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Abstract 

Melanoma brain metastases (MBrM) are devastating, occurring in up to 60% 
of melanoma patients and are increasing in incidence as systemic 
treatments improve. MBrM are notoriously difficult to treat and patients suffer 
from extremely poor survival rates, resulting in these patients being 
excluded from clinical trials testing new treatments, thus highlighting a need 
for research in this field.      

 

We developed a pre-clinical model where mice have simultaneous 
intracranial and extracranial B16 melanoma tumours to mimic the clinical 
setting. Notably, intracranial tumour growth was the survival-limiting factor, 
allowing the study of therapeutic effects specifically in the brain. Various 
combinations of anti-PD-1, anti-CTLA-4 and GM-CSF were investigated as 
potential therapies for MBrM.  We found that the combination of anti-PD-1 
and anti-CTLA-4 could prolong the survival of these mice; however, this was 
dependent on the presence of an extracranial tumour. 

 

Functional studies revealed that natural killer cells and cytotoxic T-cells were 
essential mediators of this therapy. Moreover, examination of the infiltrating 
immune cell populations demonstrated an increase in CD45+ immune cells 
in the intracranial tumours of mice also bearing a flank tumour and receiving 
the anti-PD-1 and anti-CTLA-4 therapy. This increase was found to be a 
result of the increase in infiltrating T-cells and macrophages/microglia and 
was reliant on the presence of an extracranial tumour. 

 

Analysis of cytotoxic T-cells revealed an increase in tumour antigen-specific 
cells in mice with an intracranial and extracranial tumour receiving treatment. 
Tumour antigen-specific T-cells within the blood showed an increased 
expression of homing receptors, which have been previously linked to an 
increase in T-cell infiltration into the brain. 

 

In conclusion, we have demonstrated that the combination of anti-PD-1 and 
anti-CTLA-4 can be an effective therapy for the treatment MBrM, while also 
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identifying the main immune cell populations involved and a potential 
mechanism behind the therapeutic efficacy.   
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Chapter 1 
 

1.1 Brain metastases 

Due to the rise in more effective systemic treatments and diagnostic 

techniques, the occurrence of brain metastases (BrM) is becoming more 

prevelant1–3. Of all the neurological complications associated with systemic 

cancer, BrM have been described as the “most common and devastating”3. 

BrM are thought to occur in approximately 10-20% of all cancer patients, 

although these statistics are based on population studies and are considered 

to greatly underestimate the true occurrence of BrM due to the age of the 

reports1–7.  

 

With the improvement of systemic therapies, the brain can act as a 

sanctuary to malignancies due to protection from the blood-brain barrier 

(BBB)3.  In the case of human epidermal growth factor receptor 2+ (HER2+) 

breast cancer, trastuzumab, an effective therapeutic agent for HER2+ breast 

cancer, is unable to cross the BBB. This is becoming an ever-increasing 

issue, as one third of HER2+ breast cancer patients will develop BrM8–10. 

 

The main site for BrM to occur is within the brain parenchyma; however, they 

can occur in the dura, leptomeninges, choroid plexus, pineal gland and the 

pitutary3,11.  While metastases can often occur simultaneously at different 

sites within the brain, they are not treated in a site-specific manner, even 

though site-specific phenotypes have been identified11.  

 

Tumour types differ in their propensity to metastasise to the brain; however, 

the most common primary tumour sources are lung cancer, breast cancer 

and melanoma, all of which account for 67-80% of BrM1,3,12–14. It is also 

common for patients to have concurrent systemic metastases, with 

pulmonary metastases occurring most frequently15,16. Nonetheless, there are 

cases where BrM have originated from an unidentified primary tumour 
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which, in some cases, may not be located following a post-mortem 

examination17,18.   

 

1.2 Melanoma brain metastases 

Melanoma arises through the malignant proliferation of melanocytes in the 

skin19. The primary melanoma tumour can be classified using the Clark’s 

model, which takes into account the surface area of the tumour and its 

vertical invasiveness (Figure 1.1)20. The progression of the disease is 

characterised into various stages, from Stage 0 where the tumour is 

restricted to the surface of the skin, to Stage IV where the disease has 

become widespread and metastasised to other organs (Figure 1.2)21–23.  

Melanoma will more commonly metastasise to the brain in the later stages 

(IV) of the disease. Nevertheless, it has been known to metastasise early on 

in the course of the disease, as evidenced by the recurrence of tumours at 

different sites to the primary tumour24,25. Time to recurrence is usually four to 

five years in 40% of patients19. Common symptoms associated with 

melanoma brain metastases (MBrM) are progressive neurological 

deterioration and severe pain26.  

 

MBrM are thought to occur in up to 10% of all melanoma patients14,19,27. This 

figure increases substantially when patients with metastatic melanoma are 

considered, as approximately 50% of these patients are diagnosed with  

MBrM and this number increases to 75% upon post-mortem 

examination3,14,19,25–29. Once melanoma has metastasised to the brain, 

prognosis is extremely poor, with median overall survival (OS) ranging from 

four to six months from diagnosis without any intervention14,26,27,30,31. With 

treatment, the median OS is six to nine months with the five-year survival 

rate reported as being as low as five percent14,19,26,28.  
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Figure 1.1 The Clark’s scale of melanoma progression 
The Clark’s scale was devised by Clark et al. in 1969 as a measure of how 
deep the melanoma has spread within the skin and the scale is still in use. 
‘Level 1’ melanoma is confined above the basement membrane and can be 
defined as being in situ. With ‘Level 2’, the cancer cells have breached the 
basement membrane and extended into the papillary dermis (epidermis) but 
have yet to reach the reticular dermis. ‘Level 3’ melanoma has passed the 
papillary dermis and begins to touch the reticular dermis. When the 
melanoma has spread into the reticular or deep dermis, this is defined as 
‘Level 4’. In cases of ‘Level 5’, the melanoma has grown into the 
subcutaneous fat underneath the skin. 
 

Melanoma has been described as having the greatest preference to 

metastasise to the brain as compared to other primary tumours32. 

Additionally, the location of the primary tumour can affect the likelihood of 

the tumour metastasising to the brain, as there is a  higher incidence of 

MBrM arising from cutaneous tumours of the head and neck33. MBrM are 

often found to be located in the cortex of the brain and are frequently found 

alongside leptomeningeal metastases (83% in one study)34. In addition, to 

multiple lesions in the brain, 46-82% of MBrM patients will also have some 

form of extracranial disease31,35,36. 
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Figure 1.2 The stages of melanoma disease progression 
The progression of melanoma is broken down into a number of stages, with 
each stage increasing in severity. Stage 0 is where the melanoma is still on 
the surface of the skin (in situ) and is unlikely to spread to other organs at 
this stage. With stage I melanoma, the cancer cells are still within the skin 
and the tumour is still quite thin. Stage I can be broken into two further 
stages, Ia and Ib, depending on the tumour thickness, incidence of 
ulceration and mitotic rate. Stage II is when the tumour has grown through 
the epidermis and into the dermis; at this stage there is a higher chance of 
spread to other organs than the previous stage. Stage II can be broken 
down into three groups, A, B and C, depending on the tumour thickness and 
the incidence of ulceration. Stage III is characterised by the spread of 
cancer cells to the lymphatic system and the lymph nodes; this stage can be 
sub-divided into three groups, A, B and C, depending on the number and 
sizes of nodes involved. Stage IV is when disease has spread to the blood 
stream and the cancer has begun to metastasise to different organs. 
Melanoma commonly metastasises to the liver, lung and brain. 
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1.3 Treatment of melanoma brain metastases 

Historically, metastatic melanoma has been a difficult disease to treat and 

MBrM is no different, with limited therapeutic options available until more 

recently37. Even though there are some patients surviving long-term with 

MBrM, treatment is usually considered palliative28. 

 

A frequently used method is surgical resection of the tumour mass26,27,29,37. 

This is normally used when there is a single large mass that is easily 

accessible27. The performance status of the patient is also taken into 

account, especially in the cases where debulking the tumour will improve the 

quality of life for the patient by reducing BrM-related symptoms27. The 

median OS following surgical resection is between eight and nine 

months27,38. 

 

As local relapse was found to occur after surgical resections in more than 

50% of patients, whole-brain radiotherapy (WBRT) or stereotactic 

radiosurgery (SRS) was utilised instead or as an adjuvant therapy26. WBRT 

has been mainly used following surgical resection of MBrM or in patients 

who were not suitable for surgery or SRS26. SRS has more recently become 

the more favourable treatment option, due to its use of high-dose radiation in 

localised areas, sparing the rest of the brain tissue from unnecessary 

irradiation37. SRS is normally used in patients with MBrM that are 

inaccessible via surgery or when the patient has one to three metastases 

which are up to three cm in size26,37. SRS has been reported to have a local 

control rate of approximately 70-80% and there are ongoing studies 

investigating the use of SRS in patients with more than three metastases39. 

 

Systemic therapies have been trialled in patients with MBrM, although these 

results have been underwhelming28,40. Temozolomide and fotemustine were 

both selected for MBrM trials due to their ability to cross the BBB and the 

pre-clinical evidence showing activity in extracranial melanoma28,40. 

Temozolimide was tested in a phase II trial in patients with MBrM who had 
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received no previous radiotherapy and showed a response rate (RR) in six 

percent of patients28. Fotemustine did not fare any better; in a randomised 

phase III trial, the RR was also six percent. These therapies were, however, 

more effective than dacarbazine, which showed no response at all40. 

 

1.4 A new direction in the treatment of melanoma brain metastases 

Previously, Hanahan and Weinburg proposed six biological functions that 

cancer cells acquire to allow tumour formation: i) ‘sustaining proliferative 

signalling’; ii) ‘evading growth suppressors’; iii) ‘activating invasion and 

metastasis’; iv) ‘enabling replicative immortality’; v) ‘inducing angiogenesis’ 

and vi) ‘resisting cell death’41. This concept was re-evaluated and updated 

with four new hallmarks in 2011, thus resulting in new avenues for treatment 

options42. ‘Avoiding immune destruction’ has now been accepted as a 

fundamental aspect in cancer development, along with the realisation that 

the immune system can be reinvigorated to eradicate cancer42. While there 

has been evidence that the immune system can eliminate cancer from as 

early as the 1890s, it has not been until more recently that the belief 

emerged that harnessing the immune system can be an effective treatment 

option43,44.  

 

1.5 Understanding the tumour microenvironment 

Tumours are no longer thought of as masses of cancerous cells but as 

complex structures comprised of numerous types of cells42. Due to the 

complexity of the tumour microenvironment (TME) and the ability of cancer 

to alter the functions of its comprising cells, each cell type must be 

considered individually in terms of the role they can play to promote tumour 

growth and how this can be overturned. 
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1.5.1 Cancer cells 

As the instigators of the disease, cancer cells are the source of a tumour and 

the driving force behind its progression. While they are immensely important 

in sustaining the tumour, they can make up as little as 30% of the tumour 

mass45. Although cancer cells were originally viewed as a homogenous 

population, in reality, they are extremely heterogeneous as a result of hyper-

proliferation and increasing numbers of mutations46,47. This process results 

in distinct subpopulations that clonally expand to give rise to the tumour46,47.  

 

Even though cancer cells may not make up the bulk of the tumour mass, 

they contribute to the recruitment of various cells which compose the 

remainder of the tumour45. This occurs through various mechanisms, as 

does the differentiation of immune cells to a more pro-tumourigenic 

phenotype48. These mechanisms will be described in the following sections 

in more detail.  

 

1.5.2 Endothelial cells  

The stroma of the tumour, in some cases, can make up the bulk of a tumour, 

consisting of endothelial cells (ECs), fibroblasts and immune cells49–51. The 

brain TME lacks fibroblasts and contains other brain-resident cells, for 

example, astrocytes. ECs are the cells that make up the vasculature of the 

blood and lymphatic vessels throughout the body, including tumours49. 

Tumour endothelial cells (TECs) form the vessels throughout the tumour, 

although these vessels are known to be morphologically abnormal52. Tumour 

blood vessels are characterised by chaotic branching and leakiness52. These 

vessels can be poorly perfused and others can have reversing blood flow, 

contributing to the hypoxic TME49. The lymphatic vessels are comprised of 

cells similar to ECs; however, these vessels are normally non-functional and 

collapsed53. There have been reports of functional lymphatic vessels at the 

periphery of the tumour and these have been associated with metastasis, as 

they provide a direct route to draining lymph nodes42.  
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1.5.3 Natural killer cells 

Natural killer (NK) cells  are innate lymphoid cells (ILCs) and form part of the 

innate immune system, the body’s first line of defence54. NK cells were the 

first ILCs discovered and have the ability to spontaneously lyse tumour cells 

without the need for activation by other immune cells and without major 

histocompatibility class (MHC) restriction55. NK cells have an important role 

in the formation of cancer, as demonstrated by a Japanese longitudinal 

study where there was a substantial increase in cancer incidences in people 

with a lower NK cell cytotoxicity function over the 11-year period of the 

study56.  In addition, patients with a higher infiltration of NK cells in a number 

of solid tumours tend to have a better prognosis57,58. NK cells are known to 

exert their cytotoxic effect through the release of perforin- and granzyme-

mediated killing and through the activation of the caspase pathway54. 

 

NK cells detect their targets through a range of inhibitory, activating, 

adhesion and cytokine receptors, that allow them to distinguish the normal 

functioning cells from cells under stress54.  The cytolytic function of NK cells 

is highly controlled to prevent the unnecessary destruction of healthy cells, 

an example of this is through the expression of natural cytotoxicity receptors 

(NCRs)59. When cells become ‘stressed’, they upregulate ligands that bind to 

NCRs, signalling to the NK cell that there is a problem59. This can be 

illustrated by the binding of NKG2D ligands expressed by ‘stressed’ cells to 

the NK cell receptor, NKG2D59. As cancer cells are not normally functioning 

cells, they respond to this ‘stress’ by expressing the cell-surface ligand B7-

H6, a target for NCRs, more specifically, NKp3055,60. B7-H6 has been found 

to be expressed on a number of malignancies, including lymphomas, 

leukaemias, carcinomas and melanomas54.     

 

Another mechanism that NK cells have adopted to locate their targets is 

through the expression of inhibitory receptors specific for MHC I 

molecules48,54. As these receptors and ligands are highly polymorphic and 

encoded by numerous genes, NK cells must discriminate between self and 

non-self in an environment where self can vary between individuals54. NK 
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cells become ‘educated’ through the engagement of their MHC I inhibitory 

receptors, which results in the maturation of a functional NK cell population 

that is adapted to their surrounding MHC I61–63.   

 

Tumours develop various mechanisms to avoid NK cell-mediated death as it 

is common for cancer cells to lose their MHC I molecule expression, making 

them a prime target for NK cell killing64. It has been suggested that cancer 

cells can exploit ‘gaps’ in the NK cell’s inhibitory repertoire by expressing 

non-classical MHC molecules, such as human leukocyte antigen (HLA)– 

G64. Tumours such as melanoma take a different approach by upregulating 

MHC I expression to avoid NK cell-mediated death65. Additionally, tumours 

can suppress NK cell function through the downregulation of NK cell-

attracting chemokines, such as C-X-C motif chemokine ligand (CXCL) -266. 

Tumours can also affect the expression of NCRs as a result of the hypoxic 

TME by drastically decreasing the expression of NCRs. Moreover, cancer 

cells can also produce transforming growth factor beta (TGF-β) which has a 

negative effect on NK cell function by reducing their cytolytic activity67. 

Furthermore, the constant exposure of NK cells to tumour antigens can 

result in antigen tolerance, characterised by the expression of T-cell 

immunoglobulin- and mucin-domain-containing-molecule-3 (TIM-3), which 

can end in NK cell exhaustion and loss of function68.  

 

There is also evidence of NK cells being repurposed by tumours via an 

alteration in NK cell phenotype from a cytotoxic function to a pro-angiogenic 

phenotype55. This change in cell characteristic is believed to be induced by 

the hypoxic TME and the increase in production of TGF-β. This phenotypic 

modulation results in an increase in local production of vascular endothelial 

growth factor (VEGF), promoting tumour growth55. There is evidence that 

these altered NK cells can also inhibit T-cell infiltration into the TME, further 

promoting a pro-tumourigenic environment48. 
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1.5.4 Cytotoxic T-cells 

T-cells play an essential role in immunoediting in response to therapy and 

are the cells that are associated with a long-term immune response48. The T-

cell family makes up a significant proportion of tumour-infiltrating 

lymphocytes (TILs) and are comprised of three distinct populations69, each 

playing their own role. T-cells are distinct from other TILs based on their 

cluster of differentiation (CD) 3 expression and are further categorised by 

their expression of additional CD molecules69. CD8+ cytotoxic T-cells (CD8+ 

T-cells) are one of the main effector populations that are responsible for an 

immune-based anti-tumour response70,71. 

 

CD8+ T-cells are believed to control local tumour growth through direct 

cytolytic killing of cancer cells via granzyme B- and perforin-mediated 

mechanisms or through the secretion of cytokines, such as interferon 

gamma (IFN-γ) or tumour necrosis factor alpha (TNF-α)72,73. High numbers 

of tumour infiltrating CD8+ T-cells have been associated with a positive 

prognosis in a number of cancers, including melanoma, breast, ovarian and 

colorectal45,74–78. Moreover, patients without metastases and a low level of 

CD8+ T-cell infiltration have been shown to have a poorer prognosis than 

patients with metastases and a high level of CD8+ T-cells79.      

 

Unlike NK cells, CD8+ T-cells are a part of the adaptive immune response 

and, therefore, must be ‘educated’ to recognise and respond to their 

targets54. This ‘education’ occurs through the presentation of tumour-specific 

antigens (TSAs) or tumour-associated antigens (TAAs) by antigen 

presenting cells (APCs)48,80 (Figure 1.3). APCs present TSAs or TAAs to 

naïve T-cells at the lymph nodes, resulting in the activation of these cells 

against the specific antigens48,80. It has been shown that CD8+ T-cells can 

recognise tumour-specific peptides with a single amino acid mutation45. A  
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Figure 1.3 Adaptive immune system-mediated cancer cell death 
(1) Upon death, cancers release a number of TAA and/or TSA. (2) These 
are internalised by APCs where they are subsequently processed into 
peptides and presented on MHC (I/II) molecules. APCs, such as DCs, will 
mature in response to this process, enabling their migration to the tissue 
draining lymph nodes (3). Once at the lymph nodes (4), DCs are able to 
activate naive T-cells through the co-stimulation receptors CD28 and TCR. 
(5) When activated T-cells become primed against the particular TSA/TAA  
that was responsible for their activation, they are able to enter the circulation 
where they will traffic to the tumour and elicit a cytotoxic response. (6) T-
cells release a number of cytokines resulting in the activation of the caspase 
pathway and cancer cell apoptosis, followed by the release of additional 
TSAs and TAAs. There is evidence that a second antigen-presentation stage 
occurs at the disease site by tissue-resident APCs; this ‘second touch 
hypothesis’ is believed to be essential for CD4+ T-cell maturation. 
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number of studies have also demonstrated that responses to 

immunotherapies in melanoma, bladder and lung cancer may be specific to 

TSAs48,81. This has been further supported by the evidence that patients with 

an increased mutational load have a prolonged survival82. In the case of 

TAAs, studies with melanoma patients have demonstrated that the  

recognition of the mutated form of p53 results in tumour-specific CD8+ T-

cells83. It has been suggested that this recognition is a result of excess levels 

of the antigen or the increased presentation as a result of cancer cell 

death83. 

 

An additional important feature of the CD8+ T-cell population is their ability to 

elicit a memory response that is characterised by their expression of 

CD45RO84. An infiltration of memory CD8+ T-cells into tumours has been 

linked with a beneficial prognosis and there is evidence demonstrating that 

patients with an increased infiltration of memory CD8+ T-cells into the tumour 

core have a lower incidence of relapse79,85,86. 

 

Nonetheless, cancer cells have developed mechanisms in order to protect 

themselves from the cytotoxic effects of the CD8+ T-cells. Cancer cells can 

mount a direct defence, through the expression of inhibitory ligands, to 

suppress CD8+ T-cell activation (discussed further below)87–89. Cancer cells 

can also suppress CD8+ T-cell function through the secretion of interleukin 

(IL) -10 and TGF-β90–92.  Furthermore, cancer cells recruit various immune 

cells and repurpose them to increase levels of immunosuppression within 

the TME42,48.  

 

1.5.5 T-helper cells 

Aside from CD8+ T-cells, the remainder of the CD3+ T-cell family is 

comprised of CD4+ T-helper cells (CD4+ T-cells)69,93. The CD4+ T-cell 

population is further divided based on the expression of Forkhead Box P3 

(FoxP3), into the effector (FoxP3-) cells and the regulatory (FoxP3+) T-cells 

(T-Regs)69,93. The CD4+ effector cells can then be further subdivided into 
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three main groups, each with a different function: TH1, TH2 and TH17. 

However, it is worth noting that CD4+ T-cells are described as being ‘plastic’ 

as they can change their phenotype in response to the cytokines in the 

environment45,94. 

 

TH1 cells are able to facilitate the activation of CD8+ T-cells and 

macrophages through the production of IFN-γ and IL-2 to promote an anti-

tumour response94,95. TH2 cells, on the other hand, assist in the activation of 

B-cells through the production of IL-4, IL-5 and IL-6, resulting in B-cell 

proliferation and antibody production94,95. TH17 cells can exert an anti- or 

pro-tumourigenic effect, depending on the cytokine milieu present in the 

environment96. In the presence of IL-12, TH17 cells can differentiate into TH1 

cells, gaining the ability to produce IFN-γ, allowing for an increase in CD8+ T-

cell stimulation. TH17 cells can also facilitate an improved immune response 

in cancer patients by producing granulocyte-macrophage colony-stimulating 

factor (GM-CSF), TNF-α, IL-8 and IL-1096. To defend against this, TGF-β, 

secreted by cancer cells results in TH17 cells adopting a regulatory 

phenotype and can stimulate the recruitment of T-Regs into the TME97. In 

addition, TH17 cells can initiate FoxP3 and retinoic acid related orphan 

receptor (ROR)γ-t expression, resulting in CD8+ T-cell inhibition, further 

promoting tumour growth97. 

 

1.5.6 Regulatory T-cells 

T-Regs are the final subtype of CD4+ T-cells and are a relatively rare 

population, making up less than five percent of the leukocyte population98. 

Although T-Regs are a small population, they can have a significant effect 

on the immune system, an effect that is exploited by cancer cells45,71. An 

increased infiltration of T-Regs into the TME has been associated with a 

poor outcome in patients, as has the ratio of CD8+ T-cells or CD4+ effector 

cells to T-Regs within the TME78. A large infiltration of T-Regs into a tumour 

has also been linked to higher incidence of relapse78. On the contrary, it 

should be noted that, in the case of colorectal cancer and a number of 

lymphomas, an increase in T-Regs has been associated with a better 
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prognosis78. As highlighted by in vivo models lacking T-Regs, which 

demonstrated a robust anti-tumour immune response, T-Regs play a 

significant role in the initiation and growth of tumours99,100.  

 

It has been described that T-Regs have the ability to suppress the anti-

tumour effect of a range of immune cells, including CD8+ T-cells, CD4+ T-

cells, NK cells, B-cells and APCs101,102. As previously discussed, TH17 cells 

can promote the infiltration of T-Regs into the TME.  This is thought to occur 

through cancer cell- and macrophage-derived C-C motif chemokine ligand 

(CCL) -22 binding to the C-C motif chemokine receptor (CCR) -4 48,94. It is 

believed that once T-Regs are recruited to the TME, they become activated 

through recognition of TAAs or self-antigens released by dying tumour 

cells103. Upon activation, T-Regs expand and will selectively suppress the 

activation of TAA-specific T-cells (both CD8+ and CD4+ cells)103. This 

suppression is achieved through the production of IL-10 and TGF-β, thus 

preventing cancer cell death and, in turn, further increasing the 

immunosuppression through the conversion of TH17 cells into regulatory 

cells97. There is also evidence of T-Regs eliminating effector CD4+ T-cells in 

a granzyme-B-dependent killing manner104,105.  

 

1.5.7 B-cells 

B-cells are not commonly found within the TME; however, they can be found 

at the invasive margins of tumours106. B-cells are more commonly found in 

adjacent lymphoid structures to the tumour or in the draining lymph nodes106. 

While there is still much to be discovered about the exact role that B-cells 

play in the TME in humans, B-cell infiltration has been associated with a 

good prognostic outcome in some breast and ovarian cancers107,108.  

 

Conversely, in mouse models, B-cells have been shown to inhibit tumour-

specific CD8+ T-cells. In a genetic model of skin cancer, B-cells and 

immunoglobulin deposits were found to promote tumour growth. Moreover, 

an immunosuppressive population of B-cells, known as regulatory B-cells (B-
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Regs) has been decribed109,110. B-Regs are challenging to distinguish from 

other B-cells due to the lack of specific cell surface markers; on the other 

hand, it is possible to distinguish them based on their production of IL-

10106,111. B-Regs have been implicated in an increase in tumour burden and 

immune inhibition in a model of inflammation-induced skin cancer and in a 

breast cancer lung metastases model112,113. Nevertheless, it should be noted 

that these effects are not due to B-Reg infiltration into the TME; instead they 

are found in the draining lymph nodes where they appear to influence other 

immune cells112,113. 

 

1.5.8 Dendritic cells 

Dendritic cells (DCs) are bone marrow-derived cells (BMDCs) and can be 

found in all tissues80. DCs are essential in the adaptive immune response, 

playing the role of APCs. They are extremely efficient in this capacity as 

compared to other APCs and have been referred to as ‘professional 

APCs’80. There are two major types of DCs in humans and mice: myeloid 

DCs (mDCs; also referred to as conventional DCs) and plasmacytoid DCs 

(pDCs)80,114. While DCs are mainly involved in the activation of T-cells, they 

have been shown to activate NK cells, resulting in a potent cytotoxic 

response to cancer cells115. There is also evidence showing DCs can adopt 

a cytotoxic phenotype116.  

 

DCs are found in two forms: immature and mature80,114. DCs in the 

peripheral tissue tend to be classed as immature cells and are proficient in 

capturing antigens, have a limited ability to secrete cytokines and express 

low levels of co-stimulatory molecules and unique chemokine receptors117. 

These include CCR7, a receptor essential for the trafficking of DCs to lymph 

nodes117. Whilst immature DCs can induce immune tolerance through T-cell 

deletion or the expansion of T-Regs114, DCs will rapidly mature in response 

to environmental signals through the activation of their CD40 receptor, which 

initiates the process of their differentiation114. Upon maturation, DCs 

downregulate their antigen-capture function, produce cytokines, increase 

expression of MHC II molecules and co-stimulatory receptors114.  
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DCs can capture antigens through a number of mechanisms and then 

migrate from the tissue to the draining lymph nodes117. Here, the DCs 

process antigens into peptides that are presented on cell-surface MHC I and 

MHC II molecules80. Antigens can also reach lymph node-resident DCs via 

the lymph.118 Distinct T-cell responses are created depending on the location 

at which the antigens are captured by the DCs80,114. Antigen-loaded DCs 

from the tissue then trigger the differentiation of antigen-specific T-cells to 

become effector T-cells with unique cytotoxic abilities and the capability to 

produce cytokines80,114. In contrast, antigen-loaded DCs resident in the 

lymph nodes will primarily present antigens to CD4+ T-cells, resulting in IL-2 

production and T-cell priming which leads to T-cell proliferation and clonal 

expansion118. These activated CD4+ T-cells can subsequently be 

differentiated into effector cells upon antigen presentation from tissue-

resident DCs118.  

 

Cancer cells have developed a number of mechanisms to interfere with the 

antigen-presentation process. The tumour-derived secretion of macrophage 

colony-stimulating factor (M-CSF; also known as colony-stimulating factor-1 

(CSF-1)) and IL-6 skews the differentiation of monocytes to become 

macrophages rather than DCs119. In addition, tumour-derived glycoproteins, 

carcinoembryonic antigen (CEA) and mucin 1 (MUC1) are endocytosed by 

DCs; however, they become confined to early endosomes resulting in poor 

antigen presentation120.  Through the secretion of IL-10, cancer cells can 

cause antigen anergy, preventing DC maturation121. Likewise, tumour-

derived factors can interfere with mDC maturation, resulting in a pro-

tumourigenic phenotype. An example of this is thymic stromal lymphopoietin 

(TSLP), which stimulates DCs to secrete OX40 ligand (OX40L) to promote 

TH2 cell differentiation80. This, in turn, promotes the secretion of IL-4 and IL-

13, stimulating macrophages to secrete epidermal growth factor (EGF), 

promoting cancer cell proliferation80. Cancer cells can also inhibit interferon 

alpha (IFN-α) secretion through the stimulation of toll-like receptors (TLRs) 

on pDCs. As the cross-presentation of antigens is type I IFN-dependent, the 

reduction in IFN-α can prevent T-cell differentiation into effector cells114.  
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1.5.9 Macrophages 

Tumour-associated macrophages (TAMs) are inflammatory immune cells 

present within the TME during all stages of tumour development and can 

make up 50% of a tumour’s mass122. TAMs originate from monocytes in the 

circulation that are recruited to the tumour by tissue-resident macrophages 

or by tumour- or stroma-derived factors, such as CCL2123. Additionally, the 

hypoxic TME, combined with VEGF, has been linked to macrophage 

recruitment123.  

 

Macrophages can be categorised based on their cytokine production. The 

‘classical’ M1 macrophages produce TH1 cytokines, resulting in anti-tumour 

immune responses124.  Macrophages become polarised towards the M1 

phenotype in response to typical TH1 cytokines, such as IFN-γ. M1 

macrophages are classified by the high production of IL-12 and the low 

secretion of IL-10.124 M1 macrophages produce effector molecules such as 

reactive oxygen and nitrogen intermediates, in addition to other inflammatory 

cytokines, including TNF-α and IL-1β. They can also contribute to an anti-

tumour response through the secretion of chemokines such as CXCL9 and 

CXCL10 which attract TH1 lymphocytes124.  

 

On the other hand, the ‘alternatively activated’ M2 macrophages release TH2 

cytokines, including IL-6, IL-10 and TGF-β, promoting a pro-tumourigenic 

response125. Within the TME, TAMs tend to present with the M2-like 

phenotype, due to the hypoxic surroundings and the factors secreted by T-

Regs and DCs, such as IL-4125. It has been shown that TAMs can first occur 

with an M1 phenotype and then switch to the M2 profile as a result of IL-4 

secretion, in addition to cancer cell-derived M-CSF48. Conversely to M1 

macrophages, M2 TAMs produce very little IL-12 and produce high levels of  

IL-10125. M2 TAMs are extremely poor at antigen presentation and they also 

express programmed death ligand-1 (PD-L1) and, as result, can directly 

inhibit CD8+ T-cells126. In vivo models have demonstrated that TAMs with 

low levels of  MHC II expression are associated with tumour growth and the 
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secretion of  M2-related cytokines, whereas the MHC IIhigh population are 

linked to the M1 anti-tumourigenic response127. 

 

TAMs also play a significant role in the maintenance and growth of tumours. 

TAMs secrete growth factors such as EGF, VEGF and basic fibroblast 

growth factor (bFGF), promoting tumour growth123. TAMs are heavily 

involved in the invasion and metastasis of cancer cells via the production of 

proteases, such as cathepsins, matrix metalloproteinases (MMP)-2 and 

MMP-9, which are responsible for the remodelling of the extracellular matrix 

(ECM)128. Furthermore, TAMs promote angiogenesis and 

lymphangiogenesis through the secretion of VEGF, platelet-derived growth 

factor (PDGF), thymidine phosphorylase and CXCL8122,128. TAMs also play a 

substantial role in the immunosuppression of the TME; they can suppress 

CD8+ T-cell activity through the production of arginase-1 (Arg-1), depleting 

the TME of arginine124. Furthermore, the production of IL-10, inducible nitric 

oxide synthase (iNOS) and indeoleamine-2, 3-dioxygenase (IDO) suppress 

the anti-tumour immune response alongside the expression of PD-L1, 

resulting in direct inhibition of CD8+ T-cells124.  

 

The prognostic significance of TAM infiltration into tumours is not as clear 

cut as other immune cells. A high infiltration of TAMs has been linked with a 

poor outcome in breast, cervical, bladder and gastric cancers129. In contrast, 

a high infiltration of TAMs has been a positive prognostic marker in 

colorectal cancer and high-grade osteosarcoma129. 

 

1.5.10 Myeloid-derived suppressor cells 

Myeloid-derived suppressor cells (MDSCs) are undifferentiated, immature 

myeloid cells and are commonly found in tumours130,131. MDSCs are 

responsible for maintaining normal tissue homeostasis in response to 

infections and traumatic stress130,131. Tumours recruit these cells early-on 

during tumour development and use their immunosuppressive abilities to 

promote tumour growth130,131. 
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MDSCs suppress T-cell activity through a number of mechanisms. MDSCs 

produce nitric oxide (NO) and reactive oxygen species (ROS), resulting in T-

cell apoptosis, inhibition of anti-tumour T-cell cytokine production, the 

blocking of T-cell receptors (TCRs) which leads to inhibition of T-cell 

migration and, thus, the apoptosis of cancer cells and the nitration of 

chemokines131. MDSCs express TGF-β1 on their cell surface, leading to 

effector T-cell anergy.  MDSCs can also influence a number of T-cell 

functions, such as the reduction of T-cell migration to lymph nodes through 

L-selectin downregulation131. There is also evidence to show that MDSCs 

downregulate the expression of TCR zeta-chain, resulting in the inability of 

T-cell membrane signal transmission131.  

 

The production of NO by MDSCs can also induce chemoresistance in 

cancer cells, as NO can inactivate the caspase cascade, preventing cancer 

cell death131. Moreover, MDSCs can produce the same factors as TAMs, 

promoting angiogenesis, tumour growth and skewing of the immune system 

towards a TH2 phenotype131. In general, a high infiltration of MDSCs is 

associated with a poor prognosis132. 

 

1.5.11 Neutrophils  

Neutrophils are one of the main components of blood; however, due to their 

limited life span and their fully differentiated phenotype, the role of 

neutrophils in cancer has previously been considered insignificant124. In spite 

of this, tumour-associated neutrophils (TANs) have been confirmed to exert 

a pro- or anti-tumourigenic effect124. Similarly to TAMs, in vivo evidence has 

suggested that neutrophils can be polarised toward these phenotypes in 

response to tumour-derived signals133. In many ways, TANs act in a 

comparable way to TAMs in the TME, resulting in the naming of the ‘N1’ and 

‘N2’ phenotypes133. 
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In vivo models have revealed more about ‘N1’ TANs and how they can 

assume a cytotoxic phenotype. In the absence of TGF-β, TANs have the 

potential to eliminate cancer cells and inhibit tumour growth133. Through the 

secretion of MMP-8, neutrophils have been shown to prevent 

tumourigenesis133. There is also in vitro and in vivo evidence demonstrating 

the direct killing of cancers by neutrophils through superoxide anion 

generation, production of neutrophil elastase (NE) and phagocytosis124. 

There does appear to be differences in the ability of neutrophils to lyse 

primary and metastatic tumours with the effects against the latter being less 

efficient124. 

 

‘N2’ TANs are recruited to the TME by cancer cells themselves, through the 

secretion of granulocyte stimulating-colony factor (G-CSF) and CXCL2133. 

Tumour-derived GM-CSF has been observed to prevent TAN-mediated 

apoptosis and to have a priming effect, inducing neutrophilia. TANs have 

been shown to secrete oncostatin-M under the influence of cancer cells 

which, in turn, promotes the secretion of VEGF by cancer cells133. Gene 

analysis of TANs have revealed that cytotoxic pathways used by neutrophils 

are severely downregulated in TANs and that TGF-β can prevent neutrophil 

degranulation, although the phagocytosis pathway appears to be unaltered 

in TANs133. In addition, there is evidence that the tumours can prevent TAN-

mediated apoptosis through the upregulation of nuclear factor-kappa B 

(NFκB)124. Like their TAM counterparts, TANs play a role in angiogenesis 

and tumour growth through the secretion of chemokines and MMPs124. TANs 

have also been linked to the metastasis of melanoma to the lungs, as they 

have been shown to augment the ability of cancer cells to pass through the 

endothelium124. 

 

The infiltration of TANs has been associated with a poor clinical prognosis in 

colorectal, hepatocellular carcinoma and bronchioloalveolar carcinoma, to 

name just a few124,134. TAN infiltration has also been linked to more 

aggressive gliomas and pancreatic tumours124. Nevertheless, as with most 

immune cells, the prognostic significance of this tends to vary depending on 
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tumour type, as a high TAN infiltration has been associated with a better 

prognosis in gastric cancer124,134. 

 

1.6 Brain tumour microenvironment 

The central nervous system (CNS) has always been described as being an 

immune-privileged site135. This has been demonstrated by the injection of 

immunogenic material, such as cancer cells with non-self-antigens, into the 

brain parenchyma. These cells did not elicit an adaptive immune response 

as they would have if injected outside of the CNS135; however, it should be 

noted that immune privilege does not mean that an immune response will 

never occur135. 

 

Immune cells are found within the brain and CNS135–137; it has been 

proposed that the interstitial fluid of the CNS drains into the cerebral spinal 

fluid (CSF) within the subarachnoid space (SAS). It is believed that antigens 

within the CSF are detected by APCs in the SAS138. Additionally, antigens 

within the CSF are thought to travel to the nasal mucosa where they can 

accumulate in the deep cervical lymph nodes (DCLNs)139. In this case, the 

CSF is thought to act as lymph.  Nevertheless, more recently it has been 

revealed that the mouse brain does in fact have lymphatic vessels that line 

the dural sinus and these vessels are connected to DCLNs140 (Figure 1.4). 

These two processes, in combination, are likely to contribute to the immune 

surveillance of the brain and CNS. 

 

TILs were first reported to be found within human glioma samples in 1960141.  

Another study investigated TILs in glioma using human post-mortem tissue 

and found significant infiltration of TILs in about one third of the samples; 

another third demonstrated a slight infiltration and in the remaining samples 

there was no evidence suggesting TIL infiltration142. It was also noted that 

TIL infiltration was associated with higher grades of disease142. This finding  
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Figure 1.4 Drainage of antigens within the brain to the lymph nodes 
(A) Interstitial fluid within the CNS can contain soluble antigens, (B) this fluid 
can subsequently return to the blood through the arachnoid villi or drain into 
the CSF. The CSF is continuously produced by the choroid plexus and it is 
believed to be reabsorbed into the lymphatics where it drains to the DCLNs 
via the nasal mucosa135. Reprinted by permission from Macmillan Publishers 
Ltd: The anatomical and cellular basis of immune surveillance in the central 
nervous system. Nat Rev Immunol. 2012;12(9):623-635. 
Doi:10.1038/nri3265, copyright 2012 
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was supported by other studies which additionally observed a variation in the 

expression CD8+ and CD4+ T-cells between tumour samples141. Moreover, 

the infiltration of TILs into gliomas has yet to be associated with either a 

beneficial or poor outcome143.  

 

T-cells are not the only immune cells found within the CNS; DCs have been 

isolated from the CSF of patients suffering from neurological diseases144. 

DCs can be found within the brain parenchyma and are localised close to 

the myeloid cells rather than neurons144. It is thought that DCs are involved 

in immune surveillance and have been investigated in the context of an 

autoimmune encephalomyelitis model, where it was demonstrated that they 

could prime an inflammatory response from T-cells at the onset of the 

disease. However, DCs appear to become less efficient as the disease 

progresses144. There is evidence showing that these DCs are unable to 

reactivate the disease-affected T-cells and that, for this process, DCs from 

the periphery are required144. 

 

Due to the previous lack of focus on the treatment of brain tumours as a 

whole, relatively little is known about the infiltration of immune cells into BrM. 

Nevertheless, the information that is available reveals that immune cells are 

able to reach tumours within the brain parenchyma, mostly in models of 

multiple sclerosis, giving hope that an immunotherapy could have a 

therapeutic effect145,146. There are, however, other obstacles that must be 

taken into consideration first, such as the BBB and immune cells that are 

exclusive to the brain. 

 

1.6.1 Blood-brain barrier 

The BBB is a unique, selectively permeable tissue that surrounds the blood 

vessels to separate the extracellular fluid of the brain from the blood in 

circulation137,147. The BBB limits the brain to the exposure of antigens and 

molecules in the circulation that could potentially alter the delicate brain 

environment148. The BBB hinders the detection of early stage malignancies, 
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as the contrast agents used for magnetic resonance imaging (MRI) are 

unable to cross the BBB unless it has been compromised149. This occurs as 

tumours grow; however, this is linked to a poor prognosis148–150. 

 

The BBB is comprised of ECs connected by tight junctions, which prevent 

the free movement of small molecules and metabolites from the blood, with 

the exception of glucose and a number of immunoglobulins148,151. This 

process is controlled by the astrocytes and pericytes that are resident in the 

perivascular space and are responsible for the maintenance of the BBB and 

the regulation of capillary blood flow152. Pericytes control the permeability of 

the BBB through signalling pathways, with ECs using PDGF-β and TGF-β, 

resulting in a decrease in the permeability of the BBB152. 

 

As previously described, the BBB remains intact during the early stages of 

tumour growth; conversely, as some tumours begin to increase in size, the 

blood vessels within the brain can become leaky149. This feature has been 

linked to the dissociation of pericytes and astrocytes (that also play a role in 

the BBB tightness)152. An investigation into this process revealed that the 

blood vessels are more permeable than normal brain blood vessels in the 

vast majority of brain tumours148,150. Further to this, a study revealed that in 

spite of this increase in BBB permeability, the uptake of paclitaxel and 

doxorubicin in the brain was lower than 15% of the uptake observed in 

extracranial metastatic lesions153. This indicates, that even when 

compromised, the permeability of the BBB is still significantly lower than the 

permeability of the extracranial blood vessels.  

 

Research into other diseases of the CNS has revealed more about the ability 

of T-cells to cross the BBB. This occurs through the interaction of the BBB 

ECs, which express intracellular adhesion molecule-1 (ICAM-1) and vascular 

cell adhesion protein-1 (VCAM-1), with activated T-cells expressing 

lymphocyte function-associated antigen-1 (LFA-1) and very-late antigen-4 
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(VLA-4)146. Resting T-cells have also been shown to possess the ability to 

cross the BBB, although this is limited in comparison to activated T-  

cells146. Additionally, in vitro studies have revealed that the process of 

migration of leukocytes across the BBB can, in itself, increase the 

permeability of the BBB, allowing for further transmigration146. Likewise, 

TNF-α and IFN-γ have been revealed to increase the permeability of the 

BBB by upregulating the secretion of various chemokines that promote 

leukocyte adhesion and aid their migration across the BBB146,154,155. TNF-α 

can also increase the expression of ICAM-1 and VCAM-1 to further increase 

the transmigration of T-cells. 

 

1.6.2 Microglia 

The brain contains a unique population of macrophages called the microglia 

that take up residency in the brain during embryonic development156,157. It 

was found that microglia originate from primitive myeloid progenitor cells 

derived from the yolk sac157. Microglia are long-lived cells and are believed 

to proliferate in situ156. However, monocytes are able to infiltrate into the 

brain and differentiate into microglia-like cells158. These cells are believed to 

make up a minority of the microglia due to the slow proliferative rate of 

monocytes in the brain parenchyma137. In humans, microglia were previously 

unable to be distinguished from other macrophages in the brain; however, 

more recently, a cell-surface protein, transmembrane protein 119 

(Tmem119), has been reported to be highly expressed specifically on 

microglia in humans and mice159. On the other hand, in mice, microglia and 

macrophages can easily be distinguished from each other by their 

expression of CD45, with microglia being CD45low and macrophages being 

CD45high11.   

 

Microglia are the main effector cells of the CNS and are capable of 

stimulating an immune response160,161. Once activated, microglia exist in two 

forms: in the first, microglia have hyper-dilated stellate morphology and 

express MHC I; these are referred to as ‘activated’ microglia’160,161. The 
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second type is known as the ‘reactive’ or ‘amoeboid’ microglia; these cells, 

as suggested by the name, have an amoeboid morphology and express 

MHC I and MHC II. Along with their increased antigen presentation 

capability, these cells also have an increased phagocytic activity160,161. 

Microglia are responsible for maintaining the delicate homeostatic 

environment of the brain by controlling inflammation to prevent irreversible 

neurone damage162. Microglia have the ability to phagocytose apoptotic 

neurons and cellular debris, in addition to secreting cytokines in a manner to 

minimise inflammation162 

 

Once cancer cells begin to enter the brain, microglia respond immediately 

and have even been found to surround single cancer cells163. Gliomas have 

been found to secrete a number of factors, such as macrophage 

chemoattractant protein (MCP)-1 and -3, G-CSF and hepatocyte growth 

factor (HGF), which could be responsible for the attraction of these cells164–

166. It has been reported, however, that microglia and macrophages respond 

to different chemotactic stimuli165. The number of macrophages and 

microglia within the TME is correlated to a higher vascular density. 

Macrophages and microglia are more common in higher-grade gliomas, 

such as glioblastoma multiforme (GBM)167. Both cell types have been found 

to make up to 78% of cells in human gliomas and up to 70% of cells in 

BrM137. 

 

Similarly to macrophages in extracranial tumours, microglia can contribute to 

the suppressive intracranial TME168,169.  First of all, microglia have been 

found to express FAS ligand (FAS-L). FAS-L can induce apoptosis in Fas+ 

T-cells, thus reducing T-cell infiltration170. Tumours can also suppress 

microglia function through the secretion of  TGF-β and IL-10171. This 

suppresses the anti-tumourigenic functions of microglia by downregulating 

TNF-α and MHC II expression172. 
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1.7 Immunotherapies 

As previously described, most immune cells have the potential to provoke 

some form of an anti-tumour response. Immunotherapies aim to take 

advantage of this to invoke cancer cell death173.  These can affect a single 

immune cell population or affect a number of populations at the same 

time173. The main goal of immunotherapy is to provoke a durable and long-

lasting immune response to prevent cancer growth and eventually eliminate 

the cancer and prevent any regrowth173. 

  

Cancer vaccines have been one type of immunotherapy that has been 

investigated to break the immune tolerance acquired by cancer cells. As a 

result, cancer vaccines focus on expansion and activation of the DC 

population48,80. A drawback of this particular therapeutic approach is difficulty 

with the selection of the most appropriate antigen174. Early trials used short 

peptides; however, these trials lacked an effective DC-activating adjuvant 

leading to disappointing outcomes.  It was later shown that the effectiveness 

of the short peptide vaccines can be enhanced when administered with IL-

2175. Other approaches include the GVAX vaccine; this involved injecting an 

irradiated (to prevent replication) prostate cancer line that had been 

genetically-modified to produce GM-CSF. While early trials were promising, 

the vaccine failed in phase III as a result of a lack of clinical efficacy176. The 

most promising approach has involved the isolation of DCs from the patient’s 

peripheral blood mononuclear cells (PBMCs), stimulating them ex vivo and 

reinjecting them into the patient177. This approach has also been applied to 

prostate cancer with sipuleucel-T, which involved the stimulation of DCs with 

GM-CSF and a fusion protein consisting of prostatic acid that has been 

linked to DC growth177. The treatment resulted in a four-month increase in 

survival and, in 2010, was approved for use in the United States of America 

(USA) by the US Food and Drug Administration (FDA)177. 

  

Another emerging immunotherapy is the use of oncolytic viruses (OVs). OVs 

are naturally occurring or genetically-altered viruses that will selectively 

replicate within cancer cells178. The aim of OV therapy is for the virus to 
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replicate within cancer cells, resulting in their death and the release of TSAs, 

provoking an immune response179. A number of OVs are undergoing clinical 

trials including reovirus, Newcastle Disease Virus and herpes simplex virus 

(HSV)180–182. In 2015, a modified HSV was FDA-approved under the name 

Talimogene laherparepvec (T-VEC) for the treatment of advanced 

melanoma. T-VEC demonstrated a 26% RR and was the first OV to be 

approved worldwide due to both this and its mild side-effects180. 

 

Adoptive cell transfer (ACT) is another promising immunotherapy and 

involves the isolation of lymphocytes from PBMCs, tumour draining lymph 

nodes or tumour tissue183. These are expanded ex vivo and subsequently 

reinfused into the patient183. ACT using TILs involves the reinfusion of TILs 

that have been expanded ex vivo with a cocktail of cytokines from resected 

tumour tissue183. When combined with lymphodepletion, ACT of TILs has 

resulted in the complete regression of melanoma; the lymphodepletetion is 

believed to enhance the therapy by eliminating immunosuppressive cells 

such as T-Regs and MDSCs and by increasing levels of IL-7 and IL-15183.   

 

One of the most successful immunotherapies to date uses chimeric antigen 

receptor (CAR) T-cell therapy. This therapy involves genetically altering 

patients T-cells to express receptors known as CARs, which allow T-cells to 

recognise TSA. These T-cells are then cultured, expanded and subsequently 

reinfused into the patient184. This therapy has been extremely successful in 

the treatment of refractory B-cell leukaemia, where in a clinical trial of the 30 

adults and children treated, 27 had a complete response, with 22 of these 

patients showing minimal or no residual disease. While seven of these 

patients relapsed, 19 were still in remission at the time the study was 

reported185. There are risks with this type of therapy, as a fatality occurred in 

a trial studying HER2+ CAR T-cell therapy for GBMs, suggesting that CAR T-

cells that target antigens ubiquitously expressed on normal tissue must be 

used carefully and in as low a dose as possible186–188. 
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1.7.1 Immunotherapies in brain tumours 

Despite the presence of the BBB and the ‘immune-privileged’ status of the 

brain, there has been a focus on treating brain tumours with 

immunotherapies. Monoclonal antibodies have been developed to target 

antigens specifically expressed on glioma or antigens that are 

overexpressed on brain tumour cells186. Bevacizumab is a humanised 

monoclonal antibody that targets VEGF and was the first monoclonal 

antibody approved for use for the treatment of GBM. Bevacizumab can be 

used as a monotherapy or in conjunction with radiotherapy where it has 

been shown to improve six-month progression-free survival (PFS) by 25-

65%, due its ability to radiosensitise the tumour186,189. 

 

The epidermal growth factor receptor (EGFR) has also been targeted in this 

manner. Cetuximab was one of these agents; although its effectiveness was 

not to the level of bevacizumab, it is currently used to treat a number of 

extracranial cancers186. Nimotuzumab proved to be more promising, with 

efficacy seen in both adults and paediatric tumours when combined with 

radiation190. For adults, the median OS was 15 months and with the 

paediatric cohort, the median OS increased from four months to 10 

months190. 

 

CAR T-cell therapy has also been a focus in the treatment of brain tumours. 

IL-13Rα2 is preferentially expressed on GBM cells, thus leading to the 

development of an IL-13 zetakine CAR. Intratumoural injections of zetakine 

CAR-expressing T-cells were seen to eliminate an orthotopic tumour 

established from patient cells expressing IL-13Rα2191. This work has 

translated into the clinic, where, in 2015, it was reported that three patients 

had received this treatment following surgical resection of their tumours. Two 

out of the three had no signs of tumour recurrence at the resection border 

(something that is commonly seen following surgical resection) as seen by 

MRI192.  
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1.8 Immune checkpoint inhibition 

The immune system has a number of built-in mechanisms that prevent it 

from activating out of turn. Unfortunately, when this goes awry it can result in 

autoimmunity, where the immune system begins to attack healthy tissue193. 

These mechanisms are commonly known as the immune checkpoints and 

are essential for maintenance of self-tolerance193. Cancer cells have 

developed a number of mechanisms to hijack these inhibitory pathways for 

self-perseverance. This can result in the inhibition of the innate and adaptive 

immune systems, leading to a more immunosuppressed TME193. To combat 

this new treatment, options are currently being investigated with the hope to 

overcome this inhibition. To achieve this, monoclonal antibodies have been 

developed to target specific cell-surface receptors that are known to 

negatively-regulate immune cell activation (mainly T-cells). The main targets 

of these new therapies are cytotoxic T-lymphocyte-associated protein-4 

(CTLA-4) and programmed death protein-1 (PD-1)193. Additional therapies 

are also being developed against other targets, such as lymphocyte 

activation gene-3 (LAG-3) and TIM-3194,195. 

 

1.8.1 Anti-CTLA-4 

CTLA-4 (also known as CD152) was the first immune checkpoint to be 

investigated as a therapeutic target196. CTLA-4 is exclusively expressed on 

T-cells and its main function is to regulate the early stages of T-cell 

activation193.  CTLA-4 acts as an inhibitory receptor to the co-stimulatory 

receptor CD28, which itself requires a co-stimulus from the TCR interacting 

with a MHC-bound antigen to elicit an activation response (Figure 1.5)197,198. 

CD28 shares the same ligands as CTLA-4: B7.1 and B7.2 (also known as 

CD80 and CD86, respectively)198. Both B7 ligands have a much higher 

affinity for CTLA-4 as compared to CD28, thus, a relatively low expression 

level of CTLA-4 can prevent T-cell activation198.  

 

While the exact mechanisms of action for CTLA-4 are not clearly 

understood, it is believed that due to the higher affinity for the B7 ligands, 

CTLA-4 outcompetes CD28 as well as producing an inhibitory response193.  
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Figure 1.5 The reversal of CTLA-4-mediated T-cell inhibition via anti-
CTLA-4 therapy 
(A) T-cell activation requires the co-stimulation of the TCR along with CD28. 
The TCR is activated through the stimulation of MHC-bound peptides, while 
CD28 has two potential ligands. Collectively known as the B7 ligand family, 
B7.1 (CD80) and B7.2 (CD86) are expressed by a number of APCs (e.g. 
DCs). Nevertheless, B7 ligands will also bind to the inhibitory ligand CTLA-4 
(CD152). The B7 ligands have a much higher affinity for CTLA-4 and will 
preferentially bind to this receptor resulting in T-cell inactivation. (B) In the 
presence of an anti-CTLA-4 antibody, the ligation of B7.1 and B7.2 to CTLA-
4 becomes physically impeded. Therefore, CD28 can become activated, 
resulting in T-cell activation. 
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CTLA-4 is expressed on activated CD8+ T-cells and CD4+ T-cells, yet it 

appears to play a larger physiological role in the CD4+ T-cell population. 

CTLA-4 has been shown to inhibit the activation of CD4+ effector cells, while 

enhancing the immunosuppressive activity of T-Regs193. Some studies have 

identified tyrosine-protein phosphatase non-receptor type 11 (PTPN11; also 

known as SHP2) as crucial for the inhibition of the kinase signals that are 

induced by CD28 and TCR activation199. CTLA-4 has also been implicated in 

the removal of B7 ligands from the surface of APCs. Finally, CTLA-4 has 

been demonstrated as an essential part of the immune system’s 

regulation200. The knockout (KO) of CTLA-4 is lethal in mice, due to the 

hyper-activation of the immune system201. 

 

The initial idea of blocking the CTLA-4 receptor to treat cancer was met with 

scepticism due to the lethality of CTLA-4 KO mouse model, as well as the 

lack of evidence of the expression of the B7 ligands by tumour. In spite of 

this, in 1996, anti-CTLA-4 was first demonstrated to inhibit tumour growth of 

a colon carcinoma cell line that had been transfected to express B7.1202. 

This model used an immunogenic cell line due to the expression of the B7 

ligand. As such, the therapeutic effect was not replicated in mouse systems, 

where poor immunogenic tumours such as the B16 melanoma model were 

used203. Although anti-CTLA-4 was ineffective as a monotherapy, efficacy 

was seen in the B16 model when CTLA-4 blockade was combined with the 

GVAX vaccine (irradiated B16 cells expressing GM-CSF)204. It was believed 

that the vaccine was needed to induce a strong enough anti-tumour immune 

response for the anti-CTLA-4 to have a therapeutic effect204. This approach 

led to the use of anti-CTLA-4 in a number of other tumour models, to varied 

success (Table 1.1). 

 

Following the successful pre-clinical studies, the production of fully 

humanised anti-CTLA-4 antibodies began. This led to two antibodies, 

ipilimumab and tremelimumab, beginning clinical treatment in 2000205. Like 

most anti-cancer agents, early trials involved patients with advanced disease 

who failed to respond to conventional therapies. Both antibodies showed  
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Tumour type Cell line Outcome Reference 

Brain 
GL261 

OS = 50% with monotherapy, 
100% in combination with anti-

CD25 

206 

SMA-560 OS = 80% with monotherapy 207 

Bladder 

 
MB49 Tumour rejection 208 

Melanoma 

B16 
73% long-term survivors in 

combination with Gvax 
93 

B16 

Tumour rejection = 10% in 
combination with Fvax, 50% in 

combination with Fvax and anti-
PD-1 

209 

B16F10 

Monotherapy ineffective, 40% 
long-term survival in combination 

with anti-CD40 and ad-li-GP 
vaccine 

210 

Breast 

4T1 
Tumour-free mice = 1/9 with 

monotherapy, 6/9 with irradiation 
211 

4T1 
Monotherapy ineffective, tumour 

rejection in combination with 
irradiation 

212 

 

Table 1.1 Examples of pre-clinical studies involving anti-CTLA-4 
therapy 
 

 

 

 

 



- 35 - 

promising results to begin with, as they showed an objective clinical 

response (no further growth of metastatic tumours and a 50% reduction in 

tumour size) in approximately (~) 10% of patients. Immune-related adverse 

events (irAEs) were observed in ~25% of patients, with colitis being a 

common event213. Tremelimumab was the first agent to reach a phase III 

trial; this randomised trial compared the effects of tremelimumab to 

dacarbazine in the treatment of metastatic melanoma. The trial showed no 

differences between the two therapeutic agents214. The phase III trial for 

ipilimumab was a randomised three-arm trial in patients with advanced 

melanoma. Patients received either ipilimumab, the gp100 vaccine (a 

melanoma-specific peptide) or both agents as a combination therapy215. 

Patients receiving ipilimumab benefited from a three and half-month 

increase in survival, as compared to the gp100 vaccine cohort. The 

combination therapy had no beneficial effect over the ipilimumab therapy 

alone215. In 2010, ipilimumab was approved by the FDA for the treatment of 

metastatic melanoma, due to it being the first therapy to show efficacy in this 

disease group193. Ipilimumab was approved for use in the United Kingdom 

(UK) and European Union (EU) in 2012 and is also undergoing trials in 

small-cell lung cancer (SCLC) and non-small-cell lung cancer (NSCLC), 

bladder cancer and prostate cancer216,217. 

 

While the majority of clinical information regarding ipilimumab focuses on the 

treatment of the extracranial disease, its effects on BrM are now being 

investigated. An example of this is in a study where the outcome of 

melanoma patients with BrM, who were treated with SRS and ipilimumab, 

were compared to patients who only received SRS. The median survival of 

the patients receiving ipilimumab was 21.3 months, compared to nearly five 

months in the SRS only cohort218; the two-year survival rates were 47.2%, 

compared to 19.7%218. Another study compared a similar cohort of patients 

with BrM receiving SRS and ipilimumab to patients with no BrM receiving 

ipilimumab only219. The median OS of these cohorts were 29.3 and 33.1 

months, respectively, indicating that patients with MBrM could benefit from 

ipilimumab treatment, as they have a similar outcome to patients without 

BrM219. Another retrospective study, examined the effects of receiving 
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ipilimumab in 38 patients with MBrM. In this study, three patients had a 

partial response and five had stable disease, while 15 patients had disease 

progression and the remaining 15 died220. The median OS was 101 days; 

however, it should be taken into account that some of the patients received a 

range of treatments, including WBRT, SRS and surgical resection220. In 

addition, there has been a reported case where a patient with an untreated 

MBrM had a complete response with ipilimumab221.  Margolin et al. 

compared the outcome of MBrM patients receiving ipilimumab who were 

either asymptomatic and not receiving corticosteroids or symptomatic and 

receiving corticosteroids222. They reported that nine out of 51 patients who 

were asymptomatic achieved disease control, while only one of the 21 

patients with symptomatic disease achieved disease control222. Likewise, 

one individual with symptomatic intracranial disease had extracranial 

disease control, compared to 14 patients in the other cohort222.Therefore, 

even though it is thought that ipilimumab is unable to cross the BBB, it can 

still be beneficial for MBrM patients223.  

 

1.8.2 Anti-PD-1 

PD-1 (also known as CD279) is another emerging target for use in 

immunotherapy and has produced promising results48,176,193. The main 

function of PD-1 is to limit the activation of T-cells during an inflammatory 

response to limit autoimmunity224. PD-1 has two ligands: PD-L1 (also known 

as B7-H1 and CD274) and PD-L2 (also known as B7-DC and CD273) 

(Figure 1.6)224. Unlike CTLA-4, PD-1 has been found to be expressed by a 

number of immune cell populations, including T-cells, NK cells and B-

cells225,226. PD-L1 and PD-L2, on the other hand, have been found to be 

expressed by a number of cells including cancer cells, TAMs and DCs226. 

Additionally, there is now evidence that PD-L1 can interact with the CD80 

molecule expressed on T-cells and can behave as an inhibitory receptor227. 

However, the relevance of this interaction has not been investigated in the 

context of cancer. 
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Figure 1.6 The reversal of PD-1-mediated T-cell inhibition via anti-PD-1 
therapy 
(A) Upon activation, T-cells will upregulate the inhibitory receptor, PD-1 
(CD279) as a measure to prevent the unnecessary ‘switching on’ of the 
immune system. Cancer cells are able to hijack this mechanism through the 
over-expression of PD-L1 (CD274 or B7-H1) and PD-L2 (CD273 or B7-H2). 
Likewise, through various mechanisms, cancer cells can upregulate the 
expression of these inhibitory molecules on immune cells such as TAMs, 
TANs and DCs. The ligation of PD-1 to either of these inhibitory molecules 
will activate a cascade pathway leading to T-cell deactivation. (B) In the 
presence of an anti-PD-1 antibody, the PD-1 receptor becomes physically 
impeded, thus preventing its ligation and the subsequent inactivation of the 
T-cell, resulting in a more potent anti-tumour response. 
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Upon activation, T-cells will upregulate the expression of PD-1 and when this 

receptor becomes activated by one of its ligands, inhibitory signals are 

initiated193,228,229. As with CTLA-4, PD-1 is believed to exert its effect through 

the inhibition of kinases that play a role in T-cell activation through PTPN11, 

although other pathways are likely to play a role as well199. PD-1 can also 

affect the interaction time between T-cells and DCs through the TCR stop 

signal pathway. In addition, PD-1 is highly expressed on T-Regs and is 

thought to enhance their activation and proliferation230. This is another 

mechanism that cancer cells can exploit, by upregulating PD-L1 and further 

suppressing the immune system.  

 

PD-1 became attractive as a new therapeutic target due to the large number 

of TILs that express PD-1 in a variety of tumours224,225. In addition, PD-1+ 

CD8+ T-cells have been linked to an anergic or exhausted state and it is 

believed the blockade of PD-1 could reverse this state in humans, as has 

been demonstrated in mice195,228,231. In vivo experiments have revealed that 

the forced expression of PD-L1 on mouse cancer cells inhibited T-cell 

responses within the TME193. Melanoma, ovarian and lung cancer were the 

first to be reported to have a high level of PD-L1 expression, although a 

number of other human malignancies have been revealed to upregulate PD-

L1232–234.  As with CTLA-4, the evidence behind the potential efficacy of PD-

1 blockade and the fact that PD-1 KO models were not lethal like CTLA-4 

KO models led to a number of pre-clinical studies blocking PD-1 and its 

ligands (Table 1.2)235. 

 

The first anti-PD-1 clinical trial was reported in 2010, where an anti-PD-1 

antibody, nivolumab, was administered at various doses to patients with 

tumours of diverse origins236. The trial reported a number of cases of tumour 

regression including mixed responses, partial responses and one complete 

response236. Another trial described 16 out of 39 patients with advanced 

melanoma having an objective response, with an additional 14 patients 

demonstrating a mixed response or disease stabilisation237. Similar results 

were seen in renal and lung cancer193,238. As predicted by the pre-clinical  
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Tumour type Cell line Outcome Reference 

Brain 

GL261 
OS = 30% with monotherapy, 

100% when combined with SRS 
and anti-TIM-3 

239 

GL261 
OS = 56% with monotherapy, 
75% when combined with anti-

CTLA-4 

240 

Ovarian 

 
ID8 

OS= 0% with monotherapy, 50% 
in combination with trabectedin 

241 

Melanoma 

B16F10 
Tumour free mice = 0/10 with 

monotherapy, 7/10 when 
combined with anti-4-1BB 

242 

B16-tk 
OS = 0% with monotherapy, 45% 

in combination with reovirus 
243 

B16 

OS = 0% with monotherapy, 20% 
in combination with radiotherapy, 

80% in combination of 
radiotherapy and anti-CTLA-4 

231 

Breast 4T1 
Significant reduction in tumour 

volume when used in 
combination with SRS 

244 

Colon CT26 
OS = 20% with monotherapy, 
100% in combination with anti-

CTLA-4 

245 

 

Table 1.2 Examples of pre-clinical studies involving anti-PD-1 therapy 
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models, the number of irAEs was less than with anti-CTLA-4 therapy, with 

only one patient presenting with severe irAEs236–238. A phase III trial 

comparing the efficacy of nivolumab compared to dacarbazine or carboplatin 

in patients with advanced melanoma reported its findings in 2014. The trial 

demonstrated that patients administered with nivolumab had an objective 

response rate of 31.7%246. Nivolumab was approved by the FDA for the 

treatment of malignant melanoma in 2014 and for NSCLC and renal cell 

carcinoma in 2015.  Nivolumab was also approved for use in the EU in 2015. 

 

Pembrolizumab is another anti-PD-1 antibody that has shown similar effects 

to nivolumab. Pembrolizumab was first investigated in a large phase I trial 

that included a total of 411 patients with melanoma.  After 18 months, the 

RR was 34% and the response was maintained in 81% of these patients 

with an OS of 25.1 months247. The subsequent phase II study compared the 

effects of pembrolizumab to chemotherapy in melanoma patients who had 

disease progression following ipilimumab treatment248. This study showed 

that 38% of patients receiving pembrolizumab had a six-month PFS 

compared to the patients receiving chemotherapy, where 16% had six-

month PFS248. The phase III trial moved on to compare the benefits of 

pembrolizumab over ipilimumab249. The RR was improved from 11.9% in the 

ipilimumab arm to ~33% when pembrolizumab was given (administered 

every two to three weeks). The RRs were maintained in ~90% of the 

patients, irrespective of treatment249. Due to the promising early stage 

results, pembrolizumab was given accelerated approval by the FDA in 2014 

and was approved for use in Europe in 2015.  

 

More recently, there is evidence emerging that pembrolizumab can have 

efficacy in the brain250. This study involved 18 patients with melanoma and 

18 with NSCLC who had at least one untreated or progressive BrM, which 

was up to 20 millimetres (mm) in diameter250. With the melanoma cohort, 

22% showed a partial response to the treatment, while the NSCLC cohort 

observed a response in 33%, including four (22%) complete responses250. 
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1.8.3 Anti-PD-1 and anti-CTLA-4 combination therapy 

After promising results were seen when anti-PD-1 and anti-CTLA-4 were 

used as monotherapies, the idea to use both agents as a combination 

therapy quickly followed. There is evidence showing that the signalling 

pathways which CTLA-4 and PD-1 activate result in the inhibition of the 

protein kinase B (Akt) pathway199. There is still a lot of work needed to fully 

understand the mechanism through which CTLA-4 and PD-1 inhibit T-cell 

activation, yet it is known that PTTN11 is involved in both pathways199. While 

both of these cascades converge on the Akt pathway, they inhibit this 

process through distinct mechanisms, meaning that a combination therapy 

would have the potential to have an additive or synergistic effect on 

preventing the inhibition of the Akt pathway199. 

 

The first clinical study using both agents was to determine the safety of the 

combination therapy and was a dose escalation study251,252. The study 

reported a RR in 65% of patients across all doses, with 31% of patients 

showing a reduction in tumour size by 80% or more252. A major concern with 

the combination treatment was the potential for an increase in irAEs; 

however, there was no increase in the incidences or severity of irAEs when 

compared to those observed when either of the monotherapies were 

administered229,252. The phase III trial for the combination therapy recruited 

945 patients who had previously been untreated and, again, showed that 

combination treatment was more effective than either monotherapy253. The 

trial reported PFS of 11.9 months with the combination therapy, compared to 

three months with ipilimumab and seven months with nivolumab253. 

Interestingly, the trial showed that patients with PD-L1+ tumours had a 

prolonged PFS of 14.0 months and that PD-L1- patients also had an 

increased PFS with the combination therapy when compared to both of the 

monotherapies253. The OS of these patients has yet to be reported as the 

study is still ongoing at this time (September, 2016). The combination 

therapy was FDA-approved for the treatment of advanced melanoma in 

September 2016 after receiving fast-track approval254 and was accepted for 
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use in the UK for treatment of the same patient group by the National 

Institute for Health and Care Excellence (NICE) in July 2016255. 

 

1.9 Granulocyte-macrophage colony-stimulating factor 

GM-CSF has been used as adjuvant therapy for a number of different 

immunotherapies, with the belief that it can enhance the immune response 

through the maturation of DCs256. There is already evidence that GM-CSF 

can be a beneficial adjuvant, as with OVs such as reovirus. Studies have 

shown that GM-CSF was essential for reovirus therapy to inhibit B16 tumour 

growth257,258.  GM-CSF has also been used as an adjuvant therapy in a 

number of clinical trials to variable success179. 

 

There is evidence that GM-CSF can enhance immune checkpoint therapy. In 

pre-clinical models, the GM-CSF-secreting GVAX vaccine was necessary for 

the effective therapy of B16 tumours treated in combination with anti-CTLA-4 

antibody259. A clinical trial using GM-CSF in combination with ipilimumab 

also reported an increase in survival in patients with melanoma receiving the 

combination therapy260. This trial reported the combination therapy had a 

one-year survival rate of 68.9%, compared to 52.9% with ipilimumab 

monotherapy260.  

 

Pre-clinical studies have also been completed using GM-CSF and anti-PD-1. 

The combination of anti-PD-1 and GM-CSF-secreting cells prolonged the 

survival of mice with B16 tumours and CT26 colon carcinoma tumours261. At 

this time, there are no reported clinical trials using this combination; 

however, there is an ongoing trial investigating the effects of the combination 

of nivolumab and ipilimumab with and without GM-CSF262.  

 

As expected, there is no clinical evidence as to the effects of combination 

therapy using GM-CSF and checkpoint inhibitors in the brain. Nevertheless, 

there is sufficient pre-clinical and clinical evidence in other sites to suggest 
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that the combination of these three agents may provide an effective therapy 

for the treatment of MBrM and other BrMs. 
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1.10 Project rationale 

The treatment of MBrM and BrM in general is an area of research that 

receives little attention, despite the clear clinical need for more effective 

treatment options. The purpose of this project was to demonstrate that 

patients with MBrM can benefit from immunotherapy treatment. This project 

aimed to: 

 

1) Develop a new in vivo model for the study of MBrM 
A new model of MBrM was developed to give a better representation of 

the human disease as in the majority of cases there is some form of 

extracranial disease. 

 

2) Develop a combination immunotherapy for the treatment of MBrM 
The various combinations of anti-PD-1, anti-CTLA-4 and GM-CSF were 

investigated to determine which combination provided the best outcome 

in mice with MBrM. 

 

3) Determine which immune cells are the mediators of the therapeutic 
efficacy in the brain 
Once the optimal therapy had been determined, the immune cells 

responsible for therapeutic effect were investigated through in vivo 

depletion studies and phenotypic analysis of tumour-infiltrating immune 

cells. 

 

4) Investigate possible mechanisms with a focus on functionally-
implicated immune cell populations 
Once the critical immune cells had been identified, their functionality was 

examined through ex vivo analysis. 
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Chapter 2 

2.1 Cell lines and cell culture 

B16 F1 melanoma cells were obtained from the American Type Culture 

Collection (ATCC) and were cultured in Dulbecco’s modified eagle medium 

(DMEM) (Sigma-Aldrich) supplemented with 10% foetal bovine serum (FBS) 

(Gibco), 1x L-glutamine (Gibco) and 1x penicillin streptomycin (Pen strep) 

(Gibco). The anti-F4/80 producing HB-198 cell line was also obtained from 

the ATCC and cultured in Roswell park memorial institute medium (RPMI) 

(Sigma-Aldrich) supplemented with 20% FBS and 1x Pen strep. 

 

Cells were cultured in a Sanyo carbon dioxide (CO2) incubator in a 

humidified environment supplemented with five percent CO2. Both cell lines 

were cultured in 25-, 75- and 150 cm2 plastic tissue culture flasks (Corning). 

B16 F1 were cultured to near confluency and propagated by removing the 

culture medium and washing cells with phosphate-buffered saline (PBS) 

(Sigma-Aldrich)  and subsequently treating with 1x trypsin (Hyclone). Once 

cells had detached from the surface of the flask the trypsin was quenched by 

the addition of fresh cell culture medium containing serum. Cells were 

pelleted by centrifugation at 350 g for 5 minutes. Cells were diluted to an 

appropriate ratio depending on intended use.  As a non-adherent cell line, 

HB-198 cells were cultured until they reached a density of 1 x 106 cells per 

ml. The cells were pelleted and diluted for further propagation. Stocks of 

both cell lines were frozen in 10% dimethyl sulfoxide (DMSO) (Sigma-

Aldrich) in culture medium and stored at -196 °C in liquid nitrogen. 

 

2.2 Transduction of B16 F1 cells with firefly luciferase (Fluc)-
expressing lentiviral vector 

B16 F1 cells were seeded into a six-well plate (Corning) at a density of 1 x 

105 cells in 2 ml of medium. Once the cells had adhered to the plate 1 ml of 

medium was removed and replaced with 1 ml of pFUW-Fluc lentiviral 
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stock150 mixed with polybrene (Sigma-Aldrich; 8 ng/ml). Cells were incubated 

overnight and the following morning the cells were washed with PBS and 

received fresh medium. Upon reaching confluency the cells were further 

propagated and tested for their strength of firefly luciferase expression. 

Successful transduction was confirmed by adding 1 µl of luciferin (15 mg/ml) 

(Regis) to a serial dilution of cells and measuring the light emission as 

photons per second using the IVIS Spectrum (Perkin Elmer). 

 

2.3 In vivo experiments 

All procedures were approved by the University of Leeds Animal Welfare & 

Ethical Review Committee (AWERC) and performed under the approved UK 

Home Office project license in line with the Animal (Scientific Procedures) 

Act 1986 and in accordance with the UK National Cancer Research Institute 

Guidelines for the welfare of animals263. 

Mouse strains used for in vivo experiments were C57BL6 (Charles River) 

and albino C57BL6 (B6N-Tyrc-Brd; Charles River) as specified for individual 

experiments. All mice were female and aged between 6 and 8 weeks at the 

beginning of each experiment. Mice were housed in individually ventilated 

cages with a maximum of eight mice per cage at the St James’s Biological 

Services Facility. 

 

2.3.1 Implantation of cancer cells into the flank 

The firefly luciferase-tagged B16 F1 (B16/Fluc) cells were propagated to 

sub-confluency to ensure the cells were in their exponential growth phase. 

Once detached from the flask, cells were washed twice in 10 ml of PBS and 

counted in a 1:1 ratio with trypan blue (Sigma-Aldrich) to distinguish live from 

dead cells using a Neubauer haemocytometer (Weber Scientific). Cells were 

re-suspended in PBS at 4 x 106 cells/ml for implantation of 2 x 105 cells in 50 

µl per mouse. 
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Prior to implantation the left flank of each mouse was shaven with an 

Aesculap Isis rodent shaver (AgnTho’s). C57BL6 mice were anaesthetised 

with isoflurane (Zoetis) and injected using 0.5 ml insulin syringes (Terumo). 

Forceps (Fine Science Tools) were used to raise the skin to inject the cells 

and to prevent the injection of cells into the muscle. 

 

2.3.2 Intracranial implantation of cancer cells 

B16/Fluc cells were prepared as previously described with the exception that 

cells were washed with DMEM without supplements. Cells were 

subsequently re-suspended at 5 x 107 cells/ml in DMEM without 

supplements for the injection of 1 x 105 cells in 2 µl. Cells were kept on ice 

during the procedure for a maximum time of 3 hours before fresh cells were 

prepared. 

 

Prior to surgery, the heads of the mice were shaven to remove as much fur 

as possible. Mice were anaesthetised with isoflurane and placed onto the 

digital Just For Mice stereotaxic instrument (Harvard Apparatus) for surgery. 

Mice were secured by placing their teeth into the teeth-bar and inserting ear-

bars into both ears to prevent any movement. Lubrithal eye gel (Dechra) was 

applied to prevent eyes drying-out during the procedure. The surgical area 

on the head was sterilised with Hibiscrub (Mölnlycke Health Care) and 

subsequently with 70% ethanol. A vertical incision was made across the 

head with surgical scissors (Fine Science Tools) to gain access to the skull. 

The underlying membrane was dried with a sterile cotton-tip applicator to 

allow the skull to dry out to visualise the anatomy. A surgical micro-drill 

(Roboz) was used to drill a small hole in the skull, the drill site was located in 

the upper right hemisphere of the brain, ~2 mm to the right of the midline 

and ~2 mm anterior from the bregma. A customised needle (Hamilton) was 

inserted 4 mm into the brain parenchyma and retracted by 1 mm. Once there 

was no evidence of bleeding, 1 µl of the suspension was injected followed by 

an additional 1 µl after a 30 second interval. The needle was retracted mm 

by mm in 30 second intervals and the hole was sealed with bone wax 

(Harvard Apparatus). The skin incision was closed with tissue adhesive 
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(Vetbond; Santa Cruz Animal Health) and mice were placed in a warming 

chamber to recover. During the procedure mice were also given an 

intramuscular injection of Baytril (antibiotic; Bayer) and a subcutaneous 

injection of Metacam (analgesic; Boehringer Ingelheim). 

 

2.3.3 Measurement of flank tumour growth 

Flank tumour diameters were measured using digital calipers (Mahr) with 

measurements being taken in 2 dimensions. Tumour volume was calculated 

from these diameters using the following equation264: 

 

𝑇𝑢𝑚𝑜𝑢𝑟	𝑣𝑜𝑙𝑢𝑚𝑒 = (
1
2 𝑡𝑢𝑚𝑜𝑢𝑟	𝑙𝑒𝑛𝑔𝑡ℎ)	×	(𝑡𝑢𝑚𝑜𝑢𝑟	𝑤𝑖𝑑𝑡ℎ

8)	 

 

Tumour length was defined as the larger of the 2 diameters and tumour 

width was defined as the smaller diameter. 

 

2.3.4 Quantification of intracranial tumour growth 

Intracranial tumour growth was quantified via non-invasive bioluminescence 

imaging using the IVIS Spectrum. Mice were anaesthetised and given a 

subcutaneous injection of 80 µl of luciferin (15 mg/ml). After a predetermined 

time of 15 minutes for optimal luciferin circulation, mice were placed in the 

IVIS Spectrum. Images where subsequently analysed with the Living Image 

software (Perkin Elmer). Quantification was carried out by selecting a region 

of interest (ROI) as demonstrated in Figure 2.1.  
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Figure 2.1 Example of quantification of bioluminescence images 
A ROI was drawn around the head of each mice ensuring the entire signal 
was encompassed. The same size of ROI was used for the analysis of all 
mice. 
 
 
 
2.3.5 Administration of therapeutic antibodies and immune cell-
depletion antibodies 

Prior to treatment, mice were randomised into experimental groups based on 

the intracranial bioluminescence signals ensuring equal distribution of 

tumour burden between groups. All treatments were administered by an 

intraperitoneal (i.p.) injection. Anti-PD-1 (clone RMP1-14; Bio X Cell), anti-

CTLA-4 (clone 9D9; Bio X Cell) and IgG isotype (clone MPC11; Bio X Cell) 

were administered at 200 µg per dose (10 mg/kg based on the average 

weight of a mouse being 20 g). GM-CSF (Peprotech) was administered at 

300 ng. All treatments were diluted in sterile PBS to give a final volume of 

100 µl per dose. Mice received 4 doses of therapeutic antibodies and/or GM-

CSF, as outlined in Figure 3.3. 

 

Immune cell-depletion antibodies were administered by an i.p. injection of 

either anti-CD8α (clone YTS.4; Bio X Cell), anti-CD4 (clone GK1.5; Bio X 
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Cell), anti-asialo-GM1 (polyclonal rabbit IgG; Cedarlane) or anti-F4/80 (clone 

CL:A3-1; Bio-Rad or produced from HB-198 cell line). All depletion 

antibodies were administered at 100 µg and were diluted in sterile PBS for a 

final volume of 100 µl per dose. Antibodies were administered every 4 days 

for the duration of the experiment with the exception of the commercially 

produced anti-F4/80, which was administered every 2 days as outlined in 

Figure 4.1. 

 

2.3.6 Monitoring of symptoms related to intracranial growth 

For survival studies mice were carefully monitored for the presentation of 

symptoms relating to intracranial tumour growth. Due to the sudden on-set of 

these symptoms the mice in survival studies were monitored every 2 hours 

from day 9-post intracranial implantation onwards. Common symptoms 

observed were piloerection, closing of eyes, isolation, loss of balance, 

hunching and a general lack of movement. When symptoms became 

apparent, mice were closely monitored for any increases in symptom 

severity and were euthanized when this occurred. Rarer symptoms observed 

included aggression towards other mice, continuous jumping within the cage 

and diarrhoea.    

 

2.3.7 Isolation of blood 

Blood samples of mice were collected by puncturing the tail vein with a 

needle (BD Biosciences) and collecting the blood (5-8 drops) directly into 

ammonium-chloride-potassium (ACK; see sub-chapter 2.10) buffer to lyse 

the red blood cells. After a few minutes the ACK buffer was diluted with cold 

incubation buffer (see sub-chapter 2.10) and the cells were stored on ice 

until the remaining samples were collected. Once all samples were 

collected, the cells were prepared as stated previously. 

 

2.3.8 Terminal perfusion, tissue isolation and dissociation  

Mice were injected with a lethal dose of Lethobarb (pentobarbital; 0.3 ml; 

Merial) and terminally perfused with 15 ml PBS with heparin sodium (5000 



- 52 - 

units/ml; Fannin). The brain was removed and the tumour was dissected 

from the brain parenchyma. Tumours were chopped finely with scalpels, 

incubated in a collagenase solution (see sub-chapter 2.10) and dissociated 

by pipetting until the cells were in a single-cell suspension. The cells were 

washed in cold incubation buffer and centrifuged at 400 g at 4 ºC. The cells 

were inspected under the microscope for evidence of myelin; if present 

myelin was removed using myelin-removal beads (Miltenyi) according to the 

manufacturer’s instructions. 

 

The DCLNs were isolated from the mice under the dissection microscope 

(Omano). Upon removal the DCLNs were incubated in collagenase solution 

for 15 minutes at 37 ºC. The DCLNs were punctured with a needle and the 

suspension was pipetted up and down a number of times to ensure the 

maximum release of cells from the nodes. The suspension was 

subsequently washed, counted and the cells were prepared for flow 

cytometry analysis. 

 

Spleens were isolated from mice after terminal perfusion and spleens were 

crushed through a 70 µm filter (Greiner Bio-one) using the plunger of a 5 ml 

syringe. The filter was washed with Hank’s balanced salt solution (HBSS) 

(Sigma-Aldrich) and the cells were subsequently pelleted by centrifugation at 

350 g for 5 minutes. Following this, the red blood cells within the splenocytes 

were lysed with ACK buffer and washed with fresh HBSS. The cells were 

counted and used for flow cytometry analysis. 

 

2.4 Isolation of anti-F4/80 antibody produced by HP-198 cells 

HB-198 cells were expanded in culture and seeded at a density of 1 x 106 

cells/ml. Cells were cultured for 5 days until the majority of cells had died. 

The media was collected, centrifuged and the supernatant filtered through a 

0.22 µm filter (Millipore) to remove any cell debris.  
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Supernatants were concentrated using a Centricon® Plus-70 filter device 

(Millipore) by centrifuging the samples at 3500 g for 40 minutes. The filter 

prevented anything the size of an IgG or larger to pass through, resulting in 

a concentrated solution containing the depletion antibody. This process was 

repeated after the concentrate was washed with PBS to remove unwanted 

components of the supernatant. 

 

2.5 Quantification of IgG by ELISA 

A rat IgG Enzyme-Linked Immunosorbent Assay (ELISA) kit (Rat IgG total 

Ready-SET-Go! kit; eBioscience) was used to quantify the amount of anti-

F4/80 antibody produced by the HB-198 cells. The capture antibody (Rat 

IgG total Ready-SET-Go! kit; eBioscience) was diluted in coating buffer and 

100 µl of this solution was added to a 96-well plate (Corning) overnight.  The 

plate was washed twice with 400 µl of PBS with Tween-20 (PBS-T; Sigma-

Aldrich)  and 250 µl of blocking buffer (Rat IgG total Ready-SET-Go! kit; 

eBioscience) was added for 2 hours at room temperature. This buffer was 

removed and standards were prepared as instructed, in triplicate. The 

remaining wells were filled with serial dilutions of the concentrated IgG 

solution and incubated for 2 hours at room temperature. The plate was then 

washed with 200 µl of PBS-T 3 times and 100 µl of the detection antibody 

(Rat IgG total Ready-SET-Go! kit; eBioscience) diluted in assay buffer (Rat 

IgG total Ready-SET-Go! kit; eBioscience) for 1 hour at room temperature. 

The plate was washed a further 4 times and 100 µl of substrate solution (Rat 

IgG total Ready-SET-Go! kit; eBioscience) was added for 15 minutes at 

room temperature before 50 µl of sulphuric acid (Sigma-Aldrich) was added 

to stop the reaction. The plate was subsequently read at 450nm using a 

colorimetric microplate reader (Thermo Fisher Scientific).  
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2.6 Flow cytometry 

2.6.1 Extracellular staining 

Once in a single-cell suspension, tumour cells were counted and 2-5 x 105 

cells were used per multi-colour flow cytometry panel. Cells were blocked 

with 10% rat serum (Bio Rad) in incubation buffer for 10 minutes at 4 ºC. A 

master mix of antibodies was made and added to the cells for a minimum 

time of 30 minutes in the dark at 4 ºC (see Table 2.1 and 2.2 for information). 

After this incubation period, the cells were washed with cold incubation 

buffer, centrifuged at 350 g for 5 minutes at 4 ºC and aspirated. Depending 

on the staining panel cells were either re-suspended in 200 µl of incubation 

buffer for analysis or proceeded for intracellular staining. 

 

2.6.2 Intracellular staining 

Following extracellular staining, cells were re-suspended in freshly prepared 

cold fixation/permeablisation buffer (Miltenyi), vortexed and incubated for 30 

minutes at 4 ºC in the dark. Cells were then washed with cold incubation 

buffer, centrifuged at 350 g for five minutes at 4 ºC and aspirated. This step 

was repeated with cold freshly prepared permeablisation buffer (Miltenyi), 

following this cells were re-suspended in 50 µl of permeabilisation buffer and 

antibodies were added (see table 2.3 and 2.4 for further details). Cells were 

incubated with the antibodies at 4 ºC for 30 minutes in the dark. Following 

this, the cells were washed twice in permeablisation buffer and re-

suspended in 200 µl for analysis.   

 

2.6.3 Flow cytometry analysis 

Samples were analysed on the BD LSR II Flow Cytometry Analyser (BD 

Bioscience).  Flow cytometry data was analysed using the FACS Diva 7 

software (BD Bioscience). Population gates were set based on the shift past 

the isotype control (see Table 2.2 and 2.4 for list of antibodies).  
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Cell marker Fluorophore Clone Company 

CD3e APC-Vio770 17A2 Miltenyi 

CD3e PE-Vio770 17A2 Miltenyi 

CD3 Vioblue 17A2 Miltenyi 

CD4 PerCP Vio 700 GK1.5 Miltenyi 

CD4 PE-Vio770 GK1.5 Miltenyi 

CD8 Viogreen 53-6.7 Miltenyi 

CD11b BV605 M1/70 Biolegend 

CD25 PE-Vio770 7D4 Miltenyi 

CD27 PerCP eFluor710 LG.7F9 eBioscience 

CD31 PE 390 eBioscience 

CD69 PE H1.2F3 Miltenyi 

CD107a PE 1D48 Miltenyi 

CCR7 Alexa Fluor 700 4B12 eBioscience 

DX5 APC DX5 Miltenyi 

F4/80 Alexa Fluor 700 CL:A3-1 Bio Rad 

ICAM-1 FITC YN1/1.7.4 eBioscience 

LFA-1 PerCP Cy5.5 H155-78 Biolegend 

MHC I PE-Cy7 AF6-88.5.5.3 eBioscience 

MHC II Vioblue M5/114.15.2 Miltenyi 

NKp46 BV605 29A1.4.9 Biolegend 

NKp46 FITC 29A1.4.9 Miltenyi 

Ova pentamer APC N/A Proimmune 

PD-1 eFluor 450 J43 eBioscience 

TIM-3 PE-Cy7 RMT3-23 eBioscience 

VLA-4 Vioblue R1-2 Miltenyi 

Table 2.1 List of extracellular flow cytometry antibodies 
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Cell marker Isotype Company 

CD3e Rat IgG2b Miltenyi 

CD3e Rat IgG2b Miltenyi 

CD3 Rat IgG2b Miltenyi 

CD4 Rat IgG2b Miltenyi 

CD4 Rat IgG2b Miltenyi 

CD8 Rat IgG2a Miltenyi 

CD11b Rat IgG2b Biolegend 

CD25 Rat IgM Miltenyi 

CD27 Hamster IgG eBioscience 

CD31 Rat IgG2a eBioscience 

CD69 Hamster IgG eBioscience 

CD107a Rat IgG2a Miltenyi 

CCR7 Rat IgG2a eBioscience 

DX5 IgM Miltenyi 

F4/80 Rat IgG2b Bio Rad 

ICAM-1 Rat IgG2a eBioscience 

LFA-1 Rat IgG1 Biolegend 

MHC I Mouse IgG2a eBioscience 

MHC II Rat IgG2b Miltenyi 

NKp46 Rat IgG2a Biolegend 

NKp46 Rat IgG2a Miltenyi 

Ova pentamer Control pentamer Proimmune 

PD-1 Rat IgG2b eBioscience 

TIM-3 Rat IgG2a eBioscience 

VLA-4 Rat IgG2b Miltenyi 

Table 2.2 List of extracellular flow cytometry antibodies and their 
corresponding isotypes 
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Cell marker Fluorophore Clone Company 

EOMES APC REA116 Miltenyi 

EOMES PE REA116 Miltenyi 

FOX P3 APC 3G3 Miltenyi 

Granzyme B PerCP eFluor710 NGZB eBioscience 

IFN-γ FITC XMG1.2 eBioscience 

Ki67 FITC SolA15 eBioscience 

TNF-α PE MP6-XT22 eBioscience 

Table 2.3 List of intracellular flow cytometry antibodies 
 

 

 

 

Cell marker Isotype Company 

EOMES REA Miltenyi 

EOMES REA Miltenyi 

FOX P3 Mouse IgG1 Miltenyi 

Granzyme B Rat IgG2a eBioscience 

IFN-γ Rat IgG1 eBioscience 

Ki67 Rat IgG2a eBioscience 

TNF-α Rat IgG1 eBioscience 

Table 2.4 List of intracellular flow cytometry antibodies and their 
corresponding isotypes 
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2.7 Ex vivo stimulation of splenocytes 

Splenocytes isolated from mice were cultured overnight in Iscove’s modified 

Dulbecco’s medium (IMDM) (Sigma-Aldrich) supplemented with 5% FBS,1x 

L-glutamine, 50 units/ml IL-2 (Proleukin; Prometheus) and 1x Pen Strep. 

Cells were cultured at a density of 5 x 105 cells in 500 µl of medium, 1x cell 

stimulation cocktail (eBioscience) and protein export inhibitor (eBioscience). 

The following day cells were washed in incubation buffer and prepared for 

flow cytometry analysis as previously described for the staining of 

extracellular makers. 

 

Following extracellular staining, the cells were fixed with intracellular fixation 

buffer (eBioscience) for 30 minutes at room temperature. The cells were 

subsequently washed twice with freshly prepared permeabilisation buffer 

(eBioscience) and re-suspended in 50 µl of the same buffer. The intracellular 

staining antibodies (see Table 2.1 and 2.2) were added to the cells for 30 

minutes in the dark at room temperature. After this incubation cells were 

washed with permeabilisation buffer and re-suspended in 200 µl of the same 

buffer for flow cytometry analysis. 

 

2.8 ELISpot  

Splenocytes were isolated from mice and processed for the detection of IFN-

γ using an enzyme-linked immunospot (ELISpot) assay (Mouse IFN gamma 

ELISpot Ready-SET-Go! kit; eBioscience). The day prior to splenocyte 

isolation, 96-well PVDF membrane ELISpot plates (Millipore) were 

moistened with 70% ethanol, then coated with the IFN-γ capture antibody 

(Mouse IFN gamma ELISpot Ready-SET-Go! kit; eBioscience) diluted in 

ELISpot coating buffer (Mouse IFN gamma ELISpot Ready-SET-Go! kit; 

eBioscience) overnight. The following day the plate was washed twice with 

200 µl of sterile ELISpot coating buffer and the wells were blocked with 200 

µl of the splenocyte culture medium (with supplements) for 2 hours at room 

temperature. Isolated splenocytes were added to the wells at the density of 5 

x 105 cells in 100 µl of splenocyte culture medium. Cells were cultured 
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overnight with either no stimulation, stimulation cocktail (1x), gp100 peptide 

(5 ng/ml; Sigma-Aldrich), Trp2 peptide (5 ng/ml; Sigma-Aldrich) or B16 cell 

lysate. B16 lysate was produced when 1 x 107 B16/Fluc cells per ml of PBS 

were lysed by 3 repeated cycles of freeze-thaw.  

 

The following days the cells were removed and the plate was washed 3 

times with PBS-T. The detection antibody (Mouse IFN gamma ELISpot 

Ready-SET-Go! kit; eBioscience) was diluted in ELISpot assay diluent 

(Mouse IFN gamma ELISpot Ready-SET-Go! kit; eBioscience)  and 100 µl 

was added to each well for 1 hour at room temperature. The plate was 

washed four times with PBS-T. The Avidin-HRP solution (Mouse IFN gamma 

ELISpot Ready-SET-Go! kit; eBioscience) was diluted in ELISpot assay 

diluent and 100 µl was added to each well and incubated for 1 hour at room 

temperature. The plate was once again washed 3 time with PBS-T and twice 

with PBS. Tetramethylbenzidine (TMB; Mabtech) was added to each well 

(100 µl) and was removed after ~10 minutes when spots became visible. 

The plate was thoroughly washed with water and left to dry in the dark. The 

plate was read using SD32G2 AID ELISpot Reader System (AID 

Diagnostika) and quantified by ELISpot Software Version 4.0 (AID 

Diagnostika). 

 

2.9 Statistical analysis 

Statistical analysis was carried out using Graph Pad Prism v7 (Graph Pad 

Software). All error bars on graphs represent standard error of the mean 

(SEM). Statistical tests used were analysis of variance (ANOVA) with a post 

hoc test for multiple comparisons, Mann-Whitney test and paired T-test. All 

tests were 2-tailed statistical tests. 
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2.10 Buffers and reagents 

Unless stated otherwise all components are manufactured by Sigma-Aldrich. 

 

ACK Buffer 

In  500 ml water:  0.15 M ammonium chloride     

10 mM Potassium bicarbonate     

0.1 mM Ethylenediaminetetraacetic acid (EDTA) 
 pH 7.2-7.4 

 

Collagenase solution (5X) 

In 6.6 ml EMEM: 3 mg/mL collagenase (Roche) 

   250 U/mL hyaluronidase  

 

Incubation buffer 

In  500 ml PBS:  5% Bovine serum albumin (BSA)     

2 mM EDTA   

 

PBST 

In 1 liter of water: 9.6 g PBS 

   0.5 ml Tween-20  
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Chapter 3 

3.1 Introduction 

MBrM has long been associated with a poor clinical outcome. Although 

treatment regimens have significantly improved, the median survival rate 

remains below one year14,26,27,31. With chemotherapies proving to be mostly 

ineffective against MBrM, standard care of treatment usually consists of 

surgical resection or a radiotherapy using either WBRT or SRS on well-

defined lesions26,37. With an increase in the incidence of MBrM, the 

development of an effective, novel therapy has never been more necessary. 

 

In recent years, immunotherapies have been introduced into the clinic, most 

notably in the treatment of metastatic melanoma. With these new 

treatments, such as immune checkpoint inhibitors, the prognosis for 

metastatic melanoma has significantly improved26,37. However, as with many 

new treatments, patients with active metastasis have been left out of these 

clinical trials due to their poor prognosis, combined with the belief that 

patients with brain tumours are unlikely to benefit from immunotherapies26,37. 

 

This chapter will describe the establishment of a new in vivo model that is a 

more accurate representation of the human disease than the models 

currently employed, by also taking into account the presence of extracranial 

disease. This model will be used to test whether different immunotherapies 

(e.g. anti-PD-1, anti-CTLA-4, GM-CSF and their combinations) have a 

therapeutic effect on mice with MBrM. The effect of extracranial disease on 

intracranial tumours will also be explored, as well as how this can impact on 

treatment outcome. 
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3.2 Establishing a new preclinical melanoma metastasis model 

In this study, the B16 F1 cell line265 was selected over other murine 

melanoma cell lines, such as K1735266 or Harding-Passey Melanoma267 

(HPM), due to its spontaneous origin, in addition to its metastatic nature. 

Moreover, the B16 cell line is commonly used in melanoma studies due to its 

lack of a BRaf mutation265; a common form of mutation seen in the human 

disease. While widely considered to be poorly immunogenic268, B16 has 

been used extensively in a range of immunotherapy research, most notably 

anti-PD-1 and anti-CTLA-437, hence, making the B16 model a good 

candidate for studying the effects of immune checkpoint inhibitors on MBrM. 

There are also a number of transgenic mouse models that spontaneously 

develop melanoma with a number of these developing metastases269,270, the 

secondary disease is mostly limited to the visceral organs270. More recently, 

a new model of spontaneous brain metastases, where mice are given a 

subdermal injection of Ret-melanoma cells was described271. In this model, 

the primary tumours are surgically removed, allowing for metastatic growth, 

with a number of these mice ultimately developing macrometastases in the 

brain. The disadvantages of this model is, however, the high wastage of 

animals (only ~25% of all mice will develop brain macrometastases), high 

costs and long duration. 

 

In order to mimic the clinical situation where the majority of patients with 

MBrM have concurrent extracranial disease, we sought to establish a model 

with simultaneous intracranial and extracranial tumours31,35,36. To create a 

timeline for the extracranial tumour growth, B16/Fluc cells (2 x 105 and 5 x 

105) were subcutaneously implanted into the flank of C57BL6 mice. While a 

palpable tumour took approximately the same time (seven days) to become 

established for both cell concentrations, the growth following this varied 

(Figure 3.1A). Tumour volumes in mice implanted with 5 x 105 cells tended 

to have more variability within the group, whereas mice implanted with 2 x 

105 cells developed tumours of a more comparable size. The group 

implanted with 5 x 105 cells reached their maximum allowable tumour 

diameter (15 mm) between days 14-18, while in the group implanted with 2 x 
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105 cells, tumours reached their maximum size between days 16-18 (Figure 

3.1B). As a result, the concentration of 2 x105 cells was selected going 

forward, due to the lower intragroup variance.  

 

 

Figure 3.1 Establishing a timeline for subcutaneous tumour growth of 
B16 cells 
(A) B16 cells (2 x 105 or 5 x 105) were subcutaneously injected into C57BL6 
mice. Tumours were measured with calipers regularly until tumour 
dimensions reached their maximum allowable size of 15 mm, with the 
tumour volumes subsequently calculated. (B) Curves showing the time taken 
for the tumours of each group of mice to reach their maximum allowable 
size. (n = five mice per group; statistical test used was Log-rank. 
 
 

To establish a timeline for intracranial tumour growth in mice with a flank 

tumour, 1 x 105 B16/Fluc cells were intracranially implanted into mice that 

previously had a subcutaneous injection of 2 x 105 B16/Fluc cells. The 

intracranial growth in these mice was directly compared to intracranial 

growth in mice without a flank tumour to determine the role of extracranial 

disease in intracranial tumour growth. Intracranial tumour growth between 

the two groups was compared by non-invasive bioluminescence imaging 

(Figure 3.2). The data were presented as fold change between the 

bioluminescence signal on a respective day and the initial signal (day two-

post intracranial implantation) (Figure 3.2B). Upon comparison of the growth 

curves it was apparent that the flank tumour did not impact the growth of the 

intracranial tumour. This was further confirmed as there was no significant 

difference (P = 0.94) in the survival of the mice between the two groups 

(Figure 3.2C). The majority of the mice in both groups showed terminal 
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symptoms 10 days-post intracranial implantation with bioluminescence 

imaging also showing there was no significant difference in tumour burden at 

this time point (P = 0.82).   

 

3.3 A combination of immunotherapies is more effective in treating 
brain metastases 

Since the immune checkpoint inhibitors anti-PD-1 and anti-CTLA-4 are 

known to be an effective combination treatment for metastatic melanoma26, 

this principle was applied to our MBrM model. In addition, GM-CSF, having 

been previously demonstrated to enhance the effects of other 

immunotherapies, was also included179,259.   

 

The MBrM model was used to test the effectiveness of anti-PD-1, anti-CTLA-

4 and GM-CSF as individual therapies, in addition to all possible 

combinations (see Figure 3.3 for experimental timeline). The majority of the 

mice were sacrificed once they presented with terminal symptoms that were 

associated with brain tumour growth. In two cases out of 32, mice had to be 

sacrificed as their flank tumour reached its maximum allowable dimensions.  

 

Flank tumour measurements taken the day following the final dose of 

treatment (day nine) showed that GM-CSF as a single agent was ineffective 

at reducing extracranial tumour growth. In contrast, anti-PD-1 and anti-

CTLA-4, as monotherapies, displayed a tendency towards reduced flank 

tumour growth, although this was only statistically significant with the anti-

PD-1 monotherapy (P = 0.0379) at this timepoint. When combined as dual 

therapies, all combinations resulted in a significantly decreased tumour 

burden (P = 0.003 (anti-PD-1 & GM-CSF); 0.0011 (anti-CTLA-4 & GM-CSF); 

0.0006 (anti-PD-1 & anti- CTLA-4) and 0.0003 (anti-PD-1, anti-CTLA-4 & 

GM-CSF)). This was also the case when all three agents where used in 

combination (Figure 3.4A and Table 3.1). 
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Figure 3.2 Establishing a timeline for the intracranial growth of 
B16/Fluc cells 
(A) C57BL6 mice were subcutaneously implanted with 2 x105 

B16/Fluc cells 
three days prior to being intracranially implanted with 1 x 105 B16/Fluc cells 
(Intracranial & Flank). Intracranial tumour growth was monitored with non-
invasive bioluminescence imaging and compared to the growth of mice that 
only received an intracranial tumour (Intracranial). Mice were imaged 
regularly until they presented with terminal symptoms related to intracranial 
tumour growth. (B) Bioluminescence images were quantified and the fold 
change in luciferase signal intensity between the respective day and day 
two-post tumour implantation was calculated as a measure of tumour 
growth. (C) Survival curves of C57BL6 mice with B16/Fluc intracranial 
tumours and mice with B16/Fluc subcutaneous (flank) and intracranial 
tumours. Mice were sacrificed once they presented with terminal symptoms 
related to intracranial growth. (n= five mice per group; error bars represent 
SEM; statistical tests used were Students T-test and Log-rank). 
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Figure 3.3 Experimental timeline of pre-clinical melanoma brain 
metastasis model  
B16/Fluc cells (2 x 105) were subcutaneously implanted into C57BL6 mice 
three days prior to the intracranial injection of B16/Fluc cells (1 x 105). Mice 
were grouped based on their intracranial bioluminescence signal prior to the 
administration of therapy, ensuring an equal distribution of intracranial 
tumour sizes between the groups. Treatment was administered i.p. on days 
five, seven, nine and 11.  Flank tumours were measured with calipers and 
intracranial tumour growth was quantified by non-invasive bioluminescence 
imaging. 
 

 

 

Bioluminescence imaging was used concurrently as an indication of brain 

tumour growth, with the fold change in luciferase signal intensity between 

day two and day nine being calculated as a measure of tumour growth 

(Figure 3.4). Analysis showed that GM-CSF, anti-PD-1 and anti-CTLA-4 as 

monotherapies did not have a significant effect on brain tumour growth. 

Moreover, when anti-PD-1 or anti-CTLA-4, respectively, were administered 

as a combination therapy with GM-CSF, there was no significant change in 

intracranial tumour growth as compared to the isotype control group. This 

was in contrast to observations with the extracranial tumour growth. 

Nonetheless, a significant reduction in brain tumour growth was observed in 

mice that received anti-PD-1 plus anti-CTLA-4 (P = 0.0145) or anti-PD-1 plus 

anti-CTLA-4 with GM-CSF (P = 0.027) (Figure 3.4B and Table 3.1). 
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Figure 3.4 Flank and intracranial tumour measurements in mice with 
B16 tumours treated with various combinations of anti-PD-1, anti-
CTLA-4 and GM-CSF 
Tumour measurements were taken from mice treated with various 
combinations of anti-PD-1, anti-CTLA-4 and GM-CSF the day after they 
received the final dose of treatment. (A) Flank tumour sizes were quantified 
using calipers, with tumour measurements being taken from two dimensions 
and the tumour volume subsequently calculated. (B) Intracranial tumour 
burden was measured using non-invasive bioluminescence imaging; the fold 
change in luciferase signal between the final day and the day treatment 
began is presented. (n = seven for anti-CTLA-4 groups and n = eight for all 
other groups; error bars represent SEM; see Table 3.1 for statistics).  
 

The survival of mice correlated to intracranial, rather than extracranial 

tumour burden and significantly improved survival was observed only in mice 

that received anti-PD-1 plus anti-CTLA-4 and anti-PD-1 plus anti-CTLA-4 

with GM-CSF (P = 0.034 and 0.0019, respectively) (Figure 3.5, 3.6 and 

Table 3.1).  

 

3.4 A flank tumour is essential for effective intracranial therapy  

Having established two effective therapies, we next asked: ‘Is a flank tumour 

necessary for intracranial efficacy of immune checkpoint inhibition?’. This 

question was addressed by comparing intracranial tumour growth upon 

treatment between mice with an intracranial tumour only and mice with an 
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intracranial and flank tumour. We focused on two treatment combinations 

that resulted in intracranial efficacy, namely anti-PD-1 plus anti-CTLA-4 and 

anti-PD-1 plus anti-CTLA-4 with GM-CSF. 

 

 

Table 3.1 Statistical analysis for the survival and tumour burden of 
mice with flank and intracranial B16 tumours treated with various 
combinations of anti-PD-1, anti-CTLA-4 and GM-CSF 
For the survival study, statistical significance was calculated by the Log-rank 
test. The significance threshold was adjusted to 0.00714 to compensate for 
multiple comparisons. For the tumour volume and fold change in luciferase 
activity, pairwise Mann-Whitney tests were used. 
 

 

3.4.1 Treatment with anti-PD-1 plus anti-CTLA-4 with GM-CSF 

A group of mice first received a subcutaneous injection of B16/Fluc cells. 

These mice were intracranially injected with B16/Fluc cells three days after 

the subcutaneous injection, along with a second group of mice without a 

flank tumour. Mice were imaged two days after intracranial implantation and 

grouped based on the signal intensity from their intracranial tumours.  

Treatment with anti-PD-1 plus anti-CTLA-4 with GM-CSF began on the 

same day (Figure 3.7). Mice began to show symptoms 10 days-post 

intracranial implantation and, as a result, all mice were sacrificed after final 

tumour measurements were taken.  
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Figure 3.5 Survival of mice with flank and intracranial B16 tumours 
treated with various combinations of anti-PD-1, anti-CTLA-4 and GM-
CSF 
C57BL6 mice were subcutaneously implanted with B16/Fluc cells and three 
days later intracranially implanted with B16/Fluc cells. Mice were imaged 
using non-invasive bioluminescence imaging two days after intracranial 
implantation and were grouped based on initial intracranial signals. Mice 
were then given either an IgG isotope or various combinations of anti-PD-1, 
anti-CTLA-4 and GM-CSF.  Treatments were given four times over six days 
and mice were sacrificed when they presented with terminal symptoms. (See 
Table 3.1 for statistics). 
 

As previously observed, there was a significant difference in flank tumour 

volume between treated and non-treated mice (Figure 3.8A). The fold 

change in luciferase signal intensity between days two and 10 was 

calculated. This revealed that treatment had no effect on intracranial tumour 

growth in the absence of a flank tumour (Figure 3.8B). Intracranial luciferase 

signal intensities were also similar in mice receiving IgG isotype control 

antibody in the absence or presence of a flank tumour. However, there was 

a significant reduction in luciferase signal intensities in mice with a flank and 

intracranial tumour that received treatment, as compared to the other three 

groups, suggesting a reduction in tumour burden (Figure 3.8C).  
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Figure 3.6 Individual survival curves of mice with flank and intracranial 
B16 tumours treated with various combinations of  anti-PD-1, anti-
CTLA-4 and GM-CSF 
See Figure 3.5 for details. 
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Finally, post-mortem examination of tumour burden was performed visually, 

as the tumours were easily distinguished from normal brain tissue due to the 

dark pigment of B16 cells. In line with our quantification, mice from the two 

control groups and the treatment group with an intracranial tumour only grew 

larger tumours, as compared to the treatment group with an intracranial plus 

a flank tumour (Figure 3.9). 

 

 

 

Figure 3.7 Experimental timeline for investigating the role of flank 
tumours in immune checkpoint therapy in MBrM 
C57BL6 mice were intracranially implanted with 1 x 105 B16/Fluc cells while 
one group of mice had also been subcutaneously implanted with 1 x 105 

B16/Fluc cells in the flank three days prior. Mice were non-invasively imaged 
with bioluminescence imaging two days-post intracranial implantation and 
grouped based on the quantification of the intracranial tumour burden. The 
two groups of mice were further subdivided into an IgG control group and a 
treatment group. Treatment was administered on days five, seven, nine and 
11.  Flank tumours were measured with calipers and intracranial tumour 
growth was monitored by non-invasive bioluminescence imaging. 
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Figure 3.8 The effect of a flank tumour on the intracranial tumour 
growth in mice treated with the combination of anti-PD-1, anti-CTLA-4 
and GM-CSF 
C57BL6 mice were intracranially implanted with B16/Fluc cells with an 
additional group also subcutaneously implanted with B16/Fluc cells. These 
two groups of mice were each sub-divided into two further groups, one of 
which received the IgG isotype (Control) antibody while the other received 
the combination of anti-PD1, anti-CTLA-4 and GM-CSF (Treatment). 
Treatment was administered four times over six days. (A) Flank tumour 
measurements were taken using calipers two days after the final dose of 
treatment was administered. Measurements were taken from two 
dimensions and the tumour volume was subsequently calculated. (B) 
Representative bioluminescence images of mice taken 10 days-post 
intracranial implantation of cancer cells. (C) The fold change in luciferase 
signal intensity was calculated between day two and the day after the final 
dose of treatment was administered. (n = six, six, six, eight; error bars 
represent SEM; statistical significance was determined by pairwise Mann-
Whitney tests). 
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3.4.2 Treatment with anti-PD-1 and anti-CTLA-4 

After the treatment with anti-PD-1, anti-CTLA-4 and GM-CSF proved to 

inhibit intracranial tumour growth in the presence of a flank tumour, GM-CSF 

was removed from the treatment regime to determine if checkpoint inhibitors 

alone could replicate this response, as they have previously been shown to 

increase survival when used in combination.  

 

As in the previous experiment, the effects of anti-PD-1 plus anti-CTLA-4 on 

tumour growth were monitored in mice with only an intracranial tumour and 

in mice with an intracranial and flank tumour. Unlike the previous 

experiment, mice began to show terminal symptoms nine days-post 

intracranial implantation of cancer cells. Therefore, the tumour 

measurements were taken on this day before the mice were euthanized. 

There was a significant decrease in flank tumour size in mice that received 

the treatment (Figure 3.10A). Moreover, the same trend in intracranial 

tumour growth was observed as was seen when two immune checkpoint 

inhibitors plus GM-CSF were used. Mice in the two control groups and mice 

with an intracranial tumour only that received treatment all had similar 

luciferase signal intensities. In contrast, the mice with a flank and intracranial 

tumour that received treatment displayed a significantly lower fold change in 

luciferase signal intensity pre- / post-treatment, once again suggesting a 

reduction in intracranial tumour burden (Figure 3.10B and C).   
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Figure 3.9 Post-mortem brain images of mice treated with anti-PD-1, 
anti-CTLA-4 and GM-CSF or IgG control antibody with or without a 
flank tumour 
See Figure 3.8 for experimental details. Mice were terminally perfused with 
PBS two days after the final dose of treatment was administered and the 
brains were removed for post-mortem examination. Tumours are black due 
to the melanin secreted by the B16 melanoma cells. 
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Figure 3.10 The effects of a flank tumour on intracranial tumour growth 
in mice treated with anti-PD-1 and anti-CTLA-4  
B16/Fluc cells were intracranially implanted into mice with an additional 
group also subcutaneously implanted with B16/Fluc cells. These two groups 
of mice were subdivided into two further groups, one of which received the 
IgG isotype (Control) antibody while the other received the combination of 
anti-PD1 and anti-CTLA-4 (Treatment). Treatment was administered four 
times over six days. (A) Flank tumour measurements were taken the day 
after the final dose of treatment was administered using calipers. 
Measurements were taken from two dimensions and the tumour volume was 
subsequently calculated. (B) Representative bioluminescence images of 
mice taken nine days-post intracranial implantation. (C) The fold change in 
luciferase signal intensity was calculated as previously described. (n = 20, 
14, 25, 42; data is from four independent experiments; error bars represent 
SEM; statistical significance was determined by pairwise Mann-Whitney 
tests). 
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Figure 3.11 Post-mortem brain images of mice treated with anti-PD-1 
and anti-CTLA-4 or IgG control antibody with or without a flank tumour 
See Figure 3.10 for experimental details. Mice were terminally perfused with 
PBS the day following the final dose of treatment and the brains were 
removed for post-mortem examination. Tumours are black due to the 
melanin secreted by the B16 melanoma cells. 
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These observations were again confirmed with post-mortem examination of 

the brains, where the mice with an intracranial and flank tumour receiving 

anti-PD-1 plus anti-CTLA-4 had smaller tumours than the other three groups. 

(Figure 3.11). 

 

3.5 A flank tumour is critical for prolonged survival of mice with 
melanoma brain metastases 

Since giving GM-CSF alongside checkpoint inhibitors had little to no 

additional advantage over immune checkpoint therapy alone (P = 0.857), 

GM-CSF was omitted from the treatment for future experiments. As it was 

confirmed that a flank tumour was essential for reducing intracranial tumour 

growth, the next step was to see how the flank tumour would affect OS in the 

context of the combined anti-PD-1 and anti-CTLA-4 therapy. Mice were 

implanted with tumours and treatment was administered as outlined in 

Figure 3.7. The survival curves of mice in both control groups and in the 

treatment group with only an intracranial tumour followed near identical 

trends with the last of these mice only living to day 16 before succumbing to 

their intracranial disease (Figure 3.12). Nevertheless, mice with an 

intracranial and flank tumour who received the treatment had a significantly 

prolonged survival compared to the other groups (P = 0.0027 (intracranial 

tumour – control); 0.004 (intracranial – treatment); 0.0023 (intracranial and 

flank - control)) (Table 3.2). A number of these mice eventually had to be 

sacrificed due to symptoms from their intracranial tumour; however, 

approximately 40% of these mice survived until the endpoint of the 

experiment (day 21) and presented with little to no visible tumour burden 

upon post-mortem examination. 
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Figure 3.12 The effect of a flank tumour on the survival of mice treated 
with anti-PD-1 and anti-CTLA-4  
B16/Fluc cells were intracranially implanted into mice with an additional 
group also subcutaneously implanted with B16/Fluc cells. These two groups 
of mice were subdivided into two further groups, one of which received the 
IgG isotype (Control) antibody while the other received the combination of 
anti-PD1 and anti-CTLA-4 (Treatment). Treatment was administered four 
times over six days. Mice were sacrificed once they presented with terminal 
symptoms. 
 

 

Table 3.2 Statistical analysis for the effects of a flank tumour on the 
survival of mice treated with anti-PD-1 and anti-CTLA-4  
For the survival study, statistical significance was calculated by the Log-rank 
test. Significance threshold was adjusted to 0.0167 to compensate for 
multiple comparisons. 
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3.6 Discussion 

In this chapter we have established a novel model of MBrM that allows for 

quantification of intracranial therapeutic efficacy in the presence of 

extracranial disease. In this study, the B16 F1 melanoma cell line was used 

to model MBrM. While, in essence, the B16 model is a suitable model for 

studying MBrM, there are a few drawbacks. On rare occasions, mice were 

found dead with no signs of flank tumour ulceration and post-mortem 

examination revealed them to have died from a brain haemorrhage caused 

as a result of intracranial tumour growth.   

 

The rapid growth of B16 cells may be an important factor in the unexpected 

and sudden death of the mice. The short timeline from tumour initiation to 

the experimental endpoint (nine to 10 days) is also a poor representation of 

the human disease. This model also presented other issues; for instance, 

the onset of terminal symptoms that would normally develop over time in 

other intracranial models would be sudden and difficult to intercept in an 

appropriate amount of time. As a result, for survival studies, mice had to be 

monitored regularly from the point that terminal symptoms would begin to 

present. The Ret-melanoma model of spontaneous brain metastases may 

prove to be a more translatable model due the three- to six-month time from 

initiation to development of brain metastases271. Moreover, the slower time 

for tumour progression to occur may increase the therapeutic effect of 

checkpoint inhibitor therapy. 

 

For the purpose of this study, the intracranial implantation of cancer cells163 

was selected for the initiation of intracranial tumours. This method has a 

number of advantages over others used to induce brain tumour growth, such 

as the procedure itself being simpler than other methods, allowing higher 

throughput and, therefore, larger experimental groups. Moreover, this 

technique results in the growth of a large single tumour in the brain 

parenchyma, which is advantageous for analysis of the TME by flow 

cytometry. However, it should be noted there were instances where cancer 

cells would disseminate through the brain, mainly the midline, forming small, 
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lethal tumours in the brain stem.  Other procedures, such as carotid artery 

injection150, tend to result in the formation of multiple microlesions. While this 

is clinically relevant, it would make further analyses of the tumours more 

challenging. Additionally, this procedure is more surgically demanding, 

resulting in a lower throughput and additional complications related to the 

surgery (risk of stroke and death). Conversely, both of these methods are 

better suited to the purpose of this study than the tail vein272 and the 

intracardiac injection methods. While the tail vein injection intravenous (i.v.) 

technique will produce brain metastases in a low proportion of mice, the cells 

will primarily disseminate to the lungs273. The intracardiac procedure has a 

higher occurrence of intracranial tumour development, although this does 

appear to be reliant on the initial number of cells injected273. This method 

has also been shown to give rise to metastases in most visceral organs, 

making this more suitable for the study of metastases in general, rather than 

metastatic disease in a specific location273. This technique has, however, 

been reported to be highly variable, with its outcome being susceptible to a 

number of variables, such as the number of sites that tumours can 

simultaneously metastasise to. More importantly, when studying brain 

metastases with these methods, the mice have a higher likelihood of 

developing terminal symptoms from metastatic disease in other organs 

before an intracranial tumour has time to establish272,273. This issue can arise 

in the Ret-melanoma model that spontaneously develop metastases in the 

brain; as a result, a larger number of mice are required to obtain efficient 

numbers of mice bearing intracranial metastases271. The important 

characteristic of our model is that it allows the study of survival in 

dependence of the intracranial tumour growth and in the presence of 

extracranial disease. 

 

Whilst subcutaneous tumour growth can easily be monitored, observing 

intracranial tumour growth represents more of a challenge. Traditional 

techniques such a MRI can be used; however, this can be expensive and 

time-consuming274. Firefly luciferase reporter tags have become extremely 

useful for monitoring tumour growth, especially for intracranial tumours, 

allowing for high-throughput and relatively accurate imaging274,275. 
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Nonetheless, bioluminescence imaging does have some shortcomings. For 

example, the IVIS used for this imaging is unable to image C57BL6 mice in 

three dimensions due to the pigment in their skin. As a result, 

bioluminescence imagining cannot take into account the depth of the tumour 

within the tissue. Thus, a tumour on the surface of the brain will have a 

larger signal intensity than a tumour of equal size growing within the brain 

parenchyma275. With this in mind, the fold change in luciferase signal 

intensity was calculated as a measure of tumour growth to account for this 

variance. Additionally, the strain of mouse must also be considered when 

using bioluminescence imaging, as the skin pigment and dark fur of C57BL6 

mice can be a hindrance if not controlled for correctly276. This may not 

always be possible, as mice can occasionally have a thicker coat of fur and 

removing this can be difficult, while nothing can be done to change their skin 

pigmentation. Nevertheless, as previously discussed, these issues can be 

partially controlled by focusing on the fold change in luciferase intensity 

rather than the final signal intensity. A major advantage bioluminescence 

imaging has over an MRI is its ability to detect tumours at much earlier 

stages in their development275. Studies have shown that there is a strong 

correlation in tumour growth, in a therapeutic response context, between 

these two methods277,278. As such, while bioluminescence imaging is an 

extremely useful tool for monitoring intracranial growth, it must be used in 

conjunction with other methods for precise conclusions to be made. In our 

study, we were able to confirm reduced tumour growth as quantified by 

bioluminescence imaging and by visual examination of the brains post-

mortem. 

 

Although there has been a substantial amount of research focusing on the 

use of immune checkpoint inhibitors to treat cancer, there has been a severe 

lack of research on brain tumours. This work, however, has proved useful as 

a basis for this study. As such, the dose of 10 mg/kg of anti-PD-1 and anti-

CTLA-4 were selected after being reported to be effective in multiple 

sources93,209,231,259,279–281. Likewise, the treatment regime of four doses over 

six days has also previously been reported to be effective in other studies245 
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and, when considering the timeline of the MBrM model, this regimen seemed 

the most appropriate. 

 

There has been evidence to show that the addition of GM-CSF can be 

beneficial for immunotherapies179,259. This effect was not observed in the 

case of intracranial tumours in our model. The combinations of anti-PD-1 or 

anti-CTLA-4, respectively, with GM-CSF, had a significant effect on the flank 

tumour growth in our study, as previously reported 204,259,261. Moreover, the 

triple therapy combination did not have any survival advantage over the 

combination of anti-PD-1 plus anti-CTLA-4 alone. As a result, it was decided 

to omit GM-CSF from the therapy in future experiments. Additionally, as the 

effects of GM-CSF on T-cells are not fully understood179,282 and these are 

the main population known to be involved in immune checkpoint therapy, it 

was decided to focus on the mechanism behind effective immune checkpoint 

therapy within the brain first, before adding an additional layer of complexity. 

 

While this is the first reported study showing the effective treatment of brain 

metastases with immune checkpoint inhibitors, it is not the first to show 

efficacy in the brain. A study has recently reported that anti-PD-1 and anti-

CTLA-4 can lead to the long-term survival of mice with intracranial GL261 

tumours, a mouse model of glioma240. Nevertheless, there are a number of 

significant differences between the GL261 model and the MBrM model. 

Firstly, the GL261 model is a less aggressive model with terminal symptoms 

presenting after approximately 21 days240, compared to nine days for the 

B16 MBrM model. This slower model allows for multiple treatment cycles 

each consisting of multiple doses, in addition to allowing more time for the 

treatment to take effect. Another point that must be taken into consideration 

is that in the GL261 study, the treatment began with an initial dose of 20 

mg/kg before continuing with subsequent doses of 10 mg/kg. While there is 

no reported evidence that a larger initial dose makes a significant difference 

to overall outcome, this has interesting implications for future studies as a 

larger initial dose may have significant effect on the overall outcome of the 

efficacy of treatment. From the translational aspect, this lower dose may be 



- 84 - 

more advantageous due to more prominent occurrences of irAEs in humans 

treated with checkpoint inhibitors that are rarely observed in mice283; 

especially as in the clinic anti-PD-1 doses tend to range from 2-10mg/kg284–

286, while anti-CTLA-4 doses tend to be 10 mg/kg246,287.  

 

This study demonstrated that immune checkpoint therapy can increase the 

survival of mice with an intracranial and flank tumour. This increase in 

survival can be directly related to inhibition of the intracranial tumour growth. 

As previously observed, mice bearing a flank tumour alone did not present 

with any symptoms indicating metastases elsewhere in the body. In addition, 

the flank tumour took an average of 17 days to reach its maximum allowed 

dimension, whereas the mice with intracranial tumours began showing 

symptoms from day nine. As such, it can be concluded that the terminal 

symptoms that the mice presented with were a consequence of intracranial 

tumour growth and not a consequence of the extracranial disease. 

 

Although the combination of anti-PD-1 and anti-CTLA-4 failed to inhibit 

intracranial tumour growth in some mice with an intracranial and flank 

tumour, this was not unexpected. It has widely been reported that there are 

responders and non-responders both in the clinic and in pre-clinical 

studies231,288. While there has been a substantial amount of research into 

why this occurs and whether it is possible to predict who will benefit the most 

from this treatment, there has been little progress. Differences in TIL 

phenotype have been observed after treatment; however, there are no 

predictive biomarkers289–291. Other studies have suggested that mutational 

load within the tumour could be a prognostic marker for immune checkpoint 

therapy response, as a higher mutational load has been correlated with an 

increase in survival292. Nevertheless, this study would suggest that the 

patients with brain metastases that would fall into the responder category 

could benefit from this treatment. In addition, the discovery of a reliable 

predictive biomarker could ensure that brain metastasis patients are no 

longer overlooked for immune checkpoint therapy.  
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The lack of a complete response to the treatment in all mice may be due to 

the aggressive nature of the B16 tumours and the short progression time for 

the intracranial tumours. While this may be problematic in the rapid MBrM 

model, this may not apply to other cell lines as the previously discussed 

GL261 model240 showed slower tumour progression and a higher response 

rate to the therapy. Fortunately, this may not pose to be a problem in the 

clinic as even the patients with the worst prognosis tend to have a few 

months of survival from the diagnosis of their brain metastases26,27,29. This 

may allow for the extra time needed to elicit an effective anti-tumour immune 

response, although other factors, as previously discussed, will also play a 

role in the outcome. 

 

The difference in complete responses between the MBrM model and the 

commonly used subcutaneous or intracranial models are most likely due to 

the tumour site. Historically, the brain has been described as an immune-

privileged site due to the presence of the BBB293. This opinion is starting to 

change with the more recent discovery of a lymphatics system within a 

mouse brain140,294. As this is still an emerging field of research, the 

differences and similarities between the CNS lymphatics and the lymphatics 

in the rest of the body are unknown. Further investigation may give rise to 

explanation for the observed differences between intracranial and 

extracranial tumours.  

 

As discussed in this chapter, effective immune checkpoint therapy for 

intracranial tumours requires extracranial disease. This should not, however, 

exclude patients without extracranial disease at the time of diagnosis from 

this treatment; the vast majority of patients would have previously 

experienced some form of extracranial disease and this may be sufficient to 

have the desired effect. Addressing this would require additional research 

involving mice that had been cured from their extracranial disease and 

subsequently challenged with an intracranial tumour. While this has been 

shown in subcutaneous models204,295–297, it would be interesting to revisit this 



- 86 - 

in the context of intracranial tumours to investigate if this protection is, 

indeed, truly systemic.                    

 

In summary, this study demonstrates that the combination of anti-PD-1 and 

anti-CTLA-4 can effectively treat melanoma brain metastases with and 

without the addition of GM-CSF. However, this effect is reliant on the 

presence of a flank tumour, as the therapy is ineffective in mice with only an 

intracranial tumour. We developed this model with a translational aspect in 

mind, to provide evidence that patients with melanoma brain metastases 

may benefit from this therapy in spite of their poorly viewed prognosis. 
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Chapter 4 

4.1 Introduction 

With a substantial amount of research focusing on the use of immune 

checkpoint inhibitors into the treatment of cancer, there has a been a 

considerable effort put into the mechanisms behind this. Since immune 

checkpoint inhibitors alter the immune system and the activation state of 

immune cells, there has been an emphasis on discovering which immune 

cell populations are crucial to the therapeutic effect and which can be 

detrimental. 

 

While previous research has identified a number of essential immune cell 

populations for effective immune checkpoint inhibitor therapy, the research 

has mainly been based on flank tumour models. As such, this must be 

revisited in the context of intracranial tumours, as the role of the BBB and 

the uniqueness of the brain microenvironment cannot be ignored. 

 

This chapter will focus on determining which immune cell populations are the 

‘major players’ in the therapeutic effect seen when mice with B16 intracranial 

and flank tumours are treated with the combination of anti-PD-1 plus anti-

CTLA-4. This was achieved through the in vivo depletion of various immune 

cell populations in mice receiving anti-PD-1 plus anti-CTLA-4 and the 

subsequent quantification of the survival. 

 

4.2 CD8+ T-cells and NK cells are essential for effective intracranial 
immune checkpoint inhibitor therapy 

A literature search into the main immune cell populations involved in immune 

checkpoint inhibitor therapy clearly revealed CD4+ T-cells, CD8+ T-cells and 

NK cells as the crucial cells involved195,231,242,243,280,285; thus becoming the 

first three candidates for in vivo depletion. As outlined in the previous 

chapter, the presence of an extracranial tumour was fundamental for the 
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combination of anti-PD-1 and anti-CTLA-4 to have a therapeutic effect. As a 

result, this model was used for the following immune cell depletion 

experiments.  

 

The experimental timeline closely followed that outlined in the previous 

chapter (Figure 3.7), with all mice receiving four doses of anti-PD-1 plus anti-

CTLA-4 (Figure 4.1). In addition, mice were given i.p. injections of either an 

anti-CD8α antibody (CD8+ T-cell depletion), anti-CD4 antibody (CD4+ T-cell 

depletion) or anti-Asialo GM1 antibody (NK cell depletion) every four days 

for the duration of the experiment. Initial injections of cell-depleting 

antibodies were administered three days prior to the subcutaneous 

implantation of B16/Fluc cells (day -three) to allow for the population of 

interest to be fully depleted before tumour initiation. Blood samples were 

collected prior to treatment administration and two days-post intracranial 

implantation (day five) to confirm that the immune populations of interest 

were depleted. Samples were analysed by flow cytometry in comparison to 

the blood of mice bearing flank and intracranial tumours that had not 

undergone immune cell depletion. This analysis confirmed that each of the 

intended cell populations had been successfully depleted (Figure 4.2). In the 

blood, CD8+ T-cells were depleted to 0.3% ± 0.09%; NK cells were depleted 

to 0.45% ± 0.18%; CD4+ T-cells were depleted to 0.86% ± 0.13%. (P = 

<0.0001; 0.02; <0.0001, respectively).  

 

The mice were closely monitored following the final treatment dose for 

terminal symptoms caused by the intracranial tumour and euthanized once 

the symptoms became apparent. The intracranial tumours were then 

isolated and the infiltrating immune cells were examined by flow cytometry to 

confirm that the intended immune cell populations were depleted within the 

tumour. In the intracranial tumour, CD8+ T-cells were depleted to 0.16% ± 

0.03%; NK cells were depleted to 0.63% ± 0.24%; CD4+ T-cells were 

depleted to 0.76% ± 0.46%. (P = <0.0001; 0.0017; 0.0026, respectively) 
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 (Figure 4.3). NK cell-depleted mice presented with terminal symptoms 

earlier than the other groups, with the entire group having to be sacrificed by 

day 16 (Figure 4.4A). This decrease in survival compared to the non-

immune cell-depleted mice was statistically significant (P < 0.0001), 

highlighting the importance of NK cells.  

 

 

Figure 4.1 Timeline for immune cell depletion experiments 
C57Bl6 mice were randomised into groups and given an i.p. injection of 
either anti-CD8α (CD8 depletion), anti-CD4 (CD4 depletion), anti-Asialo 
GM1 (NK depletion) or anti-F4/80 (macrophage depletion). All mice received 
a subcutaneous injection of 2 x 105 B16/Fluc cells, three days following the 
initial injection of the depleting antibody (day 0), along with a group of mice 
that had received no immune cell depletion. Following this, three days later, 
all mice received an intracranial injection of 1 x 105 B16/Fluc cells (day 
three). Two days-post intracranial implantation (day five), all mice were 
treated with anti-PD-1 plus anti-CTLA-4 and were given three subsequent 
doses two days apart (days seven, nine and 11). The immune cell-depleted 
mice all received top-up injections of their depletion antibodies every four 
days until the end of the experiment (days one, five, nine, 13 and 17) or until 
the mouse had to be euthanized. Mice were sacrificed once they presented 
with terminal symptoms resulting from their intracranial tumour growth. 
 

In the case of the CD8+ T-cell-depleted mice, a number also displayed 

symptoms due to intracranial growth from as early as day 10. Nevertheless, 

the presentation of terminal symptoms was staggered compared to the NK 

cell-depleted mice. There was ultimately a significant decrease in survival of 

the CD8+ T-cell-depleted mice as compared to the non-immune cell-depleted 

mice (P = 0.002) and one mouse survived until the end of the experiment 

(day 21).  
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Figure 4.2 Immune cell depletion was confirmed through blood 
analysis 
Immune cell-depleting antibodies were administered as outlined in Figure 4.1 
On day five, blood samples were taken from mice in each immune cell 
depletion group and compared to blood taken from non-immune cell-
depleted mice by flow cytometry. (A) Anti-CD8, (B) anti-Asialo GM1 and (C) 
anti-CD4 .  
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Figure 4.3 Confirmation of immune cell depletion at experimental 
endpoint in intracranial tumours 
Tumours were enzymatically dissociated into a single-cell suspension and 
stained for flow cytometry to ensure that the intended immune cell 
populations had been depleted within the intracranial tumour. 
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Figure 4.4 Effects of immune cell depletion on the survival of mice 
bearing B16 flank and intracranial tumours undergoing immune 
checkpoint therapy 
(A) The survival of mice with B16 intracranial and flank tumours treated with 
anti-PD-1 plus anti-CTLA-4 plus respective immune cell-depleting antibodies 
were compared to the survival of non-immune cell-depleted mice receiving 
the same treatment. (B) Flank tumour measurements were taken and 
tumour volume was calculated at the terminal time point. (C) 
Bioluminescence imaging was used to measure intracranial tumour burden 
nine days-post intracranial implantation (day 12) and the fold change in 
luciferase signal intensity between day five and day 12 was calculated. (See 
Table 4.1 for statistics). 
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Prolonged survival was not, however, observed in the CD4+ T-cell-depleted 

mice, with 50% of the mice surviving until the end of the experiment (P = 

0.96 in comparison to the non-immune cell-depleted mice). There were 

some noticeable differences between the mice that survived until day 21 

compared to those that had to be sacrificed earlier: while also presenting 

with symptoms associated with intracranial tumour growth, the mice that 

were sacrificed earlier additionally exhibited eczema-like symptoms, 

indicative of an autoimmune response280. 

 

The terminal flank tumour dimensions were also recorded, with the tumour 

volumes subsequently calculated. This analysis revealed that flank tumours 

were significantly larger in mice that were depleted of their NK cells and 

those who received the CD8 depletion antibody as compared to the non-

immune cell-depleted mice (P = 0.0004 and 0.0011, respectively) (Figure 

4.4B). There was, however, no noticeable difference between the CD4+ T-

cell-depleted mice and the non-immune cell-depleted mice. 

 

In addition, bioluminescence imaging was performed on day 12 to assess 

whether there was any indication of differences in intracranial tumour size 

between the groups. While there was no statistically significant difference 

between any of the groups, there was a tendency for mice in the CD8- and 

NK cell-depleted groups to have an increased fold change in luciferase 

signal intensity when compared to the non-immune cell-depleted group 

(Figure 4.4C and Table 4.1). 

 

4.3 Antibody-mediated macrophage depletion within intracranial 
tumours 

One of the major immune cell populations that has received relatively little 

attention in the context of immune checkpoint inhibition are macrophages. 

While they are not as renowned for their cancer-killing ability as CD8+ T-cells 

and NK cells, under specific conditions they can directly eliminate cancer 

cells298 299. Macrophages do, however, play a crucial role in tumour 
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development, whether that be pro- or anti-tumourigenic. Macrophages have 

long been known to act as APCs, aiding the adaptive immune system300. 

Tumours can also recruit TAMs to support their development by inducing an 

anti-inflammatory environment favouring tumour growth300. Likewise, 

macrophages and cells of a similar lineage have been shown to express PD-

L1, suggesting they may have a role in anti-PD-1 therapy and, thus, warrant 

further study300.  

 

 

Table 4.1 Statistical analysis for the survival and tumour burden of 
mice with flank and intracranial B16 tumours undergoing immune cell 
depletion and immune checkpoint therapy 
For the survival study, statistical significance was calculated by the Log-
Rank test. The significance threshold was adjusted to 0.0125 to compensate 
for multiple comparisons. For the tumour volume and Fold change in 
luciferase activity statistical analyses, pairwise Mann-Whitney tests were 
used. 
 

To address their role, an anti-F4/80 antibody was used to deplete 

macrophages in the mice. The anti-F4/80 antibody was collected from the 

cell culture medium of the HP-198 cell line301, concentrated and quantified 

using a rat IgG ELISA (Figure 4.5). The antibody was then utilised in the 

same schedule as previously described (Figure 4.1), every four days. The 

depletion efficacy was tested through flow cytometry analysis of blood 

samples. The results of this analysis proved to be inconclusive, as a distinct 

macrophage population was not detected, even in the non-immune cell-

depleted mice (Figure 4.6A). The mice receiving the anti-F4/80 antibody 

began to show symptoms earlier than mice in the other depletion groups, 



- 96 - 

with the entire group having to be euthanized by day 14 (Figure 4.6B). While 

this turned out to be statistically significant when compared to the non-

immune cell-depleted mice (P = 0.0003), there was no conclusive evidence 

this was due to the depletion of macrophages. The mice presented with 

symptoms following the anti-F4/80 antibody injection, suggesting there may 

have been some toxicity caused by the antibody itself. 

 

 

Figure 4.5 Quantification of the anti-F4/80 antibody produced by the 
HB-198 cell line 
The supernatants from HP-198 cultures were collected, filtered and 
concentrated. The concentration of antibody was determined using an IgG 
ELISA. Serial dilutions of the supernatants were analysed and the dilution 
that gave an optical density that fell in the exponential region of the standard 
curve was used to extrapolate the total stock concentration of antibody 
within the supernatants. 
 

As the results from the macrophage depletion experiment were unreliable, it 

was decided to repeat the experiment with a commercially available antibody 

which has a macrophage-depleting function302. The same schedule as used 

previously (Figure 4.1) was repeated, with the exception of the depletion 

antibody being administered every two days (as this was previously reported 

to result in successful depletion302). Since checking the blood of mice proved 

to be an ineffective method for confirming macrophage depletion, we 

decided to analyse the intracranial tumours instead (Figure 4.7A). The anti-

F4/80 antibody was well-tolerated by the mice, with no signs of toxicity. The  
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Figure 4.6 Depletion of macrophages with HB-198-derived anti-F4/80 
antibody  
(A) Mice were injected with anti-F4/80 antibody as outlined in Figure 4.1; on 
day five blood samples were collected and compared to those taken from 
mice that did not undergo immune cell depletion. (B) The survival of these 
mice was subsequently compared to the survival of mice that had not 
undergone immune cell depletion. (See Table 4.1 for statistics).	
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Figure 4.7 Depletion of macrophages with a commercial anti-F4/80 
antibody  
(A) Mice were injected with an anti-F4/80 antibody as outlined in Figure 4.1; 
on day five blood samples were collected and compared to those taken from 
mice that did not undergo immune cell depletion. (B) The survival of these 
mice was subsequently compared to the survival of mice that had not 
undergone immune cell depletion.(See Table 4.1 for statistics). 
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mice that received the anti-F4/80 antibody took longer to show terminal 

symptoms than the non-immune cell-depleted mice. The first macrophage-

depleted mouse began showing symptoms at day 16, compared to non-

immune cell-depleted mice showing symptoms at day 13. By the end of the 

experiment (day 21), 50% of macrophage-depleted mice were still alive; 

nevertheless, this was not significant (P = 0.34) when compared to the 

survival of non-immune cell-depleted mice (Figure 4.7B). Once again, 

however, a definitive conclusion could not be made, as the flow cytometry 

analysis of the tumours showed there was still macrophages present within 

the intracranial tumour of the macrophage-depleted mice (17.95% ± 3.38%; 

P = 0.54, as compared to the non-immune cell-depleted mice). 

 

4.4 Discussion  

This chapter validated the role of three distinct immune cell populations in 

immune checkpoint inhibitor therapy. We demonstrated that CD8+ T-cells 

are crucial for effective anti-PD-1 plus anti-CTLA-4 therapy within the brain. 

The importance of CD8+ T-cells was in-line with their implication in effective 

anti-PD-1 treatment, as well as anti-CTLA-4 treatment and the combination 

treatment with additional therapeutic agents in extracranial 

tumours195,231,242,243,280,284,285. The successful treatment of B16 tumours with 

anti-PD-1 or anti-CTLA-4 plus different oncolytic viruses has been shown by 

others to be dependent on CD8+ T-cells243,303. While Reardon et al. did not 

analyse the functional importance of CD8+ T-cells in the orthotopic GL261 

glioma model, they did show an increase in CD8+ T-cell infiltration240. 

 

It should be noted that the antibody used in this study does not exclusively 

deplete CD8+ T-cells, as subsets of DCs, NK cells and thymocytes also 

express CD8α304,305. There have also been reports of a small subset of 

regulatory T-cells that express the CD8α glycoprotein306. Any depletion of 

CD8α+ DCs could have had a significant effect in the model used in this 

study, as these cells are known to be more efficient at the cross-presentation 

of exogenous cell-bound and soluble antigens on MHC I, as compared to 
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CD8α- DCs304. Additionally, CD8α+ DCs are more competent in the 

phagocytic uptake of dead cells and the presentation of dead-cell-associated 

antigens304. While the exact role of these cells is currently unknown in the 

context of immune checkpoint therapy, we cannot exclude their involvement 

in the model used here. That being said, it has been suggested that the 

additional effects caused by the depletion of CD8α+ DCs in addition to CD8+ 

T-cells would be minimal due to their close association with the CD8+ T-

cells304. There are other methods available to deplete CD8+ T-cells, such as 

CD8α KO mice307. The KO model cannot, however, discriminate between 

these cell types and still lacks all CD8+ populations308.    

 

Another population of immune cells that proved to be essential for immune 

checkpoint therapy in the brain were the NK cells. As demonstrated here, 

upon NK cell depletion, immune checkpoint therapy was ineffective in mice 

with B16 flank and intracranial tumours. This supports evidence presented 

by others who have looked at the functional importance of NK cells in the 

context of immune checkpoint inhibitor therapy in extracranial tumours. In 

particular, in the B16 flank model, there is evidence showing the importance 

of NK cells when anti-PD-1 is used in combination with reovirus243. A similar 

study using Newcastle Disease Virus plus anti-CTLA-4 also showed the 

functional importance of NK cells in the treatment of B16 flank tumours303.  

Another group demonstrated that the rejection of B16 flank tumours was 

dependent on NK cells when treating with anti-CTLA-4 plus a GM-CSF-

producing vaccine204. Similar effects were seen when anti-PD-1 was used in 

combination with an Adenosine A2A receptor inhibitor to treat orthotopic 4T1 

tumours309. Notably, one study examining the efficacy of immune checkpoint 

inhibitors in the GL261 glioma model reported an increase in intratumoural 

infiltration of NK cells, without evaluating their functional contribution240. 

Interestingly, when mice with subcutaneous 4T1 tumours were treated with 

radiotherapy plus anti-PD-L1, the therapeutic effectiveness was unaffected 

by the absence of NK cells281. Even though anti-PD-1 and anti-PD-L1 are 

thought to work through similar mechanisms, there clearly are some 

differences in their mechanism of action310. An example being an anti-PD-1 
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can, in theory, block the interaction with PD-L1 and PD-L2, whereas an anti-

PD-L1 antibody will still allow the interaction between PD-L2 and PD-1310.  

 

Even though the anti-Asialo GM1 used here is a commonly utilised antibody 

for the in vivo depletion of NK cells, it does not exclusively deplete this cell 

population. The expression of Asialo GM1 has been reported on 

subpopulations of NK T-cells, CD8+ T-cells and gamma/delta T-cells311. 

There has also been reports of Asialo GM1 expression on activated CD4+ T-

cells, macrophages and eosinophils311; one study has also shown that the 

anti-Asialo GM1 antibody functionally depletes basophils311. Perhaps, for 

these reasons, there are alternative methods to specifically deplete NK cells 

in vivo, such as using NK cell KO mice312 or an anti-NK1.1 depletion 

antibody313. Notably, however, some strains of mice will not express the NK 

1.1 allotype311 and, for this reason, the anti-Asialo GM1 antibody is more 

commonly used for the depletion of NK cells in vivo. 

 

While the functional roles of CD8+ T-cells and NK cells in immune 

checkpoint therapy in our model could be demonstrated within the restraints 

discussed above, the depletion of CD4+ T-cells had no significant impact on 

the treatment efficacy. In fact, the major effect of the CD4+ T-cell depletion 

was an increase in autoimmune inflammatory symptoms (e.g. eczema-like 

skin lesions), which have previously been described as a consequence of 

CD4+ T-cell depletion280. There are a number of different reports on the 

importance of CD4+ T-cells in immune checkpoint therapy. Some studies 

reported that the depletion of these cells has little to no effect on the overall 

survival of mice with extracranial B16 tumours when treated with either anti-

PD-1243 or anti-CTLA-4303,204 in combination with other agents. Conversely, 

Davilla et al. used anti-CTLA-4 as one of the components of their 

combination therapy and found that the treatment was ineffective when B16 

cells were implanted into CD4+ T-cell KO mice314. Furthermore, CD4+ T-cell 

depletion did not affect the growth of d42ml-T3 sarcoma tumours treated 

with anti-CTLA-4315. On the contrary, CD4 T-cell depletion partly affected the 

long-term survival of mice with Fo5 (breast) tumours when they were treated 
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with anti-PD-1, anti-CTLA-4 and trastuzumab emtansine (T-DM1)280. It 

should be noted that this may be in part a result of the autoimmunity caused 

by the depletion, as the authors did note that more than half of the mice 

presented with severe autoimmune inflammatory sysmptoms280. In 

conclusion, the role of CD4+ T-cells may be dependent on a number of 

factors, such as tumour type, tumour location and/or type of combination 

treatment used. 

 

As with the other depletion antibodies, the anti-CD4 antibody used in this 

study does not exclusively deplete CD4+ T-cells. While not a prominent 

population in mice, one study found that there is a population of DCs which 

express CD4316, in addition to CD4+ macrophages in mice and humans317. 

That being said, there is no evidence to suggest they would play a prominent 

role in immune checkpoint inhibitor therapy. Another point that must be 

taken into consideration is that the CD4+ T-cell population is made up of a 

number of different populations with distinct functions318. The CD4+ T-cell 

population can be divided into effector and regulatory cells, with each 

population having been implicated in anti-CTLA-4 therapy93. It has been 

suggested that one of the mechanisms of effective anti-CTLA-4 therapy is 

through the depletion of T-Regs within the tumour93, 319. While there is no 

reported method of selectively depleting the effector CD4+ T-cells, it is 

possible to deplete the T-Reg population. While some studies used an anti-

CD25 antibody320, this will also deplete effector CD4+ T-cells321 in addition to 

activated CD8+ T-cells322. Taking this into account, a more appropriate 

model would be the inducible T-Reg KO model323. In this case, the effector 

CD4+ T-cells would be fully functional and, if used alongside an antibody-

mediated CD4 depletion model, this may provide extra information about the 

roles of the effector and regulatory T-cell populations. 

 

In our model, it was observed that the CD8- and NK cell-depleted mice had 

an increased flank tumour burden at the terminal timepoint as compared to 

the non-immune cell-depleted mice. This indicated that these immune cell 

populations were essential for the extracranial therapy as well, although 
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there were some cases in each of these depletion groups where there 

appeared to be some inhibition of tumour growth. This could suggest that, in 

some individuals, the role of the NK cells or CD8+ T-cells may have a more 

prominent role in the therapeutic effect than in others, and one immune cell 

population may be able to compensate for the missing population in the case 

of the depletion studies. 

 

Along with the increased flank tumour burden in the CD8- and NK cell-

depleted mice, there was a strong indication of an increased intracranial 

tumour burden in these groups. Although the latter did not reach statistical 

significance, it should be taken into account that, in both of these groups, 

some mice had to be sacrificed before the day of imaging due to their 

intracranial tumour burden, which removed mice with the highest intracranial 

tumour burden from the endpoint analysis. The drawbacks of 

bioluminescence imaging275–277, as discussed in the previous chapter, must 

also be considered, as these may have contributed to the lack of significant 

differences. 

 

While this study was unable to provide evidence that macrophages have a 

functional role in intracranial immune checkpoint inhibitor therapy, this 

should not rule them out from future studies. Other methods are available for 

the depletion of macrophages, such as the CD11b-DTR transgenic model324. 

However, these mice are generated from the non-obese diabetic (NOD) 

background and have also been shown to lack the brain-resident 

macrophages (microglia) after induction325,  making this particular model 

inappropriate for the nature of this study. The most widely used method for 

the in vivo depletion of macrophages is by using clodronate-containing 

liposomes326, 28, 29. While this form of depletion has been reported to mainly 

localise to the injection site326, there has been a report of clodronate-

containing liposomes being used to deplete intracranial macrophages329. 

While the CD11b-DTR transgenic model and the clodronate-containing 

liposomes are useful, they do have their drawbacks, with the most important, 

in the context of this study, being the lack of specificity. Both have been 
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shown to also deplete monocytes, neutrophils and MDSCs, although this 

has been reported to a higher degree in the CD11b-DTR transgenic 

model330. 

 

In this study, we were unable to successfully deplete macrophages using the 

anti-F4/80 antibody produced by the HB-198 cell line. This may be due to 

the method used to isolate the antibody from the cell culture medium. In 

theory, the centricons used in this study should have removed everything 

larger than an IgG from the cell culture medium; however, this may have not 

been the case, as toxicity was observed in the mice and may have been 

caused by IgGs within the FBS that was used as a medium supplement. 

IgGs denature at higher temperatures than those used to heat-inactivate 

FBS331, meaning it is possible that these intact IgGs were also injected into 

the mice. This may have been solved by culturing the HB-198 cells in a 

lower concentration or FBS or by using FBS with a low concentration of IgG. 

Another option would be to use a previously successful method to isolate the 

antibody from this cell line: Tidball and Wehling-Henricks used ammonium 

sulphate precipitation to isolate the anti-F4/80 antibody and were successful 

in depleting macrophages in the muscle301. Although, it should be noted, that 

complete depletion was not achieved and the mice were given a dose of the 

antibody every 24 hours for seven days.  

 

When the commercially purchased anti-F4/80 antibody was used in our 

study, the protocol may have required optimisation as there was a tendency 

for the mice receiving the anti-F4/80 antibody to present with terminal 

symptoms at a later timepoint, suggesting that administration of higher 

doses of anti-F4/80 antibody may have resulted in significantly prolonged 

survival. In addition, it should also be taken into account that a number of 

cell types express F4/80, such as monocytes332. This, in turn, could result in 

the unwanted depletion or partial depletion of the microglia population. There 

is, however, an inducible macrophage KO model on a C57BL6 

background333, a potential option that would eliminate the need for a 
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depletion antibody, although it has been shown that this would also lead to 

the depletion of neutrophils333. 

 

This section of the study focused on the depletion of major immune cell 

populations that have previously been linked to immune checkpoint inhibitor 

therapy, although there are a number of other cell types that could warrant 

further examination; one such population is MDSCs. These have been 

shown to have a pro-tumourigenic role in B16295 and 4T1 tumour models245. 

Although, as with all of the discussed immune populations, there is no 

functional data on their role within intracranial tumours in the context of 

immune checkpoint inhibitor therapy. Another major immune cell population 

within the brain that should be investigated are the microglia. Like 

macrophages, microglia have been associated with affecting intracranial 

tumour growth168,169,334, making this an interesting population to investigate 

in the context of immune checkpoint therapy.   
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Chapter 5 

5.1 Introduction  

As described in the introduction (Chapter 1), immune checkpoint inhibitors 

are able to effectively treat cancer by altering the immune system. While the 

functional aspects of this can be explored through immune cell depletion in 

vivo models, this is obviously not possible in the human setting. However, 

comparisons can be made between humans and in vivo models by 

examining changes in tumour-infiltrating immune cells in response to 

immune checkpoint therapy.  

 

Previous studies have reported a number of changes that occur within the 

TME in response to immune checkpoint therapy208,231,259. These changes 

can be particular cell populations increasing or decreasing in overall 

numbers, in addition to the phenotypical changes occurring within the cell 

populations. As most of the research in this field is focused on extracranial 

disease, intracranial disease must be considered separately.  

 

This chapter will focus on examining the effects of the combination of anti-

PD-1 plus anti-CTLA-4 on the TME within the intracranial tumour. 

Furthermore, the role of the flank tumour will be investigated to understand 

how extracranial disease can influence the susceptibility of intracranial 

tumours to immune checkpoint therapy. 

 

5.2 A synergy between immune checkpoint therapy and extracranial 
tumour is required for increased infiltration of CD45+ immune cells into 
the intracranial tumour 

B16/Fluc cells were implanted into mice and treatment was administered as 

previously outlined in Figure 3.7; intracranial tumours were isolated on day 

12 and analysed by flow cytometry. Live cells were first separated from dead  
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Figure 5.1 Gating strategy for the main populations of infiltrating 
immune cells 
Intracranial tumours were dissociated into a single-cell suspension, stained 
for various markers and analyzed by flow cytometry. Live cells were gated 
based on their forward scatter (FSC) and side scatter (SSC). NK cells were 
defined as the CD3- DX5+ and NKp46+ population within the CD45+ gate; T-
cells were defined as the CD3+ population within the CD45+ gate; 
macrophages and microglia were separated from other cells by gating on the 
CD45+ F4/80+ population, followed by gating on CD45+ and CD11b+ cells. 
Microglia and macrophages could be clearly distinguished based on their 
CD45 expression levels (macrophages: CD45high, microglia: CD45low).  
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cells and cellular debris based on forward and sideward scatter as 

demonstrated in Figure 5.1. Immune cells were identified with the pan-

hematopoietic marker, CD45 (Figure 5.1), that is expressed on all 

differentiated hematopoietic cells apart from plasma cells and 

erythrocytes335. CD45+ cells were further categorised into the main subsets 

of immune cells (see Table 5.1 for markers for each cell type), namely: NK 

cells, T-cells, macrophages and microglia (Figure 5.1).     

 

 

 

Table 5.1 Immune cell types and phenotype markers used to identify 
each cell type 
 

 

In comparison to the other three groups, mice with a flank and intracranial 

tumour that received treatment had a substantially increased percentage 

(~two-fold) of CD45+ cells within the intracranial tumour (Figure 5.2A). 

Notably, there was no difference between the two control groups, 

demonstrating that a flank tumour by itself cannot increase immune cell 
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infiltration into the intracranial tumour. In the absence of flank tumour, 

treatment resulted in only a non-significant tendency towards an increased 

intracranial infiltration of CD45+ cells. Consequently, only synergy between 

immune checkpoint therapy and extracranial tumour resulted in an increase 

of CD45+ cell infiltration into intracranial tumours. 

 

 

 
 

 
 
Figure 5.2 Effects of immune checkpoint therapy and the extracranial 
tumour on the accumulation of CD45+ cells and CD3+ T-cells within the 
intracranial tumour 
(A) The percentage of CD45+ cells infiltrating into B16 intracranial tumours 
within the live cell population. (B) The percentage of CD3+ cells infiltrating 
into B16 intracranial tumours within the live cell population. (C) The 
percentage of CD3+ cells infiltrating into B16 intracranial tumours within the 
CD45+ 

 
population. (See appendix (page 189) for n numbers, number of 

independent experiments, statistical tests utilised and P values; error bars 
represent SEM).  
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5.3 A synergy between immune checkpoint therapy and extracranial 
tumour results in an increased CD3+ T-cell infiltration into intracranial 
tumours 

The same trends seen with the CD45+ cells were also observed when the 

CD3+ T-cell population was analysed.  The percentage of CD3+ T-cells 

within the intracranial tumour in treated mice with an intracranial and flank 

tumour was significantly increased (~two-fold), compared to the other groups 

(Figure 5.2B). These trends closely followed those of the CD3+ T-cells within 

the CD45+ population, with the same experimental group showing an 

approximate two-fold increase in infiltrating CD3+ T-cells over the other 

groups (Figure 5.2C). 

 

5.4 Immune checkpoint therapy synergises with extracranial tumour to 
increase intracranial tumour-infiltrating CD8+ T-cells 

The CD3+ T-cell population was further sub-divided into two distinct sub-

populations: CD8+ T-cells and CD4+ T-cells (Figure 5.3). The percentage of 

intracranial CD8+ T-cells increased in treated mice that had intracranial and 

flank tumours, in comparison to the other three groups (Figure 5.5A). While 

the increase was quite striking (~three-fold) and highly significant within the 

total live cell population, it was less dramatic when the CD8+ T-cells were 

analysed within the CD3+ T-cell population (~15%) and reached significance 

in comparison to the two control groups but not to the mice bearing only an 

intracranial tumour receiving treatment (Figure 5.5B). 
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Figure 5.3 Gating strategy for CD3+ T-cell population subsets 
The CD3+ T-cell population was divided into two subsets based on CD8α 
(CD8+ T-cells) and CD4 (CD4+ T-cell) expression. The CD4+ T-cell 
population was further divided into CD4+ effector T-cells (Fox P3-) and T-
Regs (Fox P3+). 
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Figure 5.4 Representative plots for the various markers expressed by 
CD8+ T-cells 
Plots for mice with an intracranial and flank tumours that were treated with 
anti-PD-1 and anti-CTLA-4 are shown.   
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Figure 5.5 The effects of immune checkpoint therapy and extracranial 
tumours on CD8+ T-cells and their activation markers 
(A) The percentage of infiltrating CD8+ T-cells into B16 intracranial tumours 
within the live cell population and (B) within the CD3+ 

T-cell population. (C) 
The percentage of CD25+ cells within the CD8+ 

T-cell population. (D) The 
expression level of CD25 on CD8+ T-cells shown as MFI. (E) The 
percentage of CD69+ cells within the CD8+ 

T-cell population. (F) The 
expression level of CD69 on CD8+ T-cells shown as MFI. (See appendix 
(pages 190-191) for n numbers, number of independent experiments, 
statistical tests utilised and P values; error bars represent SEM).  
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The phenotype of the CD8+ T-cell population was then investigated through 

the expression of extracellular and intracellular markers relating to the 

activation/inhibitory status of these cells (Figure 5.4; see Table 5.2 for 

description of specific phenotype markers). CD25 was selected as one of 

these, with its expression indicating a cell in a mid-late activation state336. In 

addition to CD25, CD69 is an activation marker expressed by CD8+ T-cells 

and is described as an early-stage activation marker337. An increase in CD8+ 

T-cell proliferation has been associated with successful immune checkpoint 

therapy; Ki67 has become a standard marker for detecting cell proliferation 

due to its ubiquitous expression through the entire proliferation cycle and 

absence in resting cells338. Granzyme B production by CD8+ T-cells has also 

been used as a measure of activation due to its role in the induction of 

apoptosis, along with being used as a T-cell reinvigoration marker in the 

context of immune checkpoint inhibition231.  

 

 

Table 5.2 Immune cell markers and their phenotypic description 
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Activation markers can be revealing when investigating an immunotherapy 

mechanism; however, inhibitory markers can be just as telling. TIM-3 is a 

marker reported to be associated with the most inhibited and dysfunctional 

CD8+ T-cells195,339,340. The PD-1 receptor is widely viewed as an inhibitory 

receptor due to its function89,341; on the other hand, it can also be considered 

as an activation receptor228,342. To study the expression of the PD-1 

receptor, we used the anti-PD-1 antibody clone J43 that binds to a different 

epitope than the RMP1-14 clone used for the anti-PD-1 treatment242,343. 

Finally, whereas the exact role of eomesodermin (EOMES) seems to be 

ambiguous, it is clear that this transcription factor has an important role in 

tumour immunology and is normally associated with an exhausted 

phenotype of CD8+ T-cells231,344–346. 

 

Consistently, neither the extracranial tumour nor the immune checkpoint 

therapy significantly altered the percentage of CD8+ cells expressing any 

one of the markers studied (Figures 5.5, 5.6 and 5.7). Similarly, the 

expression levels of these markers, as represented by the mean 

fluorescence intensity (MFI) also remained unchanged across the groups. 

Nevertheless, there was one exception to these observations. In the case of 

PD-1, there was found to be a significant increase (~20%) in the percentage 

of PD-1+ cells within the CD8+ T-cell population when the control group of 

mice with an intracranial tumour only was compared to the control group of 

mice with an intracranial and flank tumour (Figure 5.7C). While there was an 

indication of the same trend for PD-1 expression levels between the two 

control groups, this ultimately proved to be a non-significant change (Figure 

5.7D).  

 

5.5 Intracranial tumour-infiltrating CD4+ effector T-cells and T-Regs 
increase with immune checkpoint therapy 

Flow cytometry analysis revealed that the percentage of CD4+ T-cells within 

the total live cell population in intracranial tumours increased in both 

treatment groups when compared to the two control groups (Figure 5.8A).  
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Figure 5.6 The effects of immune checkpoint therapy and extracranial 
tumours on different subsets of CD8+ T-cells 
(A) The percentage of Ki67+ cells within the CD8+ T-cell population 
infiltrating into B16 intracranial tumours. (B) The expression level of Ki67 in 
CD8+ T-cells shown as MFI. (C) The percentage of Granzyme B+ cells within 
the CD8+ T-cell population infiltrating into B16 intracranial tumours. (D) The 
expression level of Granzyme B in CD8+ T-cells shown as MFI. (E) The 
percentage of EOMES+ cells within the CD8+ T-cell population infiltrating into 
B16 intracranial tumours. (F) The expression level of EOMES in CD8+ T-
cells shown as MFI. (See appendix (pages 192-193) for n numbers, number 
of independent experiments, statistical tests utilised and P values; error bars 
represent SEM).  
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Figure 5.7 The effects of immune checkpoint therapy and extracranial 
tumours on inhibitory markers on CD8+ T-cells 
(A) The percentage of TIM-3+ cells within the CD8+ T-cell population 
infiltrating into B16 intracranial tumours and their (B) expression level of TIM-
3 in CD8+ T-cells shown as MFI. (C) The percentage of PD-1+ cells within 
the CD8+ T-cell population infiltrating into B16 intracranial tumours and their 
(D) expression level of PD-1 in CD8+ T-cells expressed as MFI. (See 
appendix (pages 194-195) for n numbers, number of independent 
experiments, statistical tests utilised and P values; error bars represent 
SEM).  
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Figure 5.8 The effects of immune checkpoint therapy on CD4+ T-cells 
and T-cell subsets 
(A) The percentage of CD4+ T-cells infiltrating into B16 intracranial tumours 
within the live cell population and (B) within the CD3+ 

T-cell population. (C) 
The percentage of effector CD4+ T-cells infiltrating into B16 intracranial 
tumours within the live cell population and (D) within the CD3+ 

T-cell 
population. (E) The percentage of T-Regs infiltrating into B16 intracranial 
tumours within the live cell population and (F) within the CD3+ 

T-cell 
population. (See appendix (pages 195-197) for n numbers, number of 
independent experiments, statistical tests utilised and P values; error bars 
represent SEM).  
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The CD4+ T-cell population was further sub-divided into CD4+ effector T-

cells (CD4+ FoxP3-) and T-Regs (CD4+ FoxP3+) (Figure 5.3; Table 5.1).  

Percentages of both CD4+ effector T-cells and T-Regs within the total cell 

population increased significantly in both treatment groups in comparison to 

the control groups (Figure 5.8C and E). When analysed as a proportion of 

CD3+ T-cells, T-Regs were significantly increased in intracranial tumours 

upon therapy, only in the absence of extracranial tumour. There was a 

tendency towards an increased proportion of the total CD4+ T-cell population 

as a whole and CD4+ effector T-cells in the same experimental groups 

(Figure 5.8B, D and F). When the activation state of these CD4+ T-cell 

populations was examined, we found no alterations in the expression of the 

activation markers CD25 and CD69 across different groups (Figure 5.9).  

 

5.6 The ratio of CD8+ T-cells and CD4+ effector cells to T-Regs is 
unchanged in response to immune checkpoint therapy 

The ratio of CD8+ T-cells to T-Regs was calculated by dividing the 

percentage of CD8+ cells within the CD3+ population by the percentage of T-

Regs within the CD3+ population for each individual mouse. There were no 

statistically significant differences between any of the groups. Nevertheless, 

there was a tendency towards a decrease in the CD8+ T-cell:T-Reg ratio 

between control and treatment groups (Figure 5.10A).  

 

The ratio of CD4+ effector cells to T-Regs was calculated by the same 

method. While there were no significant changes in the CD4+ effector T-

cell:T-Reg ratio between the groups, there did seem to be a slight tendency 

towards a decrease in the treatment group with intracranial and flank 

tumours compared to the other three groups (Figure 5.10B).  
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Figure 5.9 The effects of immune checkpoint therapy and extracranial 
tumours on CD25+ CD4+ T-cells and CD69+ CD4+ T-cells 
(A) The percentage of CD25+ CD4+ T-cells infiltrating into B16 intracranial 
tumours within the CD4+ population. (B) The percentage of CD25+ CD4+ 
effector T-cells infiltrating into B16 intracranial tumours within the CD4+ 
effector T-cell population. (C) The percentage of CD25+ T-Regs infiltrating 
into B16 intracranial tumours within the T-Reg population. (D) The 
percentage of CD69+ CD4+ T-cells infiltrating into B16 intracranial tumours 
within the CD4+ population. (E) The percentage of CD69+ CD4+ effector T-
cells infiltrating into B16 intracranial tumours within the CD4+ effector T-cell 
population. (F) The percentage of CD69+ T-Regs infiltrating into B16 
intracranial tumours within the T-Reg population. (See appendix (pages 197-
199) for n numbers, number of independent experiments, statistical tests 
utilised and P values; error bars represent SEM).  
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Figure 5.10 The effects of immune checkpoint therapy and extracranial 
tumours on effector:regulatory T-cell ratios  
(A) The effects of anti-PD-1 and anti-CTLA-4 on the intracranial tumour ratio 
of CD8+ T-cells:T-Regs. (B) The effects of anti-PD-1 and anti-CTLA-4 on the 
intracranial tumour ratio of CD4+ effector T-cells:T-Regs. (See appendix 
(page 199) for n numbers, number of independent experiments, statistical 
tests utilised and P values; error bars represent SEM).  
 
 

5.7 NK cell infiltration is unaltered by immune checkpoint therapy or 
extracranial tumour 

One of the other main components of the CD45+ population that was 

investigated due to its importance in the earlier depletion studies (Chapter 4) 

was the NK cell population (Figure 5.1). When the intracranial tumours were 

analysed by flow cytometry there were no discernible differences in the 

percentage of NK cells detected between any of the groups (Figure 5.11A). 

Conversely, a significant decrease in NK cells was seen within the CD45+ 

population in mice with an intracranial and flank tumour receiving treatment, 

as compared to the two control groups (Figure 5.11B). Moreover, the 

percentage of NK cells within the CD45+ population appeared to be slightly, 

although non-significantly, decreased upon therapy in the absence of an 

extracranial tumour. 
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Figure 5.11 The effects of immune checkpoint therapy and extracranial 
tumours on total number and activation status of NK cells 
(A) The percentage of NK cells infiltrating into B16 intracranial tumours 
within the live cell population and (B) in the CD45+ 

population. (C) The 
percentage of CD107a+ NK cells infiltrating into B16 intracranial tumours 
within the NK cell population. (D) The expression of CD107a on NK cells 
shown as MFI. (E) The percentage of CD11b+ CD27+ NK cells infiltrating into 
B16 intracranial tumours within the NK cell population. (F) The expression of 
CD27 on NK cells shown as MFI. (See appendix (pages 200-201) for n 
numbers, number of independent experiments, statistical tests utilised and P 
values; error bars represent SEM).  
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The activation state of the NK cells was first investigated by looking at the 

surface expression of CD107a (Figure 5.12) as this has been shown to be a 

functional marker on activated NK cells347. Cell-surface expression of 

CD107a indicates cytotoxic activity, as this protein relocates to the cell 

surface after degranulation has taken place. There were, however, no 

significant differences in CD107a expression between the groups when the 

percentage of CD107a+ NK cells was examined (Figure 5.11C). There did 

appear to be a tendency towards a decrease in the percentage of CD107a+ 

cells within the NK cell population in mice with intracranial and flank tumours 

receiving treatment, as compared to the remaining groups. Additionally, 

there were no changes to the MFI levels of CD107a between the groups 

(Figure 5.11D). 

 

 

 

Figure 5.12 Representative plots for CD107a+ NK cells and CD11b+ 
CD27+ NK cells 
The NK population was defined by gating on the CD3-, NKp46+ and DX5+ 
population. The NK cell population was divided into two subsets based on 
the expression of CD107a and the co-expression of CD11b and CD27. 
 

 

 

NK cells that are double positive for CD11b and CD27 have been shown to 

have a greater effector function348.  In the present study, the majority of NK 

cells found within the intracranial tumour were of the CD11bhigh CD27high 

phenotype, which is associated with an increased effector function348 (Figure 
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5.12). When these populations were examined as a proportion of the total 

NK cell population, there was a significant decrease (~10%) in CD11b+ 

CD27+ NK cells in mice with an intracranial and flank tumour receiving 

treatment when compared to mice with an intracranial tumour only receiving 

treatment (Figure 5.11E).  There were, on the other hand, no changes to the 

CD27 expression levels on the NK cells across the groups (Figure 5.11F). 

 

5.8 Immune checkpoint therapy and extracranial tumour synergise to 
increase microglia infiltration, while the therapy alone can increase 
macrophage infiltration into the intracranial tumour 

The final main populations that made up the CD45+ population within the 

intracranial tumours were the macrophages and the microglia (brain-resident 

macrophages349). As demonstrated in Figure 5.1, macrophages and 

microglia were distinguished based on their surface marker expression. Both 

cell types express CD45, CD11b and F4/80; however, macrophages are 

CD45high, whereas microglia are CD45low 11.  

 

It was found that the percentage of microglia within intracranial tumours 

significantly increased (~two-fold) in mice with an intracranial and flank 

tumour receiving treatment, in comparison to the other groups (Figure 

5.13A). On the contrary, when examined as a percentage of the CD45+ 

population there appeared to be a non-significant tendency towards a 

decrease in microglia in this group as compared to other groups (Figure 

5.13B).  

 

MHC II expression on microglia was investigated to indicate the antigen-

presenting capabilities of these cells (Figure 5.14). The total percentage of 

MHC II+ microglia increased significantly (~two-fold) within the live cell  
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Figure 5.13 The effects of immune checkpoint therapy and extracranial 
tumours on microglia and their expression of MHC II 
(A) The percentage of microglia infiltrating into B16 intracranial tumours 
within the live cell population and (B) within the CD45+ 

population. (C) The 
percentage of MHC II+ microglia infiltrating into B16 intracranial tumours 
within the live cell population and (D) within the microglia population. (E) The 
expression of MHC II on microglia shown as MFI. (See appendix (pages 
202-203) for n numbers, number of independent experiments, statistical 
tests utilised and P values; error bars represent SEM).  
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population in mice bearing an intracranial and flank tumour receiving 

treatment (Figure 5.13C). However, the percentage of MHC II+ cells within 

the microglia population remained unchanged, as did the expression level 

for MHC II as represented by MFI (Figure 5.13D and E). Yet, there was a 

non-significant trend for the MFI to be higher in the treatment group of mice 

with an intracranial and flank tumour.  

 

In the case of macrophages, there was a significant increase (~two-fold) in 

the percentage of macrophages within the intracranial tumours of treated 

mice bearing intracranial and flank tumours, as compared to mice in the two 

control groups (Figure 5.15A). While not statistically significant, there was a 

tendency in the treatment group of mice bearing only an intracranial tumour 

to have a higher percentage of macrophages than the two control groups. 

When the macrophages were analysed as a percentage of the CD45+ 

population, there were no significant changes observed between the groups 

(Figure 5.15B). Conversely, there was a trend towards increased 

percentages of macrophages in the two control groups.  

 

 

 

Figure 5.14 Representative plots for MHC II
+
 microglia and MHC II

+
 

macrophages 
The MHC II

+
 population was gated on within the macrophage and microglia 

populations. 
 

 



- 128 - 

 

 

 

 

 
Figure 5.15 The effects of immune checkpoint therapy and extracranial 
tumours on macrophages and their expression of MHC II 
(A) The percentage of macrophages infiltrating into B16 intracranial tumours 
within the live cell population and (B) within the CD45+ 

population. (C) The 
percentage of MHC II+ macrophages infiltrating into B16 intracranial tumours 
within the live cell population and (D) within the macrophage population. (E) 
The expression of MHC II on macrophages shown as MFI. (See appendix 
(pages 203-205) for n numbers, number of independent experiments, 
statistical tests utilised and P values; error bars represent SEM).  
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The MHC II expression on macrophages was also examined, in the same 

manner as the microglia (Figure 5.14). It was found that the mice in the 

treatment groups had an increased percentage (~two-fold) of MHC II+ 

macrophages within the live cell populations as compared to control groups 

(Figure 5.15C). These alterations were statistically significant between 

treated mice bearing an intracranial and flank tumour and the two control 

groups. In addition, the increase in treated mice with an intracranial and 

flank tumour was significant in comparison to the two control groups was. 

When the MHC II+ population was examined within the macrophage 

population the analysis revealed no significant changes amongst the groups 

(Figure 5.15D). Likewise, while there were no significant changes in the 

levels of MHC II expression on macrophages (Figure 5.15E); however, there 

were clear differences in the MHC II expression levels between 

macrophages and microglia. Macrophages tended to have an increased 

MHC II expression over the microglia and these differences were 

independent of treatment and flank tumour status.     

  

5.9 Immune checkpoint therapy and extracranial tumours alter the 
infiltration of immune cells into intracranial tumours by different means 

As summarised in Figure 5.16, extracranial tumours themselves have no 

influence over the infiltration of immune cells into intracranial tumours. This 

is not the case for immune checkpoint therapy, as macrophages, T-Regs 

and CD4+ effector T-cells were increased within intracranial tumours upon 

therapy in the absence of extracranial tumours. Nevertheless, it is evident 

that there are some underlying synergistic mechanisms involving the 

checkpoint therapy and extracranial tumours that resulted in the increased 

infiltration of CD8+ T-cells and microglia into the tumour. 
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Figure 5.16 Summary of the effects of immune checkpoint therapy and 
extracranial tumours on immune cells infiltrating into intracranial 
tumours 
Average percentages of each of the immune cell populations examined 
within the live cell population that infiltrated into B16 intracranial tumours. 
 

 

5.10 Discussion 

One of the first observations made was the general increase in CD45+ cells 

in intracranial tumours of mice with intracranial and flank tumours that 

received the combination of anti-PD-1 and anti-CTLA-4. This was in-line with 

previous reported increases in immune cells as a requirement for effective 

immune checkpoint therapy199,350. In the present study, an interesting finding 

was the role of the extracranial tumour with regards to the therapeutic 

efficacy in the brain. While extracranial tumours alone had no effect on 

immune cell infiltration into intracranial tumours, they were clearly essential 

for effective immune checkpoint therapy. Likewise, when a flank tumour was 

absent there was only a fairly modest increase in CD45+ cells in the 

intracranial tumour when treatment was administered. This would suggest 

that extracranial tumours have a systemic function that is necessary for 

CD8+ T-cells and microglia to infiltrate into the brain in the context of immune 

checkpoint therapy. This hypothesis would disagree with the findings by 

Reardon et al. who showed an increase in tumour-infiltrating immune cells in 

an orthotopic glioma model in response to anti-PD-1 plus anti-CTLA-4240. 
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This difference may be due to the noted responses being tumour type-

dependent. It is also known that variations in cytokine milieu are responsible 

for differences in immune cell infiltration351. 

 

Taking into account the functional data from the cell depletion studies 

(Chapter 4) and the data from this chapter, increased intracranial infiltration 

of CD8+ T-cells upon therapy in mice with extracranial and intracranial 

tumours was most likely one of the major factors responsible for the 

therapeutic efficacy. This would be in line with a number of the other studies 

which showed the essential role of CD8+ T-cells in immune checkpoint 

therapy in their respective models176,193,209,231,288.  

 

When the CD8+ T-cell population was explored in more detail, there were no 

changes to the percentage of CD25+ or CD69+ cells within the CD8+ T-cell 

population. This indicates that this T-cell population as a whole is not 

becoming more activated but simply increasing in number. When the 

inhibitory markers PD-1 and TIM-3 were examined, the same observations 

were made.  A combination of these markers have been associated with the 

most inhibited and exhausted CD8+ T-cells195,231,340.  When the proportion of 

the PD-1+ and TIM-3+ cells within the CD8+ T-cell population was 

scrutinised, there were no variations between the groups. This would, again, 

insinuate that the overall phenotype of the CD8+ T-cell population remains 

unaffected. There was, on the other hand, a significant increase in PD-1+ 

CD8+ T-cells in the control group of mice with intracranial and flank tumours 

when compared to the control group of mice with only an intracranial tumour. 

This would suggest that extracranial tumours may be systemically increasing 

the expression of PD-1 on CD8+ T-cells. Cytokine and gene expression 

analysis may be able to give a clearer picture on how much influence the 

extracranial disease has over the intracranial tumour in this regard. 

 

Another marker that has been strongly associated with the exhausted T-cell 

phenotype is EOMES231,345,352. EOMES+ cells are described as expressing a 

number of inhibitory markers and have an extremely limited ability to 
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proliferate352.  It has, however, been suggested that this can be reversed 

through immune checkpoint therapy231. While there was no change in the 

percentage of EOMES+ cells within the CD8+ populations studied, there was 

a small decrease, although non-significant, in EOMES expression, which 

could indicate these cells are being, in some way, released from their 

inhibition. Conversely, it should also be taken into consideration that EOMES 

is not solely associated with T-cell inhibition. It has been demonstrated 

through KO models that EOMES, along with T-box transcription factor 

TBX21 (T-Bet), is essential for CD8+ T-cells to successfully infiltrate into 

tumours346. As a result, it is difficult to make a solid conclusion over whether 

the expression of EOMES is beneficial or a hindrance in the context of our 

therapy.  

 

Ki67 and granzyme B have been associated with effective immune 

checkpoint therapy due to the increased proliferation and effector 

phenotype231 that their expression results in. It has been suggested that 

CD8+ T-cells which express PD-1 and EOMES, while co-expressing Ki67 

and granzyme B, represent a reinvigorated CD8+ T-cell population that has 

overcome the suppressive tumour microenvironment231. This subset of cells 

was not found in this study, suggesting other mechanisms may be involved 

within the brain. In addition, there was no change in the overall expression of 

these markers between the groups. This would suggest the phenotype of the 

intracranial infiltrating CD8+ T-cell population is unaffected by immune 

checkpoint therapy and that the therapeutic effect seen is a result of the 

increase in CD8+ T-cell infiltration.       

 

As demonstrated in the previous chapter, CD4+ T-cells were not a crucial 

population required for effective immune checkpoint therapy within the brain. 

Interestingly, the treatment caused an increase in CD4+ T-cell infiltration that 

was independent of the presence of the flank tumour. This increase was 

seen in both the CD4+ effector T-cell population and that of the T-Regs. The 

increase in the CD4+ effector T-cells has been documented by Curran et al. 

in an intradermal B16 model using the combination of anti-CTLA-4, anti-PD-
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1 and anti-PD-L1209. Their findings, in relation to T-Regs, conversely differ 

from the finding of the present study as it is claimed that this particular anti-

CTLA-4 clone has a T-Reg-depleting function, which has also been 

replicated in other studies209,353,354. In spite of this, there has been another 

study using a human HER2-expressing orthotopic breast cancer cell line 

model that also found an increase in T-Regs when using the combination of 

T-DM1, anti-PD-1 and anti-CTLA-4280. This occurrence may be due to a 

number of reasons, such as tumour type, tumour location, tumour burden 

and mouse strain. The tumour location may be an important factor in this 

study as the BBB may have restricted access of antibodies to the tumour, 

thereby hindering intratumoural T-Reg depletion. It should also be taken into 

consideration that the T-Reg-depletion claims stem from analysis of the 

percentage of T-cells within the TIL population rather than within the total 

cell population. This could be misleading, as changes within the TIL 

population may not be a true reflection of changes within the TME as a 

whole. The reported decrease in T-Reg numbers may have been a result of 

the increase in CD8+ T-cells within the TIL population and taking into 

account total cell population, may have resulted in a different conclusion. 

The one thing that is clear in our model is that the increase in CD4+ T-cells is 

a result of the combination treatment and independent of the extracranial 

disease. 

 

When the cell-surface expression of CD69 was examined within each 

specific CD4+ T-cell type, there were no changes between the groups. This 

would, again, suggest that the overall phenotype of the cells remains 

unchanged after checkpoint therapy. 

 

It has been proposed that the intratumoural effector T-cell (CD4+ and CD8+): 

regulatory T-cell ratio can be an indication of effective immune checkpoint 

therapy93,209. This was not the case in this study as the ratios remained 

unaltered between different groups, including that in which intracranial 

therapeutic efficacy was observed. Similarly, no changes in CD4+ effector T-

cell:T-Reg ratios were observed in the study using the human HER2-
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expressing orthotopic breast cancer cell line that saw a therapeutic effect 

when treating with T-DM1, anti-PD-1 plus anti-CTLA-4280.  This would 

suggest that while these ratios may be a potential gauge for a successful 

treatment, they are not an absolute indicator; however, this analysis in our 

study was performed at the terminal timepoint for the majority of the mice 

and analysis at earlier timepoints may have revealed changes between the 

groups. 

 

One surprising finding from analysis of the tumour-infiltrating immune cells 

was the resulting data from the NK cells. Surprisingly, there was no 

fluctuations in the percentage of intracranial NK cells between any of the 

groups, despite their obvious importance for the efficacy of treatment, as 

demonstrated in the cell depletion studies detailed in the previous chapter. It 

should be noted that while there was a significant decrease in NK cells as a 

percentage of CD45+ cells in the intracranial and flank treatment group, this 

is simply a consequence of the increase in other cell populations. Even 

though the only other report to date showing effective immune checkpoint 

therapy in the brain described an increase in the infiltration of NK cells240, 

this may not always be beneficial. One study has shown that the cytokine 

milieu within the  TME is able to convert NK cells into MDSCs as a 

mechanism of immune evasion355. Since the study used the pancreatic TC-1 

cell line, it is unclear whether this phenomenon is cell line-specific or would 

translate into our MBrM model. Gene expression analysis could help make 

this clearer, as tumour-derived GM-CSF has been to be an instigator of this 

process355. Further NK cell and MDSC phenotyping would also help shed 

some light on whether this process was taking place.   

 

In our study, in addition to the number of NK cells remaining unchanged, 

there were no variations in their expression of the activation markers, 

CD107a and CD27. This was, again, unexpected, due to the important role 

that NK cells had in this therapy, as demonstrated in the cell depletion 

studies. This lack of change observed for NK cells is most likely due to the 

limited choice of activation markers analysed. On the other hand, while the 
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expression of particular markers can be a useful indicator of a cell’s 

activation state, ex vivo functional studies may prove to be more informative. 

 

Despite the exact role of bone marrow-derived macrophages remaining 

unclear from the depletion studies, the flow cytometry data did provide some 

interesting results concerning macrophages and their brain-resident 

counterparts, the microglia. Both of these populations substantially 

increased in the mice with an intracranial and flank tumour receiving 

treatment compared to the other groups. Additionally, there were no 

changes to the MHC II expression levels between the groups, suggesting 

treatment did not increase their antigen-presentation ability but simply 

increased the total numbers of these cells. 

 

Due to the lack of immunotherapy-based research carried out on brain 

tumours, it is difficult to make conclusions about the role of microglia and 

macrophages, especially as the only published work in this field neglects 

these populations240. There has been some research into the role of 

microglia as APCs; however, it has been reported elsewhere that while 

microglia are able to be functional APCs they are not as well-equipped for 

this purpose as macrophages11,293. Conversely, one cell marker is not 

sufficient to make a definitive conclusion on the phenotype of these cells. It 

is known that macrophages can express various makers suggesting, 

suggesting these cells have pro- and anti-tumourigenic properties11. 

Therefore, a more detailed screening would be needed to shed some light 

on the role that they play in immune checkpoint therapy. 

 

One aspect of immune checkpoint therapy that has been widely discussed is 

the issue of why some patients and mice respond to the therapy and others 

do not231,288,290. It has been suggested that the expression of certain markers 

can separate responders from non-responders231,288. This was not possible 

in this study, as the phenotype of the intracranial infiltrating cells remained 

unaltered in mice receiving treatment. It should be noted that these tumours 

are within an organ that has been described as immune-privileged293 and it 
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is known there are substantial differences between tumour sites. As 

previously mentioned, gene expression data may help to isolate possible 

predictive markers. 

 

As described beforehand in Chapter 3, our treatment prevented the majority 

of flank tumours from developing and growing. While this was beneficial from 

a therapeutic aspect, it did prevent the analysis of these tumours, making 

comparison between the two tumour sites impossible. As mentioned 

previously, there were always some mice that did not respond to the 

treatment so it would not be appropriate to compare their flank tumour to 

their intracranial tumour where a therapeutic difference was seen. 

Correlation or differences between the sites may still be possible if the 

tumours were to be examined at the gene expression level, as significantly 

less tissue would be required in comparison to flow cytometry.  

 

Even though a considerable number of cell markers were investigated in this 

study, there are still a number of others that would be beneficial for future 

analysis. For example, DCs, MDSCs, neutrophils and B-cells were not 

included in this analysis and DCs, B-cells and neutrophils have been shown 

to express PD-1199,356,357; it would, therefore, be possible for them to be 

affected in some manner by an anti-PD-1 antibody. It has been suggested 

by one clinical study that tumours with a high infiltration of MDSCs may not 

respond to immunotherapies. Further analysis of the tumour-infiltrating cells 

would be needed to determine if this applies to the intracranial tumours in 

our model130. Additionally, studies have demonstrated a decrease in the 

MDSC population in response to immune checkpoint therapy295; something 

that could be examined in the context of the MBrM model in the future.  

 

Although it is now universally accepted that PD-L1 expression can only 

poorly predict  the response to immune checkpoint therapy289,290, it could still 

provide useful information. PD-L1 expression is not limited to tumour cells, it 

has been found to be expressed on T-cells, B-cells, DCs and 

macrophages357,358 in humans and mice. PD-L1 expression levels may 
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reveal more information on such populations as macrophages, which could 

have a positive or negative effect on tumour growth and immune checkpoint 

therapy. It would also be interesting to investigate whether extracranial 

disease has any influence over the expression of PD-L1 on intracranial cells, 

possibly resulting in positive or negative changes to levels of 

immunosuppression.  

 

As an aside, anti-TIM-3 treatment has been shown to be effective in 

preclinical models and is currently being used in clinical trials195,340,359. 

Furthermore, there has been a population of T-Regs described which 

express TIM-3 that have been associated with a highly suppressive function 

and are only found in tumour360. This could further strengthen the case of 

using an anti-TIM-3 therapeutic and provide a rationale to include anti-TIM-3 

into our treatment regime, in spite of TIM-3 expression remaining unaltered 

in our hands.   

 

In summary, this chapter demonstrates that whilst there seemed to be an 

increase in the infiltration of CD8+ T-cells into the intracranial tumours of 

mice with an intracranial and flank tumour receiving treatment, there were no 

changes to their phenotype, in terms of their expression of such markers as: 

CD69, CD25, Granzyme B, PD-1, EOMES, TIM-3 and Ki67. While CD4+ T-

cell infiltration increased with treatment independent of flank tumour status, 

NK cell infiltration remained unaltered across all groups. Additionally, there 

was an increase in the infiltration of microglia and macrophages into the 

intracranial tumours of mice also bearing a flank tumour and receiving 

treatment, although there were no changes to their MHC II expression 

levels. 
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Chapter 6 

6.1 Introduction 

As described in the previous chapters, a number of immune cell populations 

were identified as essential facilitators for effective immune checkpoint 

therapy within the brain.  

 

The systemic effects of the treatment are also of interest, due to the nature 

of the therapy. The system-wide effects of immunotherapies are of particular 

importance when it comes to tolerability, due to the increase in irAEs. 

Likewise, examining the systemic changes in response to immune 

checkpoint therapy may reveal markers that could act as biomarkers and 

possibly predict the overall outcome. Moreover, peripheral changes in 

immune cells may be indicative of overall mechanisms responsible for 

therapeutic efficacy. 

 

This chapter will focus on the systemic effects of immune checkpoint therapy 

by investigating the immune cell populations within the blood, lymph nodes 

and spleen. The functional capacity of some of these cells will also be 

explored in the search for a potential mechanism behind the therapy. Lastly 

preliminary investigations into potential alterations of the vasculature of the 

brain metastases upon anti-PD-1 and anti-CTLA-4 therapy will be 

performed, as this may affect the trafficking of T-cells into the brain. 

 

6.2 Immune checkpoint therapy increases circulating T-Regs 

Blood samples were taken from mice on day 11 (Figure 3.7), before the final 

dose of treatment was administered. Flow cytometry analysis revealed that 

there were no changes, upon therapy or due to the presence of the 

extracranial tumour, to the percentage of NK cells and CD3+ T-cells within 

the CD45+ population (Figure 6.1A and B). When the CD3+ T-cell population 

was further examined, there were no changes to the percentage of CD8+ T- 
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Figure 6.1 Effects of immune checkpoint therapy on immune cells in 
the blood of mice in the presence and absence of a flank tumour 
Blood samples taken from mice were processed and analysed by flow 
cytometry for: (A) NK cells, (B) CD3+ T-cells, (C) CD8+ T-cells, (D) PD-1+ 
CD8+ T-cells, (E) CD4+ T-cells, (F) CD4+ effector T-cells and (G) T-Regs. 
(See appendix (pages 205-207) for n numbers, number of independent 
experiments, statistical tests utilised and P values; error bars represent 
SEM).  
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cells and the percentage of PD-1+ CD8+ T-cells (Figure 6.1C and D). 

Conversely, as seen in the intracranial tumours, there was a significant 

increase in CD4+ T-cells in both treatment groups (Figure 6.1E). Looking 

within the CD4+ T-cell population, this increase did not come from the CD4+ 

effector cells but from the T-Regs (Figure 6.1F and G). 

 

6.3 CD8+ T-cells in the cervical lymph nodes have an increased 
expression of PD-1 in response to treatment 

Although it was previously believed the brain was devoid of a lymphatic 

system, there is now evidence of lymphatic vessels in the brain140,294; 

likewise, it is known that these vessels drain to the DCLNs140,361. For this 

reason, it was decided to analyse these lymph nodes in the mice used in our 

model. 

 

There were no discernible differences between the number of cells collected 

from the lymph nodes between the groups in response to treatment or the 

presence of the flank tumour (Figure 6.2A). Flow cytometry was used to 

further analyse the T-cell population within the lymph nodes. There were no 

significant changes to the CD3+ T-cell population as a whole between the 

groups (Figure 6.2B); similarly, within the CD3+ T-cell population there were 

no changes to the percentage of CD8+ T-cells (Figure 6.2C). Nonetheless, 

there was an increase in the PD-1+ CD8+ T-cell population in the mice within 

the two treatment groups in comparison to the control groups (Figure 6.2D). 

This difference, however, was only significant between the mice with 

intracranial and flank tumours in the control group and the two treatment 

groups, although, there was a trend for the mice in the control group with 

intracranial tumours only to have fewer PD-1+ CD8+ T-cells. 

 

In the case of the CD4+ T-cells, there were no significant differences 

between the groups, even though there was a trend for the mice in the 

control group with intracranial tumours only to have fewer CD4+ T-cells 

(Figure 6.2E). This was again seen when the CD4+ effector T-cells were  
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Figure 6.2 Effects of immune checkpoint therapy on immune cells in 
the DCLNs in the presence and absence of a flank tumour 
DCLNs were harvested from mice and analysed for: (A) Total number of 
cells, (B) CD3+ T-cells, (C) CD8+ T-cells, (D) PD-1+ CD8+ T-cells, (E) CD4+ 
T-cells, (F) CD4+ effector T-cells and (G) T-Regs. (See appendix (pages 
207-209) for n numbers, number of independent experiments, statistical 
tests utilised and P values; error bars represent SEM). 
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examined. Nonetheless, on this occasion there was a significant decrease in 

CD4+ effector T-cells between the control group with intracranial tumours 

only and the control group with flank and intracranial tumours.  Following the 

tendency seen in the blood and tumour analyses, there was an increase in 

the percentage of T-Regs within the CD3+ T-cell population in the treatment 

groups as compared to the control groups. The difference in this instance 

was not statistically significant. 

 

6.4 Immune checkpoint inhibition affects the immune cell populations 
within the spleen 

As a lymphatic organ that has roles in both innate and adaptive immune 

responses, the spleen is often used to examine the systemic functions of the 

immune system in vivo362. There was an increase in the number of cells 

within the spleen upon immune checkpoint inhibition in comparison to the 

non-treated mice (Figure 6.3A) that was only significant between the 

treatment group of mice with an intracranial tumour only and the two control 

groups.  

 

There appeared to be a small, yet non-significant, decrease in the 

percentage of CD3+ T-cells upon treatment in comparison to the control 

groups (Figure 6.3B). The same trend was observed for the CD8+ T-cells, 

with a statistically significant increase observed in the control group of mice 

with intracranial and flank tumours compared to the two treatment groups 

(Figure 6.3C). Phenotypic analysis of the CD8+ T-cells did not reveal any 

changes between the groups in terms of the percentage of CD25+, CD69+ 

and PD-1+ CD8+ T-cells (Figure 6.3D, E and F).  

 

When the percentage of CD4+ T-cells were examined, there was found to be 

a significant increase in both treatment groups as compared to the two 

control groups (Figure 6.4A). Phenotypic analysis showed no difference 

between the groups in the percentage of CD25+ cells (Figure 6.4B). On the 

other hand, there was an increase, albeit a non-significant one, in CD69+  
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Figure 6.3 Effects of immune checkpoint therapy on CD8+ T-cells within 
the spleen of mice in the presence and absence of a flank tumour 
Splenocytes from mice were harvested and analysed for: (A) Total number of 
splenocytes, (B) CD3+ T-cells, (C) CD8+ T-cells, (D) CD25+ CD8+ T-cells, (E) 
CD69+ T-cells, and (F) PD-1+ CD8+ T-cells. (See appendix (pages 210-211) 
for n numbers, number of independent experiments, statistical tests utilised 
and P values; error bars represent SEM). 
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Figure 6.4 Effects of immune checkpoint therapy on CD4+ T-cells within 
the spleen of mice in the presence and absence of a flank tumour 
Splenocytes from mice were harvested and processed for flow cytometry 
analyses of: (A) CD4+ 

T-cells, (B) CD25+ CD4+ T-cells, (C) CD69+ CD4+ T-
cells, (D) CD4+ effector T-cells (E) CD25+ CD4+ effector T-cells, (F) CD69+ 
CD4+ effector T-cells, (G) T-Regs (H) CD25+ T-Regs and (I) CD69+ 

T-Regs. 
(See appendix (pages 212-214) for n numbers, number of independent 
experiments, statistical tests utilised and P values; error bars represent 
SEM). 
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cells in treatment groups compared to the control groups (Figure 6.4C). As 

with the CD4+ effector cells, there were no changes to percentage of these 

cells (Figure 6.4D) or the percentage of CD25+ cells within this population 

(Figure 6.4E). There was, however, a trend for an increase in CD69+ CD4+ 

effector cells in the treatment groups compared to the control groups (Figure 

6.4F). The percentage of T-Regs within the CD3+ population significantly 

increased in mice bearing intracranial and flank tumours receiving treatment 

(Figure 6.4G), as previously seen within intracranial tumours and blood. 

While there were no changes to the percentage of CD25+ T-Regs in 

response to treatment or the presence of an extracranial tumour (Figure 

6.4H), there was a tendency for the control group of mice with intracranial 

and flank tumours to have a higher percentage of CD69+ T-Regs compared 

to the other groups (Figure 6.4I). 

 

In addition, there was a strong trend towards a lower percentage of NK cells 

in the spleens of mice with intracranial and flank tumours receiving the 

treatment, when compared to the three remaining groups (Figure 6.5A). 

Nonetheless, the percentage of CD107a+ and CD27+ NK cells remained 

unaltered between the groups (Figure 6.5B and C). 

 

6.5 Immune checkpoint therapy increases the activation potential of 
splenocytes 

Even though the percentages of particular immune cell populations are 

informative when it comes to an effective immunotherapy, the ability for 

these cells to initiate a response to a stimulus is just as - or even more 

important than - cell numbers. To investigate this, splenocytes were 

stimulated with a cocktail of phorbol 12-myristate 13-acetate, ionomycin, 

brefeldin A, monensin and in the presence of a protein-export inhibitor 

overnight and profiled by flow cytometry for their ability to produce IFN-γ, 

TNF-α and granzyme B (Figure 6.6). 
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Figure 6.5 Effects of immune checkpoint therapy on NK cells within the 
spleen of mice in the presence and absence of a flank tumour 
Splenocytes from mice were harvested and processed for flow cytometry 
analyses of: (A) NK cells, (B) CD107a+ NK cells and (C) CD11b+ CD27+ NK 
cells. (See appendix (page 215) for n numbers, number of independent 
experiments, statistical tests utilised and P values; error bars represent 
SEM). 
 

 

There was a strong trend towards an increase in IFN-γ+ CD8+ T-cells in mice 

with intracranial and flank tumours receiving treatment compared to the 

other groups (Figure 6.7A). Similar trends were observed in the TNF-α+ 

CD8+ T-cells and this time the increase in the treatment group of mice with 

intracranial and flank tumours was significantly increased compared to the 

two groups of mice with intracranial tumours only (Figure 6.7B). With 

granzyme B+ CD8+ T-cells, there appeared to be an increase in the 

percentage of these cells in mice with intracranial and flank tumours when 

compared to mice with intracranial tumours alone; the difference between 

the two treatment groups being statistically significant (Figure 6.7C). In 

contrast, the expression levels of these markers were relatively unchanged, 

with the exception of a significant increase in granzyme B levels in the 

control group of mice with intracranial and flank tumours compared to mice 

with intracranial tumours only receiving the treatment (Figure 6.7D-F). 
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Figure 6.6 Representative flow cytometry plots for ex vivo-stimulated 
splenocytes 
CD8

+
 T-cells were gated upon and the IFN-γ+, TNF-α+ and Granzyme B

+ 

sub-populations were selected within the CD8+ T-cell population. 
 

 

 

 

There was an increase in IFN-γ+ CD4+ T-cells in mice with intracranial and 

flank tumours receiving treatment in comparison to the other groups (Figure 

6.8A). The difference, however, was only significant when compared to the 

control group of mice with intracranial tumours alone. Conversely, there 

were no changes between the groups in the percentage of TNF-α+ CD4+ T-

cells (Figure 6.8B). There was a significant increase in the percentage of 

granzyme B+ cells in mice bearing intracranial and flank tumours receiving 

treatment when compared to the other three groups (Figure 6.8C). There 

was also a trend towards an increase in the percentage of granzyme B+ cells 

in mice with intracranial tumours alone receiving treatment when compared 

to the control group of mice with an intracranial tumour only. While the 
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expression levels of IFN-γ and TNF-α remained unchanged, there was a 

significant increase in the expression levels of granzyme B in mice with 

intracranial and flank tumours receiving the treatment compared to the other 

groups (Figure 6.8D-F). 

 

The NK cells, on the other hand, did not show the same responses. There 

were no changes to the percentage of  IFN-γ+ or TNF-α+ NK cells across the 

groups (Figure 6.9A and B). However, there was an increase in granzyme B+ 

NK in both groups of mice with intracranial and flank tumours compared to 

mice with intracranial tumours alone receiving treatment (Figure 6.9C). As 

with the expression level of IFN-γ, there was a tendency for mice in the 

control group bearing intracranial and flank tumours to have an increase in 

TNF-α MFI compared to the other groups (Figure 6.9D and E). Additionally, 

the expression levels of granzyme B significantly increased in the NK cells of 

mice with intracranial and flank tumours receiving the treatment compared to 

both groups of mice with intracranial tumours only (Figure 6.9F). 
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Figure 6.7 Potential of ex vivo-stimulated CD8+ T-cells to elicit an anti-
tumour response 
Spleens from mice were harvested, stimulated ex vivo with phorbol 12-
myristate 13-acetate, ionomycin, brefeldin A, monensin and a protein-export 
inhibitor overnight and processed for flow cytometry analyses of: (A) IFN-γ+

 

CD8+ 
T-cells, (B) TNF-α+ CD8+ T-cells, (C) Granzyme B+ CD8+ T-cells and 

their (D-F) MFIs. (See appendix (pages 216-217) for n numbers, number of 
independent experiments, statistical tests utilised and P values; error bars 
represent SEM). 
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Figure 6.8 Potential of ex vivo-stimulated CD4+ T-cells to elicit an anti-
tumour response 
Spleens from mice were harvested, stimulated ex vivo with phorbol 12-
myristate 13-acetate, ionomycin, brefeldin A, monensin and a protein-export 
inhibitor overnight and processed for flow cytometry analyses of: (A) IFN-γ+ 

 

CD4+ 
T-cells, (B) TNF-α+ CD4+ T-cells (C) granzyme B+ CD4+ T-cells and 

their (D-F) MFIs. (See appendix (pages 218-219) for n numbers, number of 
independent experiments, statistical tests utilised and P values; error bars 
represent SEM). 
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Figure 6.9 Potential of ex vivo-stimulated NK cells to elicit an anti-
tumour response 
Spleens from mice were harvested, stimulated ex vivo with phorbol 12-
myristate 13-acetate, ionomycin, brefeldin A, monensin and a protein-export 
inhibitor overnight and processed for flow cytometry analyses of: (A) IFN-γ+ 
NK cells, (B) TNF-α+ NK cells, (C) granzyme B+ NK cells and their (D-F) 
MFIs. (See appendix (pages 220-221) for n numbers, number of 
independent experiments statistical tests utilised and P values; error bars 
represent SEM). 
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6.6 Immune checkpoint therapy increases IFN-γ production by 

splenocytes  

The functional aspects of cells, such as their production of IFN-γ, can also be 

measured with methods such as ELISA and ELISpot assays. Due to its 

higher sensitivity, the ELISpot was used to examine the IFN-γ production by 

splenocytes isolated from mice of each group in both the presence and 

absence of a number of melanoma-specific stimuli. 

 

Upon analysis of the assay control wells (no stimulus), there were evident 

distinctions between the mice with intracranial and flank tumours receiving 

treatment compared to the other groups (Figure 6.10A). Once quantified, 

there was a significant increase in the average number of spots in this group 

indicating an increase in IFN-γ production in the absence of ex vivo tumour-

specific stimulation (Figure 6.10B). Moreover, there was a general trend for 

mice with intracranial tumours alone receiving treatment to have an increase 

in IFN-γ production over that observed in the two control groups.  

 

When challenged with a number of melanoma-specific stimuli (gp100 

peptide, Trp2 peptide and B16 cell lysate), there were no obvious changes 

to the IFN-γ production in comparison to non-stimulated controls in any of 

the groups (Figure 6.10C). The exception to this, however, was stimulation 

with B16 cell lysate, which proved to have an inhibitory effect and decreased 

IFN-γ production in all groups.  
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Figure 6.10 Analysis of IFN-𝛾 production by splenocytes in response to 
melanoma-specific peptides 
Spleens from mice were harvested and processed for an ELISpot assay. (A) 
Representative wells of splenocytes cultured overnight without stimulus. (B) 
Quantification of the total number of IFN-γ-producing cells when cultured 
overnight without stimulus (n= eight, eight, eight,13, respectively; statistical 
analysis carried out with one-way ANOVA with a post-hoc test for multiple 
comparisons). (C) Quantification of number of IFN-γ-producing cells when 
cultured overnight with either no stimulus, gp100 peptide, Trp2 peptide or 
B16 cell lysate from a separate experiment (n= eight, eight, eight, 13, 
respectively).  
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6.7 Tumour-specific CD8+ T-cells can be detected in the B16-ova model 

Due to the lack of an antigen-specific response observed in the B16 model, 

we decided to use the B16 cell line which expresses ovalbumin (B16-ova). 

Due to the expression of the non-mouse-protein, ova, a strong anti-tumour 

immune response can be generated with the B16-ova cell line363. It should 

be noted that due to time restraints, the experiments in the B16-ova model 

were performed only once without repetition and should be considered 

preliminary. It was, therefore, used in the MBrM model, as previously 

outlined in Figure 3.7. As observed in the B16 model, there was significant 

reduction in flank tumour growth in mice receiving treatment (Figure 6.11A). 

When the intracranial tumour burden was examined using non-invasive 

bioluminescence imaging, there was, again, a clear reduction in tumour 

burden in mice with a flank and intracranial tumour receiving treatment 

(Figure 6.11B). While this was only significant when the two treatment 

groups were compared (Figure 6.11C), the trend seen closely followed that 

seen in the B16 model (Figure 3.11C). The reduction in tumour burden was 

also confirmed during post-mortem examination (Figure 6.12).    

 

Using an ova TCR-specific pentamer that binds to the ova-specific TCR 

complex, ova-specific CD8+ T-cells can be identified using flow cytometry364 

(Figure 6.13A). When CD8+ T-cells within the intracranial tumour were 

examined, there was an increase in ova pentamer+ cells within the CD8+ T-

cell population in mice with an intracranial and flank tumour receiving 

treatment (Figure 6.13B). While this increase was only significant when this 

group was compared to control mice with only an intracranial tumour, there 

was an apparent trend when compared to the other groups. This trend was 

also observed in the blood (Figure 6.13C) and splenocytes (Figure 6.13D). 

However, the percentage of ova-pentamer+ cells was substantially higher in 

the intracranial tumours as compared to the blood and spleens. 
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Figure 6.11 The effect of a flank tumour on the intracranial tumour 
growth of B16-ova cells in mice treated with the combination of anti-
PD-1 and anti-CTLA-4  
B16-ova/Fluc cells were implanted into albino C57BL6 mice and treatment 
was administered as outlined previously in Figure 3.7. (A) Flank tumour 
measurements were taken using calipers the day following the final dose of 
treatment. Measurements were taken from two dimensions and the tumour 
volume was subsequently calculated. (B) Representative bioluminescence 
images of mice taken nine days-post intracranial implantation of cancer 
cells. (C) The fold change in luciferase signal intensity was calculated 
between day two and the day after the final dose of treatment was 
administered. (n = six, six, seven, 13, respectively; error bars represent 
SEM; statistical significance was determined by pairwise Mann-Whitney 
tests) 
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6.8 Tumour-specific CD8+ T-cells isolated from spleens have a different 
phenotype to their non-tumour-specific counterparts 

CD8+ T-cells were isolated from the spleens of mice with B16-ova tumours 

and analysed by flow cytometry for the expression of the proliferation marker 

Ki67 and the apoptosis-inducing protease, granzyme B. Analysis showed 

there was a significant increase in the percentage of Ki67+ cells within the 

CD8+ T-cell population when mice received treatment (Figure 6.14A). This 

increase was independent of the presence of an extracranial tumour and the 

same trend was seen when the expression levels of Ki67 were analysed 

(Figure 6.14B). In the case of granzyme B, there were no changes to the 

percentage of these cells within the CD8+ T-cell population or the expression 

levels amongst the groups (Figure 6.14C and D). 

 

 

 

 

Figure 6.12 Post-mortem images of mice with B16-ova/Fluc tumours 
treated with anti-PD-1 and anti-CTLA-4 in the presence and absence of 
a flank tumour 
See Figure 6.11 for experimental details. Mice were terminally perfused with 
PBS the day following the final dose of treatment and brains were removed 
for post-mortem examination. Tumours are black due to melanin secreted by 
the B16-ova melanoma cells. 
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Figure 6.13 The effects of extracranial tumour and immune checkpoint 
therapy on the B16-ova tumour-specific CD8+ T-cell population in the 
brain, blood and spleen 
(A) Tumour-specific CD8+ T-cells were gated upon based on pentamer 
staining for the ova peptide. Analysis was carried out on cells from: (B) the 
intracranial tumour, (C) the blood and (D) the spleen. (See appendix (page 
222) for n numbers, number of independent experiments, statistical tests 
utilised and P values; error bars represent SEM). See Figure 8.1 on page 
242 for example plots of pentamer+ staining. 
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Figure 6.14 The effects of extracranial tumour and immune checkpoint 
therapy on the phenotype of the CD8+ T-cell population in the spleens 
of mice with B16-ova tumours 
Spleens from mice were harvested and processed for flow cytometry 
analyses of: (A) Percentage of Ki67+ 

cells within CD8+ T-cells. (B) MFI for 
Ki67 in the CD8+ T-cell population. (C) Percentage of granzyme B+ 

cells 
within CD8+ T-cells. (D) MFI for granzyme B in the CD8+ T-cell population. 
(See appendix (pages 223-224) for n numbers, number of independent 
experiments, statistical tests utilised and P values; error bars represent 
SEM). 
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When these two markers were analysed within the ova-pentamer+ CD8+ T-

cell population, there were no changes in the percentages or expression 

levels of Ki67 and granzyme B across the groups (Figure 6.15 A, B, C and 

D). Nevertheless, changes were observed when the ova pentamer+ 

population was compared to the pentamer-negative population in mice 

bearing an intracranial and flank tumour receiving treatment. The ova-

pentamer+ population had a significantly higher percentage of Ki67+ cells 

than the pentamer-negative population (Figure 6.16A). Interestingly, the Ki67 

expression levels were significantly lower in the ova pentamer+ population 

when compared to the pentamer-negative population (Figure 6.16B). With 

granzyme B, the ova-pentamer+ population had a significantly increased 

percentage of granzyme B+ cells along with its increased expression levels, 

as compared to the pentamer-negative population (Figure 6.16C and D). 

 

We further examined a number of exhaustion-associated markers, namely 

EOMES, TIM-3 and PD-1. The percentage of EOMES+ cells and its 

expression level remained unaltered in the CD8+ T-cell population when 

compared amongst the groups, although there was a significant tendency for 

the expression level to be increased upon therapy (Figure 6.17A and B). 

There was also an evident trend for an increase in the percentage of TIM-3+ 

cells within the CD8+ T-cell population in mice receiving treatment who had 

an intracranial and flank tumour compared to the other three groups (Figure 

6.17C). This trend did not, however, correlate with the expression level of 

TIM-3, as expression levels remained unchanged amongst the groups 

(Figure 6.17D). The percentage of PD-1+ cells within the CD8+ T-cell 

population increased in mice with a flank and intracranial tumour receiving 

treatment (Figure 6.17E). This increase was only significant when compared 

to the two control groups. Like TIM-3, the expression levels of PD-1 

remained unaffected by the flank tumour and/or treatment (Figure 6.17F). 

 

As seen previously with the ova-pentamer+ CD8+ T-cells from the spleen, 

there were no changes to the exhaustion profile phenotype of the ova-  
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Figure 6.15 The effects of extracranial tumour and immune checkpoint 
therapy on the phenotype of ova pentamer+ CD8+ T-cell population in 
the spleens of mice with B16-ova tumours 
Spleens from mice were harvested and processed for flow cytometry 
analyses of: (A) Percentage of Ki67+ 

cells within the pentamer+ CD8+ T-cells. 
(B) MFI for Ki67 in the pentamer+ CD8+ T-cell population. (C) Percentage of 
granzyme B+ 

cells within the pentamer+ CD8+ T-cells. (D) MFI for granzyme 
B in the pentamer+ CD8+ T-cell population. (See appendix (pages 224-225) 
for n numbers, number of independent experiments, statistical tests utilised 
and P values; error bars represent SEM). 
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Figure 6.16 Comparison of ova-pentamer+ and ova-pentamer− CD8+ T-
cells for their expression of Ki67 and granzyme B in mice bearing an 
intracranial and flank tumour receiving treatment 
CD8+ T-cells were separated based on their ova-pentamer expression. (A) 
Percentage of Ki67+ 

cells within the pentamer+ and pentamer− CD8+ T-cells is 
shown. (B) MFI for Ki67 in the pentamer+ 

and pentamer− CD8+ T-cell 
population. (C) Percentage of granzyme B+ 

cells within the pentamer+ 
and 

pentamer−
 CD8+ T-cells is shown. (D) MFI for granzyme B in the pentamer+ 

and pentamer− CD8+ T-cell population. (See appendix (page 225) for n 
numbers, number of independent experiments, statistical tests utilised and P 
values; error bars represent SEM). 
 
 



- 163 - 

 

 

Figure 6.17 The effects of extracranial tumour and immune checkpoint 
therapy on the inhibitory phenotype of the CD8+ T-cell population in the 
spleens of mice with B16-ova tumours 
Spleens from mice were harvested and processed for flow cytometry 
analyses of: (A) Percentage of EOMES+ 

cell within the CD8+ T-cells 
population. (B) MFI for EOMES in the CD8+ T-cell population. (C) 
Percentage of TIM-3+ 

cells within the CD8+ T-cell population. (D) MFI for 
TIM-3 in the CD8+ T-cell population. (E) Percentage of PD-1+ 

cells within the 
CD8+ T-cell population. (F) MFI for PD-1 in the CD8+ T-cell population. (See 
appendix (pages 226-227) for n numbers, number of independent 
experiments, statistical tests utilised and P values; error bars represent 
SEM). 
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Figure 6.18 The effects of extracranial tumour and immune checkpoint 
therapy on the inhibitory phenotype of ova pentamer+ CD8+ T-cell 
population in the spleens of mice with B16-ova tumours 
Spleens from mice were harvested and processed for flow cytometry 
analysis of (A) Percentage of EOMES+ 

cells within the pentamer+ CD8+ T-
cell population. (B) MFI for EOMES in the pentamer+ 

CD8+ T-cell population. 
(C) Percentage of TIM-3+ 

cells within the pentamer+ 
CD8+ T-cell population. 

(D) MFI for TIM-3 in the pentamer+ CD8+ T-cell population. (E) Percentage of 
PD-1+ 

cells within the pentamer+ 
CD8+ T-cell population. (F) MFI for PD-1 in 

the pentamer+ 
CD8+ T-cell population. (See appendix (pages 228-229) for n 

numbers, number of independent experiments, statistical tests utilised and P 
values; error bars represent SEM). 
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pentamer+ CD8+ T-cells amongst the groups (Figure 6.18 A-F). There were, 

however, alterations, once again between the ova-pentamer+ and the 

pentamer-negative population within the treatment group of mice with an 

intracranial and flank tumour. The ova-pentamer+ population had a 

significantly higher percentage of cells expressing EOMES, TIM-3 and PD-1 

and with, the exception of TIM-3, increased their expression levels when 

compared to the pentamer-negative population (Figure 6.19A-F). 

 

When the functional potential of these T-cells was investigated through ex 

vivo-stimulation with a cocktail of phorbol 12-myristate 13-acetate, 

ionomycin, brefeldin A, monensin and in the presence of a protein-export 

inhibitor, there was an increase in the percentage of CD8+ T-cells producing 

IFN-γ in the treatment groups as compared to the control groups (Figure 

6.20A). This increase was significant when mice with an intracranial and 

flank tumour receiving treatment were compared to the two control groups. 

Likewise, mice with an intracranial tumour only had a significantly higher 

percentage of IFN-γ+ CD8+ T-cells when compared to the control group of 

mice bearing intracranial and flank tumours. The expression levels of IFN-γ 

remained unaffected by the presence of an extracranial tumour and/or 

treatment (Figure 6.20B). Similar trends were observed in the percentage of 

TNF-α+ CD8+ T-cells and their TNF-α expression levels (Figure 6.20C and 

D). While the treatment itself, independent of the flank tumour, appeared to 

result in an increased percentage of TNF-α+ cells, this was only significant 

when the control and treatment groups of mice bearing intracranial and flank 

tumours were compared. In contrast to these findings, granzyme B 

production was seemingly unaffected by the treatment or flank tumour 

(Figure 6.20E and F). 

 

In the case of CD4+ T-cells, the treatment resulted in an increase in the 

percentage of IFN-γ+ cells which was independent of the presence of a flank 

tumour (Figure 6.21A). Nevertheless, while this increase was significant 
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when mice with intracranial tumours only receiving treatment were compared 

to the two control groups, the increase in mice with intracranial and flank  

 

 

Figure 6.19 Comparison of ova-pentamer+ and ova-pentamer− CD8+ T-
cells for their expression of EOMES, TIM-3 and PD-1 in mice bearing an 
intracranial and flank tumour receiving treatment 
CD8+ T-cells were separated based their ova-pentamer expression. (A) 
Percentage of EOMES+ 

cells within the pentamer+ and pentamer− CD8+ T-
cells is shown. (B) MFI for EOMES in the pentamer+ and pentamer−

 
CD8+ T-

cell population. (C) Percentage of TIM-3+ 
cells within the pentamer+ and 

pentamer− CD8+ T-cells is shown. (D) MFI for TIM-3 in the pentamer+ and 
pentamer− CD8+ T-cell population. (E) Percentage of PD-1+ 

cells within the 
pentamer+ and pentamer−

 
CD8+ T-cells is shown. (F) MFI for PD-1 in the 

pentamer+ and pentamer−

 
CD8+ T-cell population. (See appendix (page 230) 

for n numbers, number of independent experiments statistical tests utilised 
and P values; error bars represent SEM). 
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Figure 6.20 Potential of ex vivo-stimulated CD8+ T-cells to elicit an anti-
tumour response from mice with B16-ova tumour 
Spleens from mice were harvested, stimulated ex vivo with phorbol 12-
myristate 13-acetate, ionomycin, brefeldin A, monensin and in the presence 
of a protein-export inhibitor overnight and processed for flow cytometry 
analysis. (A) Percentage of IFN-γ+ 

cells within the CD8+ 
T-cell population. (B) 

MFI for IFN-γ in the CD8+ 
T-cell population. (C) Percentage of TNF-α+ cells 

within the CD8+ 
T-cell population. (D) MFI for TNF-α in the CD8+ 

T-cell 
population. (E) Percentage of granzyme B+ cells within the CD8+ 

T-cell 
population. (F) MFI for granzyme B in the CD8+ 

T-cell population. (See 
appendix (pages 230-232) for n numbers, number of independent 
experiments, statistical tests utilised and P values; error bars represent 
SEM). 
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Figure 6.21 Potential of ex vivo-stimulated CD4+ T-cells to elicit an anti-
tumour response from mice with B16-ova tumour 
Spleens from mice were harvested, stimulated ex vivo with phorbol 12-
myristate 13-acetate, ionomycin, brefeldin A, monensin and in the presence 
of a protein-export inhibitor overnight and processed for flow cytometry 
analysis. (A) Percentage of IFN-γ+ 

cells within the CD4+ 
T-cell population. (B) 

MFI for IFN-𝛾 in the CD4+ 
T-cell population. (C) Percentage of TNF-α+ cells 

within the CD4+ 
T-cell population. (D) MFI for TNF-α in the CD4+ 

T-cell 
population. (E) Percentage of granzyme B+ cells within the CD4+ 

T-cell 
population. (F) MFI for granzyme B in the CD4+ 

T-cell population. (See 
appendix (pages 232-234) for n numbers, number of independent 
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experiments, statistical tests utilised and P values; error bars represent 
SEM). 
 
 

tumours receiving treatment was only significant in comparison to the 

respective control group. As with the CD8+ T-cells, there were no changes to 

the expression levels of IFN-γ in CD4+ T-cells (Figure 6.21B). There was a 

significant increase in the percentage of TNF-α+ cells in mice with an 

intracranial tumour only receiving treatment as compared to the other three 

groups (Figure 6.21C). This increase was only significant when compared to 

the treatment group with an intracranial and flank tumour. Surprisingly, there 

was a significant decrease in the expression levels of TNF-α in the treatment 

group of mice bearing an intracranial and flank tumour, when compared to 

the control group of mice with an intracranial tumour only (Figure 6.21D). 

With regards to the percentage of cells expressing granzyme B, the trend 

was the same as that for TNF-α (Figure 6.21E). However, in this case, the 

expression levels of granzyme B remained the same across the groups 

(Figure 6.21F). 

 

6.9 Immune checkpoint therapy increases the expression of homing 
receptors on CD8+ T-cells in the circulation 

CD8+ T-cells express a range of homing markers that are essential for these 

cells to carry out their cytotoxic function. CCR7 expression is essential for 

the homing of CD8+ T-cells to the lymphoid organs where they can be 

primed against specific antigens365,366. It has also been suggested that 

memory CD8+ T-cells expressing CCR7 lack an effector function until they 

home to the lymph nodes, where they will lose their CCR7 expression and 

gain an effector function365. Moreover, CCR7 has been implicated in the 

homing of T-cells to the brain367. LFA-1 is a cell surface receptor that is 

heavily involved in the recruitment of cells to sites of inflammation through 

binding of ICAM-1368. ICAM-1 is expressed by ECs and binds to the LFA-1 

receptor aiding the transmigration of CD8+ T-cells from the vasculature into 

the tissue369. VLA-4 is an integrin dimer that is expressed on T-cells and, like 

LFA-1, aids the transmigration of T-cells across the endothelium through the 
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binding of VCAM-1146,370. Likewise, models of multiple sclerosis have 

demonstrated that this mechanism is essential for T-cells to cross the 

BBB146. 

The expression of these homing receptors was investigated on CD8+ T-cells 

within the circulation (Figure 6.22). The percentage of CCR7+ cells 

significantly increased in mice receiving treatment, as compared to the 

control mice (Figure 6.23A). Additionally, the mice bearing intracranial and 

flank tumours receiving the treatment tended to have more CCR7+ cells. The 

expression levels of CCR7, however, remained unaltered (Figure 6.23B). 

While the majority of the CD8+ T-cell population expressed LFA-1, the level 

of expression was increased in mice with an intracranial and flank tumour 

receiving treatment compared to the other groups (Figure 6.23C and D); this 

increase was significant when compared to the two control groups. The 

majority of CD8+ T-cells expressed VLA-4 in all groups and had similar 

levels of expression (Figure 6.23E and F). 
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Figure 6.22 Representative flow cytometry plots for homing markers on 
CD8

+
 T-cells in the blood of mice with B16-ova tumours 

Samples of blood were collected for flow cytometry analysis of expression of 
CCR7, VLA-4 and LFA-1 
 

 

 
Figure 6.23 The effects of extracranial tumour and immune checkpoint 
therapy on the homing markers on the CD8+ T-cell population in the 
blood of mice with B16-ova tumours 
Blood samples from mice were collected and processed for flow cytometry 
analyses of: (A) Percentage of CCR7+ 

cells within the CD8+ T-cell 
population. (B) MFI for CCR7 in the CD8+ T-cell population. (C) Percentage 
of LFA-1+ 

cells within the CD8+ T-cell population. (D) MFI for LFA-1 in the 
CD8+ T-cell population. (E) Percentage of VLA-4+ 

cells within the CD8+ T-cell 
population. (F) MFI for VLA-1 in the CD8+ T-cell population. (See appendix 
(pages 234-236) for n numbers, number of independent experiments, 
statistical tests utilised and P values; error bars represent SEM). 
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When ova-pentamer+ CD8+ T-cells were examined for these homing 

receptors, there were no changes between the groups in terms of the 

percentage of cells expressing these markers or their levels of expression 

(Figure 6.24A-F). Nonetheless, when the ova-pentamer+ population in the 

mice with intracranial and flank tumours receiving treatment were compared 

to the negative pentamer population, differences between these populations 

became apparent. Firstly, the ova-pentamer+ population had an increased 

percentage of CCR7+ cells along with an increased level of CCR7 

expression compared to the pentamer-negative population (Figure 6.25A 

and B). This same trend was observed for the expression of LFA-1 (Figure 

6.25C and D). While the percentage of cells expressing VLA-4 remained 

unaltered between the two populations, there was a significant increase in 

the expression levels of VLA-4 in the ova-pentamer+ population (Figure 

6.25E and F). 

 

6.10 Immune checkpoint therapy and extracranial tumour synergise to 
upregulate MHC I and ICAM-1 expression on endothelial cells in 
intracranial tumours 

ECs make up the luminal membrane of the vasculature and express a 

number of cell-surface molecules that can be used to aid the immune 

system. This is achieved through the presentation of peptides on MHC 

molecules to signal to antigen-specific T-cells371,372. Additionally, in response 

to inflammatory cytokines, ECs upregulate ICAM-1 and VCAM-1 to aid T-

cells in migrating to sites of inflammation371,372.  

 

Analysis of intracranial tumours revealed there was a trend for an increase in 

ECs (CD31high cells)372,373(Figure 6.26) in mice with an extracranial tumour 

(Figure 6.27A). Likewise, there was a propensity for the ECs to have 

increased percentage of MHC I+ cells in the treatment group of mice with an 

intracranial and flank tumour as compared to the other groups (Figure 

6.27B). This was significant when compared to the control group of mice 
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with an intracranial and flank tumour. The same tendency was seen when 

the expression levels of MHC I were examined; however, this failed to  

 

 

 

 
Figure 6.24 The effects of extracranial tumour and immune checkpoint 
therapy on the homing markers on ova-pentamer+ CD8+ T-cell 
population in the blood of mice with B16-ova tumours 
Blood samples from mice were collected and processed for flow cytometry 
analyses of: (A) Percentage of CCR7+ 

cells within the pentamer+ CD8+ T-cell 
population. (B) MFI for CCR7 in the pentamer+ 

CD8+ T-cell population. (C) 
Percentage of LFA-1+ 

cells within the pentamer+ 
CD8+ T-cell population. (D) 

MFI for LFA-1 in the pentamer+ CD8+ T-cell population. (E) Percentage of 
VLA-4+ 

cells within the pentamer+ 
CD8+ T-cell population. (F) MFI for VLA-4 

in the pentamer+ 
CD8+ T-cell population. (See appendix (pages 236-238) for 

n numbers, number of independent experiments, statistical tests utilised and 
P values; error bars represent SEM). 
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Figure 6.25 Comparison of ova-pentamer+ and ova-pentamer− CD8+ T-
cells for their expression of homing markers in mice bearing an 
intracranial and flank tumour receiving treatment 
CD8+ T-cells were separated based their pentamer expression. A) 
Percentage of CCR7+ 

cells within the pentamer+ and pentamer− CD8+ T-cell 
population. (B) MFI for CCR7 in the pentamer+ and pentamer−

 
CD8+ T-cell 

population. (C) Percentage of LFA-1+ 
cells within the pentamer+ and 

pentamer− CD8+ T-cell population. (D) MFI for LFA-1 in the pentamer+ and 
pentamer− CD8+ T-cell population. (E) Percentage of VLA-4+ 

cells within the 
pentamer+ and pentamer−

 
CD8+ T-cell population. (F) MFI for VLA-4 in the 

pentamer+ and pentamer−

 
CD8+ T-cell population. (See appendix (page 238) 

for n numbers, number of independent experiments, statistical tests utilised 
and P values; error bars represent SEM). 
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reach a statistical significance (Figure 6.27C). There was a predisposition for 

the EC population to have an increased percentage of ICAM-1+ cells in the 

mice bearing an intracranial and flank tumour receiving treatment (Figure 

6.27D). The expression levels of ICAM-1 also followed the same trend, with 

a statistically significant difference between the control and treatment group 

of mice with an intracranial and flank tumour (Figure 6.27E). 

 

 

 

 

 

Figure 6.26 Representative plots for ECs and their expression of 
homing markers 
(A) ECs collected from intracranial tumours were analysed by flow cytometry 
for their expression of: (B) MHC I and (C) ICAM-1. 
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Figure 6.27 The effects of extracranial tumour and immune checkpoint 
therapy on the homing marker expression on ECs within the 
intracranial tumours of mice with B16-ova tumours 
Intracranial tumours from mice with B16-ova tumours were collected and 
processed for flow cytometry analyses of: (A) CD31high ECs. (B) Percentage 
of MHC I+

 
cells within the EC population. (C) MFI for MHC I in CD8+ T-cells. 

(D) Percentage of ICAM-1+ 
cells within the EC population. (E) MFI for ICAM-

1 in CD8+ T-cells. (See appendix (pages 238-240) for n numbers, number of 
independent experiments, statistical tests utilised and P values; error bars 
represent SEM). 
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6.11 Discussion 

In this chapter we aimed to investigate the effects of immune checkpoint 

therapy in the periphery. Moreover, we investigated whether the brain 

tumour vasculature is altered upon therapy. In our B16 MBrM model, there 

were no changes to the proportion of NK cells, CD8+ T-cells or CD4+ effector 

cells in the blood. There was, however, an increase in T-Regs in the 

circulation in response to treatment, thus suggesting that treatment induces 

T-Reg proliferation and/or survival. There is conflicting information about the 

role that CTLA-4 plays in T-Reg biology. It has been claimed that anti-CTLA-

4 can deplete and/or inhibit T-Reg proliferation, while others have provided 

evidence that CTLA-4 blockade induces T-Reg proliferation374,375. Likewise, 

a study investigating T-Regs in hepatitis C showed PD-L1 blockade resulted 

in an increase in Ki67+ T-Regs, suggesting the PD-1 pathway has an anti-

proliferative function in T-Regs376. 

 

Nevertheless, this analysis of the blood did not look at the total number of 

cells and this may have revealed changes between the different conditions. 

This would be difficult to achieve in a mouse model, however, as the same 

volume of blood would be needed from each mouse and this would be 

technically challenging. Additionally, analysis of cytokine levels in the plasma 

using a Luminex assay could potentially have revealed interesting changes 

within the blood. It has been shown in patients receiving anti-PD-1 plus anti-

CTLA-4 to have elevated levels of IL-1α and CCL10, an effect that appears 

to be synergistic when the inhibitors are administered in combination377. 

 

Analysis of cells within the DCLNs did not reveal any changes in the immune 

cell populations, apart from an increase in PD-1 expression when treatment 

was administered. This increase could be a consequence of the treatment 

increasing CD8+ T-cell activation resulting in the upregulation of PD-1228,342. 

While there were no changes in percentages within the major immune cell 

populations, a more detailed analysis of their phenotypic markers, such as 

their activation or inhibitory state, may have resulted in the identification of 

alterations between the groups. Moreover, it has been previously reported 
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that while changes in the TILs can be seen in the early stages of immune 

checkpoint therapy, equivalent changes in the draining lymph nodes are not 

as apparent353. This suggests such changes may not be evident in our 

model due to the short timeline studied. In addition, one population that was 

neglected from this analysis was DCs. Analysis of this population may have 

provided valuable information, as an influx in mature DCs would suggest an 

increase in antigen presentation, which, itself, would contribute to an 

increase in tumour specific CD8+ T-cells. Additionally, the decrease in CD4+ 

effector cells observed in the presence of an extracranial tumour would 

suggest an inhibitory role of the tumour on this population. 

 

When the main populations of the spleens were investigated, similar trends 

were seen as those observed in the blood. As such, the only significant 

difference was an increase in T-Regs in response to the treatment, which is 

not surprising due to the increase in T-Regs in the circulation. While the 

examination of activation markers on the cells failed to reveal any changes 

between the groups, ex vivo-stimulation of these cells in mice receiving 

treatment indicated that these cells do have an anti-tumour phenotype. CD8+ 

T-cells in mice with a flank tumour tended to produce more IFN-γ, TNF-α and 

granzyme B in the B16 model. This would suggest an enhanced antigen-

specific response occurring as a consequence of extracranial tumour being 

present. This also implies that the intracranial tumour is unable to elicit an 

antigen-specific response to the same degree as the extracranial tumour, 

which was again insinuated by the one of the IFN-γ ELISpot results. 

Nevertheless, this result would need to replicated and it must be taken into 

consideration that the ELISpot takes the total splenocyte IFN-γ production 

into account. Furthermore, the ELISpot revealed that the B16 model is not 

the most appropriate model when investigating an anti-tumour response. 

The assay showed the melanoma-specific peptides gp100 and Trp2 were 

unable to elicit a detectable immune response and that B16 lysate itself was, 

in fact, inhibitory. The lack of an antigen-specific response is not a total 

surprise due to the B16 tumours being known as non-immunogenic268, 

emphasising the need for a more appropriate model. 
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The B16-ova model allowed for more opportunities to explore the 

mechanism behind the intracranial therapeutic effect that we saw only in the 

presence of an extracranial tumour. The lack of efficacy in mice with an 

intracranial tumour only receiving treatment with the B16-ova model would 

suggest that even in the presence of a strong antigen such as ova363, the 

intracranial tumour is not sufficient to elicit a strong anti-tumour immune 

response. This was confirmed with the increased presence of tumour-

specific CD8+ T-cells in mice bearing an intracranial and flank tumour 

receiving treatment. Further analysis of these cells revealed that these cells 

have a phenotype associated with an anti-tumour response378. These cells 

had an increased expression of PD-1 which is associated with functional 

impairment378; however, PD-1 expression is also a marker of T-cell 

activation suggesting there was an overall increase in CD8+ T-cell activation.  

 

While the ova antigen-specific T-cells found within the spleens of mice with 

an intracranial and flank tumour receiving treatment appeared to have a 

more exhausted phenotype due to their increased expression of TIM-3, 

EOMES and PD-1, this may not be a clear representation of their phenotype. 

It has been previously demonstrated that CD8+ T-cells expressing this 

exhausted phenotype have the potential to be reinvigorated to an activated 

phenotype231. This phenotype is based on the expression of granzyme B 

and Ki67 which, in our studied cells, were also increased compared to the 

non-ova antigen-specific CD8+ T-cells. However, a definitive conclusion on 

this population of cells cannot be made, due to the rarity of the ova 

pentamer+ CD8+ T-cells, insufficient numbers were available for this type of 

detailed analysis. 

 

Moreover, there were differences between the splenocyte responses in the 

B16 and B16-ova models. This may be a result of the differences between 

the cells themselves or it could be due to experimental variability. As 

discussed previously, further repetitions of the B16-ova experiments would 

be needed to know the exact reason. 
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The analysis of ECs within the tumour revealed a possible mechanism that 

could increase the homing of tumour-specific CD8+ T-cells to the intracranial 

tumour. Notably, these data are preliminary, as the experiment was only 

performed once and there was no opportunity for repetition due to time 

restraints. An increase in EC expression of MHC I and ICAM-1, combined 

with an increase in tumour-specific CD8+ T-cells expressing the ICAM-1 

receptor, LFA-1, could lead to in an increased interaction between these two 

cell types resulting in the increased homing of tumour-specific CD8+ T-cells 

into the brain. Likewise, an increase in VLA-4 expression on CD8+ T-cells 

could indicate an increase in intracranial infiltration; however, the expression 

of VCAM-1 on ECs would need to be examined368.  Additionally, it has been 

shown that antigen-specific CD8+ T-cells are able to selectively traffic to the 

brain and cross the BBB. Moreover, this process is dependent on the MHC I 

presentation of the T-cell-specific antigen by the ECs interacting with TCRs, 

thus facilitating the extravasation of the antigen-specific CD8+ T-cells379. 

While these data could provide a potential mechanism behind the 

intracranial therapy with immune checkpoint inhibitors, further experiments 

would be needed to ensure that these results are not linked to one 

experiment and can be reproduced. 

 

This chapter demonstrates that neither the flank tumour or treatment alters 

the percentage of immune cells in the blood, DCLNs and spleen. 

Nevertheless, the immune cells with the spleen were shown to have an 

increased percentage of cells expressing IFN-γ, TNF-α and Granzyme B 

upon ex vivo stimulation. We showed the same therapeutic effect was 

observed when B16-ova cells were used in the MBrM model and that the 

immune cells from the spleens of these mice increased their percentage of 

cells expressing IFN-γ, TNF-α and Granzyme B upon ex vivo stimulation in 

response to the treatment independent of flank tumour status. Moreover, in 

mice with an intracranial and flank tumour receiving the treatment, there was 

significant increase in the percentage of ova-pentamer+ CD8+ T-cells in the 

brain, blood and spleen. These cells also showed an increase in their 

expression of the T-cell homing receptors VLA-4, CCR7 and LFA-1. 

Likewise, with the intracranial tumour there was found to be an increase in 
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ECs and an increase in their expression of MHC I, indicating a possible T-

cell homing mechanism behind the therapeutic response.  
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Chapter 7: 
 

Conclusion 
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Chapter 7 

BrM are one of the most devastating forms of cancer due to their extremely 

poor prognosis and the lack of effective treatment options. MBrM are 

becoming an increasing problem, with up to 75% of patients with melanoma-

related deaths presenting with MBrM post-mortem3,19,26,28. Historically, these 

patients were excluded from clinical trials due to their poor prognosis; 

however, these views are beginning to change as new treatment options, 

such as immunotherapies, are showing efficacy in the brain222,250,253,380. This 

has resulted in a number of BrM-specific trials, including trials with immune 

checkpoint inhibitors219,220,222,250. 

 

The results detailed within this thesis further support the evidence that 

immune checkpoint therapy can have a therapeutic effect in MBrM. We 

demonstrated, for the first time, that the combination of anti-PD-1 and anti-

CTLA-4 could prolong the survival of mice using a BrM model with B16 

melanoma tumours. Moreover, we found that treatment was only effective in 

mice that had extracranial tumour burden in addition to their intracranial 

tumours. The addition of the adjuvant therapy, GM-CSF, offered no 

additional benefit to the anti-PD-1 plus anti-CTLA-4 therapy. 

 

 Functional analysis through immune cell-depletion studies revealed that 

CD8+ T-cells and NK cells were the mediators of the therapeutic effect, as 

their depletion resulted in the loss of the increase in survival gained by the 

treatment. The depletion of CD4+ T-cells had no effect on the survival of 

mice receiving treatment. While the results of the macrophage depletion 

studies were inconclusive, their role in the TME and the observed 

upregulation of MHC II in response to therapy and flank tumour could still 

warrant further investigation. 

 

Flow cytometry analysis of the intracranial tumours revealed there was an 

increased influx of CD45+ cells in mice bearing intracranial and flank 
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tumours which received treatment. This increase was mainly caused through 

increased infiltration of CD3+ T-cells, along with an increase in macrophages 

and microglia. Despite their importance for therapeutic efficacy, there were 

no changes to the infiltration of NK cells. Likewise, the phenotypes of the 

infiltrating immune cells remained relatively unaltered in response to 

treatment and/or flank tumour. Thus, further investigations are required to 

identify mechanisms underlying the functional contribution of NK cells in the 

context of immune checkpoint therapy. 

 

Analysis of the effects of treatment in the presence of a flank tumour on the 

immune cells in the periphery revealed some important changes. There was 

a trend for an increase in T-Regs in response to treatment, independent of 

the presence of an extracranial tumour. Ex vivo-stimulated splenocytes 

displayed a tendency towards an increased percentage of IFN-γ+, TNF-α+ 

and granzyme B+ T-cells in mice with intracranial and flank tumours in the 

B16 model, thus indicating these cells are more capable of eliciting an 

immune response. 

 

The use of the B16-ova model allowed us to investigate antigen-specific 

immune responses. In our preliminary study, we observed an increase in 

ova-antigen-specific CD8+ T-cells in the intracranial tumour, spleen and 

blood of mice with intracranial and flank tumours receiving the treatment. 

Furthermore, these antigen-specific cells in the spleens had an increased 

expression of markers associated with activation and anti-tumour responses 

(Ki67 and granzyme B)231 compared to their non-ova-antigen-specific 

counterparts. Analysis of the ova-antigen-specific CD8+ T-cells revealed an 

increased expression of T-cell homing markers (CCR7, LFA-1 and VLA-

4)366,368,370,379 that have been associated with an increase in homing to 

tumours. This correlated with an increase in the expression of cell-surface 

markers linked with this process on ECs within intracranial tumours. 
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As such, the data presented in this thesis would suggest that the extracranial 

tumour is essential to generate an anti-tumour immune response in the 

brain. This is most likely a result of insufficient antigen presentation from the 

intracranial tumour. Additionally, the data would imply the therapeutic effect 

seen in the presence of a flank tumour and the immune checkpoint therapy 

is a consequence of enhanced activation and/or upregulation of homing 

receptors on tumour-specific CD8+ T-cells upregulating homing markers. 

This subsequently allows these to cross the BBB and infiltrate the tumour, 

where they can provoke an anti-tumour effect. 

 

Furthermore, tumour-infiltrating cells within the intracranial tumour that were 

not investigated in this study could be addressed through depletion studies 

and flow cytometry analysis. As previously mentioned, macrophages and 

microglia should be investigated, alongside immune populations that have 

yet to be considered in this context: MDSCs, DCs and neutrophils. This work 

could also be supported with immunofluorescence staining to examine the 

distribution of immune cells within the TME to learn whether the immune 

cells are found throughout the tumour or only around the tumour border. 

 

Exploring the functionality and the potential for an anti-tumour response 

within the tumour-infiltrating cell populations could possibly reveal interesting 

changes between the groups. This could be achieved by isolating the cells 

from the intracranial tumour, stimulating them and then looking for the 

production of IFN-γ, TNF-α and granzyme B. Gene expression analysis of 

the intracranial tumours would also provide vital information that would not 

be available through other means. In addition, it could possibly reveal other 

mechanisms/pathways behind the therapeutic effect that would otherwise 

not be considered. Likewise, due to the need for smaller amounts of tissue, 

comparisons between flank and intracranial tumours may be possible.  

 

Additionally, the potential homing mechanism that was indicated in Chapter 

6 would need further investigation. The experiment would first need to be 
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repeated to demonstrate reproducibility. The expression of molecules 

involved in T-cell homing could also be investigated through 

immunofluorescence co-staining for the respective T-cell entry receptor and 

the EC ligands. The expression of these homing markers could be 

investigated in a clinical setting on immune cells in the blood of patients 

before and after they receive immune checkpoint therapy.  

 

The work presented here was carried out in a melanoma model, therefore, it 

would be interesting to test this therapy in other BrM tumours to determine if 

this effect is model specific. Additionally, the necessity for extracranial 

disease could be tested in a more immunogenic model to investigate 

whether therapeutic activity in the brain can be achieved in the absence of 

extracranial disease. 

 

While our therapy prolonged the survival of some of the mice, there was still 

a number of mice in which the treatment was ineffective. Further research 

into adjuvant therapies would need to focus on therapies that make the 

tumour more immunogenic to enhance the immune checkpoint therapy. 

Nevertheless, the adjuvant therapy would need to be carefully selected so 

as to not increase toxicity already associated with immune checkpoint 

therapy246. 

 

In conclusion, the data presented within this thesis provides evidence that 

immune checkpoint therapy can effectively treat MBrM. Therefore, these 

patients should not be excluded from this type of treatment based on their 

disease status, as they could still benefit from this therapy. 
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Appendix  

8.1 List of suppliers 

AgnTho’s   AgnTho's AB, Agavägen 52, 181 55 
Lidingö, Sweden   

AID Diagnostika  Ebinger Strasse 4, D-72479 Strassberg, 
Germany 

ATCC   LGC Standards, Queens Road, 
Teddington, Middlesex TW11 0LY, UK 

Bayer      Bayer AG, 51368 Leverkusen, Germany 

BD Biosciences  Edmund Halley Road, Oxford Science 
Park, OX4 4DQ Oxford, UK 

Bio Rad  Bio-Rad House, Maxted Road, Hemel 
Hempstead, Hertfordshire HP2 7DX 

Bio X Cell 10 Technology Drive, Suite 2B, West 
Lebanon, NH 03784-1671, USA 

Biolegend 9727 Pacific Heights Blvd., San Siego, CA 
92121, USA 

Boehringer Ingelheim Ellesfield Avenue, Bracknell, Berkshire, 
RG12 8YS, UK 

Cedarlane  4410 Paletta Court, Burlington, Ontario, 
L7L 5R2, Canada 

Charles River  Chesterford Research Park, Saffron 
Walden CB10 1XL, UK 

Corning  Fogostraat 12, 1060 LJ Amsterdam, The 
Netherlands 

Dechra  Snaygill Industrial Estate, Keighley Rd, 
Skipton BD23 2RW 

eBiosciences  3rd Floor, 1 Ashley Road, Altrincham, 
Cheshire, WA14 2DT, UK 

Fannin  Fannin House, South County Business 
Park, Leopardstown, Dublin, Ireland 
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Fine Science Tools  Fine Science Tools GmbH, 
Vangerowstraße 14, D-69115 Heidelberg, 
Germany 

Gibco  Stafford House, 1 Boundary Park, Hemel 
Hempstead, HP2 7GE, 

Graph Pad Software  7825 Fay Avenue, Suite 230, La Jolla, CA 
92037 USA 

Greiner Bio-one  Brunel Way, Stroudwater Business Park, 
Stonehouse, UK 

Hamilton Via Crusch 8, CH-7402 Bonaduz, GR, 
Switzerland 

Harvard Apparatus  East Wing, Building 1020, Cambourne 
Business Park, Cambourne, Cambridge, 
CB23 6DW, UK 

Hyclone  GE Healthcare Life Sciences, Amersham 
Place, Little Chalfont, Buckinghamshire, 
HP7 9NA, UK 

Mabtech  Mabtech AB, Box 1233, SE-131 28, Nacka 
Strand, Sweden 

Mahr  Mahr GmbH, Carl-Mahr-Str. 1, 37073 
Göttingen, Germany 

Merial  Merial Animal Research, Ash Rd, Woking 
GU24 0NQ, UK 

Millipore  Suite 21, Building 6, Croxley Green 
Business Park, Watford, Hertfordshire, 
WD18 8YH, UK 

Miltenyi  Almac House, Church Lane, Bisley, Surrey 
GU24 9DR, UK 

Mölnlycke Health Care  Mölnlycke Health Care Ltd, The Arenson 
Centre, Arenson Way,Dunstable, 
Bedfordshire, LU5 5UL, UK 

Omano  1222 McDowell Avenue, Roanoke, VA 
24012, USA 
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PeproTech  PeproTech House, 29 Margravine Road, 
London W6 8LL, UK 

Perkin Elmer  940 Winter Street, Waltham, Minneapolis, 
MN 55413, USA 

Proimmune  Magdalen Centre, 1 Robert Robinson Ave, 
Oxford OX4 4GA, UK 

Prometheus   9410 Carroll Park Drive, San Diego, CA 
92121, USA 

Regis  8210 Austin Ave, Morton Grove, IL 60053, 
USA 

Roboz Surgical Instrument Co., Inc., P.O. Box 
10710, Gaithersburg, USA 

Roche  Roche Diagnostics Limited, Charles 
Avenue, Burgess Hill, West Sussex, RH15 
9RY, UK 

Sanyo  Panasonic House, Willoughby Road, 
Bracknell, RG12 8FP, UK 

Sigma-Aldrich  The Old Brickyard, New Rd, Gillingham 
SP8 4XT, UK 

Terumo  3 Unity Grove, Knowsley, Prescot L34 
9GT, UK 

Thermo Fisher Scientific Factory One/Ion Path/Road Three, 
Winsford CW7 3GA 

Santa Cruz Animal Health 10410 Finnell Street, Dallas, Texas 75220, 
USA 

Weber Scientific  2732 Kuser Road | Hamilton, NJ 08691, 
USA 

Zoetis  5th Floor, 6 St Andrew Street, London, 
EC4A 3AE UK 
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8.2 Statistical analyses tables 

 

Figure 5.2A 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.4876 > 0.9999 < 0.0001 

Treatment 0.4876  0.3959 0.0006 

Intracranial 
& flank tumour 

Control > 0.9999 0.3959  < 0.0001 

Treatment < 0.0001 0.0006 < 0.0001  

 

 

Figure 5.2B 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 14 

Treatment 
n = 16 

Control 
n = 17 

Treatment 
n = 22 

Intracranial 
tumour 

Control  0.9596 0.8623 < 0.0001 

Treatment 0.9596  0.5461 0.0003 

Intracranial 
& flank tumour 

Control 0.8623 0.5461  < 0.0001 

Treatment < 0.0001 0.0003 < 0.0001  

 

 

Figure 5.2C 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 14 

Treatment 
n = 16 

Control 
n = 17 

Treatment 
n = 22 

Intracranial 
tumour 

Control  0.9359 0.9660 < 0.0001 

Treatment 0.9359  0.9992 < 0.0001 

Intracranial 
& flank tumour 

Control 0.9660 0.9992  < 0.0001 

Treatment < 0.0001 < 0.0001 < 0.0001  
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Figure 5.5A 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 14 

Treatment 
n = 16 

Control 
n = 17 

Treatment 
n = 22 

Intracranial 
tumour 

Control  0.9942 0.9119 < 0.0001 

Treatment 0.9942  0.7669 < 0.0001 

Intracranial 
& flank tumour 

Control 0.9119 0.7669  < 0.0001 

Treatment < 0.0001 < 0.0001 < 0.0001  

 

 

Figure 5.5B 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 14 

Treatment 
n = 16 

Control 
n = 17 

Treatment 
n = 22 

Intracranial 
tumour 

Control  0.9423 0.7967 0.0130 

Treatment 0.9423  0.9834 0.0416 

Intracranial 
& flank tumour 

Control 0.7967 0.9834  0.0939 

Treatment 0.0130 0.0416 0.0939  

 

 

Figure 5.5C 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 14 

Treatment 
n = 16 

Control 
n = 17 

Treatment 
n = 22 

Intracranial 
tumour 

Control  0.4879 0.3874 0.5524 

Treatment 0.4879  0.9985 0.9966 

Intracranial 
& flank tumour 

Control 0.3874 0.9985  0.9797 

Treatment 0.5524 0.9966 0.9797  
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Figure 5.5D 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 14 

Treatment 
n = 16 

Control 
n = 17 

Treatment 
n = 22 

Intracranial 
tumour 

Control  0.9756 0.8256 0.8783 

Treatment 0.9756  0.9554 0.9832 

Intracranial 
& flank tumour 

Control 0.8256 0.9554  0.9978 

Treatment 0.8783 0.9832 0.9978  

 

 

Figure 5.5E 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 14 

Treatment 
n = 16 

Control 
n = 17 

Treatment 
n = 22 

Intracranial 
tumour 

Control  0.9993 0.9834 0.9999 

Treatment 0.9993  0.9536 0.9962 

Intracranial 
& flank tumour 

Control 0.9834 0.9536  0.9864 

Treatment 0.9999 0.9962 0.9864  

 

 

Figure 5.5F 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 14 

Treatment 
n = 16 

Control 
n = 17 

Treatment 
n = 22 

Intracranial 
tumour 

Control  0.8742 0.9975 0.9969 

Treatment 0.8742  0.9217 0.9077 

Intracranial 
& flank tumour 

Control 0.9975 0.9217  > 0.9999 

Treatment 0.9969 0.9077 > 0.9999  
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Figure 5.6A 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 7 

Treatment 
n = 11 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.9967 0.9805 0.3249 

Treatment 0.9967  0.9972 0.3274 

Intracranial 
& flank tumour 

Control 0.9805 0.9972  0.4346 

Treatment 0.3249 0.3274 0.4346  

 

 

Figure 5.6B 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 7 

Treatment 
n = 11 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.8114 0.9848 0.7966 

Treatment 0.8114  0.9293 > 0.9999 

Intracranial 
& flank tumour 

Control 0.9848 0.9293  0.9186 

Treatment 0.7966 > 0.9999 0.9186  

 

 

Figure 5.6C 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 7 

Treatment 
n = 11 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.9885 0.9996 0.9995 

Treatment 0.9885  0.9947 0.9952 

Intracranial 
& flank tumour 

Control 0.9996 0.9947  > 0.9999 

Treatment 0.9995 0.9952 > 0.9999  
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Figure 5.6D 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 7 

Treatment 
n = 11 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  > 0.9999 0.9988 0.9458 

Treatment > 0.9999  0.9996 0.9433 

Intracranial 
& flank tumour 

Control 0.9988 0.9996  0.9679 

Treatment 0.9458 0.9433 0.9679  

 

 

Figure 5.6E 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 7 

Treatment 
n = 11 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.9967 0.9936 0.9960 

Treatment 0.9967  > 0.9999 > 0.9999 

Intracranial 
& flank tumour 

Control 0.9936 > 0.9999  > 0.9999 

Treatment 0.9960 > 0.9999 > 0.9999  

 

 

Figure 5.6F 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 7 

Treatment 
n = 11 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.5313 0.3662 0.0756 

Treatment 0.5313  0.9881 0.5686 

Intracranial 
& flank tumour 

Control 0.3662 0.9881  0.7635 

Treatment 0.0756 0.5686 0.7635  
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Figure 5.7A 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

 Control 
n = 7 

Treatment 
n = 11 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  > 0.9999 0.9355 > 0.9999 

Treatment > 0.9999  0.8854 > 0.9999 

Intracranial 
& flank tumour 

Control 0.9355 0.8854  0.9074 

Treatment > 0.9999 > 0.9999 0.9074  

 

 

Figure 5.7B 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 7 

Treatment 
n = 11 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.8979 0.9526 0.6186 

Treatment 0.8979  0.9973 0.9333 

Intracranial 
& flank tumour 

Control 0.9526 0.9973  0.8592 

Treatment 0.6186 0.9333 0.8592  

 

 

Figure 5.7C 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 13 

Control 
n = 12 

Treatment 
n = 16 

Intracranial 
tumour 

Control  0.5032 0.0190 0.7537 

Treatment 0.5032  0.2390 0.9493 

Intracranial 
& flank tumour 

Control 0.0190 0.2390  0.0692 

Treatment 0.7537 0.9493 0.0692  
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Figure 5.7D 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 13 

Control 
n = 12 

Treatment 
n = 16 

Intracranial 
tumour 

Control  0.9843 0.3729 0.7799 

Treatment 0.9843  0.4710 0.9082 

Intracranial 
& flank tumour 

Control 0.3729 0.4710  0.8182 

Treatment 0.7799 0.9082 0.8182  

 

 

Figure 5.8A 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.0063 > 0.9999 < 0.0001 

Treatment 0.0063  0.0058 0.7052 

Intracranial 
& flank tumour 

Control > 0.9999 0.0058  < 0.0001 

Treatment < 0.0001 0.7052 < 0.0001  

 

 

Figure 5.8B 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.0521 0.9938 0.7262 

Treatment 0.0521  0.0900 0.2687 

Intracranial 
& flank tumour 

Control 0.9938 0.0900  0.8692 

Treatment 0.7262 0.2687 0.8692  
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Figure 5.8C 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.0138 0.9965 0.0015 

Treatment 0.0138  0.0162 0.9773 

Intracranial 
& flank tumour 

Control 0.9965 0.0162  0.0015 

Treatment 0.0015 0.9773 0.0015  

 

 

Figure 5.8D 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.4147 0.9839 0.9969 

Treatment 0.4147  0.5744 0.4874 

Intracranial 
& flank tumour 

Control 0.9839 0.5744  0.9985 

Treatment 0.9969 0.4874 0.9985  

 

 

Figure 5.8E 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.0136 0.9994 < 0.0001 

Treatment 0.0136  0.0072 0.4187 

Intracranial 
& flank tumour 

Control 0.9994 0.0072  < 0.0001 

Treatment < 0.0001 0.4187 < 0.0001  
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Figure 5.8F 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.0099 0.8180 0.1042 

Treatment 0.0099  0.0510 0.5635 

Intracranial 
& flank tumour 

Control 0.8180 0.0510  0.4101 

Treatment 0.1042 0.5635 0.4101  

 

 

Figure 5.9A 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.9809 0.5972 0.9927 

Treatment 0.9809  0.3932 0.9079 

Intracranial 
& flank tumour 

Control 0.5972 0.3932  0.7109 

Treatment 0.9927 0.9079 0.7109  

 

 

Figure 5.9B 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.9992 0.9883 0.9886 

Treatment 0.9992  0.9979 > 0.9999 

Intracranial 
& flank tumour 

Control 0.9883 0.9979  0.9977 

Treatment 0.9886 > 0.9999 0.9977  
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Figure 5.9C 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.9961 0.9202 0.8333 

Treatment 0.9961  0.8443 0.7418 

Intracranial 
& flank tumour 

Control 0.9202 0.8443  0.9961 

Treatment 0.8333 0.7418 0.9961  

 

 

Figure 5.9D 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.9702 0.9147 0.9762 

Treatment 0.9702  0.9990 0.9998 

Intracranial 
& flank tumour 

Control 0.9147 0.9990  0.9942 

Treatment 0.9762 0.9998 0.9942  

 

 

Figure 5.9E 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.9683 0.9664 0.7943 

Treatment 0.9683  > 0.9999 0.9808 

Intracranial 
& flank tumour 

Control 0.9664 > 0.9999  0.9628 

Treatment 0.7943 0.9808 0.9628  
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Figure 5.9F 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.9596 0.9999 0.9875 

Treatment 0.9596  0.9413 0.9968 

Intracranial 
& flank tumour 

Control 0.9999 0.9413  0.9769 

Treatment 0.9875 0.9968 0.9769  

 

 

Figure 5.10A 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.4773 0.9991 0.8391 

Treatment 0.4773  0.4038 0.8799 

Intracranial 
& flank tumour 

Control 0.9991 0.4038  0.7645 

Treatment 0.8391 0.8799 0.7645  

 

 

Figure 5.10B 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 9 

Treatment 
n = 7 

Control 
n = 11 

Treatment 
n = 11 

Intracranial 
tumour 

Control  0.9992 0.9515 0.9766 

Treatment 0.9992  0.9846 0.9543 

Intracranial 
& flank tumour 

Control 0.9515 0.9846  0.7572 

Treatment 0.9766 0.9543 0.7572  
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Figure 5.11A 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.9965 0.9991 0.9199 

Treatment 0.9965  0.9822 0.9748 

Intracranial 
& flank tumour 

Control 0.9991 0.9822  0.8203 

Treatment 0.9199 0.9748 0.8203  

 

 

Figure 5.11B 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.6632 0.9974 0.0493 

Treatment 0.6632  0.4687 0.4766 

Intracranial 
& flank tumour 

Control 0.9974 0.4687  0.0114 

Treatment 0.0493 0.4766 0.0114  

 

 

Figure 5.11C 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.9981 0.9932 0.4732 

Treatment 0.9981  0.9998 0.3221 

Intracranial 
& flank tumour 

Control 0.9932 0.9998  0.2213 

Treatment 0.4732 0.3221 0.2213  
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Figure 5.11D 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.9994 0.9183 0.9876 

Treatment 0.9994  0.8547 0.9629 

Intracranial 
& flank tumour 

Control 0.9183 0.8547  0.9808 

Treatment 0.9876 0.9629 0.9808  

 

 

Figure 5.11E 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.5903 0.9981 0.4783 

Treatment 0.5903  0.6278 0.0215 

Intracranial 
& flank tumour 

Control 0.9981 0.6278  0.2724 

Treatment 0.4783 0.0215 0.2724  

 

 

Figure 5.11F 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.8996 0.9721 0.5263 

Treatment 0.8996  0.9900 0.9222 

Intracranial 
& flank tumour 

Control 0.9721 0.9900  0.7391 

Treatment 0.5263 0.9222 0.7391  
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Figure 5.13A 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.8177 0.8331 0.0058 

Treatment 0.8177  0.9999 0.0500 

Intracranial 
& flank tumour 

Control 0.8331 0.9999  0.0294 

Treatment 0.0058 0.0500 0.0294  

 

 

Figure 5.13B 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.9982 0.9929 0.7603 

Treatment 0.9982  0.9996 0.6004 

Intracranial 
& flank tumour 

Control 0.9929 0.9996  0.4912 

Treatment 0.7603 0.6004 0.4912  

 

 

Figure 5.13C 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.4072 0.1627 < 0.0001 

Treatment 0.4072  0.9560 0.0010 

Intracranial 
& flank tumour 

Control 0.1627 0.9560  0.0032 

Treatment < 0.0001 0.0010 0.0032  
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Figure 5.13D 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.5635 0.7740 0.1424 

Treatment 0.5635  0.9738 0.8517 

Intracranial 
& flank tumour 

Control 0.7740 0.9738  0.5552 

Treatment 0.1424 0.8517 0.5552  

 

 

Figure 5.13E 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.5624 0.8028 0.0533 

Treatment 0.5624  0.9602 0.5153 

Intracranial 
& flank tumour 

Control 0.8028 0.9602  0.2097 

Treatment 0.0533 0.5153 0.2097  

 

 

Figure 5.15A 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.3259 0.9997 0.0029 

Treatment 0.3259  0.2898 0.2367 

Intracranial 
& flank tumour 

Control 0.9997 0.2898  0.0010 

Treatment 0.0029 0.2367 0.0010  
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Figure 5.15B 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.4911 0.8931 0.2282 

Treatment 0.4911  0.8491 0.9766 

Intracranial 
& flank tumour 

Control 0.8931 0.2282  0.5504 

Treatment 0.8491 0.9766 0.5504  

 

 

Figure 5.15C 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.0319 0.8412 0.0088 

Treatment 0.0319  0.1291 0.9949 

Intracranial 
& flank tumour 

Control 0.8412 0.1291  0.0419 

Treatment 0.0088 0.9949 0.0419  

 

 

Figure 5.15D 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.8061 0.5552 0.8262 

Treatment 0.8061  0.9766 0.9993 

Intracranial 
& flank tumour 

Control 0.5552 0.9766  0.9373 

Treatment 0.8262 0.9993 0.9373  
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Figure 5.15E 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 16 

Control 
n = 19 

Treatment 
n = 24 

Intracranial 
tumour 

Control  0.9877 0.8861 0.9975 

Treatment 0.9877  0.6713 0.9368 

Intracranial 
& flank tumour 

Control 0.8861 0.6713  0.9194 

Treatment 0.9975 0.9368 0.9194  

 

 

Figure 6.1A 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 23 

Treatment 
n = 24 

Control 
n = 24 

Treatment 
n = 38 

Intracranial 
tumour 

Control  0.8772 0.9996 0.3816 

Treatment 0.8772  0.9152 0.8605 

Intracranial 
& flank tumour 

Control 0.9996 0.9152  0.4373 

Treatment 0.3816 0.8605 0.4373  

 

 

Figure 6.1B 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 23 

Treatment 
n = 24 

Control 
n = 24 

Treatment 
n = 38 

Intracranial 
tumour 

Control  0.8874 0.8507 0.9996 

Treatment 0.8874  0.4129 0.7953 

Intracranial 
& flank tumour 

Control 0.8507 0.4129  0.8562 

Treatment 0.9996 0.7953 0.8562  
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Figure 6.1C 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 23 

Treatment 
n = 24 

Control 
n = 24 

Treatment 
n = 38 

Intracranial 
tumour 

Control  0.3961 0.6021 0.2214 

Treatment 0.3961  0.2673 0.9975 

Intracranial 
& flank tumour 

Control 0.6021 0.2673  0.0662 

Treatment 0.2214 0.9975 0.0662  

 

 

Figure 6.1D 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 23 

Treatment 
n = 24 

Control 
n = 24 

Treatment 
n = 38 

Intracranial 
tumour 

Control  0.9414 0.4187 0.8815 

Treatment 0.9414  0.1507 0.5124 

Intracranial 
& flank tumour 

Control 0.4187 0.1507  0.7648 

Treatment 0.8815 0.5124 0.7648  

 

 

Figure 6.1E 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 23 

Treatment 
n = 24 

Control 
n = 24 

Treatment 
n = 38 

Intracranial 
tumour 

Control  0.0065 0.0633 < 0.0001 

Treatment 0.0065  0.8438 0.1631 

Intracranial 
& flank tumour 

Control 0.0633 0.8438  0.0175 

Treatment < 0.0001 0.1631 0.0175  
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Figure 6.1F 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 15 

Control 
n = 15 

Treatment 
n = 25 

Intracranial 
tumour 

Control  0.6958 0.2158 0.1883 

Treatment 0.6958  0.8244 0.8443 

Intracranial 
& flank tumour 

Control 0.2158 0.8244  0.9992 

Treatment 0.1883 0.8443 0.9992  

 

 

Figure 6.1G 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 15 

Control 
n = 15 

Treatment 
n = 25 

Intracranial 
tumour 

Control  0.0291 0.6700 0.0002 

Treatment 0.0291  0.3288 0.6155 

Intracranial 
& flank tumour 

Control 0.6700 0.3288  0.0136 

Treatment 0.0002 0.6155 0.0136  

 

 

Figure 6.2A 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 4 

Treatment 
n = 4 

Control 
n = 4 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.7077 0.7661 0.6177 

Treatment 0.7077  0.9996 0.9997 

Intracranial 
& flank tumour 

Control 0.7661 0.9996  > 0.9999 

Treatment 0.6177 0.9997 > 0.9999  
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Figure 6.2B 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 4 

Treatment 
n = 4 

Control 
n = 4 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.4465 0.5231 0.0627 

Treatment 0.4465  0.9991 0.8398 

Intracranial 
& flank tumour 

Control 0.5231 0.9991  0.7556 

Treatment 0.0627 0.8398 0.7556  

 

 

Figure 6.2C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 4 

Treatment 
n = 4 

Control 
n = 4 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9637 0.8507 0.5474 

Treatment 0.9637  0.9871 0.8707 

Intracranial 
& flank tumour 

Control 0.8507 0.9871  0.9841 

Treatment 0.5474 0.8707 0.9841  

 

 

Figure 6.2D 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 4 

Treatment 
n = 4 

Control 
n = 4 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.0875 0.4570 0.2775 

Treatment 0.0875  0.0035 0.6182 

Intracranial 
& flank tumour 

Control 0.4570 0.0035  0.0073 

Treatment 0.2775 0.6182 0.0073  
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Figure 6.2E 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 4 

Treatment 
n = 4 

Control 
n = 4 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.8854 0.0877 0.7380 

Treatment 0.8854  0.3069 0.9991 

Intracranial 
& flank tumour 

Control 0.0877 0.3069  0.2006 

Treatment 0.7380 0.9991 0.2006  

 

 

Figure 6.2F 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 4 

Treatment 
n = 4 

Control 
n = 4 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.1300 0.0037 0.0927 

Treatment 0.1300  0.3555 0.9863 

Intracranial 
& flank tumour 

Control 0.0037 0.3555  0.1083 

Treatment 0.0927 0.9863 0.1083  

 

 

Figure 6.2G 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 4 

Treatment 
n = 4 

Control 
n = 4 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.8156 0.9997 0.9014 

Treatment 0.8156  0.7673 0.9809 

Intracranial 
& flank tumour 

Control 0.9997 0.7673  0.8551 

Treatment 0.9014 0.9809 0.8551  
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Figure 6.3A 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.0140 0.9939 0.3367 

Treatment 0.0140  0.0051 0.3152 

Intracranial 
& flank tumour 

Control 0.9939 0.0051  0.1888 

Treatment 0.3367 0.3152 0.1888  

 

 

Figure 6.3B 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.3501 0.9992 0.1144 

Treatment 0.3501  0.4266 0.4977 

Intracranial 
& flank tumour 

Control 0.9992 0.4266  0.1751 

Treatment 0.1144 0.4977 0.1751  

 

 

Figure 6.3C 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.2552 0.2208 0.3787 

Treatment 0.2552  0.0015 0.9501 

Intracranial 
& flank tumour 

Control 0.2208 0.0015  0.0010 

Treatment 0.3787 0.9501 0.0010  
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Figure 6.3D 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.3524 0.8662 > 0.9999 

Treatment 0.3524  0.8242 0.2446 

Intracranial 
& flank tumour 

Control 0.8662 0.8242  0.8281 

Treatment > 0.9999 0.2446 0.8281  

 

 

Figure 6.3E 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.8823 0.3875 0.9941 

Treatment 0.8823  0.7979 0.6825 

Intracranial 
& flank tumour 

Control 0.3875 0.7979  0.1719 

Treatment 0.9941 0.6825 0.1719  

 

 

Figure 6.3F 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.5113 0.6536 > 0.9999 

Treatment 0.5113  0.9976 0.4154 

Intracranial 
& flank tumour 

Control 0.6536 0.9976  0.5823 

Treatment > 0.9999 0.4154 0.5823  
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Figure 6.4A 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.0448 0.0738 0.0332 

Treatment 0.0448  < 0.0001 0.9983 

Intracranial 
& flank tumour 

Control 0.0738 < 0.0001  < 0.0001 

Treatment 0.0332 0.9983 < 0.0001  

 

 

Figure 6.4B 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.7370 > 0.9999 0.6649 

Treatment 0.7370  0.7678 > 0.9999 

Intracranial 
& flank tumour 

Control > 0.9999 0.7678  0.7013 

Treatment 0.6649 > 0.9999 0.7013  

 

 

Figure 6.4C 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.0632 0.8975 0.1206 

Treatment 0.0632  0.2743 0.9398 

Intracranial 
& flank tumour 

Control 0.8975 0.2743  0.4706 

Treatment 0.1206 0.9398 0.4706  
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Figure 6.4D 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.1420 0.1179 0.2824 

Treatment 0.1420  0.9984 0.9245 

Intracranial 
& flank tumour 

Control 0.1179 0.9984  0.8644 

Treatment 0.2824 0.9245 0.8644  

 

 

Figure 6.4E 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.8857 > 0.9999 0.7729 

Treatment 0.8857  0.8709 0.9985 

Intracranial 
& flank tumour 

Control > 0.9999 0.8709  0.7510 

Treatment 0.7729 0.9985 0.7510  

 

 

Figure 6.4F 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.2037 0.9991 0.3449 

Treatment 0.2037  0.2617 0.9489 

Intracranial 
& flank tumour 

Control 0.9991 0.2617  0.4316 

Treatment 0.3449 0.9489 0.4316  
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Figure 6.4G 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  < 0.0001 0.1622 < 0.0001 

Treatment < 0.0001  0.0181 0.9149 

Intracranial 
& flank tumour 

Control 0.1622 0.0181  0.0279 

Treatment < 0.0001 0.9149 0.0279  

 

 

Figure 6.4H 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.9781 0.7784 0.9997 

Treatment 0.9781  0.9377 0.9438 

Intracranial 
& flank tumour 

Control 0.7784 0.9377  0.6439 

Treatment 0.9997 0.9438 0.6439  

 

 

Figure 6.4I 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.8848 0.5436 0.8496 

Treatment 0.8848  0.1607 > 0.9999 

Intracranial 
& flank tumour 

Control 0.5436 0.1607  0.1009 

Treatment 0.8496 > 0.9999 0.1009  
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Figure 6.5A 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.9991 0.9942 0.6150 

Treatment 0.9991  0.9993 0.4868 

Intracranial 
& flank tumour 

Control 0.9942 0.9993  0.4059 

Treatment 0.6150 0.4868 0.4059  

 

 

Figure 6.5B 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.6701 0.8645 0.4209 

Treatment 0.6701  0.9850 0.9898 

Intracranial 
& flank tumour 

Control 0.8645 0.9850  0.9014 

Treatment 0.4209 0.9898 0.9014  

 

 

Figure 6.5C 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 15 

Treatment 
n = 16 

Control 
n = 13 

Treatment 
n = 26 

Intracranial 
tumour 

Control  0.9654 0.9975 0.9854 

Treatment 0.9654  0.9922 0.8052 

Intracranial 
& flank tumour 

Control 0.9975 0.9922  0.9401 

Treatment 0.9854 0.8052 0.9401  
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Figure 6.7A 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 18 

Treatment 
n = 21 

Control 
n = 21 

Treatment 
n = 36 

Intracranial 
tumour 

Control  0.8992 0.4852 0.0667 

Treatment 0.8992  0.8702 0.2726 

Intracranial 
& flank tumour 

Control 0.4852 0.8702  0.7742 

Treatment 0.0667 0.2726 0.7742  

 

 

Figure 6.7B 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 18 

Treatment 
n = 21 

Control 
n = 21 

Treatment 
n = 36 

Intracranial 
tumour 

Control  0.9618 0.1806 0.0179 

Treatment 0.9618  0.3634 0.0495 

Intracranial 
& flank tumour 

Control 0.1806 0.3634  0.8680 

Treatment 0.0179 0.0495 0.8680  

 

 

Figure 6.7C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 7 

Control 
n = 7 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9524 0.3936 0.0941 

Treatment 0.9524  0.1441 0.0182 

Intracranial 
& flank tumour 

Control 0.3936 0.1441  0.9031 

Treatment 0.0941 0.0182 0.9031  
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Figure 6.7D 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 18 

Treatment 
n = 21 

Control 
n = 21 

Treatment 
n = 36 

Intracranial 
tumour 

Control  0.9988 0.9959 0.8059 

Treatment 0.9988  0.9793 0.8619 

Intracranial 
& flank tumour 

Control 0.9959 0.9793  0.6217 

Treatment 0.8059 0.8619 0.6217  

 

 

Figure 6.7E 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 18 

Treatment 
n = 21 

Control 
n = 21 

Treatment 
n = 36 

Intracranial 
tumour 

Control  0.9960 0.9991 0.6779 

Treatment 0.9960  0.9819 0.7883 

Intracranial 
& flank tumour 

Control 0.9991 0.9819  0.5424 

Treatment 0.6779 0.7883 0.5424  

 

 

Figure 6.7F 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 7 

Control 
n = 7 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9509 0.1392 0.2222 

Treatment 0.9509  0.0361 0.0540 

Intracranial 
& flank tumour 

Control 0.1392 0.0361  0.9491 

Treatment 0.2222 0.0540 0.9491  
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Figure 6.8A 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 18 

Treatment 
n = 21 

Control 
n = 21 

Treatment 
n = 36 

Intracranial 
tumour 

Control  0.5579 0.9480 0.0319 

Treatment 0.5579  0.8571 0.4844 

Intracranial 
& flank tumour 

Control 0.9480 0.8571  0.1066 

Treatment 0.0319 0.4844 0.1066  

 

 

Figure 6.8B 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 18 

Treatment 
n = 21 

Control 
n = 21 

Treatment 
n = 36 

Intracranial 
tumour 

Control  0.9757 0.9990 0.9954 

Treatment 0.9757  0.9920 0.8797 

Intracranial 
& flank tumour 

Control 0.9990 0.9920  0.9759 

Treatment 0.9954 0.8797 0.9759  

 

 

Figure 6.8C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 7 

Control 
n = 7 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.7853 0.6387 0.0038 

Treatment 0.7853  0.1444 0.0349 

Intracranial 
& flank tumour 

Control 0.6387 0.1444  < 0.0001 

Treatment 0.0038 0.0349 < 0.0001  
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Figure 6.8D 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 18 

Treatment 
n = 21 

Control 
n = 21 

Treatment 
n = 36 

Intracranial 
tumour 

Control  0.9746 0.9371 0.7153 

Treatment 0.9746  0.7188 0.9215 

Intracranial 
& flank tumour 

Control 0.9371 0.7188  0.2806 

Treatment 0.7153 0.9215 0.2806  

 

 

Figure 6.8E 
ANOVA with post hoc test 

No. of independent  
experiments = 3 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 18 

Treatment 
n = 21 

Control 
n = 21 

Treatment 
n = 36 

Intracranial 
tumour 

Control  >  0.9999 > 0.9999 0.7167 

Treatment >  0.9999  0.9997 0.7138 

Intracranial 
& flank tumour 

Control >  0.9999 0.9997  0.6604 

Treatment 0.7167 0.7138 0.6604  

 

 

Figure 6.8F 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 7 

Control 
n = 7 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.3484 0.8996 0.0002 

Treatment 0.3484  0.7288 0.0148 

Intracranial 
& flank tumour 

Control 0.8996 0.7288  0.0007 

Treatment 0.0002 0.0148 0.0007  
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Figure 6.9A 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 15 

Control 
n = 14 

Treatment 
n = 15 

Intracranial 
tumour 

Control  0.6738 0.9975 0.9942 

Treatment 0.6738  0.5360 0.7251 

Intracranial 
& flank tumour 

Control 0.9975 0.5360  0.9630 

Treatment 0.9942 0.7251 0.9630  

 

 

Figure 6.9B 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 15 

Control 
n = 14 

Treatment 
n = 15 

Intracranial 
tumour 

Control  0.9921 0.7110 0.9359 

Treatment 0.9921  0.5080 0.7826 

Intracranial 
& flank tumour 

Control 0.7110 0.5080  0.9220 

Treatment 0.9359 0.7826 0.9220  

 

 

Figure 6.9C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 7 

Control 
n = 7 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.4746 0.0546 0.4757 

Treatment 0.4746  0.0010 0.0154 

Intracranial 
& flank tumour 

Control 0.0546 0.0010  0.3872 

Treatment 0.4757 0.0154 0.3872  
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Figure 6.9D 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 15 

Control 
n = 14 

Treatment 
n = 15 

Intracranial 
tumour 

Control  0.5749 0.3933 0.9106 

Treatment 0.5749  0.9868 0.8453 

Intracranial 
& flank tumour 

Control 0.3933 0.9868  0.6430 

Treatment 0.9106 0.9868 0.6430  

 

 

Figure 6.9E 
ANOVA with post hoc test 

No. of independent  
experiments = 2 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 13 

Treatment 
n = 15 

Control 
n = 14 

Treatment 
n = 15 

Intracranial 
tumour 

Control  0.9667 0.7839 0.9984 

Treatment 0.9667  0.4742 0.9825 

Intracranial 
& flank tumour 

Control 0.7839 0.4742  0.5918 

Treatment 0.9984 0.9825 0.5918  

 

 

Figure 6.9F 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 7 

Control 
n = 7 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9784 0.0741 0.0008 

Treatment 0.9784  0.1376 0.0015 

Intracranial 
& flank tumour 

Control 0.0741 0.1376  0.3799 

Treatment 0.0008 0.0015 0.3799  
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Figure 6.13B 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 3 

Treatment 
n = 4 

Control 
n = 4 

Treatment 
n = 6 

Intracranial 
tumour 

Control  0.6328 0.9632 0.0342 

Treatment 0.6328  0.8450 0.2313 

Intracranial 
& flank tumour 

Control 0.9632 0.8450  0.0520 

Treatment 0.0342 0.2313 0.0520  

 

 

Figure 6.13C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9998 0.9983 0.1590 

Treatment 0.9998  0.9998 0.1323 

Intracranial 
& flank tumour 

Control 0.9983 0.9998  0.1114 

Treatment 0.1590 0.1323 0.1114  

 

 

Figure 6.13D 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9997 0.7990 0.3041 

Treatment 0.9997  0.7732 0.4115 

Intracranial 
& flank tumour 

Control 0.7990 0.7732  0.0415 

Treatment 0.3041 0.4115 0.0415  
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Figure 6.14A 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.1451 0.9211 0.1298 

Treatment 0.1451  0.0428 0.9802 

Intracranial 
& flank tumour 

Control 0.9211 0.0428  0.0283 

Treatment 0.1298 0.9802 0.0283  

 

 

Figure 6.14B 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.0056 0.9880 0.0002 

Treatment 0.0056  0.0026 0.9659 

Intracranial 
& flank tumour 

Control 0.9880 0.0026  < 0.0001 

Treatment 0.0002 0.9659 < 0.0001  

 

 

Figure 6.14C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9462 0.7845 0.9963 

Treatment 0.9462  0.9853 0.9744 

Intracranial 
& flank tumour 

Control 0.7845 0.9853  0.8212 

Treatment 0.9963 0.9744 0.8212  
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Figure 6.14D 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9997 > 0.9999 0.4266 

Treatment 0.9997  > 0.9999 0.4170 

Intracranial 
& flank tumour 

Control > 0.9999 > 0.9999  0.3900 

Treatment 0.4266 0.4170 0.3900  

 

 

Figure 6.15A 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.5781 0.4323 0.9044 

Treatment 0.5781  0.0610 0.2055 

Intracranial 
& flank tumour 

Control 0.4323 0.0610  0.6951 

Treatment 0.9044 0.2055 0.6951  

 

 

Figure 6.15B 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9981 0.9323 0.7896 

Treatment 0.9981  0.8942 0.9271 

Intracranial 
& flank tumour 

Control 0.9323 0.8942  0.3882 

Treatment 0.7896 0.9271 0.3882  
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Figure 6.15C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.6849 0.9971 0.3952 

Treatment 0.6849  0.5771 0.9989 

Intracranial 
& flank tumour 

Control 0.9971 0.5771  0.2829 

Treatment 0.3952 0.9989 0.2829  

 

 

Figure 6.15D 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.4288 0.9742 0.9997 

Treatment 0.4288  0.6535 0.2954 

Intracranial 
& flank tumour 

Control 0.9742 0.6535  0.9372 

Treatment 0.9997 0.2954 0.9372  

 

 

Figure 6.16 
Paired t-test 

No. of independent 
experiments = 1 

P value 
n = 12 

Ki67+ cells < 0.0001 

Ki67 MFI < 0.0001 

Granzyme B+ cells 0.0018 

Granzyme B MFI 0.0007 
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Figure 6.17A 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9975 0.4496 0.6181 

Treatment 0.9975  0.3838 0.7870 

Intracranial 
& flank tumour 

Control 0.4496 0.3838  0.0315 

Treatment 0.6181 0.7870 0.0315  

 

 

Figure 6.17B 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.0918 0.9635 0.0006 

Treatment 0.0918  0.0351 0.4588 

Intracranial 
& flank tumour 

Control 0.9635 0.0351  0.0002 

Treatment 0.0006 0.4588 0.0002  

 

 

Figure 6.17C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9960 0.9857 0.7228 

Treatment 0.9960  0.9996 0.6096 

Intracranial 
& flank tumour 

Control 0.9857 0.9996  0.4836 

Treatment 0.7228 0.6096 0.4836  
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Figure 6.17D 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.3149 0.9054 0.4275 

Treatment 0.3149  0.1020 0.0100 

Intracranial 
& flank tumour 

Control 0.9054 0.1020  0.8698 

Treatment 0.4275 0.0100 0.8698  

 

 

Figure 6.17E 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9404 0.9739 0.0077 

Treatment 0.9404  0.7660 0.0560 

Intracranial 
& flank tumour 

Control 0.9739 0.7660  0.0023 

Treatment 0.0077 0.0560 0.0023  

 

 

Figure 6.17F 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9715 0.4483 0.9563 

Treatment 0.9715  0.2643 > 0.9999 

Intracranial 
& flank tumour 

Control 0.4483 0.2643  0.1377 

Treatment 0.9563 > 0.9999 0.1377  
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Figure 6.18A 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.3987 0.6493 0.7158 

Treatment 0.3987  0.9460 0.8214 

Intracranial 
& flank tumour 

Control 0.6493 0.9460  0.9910 

Treatment 0.7158 0.8214 0.9910  

 

 

Figure 6.18B 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.8998 0.9995 0.9639 

Treatment 0.8998  0.9335 0.6430 

Intracranial 
& flank tumour 

Control 0.9995 0.9335  0.9305 

Treatment 0.9639 0.6430 0.9305  

 

 

Figure 6.18C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.3819 0.8208 0.6520 

Treatment 0.3819  0.8289 0.8491 

Intracranial 
& flank tumour 

Control 0.8208 0.8289  0.9984 

Treatment 0.6520 0.8491 0.9984  
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Figure 6.18D 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9996 0.7897 0.9825 

Treatment 0.9996  0.7886 0.9968 

Intracranial 
& flank tumour 

Control 0.7897 0.7886  0.4871 

Treatment 0.9825 0.9968 0.4871  

 

 

Figure 6.18E 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.5690 0.9739 0.9439 

Treatment 0.5690  0.3540 0.2384 

Intracranial 
& flank tumour 

Control 0.9739 0.3540  0.9999 

Treatment 0.9439 0.2384 0.9999  

 

 

Figure 6.18F 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 6 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9491 0.1587 0.9931 

Treatment 0.9491  0.0883 0.8387 

Intracranial 
& flank tumour 

Control 0.1587 0.0883  0.1398 

Treatment 0.9931 0.8387 0.1398  
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Figure 6.19 
Paired t-test 

No. of independent 
experiments = 1 

P value 
n = 12 

EOMES+ cells 0.0006 

EOMES MFI 0.0006 

TIM-3+ cells < 0.0001 

TIM-3 MFI 0.0516 

PD-1+ cells < 0.0001 

PD-1 MFI < 0.0001 

 

 

Figure 6.20A 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.3146 0.5368 0.0260 

Treatment 0.3146  0.0369 0.8365 

Intracranial 
& flank tumour 

Control 0.5368 0.0369  0.0018 

Treatment 0.0260 0.8365 0.0018  

 

 

Figure 6.20B 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.9343 0.6418 0.8573 

Treatment 0.9343  0.3595 0.9999 

Intracranial 
& flank tumour 

Control 0.6418 0.3595  0.2081 

Treatment 0.8573 0.9999 0.2081  
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Figure 6.20C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.3994 0.6763 0.1872 

Treatment 0.3994  0.0810 0.9994 

Intracranial 
& flank tumour 

Control 0.6763 0.0810  0.0251 

Treatment 0.1872 0.9994 0.0251  

 

 

Figure 6.20D 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.9834 0.9563 0.9280 

Treatment 0.9834  0.8465 0.9985 

Intracranial 
& flank tumour 

Control 0.9563 0.8465  0.6927 

Treatment 0.9280 0.9985 0.6927  

 

 

Figure 6.20E 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.4084 0.9500 0.9286 

Treatment 0.4084  0.2388 0.1066 

Intracranial 
& flank tumour 

Control 0.9500 0.2388  0.9998 

Treatment 0.9286 0.1066 0.9998  
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Figure 6.20F 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.1016 0.9960 0.9467 

Treatment 0.1016  0.2292 0.0153 

Intracranial 
& flank tumour 

Control 0.9960 0.2292  0.8875 

Treatment 0.9467 0.0153 0.8875  

 

 

Figure 6.21A 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.0120 0.9453 0.0567 

Treatment 0.0120  0.0047 0.5325 

Intracranial 
& flank tumour 

Control 0.9453 0.0047  0.0201 

Treatment 0.0567 0.5325 0.0201  

 

 

Figure 6.21B 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.9982 > 0.9999 0.9876 

Treatment 0.9982  0.9995 0.9575 

Intracranial 
& flank tumour 

Control > 0.9999 0.9995  0.9816 

Treatment 0.9876 0.9575 0.9816  
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Figure 6.21C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.6494 0.5101 0.4047 

Treatment 0.6494  0.1025 0.0422 

Intracranial 
& flank tumour 

Control 0.5101 0.1025  0.9965 

Treatment 0.4047 0.0422 0.9965  

 

 

Figure 6.21D 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.1144 0.8654 0.0333 

Treatment 0.1144  0.5271 > 0.9999 

Intracranial 
& flank tumour 

Control 0.8654 0.5271  0.3728 

Treatment 0.0333 > 0.9999 0.3728  

 

 

Figure 6.21E 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.2626 0.8320 0.8841 

Treatment 0.2626  0.0828 0.0388 

Intracranial 
& flank tumour 

Control 0.8320 0.0828  0.9868 

Treatment 0.8841 0.0388 0.9868  
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Figure 6.21F 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 6 

Treatment 
n = 5 

Control 
n = 4 

Treatment 
n = 13 

Intracranial 
tumour 

Control  0.1181 0.9904 0.9141 

Treatment 0.1181  0.1047 0.1813 

Intracranial 
& flank tumour 

Control 0.9904 0.1047  0.8037 

Treatment 0.9141 0.1813 0.8037  

 

 

Figure 6.23A 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.0449 0.9559 0.0052 

Treatment 0.0449  0.1326 0.9288 

Intracranial 
& flank tumour 

Control 0.9559 0.1326  0.0215 

Treatment 0.0052 0.9288 0.0215  

 

 

Figure 6.23B 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.0921 0.3406 0.0002 

Treatment 0.0921  0.8852 0.1836 

Intracranial 
& flank tumour 

Control 0.3406 0.8852  0.0345 

Treatment 0.0002 0.1836 0.0345  
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Figure 6.23C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  > 0.9999 0.9990 0.3661 

Treatment > 0.9999  0.9973 0.3986 

Intracranial 
& flank tumour 

Control 0.9990 0.9973  0.2903 

Treatment 0.3661 0.3986 0.2903  

 

 

Figure 6.23D 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9983 0.9994 0.0974 

Treatment 0.9983  0.9920 0.1403 

Intracranial 
& flank tumour 

Control 0.9994 0.9920  0.0748 

Treatment 0.0974 0.1403 0.0748  

 

 

Figure 6.23E 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.0648 0.7352 < 0.0001 

Treatment 0.0648  0.0053 0.0984 

Intracranial 
& flank tumour 

Control 0.7352 0.0053  < 0.0001 

Treatment < 0.0001 0.0984 < 0.0001  
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Figure 6.23F 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9662 0.9832 0.9988 

Treatment 0.9662  0.8404 0.9835 

Intracranial 
& flank tumour 

Control 0.9832 0.8404  0.9469 

Treatment 0.9988 0.9835 0.9469  

 

 

Figure 6.24A 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.8734 0.9194 0.8265 

Treatment 0.8734  0.9994 > 0.9999 

Intracranial 
& flank tumour 

Control 0.9194 0.9994  0.9985 

Treatment 0.8265 > 0.9999 0.9985  

 

 

Figure 6.24B 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.8632 0.3566 0.3602 

Treatment 0.8632  0.8107 0.8504 

Intracranial 
& flank tumour 

Control 0.3566 0.8107  0.9983 

Treatment 0.3602 0.8504 0.9983  
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Figure 6.24C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  > 0.9999 0.9992 0.9985 

Treatment > 0.9999  0.9996 0.9977 

Intracranial 
& flank tumour 

Control 0.9992 0.9996  0.9902 

Treatment 0.9985 0.9977 0.9902  

 

 

Figure 6.24D 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  > 0.9999 0.8927 0.8841 

Treatment > 0.9999  0.8997 0.8920 

Intracranial 
& flank tumour 

Control 0.8927 0.8997  > 0.9999 

Treatment 0.8841 0.8920 > 0.9999  

 

 

Figure 6.24E 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9999 0.9087 0.9049 

Treatment 0.9999  0.9327 0.8735 

Intracranial 
& flank tumour 

Control 0.9087 0.9327  0.5037 

Treatment 0.9049 0.8735 0.5037  
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Figure 6.24F 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank tumour 

Control 
n = 8 

Treatment 
n = 8 

Control 
n = 8 

Treatment 
n = 12 

Intracranial 
tumour 

Control  0.9761 0.6905 0.9652 

Treatment 0.9761  0.4410 > 0.9999 

Intracranial 
& flank tumour 

Control 0.6905 0.4410  0.3517 

Treatment 0.9652 > 0.9999 0.3517  

 

 

Figure 6.19 
Paired t-test 

No. of independent 
experiments = 1 

P value 
n = 12 

CCR7+ cells < 0.0001 

CCR7 MFI 0.0337 

LFA-1+ cells 0.0002 

LFA-1 MFI 0.0002 

VLA-4+ cells 0.0868 

VLA-4 MFI 0.0003 

 

 

Figure 6.27A 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 3 

Treatment 
n = 4 

Control 
n = 5 

Treatment 
n = 8 

Intracranial 
tumour 

Control  0.9944 0.5447 0.5772 

Treatment 0.9944  0.6418 0.6801 

Intracranial 
& flank tumour 

Control 0.5447 0.6418  0.9974 

Treatment 0.5772 0.6801 0.9974  
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Figure 6.27B 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 3 

Treatment 
n = 4 

Control 
n = 5 

Treatment 
n = 8 

Intracranial 
tumour 

Control  0.9999 0.9831 0.1657 

Treatment 0.9999  0.9635 0.1296 

Intracranial 
& flank tumour 

Control 0.9831 0.9635  0.0329 

Treatment 0.1657 0.1296 0.0329  

 

 

 

Figure 6.27C 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 3 

Treatment 
n = 4 

Control 
n = 5 

Treatment 
n = 8 

Intracranial 
tumour 

Control  0.9344 > 0.9999 0.1744 

Treatment 0.9344  0.9132 0.3732 

Intracranial 
& flank tumour 

Control > 0.9999 0.9132  0.0886 

Treatment 0.1744 0.3732 0.0886  

 

 

Figure 6.27D 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 3 

Treatment 
n = 4 

Control 
n = 5 

Treatment 
n = 8 

Intracranial 
tumour 

Control  0.9936 0.8042 0.0831 

Treatment 0.9936  0.9012 0.0913 

Intracranial 
& flank tumour 

Control 0.8042 0.9012  0.2583 

Treatment 0.0831 0.0913 0.2583  
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Figure 6.27E 
ANOVA with post hoc test 

No. of independent  
experiments = 1 

Intracranial tumour Intracranial & flank 
tumour 

Control 
n = 3 

Treatment 
n = 4 

Control 
n = 5 

Treatment 
n = 8 

Intracranial 
tumour 

Control  0.9587 0.8252 0.0456 

Treatment 0.9587  0.9820 0.0821 

Intracranial 
& flank tumour 

Control 0.8252 0.9820  0.1271 

Treatment 0.0456 0.0821 0.1271  
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Figure 8.1 Example plots of OVA pentamer+ cells 
Example plots showing (A) the CD8 isotype staining along with the control 
pentamer staining and (B) the staining of the staining of CD8+ and OVA 
pentamer+ cells within the intracranial tumour. (C) Example plots of CCR7+ 
CD8+ cells within the CD8+ pentamer+ cell population in the blood and (D) 
intracranial tumour. (E) Example plot of LFA1+ CD8+ cells within the CD8+ 

pentamer+ cell population in the intracranial tumour. 
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