expression in the CD3 T cell 

population in different tissues. The plots are from the same mouse (with liver 

tumours) 24 hours post-photoconversion of the liver tumour immune 

compartment. 

B. Flow cytometry plots of CD8+ cells among migratory KR+ CD3 T cells in different 

tissues. The plots are from the same mouse (with liver tumours) 24 hours post-

photoconversion of the liver tumour immune compartment. Order of tissues same 

as A.  

C. The percentage of Kaede red+ CD3 cells in different peripheral tissues 24 hours 

following photoconversion. 

D. The percentage of CD8+ cells in the Kaede red CD3 population in different 

peripheral tissues 24 hours following photoconversion. 

E. Flow cytometry plots of TCF-1 and PD-1 expression among migratory KR+ CD8+ T 

cells in different tissues. The plots are from the same mouse (with liver tumours) 

24 hours post-photoconversion of the liver tumour immune compartment.  

F. The percentage of TCF-1+ PD-1+ cells in the Kaede red+ CD8+ population in 

different peripheral tissues 24 hours following photoconversion. 
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tumours was carried out. C57BL/6 mice were injected with MC38-OVA subcutaneously, 

prior to intraperitoneal injection of either isotype, or anti-CD4, or anti-CD8 antibodies (10 

mg/kg) on day 6. The size of subcutaneous tumours was measured on day 6, 10 and 12, 

and tumours, lymph nodes and blood samples collected on day 12. The subcutaneous 

tumours in the ‘CD8 depleted’ group grew the fastest and weighed the most, with the ‘CD4 

depleted’ group showed the slowest growth and tumours of the lowest weight (Fig. 5.16A-

B). Flow cytometry analyses of the tumour and dLN T cell populations confirmed that there 

was highly effective depletion of CD4 and CD8 T cells in their respective treatment groups, 

with near complete depletion achieved at day 12 (Fig. 5.16C-H). Further evidence of 

effective depletion in the blood samples is shown in the Appendix 5.5.  

 

The same experimental set up was then applied to the dual liver and subcutaneous tumour 

model, with depleting antibodies administered on day 6, and tissues collected on day 12. 

The effect of depletion on the size of the liver tumour was not significant at day 12, with 

the CD8-depleted group demonstrating a slight increase in the size of liver tumours (Fig. 

5.17A-B). Highly effective depletion of CD4 and CD8 T cells was observed within the liver 

tumours themselves according to the treatment group (Fig. 5.17C-D). The effect of 

depleting CD4+ and CD8+ T cells on the subcutaneous tumour was then examined. The 

group in which there was CD4 depletion had the smallest subcutaneous tumours, and CD8 

depletion conversely resulted in the largest tumours (Fig. 5.17E-G). However, the increase 

in size of the subcutaneous tumour in the CD8 depleted group, nor the decrease seen in 

the CD4 depleted group, was statistically significant compared to the isotype control. 

Phenotypic analyses of the subcutaneous tumour immune infiltrate again demonstrated   
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Figure 5.16. Establishing in vivo depletion of CD4 and CD8 T cells.  

C57BL/6 mice (9 weeks) were injected with 2.5 x105 MC38-OVA subcutaneously. A single 

200 µg dose of depleting CD4, CD8 or isotype antibody diluted in 200 µl (10 mg/kg body 

weight) was injected intraperitoneally on day 6 after tumour implantation. Tissues were 

harvested on day 12 post-injection. All data shown are from one experiment. All graphs 

show the median value with IQR. Statistical significance was determined using a Kruskal-

Wallis multiple comparison with post-hoc Dunn’s correction. * = p < 0.05, ** = p < 0.01.  

A. Growth curves plotting estimated tumour volume based on measurements taken 

on day 5, 10 and 12. The median and IQR for each of the three treatment groups is 

plotted. Arrow indicates the day of antibody administration. 

B. Tumour weight (g) for each of the treatment groups. 

C. Flow cytometry plots demonstrating the expression of CD4 and CD8 in live CD45+ 

CD11B- B220- CD3+ cells (pre-gated) in subcutaneous tumours. Representative 

tumour samples from isotype, CD4 depleted and CD8 depleted (left to right) are 

shown.  

D. Flow cytometry plots demonstrating the expression of CD4 and CD8 in live CD45+ 

CD11B- B220- CD3+ cells (pre-gated) in dLNs. Representative tumour samples from 

isotype, CD4 depleted and CD8 depleted (left to right) are shown.  

E. The percentage of CD3+ cells that are CD8+ in tumour samples from the three 

different treatment groups. 

F. The percentage of CD3+ cells that are CD4+ in tumour samples from the three 

different treatment groups. 

G. The percentage of CD3+ cells that are CD8+ in tumour dLN samples from the three 

different treatment groups. 

H. The percentage of CD3+ cells that are CD4+ in tumour dLN samples from the three 

different treatment groups. 
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Figure 5.17. Depletion of CD4 and CD8 T cells in the dual liver/s.c. tumour model- impact 

on tumour growth. 

BALB/c mice (10-12 weeks) were injected with 2.0 x105 CT26 subcutaneously and 

intrahepatically. A single 200 µg dose of depleting CD4, CD8 or isotype antibody diluted in 

200 µl (10 mg/kg body weight) was injected intraperitoneally on day 6 after tumour 

implantation. Tissues were harvested on day 12 post-injection. All data shown are from 

two experiments. All graphs show the median value with IQR. Statistical significance was 

determined using a Kruskal-Wallis multiple comparison with post-hoc Dunn’s correction. * 

= p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001.  

A. Images of the CT26 liver tumours and surrounding liver tissue from mice treated 

with isotype, depleting CD4, or depleting CD8 antibody (from left to right).  

B. The weight (g) of liver tumours in different treatment groups.  

C. The proportion of CD3 T cells that are CD4+ in liver tumours in different treatment 

groups.  

D. The proportion of CD3 T cells that are CD8+ in liver tumours in different treatment 

groups.  

E. Image of the CT26 subcutaneous tumours from mice treated with isotype, 

depleting CD4, or depleting CD8 antibody (from top to bottom rows).  

F. Growth curves showing the estimated tumour volume, from measurements taken 

on day 6, 10 and 12. 

G. The weight (g) of CT26 s.c. tumours in each of the three treatment groups. 
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effective depletion of the targeted populations within the tumour (Fig. 5.18A-C). Finally, 

focus was shifted to the CD8 T cell population of those mice in which CD4 T cells were 

depleted, to examine whether overt phenotypic differences were evident compared with 

the isotype treated group. A higher proportion of the intratumoural CD8 T cells within the 

subcutaneous tumours of the CD4 depleted group expressed CX3CR1, consistent with an 

intermediate exhausted phenotype and superior effector function, alongside increased 

expression of PD-1 and TOX (Fig. 5.18D-F).(160, 348, 349) In CD4 depleted subcutaneous 

tumours there was an expansion of TOX+ PD-1+ cells, consistent with an expanded 

exhausted T cell population (Fig. 5.18G-H). Since most of this population expressed CX3CR1 

(Fig. 5.18I-J) they likely retained effector functions, unlike terminally exhausted CD8 T cells 

that lack CX3CR1, contributing to better tumour control. In summary, these data are 

consistent with CD8 T cell mediated control of tumour growth as expected. It is noteworthy 

that depletion of CD4 T cells after 6 days of tumour implantation, when help to the CD8 T 

cell response has likely occurred, resulted in an enhanced CD8 T cell response. While 

further experiments are required to definitively test why this occurs, it is tempting to 

speculate that the absence or loss of regulatory CD4 T cells is one approach to overcome 

the suppressive effect of liver tumours. 

  



A. B. C.

D. E. F.
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Figure 5.18. Depletion of CD4 and CD8 T cells in the dual liver/s.c. tumour model- impact 

on immune populations in the s.c. tumour.  

BALB/c mice (10-12 weeks) were injected with 2.0 x105 CT26 subcutaneously and 

intrahepatically. A single 200 µg dose of depleting CD4, CD8 or isotype antibody diluted in 

200 µl (10 mg/kg body weight) was injected intraperitoneally on day 6 after tumour 

implantation. Tissues were harvested on day 12 post-injection. All data shown are from 

two experiments. All graphs show the median value with IQR. Statistical significance was 

determined using a Kruskal-Wallis with post-hoc Dunn’s correction for multiple 

comparisons, and in the case of two column analysis a Mann-Whitney test was used. * = p 

< 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. 

A. The number of CD4+ cells per gram of s.c. tumour in different treatment groups.  

B. The number of CD8+ cells per gram of s.c. tumour in different treatment groups.  

C. The number of FOXP3+ CD4+ cells per gram of s.c. tumour in different treatment 

groups.  

D. The percentage of CD8 T cells that are CX3CR1+ in the s.c. tumours in different 

treatment groups.  

E. The MFI of PD-1 in the CD8 population of s.c. tumours in different treatment 

groups.  

F. The MFI of TOX in the CD8 population of s.c. tumours in different treatment groups.  

G. Flow cytometry plots demonstrating the TOX and PD-1 expression in the CD8 

population of s.c. tumours in different treatment groups. Representative tumours 

from each group are shown.  

H. The proportion of CD8 T cells that are TOX+ PD-1+ in the s.c. tumours in different 

treatment groups.  

I. Histograms demonstrating CX3CR1 expression in the TOX+ PD-1+ CD8 T cell 

population of s.c. tumours in different treatment groups. Representative tumours 

from each group are shown.  

J. The percentage of TOX+ PD-1+ CD8 T cells that are CX3CR1+ in the s.c. tumours in 

different treatment groups.  
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5.3. Summary 

 

In this chapter, building on the liver tumour model developed in Chapter 4, I established 

an in vivo dual liver and subcutaneous tumour model to recapitulate the systemic 

suppressive effect of liver tumours on the anti-tumour immune response. Having validated 

the systemic suppression reported in other studies, I performed initial experiments 

investigating the migration of T cells between the two tumour sites, an approach never 

before undertaken and also assessed the impact of depleting CD4 or CD8 T cells on tumour 

control. The key findings from this chapter are summarised in Figure 5.19.  

 

Figure 5.19. Illustration of Chapter 5 findings. 

In this chapter the suppressive effect of liver tumours on the systemic anti-tumour immune 

response was explored. The main findings are summarised in the graphic. Created using 

Biorender.com. 
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5.3.1. Exhaustion is rapidly established in the intratumoural CD8 population of liver 

tumours 

Initially, it was important to define how, or if, the intratumoural CD8 compartment differed 

between liver tumours and subcutaneous tumours generated from implantation of the 

same cell line at different anatomical sites. We had not observed overt differences when 

cell lines were implanted into the colon but, given the reported resistance of liver tumours 

to ICB we anticipated differences in the T cell response when tumours were implanted into 

the liver. The data demonstrated that implanted liver tumours clearly contain an exhausted 

T cell population, similar to that seen in the subcutaneous tumour model. There were 

marginally less stem-like CD8 T cells within liver tumours, and an increase in the proportion 

of exhausted CD8 T cells defined by PD-1 and TOX expression, but these were relatively 

modest differences and the main CD8 T cell populations identified at other sites were 

present within the liver tumours. Examining when exhausted T cell populations became 

established in the tumours, liver tumours at day 7 after implantation appeared to contain 

more exhausted CD8 T cells, evidenced by higher PD-1 expression compared to 

subcutaneous tumours. However, liver tumours were also larger at day 7 than 

subcutaneous controls in the same experiment, likely due to more rapid vascularisation. 

Thus, whether differences in the T cell compartment simply reflect more rapid tumour 

growth, rather than location specific effects, remains unclear. Future experiments titrating 

the number of tumour cells injected into the liver would help resolve this. 
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5.3.2. Dual liver and subcutaneous tumour models can be used to investigate systemic 

suppression of the anti-cancer immune response 

The dual liver and subcutaneous model was first trialled with anti-PD-L1 treatment, to 

ensure that the presence of liver tumours impeded the immune response to ICB within 

subcutaneous tumours, as previously described.(265, 266) However, in our hands, the 

suppressive effect of liver tumours was not only observable in the response to anti-PD-L1 

therapy, it was found that the subcutaneous tumours in mice bearing liver tumours were 

significantly bigger at baseline in the absence of intervention. This observation was not 

made by the two papers utilising this model.(265, 266) However, considering that anti-PD-

L1 treatment supports reinvigoration of the anti-tumour T cell response, mechanisms that 

drive the systemic suppression of T cells would logically operate whether immune 

checkpoints are targeted or not. Potentially, treatment with ICB simply amplifies these 

effects. Identification of the impact of liver tumours on the anti-tumour T cell response in 

the absence of therapeutic intervention may reflect the care taken in establishing the 

model and measuring tumour growth. An interesting further potential difference to 

published data was the observation that the suppression of the response in the 

subcutaneous tumour could be linked to the size or burden of the liver tumour. In contrast 

to the studies by Lee et al. and Yu et al., who both observed that suppression was 

dependent upon the same cell line being implanted intraheptically and subcutaneously, in 

our hands, pairing B16 subcutaneous tumours with MC38-OVA liver tumours, resulted in 

larger tumour growth than when paired with B16 liver tumours. While the data is 

preliminary at this stage and needs further experiments to test this, including experiments 
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that better control for the different growth rates of different cell lines within the liver, 

these data do question which mechanisms are key to driving systemic suppression.  

 

A further interesting observation was that the presence of tumour within the liver resulted 

in changes in the immune environment in an anatomically distinct lobe. A clear exhausted 

CD8 T cell compartment was present in the ‘healthy’ liver lobe of animals with liver 

tumours, this population was not evident in those with subcutaneous tumours only. While 

this may reflect dissemination of the tumour from the initial site of implantation, the 

impact of this was minimised through selection of an anatomically distinct lobe with 

separate vasculature and no gross signs of disease. Follow up experiments exploring 

changes in the T cell response at other sites in the liver, as well as in peripheral tissues, 

need to be performed to further develop this observation. 

 

5.3.3. Novel in vivo tumour labelling can be used to assess immune trafficking between 

tumours 

The Kaede tumour photolabelling approach can be used to temporally label intratumoural 

immune populations and monitor their subsequent migration to the periphery, including 

to distal tumours. Labelling of the immune compartment in pre-clinical models of multi-

site disease is completely novel within the group and was first explored in the dual flank 

subcutaneous model in Chapter 3. In this chapter, photolabelling was used in the context 

of the dual liver/subcutaneous tumour model, which has not previously been described. 

First, through labelling of the subcutaneous tumour, it was confirmed that the presence of 

liver tumour did not appear to influence immune infiltration into the subcutaneous 



203 
 

tumour, at least within the time frame and populations assessed here. It will be important 

to repeat these experiments and assess the ingress of other T cells and also innate 

populations. The migration of T cells from the subcutaneous tumour to the periphery was 

evident, including a population of stem-like CD8 T cells; though the number of these cells 

found to have migrated to the liver tumour and background liver was minimal. These data 

are consistent with the subcutaneous labelling in Chapter 3, reinforcing the observation 

that there is systemic dissemination of the stem-like CD8 population. 

 

Photolabelling of the liver tumour immune compartment, outlined in Chapter 4, was used 

to investigate the trafficking of immune cells from hepatic tumours. In the instance of liver 

tumours complete photolabelling of the immune compartment was not achieved, likely 

due to the larger size of these tumours, or potentially cellular density within the liver. 

However, immune cell egress from the tumours was still evident and initial data identified 

both DC and T cell migration from liver tumours to the hepatic portal lymph node. Further, 

migration of T cell populations from the liver tumour to the subcutaneous tumour was 

observed. Finally, a stem-like CD8 compartment migrating from liver tumours was 

identifiable within the hepatic portal lymph node and peripheral lymphoid tissue, again 

consistent with the idea of a circulatory stem-like compartment. Key further studies using 

photolabelling of the liver tumour would better determine the phenotype of migratory T 

cells, particularly amongst the CD4 T cell compartment which accounted for more than 

50% of the migratory T cells. It is also important to consider the potential dissemination of 

other (non-T cell) immune populations between the tumour sites, experiments which were 

not feasible within the time frame of this project. Detailed insight into precisely how 
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systemic suppression is mediated by liver tumours will undoubtedly be aided by better 

understanding of the immune cell dynamics at both tumour sites as well as intertumour 

trafficking. 

 

5.3.4. The cellular basis of systemic suppression of the anti-tumour immune response by 

liver tumours 

Following the data revealing migration of lymphocyte populations between liver tumour 

and subcutaneous tumour, and vice versa, depletion of CD4 and CD8 T cell responses was 

used to better understand if either population was required for tumour control in the dual 

liver/subcutaneous model. Depletion of either lymphocyte population did not significantly 

alter the size of the liver tumour but had a more marked effect on the size of the 

subcutaneous tumour. CD4 depletion resulted in the smallest subcutaneous tumours, and 

CD8 depletion the largest, though neither of these changes were statistically significant 

compared to the isotype control given the relatively small group sizes in this complex 

model. Ideally these experiments would have been extended over more days with the aim 

of teasing out effects on tumour growth, however, this timeline was chosen to ensure that 

the tumours were able to establish prior to therapeutic intervention at day 6; and day 12 

was chosen due to welfare concerns surrounding tumour burden in the CD8 group. If the 

growth kinetics of liver tumours was slowed, for example through titrating the number of 

tumour cells implanted, it might have resulted in significant differences over a prolonged 

period. Of course, a dependency on CD8 T cells for tumour control is not a surprising result. 

Of more potential relevance was the impact of depleting CD4 T cells, indicating that 

regulatory T cell populations actively hindered the systemic anti-tumour response.  
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The lack of effective treatments for liver metastases were highlighted above and demand 

the use of better pre-clinical models to try and identify the therapeutically targetable 

mechanisms to aid cancer patients. While CD4 T cell depletion is clearly not a viable 

treatment option, identification of ways to selectively target Tregs in the liver or perhaps 

regulatory T cells that egress the liver and operate systemically, may prove to be more 

appropriate approaches. 
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6.1. Overview 

 

The overarching aim of this work was to better understand the CD8 T cell response in pre-

clinical models of colorectal cancer and metastatic disease, with a particular focus on the 

T cell dynamics that underpin these responses. Initial experiments used subcutaneous 

implantation of CRC cell lines into Kaede mice to facilitate a detailed interrogation of how 

the CD8 T cell population changed over time within the tumour. Using scRNA-seq and flow 

cytometry, a clear stem-like CD8 population within our CRC models was identified and 

characterised, building on studies in the lab that were published near the start of this 

project.(286) Across multiple experiments, my studies provided a detailed analysis of 

which cells are retained in the tumour and which egress, revealing that although a TCF-1+ 

PD-1+ stem-like compartment is retained in tumours for at least several days, a proportion 

of these cells continually traffic from the tumour to the dLN and beyond to peripheral 

lymphoid tissues. Using a dual flank model then allowed for the direct tracking of T cells 

between tumour sites as well as the peripheral lymphoid compartment. While migration 

of CD8 T cells between the two subcutaneous tumours was minimal, there was strong 

evidence that a circulatory ‘tumour-experienced’ CD8 T cell population developed and 

some of these possessed a stem-like phenotype that we further validated using phenotypic 

markers established during the study.  

 

Orthotopic tumours were then established to better model primary and metastatic disease 

in patients. Endoscopy-guided injection of CT26 cell lines into the colon wall allowed for a 

more anatomically relevant model of primary CRC. Whilst the use of direct injection of 
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CT26 and MC38-OVA cells into the liver lobe was developed to model the major site of CRC 

metastasis. Interestingly, the phenotype and spatial organisation of the intratumoural CD8 

T cell compartment appeared to be consistent regardless of the site of tumour 

implantation. At all sites, the injected cell line resulted in a rapidly growing tumour, densely 

packed with cancer cells. Novel methods to photolabel tumours within both orthotopic 

sites were successfully developed, allowing for the study of immune cell migration as 

established for subcutaneous tumours. Importantly, there was evidence of systemic 

dissemination of a stem-like CD8 population from both colon and liver tumours, providing 

further proof that this compartment is dynamic and may be involved in providing systemic 

protection. 

 

Finally, using the model of CRC liver metastasis developed earlier, a dual liver and 

subcutaneous tumour model was set up to aid in the study of the systemic suppressive 

effect of liver metastases that has been described in both pre-clinical models and cancer 

patients treated with ICB.(266) Building on published data that demonstrated that the 

presence of liver tumour limits the response to ICB in an anatomically distinct 

subcutaneous tumour, in our hands we observed the same effect in the CT26 model.(265, 

266) Further to this, we observed the systemic immune suppressive effect of liver 

metastases did not only apply in the context of the response to ICB, but demonstrated that 

liver tumours license subcutaneous tumours to grow larger in the absence of therapeutic 

intervention. In addition, the presence of tumour within one liver lobe resulted in changes 

to the CD8 population in other liver lobes that were not implanted with tumour cells. 

Photolabelling of both liver and subcutaneous tumours in this setting allowed cell traffic 
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between the two sites to be assessed for the first time, and we were able to confirm that 

intertumoural migration of CD8 T cells occurred in this model. Ultimately, this work led to 

the development of a model that facilitates better understanding of how liver metastases 

impact the systemic anti-tumour immune response.  

 

6.1.1. The dynamics of the stem-like CD8 response in cancer 

The stem-like CD8 population is thought to be integral in sustaining the CD8 T cell 

compartment in settings of T cell exhaustion, such as chronic infection and cancer, and is 

thought to be clinically important as it underlies the proliferative burst following ICB.(149, 

158, 160, 161) Much of the initial characterisation of this population was carried out in 

murine LCMV models.(158, 160, 348) This model of chronic infection mirrors the prolonged 

exposure to antigen in cancer, though the antigen is distributed systemically due to the 

manner in which mice are infected and viral tropism. Thus, there are likely limits to which 

observations on immune cell dynamics in LCMV infection are consistent with cancer 

models where antigen must be more localised. Whilst recent studies have brought to light 

the role of the stem-like CD8 compartment in the anti-tumour response, a comprehensive 

and sufficiently granular scRNA-seq dataset in mice has not been published, while existing 

datasets clearly don’t segregate different TCF-1+ CD8 T cell populations.(301) Our lab 

produced a pre-clinical tumour scRNA-seq dataset that enabled the identification of this 

subset both within the primary tumour mass and tumour dLN. This unbiased 

characterisation then facilitated a more robust assessment of the phenotype of this 

subpopulation at the protein level by flow cytometry. This stem-like CD8 compartment 

comprised a discrete, but small population within the PD-1+ intratumoural CD8 T cell pool 
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across multiple CRC models (CT26 and MC38-OVA) implanted in multiple sites 

(subcutaneous, colon, and liver). The proportion of these cells was notably consistent 

across the models. 

 

Currently, the migratory potential of the stem-like CD8 subset and how this population is 

established is not clear from the literature. Data from the lab demonstrated TCF-1+ PD-1+ 

CD8 T cell egress from the tumour to the dLN utilising the Kaede tumour photolabelling 

approach.(286) Building on from this, novel application of tumour photolabelling to colon 

and liver tumours confirmed that there is a prominent population of Kaede red+ stem-like 

CD8 T cells migrating from these tumours to the dLN. Therefore, this behavioural property 

is not specific to the subcutaneous tumour model but appears to exist regardless of 

anatomical placement of the tumour. In addition, the experiments in this thesis analysed 

peripheral tissues beyond the dLN to assess the migration of this population systemically. 

Consistently, there was proof of stem-like CD8 T cell dissemination to peripheral lymphoid 

tissues which had not previously been shown. Finally, photolabelling of the dLN itself, 

provided evidence that a limited number of stem-like CD8 T cells migrate back into the 

tumour; though, these cells were of a seemingly more immature phenotype, being PD-1 

intermediate rather than PD-1 high. Whether the stem-like compartment contains further 

differentiation states remains unresolved. In our hands PD-1 expression clearly changed 

with time in the tumour, for example newly entering TCF-1+ PD-1+ cells expressed lower 

levels of PD-1 than retained TCF-1+ PD-1+ cells, but the functional relevance is unclear. 

Changes to inhibitory receptor expression, likely related to TCR signalling, are insufficient 

at this stage to really denote distinct states. 
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Studies of the stem-like CD8 population in the setting of chronic viral infection have 

suggested that this compartment is lymphoid tissue-resident.(149, 290) However, as 

highlighted earlier, antigen is present systemically in viral infection models and will likely 

influence the establishment and migration of this population. Studies of the location of 

stem-like CD8 T cells within tumours have demonstrated their distribution with APCs and 

alongside tumour vasculature and lymphatics.(288, 291) Cellular traffic between the LN 

and tumour has been suggested, but not directly assessed, within the existing 

literature.(106, 292, 293) In this thesis, by direct labelling of CD8 T cells within the tumour 

and dLN, the stem-like CD8 T cell population was demonstrated to be migratory between 

these two sites. Our data support the hypothesis that stem-like CD8 T cells within the dLN 

are able to traffic to the tumour, with a PD-1 low immature phenotype, before some 

further ‘maturation’ within the tumour environment. This model helps account for the 

local expansion of intratumoural exhausted CD8 T cells, whilst providing an explanation for 

the preservation of  a stem-like phenotype in the face of continued antigen exposure within 

the tumour. Whether a fraction of this population retains migratory capacity and is able to 

again re-circulate from the tumour, remains uncertain. Further investigation of the stem-

like cells that egress the tumour may reveal whether this represents a specific subset of 

this population; other than upregulation of PD-1 and NKG2A upon entry, we have not yet 

clearly identified changes relating to the population that egresses the tumour.  Overall, the 

data in this thesis and within the existing literature supports the idea of a migratory and 

dynamic stem-like CD8 population, in contrast to the more resident stem-like CD8 T cells 

found in the context of LCMV infection.(149)  
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6.1.2. Modelling colorectal cancer and metastatic disease 

Pre-clinical tumour models have been critical in advancing the field of tumour immunology. 

The implantation of tumour cell lines subcutaneously has formed the basis of much of the 

work done in the murine pre-clinical setting. Despite the utility of these models, there are 

critical limitations. Firstly, these models lack the relevant anatomical context for the study 

of most cancers, and in the study of immune cell dynamics and migration, vasculature and 

lymphatic drainage are essential components. In this work we probed whether the 

implantation of tumour cell lines within different sites altered the nature of the anti-

tumour CD8 response. CRC cell lines were successfully implanted within the colon wall and 

intrahepatically, and interestingly, the phenotype nor spatial organisation of intratumoural 

CD8 populations was markedly altered by the location of tumour growth. Clear evidence 

of CD8 T cell infiltration into the tumour mass was found consistently across subcutaneous, 

colon and liver tumours; in this way our models do not recapitulate the immune excluded 

landscape of pMMR CRC, representing the predominant subtype of CRC clinically.(250, 

251, 330)  

 

Another key issue with subcutaneous tumour models that this work aimed to address, is 

the modelling of metastatic disease, which is a fundamental issue in the treatment of 

CRC.(258, 259) Initially a simplified model of multi-site disease was set up, in which CRC 

cell lines were injected into opposite flanks within Kaede transgenic mice, this presented a 

unique opportunity to directly study the immune cell traffic between tumours at 

anatomically distinct sites. There was found to be minimal migration of the T cells between 
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the two subcutaneous tumour sites, however, this may be due to the limited immature 

vasculature of subcutaneous tumours limiting cellular traffic and infiltration. Building on 

from this, I sought to improve this model of CRC metastasis by incorporating the liver 

tumour model established, injecting CRC cell lines into the liver and subcutaneously. The 

liver represents the main site of CRC metastasis and is a poor prognostic indicator, so 

modelling the effect of disease at this site on peripheral tumours is clinically 

important.(258, 260) Using novel tumour photolabelling approaches, CD8 T cell migration 

between liver tumour and subcutaneous tumour was captured, providing a direct cellular 

link between the immune compartments within two anatomically distinct tumours. 

Currently this model uses simultaneous injection of tumour cell lines intrahepatically and 

subcutaneously, sequential implantation of the ‘primary’ (subcutaneous) tumour followed 

by the ‘metastasis’ (liver tumour) may change the response. Further to this, the most 

anatomically accurate model would involve implantation of cell lines in the wall of the 

colon followed by the liver. Both of these approaches are feasible given the techniques 

developed during the course of this thesis.  

 

Ultimately, subcutaneous tumour models fall short in accurately predicting the response 

to treatment in the clinic. The models developed throughout this thesis, highlight that 

improving pre-clinical tumour models likely goes beyond anatomical location. An 

underlying reason for the homogeneity in the intratumoural CD8 phenotype across the 

models used here may be the underdeveloped TME. Utilising models that better consider 

the TME may better reflect the response to treatment in clinic.(50, 53) For example, a 

direct link has been made between increasing CAFs within the subcutaneous MC38 model 
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and a decreased response to ICB.(50) A key outcome of this thesis was the development of 

models that enable immune cell trafficking between multiple tumour sites to be directly 

assessed. Improving pre-clinical tumour models available will aid in a more accurate 

understanding of the mechanisms behind the anti-tumour immune response, and 

eventually in the development of better therapeutic interventions. 

 

6.1.3. Systemic suppression of anti-tumour immunity by hepatic metastases in CRC 

Metastatic disease poses one of the greatest clinical challenges in the treatment of 

CRC.(258, 259)  Liver metastases result in poorer therapeutic responses than other sites of 

metastasis, such as lung, and this is not only specific to CRC.(260-264) Treatment failure in 

patients with liver metastases results in progression of disease not only within the liver, 

but systemically.(260, 261) This phenomenon has been reproduced in pre-clinical dual liver 

and subcutaneous tumour models, with previously ICB-responsive subcutaneous tumours 

becoming unresponsive to treatment in the presence of liver tumours.(265, 266) Both 

papers mentioned examined liver tumour-mediated immune suppression in the context of 

treatment with ICB, suggesting two distinct mechanisms underlying this effect.(265, 266) 

Yu et al. suggest that liver-resident macrophages are responsible for removing circulating 

antigen-specific T cells.(265) Lee et al. reported that the presence of tumour antigen within 

the liver led to a change in the activation state of regulatory T cells.(266) In this thesis using 

the CT26 CRC cell line, we first confirmed that indeed the response to anti-PD-L1 in 

subcutaneous tumours was eliminated in mice bearing liver tumours. However, the liver 

tumour-mediated suppression of the immune response within the subcutaneous tumour 

was also evident in the absence of ICB. Whether the suppression of the response to ICB 
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required shared antigen between the two tumour sites was unclear, as both papers used 

the same tumour cell line injected intrahepatically and subcutaneously.(265, 266) 

Interestingly, data collected here suggest that the magnitude of the liver tumour burden, 

rather than shared antigen, dictated the degree of immune suppression within the distal 

tumour in the absence of ICB. However, as this data was from a pilot experiment the 

growth of MC38-OVA and B16 cell lines within the liver varied considerably, and titration 

of cell numbers is needed to produce liver tumours of a consistent size between the two 

groups. In an initial study of the role of CD4 and CD8 T cell populations, it was 

demonstrated that depletion of CD4 T cell populations resulted in smaller subcutaneous 

tumours; hinting that regulatory T cell populations might be impeding the systemic anti-

tumour response. However, more work is required to confirm this effect in other models 

and unpick exactly how this is mediated. The size of the liver tumour may well impact 

regulatory cells in the adaptive arm of the immune system or influence innate populations 

that are proportional to tumour size. Understanding the mechanisms behind the systemic 

suppression of the anti-tumour immune response by liver metastases could result in 

targeted immunotherapies for patients with the worst prognoses.  
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6.2. Limitations & Future Work 

 

6.2.1. Defining the stem-like CD8 compartment in pre-clinical tumour models 

This work has provided a more detailed phenotypic description, through both scRNA-seq 

and flow cytometry, of the stem-like CD8 population within pre-clinical tumour models. In 

addition, new insight was provided into the dynamics and migration of this compartment 

in a direct manner using the Kaede tumour photolabelling model. Unfortunately, the 

functional importance of the migratory stem-like population was not explored given the 

time frame. Firstly, showing the proliferation and altered migration of this population in 

response to treatment with ICB, would add to the literature surrounding the role of the 

stem-like compartment in the therapeutic response.(148) A second, though technically 

challenging way of demonstrating the functionality of the migratory stem-like CD8 

compartment is via in vivo transfer experiments. However, due to the small number of 

circulatory Kaede red+ stem-like CD8 T cells, sorting for this population to gather significant 

numbers for transfer could generate the greatest barrier. A way of bypassing this could be 

to pool multiple lymph nodes and enrich for CD8 T cells (see Chapter 2 for method), prior 

to then sorting for Kaede red+ TCF-1+ PD-1+ cells. Whether this approach would generate 

sufficient numbers for an effect post-transfer is uncertain. 

 

6.2.2. Improving orthotopic tumour models 

An issue, not limited to our tumour models, is the short time frame in which in vivo pre-

clinical tumour experiments are conducted. Within each of the models mentioned in this 

thesis, titration of cell numbers, to enable the minimum number of cells to be injected 
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whilst also balancing this to ensure they are not cleared by the immune system before a 

tumour is established, would facilitate in prolonging the experimental window. A longer 

experimental time frame would enable both different dosing regimens to be applied and 

assist in observing longer term impacts on immune populations, both clear merits. These 

titration experiments will have to be performed not only for each site but for each cell line, 

due to each having unique growth kinetics, demonstrated by the variation in the growth of 

B16 and MC38-OVA cell lines injected intrahepatically in Chapter 5. Another means of 

achieving slowed growth is to use tumour organoid models rather than cell lines, these 

models have slower growth kinetics in general.(324, 331, 332) Within my time in the lab, I 

additionally cultured ‘AKPT’ organoids (provided by Sansom Lab, CRUK Scotland Institute) 

and successfully injected them within the colon wall. These organoids are generated from 

the tumours of VillinCreER Apcfl/+ KrasG12D/+ P53fl/fl Tgfbr1fl/fl mice.(324) The resultant tumours 

within the colon wall, when excised a month after injection, had not yet reached the size 

of CT26 tumours grown in two weeks (Appendix 6.1), indicating a much slower rate of 

growth in vivo. However, organoids cannot be counted in the same way that cell lines can 

be, and so ensuring consistency between experiments could present a challenge. In sum, 

there are several methods to aid in prolonging the experimental window, which would 

prove invaluable in modelling the immune response to therapy.  

 

Within our multiple tumour models, dual subcutaneous or dual liver and subcutaneous 

models, staggered implantation of tumours may be an interesting model development. 

Currently, the peripheral subcutaneous tumour is injected simultaneously with the liver or 

contralateral subcutaneous tumour. This makes it difficult to ascribe primary and 
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secondary tumours, as is the case in true metastatic disease. Observing the impact of this 

sequential implantation on the anti-tumour immune response could be an important 

improvement to modelling disease. Organoid models, mentioned above, result in natural 

metastatic deposits and although not conducive to the photolabelling approaches 

developed here, provide a superior method of modelling metastatic disease.(331, 332) 

 

The cell line models utilised throughout this thesis result in tumours with an 

underdeveloped TME.(50) Hence, the perturbations in the TME caused by therapeutic 

interventions are fundamentally lacking. The role of immune cell populations outside of 

the CD8 T cell response was not fully examined within this work, and as mentioned 

previously, phenotyping of both innate and regulatory populations is necessary. Non-

immune cell populations, such as stromal cells, that have been shown to interact with and 

influence the immune response within CRC, were also outside of the scope of this work.(52) 

CAFs, which have been shown to modify the response to ICB, are essentially absent from 

subcutaneous tumour models.(50, 53) To better model this in future, the co-injection of 

fibroblasts alongside tumour cell lines is being set up within the lab.(50) Alternatively, the 

AKPT organoid model mentioned earlier has also been shown to contain CAFs and is 

sensitive to TGFβ inhibition, likely at least in part through targeting of CAFs.(324) Crucially, 

future models must find ways of incorporating a study of the TME, as it is clear that this 

impacts upon the response to treatment and vice versa.(50, 53)  

 

Finally, further work into improving the photolabelling approaches, within both the colon 

and liver tumour models, could allow for the dynamics of cell entry into these tumours to 
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be elucidated. In the experiments presented in this thesis, only partial labelling of colon 

and liver tumours was achieved and so entry of Kaede green cells into the tumours was 

rendered meaningless. As mentioned previously within this chapter, slowing the growth of 

tumours within these sites may provide an obvious yet effective means of improving 

photoconversion. The photolabelling of smaller tumours results in more complete labelling 

of the intratumoural immune compartment. Another issue is, despite effectively capturing 

the migration via lymphatics within this model, migration within the vasculature is not 

studied. Particularly within the new liver model, tumours demonstrate enhanced 

vascularisation compared to subcutaneously implanted tumours, and hence capturing 

immune cell migration within the vasculature could be important. A way of studying this is 

through the i.v. injection of fluorescently labelled CD45 antibody (see Chapter 3) at the 

same time as tumour photoconversion. Hence, cells that were within the tumour 

vasculature at the time of photoconversion can be identified as double positive for Kaede 

red and i.v. CD45 antibody, allowing for the migration of these cells to be assessed.  

 

6.2.3. Investigating the systemic suppressive effect of liver metastasis 

An essential initial experiment required within the dual liver and subcutaneous tumour 

model is the titration of cell numbers implanted within the liver site. Unfortunately, due to 

the short time frame of this PhD, set up experiments were limited in order to progress the 

project. However, this is important to control for tumour growth differences, and enable 

experimental time frames to be extended beyond 14 days. In the pilot experiment 

examining whether the suppressive effect of liver tumours is dependent on shared tumour 

antigen, MC38-OVA and B16 liver tumours grew at differing rates; thus, to robustly test 
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that inhibition is due to liver tumour burden rather than antigen specificity, tumour growth 

must be comparable between the two groups. Of course, larger tumours may underlie the 

suppressive effect seen in the absence of treatment, but shared antigen between tumour 

sites could be key in the diminished response to ICB seen both in this thesis and within the 

literature.(265, 266) A future experiment would likely involve examining the effect of ICB 

in the setting of liver and subcutaneous tumours with shared antigen and no shared 

antigen, having better synchronised the growth of different tumour cell lines in the liver. 

 

Key to understanding the systemic suppressive effect of liver metastases on immune 

populations within the subcutaneous site is a more thorough analysis of its immune 

compartment. Within the current analysis the phenotype of the intratumoural CD8 T cell 

population does not look to be altered, however, this is only according to the limited 

parameters chosen here; with the addition of functional markers and looking later in the 

response by using longer 48- and 72-hour photoconversion time points, we may find that 

differences exist. In addition, other immune populations were outside the scope of this 

work, but clearly a thorough characterisation of CD4 and DC populations are needed. Bulk 

RNA-seq may aid in providing a broad initial view of immune populations within the 

subcutaneous sample and capture changes in specific pathways. This would be a more 

affordable initial experiment that might then support subsequent scRNA-seq experiments 

to capture changes in specific cell types thought to contribute to potential mechanisms. 

 

Two distinct mechanisms underlying the systemic suppressive effect of liver metastases 

have been proposed within the literature. Utilising the models developed in this work, the 
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reported mechanisms can be investigated further. Yu et al. explain the systemic 

suppression through depletion of the tumour antigen-specific CD8 T cell 

compartment.(265) To clarify whether this is occurring within our models, the antigen-

specific CD8 T cell response within the MC38-OVA tumour model can be assessed, in 

addition looking for changes in the phenotype of these cells. In the work presented in 

Chapter 3, no significant loss of the CD8 compartment within the liver tumour nor 

systemically was observed. However, enumeration of OVA-specific CD8 T cells both within 

the tumour and systemically could be helpful in confirming that this effect is not apparent 

within our tumour models. To build on the data presented by Lee et al., the new 

photolabelling approach within the context of the dual liver and subcutaneous tumour 

model will allow more detailed examination of what lymphocyte and non-lymphocyte 

subsets egress, or are unable to egress, the photolabelled liver. As mentioned earlier, CD4 

T cells represent a key population to phenotype and characterise the migration of within 

the dual liver and subcutaneous tumour model.(266) Tracking the migration of antigen-

specific regulatory T cell populations has been established within the lab by Suaad Idris, 

and this could be combined with photolabelling of the immune compartment of liver 

tumours;(350) enabling the effect of liver metastases on regulatory T cell migration to be 

assessed. This would extend observations by Lee et al. to the peripheral regulatory T cell 

compartment.(266) 
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6.3. Concluding Remarks 

 

Overall, these studies have provided new insight into the migratory potential of the stem-

like CD8 population in tumours. The generation of new pre-clinical models to study 

immune cell migration, including colon and liver tumour photolabelling approaches, 

confirmed that the dissemination of stem-like CD8 T cells was not a phenomenon limited 

to subcutaneous tumours. Establishing dual flank, and dual liver and subcutaneous tumour 

models on a Kaede background facilitated the study of how intratumoural immune 

populations at anatomically distinct sites interact; showing limited traffic between two 

subcutaneous tumours, but clear migration between tumours implanted in the liver and 

subcutaneously. Finally, utilising the dual liver and subcutaneous tumour model, initial 

investigations into the mechanism behind the systemic immune suppressive effect of liver 

metastases were carried out.  
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Appendix 3.1. Phenotype of the CD8 T cell population in spontaneous PyMT tumour 

model.  

To generate the MMTV-PyMT model on a Kaede background, F1 mice resulting from 

crossing PyMT+ male mice with Kaede female mice were used, in which tumours typically 

appeared within 11-14 weeks. Tumours were collected when animals were 10-13 weeks 

old. Cells were isolated from subcutaneous tumours as per methods. All data shown are 

from two independent experiments. All graphs show the median value. 

A. Histograms demonstrating the MFI of TOX, NKG2A, PD-1, CD62L, and CD69 in the 

total CD8+ population in a representative PyMT tumour sample collected when the 

animal spontaneously developed mammary tumours at around 12 weeks of age.  

B. The percentage of TOX+ CD8 T cells in PyMT tumours. 

C. The percentage of NKG2A+ CD8 T cells in PyMT tumours. 

D. The percentage of PD-1+ CD8 T cells in PyMT tumours. 

E. The percentage of CD62L+ CD8 T cells in PyMT tumours. 

F. The percentage of CD69+ CD8 T cells in PyMT tumours. 
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Appendix 3.2. The tissue resident memory CD8 population is absent in implanted CT26 

and MC38-OVA tumours but present in primary PyMT tumours. 

The graph shown in ‘B’ represents the collective data from three independent CT26, two 

MC38-OVA, and two PyMT experiments. The graph demonstrates median and IQR. 

Statistical significance was determined with a Kruskal-Wallis multiple comparison. * = p < 

0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 

A. Flow cytometry plots from three different tumour models, PyMT (top row), CT26 

(middle row), MC38 (bottom row) pre-gated on live CD45+ CD11b- CD11c- B220- 

CD3+ CD8+ T cells. The left-hand plot shows how the CD8+ population was gated 

on CD62L- cells. The right-hand plot demonstrates the expression of CD103 and 

CD69, the top right-hand quadrant represents the Trm population. 

B. The percentage of intratumoural CD8+ CD62L- cells that are a Trm phenotype 

(CD69+ CD103+) in three different tumour models.  
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Appendix 3.3. FMO and isotype controls for TCF-1, TOX intracellular stains. 

C57BL/6 mice (6-9 weeks) were injected subcutaneously with 2.5 x105 MC38-OVA cells. 

Representative tumour and dLN samples are shown. Plots shown population pre-gated on 

live CD45+CD11b-CD11c-B220-CD3+CD8+ cells. 

A. Flow cytometry plot demonstrating TOX expression alongside PD-1, within a 

stained tumour sample (left) and TOX FMO (right). 

B. Flow cytometry plot demonstrating TCF-1 expression alongside PD-1, within a 

stained sample (left) and isotype control (right), in a tumour (top row) and dLN 

(bottom row).  
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Appendix 3.4. Validation of OVA tetramer staining. 

C57BL/6 mice (6-9 weeks) were injected with 2.5 x105 MC38-OVA cells subcutaneously. A 

representative tumour sample is shown.  

A. Flow cytometry plots demonstrating the gating and staining for OVA+ cells in CD8+ 

T cells and CD8- T cells (acting as control).  
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Appendix 3.5. Phenotype of the total CD8 T cell intratumoural population in 

subcutaneous CT26 tumour models over time- further quantitation. 

BALB/c Kaede mice (6-9 weeks) were injected with 2.5 x105 CT26 cells subcutaneously. 

Tumours were photoconverted on day 11 post-injection, and tissues collected on day 12 

or day 14. All data shown are from three independent experiments. All graphs show the 

mean ± SD. Statistical significance was determined using a two-way ANOVA , 4 family 

comparison, Fisher’s LSD test. * = p < 0.05, ** = p < 0.01, *** = p< 0.001, **** = p< 0.0001 

A. The percentage of intratumoural CD8+ Kaede red and green cells positive for TCF-

1 expression at 24 and 72 hours after photo-conversion.  

B. The percentage of intratumoural CD8+ Kaede red and green cells positive for 

NKG2A expression at 24 and 72 hours after photo-conversion.  

C. The percentage of intratumoural CD8+ Kaede red and green cells positive for CD69 

expression at 24 and 72 hours after photo-conversion.  
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Appendix 3.6. Characterising the co-expression of inhibitory receptors on CD8 T cells in 

subcutaneous tumour models over time. 

BALB/c Kaede mice (6-9 weeks) were injected with 2.0 x105 CT26 cells subcutaneously. 

Tumours were photoconverted on day 11 post-injection, and tissues collected on day 12 

or day 14. All CT26 data shown are from two independent experiments. All graphs show 

the median and IQR. Statistical significance was determined using a Mann-Whitney test. * 

= p < 0.05, ** = p < 0.01 

A. The percentage of intratumoural Kaede red+ and Kaede green+ CD8+ cells PD-1hi 

NKG2A+ at 24 after photo-conversion.  

B. The percentage of intratumoural Kaede red+ and Kaede green+ CD8+ cells PD-1hi 

TIM-3+ at 24 after photo-conversion.  

C. The percentage of intratumoural Kaede red+ and Kaede green+ CD8+ cells PD-1hi 

LAG-3+ at 24 after photo-conversion.  

D. Flow cytometry plots demonstrating the differences in co-expression of the co-

inhibitory receptors NKG2A, TIM-3, and LAG-3 with PD-1 between intratumoural 

Kaede red and Kaede green CD8 populations at 24 and 72 hours following 

photoconversion. The red contour plots demonstrate co-inhibitory receptor 

expression in Kaede red+ CD8 T cells and the green contour plots Kaede green+ CD8 

T cells. The flow plots are from a representative CT26 tumour sample at 24 and 72 

hours following photoconversion. 

E. The percentage of intratumoural Kaede green+ CD8+ cells PD-1hi NKG2A+ at 24 and 

72 hours after photo-conversion.  

F. The percentage of intratumoural Kaede green+ CD8+ cells PD-1hi TIM-3+ at 24 and 

72 hours after photo-conversion.  

G. The percentage of intratumoural Kaede green+ CD8+ cells PD-1hi LAG-3+ at 24 and 

72 hours after photo-conversion.  
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Appendix 3.7. Phenotype of the CD8 T cell intratumoural population in subcutaneous 

tumour models over time in MC38-OVA model. 

C57BL/6 Kaede mice (6-9 weeks) were injected with 2.5 x105 MC38-OVA cells 

subcutaneously. Tumours were photoconverted on day 11 post-injection, and tissues 

collected on day 12 or day 14. All MC38-OVA data shown are from two independent 

experiments. All graphs show the mean ± SD. Statistical significance was determined using 

a two-way ANOVA , 4 family comparison, Fisher’s LSD test. * = p < 0.05, ** = p < 0.01, *** 

= p< 0.001, **** = p< 0.0001 

A. Histograms demonstrating the expression of TCF-1, TOX, Ly108, PD-1, CD62L, and 

CD69 in the Kaede green+ (green) and Kaede red+ (red) CD8 T cell population in a 

representative MC38-OVA tumour sample 24hrs (top row) and 72hrs (bottom row) 

following photoconversion.  

B. The percentage of intratumoural CD8+ Kaede red and green cells that are TCF-1+ at 

24 and 72 hours after photo-conversion.  

C. The percentage of intratumoural CD8+ Kaede red and green cells that are TOX+ at 

24 and 72 hours after photo-conversion.  

D. The percentage of intratumoural CD8+ Kaede red and green cells that are Ly108+ 

at 24 and 72 hours after photo-conversion.  

E. The percentage of intratumoural CD8+ Kaede red and green cells that are PD-1+ at 

24 and 72 hours after photo-conversion.  

F. The percentage of intratumoural CD8+ Kaede red and green cells that are CD62L+ 

at 24 and 72 hours after photo-conversion.  

G. The percentage of intratumoural CD8+ Kaede red and green cells that are CD69+ at 

24 and 72 hours after photo-conversion.  
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Appendix 3.8. Phenotyping the intratumoural stem-like CD8 population over time. 

BALB/c Kaede mice (6-9 weeks) were injected with 2.0 x105 CT26 cells subcutaneously. 

Tumours were photoconverted on day 11 post-injection, and tissues collected on day 12 

or day 14. All CT26 data shown are from three independent experiments. All graphs show 

the mean ± SD. In the case of two-column analysis statistical significance was determined 

using an unpaired t test. In the case of multiple column analysis statistical significance was 

determined with an ordinary one-way ANOVA with a Tukey’s multiple comparison post-

hoc test. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 

A. Flow cytometry plots showing Kaede expression in the TCF-1+ PD-1- CD8 population 

(left), the TCF-1+ PD-1+ CD8 population (centre), and the TCF-1- PD-1+ CD8 

population (right). Data shown are from a representative CT26 tumour 24 hours 

following photoconversion.  

B. The percentage of Kaede red+ cells based on expression of TCF-1 and PD-1 at 24 

hours following photoconversion of CT26 tumours.  

C. Flow cytometry plots showing Kaede expression (right plot) in the TCF-1+ PD-1+ 

CD8 population highlighted (blue) in the left-hand flow plot at 24 and 72 hours 

following photoconversion. Data shown are from representative CT26 tumours at 

each time point.  

D. The percentage of Kaede red+ cells in the TCF-1+ PD-1+ CD8 population at 24 and 

72 hours following photoconversion of CT26 tumours.  
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Appendix 3.9. Phenotype of CD8 T cells entering the tumour within 5 hours of 

photoconversion.  

BALB/c Kaede mice (6-9 weeks) were injected with 2.5 x105 CT26 cells subcutaneously. 

Subcutaneous tumours were photoconverted at day 11 post-injection, and tissue collected 

5 hours following the procedure. All CT26 data shown are from two independent 

experiments. All graphs show the median and IQR. Statistical significance was determined 

using a Mann-Whitney test. * = p < 0.05 

A. The percentage of KR and KG CD8 T cells that were TCF-1+ 5 hours after 

photoconversion. 

B. The MFI of TOX in KR and KG CD8 T cells 5 hours after photoconversion. 

C. The percentage of KR and KG CD8 T cells that were NKG2A+ 5 hours after 

photoconversion. 

D. The MFI of PD-1 in KR and KG CD8 T cells 5 hours after photoconversion. 

E. The percentage of KR and KG CD8 T cells that were CD62L+ 5 hours after 

photoconversion. 

F. The percentage of KR and KG CD8 T cells that were CD69+ 5 hours after 

photoconversion. 
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Appendix 4.1. Gating strategy used to identify CD8 T cells within colon tumours. 

BALB/c Kaede mice (8-10 weeks) were injected with 5 x105 CT26 WT cells into the colon 

wall. Colon tumours were collected at day 14 post-injection.  

A. Gating strategy used to define the CD8+ T cell population in colon tumours. 

Representative flow cytometry plots from CT26 WT colon tumour harvested day 14 

post-injection.  
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Appendix 4.2. Microscopy controls for CD8 and pancytokeratin stain. 

Microscopy controls (n=2). Representative images selected. All scale bars represent 

100μm.  

A. CD8 positive control. x25 of spleen. DAPI is shown is grey and CD8 in cyan. 

B. Pancytokeratin positive control. x25 of thymus. DAPI is shown in grey and 

pancytokeratin in red.  
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Appendix 4.3. Gating strategy used to identify CD8 T cells within liver tumours. 

BALB/C Kaede mice (12 weeks) were injected with 2.5 x105 CT26 GFP Luc tumour cells in 

30% Matrigel or PBS into the liver. Tissues were collected on day 14 post injection of 

tumour cell lines. 

A. Gating strategy used to define the CD8+ T cell population in liver tumours. 

Representative flow cytometry plots from CT26 liver tumour harvested day 14 post-

injection.  
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Appendix 4.4. Microscopy controls for photoconverted tumours.  

Microscopy controls (n=2). Kaede green is shown in green, Kaede red in red, CD3/SA647 in 

blue, and DAPI in grey. Representative images selected. All scale bars represent 100μm.  

A. Kaede red positive control. x25 of Kaede dLN photoconverted ex vivo.   

B. Kaede green & CD3 positive control. x40 of Kaede dLN stained with CD3. 

C. Kaede green and red negative control. x40 of s.c. tumour from WT (non-Kaede) 

mouse fully stained for CD3.  

D. CD3 biotin negative control. x40 of photoconverted s.c. tumour from a Kaede 

mouse stained with SA 647 only (minus CD3 biotin).  
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Appendix 5.1. FMO and isotype controls for PD-1, CX3CR1, FOXP3, TOX, TCF-1. 

C57BL/6 mice (9-12 weeks) were injected with subcutaneous tumours. All MC38-OVA data 

shown are from subcutaneous tumours stained in different experiments. All plots shown 

are pre-gated on live CD45+ CD11b- CD11c- B220-CD3+ CD8+ cells. 

A. Histogram demonstrating PD-1 expression in isotype control.  

B. Histogram demonstrating CX3CR1 expression in FMO.  

C. Flow cytometry plot demonstrating FOXP3 expression in FMO.  

D. Histogram demonstrating TOX expression in FMO.  

E. Histogram demonstrating TCF-1 expression in isotype control.  
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Appendix 5.2. Comparison of exhausted CD8 T cell populations in liver tumours at day 7 

and 14 -further enumeration. 

BALB/c mice (9- 12 weeks) were injected with 2.0 x105 CT26 WT cells subcutaneously or 

intrahepatically. Tissues were harvested on day 7 or day 14 post-injection. All data shown 

are from two independent experiments. All graphs show the mean ± SD. Statistical 

significance was determined using a 2-way ANOVA with Tukey’s correction for multiple 

comparison. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001 

A. The percentage of CD8+ T cells that are TCF-1+ PD-1+ at day 7 and day 14 post-

injection in liver tumours and s.c. tumours.  

B. The percentage of CD8+ T cells that are TIM-3+ PD-1+ at day 7 and day 14 post-

injection in liver tumours and s.c. tumours.  
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Appendix 5.3. Comparison of CD8 T cell populations within tumours implanted 

intrahepatically versus subcutaneously – further enumeration. 

BALB/c mice were injected with 2.0 x105 CT26 WT subcutaneously and intrahepatically, or 

subcutaneously only, between 9-12 weeks of age. Tissues were harvested on day 12 post-

injection. Cells were isolated from tumours as per methods. All data shown above are from 

two independent experiments. All graphs show the median and IQR. Statistical significance 

was determined using a Mann-Whitney test. 

A. The percentage of CD8+ T cells that are PD-1+ at day 12 post-injection in 

subcutaneous tumours of mice with or without liver tumours. 

B. The percentage of CD8+ T cells that are NKG2A+ at day 12 post-injection in 

subcutaneous tumours of mice with or without liver tumours. 

C. The MFI of TOX in CD8+ T cells at day 12 post injection in subcutaneous tumours of 

mice with or without liver tumours. 

D. The percentage of CD8+ T cells that are TCF-1+ at day 12 post-injection in 

subcutaneous tumours of mice with or without liver tumours. 

E. The percentage of CD8+ T cells that are CD62L+ at day 12 post-injection in 

subcutaneous tumours of mice with or without liver tumours. 

F. The MFI of CD69 in CD8+ T cells at day 12 post injection in subcutaneous tumours 

of mice with or without liver tumours. 
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Appendix 5.4. Establishing a dual liver + flank subcutaneous tumour model to understand 

the migration of CD8 T cells from liver tumour to subcutaneous tumour. 

BALB/c Kaede mice (9-12 weeks) were injected with 2.0 x105 CT26 WT subcutaneously and 

intrahepatically, or subcutaneously only. Liver tumours were photoconverted day 12 post-

injection through a limited abdominal incision, and tissues collected 24 hours after.  

A. Flow cytometry plots demonstrating the initial gating used to define CD4, CD8 and 

DC populations in tumour samples. The plots are from the same mouse 24 hours 

post-photoconversion.  
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Appendix 5.5. Establishing in vivo depletion of CD4 and CD8 T cells –further validation 

using blood samples. 

C57BL/6 mice (9 weeks) were injected with 2.5 x105 MC38-OVA subcutaneously. A single 

200 µg dose of depleting CD4, CD8 or isotype antibody diluted in 200 µl (10 mg/kg body 

weight) was injected intraperitoneally on day 6 after tumour implantation. Tissues were 

harvested on day 12 post-injection. Cells were isolated from the blood. All data shown is 

from one experiment. All graphs show the median value. Statistical significance was 

determined using a Kruskal-Wallis with post-hoc Dunn’s correction for multiple 

comparisons. * = p < 0.05, ** = p < 0.01. 

A. Flow cytometry plots demonstrating the expression of CD4 and CD8 in live CD45+ 

CD11B- B220- CD3+ cells (pre-gated) in the blood. Representative samples from 

isotype, CD4 depleted and CD8 depleted (left to right) are shown.  

B. The percentage of CD3+ cells that are CD4+ in blood samples from the three 

different treatment groups. 

C. The percentage of CD3+ cells that are CD8+ in blood samples from the three 

different treatment groups. 
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Appendix 6.1. Injection of AKPT organoids into the colon wall as a further orthotopic 

colorectal cancer model.  

In the pilot experiment for injection of AKPT organoids into the colon wall, organoids were 

implanted in 12-week-old Kaede mice. All the data shown is from one pilot experiment.  

A. Images of AKPT organoids in Matrigel Growth Factor Reduced Basement 

Membrane Matrix, at 2.5x (left) and 10x (right) magnification.  

B. AKPT tumour growth in situ after organoid implantation into the colon. The left-

hand panel demonstrates tumour growth at day 7 and right-hand panel day 14. 

Images were taken using a Karl Storz Endoskope with multi-purpose rigid telescope. 

AKPT organoids were implanted in 10-week-old C57BL/6 Kaede mice. 
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