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ABSTRACT 
 

The mitogen-associated protein kinase (MAPK) pathway regulates cell growth and 

proliferation; activating mutations in constituent kinases Ras and BRAF promote excessive 

MAPK signalling and tumourigenesis.  BRAF containing the V600E mutation (BRAFV600E) 

is present in 50% of melanomas and 10% of colorectal cancers (CRCs), spurring the 

development of small-molecule BRAFV600E inhibitors. These compounds are initially 

effective in treatment of advanced melanoma, the most responsive tumour thus far tested, but 

treatment resistance develops. Results in CRC are even less promising.  

Combination of BRAFi with other therapies could increase response rates and delay treatment 

resistance in both melanoma and CRC. Immune-based therapies are an attractive proposition, 

as several studies associated BRAFi treatment of melanoma with enhanced anti-tumour 

immunity. This includes increased proportions of CD8+ tumour-infiltrating lymphocytes 

(TILs), which can recognise and kill tumour cells. The mechanism underlying this enhanced 

CD8+ T cell recruitment has not yet been uncovered, possibly due to this area of research being 

hampered by the lack of well characterised BRAFV600E-driven mouse melanoma and CRC 

models. However, pharmacological inhibition of BRAFV600E could lead to increased levels 

of tumour derived CXCR3 ligands, which attract CXCR3+ CD8 T cells to the tumour. There 

are two major aims for the project: firstly, to utilise existing models or establish new models 

for BRAFV600E-driven melanoma and CRC, and secondly, to study how BRAFV600E 

inhibition affects tumour CXCR3 ligand expression and CD8+ T cell recruitment.  

An in vitro model for BRAFV600E-driven CRC was developed. This involved co-culture of 

colorectal organoids with inducible BRAFV600E expression and activated OT-I cells, which 

are CD8+ T cells which recognise SIINFEKL peptide. Methods were optimised to generate 

OT-I cells capable of migrating towards organoid-derived CXCR3 ligands, and to track the 
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movement and proliferation of the cells during co-culture. The colorectal organoids could also 

be supplied with SIINFEKL peptide to present on MHC Class I, which would allow recognition 

by OT-I cells. However, BRAFV600E induction in the organoids induced a stress state 

involving crypt structure disintegration, cell death and CXCL10 production. Thus, these 

organoids did not represent BRAFV600E-driven CRC and further development was required, 

but due to time constraints was not pursued. 

The existing 4434 melanoma model is derived from mice with melanocyte-specific expression 

of BrafV600E from the endogenous Braf gene. When treated with vemurafenib in vitro, these 

cells upregulated CXCL10 expression. SM1 WT1, another existing model derived from mice 

with melanocyte specific transgenic BrafV600E expression, was also characterised. These cells 

did not upregulate CXCL10 expression after vemurafenib treatment, suggesting this response 

is cell-line dependent.  Unfortunately, immune-mediated rejection of 4434 and SM1 WT1 cells 

in C57BL/6 mice limited in vivo analysis. Thus, a third model was established involving 

B16F10 melanoma cells, normally BRAF wild type, with inducible BRAFV600E expression. 

BRAFV600E induction did elevate MAPK signalling but did not increase cell proliferation or 

sensitivity to BRAFi, suggesting that these cells do not model BRAFV600E-driven melanoma.  

Due to limitations of the models used, the relationship between BRAFV600E signalling and 

CXCR3-dependent CD8+ T cell tumour recruitment could not be fully investigated. This study 

emphasises the need for better mouse models for BRAFV600E-driven melanoma and CRC.



1 
 

 

1. Introduction 

1.1  BrafV600E: a key mutation in melanoma and colorectal cancer 

 

Cancer is one of the most complex diseases we face, with numerous genetic and epigenetic 

abnormalities contributing to the uncontrolled growth and invasive properties of tumour cells. 

These modifications to gene structure and expression vary between cancer types, patients and 

even cells within the same tumour. However, there are common “driver” mutations which 

contribute significantly to the development of many cancers.  Targeting these mutations can 

lead to dramatic reduction in tumour growth and survival (1). 

An example driver mutation is BrafV600E, which affects the mitogen-activated protein kinase 

(MAPK)/extracellular signal-regulated kinase (ERK) signalling pathway (Fig. 1.1) referred to 

hereafter as the MAPK pathway. The MAPK pathway is triggered by the binding of 

extracellular ligands such as growth factors to a receptor tyrosine kinase (RTK), leading to 

phosphorylation and activation of the membrane-bound kinase Ras. Activated Ras induces 

dimerization, phosphorylation and thus activation of RAF kinases, which go on to activate 

MAPK kinases (MEKs), which then activate ERKs. The ERKs activate a range of downstream 

effectors, including transcription factors for genes related to cell survival, growth and 

proliferation (2). This pathway is usually tightly regulated to prevent excessive cell 

proliferation; however, this regulation can be compromised by mutations in the constituent 

kinases. Over 30 mutations in the Braf gene, which encodes the RAF family member BRAF, 

have been identified in human cancers. The most common mutation is the substitution of valine 

for glutamic acid at position 600 (BRAFV600E), which is present in ~90% of Braf-mutant 

melanomas (3). This mutation renders BRAFV600E constitutively active in a RAS independent 
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fashion.  It is then able to phosphorylate MEK and drive MAPK pathway signalling in absence 

of external signals.  

 

Figure 1.1: Simplified schematic of the MAPK pathway 

Modified from (4). Extracellular ligands such as growth factors and hormones bind to cell 

membrane bound RTKs, which activate a cytoplasmic kinase cascade culminating in the 

transcription of genes related to cell growth, proliferation and survival. BRAFV600E is 

constitutively active, driving excessive MAPK signalling in the absence of external 

signals.  
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BrafV600E is present in approximately 50% of melanomas and 10% of colorectal cancers (CRCs) 

(5), as well as less common malignancies such as hairy cell leukemia (6) and papillary thyroid 

carcinoma (7). Human melanocytes require ERK1/2 signalling for progression through the G1/S 

phase; activation of ERK1/2 only occurs when melanocytes are adhered to the extracellular 

matrix (ECM) and in presence of growth factors (8). BRAFV600E forces ERK1/2 activation in 

the absence of these signals, thereby allowing uncontrolled proliferation and contributing to 

melanoma development. On the other hand, BRAFV600E in colorectal tissue can act as a 

potent inhibitor of apoptosis, enabling extensive DNA damage to be tolerated and driving 

carcinogenesis (8). Thus, in both melanoma and colorectal cancer, BrafV600E is a key driver of 

tumour development.  

 

1.2  BRAFV600E small-molecule inhibitors 

 

Several BRAFV600E small-molecule inhibitors (BRAFi) have been developed over the last 

decade; these include vemurafenib, dabrafenib and encorafenib, which gained regulatory 

approval in 2011, 2013 and 2018, respectively for the treatment of unresectable or metastatic 

melanoma (9, 10). These molecules bind to the BRAF ATP-binding pocket, with a much higher 

affinity for the BRAFV600E mutant than the wild type form (11). This prevents BRAFV600E 

from binding ATP which inhibits phosphorylation and activation of the downstream kinase 

MEK (12). Early clinical trials show that 45, 51 and 60% of patients with advanced melanoma 

respond to vemurafenib, dabrafenib and encorafenib treatment, respectively (13-15). In phase III 

trials, these patients had a median progression-free survival (PFS) of approximately 7 months 

with vemurafenib or encorafenib monotherapy (16, 17), or 5 months with dabrafenib 

monotherapy (18). This is a considerable improvement from a median PFS of approximately 2 

months for treatment with dacarbazine, which has been the historical standard for melanoma 
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chemotherapy (19). Despite a promising initial response, melanomas commonly develop 

resistance to BRAFi after several months (17, 18, 20). A wide range of resistance mechanisms have 

been observed in patients or modelled in vitro. These include activation of other RAF isoforms 

in presence of BRAF inhibition (21), further mutation of BRAFV600E driving decreased 

sensitivity to BRAFi (22), mutations in other parts of the MAPK pathway including MEK (23) 

and activation of alternative survival pathways (24). Vemurafenib, dabrafenib and encorafenib 

have strong potential for the treatment of advanced melanoma, but the findings to date indicate 

that durable responses will not be achieved through monotherapy.  

The development of BRAFi for the treatment of advanced BRAFV600E CRC is at an earlier 

stage. Vemurafenib has been shown to modestly inhibit the growth of human CRC cell lines 

and tumour xenografts (25), but less of an effect is seen for BRAFi clinically. Only 5% of 

patients treated with vemurafenib and 10% of those treated with dabrafenib had a confirmed 

partial response, in phase II and I clinical trials respectively (26, 27). Furthermore, a phase I trial 

for encorafenib showed no objective response in any of the 18 patients involved (28). The limited 

therapeutic effect of BRAFi in CRC is thought to be related to reactivation of the MAPK 

pathway through the epidermal growth factor receptor (EGFR). Several groups have reported 

that BRAFV600E inhibition in CRC cell lines leads to rapid feedback activation of EGFR, 

which restores the levels of phosphorylated ERK through activation of Ras and CRAF (29, 30). 

BRAFV600E melanoma cells, on the other hand, express low levels of EGFR and are not 

subject to this resistance mechanism (29). Due to the rapid loss of sensitivity to these 

compounds, more research is needed before BRAFi are useful in the treatment of CRC.  

In both melanoma and CRC, combination treatments involving BRAFi and MEK inhibitors 

(MEKi) are being evaluated. Targeting of BRAFV600E and MEK further downstream in the 

MAPK pathway enhances response rates and delays the development of treatment resistance 
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(9, 31).  However, some patients still have little to no response to this approach (31). Of increasing 

interest is the combination of BRAFi with other treatments, including immune-based therapies.  

 

1.3  BRAF inhibition: anti-tumour immune effects 

 

The possibility of combining BRAFi with immune-based therapies has become an attractive 

option over the last decade. This is due to multiple reports associating inhibition of 

BRAFV600E or its downstream signalling with enhancement of the anti-tumour immune 

response. The main effect shown in those studies, which largely focus on melanoma, is 

enrichment of CD8+ tumour infiltrating lymphocytes (TILs). CD8+ TILs are a critical 

component of the anti-cancer immune response, beginning as CD8+ T cells primed in the 

secondary lymphoid organs against tumour-associated antigens. Once activated, the effector 

CD8+ T cells can circulate around the body and infiltrate tumour tissue, locating and attacking 

tumour cells presenting tumour-associated antigens on major histocompatibility complex 

(MHC) class I (32). The presence of CD8+ TILs within tumours generally correlates with an 

improved clinical outcome in melanoma and other malignancies (33).  

Several studies of human melanoma biopsies indicate that inhibition of BRAFV600E or its 

downstream signalling increases the abundance of CD8+ TILs. During one study, the density 

of intra and peritumoural CD8+ TILs increased after patients were treated with vemurafenib or 

dabrafenib, and decreased again in cases of treatment failure and tumour progression (34). The 

same results were observed in two other studies which included patients receiving vemurafenib 

or dabrafenib monotherapy, as well as those receiving dabrafenib and trametinib combination 

therapy (35, 36).  
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The effect of BRAFi treatment on tumour immune infiltration has also been studied in the SM1 

WT1 murine melanoma model (37). This model involves the subcutaneous implantation of 

BRAFV600E-transgenic SM1 WT1 melanoma cells into syngeneic wild-type mice. Knight et 

al. (37) found that treatment of SM1 WT1 tumours with the vemurafenib analogue PLX4720 

led to a higher abundance of CD8+ TILs. In addition, there were decreased levels of CD4+ 

FOXP3+ T-regulatory cells (Tregs). In addition to their usual function of suppressing 

autoimmune responses, Tregs have been reported to inhibit the anti-tumour immune response 

in a variety of ways, including impairing the function of CD8+ TILs (38). An increase in the ratio 

of intratumoural effector CD8+ T cells to Tregs is generally recognised to enhance the cell-

mediated anti-tumour immune response (37).  

Another reported effect of BRAFV600E inhibition in melanoma is that it leads to reduced 

levels of immunosuppressive cytokines in the tumour microenvironment. These cytokines 

dampen the activity of anti-tumour effector cells and are produced by immunosuppressive cell 

types including Tregs, myeloid-derived suppressor cells (MDSCs), tumour-associated 

macrophages (TAMs) and tumour-associated stromal cells (39). One study found that human 

melanoma cells downregulated expression of interleukin (IL) 6, IL-10 and vascular endothelial 

growth factor (VEGF) after treatment with MEKi or RNA interference which silenced 

expression of BRAFV600E (40). IL-6 has been reported to skew the differentiation of tumour-

specific CD4+ T cells from a Th1 towards a Th2 phenotype (41). Th1 cells are generally 

considered to enhance anti-tumour immunity by driving tumour recruitment, proliferation and 

effector function of effector CD8+ T cells (42), whereas Th2 cells assist the polarization of 

macrophages towards the immunosuppressive TAM phenotype (43). The role of IL-10 in the 

tumour microenvironment (TME) is complex, but there is a general consensus that it suppresses 

Th1 and effector CD8+ T cell responses (44). VEGF is well known for its immunosuppressive 

roles in the TME, which include dampening the activity of CD8+ TILs and altering tumour 
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vasculature to disrupt immune cell infiltration (45). Reduced levels of IL-6, IL-10 and VEGF 

following MAPK pathway inhibition would be expected to alter the TME to better support an 

anti-tumour immune response.   

Inhibition of MAPK pathway signalling in BRAFV600E melanoma has also been shown to 

enhance tumour antigenicity. Melanocytes contain a range of proteins specific to their lineage, 

including those related to the functioning of the melanosome and synthesis of melanin (46). 

Peptide epitopes derived from several of these melanocyte-specific proteins, called melanoma 

differentiation antigens (MDAs), can be presented on MHC-I on melanoma cells (47). These 

peptides can function as target antigens for effector CD8+ T cells during an anti-tumour 

immune response (48-50). There are reports of downregulation of MDA expression by melanoma 

cells during tumour progression, which could be a mechanism to escape immune recognition 

(51, 52). Several studies show that inhibition of BRAFV600E or MEK signalling in BRAF-

mutant melanoma cell lines leads to increased expression of MDAs including MART-1, gp100 

and proteins involved in the melanin synthesis pathway (53, 54). Furthermore, when MART-1 

and gp100-specific T cells were co-cultured with the melanoma cells, there was enhanced 

antigen recognition and cytotoxic activity. Another study of human melanoma biopsies showed 

that BRAFi or combined BRAFi and MEKi treatment lead to increased expression of MART-

1, gp100 and several proteins involved in melanin synthesis (55). This was accompanied by 

increased density of CD8+ TILs and markers of T cell cytotoxicity. These studies strongly 

suggest that inhibition of MAPK signalling increases the antigenicity of BRAF-mutant 

melanoma, enabling enhanced T cell recognition and tumour cell killing.   

While there have been reports on the effect of MAPK pathway inhibition on immune responses 

to Braf-mutant melanoma, there have been very few studies which have examined the use of 

these therapies in patients with CRC. However, several studies propose a link between Braf 

mutational status and the immunological characteristics of the TME. Therefore, it is likely that 
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BRAFi treatment affects the anti-tumour immune response in CRC as well as melanoma. CRCs 

can be grouped into four consensus molecular subtype (CMS) groups, based on variation in 

their clinical presentation, genetics, epigenetics, key transcriptional programs, driver genes and 

TME (56). Tumours belonging to the CMS1 subtype, which frequently harbour Braf mutations, 

have a hypermutated phenotype with a strong degree of immune cell infiltration (56). CMS1 

tumours commonly have a defective DNA mismatch repair system, leading to a state of 

microsatellite instability, which describes mutations in microsatellites. Microsatellites are 

small repeating stretches of DNA scattered throughout the genome, which can easily mutate to 

generate highly immunogenic antigens (57). CMS1 tumours also contain a high density of 

infiltrating immune cells, mainly Th1 cells and CD8+ effector cells, countered by increased 

expression of immune checkpoints including PD-1, PD-L1, CTLA-4, LAG-3 and IDO (56, 58). 

The other subtypes that do not commonly have Braf mutations, CMS2-4 have other hallmark 

characteristics, but generally have a smaller number of mutations and a less active immune 

response compared to CMS1 (59). There does appear to be a relationship between Braf 

mutational status and the immune response to CRC, but its nature is unclear, meaning that 

inhibiting MAPK signalling could have enhancing and/or suppressive effects on anti-tumour 

immunity.  

 

1.4  BrafV600E is associated with an immunosuppressive TME in melanoma 

 

There is an emerging relationship between Braf mutational status and anti-tumour immunity in 

melanoma. Several studies over recent years have suggested a link between BRAFV600E and 

an immunosuppressive TME, and the immune-enhancing effects of BRAFi and MEKi could 

conceivably be due to release of BRAFV600E-dependent immunosuppression. One group 

studied the transcriptomes of melanoma biopsies with wild-type or mutated BRAF and NRAS, 



9 
 

the kinase upstream of BRAF in the MAPK pathway (60). Based on the tumours’ responses to 

therapy and the clustering of key immune-related genes, Tomei and colleagues defined two 

immunological tumour phenotypes (along with a third intermediate phenotype). The 

favourable phenotype involves tumour infiltration of Th1 cells and responsiveness to immune-

based therapies, along with an improved prognosis. Genes associated with this phenotype 

include inflammatory cytokines, T cell cytotoxic molecules and chemoattractant cytokines 

(chemokines) targeting Th1 cells and effector CD8+ T cells. The unfavourable phenotype, 

which has a lower expression of these genes, displays resistance to immunotherapies and a 

poorer prognosis. It was found that BRAF-mutated melanomas were more commonly 

associated with the unfavourable immune phenotype, compared to those containing wild-type 

BRAF. The same associations could not be found for mutations in NRAS and other parts of 

the MAPK pathway, suggesting that BRAF mutations specifically promote an 

immunosuppressive TME.  

Another study shows a direct effect of the BrafV600E mutation on the immunological interactions 

of melanoma cells in vitro (61). Khalili et al. transduced melanoma cells to express wild-type of 

V600E forms of BRAF and found that the BRAF mutant cells upregulated production of 

VEGF, interleukin 1 alpha (IL-1α) and IL-1β. As described earlier, VEGF is a well-known 

immunosuppressive cytokine within tumours. IL-1 is one of the most influential cytokines in 

the TME, driving all phases of malignancy including tumourigenesis, invasion and progression.  

When present at high concentrations, IL-1 can also suppress anti-tumour immune responses 

(62). In that study, tumour-associated fibroblasts (TAFs) treated with culture supernatant from 

the BRAFV600E melanoma cells or IL-1α had enhanced capacity to inhibit the proliferation 

and cytotoxic function of MDA-specific CD8+ T cells. This suggests that BRAFV600E 

melanoma cells could be supportive of TAF-mediated immunosuppression within tumours. 



10 
 

These two studies show a connection between the BrafV600E mutation and an 

immunosuppressive TME in melanoma.  

 

1.5  Combination of MAPK pathway inhibition and immune-based therapies 

 

The close relationship between BRAFV600E signalling and anti-tumour immunity in 

melanoma provides a rationale for combining BRAFi and MEKi with immune-based therapies. 

Several groups have pioneered this approach in studies involving the SM1 mouse melanoma 

model , which involves subcutaneous implantation of BRAFV600E-transgenic SM1 melanoma 

cells (from which SM1 WT1 cells were derived) into syngeneic immune-competent mice (63). 

One of these combinations involves BRAFi and MEKi with adoptive T cell therapy (ACT). 

ACT in human patients involves the isolation of T cells from patient blood or TILs from 

resected tumour tissue, followed by ex vivo expansion of these cells by exposure to antigen 

and/or ligation of costimulatory receptors (64). The expansion period can involve modification 

of the T cells, for example by expression of a chimeric antigen receptor (CAR), to enable 

improved recognition and killing of tumour cells (65). Meanwhile, the patient undergoes 

lymphodepletion to remove all T and B cells, which could compete with re-infused T cells for 

homeostatic cytokines, or in the case of Tregs, suppress the proliferation and effector function 

of re-infused T cells (66). Finally, the ex vivo-expanded T cells are re-infused back into the 

patient, where they can infiltrate and attack the tumour. One group studied the effect of 

vemurafenib treatment in mice bearing SM1 tumours, or SM1-OVA tumours expressing 

ovalbumin (OVA) (63). As a model for ACT, mice with SM1 tumours were infused with 

syngeneic gp100-specific T cells, and those with SM1-OVA tumours were given OT-I cells. 

OT-I cells are CD8+ T cells with a T cell receptor (TCR) recognising SIINFEKL, a peptide 

derived from OVA, in the context of the major histocompatibility complex class I  (MHC-I) 
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molecule H-2Kb (67). Addition of vemurafenib to the ACT regime enhanced inhibition of SM1 

and SM1-OVA tumour growth, most likely related to the increased cytotoxic capacity and 

interferon-gamma (IFN-γ) production of the transferred cells. IFN-γ has been widely reported 

to inhibit tumour growth by acting upon cancer cells, stromal cells and immune cells in the 

TME (68). Interestingly, vemurafenib treatment did not increase the level of tumour-infiltration 

by gp100-specific or OT-I cells.  In another study, Hu-Lieskovan et al. found that combining 

of dabrafenib and trametinib treatment with ACT enhanced SM1 tumour growth suppression 

(69). The transferred gp100-specific T cells had increased homing to tumours and elevated 

cytotoxic activity. Taken together, these two studies show that MAPK pathway inhibition can 

enhance the efficacy of ACT, at least partially through increasing tumour infiltration and 

cytotoxicity of transferred T cells.  

Another combination effective against SM1 melanoma is BRAFi and MEKi and monoclonal 

antibody (mAbs) therapy. The latter targets anti-tumour T cells with agonistic antibodies which 

bind to stimulatory receptors, as well as antagonistic antibodies which block inhibitory 

receptors (37). Hu-Lieskovan found that the previously mentioned treatment regime of 

dabrafenib, trametinib and ACT was further enhanced by antagonistic mAbs targeting 

programmed cell death protein 1 (PD-1) (69). This marker is mainly expressed on activated T 

cells.  Upon binding of programmed death ligand 1 or 2 (PD-L1/2), PD-1 inhibits further T cell 

effector function, acting as an “immune checkpoint” (70). Anti-PD-1 is a “checkpoint inhibitor” 

which can release anti-tumour T cells from immunosuppression, that can be mediated by PD-

L1 expressed on tumour cells. Another study by Knight et al. (37) showed a different result – 

combination of PLX4720 with anti-PD-1 did not enhance tumour growth inhibition compared 

to monotherapy. This was also true of blocking antibodies against two other immune 

checkpoints, cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) and T-cell 

immunoglobulin and mucin domain-3 (TIM-3). However, PLX4720 treatment combined with 
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agonistic antibodies against the T cell surface molecule CD137 dramatically reduced tumour 

growth. CD137, a costimulatory molecule expressed on activated T cells, promotes cell 

proliferation and survival upon binding of CD137 ligand (CD137L) (71). This suggest that there 

is synergy between MAPK pathway inhibition and certain mAbs with respect to anti-tumour 

effects, but more studies are needed to establish a reliable evidence base.  

Evidently there is potential for combining BRAF targeted therapy with immune-based 

therapies, including but not limited to ACT and mAbs, for improved treatment of melanoma. 

This approach could also be used for CRC patients, once the action of BRAFi and MEKi in 

this setting is better understood.  

 

1.6  Exploring the relationship between BRAFV600E inhibition and TIL 

recruitment 

 

An aspect that needs to be further explored is the generally increased proportion of TILs, 

especially CD8+ T cells, in melanomas treated with BRAFi and MEKi. To date there has been 

little investigation into this phenomenon, which could relate to the tumour vasculature, which 

influences how easily immune cells can infiltrate tumours. Tumour vasculature contains many 

structural abnormalities, including downregulation and declustering of intracellular adhesion 

molecule 1 (ICAM-1) and vasculature cell adhesion molecule 1 (VCAM-1), which are required 

for leukocyte extravasation (72). One study by Liu et al. (73) provides evidence for the importance 

of the tumour vasculature in the link between BRAFV600E inhibition and tumour immune 

infiltration. BRAF mutant human melanoma cells were transduced to express gp100 and a 

variant of MHC-I and then implanted into immunodeficient mice, followed by ACT with 

gp100-specific T cells. PLX4720 treatment in combination with ACT treatment increased 
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tumour recruitment of the transferred cells, which was accompanied by a decrease in 

intratumoural VEGF expression. When biopsies from human melanomas treated with BRAFi 

were examined, decreased VEGF levels were correlated with increased CD8+ TIL density. 

Blockade of VEGF signalling has previously been shown to upregulate endothelial adhesion 

molecules in tumour vasculature, enhancing the infiltration of leukocytes (74). Furthermore, 

another study reported that depletion of VEGF with neutralising antibodies increased tumour 

infiltration of transferred T cells (45). With this in consideration, Liu et al. investigated whether 

decreased VEGF signalling mediated the increased recruitment of gp100-specific T cells into 

PLX4720-treated tumours. Neutralising VEGF antibodies alongside the ACT regimen 

increased tumour infiltration of transferred cells 2-3-fold, compared to a 5-10-fold increase 

with addition of PLX4720. This suggests that decreased VEGF signalling contributes to 

increased T cell infiltration during BRAFV600E inhibition.  However, there are likely other 

mechanisms involved.  

Another possible explanation for the effect of BRAFi treatment on TILs is altered tumour 

chemokine expression. Chemokines are small cytokines which induce directional migration in 

responsive immune cells, which express their cognate G protein-coupled receptor (75). In the 

previously mentioned study by Knight et al. (37), treatment of SM1 mouse melanomas with 

BRAFi decreased tumour expression of chemokine C-C chemokine ligand 2 (CCL2). This 

chemokine is generally considered to promote tumour progression by attracting 

immunosuppressive cells, for example some myeloid cells and Tregs, expressing the cognate 

C-C chemokine receptor type 2 (CCR2) (76).  

BRAFV600E inhibition could also influence the expression of other chemokines, contributing 

to increased numbers of CD8+ TILs. These would most likely be ligands for the chemokine 

receptor CXCR3, expressed on natural killer (NK) cells, Th1 cells and effector CD8+ T cells 

(77). The CXCR3 ligands are C-X-C chemokine 9 (CXCL9), CXCL10 and CXCL11.  Their 
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expression is induced mainly by IFN-γ, along with several other inflammatory factors (78). 

These chemokines, which are produced by stromal cells, peripheral blood mononuclear cells 

(PBMCs), T cells and monocytes (79), enable NK cells, Th1 cells and effector CD8+ T cells to 

infiltrate sites of infection and mediate a protective response (80). Several studies report that 

CXCL9, 10 and 11 have redundant functions in certain disease settings (81).  However, the vast 

majority of published data show that there are key roles for individual CXCR3 ligands in vivo 

(82-86).  The CXCR3-ligand signalling axis enables the tumour infiltration of CXCR3+ NK cells, 

Th1 cells and effector CD8+ T cells, which can then mediate an anti-tumour immune response 

(87-89). An increase in tumour derived CXCR3 ligands during BRAFi and MEKi treatment of 

melanoma could contribute to increased levels of CD8+ TILs. This could also occur in CRC in 

the case of effective MAPK pathway inhibition.  

Supporting this hypothesis is some preliminary work involving human BRAFV600E CRC cell 

lines, performed by our collaborators in the Brummer Laboratory at the University of Freiburg. 

Following treatment with vemurafenib, HT29 human BRAFV600E CRC cells increased 

production of CXCL10 and CXCL11 (but not CXCL9) (Fig. 1.2), which could contribute to 

increased recruitment of CXCR3+ CD8+ T cells in vivo. This mechanism could also be causing 

the increased number of CD8+ TILs in humans and mice with melanomas treated with BRAFi 

and MEKi, in the previously mentioned studies (34-37).  
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Figure 1.2: Levels of CXCL10 and CXCL11 in culture supernatant and lysate from 

HT29 cells treated with vemurafenib or vehicle (DMSO), measured by cytokine array. 

HT29 cells were treated with vemurafenib or DMSO for 5 days, followed by collection of 

culture supernatant and cell lysate. The Proteome Profiler Human XL Cytokine Array Kit 

(R & D) was used to measure various human cytokines within these samples. The 

supernatant and lysate were mixed with biotinylated detection antibodies and applied to a 

membrane spotted with captured antibodies to various human cytokines. Captured proteins 

were then visualised with chemiluminescent detection reagents. The chemiluminescence 

intensity for CXCL10 and CXCL11 is shown. Data provided by Dr R Griffin, University 

of Freiburg (with permission). 
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1.7  Research project 

 

1.7.1 Project rationale  

 

Several studies in human patients and mice report that melanomas treated with BRAFi and/or 

MEKi have increased proportions of CD8+ TILs, which are critical for the anti-tumour immune 

response (34-37). The mechanisms behind this enhanced CD8+ T cell recruitment are unknown. 

One study suggests that MAPK pathway inhibition decreases intratumoural VEGF levels, 

which causes remodelling of the tumour vasculature to increase the ease of infiltration for CD8+ 

T cells (73). However, there has been little investigation into the role of chemokine signalling in 

the relationship between inhibition of MAPK signalling in BRAFV600E tumours and tumour 

immune infiltration. This research project aims to utilise existing models, or establish new 

models if necessary, for BRAFV600E mouse melanoma and CRC.  Within these models the 

effect of BRAFV600E signalling on tumour chemokine expression, along with effector 

immune cell recruitment, will be examined.  

 

1.7.2 Hypotheses and aims 

 

Hypothesis 1: Inhibition of BRAFV600E signalling in mouse melanoma and CRC will increase 

tumour CXCR3 ligand production.  

Hypothesis 2: Inhibition of BRAFV600E signalling in mouse melanoma and CRC will enhance 

the recruitment of CD8+ T cells to tumours, in a CXCR3-dependent manner.  
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Aim 1: To select existing models, or establish new models if necessary, for BRAFV600E 

mouse melanoma and CRC, which allow the relationship between BRAFV600E signalling 

and tumour immune infiltration to be studied.  

Aim 1.1: To establish an in vitro BRAFV600E mouse CRC and T cell co-culture model.  

Aim 1.2: To utilise an existing in vitro/in vivo model, or establish a new model, for 

BRAFV600E mouse melanoma.  

 

Aim 2: To characterise the effect of BRAFV600E inhibition on tumour chemokine 

expression, and CD8+ T cell recruitment, in mouse models of CRC and melanoma.  

Aim 2.1: To inhibit BRAFV600E signalling in colorectal organoids, as well as in melanoma 

cells in vitro and in vivo, and characterise changes to CXCR3 ligand expression.   

Aim 2.2: In the presence of BRAFV600E inhibition, identify the contribution of tumour 

derived CXCR3 ligands to CD8+ T cell recruitment.  
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2. Materials and Methods 

 

2.1 Mice  

C57BL/6J and NOD scid gamma (NSG) mice were purchased from Animal Resource Centre 

(Western Australia) and kept under pathogen-free conditions at the University of Adelaide 

animal house. Experiments used age-matched male mice between 8 and 12 weeks of age. Mice 

were humanely euthanized by CO
2
 asphyxiation. All experiments were conducted with 

approval from the University of Adelaide animal ethics committee.  

OT-I
Tg/WT

 and Villin::CreERT2
+/o 

 LSL-Braf
V600E

;Villin::CreERT2
+/o 

mice were bred and kept 

under pathogen-free conditions at the University Medical Center Freiburg animal house. OT-

I
Tg/WT

 mice were generated by crossing OT-I 
Tg/Tg

 mice, originally sourced from Dr. Susana 

Minguet (University of Freiburg) and C57BL/6J mice, purchased from the University Medical 

Center Freiburg. LSL-Braf
V600E

;Villin::CreERT2
+/o  

mice were generated by crossing LSL-

Braf
V600E 

and Villin::CreERT2
+/o 

mice, originally generated by Prof. Martin McMahon 

(University of California) and Prof. Sylvie Robine (Institut Curie), respectively, and imported 

from the Jackson laboratory, Bar Harbor, Maine, USA (LSL-BrafV600E) or obtained from Prof. 

Andreas Hecht, IMMZ, Freiburg (Villin::CreERT2
+/o

). Genotyping of these mice was 

performed as described in section 2.2.1. Experiments used age-matched male mice between 6 

and 12 weeks of age. Mice were humanely euthanized by cervical dislocation. All experiments 

were conducted with approval from the local animal ethics committee (Regierungspräsidium 

Freiburg).  
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2.2 Molecular techniques  

 

2.2.1 Mouse genotyping 

 

Tail tips or ear punches from mice were digested overnight in 100 µL tail tip lysis buffer 

(2.8.12) at 55°C, heat shocked at 95°C for 5 minutes and then diluted with 500 µL water. 

Polymerase chain reaction (PCR) was performed using MyTaq (Bioline) according the 

manufacturer’s protocol, with 1 µL diluted tail tip DNA per reaction. Primers used are listed 

in Table 2.1. Annealing temperatures were 55°C for Braf, 60°C for CreERT2 and 54°C for Tcrb 

genotyping. PCR products were run on agarose gels, stained with GelRed (Biotium) and 

visualised using a ChemiDoc (Bio-Rad). Expected bands were 308 bp for LSL-BrafV600E, 185 

for Braf, 280 bp for CreERT2, 600 bp for wild-type Tcrb and approximately 400 bp for OT-I 

Tcrb. 

 

2.2.2 Expression constructs 

 

The pWHE636-HAhBraf-IRES-GFP and pWHE636-HAhBrafV600E-IRES-GFP vectors were 

described previously (Herr et al., 2011) and were modified to enable dox-inducible expression 

of haemagglutinin (HA) tagged wild-type human BRAF (HAhBraf) or BRAFV600E 

(HahBrafV600E), but not green fluorescent protein (GFP). HAhBraf or HahBRAFV600E were 

amplified by PCR (Supp. Fig. 1) from pWHE636-HAhBraf-IRES-GFP or pWHE636-

HAhBrafV600E-IRES-GFP respectively using oligonucleotides matching regions 5’ and 3’ of 

the sequence (Table 2.1) using the Phusion® High-Fidelity PCR Kit (New England Biolabs). 

These oligonucleotides each introduce a NotI site into the PCR amplicon. The resulting PCR 

amplicons were then subcloned into the cloning vector pSCA-Amp (Stratagene) using the 
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StrataClone™ PCR Cloning Kit (Stratagene) for further propagation. The subcloned amplicons 

were then recovered by NotI (New England Biolabs) digestion (Supp. Fig. 2) and ligated with 

the backbone of NotI-linearised pWHE636-HAhBraf-IRES-GFP (Supp. Fig. 3).  

 

2.3 Organoid culture and techniques  

 

2.3.1 Establishment of epithelial organoids from mouse colon 

 

Mouse colons were opened longitudinally and washed with cold phosphate-buffered saline 

(PBS).
 
The colon tissue was incubated for 1 hour at 4°C in crypt isolation buffer. After removal 

of the crypt isolation buffer, the tissue was washed again with cold PBS. The tissue was then 

shaken inside a 50 mL Falcon tube containing cold PBS to dislodge intestinal crypts, with the 

supernatant inspected for crypts by microscope. This process was repeated 10 times, with 

supernatants not containing crypts being discarded. The supernatants containing crypts were 

collected in a 50 mL Falcon tube coated with bovine serum albumin (BSA) and centrifuged at 

100 g for 10 minutes. The pellet containing crypts was resuspended in complete crypt culture 

medium and passed through a 70 µm cell strainer into a 15 mL BSA-coated Falcon. Following 

centrifugation at 300 g for 5 minutes, the pelleted crypts were resuspended in cold Matrigel 

(growth factor reduced, phenol red free, In Vitro Technologies) with 1 µg/mL mouse 

recombinant noggin (Peprotech), 500 ng/mL mouse recombinant epidermal growth factor 

(EGF) (Invitrogen), 10 µg/mL human recombinant R-spondin-1 (Peprotech), 1 µg/mL 

recombinant mouse Wnt-3A (Merck Millipore), 100 µM ϒ-27632 (Stemcell Technologies) and 

50 µM CHIR99021 (Stemcell Technologies). Thereafter, 50 µL of the Matrigel mixture was 

seeded into each well of a pre-warmed 24-well plate and polymerized for 15 minutes at 37°C, 

after which 500 µL of complete crypt culture medium was overlaid.  



21 
 

Col 190 and 527 organoids were established from LSL-Braf
V600E

;Villin::CreERT2
+/o 

mice. Col 

184 organoids were established from Villin::CreERT2
+/o 

mice.  

 

2.3.2 Culture of colorectal organoids  

After initial establishment of colorectal organoids, the organoids were maintained at 37°C and 

5% CO
2
, with the medium changed every 3-4 days. The medium contained 100 ng/mL mouse 

recombinant noggin, 50 ng/mL mouse recombinant epidermal growth factor (EGF), 1 µg/mL 

human recombinant R-spondin-1, 100 ng/mL recombinant mouse Wnt-3A, 10 µM ϒ-27632 

and 5 µM CHIR99021.  

The crypts were passaged every 1-2 weeks. Generally, 1 well containing organoids would be 

used to seed 3 new wells. The culture medium was aspirated and 200 µL cold PBS added to 

each well, with the Matrigel disrupted by pipetting. The liquefied Matrigel and PBS were 

transferred to BSA-coated Falcon tubes and centrifuged at 300 g for 5 minutes. The pellet 

containing crypts was resuspended in fresh, cold Matrigel containing 1 µg/mL mouse 

recombinant noggin, 500 ng/mL mouse recombinant epidermal growth factor (EGF), 10 µg/mL 

human recombinant R-spondin-1, 1 µg/mL recombinant mouse Wnt-3A, 100 µM ϒ-27632 and 

50 µM CHIR99021. Subsequently, 50 µL of the Matrigel mixture was seeded into each well of 

a pre-warmed 24-well plate and polymerized for 15 minutes at 37°C, after which 500 µL of 

complete crypt culture medium was overlaid.  

In some cases, 3 µM 4-HT was added to the culture medium. After 24 hours, the medium was 

changed.  

In some cases, 1 µM vemurafenib was added to the culture medium.  
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2.3.3 Optimisation of SIINFEKL presentation on H-2K
b
 by colorectal organoids 

 

Splenocytes were isolated from C57BL/6 mice and cultured in complete T cell culture medium 

at 1.25 x 10
6 

cells/mL with 1 µM SIINFEKL peptide (Sigma) for 24 hours.  

Early optimisation procedures for the colorectal organoids varied the SIINFEKL concentration 

and culture duration, finding that addition of 20 µM SIINFEKL into the complete crypt culture 

medium for 24 hours was most effective.  

Post culture, the expression of H-2K
b
/H-2D

b
 and SIINFEKL-bound H-2K

b
 on the splenocytes 

and colorectal organoids was analysed by flow cytometry.  

 

2.3.4 Organoid and OT-I cell co-culture  

 

Colorectal organoids were passaged as described in 2.3.2, except the Matrigel did not contain 

ϒ-27632 or CHIR99021. The following day, 20 µM SIINFEKL peptide ± 3 µM 4-

hydroxytamoxifen (PAN-Seratech) was added to the culture medium. The next day, the culture 

medium was replaced with complete T cell medium containing 100 ng/mL mouse recombinant 

noggin, 50 ng/mL mouse recombinant EGF, 1 µg/mL human recombinant R-spondin-1 and 100 

ng/mL recombinant mouse Wnt-3A. 1 x 10
5
 in vitro-activated OT-I cells (cultured with anti-

CD3ε and anti-CD28 or SIINFEKL, described in 2.6.1) were also added to the culture medium.  

In some cases, the co-culture was monitored using the JuLI™ Stage Real-Time Cell History 

Recorder (NanoEnTek). Images of selected areas in the centre or borders of the Matrigel pearl 
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were captured every hour for between 24 and 117 hours. These images were combined by the 

JuLI™ Stage Real-Time Cell History Recorder to generate a time-lapse video of the co-culture.  

In some cases, at the endpoint of the co-culture the colorectal organoids and OT-I cells were 

analysed by flow cytometry. The culture medium was removed from each well and centrifuged 

to collect OT-I cells. Then, 200 µL cold PBS was added to each well, with the Matrigel 

disrupted by pipetting. The liquefied Matrigel and PBS were transferred to BSA-coated Falcon 

tubes and centrifuged, with the pellet resuspended in 750 µL Cell Recovery Solution (Corning). 

After a 30 minute incubation at 4°C, the solution was centrifuged, with the pellet resuspended 

in 1 mL pre-warmed Accutase (Innovative Cell Technologies). After a 10 minute incubation at 

37°C, the solution was centrifuged to collect colorectal organoid cells and OT-I cells. All cells 

were centrifuged at 400 g for 5 minutes. The cells collected from the culture medium and 

Matrigel were prepared for flow cytometry analysis as described in 2.5.1. 

 

2.4 Murine leukocyte isolation 

 

2.4.1 Spleen 

Spleens of mice were mashed through 70 µM filters (BD), washed in PBS and then incubated 

in mouse red cell lysis buffer (MRCLB) (2.8.15) for 5 minutes at 37°C. Cells were washed 

again in PBS. All cells were centrifuged at 300 g for 5 minutes.  

 

2.5 In vitro techniques 
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2.5.1 Flow cytometry 

 

Single cell suspensions were stained in 96-well round-bottom plates (Corning) at 2.5 x 105 – 1 

x 106 cells per well using antibodies and other reagents at concentrations detailed in Table 2.2. 

All staining steps were performed in fluorescence activated cell sorter (FACS) buffer (2.8.8). 

Cells were washed in PBS and stained with viability dye (BD) and blocked with mouse γ 

globulin (mγg) for 15 minutes protected from light at room temperature. Cells were then 

washed with FACS buffer. All subsequent steps were incubated at 4°C. For purified antibodies, 

cells were stained with purified antibody for 40 minutes, washed in FACS buffer, stained with 

secondary antibody with mγg and normal mouse serum for 20 minutes, washed in FACS buffer 

and blocked with rat γ globulin for 15 minutes. Cells were stained with directly conjugated 

antibodies for 40 minutes. Cells were then washed in PBS 0.04% sodium azide, resuspended 

in PBS 1% paraformaldehyde and stored at 4°C protected from light. Stained cells were 

acquired on either a BD LSR II or LSR FortessaTM X-20 flow cytometer, followed by analysis 

using FlowJoTM software (BD).  

 

2.5.2 Enzyme-linked immunosorbent assay (ELISA)  

 

Supernatants from cell culture or tumours were supplemented with 1x protease inhibitors 

(Sigma) and stored at -80°C. 96 well high-binding plates (Corning) were coated with capture 

antibody diluted in 0.1M sodium bicarbonate (NaHCO3) overnight. All incubations were at 

room temperature (RT), and all washes were performed with PBS 0.05% Tween-20 (Amresco). 

Plates were washed and then blocked with PBS 2% BSA for 2 hours. Plates were washed, then 

incubated with protein standards and samples diluted in PBS 2% BSA for 2 hours. Plates were 

washed and then incubated with detection antibody in PBS 2% BSA for 1 hour. Plates were 
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washed and incubated with streptavidin-HRP (R & D) in PBS 2% BSA for 20 minutes. Plates 

were washed, developed with TMB (eBioscience), stopped with 1M orthophosphoric acid and 

read at 450 nm on a Biotrak II spectrophotometer (Amersham Biosciences). Concentrations of 

protein in the supernatant samples were determined by interpolation of the standard curve of 

log10(concentration) vs. absorbance.  

 

2.5.3 Bicinchoninic acid (BCA) protein assay  

 

The total protein concentrations of cell lysates were determined using the BCA protein assay 

(Pierce), according to manufacturer’s instructions. In brief, lysates and BSA protein standards 

were incubated with BCA for 30 minutes at 37°C in round-bottom 96-well plates. Plates were 

then read at 562 nm on a Biotrak II spectrophotometer. Concentrations of protein in the lysate 

samples were determined by interpolation of the standard curve of concentration vs. 

absorbance.  

 

2.5.4 Preparation of cell lysates 

 

To prepare lysates of colorectal organoids, the culture medium was firstly aspirated from each 

well. 200 µL cold PBS was added to each well, with the Matrigel disrupted by pipetting and 

transferred to BSA-coated Falcon tubes. After centrifugation at 300 g for 5 minutes, the pellet 

was resuspended in ice-cold lysis buffer and incubated for at least 30 minutes on ice. Typically, 

250 µL of lysis buffer was used per well.  

To prepare lysates of adherent cells (SM1 WT1 and 4434), the medium was aspirated from the 

cell culture dish and ice-cold lysis buffer added. Typically, 500 µL lysis buffer was used per 
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10 cm dish. The cell layer was directed scraped from the plate and incubated for at least 30 

minutes on ice.  

To prepare lysates of tumour tissue, the tissue was frozen in liquid nitrogen at the time of 

harvest. The frozen tissue was crushed using a mortar and pestle, resuspended in ice-cold lysis 

buffer and incubated for at least 45 minutes on ice. Typically, 100 µL lysis buffer per mg of 

tumour was used.  

Following lysis, the cell extracts were centrifuged at 13500 g for 10 minutes at 4°C. The 

supernatant was analysed by BCA assay or mixed with 2x Laemmli buffer (Bio-Rad) and 

boiled for 5 minutes at 95°C, then stored at -20°C or -80°C long term.  

Standard lysis buffer (2.8.13) was used for the extraction of cytoplasmic and membrane-bound 

proteins, with radioimmunoprecipitation assay (RIPA) lysis buffer (2.8.14) for the additional 

extraction of nuclear proteins.  

 

2.5.5 Cell culture 

 

The 4434 mouse melanoma cell line was established from Tyr::CreERT2+/o  LSL-BrafV600E 

mice (90) and provided by Dr. Richard Marais (Cancer Research UK Manchester Institute). 

These cells were maintained at 37°C and 5% CO2 in complete 4434 medium. When the cells 

reached 60 – 80% confluence, they were split by washing in PBS, incubation with trypsin-

EDTA solution (Gibco) for 4 minutes at 37°C and washing in complete 4434 medium. Cells 

were stored in 4434 freezing medium in liquid N2.  

The SM1 WT1 cell line was established from Tyr::BrafV600E mice (37, 91) and provided by Prof. 

Mark Smyth (QIMR Berghofer Medical Research Institute). The B16F10 cell line was 

established from wild-type C57BL/6J mice (92) and provided by Dr. Michael Kershaw (Peter 
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MacCallum Cancer Centre). Both cell lines were maintained at 37°C and 5% CO2 in complete 

RPMI medium. When the cells reached 60 – 80% confluence, they were split by washing in 

PBS, incubation with trypsin-EDTA solution for 4 minutes at 37°C and washing in complete 

RPMI medium. Cells were stored in RPMI freezing medium in liquid N2.  

To induce Braf or BrafV600E expression in B16F10 cells containing pWHE644 and pWHE636-

HAhBraf or pWHE636-HAhBrafV600E, 0.5 µg/mL doxycycline (dox) was added to the culture 

medium.   

For treatment with BRAFi, 4434 or SM1 WT1 cells were seeded into 100 mm dishes at 1.25 x 

105 cells/mL in complete 4434 or RPMI medium respectively. After 24 hours, the serum 

concentration of the medium was reduced to 1% and the IC50 concentration of Vemurafenib 

(Selleckchem) or Encorafenib (Selleckchem), on an equivalent volume of DMSO (Sigma), was 

added. Culture supernatant, cells or cell lysate was collected after 48 hours.  

 

2.5.6 Cell proliferation assay 

 

4434 and SM1 WT1 cells were seeded in 96-well plates at 7.5 x 104 cells/mL in complete 4434 

or SM1 WT1 medium, respectively. After 24 hours, the cells were treated with a range of drug 

concentrations and the serum concentration of the medium reduced from 10% to 1%. 48 hours 

after drug administration, the cell number in each well was determined using the XTT 

tetrazolium salt method described previously (93). During the culture, the cells were incubated 

with 37°C and 5% CO2. 

 

2.5.7 SDS-PAGE and Western immunoblotting 
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was performed to 

separate proteins, using precast 4-12% gradient polyacrylamide gels (Invitrogen). Samples 

were prepared as described in 2.5.4 and loaded onto the gel with 10 µg total protein per lane. 

MagicMark™ XP Western Protein Standard (Invitrogen) was also included to determine the 

molecular weight of the proteins of interest. The electrophoretic separation was performed at a 

constant voltage of 165V.  

After separation by SDS-PAGE, the proteins were transferred from the gel to a polyvinylidene 

(PVDF) membrane (Thermo Fisher) by wet electrotransfer. Membranes were activated by 

incubation in 100% methanol (TSU) (10 seconds), followed by washing in water. The blot was 

assembled as follows: 4 layers of Whatman paper, polyacrylamide gel, activated PVDF 

membrane and 4 layers of Whatman paper. The transfer was performed at 100V for 1 hour. 

Subsequently, the membranes were incubated for 90 minutes in 2% BSA PBS, or phospho-

blocking buffer for the detection of phosphorylated proteins. Primary antibody incubation was 

performed in 2% BSA PBS or phospho-blocking buffer at 4°C overnight on an orbital shacker 

(see antibody list in Table 2.2). The blots were washed for 5, 10 and then 15 minutes with tris-

buffered saline (TBS) 0.05% Tween-20 (Amresco) prior to incubation for 45 minutes with 

horseradish peroxidase (HRP)-conjugated secondary antibodies (see antibody list in Table 2.2). 

Following 5, 10 and then 15 minutes of washing with TBS 0.05% Tween-20, proteins were 

visualised with Immobilon Crescendo Western HRP substrate (Millipore) using a ChemiDoc 

(Bio-Rad).  

All incubations were performed at RT unless specified otherwise.  

 

2.5.8 mRNA isolation and qPCR 
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All procedures followed manufacturer’s instructions. Cultured cells were washed in PBS and 

frozen at -80°C. Alternatively, whole tissues were snap-frozen in liquid N2 and ground into 

fine pieces. The cells or tissue were resuspended in TRIzol (Ambion), before RNA extraction 

in chloroform, precipitation in isopropanol, washes in ethanol and DNase treatment using the 

Turbo DNA-free kit (Ambion). cDNA was generated using the High Capacity cDNA Reverse 

Transcription kit (Applied Biosystems). Quantitative polymerase chain reaction (qPCR) was 

conducted using PowerUP SYBR Green Master Mix (Applied Biosystems) on a LightCycler-

480 instrument (Roche). Relative gene expression was calculated using the following equation: 

2-(CT target – CT reference) where reference was Rplp0. All procedures involving handling of RNA 

were conducted with equipment and workspaces cleaned with RNaseZap (ThermoFisher). 

Primer sequences are listed in Table 2.1.  

 

2.5.9 Generation of B16F10 cells with inducible BRAFV600E expression 

 

All transfections using an electroporation-based method were performed using the 4D-

NucleofectorTM X Unit (Lonza) and SF Cell Line 4D-NucleofectorTM X Kit L (Lonza), 

following manufacturer’s instructions. Two µg of plasmid DNA per 106 cells were used.  

B16F10 cells were firstly transfected with pWHE644, followed by puromycin (Calbiochem) 

selection. The B16F10 pWHE644 cells were then transfected with pWHE636-HAhBraf, 

pWHE636-HAhBrafV600E or pWHE636-EV, followed by Blasticidin S (Thermo Fisher) 

selection.  

 

2.6 In vitro stimulation of OT-I cells 
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2.6.1 Basic culture conditions 

 

OT-ITg/wt splenocytes (isolated as described in 2.4.1) were cultured in complete T cell culture 

medium (2.8.6) at 1.25 x 106 cells/mL with 1 µg/mL SIINFEKL peptide (Sigma) in 96 well 

round-bottom plates for 72 hours at 37°C 5% CO2.  

Alternatively, naïve CD8+ T cells were purified from the splenocytes using the EasySepTM 

Mouse Naïve CD8 + T Cell Isolation Kit (Stemcell Technologies) as per the manufacturer’s 

protocol. The isolated cells were cultured in complete T cell culture medium at 1.25 x 106 

cells/mL with 1 µg/mL anti-CD28 (BD) in 96 well round-bottom plates coated with 5 µg/mL 

anti-CD3ε (BD) for 72 hours at 37°C 5% CO2. 

20 ng/mL IL-2 (Peprotech), between 1 and 5 µM CellTrace™ CFSE Cell Proliferation dye 

(Invitrogen) and/or between 1 and 5 µM Cell Proliferation Dye eFluor™ 670 (eBioscience) 

were sometimes added to the culture medium for the stimulation period. 

Both the splenocytes and purified CD8+ T cells were then cultured without stimulation ± 20 

ng/mL IL-2 in complete T cell culture medium for 48 hours at 37°C 5% CO2. 

 

2.6.2 CXCL10 chemotaxis assay 

 

In vitro-stimulated OT-I cells were washed and resuspended in chemotaxis buffer. Mouse 

recombinant CXCL10 (R & D) was diluted in chemotaxis buffer and loaded into the lower 

chambers of 24-well transwell plates with 8 µM pores (Corning). 1 x 106 cells were loaded into 

the upper chambers and incubated for 3 hours at 37°C. Cells were harvested from the lower 

chambers and stained for flow cytometry. Before acquisition, 10 µL of CountBright beads (Life 
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Technologies) were added to samples. OT-I cell counts were normalised to bead counts, then 

divided by the no chemokine control to determine chemotaxis index.  

 

2.7 In vivo techniques 

 

2.7.1 Subcutaneous melanoma 

 

4434, SM1 WT1 and B16F10 cells were washed in PBS and injected in various doses (between 

2 x 105 and 2 x 106 cells) in 50 µL PBS in subcutaneous locations on the abdomen. Every day 

or every second day, the longest and shortest tumour diameters were measured using digital 

callipers. These two measurements were multiplied to calculate tumour area.  

 

2.7.2 Metastatic melanoma 

 

4434 cells were washed in PBS and injected in various doses (between 1 x 106 and 3 x 106 

cells) in 200 µL PBS in the lateral tail vein. Mouse weight and health were monitored every 

day or every second day for 25 days. 

 

2.8 Solutions 

 

2.8.1 4434 freezing medium    

Complete 4434 medium with 10% DMSO (Sigma) and additional 12.5% FCS.  
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2.8.2 Chemotaxis buffer  

1 x Roswell Park Memorial Institute (RPMI) 1640 Medium (Gibco) with 0.5% w/v BSA 

(Sigma) and 625 µM HEPES (Gibco).  

 

2.8.3 Complete 4434 medium 

1 x DMEM (Gibco) with 10% v/v heat-inactivated foetal calf serum (FCS, from Sigma), and 

100 U/mL penicillin and 100 µg/mL streptomycin (Gibco).  

 

2.8.4 Complete crypt culture medium 

1 x Dulbecco’s modified Eagle medium (DMEM) (PAN-Seratech) with 10 mM 4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, from PAN Seratech), 2 mM L-

glutamine (PAN-Seratech), 100 U/mL penicillin and 100 µg/mL streptomycin (PAN-

Seratech), 1 x N2 supplement (Invitrogen), 1 x B27 supplement (Inivtrogen) and 1 mM N-

acetyl cysteine (Sigma).  

 

2.8.5 Complete RPMI medium  

1 x RPMI 1640 Medium with 10% FCS, and 100 U/mL penicillin and 100 µg/mL streptomycin. 

 

2.8.6 Complete T cell culture medium 

1 x Iscove’s Modified Dulbecco’s Medium (IMDM) with 10% FCS (PAN-Seratech), 50 µM 

β-mercaptoethanol (Sigma), 100 U/mL penicillin and 100 µg/mL streptomycin (PAN-

Seratech) and 2 mM L-glutamine (PAN-Seratech).  
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2.8.7 Crypt isolation buffer  

1 x PBS (PAN-Seratech) with 15 mM ethylenediamine tetra-acetic acid (EDTA) (PAN-

Seratech).  

 

2.8.8 FACS buffer 

1 x PBS (TSU) with 2% BSA and 0.04% sodium azide (Australian Chemical Reagents).  

 

2.8.9 PBS 

1 x PBS was purchased from University of Adelaide technical services unit (TSU) or PAN-

Seratech.  

 

2.8.10 Phospho-blocking buffer 

1 x TBS with 5% w/v PhoshoBLOCKERTM Blocking Reagent (Cell Biolabs). 

 

2.8.11 RPMI freezing medium 

Complete RPMI medium with 10% DMSO and additional 12.5% FCS.  

 

2.8.12 Tail tip lysis buffer 

Distilled H2O (TSU) with 100 mM tris(hydroxymethyl)aminomethane hydrochloric acid (Tris-

HCl) pH 8.8 (TSU), 5 mM EDTA pH 8.0 (TSU), 200 mM NaCl (TSU) and 100 µg/mL 

proteinase K (Sigma).  
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2.8.13 Standard lysis buffer 

Distilled H2O with 50 mM Tris-HCl, 1% Triton-X 100 (Sigma), 137 mM NaCl, 1% glycerol 

(TSU), 1 mM sodium orthovanadate (Sigma), 0.5 mM EDTA pH 8.0 and 1% protease inhibitor 

cocktail (Sigma).  

 

2.8.14 RIPA lysis buffer 

Standard lysis buffer (2.8.13) with 0.5% sodium deoxycholate (Sigma) and 0.1% SDS (TSU).  

 

2.8.15 MRCLB 

Distilled H2O with 140 mM NH4Cl (Sigma) and 17 mM Tris pH 7.65 (TSU), at pH 7.2.  
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Table 2.1: Primers 

 

Primers used in genotyping 

Gene Forward primer (5’ → 

3’) 
Reverse primer (3’ → 5’) 

Braf TGAGTATTTTTGTGGCAA

CTGC 
CTCTGCTGGGAAAGCGGC 

CreER
T2 CAAGCCTGGCTCGACGG

CC 
CGCGAA-

CATCTTCAGGTTCT 

Tcrb (OT-I PCR) AAAGGTGGAGAGAGACA

AAGGATTCCTACC 
AGAGAAAGAAACCTACCT

TGTCCTGGCTTG 
and 
CCACACACAAACTAAGCT

CAGCATATCCTG 

Primers used in qPCR 

Gene Forward primer (5’ → 3’) Reverse primer (3’ → 5’) 

Cxcl10  
GGACGGTCCGCTGCAA 

AAGCTTCCCTATGGCCCTC

AT 

Cxcl9  TGGAGCAGTGTGGAGTTC

GA 
CCTCGGCTGGTGCTGATG 

Ifng  ATGAACGCTACACACTGC

ATC 
CCATCCTTTTGCCAGTTCC

TC 

Tnf ATCCGCGACGTGGAACTG ACCGCCTGGAGTTCTGGA

A 
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Table 2.1 continued 

Primers used in modification of expression vectors  

Gene or region 

of interest 
Forward primer (5’ → 3’) Reverse primer (3’ → 5’) 

HAhBraf GTCGACCATGGCTTCTAG

CTATCCTTATGACGTGCCT

GACTATGCCAGCCTGGGA

GGA 
CCTATGGCGGCGCTGAGC

GGTGGCGGTGGTGGCGG

CGCGGAG 

GTCGACTCAGTGGACAGG

AAACGCACCATATCCCCCT

GCCTG 

pWHE636 NotI 

site  

ATCCAGCCTCCGCGGCCC

CGAATTTGC 

 

HAhBRAF 

(K205 forward 

primer)  

AGAATTCAGGATGGAGA

GAAG 

 

HAhBRAFV600E GGTGATTTTGGTCTAGCT

ACAGAGAAATCTCGATGG

AGTGGGTCC 
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Table 2.2: Antibodies and similar reagents 

 

Antibodies for cell culture 

Specificity  Conjugate Clone Source Final 

concentration 

Mouse CD3ε  - 145-2C11 BD 5 µg/mL 

Mouse CD28 - 37.51 BD 1 µg/mL 

Primary antibodies for flow cytometry 

Specificity  Conjugate Clone Source Final 

concentration 

Mouse H-

2K
b
/H-2D

b
 

BV421 28-8-6 BD 0.67 µg/mL 

OVA257-264 

(SIINFEKL) 

peptide bound 

to H-2K
b
 

PE 25-D1.16 eBioscience 0.67 µg/mL 

Mouse CXCR3 - 220803 R & D 2.78 µg/mL 

Mouse CD44 BV711 IM7 BD 0.67 µg/mL 

Mouse CD8a BUV395 53-6.7 BD 0.67 µg/mL 

Vα2  APC B20.1 BioLegend  0.67 µg/mL 

CD107a APC 1D4B BD 0.67 µg/mL 

Secondary antibodies for flow cytometry 

Specificity  Conjugate Clone Source Final 

concentration 

Rat IgG PE Polyclonal Jackson 

ImmunoResearch 
2.5 µg/mL 

 

 

 

 

 

 

 

 



38 
 

Table 2.2 continued 

Other reagents for flow cytometry 

Compound Conjugate Source 
Final 

concentration 

Viability stain  APC-Cy7 BD 1.11 µg/mL 

CFSE - Invitrogen 1 – 5 µM 

eFluor670 - eBioscience 1 – 5 µM 

Rat γ globulin  - Rockland 0.2 mg/mL 

Mouse γ 

globulin  
-  

Rockland 0.4 mg/mL 

Normal mouse 

serum 
- 

Rockland 1.7 mg/mL 

Primary antibodies for Western Blot 

Specificity  Conjugate Clone Source 
Final 

concentration 

ERK1/2  -  Polyclonal 
Cell Signalling 

Technology 
1/1000 

Phospho-

ERK1/2 

(Thr202/Tyr204) 
- Polyclonal 

Cell Signalling 

Technology 

1/1000 

MEK1/2 - D1A5 
Cell Signalling 

Technology 
1/1000 

Phospho-

MEK1/2  
- Polyclonal 

Cell Signalling 

Technology 
1/1000 

β-actin - AC-74 Sigma 1/5000 

Secondary antibodies for Western Blot 

Specificity  Conjugate Clone Source 
Final 

concentration 

Rabbit IgG HRP Polyclonal Invitrogen  1/30,000 

Mouse IgG HRP Polyclonal 
Jackson 

ImmunoResearch  
1/30,000 
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Table 2.2 continued 

Primary antibodies for ELISA 

Specificity  Conjugate Clone Source 
Final 

concentration 

Mouse CXCL10  - 134013 R & D 2 µg/mL 

Mouse CXCL10 BiOT-In Polyclonal R & D 0.1 µg/mL 

Mouse CXCL9  - Polyclonal R & D 1 µg/mL 

Mouse CXCL9   Polyclonal R & D 0.1 µg/mL 

Other reagents for ELISA 

Compound Conjugate Source 
Final 

concentration 

Recombinant 

mouse CXCL10 
-  R & D 

- 

Recombinant 

mouse CXCL9 
-  R & D 

- 

Streptavidin HRP Rockland 1/5,000  
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3. Towards the establishment of a colorectal organoid 

and T cell co-culture system to study immune 

effects of BRAFV600E signalling 

3.1 Introduction 

Approximately 10% of CRCs contain the BrafV600E mutation, which drives the serrated pathway 

of colorectal carcinogenesis (5). BRAFi are in clinical use to treat advanced melanoma after 

promising results in Phase III clinical trials (16-18).  These compounds along with MEKi have 

been associated with enhancement of the anti-tumour immune response, including increased 

proportions of CD8+ TILs (34-36), reduced levels of immunosuppressive cytokines (40, 61), 

upregulated expression of tumour-associated antigens (49, 53, 54) and alterations to tumour 

vasculature (73). However, clinical development of BRAFi in CRC is at an earlier stage, with 

Phase I and Phase II clinical trials showing response rates between 0 and 10% (25, 26, 28), and the 

immune effects of these compounds have not been investigated in CRC. However, if the 

relationship between BRAFV600E signalling and anti-tumour immunity is better understood, 

this could provide a rationale for the combination of BRAFi and immune-based therapies in 

CRC, potentially improving patient outcomes.  

Preliminary experiments from the Brummer Laboratory at the University of Freiburg have 

shown that the human CRC cell line HT29 has increased CXC10 and CXCL11 expression, 

when treated with vemurafenib. This raises the question of how BRAFV600E signalling 

influences CXCR3 ligand expression and other immune parameters in CRC, and what the 

consequences are for the anti-tumour immune response.  
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In order to study CRC, we can now look beyond traditional monolayer cultures of CRC cell 

lines using colorectal organoids.  The colorectal epithelium is composed of crypts: 

invaginations of the epithelium into the ECM, supported by stromal cells (Fig. 3.1) (94). At their 

base, crypts contain intestinal stem cells (ISCs) expressing LGR5, a protein in the Wnt 

signalling pathway, which give rise to transit-amplifying (TA) daughter cells. The TA cells 

proliferate and migrate through the TA zone, reaching the upper part of the crypt where they 

terminally differentiate into different cell types including enterocytes, goblet cells, 

enteroendocrine cells and Tuft cells. These cells then reach the surface epithelium and are 

exfoliated into the lumen. This proliferation and differentiation journey lasts 3-5 days, enabling 

constant self-renewal of the colorectal epithelium (95). Organoids derived from colorectal ISCs 

more accurately represent the cellular diversity and structure of the colorectal epithelium 

compared with monolayer cultures of CRC cell lines (95). ISCs can be isolated from mouse 

colon and when supported in ECM-based Matrigel and provided with selected growth factors, 

are able form organoid structures containing crypt-like domains surrounding a central lumen. 

A representative example of such organoids developed during this study is shown in Figure 

3.2.  

In this part of the project, development of a novel in vitro CD8+ T cell and colorectal organoid 

co-culture model was undertaken. It was anticipated that the co-culture model would provide 

an opportunity to study how BRAFV600E signalling influences the immune response to CRC. 

This model includes murine colorectal organoids (which were initially established and 

characterised by the Brummer Laboratory in Freiburg), in which BRAFV600E expression can 

be induced. The current study involves further characterisation and incorporation of the 

organoids into the co-culture model.  

These organoids are cultured inside a Matrigel “pearl” surrounded by culture medium, to which 

in vitro-activated CD8+ T cells can be added. The movement of the CD8+ T cells from the 
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culture medium to the Matrigel, potentially due to organoid-derived CXCR3 ligands, can be 

measured, as well as their expression of activation and cytotoxic markers. This system was 

designed to allow characterisation of how inhibition of BRAFV600E signalling in colorectal 

epithelial cells affects their interaction with CD8+ T cells.  

 

3.2 Inducible expression of BRAFV600E in colorectal organoids 

Most CRC tumours develop via adenoma-carcinoma transition or the more recently discovered 

“serrated pathway”, which commonly involves the BRAFV600E mutation (96). The Brummer 

Laboratory have established a murine colorectal organoid model which appears to recapitulate 

early events in the serrated pathway.  

The LSL-Braf
V600E

;Villin::CreERT2
+/o

mouse contains the modified BRAF allele LSL-BrafV600E, 

which expresses WT BRAF and then BRAFV600E upon Cre-mediated recombination (Fig. 

3.3). The mouse also expresses the Villin::CreERT2
+/o

 transgene, encoding the 4-

hydroxytamoxifen (4-HT) regulated CreERT2 recombinase in the small and large intestine (97). 

This allows the inducible switch from Braf to BrafV600E expression via administration of 4-HT.  

The Brummer Laboratory have previously established small intestinal and colorectal organoid 

cultures from the ISCs of the LSL-Braf
V600E

;Villin::CreERT2
+/o

mouse. Administration of 4-HT 

enables Cre-mediated recombination of LSL-BrafV600E, allowing the effect of BRAFV600E 

expression to be examined in oncogene-naïve intestinal cells. Preliminary transcriptomic data 

shows that after BRAFV600E induction, transcripts related to cell-matrix adhesion and 

epithelial differentiation are downregulated, whilst those associated with the serrated CRC 

phenotype are upregulated (98). This appeared in the current study to be accompanied by visible 

disintegration of the organoid crypt structures (Fig. 3.4), along with the death of many 
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colorectal epithelial cells within the first week following oncogene induction (data not shown). 

Based on these observations, the inducible BRAFV600E colorectal organoids appear to model 

elements of early serrated CRC.  

3.3 Colorectal organoids can present SIINFEKL peptide in the context of the 

H-2Kb molecule 

The organoid T cell co-culture was then further developed to model antigen-dependent 

recognition and killing of CRC cells by tumour-specific CD8+ T cells. To achieve this, the OT-

I system was used. OT-I cells are CD8+ T cells bearing a transgenic T cell receptor (TCR) with 

specific affinity for a peptide of ovalbumin (OVA257-264) called SIINFEKL, presented in the 

context of the H-2Kb molecule (67). H-2Kb is a variant of the H-2K MHC-I molecule that is 

expressed by C57BL/6 mice  (99). The first consideration to optimise the system was to 

determine whether the colorectal organoid cells could be induced to present specific antigen to 

the OT-I cells. Therefore, a method was established to enable colorectal organoids to present 

SIINFEKL in the context of H-2Kb.  

Pilot experiments involving culturing splenocytes with SIINFEKL peptide in the culture 

medium were performed. Initially, it was verified that SIINFEKL peptide provided in the 

culture medium could be taken up by cells and presented on H-2Kb. Subsequently, it was 

established that SIINFEKL-bound H-2Kb could be readily detected by flow cytometry. Thus, 

splenocytes were cultured with 1 µM SIINFEKL in the culture medium for 24 hours, followed 

by flow cytometry using antibodies against H-2Kb/H-2Db and SIINFEKL-bound H-2Kb (Fig. 

3.5). Figure 3.5a shows that gating strategy used during flow cytometry analysis to isolate 

single, live splenocytes. This firstly involves exclusion of cellular debris (first plot), as well as 

cell doublets and other aggregates (second, third and fourth plots) based on forward and side 

scatter. Then cells with higher fluorescence corresponding to the viability stain are excluded as 
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dead cells (fifth plot) as necrotic cells with permeable plasma membranes allow intracellular 

diffusion of the dye and binding to intracellular amines, leading to increased fluorescence 

compared to non-permeable live cells (100).The first plot of Figure 3.5b shows that almost all 

splenocytes expressed varying levels of H-2Kb/H-2Db. The second plot shows that after the 

splenocytes were cultured with SIINFEKL, approximately 80% of treated cells stained positive 

for SIINFEKL-bound H-2Kb. This established that SIINFEKL supplied in this manner could 

be taken up and presented on H-2Kb, and this could be detected by flow cytometry and verified 

the reagents that were to be employed.  

Next, the same method was used to measure SIINFEKL-bound H-2Kb on colorectal organoid 

cells pulsed with SIINFEKL. Figure 3.6a shows the gating strategy used in flow cytometry 

analysis to isolate single, live colorectal organoid cells. The process is like that involving the 

splenocytes in Figure 3.5a, with exclusion of debris, cell aggregates and dead cells. The first 

FACS plot of Figure 3.6b shows that a high proportion (almost 100%) of colorectal organoid 

cells expressed H-2Kb/H-2Db. However, the second plot shows that there was almost no 

SIINFEKL-bound H-2Kb after culturing the organoids with 1 µM SIINFEKL. Titration 

experiments (Table 3.1, third and fourth plots from Fig. 3.6b) showed that much higher 

SIINFEKL concentrations allowed detection of SIINFEKL-bound H-2Kb in colorectal 

organoids. Depending on the organoid cell line, after culture with 20 µM SIINFEKL, cells were 

between approximately 10 and 60% positive for SIINFEKL-bound H-2Kb (Fig 3.6b). Thus, 

colorectal organoid cells were capable of presentation of exogenously delivered SIINFEKL 

peptide, which could potentially allow recognition and antigen-dependent killing by OT-I cells 

added to the culture.  
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Table 3.1: Summary of methods used to supply colorectal organoids with SIINFEKL 

peptide for presentation in context of H-2Kb 

SIINFEKL concentration 

(µM) 
Location of SIINFEKL 

Duration of SIINFEKL 

exposure (hours) 

1 Culture medium 24 

1 Culture medium 96 

1 Matrigel 48 

10 Culture medium 24 

20 Culture medium 24 

 

3.4 In vitro-activated OT-I cells can express high levels of CXCR3 and 

migrate in response to CXCL10  

The co-culture model requires in vitro-activated OT-I cells capable of migrating in response to 

organoid-derived CXCR3 ligands and killing SIINFEKL-presenting colorectal epithelial cells. 

In vitro T cell stimulation methods were optimised (conditions described in Table 3.2) to 

generate OT-I cells with these two capabilities. Two methods appeared to be the most 

promising: purified CD8+ T cells cultured with anti-CD3 and anti-CD28, or splenocytes 

cultured with SIINFEKL peptide. Both involve a 72 hour stimulation and 48 hour rest period, 

with no additional cytokines. Expression of activation and cytotoxic markers was measured 

after the rest period using flow cytometry with antibodies for CXCR3, CD44 and CD107a. 

CD44 is a surface molecule upregulated by activated T cells after antigen encounter (101). 

CD107a is a lysosomal membrane protein, transported to the surface of activated T cells after 

cytotoxic degranulation (102). The gating strategy for OT-I cells is shown in Figure 3.7a. This 

firstly involves exclusion of debris, cell aggregates and dead cells. Next, cells were isolated 

which express both CD8 and α-chain variable region 2 (Vα2), a component of the OT-I TCR 
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(103). As shown in Figure 3.7b, approximately 60% of anti-CD3 and anti-CD28-stimulated OT-

I cells, and 25% of the SIINFEKL-stimulated cells, expressed CXCR3. Whilst having a lower 

frequency of CXCR3 expression, the SIINFEKL-stimulated cells had increased expression of 

CD44 and CD107a (Fig 3.7c). Thus, these data suggest that although they expressed less 

CXCR3, the SIINFEKL-stimulated OT-I cells had a more activated and cytotoxic phenotype.  

It was still unknown how the behaviour of OT-I cells stimulated via anti-CD3 and anti-CD28 

versus SIINFEKL would compare in co-culture. These cells could alter their CXCR3 

expression and thus CXCR3 ligand-dependent migration, as well as cytotoxicity once exposed 

to the colorectal organoids. Further characterisation of the OT-I cells was therefore required 

before one in vitro stimulation method could be selected for future co-culture experiments.  

 

Table 3.2: Summary of methods used to activate OT-I cells in vitro  

Starting material from    

OT-ITg/WT mice 

Stimulation conditions 

(72 hours) 

Resting conditions 

(48 hours) 

Naïve CD8+ T cells Anti-CD3 and anti-CD28 No stimulation or cytokines 

Naïve CD8+ T cells 
Anti-CD3 and anti-CD28 with 

IL-2 
No stimulation or cytokines 

Naïve CD8+ T cells Anti-CD3 and anti-CD28 No stimulation and IL-2 

Naïve CD8+ T cells 
Anti-CD3 and anti-CD28 with 

IL-2 
No stimulation and IL-2 

Splenocytes SIINFEKL No stimulation or cytokines 

Splenocytes SIINFEKL with IL-2 No stimulation or cytokines 

Splenocytes SIINFEKL No stimulation and IL-2 

Splenocytes SIINFEKL with IL-2 No stimulation and IL-2 
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The ability of OT-I cells stimulated under these two conditions to migrate towards CXCL10 

was then compared in a chemotaxis assay. Flow cytometry was used determine the absolute 

number of OT-I cells which passed from the upper to lower Transwell chamber, with the gating 

strategy for OT-I cells shown in Figure 3.8a. Despite their comparatively lower expression of 

CXCR3 (Fig. 3.7), the SIINFEKL-stimulated OT-I cells showed more CXCL10-mediated 

chemotaxis than the anti-CD3 anti-CD28 stimulated cells (Fig. 3.8b). At the higher CXCL10 

concentrations, the SIINFEKL-stimulated cells had a mean migration index between 3 and 4; 

the anti-CD3 anti-CD28 stimulated cells had a migration index between 1 and 2, migrating 

similarly to the no ligand control. It must be noted that little is known about the levels of 

CXCL10 in the colorectal epithelium in vivo under various conditions, so the chemokine 

concentrations used in this assay may not be physiologically relevant.   Nevertheless, the 

chemotaxis assay suggests that in a co-culture, SIINFEKL-stimulated OT-I cells could be more 

effective at migrating towards colorectal organoids in response to organoid-derived CXCL10.  

 

3.5 Development of methods to track OT-I cell migration and proliferation 

during co-culture with colorectal organoids 

Another component of the co-culture model involves tracking OT-I cell movement and 

proliferation. During the co-culture, it would be important to measure organoid recruitment of 

the OT-I cells, and their activity once localised with the organoids.  

OT-I cell migration during co-culture was monitored using the JuLI™ Stage Real-Time Cell 

History Recorder (NanoEnTek). Images of selected areas in the centre and towards the border 

of the Matrigel pearl were captured at regular intervals during co-culture. These images were 

combined into a time-lapse video (Figure 3.9 and Supplementary Video 1), showing OT-I 

cells infiltrating the central and border areas of the Matrigel from the culture medium.  
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It was considered important to be able to monitor activation of OT-I cells in the coculture 

system.  Therefore, as a marker of activation following antigen presentation, fluorescent dyes 

were used to quantify OT-I cell proliferation in the co-culture model. When these dyes –  

carboxyfluorescein succinimidyl ester (CFSE) and eFluor670 – stain cells, they are retained 

intracellularly and diluted equally to daughter cells following cell divisions. The cells can be 

analysed by flow cytometry, with each generation appearing as a distinct peak on the 

fluorescence intensity histogram (104).  

An initial experiment was performed using OT-I cells to determine the optimal staining 

concentration for CFSE and eFluor670, for maximal resolution of cell proliferation and 

minimal toxicity. OT-I cells were stained with CFSE or eFluor670, followed by 3 days of 

culture with anti-CD3 and anti-CD28 or no stimulation and then flow cytometry analysis. The 

gating strategy for OT-I cells is shown in Figure 3.10a. Figure 3.10b(i) and c(i) show that 

stimulated OT-I cells have reduced CFSE and eFluor670 fluorescence compared to 

unstimulated cells, due to cell division and thus dilution of the dye to daughter cells. As shown 

in Figure 3.10b(ii) and c(ii), the CFSE and eFluor670 dyes were able to resolve 7 generations 

of in vitro-stimulated OT-I cells, with similar population distributions at all concentrations 

tested (Table 3.3). A concentration of 1 µM for both compounds was selected for further 

experiments, as the proportion of live unstimulated cells was higher than at the 2 and 5 µM 

concentrations (Fig. 3.10a(iii) and b(iii), Table 3.4). This minimised potential toxicity for the 

cells with less divisions and therefore a higher concentration of intracellular dye. 
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Table 3.3: Proliferation distribution of stimulated OT-I cells stained with CFSE or 

eFluor670  

 Proportion of OT-I cells (%) 

 CFSE concentration (µM) eFluor670 concentration (µM) 

Number of 

cell divisions 
1 2 5 1 2 5 

0 18.6 13.6 8.9 17.1 15.5 17.9 

1 7.0 4.0 2.6 8.4 8.0 7.9 

2 5.2 4.7 5.4 6.5 6.7 7.0 

3 9.0 10.1 14.2 8.1 10.8 13.9 

4 19.3 21.8 28.0 17.9 23.9 27.9 

5 27.6 29.8 29.4 25.1 26.0 20.2 

6 10.1 12.9 9.6 13.8 7.1 3.6 

 

 

Table 3.4: Viability of stimulated and unstimulated OT-I cells stained with CFSE or 

eFluor670 

 Proportion of viable cells (% of OT-I cells) 

 CFSE eFluor670 

Dye concentration 

(µM) 
Stimulated Unstimulated Stimulated Unstimulated 

0 
96.0 84.5 96.0 84.5 

1 
87.6 61.7 92.2 73.7 

2 
89.9 51.7 91.7 70.7 

5 
89.9 42.0 91.4 66.5 
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3.6 BRAFV600E induction in colorectal organoids elevates CXCL10 

production 

My collaborator Dr. Ricarda Griffin in the Brummer Laboratory has shown that in human HT29 

CRC cells in which BRAFV600E signalling is blocked by vemurafenib treatment, production 

of CXCL10 and CXCL11 is increased. Considering this, it is possible that induction of 

BRAFV600E signalling in BRAF WT cells reduces CXCL10 and CXCL11 production. 

Therefore, one could hypothesise that when BRAFV600E signalling is induced in LSL-

BrafV600E;Villin::CreERT2+/o colorectal organoids upon administration of 4-HT, CXCR3 

ligand production decreases. This hypothesis was addressed in a range of experiments 

involving induction of BRAFV600E signalling in the colorectal organoids, followed by 

measurement of CXCL10 levels in the surrounding culture supernatant. In these experiments, 

only CXCL10 levels were measured, as C57BL/6 mice contain a frameshift mutation in the 

Cxcl11 gene which results in a premature stop codon, and therefore do not express functional 

CXCL11 (105). One week after 4-HT administration, CXCL10 levels in the organoid culture 

medium increased significantly (Fig. 3.11a), and then decreased again after 2 weeks (Fig. 

3.11b). Treatment of Col 184 Villin::CreERT2+/o organoids with 4-HT, which induced 

expression of CreERT2 without the  LSL-BrafV600E target sequence, did not increase organoid-

derived CXCL10 (but actually decreased expression of CXCL10 (Fig. (105)3.11c)).  Regardless, 

this indicates the 4-HT-induced increase in CXCL10 in LSL-BrafV600E;Villin::CreERT2+/o 

colorectal organoids was be dependent on BRAFV600E signalling, not due to nonspecific Cre 

activity. In addition, co-administration of 4-HT and vemurafenib to LSL-

BrafV600E;Villin::CreERT2+/o organoids led to no change in culture medium CXCL10 levels 

(Fig. 3.11d).  
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These findings show that LSL-BrafV600E;Villin::CreERT2+/o organoids are not behaving in the 

same way as the HT29 cell line, in which proliferation is driven by BRAFV600E signalling. 

Instead of BRAFV600E signalling being associated with reduced CXCR3 ligand expression, 

as would be expected in the HT29 cells, induction of BrafV600E expression led to increased 

CXCL10 production. Possible reasons for this inconsistency will be discussed. 

Due to the inconsistency between the HT29 cells and colorectal organoids in their response to 

BRAFV600E signalling, other mouse models for BRAFV600E-driven carcinogenesis were 

sought out.  

 

3.7 Summary 

Part of the first aim of this research project was to select an existing model, or develop a new 

model, of in vitro mouse BRAFV600E colorectal cancer, which would allow investigation of 

the relationship between BRAFV600E signalling, CXCR3 ligand expression and recruitment 

of CD8+ T cells. This entailed development of a co-culture system involving CD8+ T cells and 

colorectal organoids. The system required the development of many elements, including 

conditions for in vitro activation of T cells capable of migrating towards CXCR3 ligands, a 

means of tracking these cells during co-culture, an antigen-dependent interaction between the 

T cells and colorectal organoids, and representation of BRAFV600E-driven CRC by the 

colorectal organoids.  

Methods were optimised to generate OT-I cells capable of migrating towards organoid-derived 

CXCR3 ligands, and to track the movement and proliferation of the cells during co-culture 

using the proliferation dyes CFSE and eFluor670. The colorectal organoids were shown to be 

capable of presenting the OT-I SIINFEKL peptide on MHC Class I, which would allow 

recognition by OT-I cells.  However, BRAFV600E induction in the organoids induced a stress 
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state involving crypt structure disintegration, cell death and CXCL10 production. Thus, these 

organoids did not represent BRAFV600E-driven CRC.  It was concluded that further 

investigation was required to optimise the organoids before this system could be used to 

address the hypothesis.  However, there was insufficient time to pursue this line of 

investigation.   
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Figure 3.1: Diagram of a crypt from the colorectal epithelium.  

Each crypt contains a base region of LGR5+ stem cells, a transit-amplifying (TA) zone and 

an upper region of terminally differentiated cells.  
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Figure 3.2: Light microscope image of a colorectal organoid suspended in Matrigel, 

derived from the large intestine intestinal stem cells (ISCs) of a C57BL/6 mouse.  

Different components of the organoid are visible including crypt-like domains and a 

central lumen. This image was captured during the current study.  
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Figure 3.3: Schematic of approach used to express BRAFV600E off the endogenous 

Braf gene in LSL-BrafV600E;Villin::CreERT2+/o colorectal organoids.  

(A) shows exons 14 to 18 of the mouse Braf gene (BrafWT), with the poladenylation signal 

(pA) at the 3’ end of the gene. (B) shows the LSL-BrafV600E targeted gene. This contains an 

insertion of a minigene containing Braf exons 15 to 18 and a Neomycin resistance (NeoR) 

cassette, both flanked by loxP sites, and Braf  exon 15 containing the BrafV600E mutation 

(15*). Expression of exon 15* is suppressed until Cre recombinase deletes the minigene, 

NeoR cassette and pA sites using the loxP sites. As shown in (C), this allows exon 15* and 

therefore BRAFV600E to be expressed off the endogenous Braf gene (Lox-BrafV600E).  
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Figure 3.4: Light microscope images of LSL-BrafV600E;Villin::CreERT2+/o colorectal 

organoids (Col 190 cell line) cultured for 7 days in presence or absence of 4-

hydroxytamoxifen (4-HT).  

Induction of BRAFV600E expression, due to 4-HT treatment, leads to dissociation of the 

organoid crypt structures. Two examples are shown from each condition. After 4-HT 

treatment, the organoids disintegrate at different rates; for example, in the bottom left 

image, some areas of crypt structure are still intact 7 days post treatment. This is not the 

case for the top left image.  
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Figure 3.5: Splenocytes can present SIINFEKL peptide added to the culture medium 

in the context of H-2Kb.  

(A) Representative FACS plots showing the gating strategy for live splenocytes used.  

(B) Representative FACS plots showing H-2kb/H-2Db and SIINFEKL-bound H-2Kb   

expression of splenocytes cultured for 24 hours in presence or absence of SIINFEKL 

peptide in the medium. The first plot shows that 100% of splenocytes express H-2kb/H-

2Db. As shown in the second plot, 84.3% of splenocytes are positive for both H-2kb/H-2Db 

and SIINFEKL-bound H-2Kb.   Data are representative of two experiments, n = 1 mouse 

per experiment.  
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Figure 3.6: Colorectal organoids can present SIINFEKL peptide added to the culture 

medium in the context of H-2Kb.  

LSL-BrafV600E;Villin::CreERT2+/o colorectal organoids were cultured for 24 hours in 

presence or absence of SIINFEKL peptide in the medium. Their expression of H-2kb/H-

2Db and SIINFEKL-bound H-2Kb was analysed by flow cytometry. (A) Representative 

FACS plots showing the gating strategy for live colorectal epithelial cells used. (B) 

Representative FACS plots showing H-2kb/H-2Db and SIINFEKL-bound H-2Kb  

expression of Col 190 organoids after culturing with varying concentrations of SIINFEKL. 

The proportion of cells positive for SIINFEKL-bound H-2Kb  is 1.56% for 1 µM, 7.00% 

for 10 µM and 15.0% for 20 µM. Data are representative of two experiments. (C) 

Proportion of cells positive for SIINFEKL-bound H-2Kb from Col 190 (9.2%) and 527 

(58%) organoids cultured with 20 µM SIINFEKL; mean ± SEM. Data are pooled from two 

independent experiments.  
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Figure 3.7: Representative flow cytometry of CD44, CXCR3 and CD107a expression by 

in vitro-activated and rested OT-I cells from OT-IWT/Tg mice.  

Naïve CD8+ T cells with anti-CD3 and anti-CD28, or splenocytes with SIINFEKL peptide, 

were cultured for three days. This was followed by two days without stimulation. 

Representative FACS plots showing the gating strategy for OT-I cells are shown in (A). CD44, 

CXCR3 and CD107a expression of CD8+ Vα2+ OT-I cells from these cultures is shown in 

FACS plots (B), quantified in (C) for anti-CD3 and anti-CD28 versus SIINFEKL-stimulated 

OT-I cells as proportion of CD44high (37.0%, 89.9%), CXCR3+ (59.0%, 25.4%) and CD107a+ 

(0.3%, 6.3%) cells, or mean fluorescence intensity (MFI) for CD44 (1858, 5141), CXCR3 (714, 

379) and CD107a (62, 100). Mean ± SEM. Data are representative of two experiments, n = 2 

mice per experiment. Unpaired t-test. * p < 0.05, ** p < 0.01, *** p < 0.001.  

 

 

 

‘ 
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Figure 3.8: Chemotaxis to CXCL10 by OT-I cells stimulated by anti-CD3 and anti-CD28 

or SIINFEKL peptide.  

Naïve CD8+ T cells with anti-CD3 and anti-CD28, or splenocytes with SIINFEKL peptide, 

were cultured for three days. This was followed by two days without stimulation. The cells 

were then subjected to a CXCL10 chemotaxis assay, at the end of which migrated cells were 

harvested and analysed by flow cytometry.  

(A) Representative FACS plots showing the gating strategy for OT-I cells. (B) For anti-CD3 

and anti-CD28 versus SIINFEKL-stimulated OT-I cells, migration index is shown for various 

concentrations of CXCL10: 1 µg/mL (1.51, 3.65), 250 ng/mL (1.54, 3.96), 62.5 ng/mL (0.908, 

2.12) and 15.6 ng/mL (0.498, 1.50). Mean ± SEM. Data are representative of two experiments, 

n = 1 mouse per experiment. Each condition was tested in duplicate. Two-way ANOVA.                    

* p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 3.9: Microscope images of colorectal organoid and OT-I cell co-culture, showing 

OT-I cells localised both in the external culture medium and within the Matrigel.  

Splenocytes stimulated with SIINFEKL for 3 days, followed by resting for 2 days to generate 

activated OT-I cells, were added to Col 190 organoids (no 4-HT treatment). These images were 

taken using the JuLI™ Stage Real-Time Cell History Recorder (NanoEnTek), at 37 of 117 

hours of co-culture. (A) and (B) show organoids located close to the border of the Matrigel 

pearl, where it meets the external culture medium, and (C) shows an organoid located in the 

Matrigel pearl’s centre. The data are representative of two experiments.  
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(continued)  

 

Figure 3.10: Tracking of OT-I cell proliferation using CFSE and eFluor670 proliferation 

dyes.  

Naïve CD8+ T cells were cultured for 3 days with anti-CD3 and anti-CD28 and various 

concentrations of CFSE or eFluor670 dye; fluorescence due to intracellular dye was measured 

by flow cytometry. Representative FACS plots showing the gating strategy for live OT-I cells 

are shown in (A). (B) CFSE and (C) eFluor670 fluorescence intensity of the OT-I cells is shown 

in (i), followed by the calculated number of cell divisions of stimulated cells (ii) and cell 

viability (iii). For B(ii – iii) and C(ii – iii), population frequencies are presented as mean ± 

SEM. The data are representative of two experiments, n = 1 mouse per experiment. Each 

condition was tested in duplicate. Statistics for the distribution of cells across generations and 

cell viability are presented in Table 3.3 and Table 3.4. 
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Figure 3.11: Induction of BRAFV600E signalling in colorectal organoids elevates 

CXCL10 production.  

Colorectal organoids from LSL-BrafV600E;Villin::CreERT2+/o (190) and Villin::CreERT2+/o 

(184) mice were cultured in presence or absence of 4-HT and the concentration of CXCL10 in 

the culture medium measured by ELISA. The CXCL10 concentration was normalised to the 

total protein content of the organoids from the same well, determined by BCA protein assay. 

CXCL10 levels were measured after 4-HT administration in Col 190 organoids  after (A) 1 

week (no 4-HT = 278 pg/mL, 4-HT = 347 pg/mL) and (B) up to 1 month (1 week no 4-HT = 

118 pg/mL, 4-HT = 215 pg/mL, 2 weeks no 4-HT = 58 pg/mL, no 4-HT = 30 pg/mL, 1 month 

no 4-HT = ND, 4-HT = 17 pg/mL), in (C) Col 184 organoids after 1 week (no 4-HT = 1377 

pg/mL, 4-HT = 944 pg/mL), and in (D) Col 190 organoids after 1 week in presence or absence 

of vemurafenib (no 4-HT = 198 pg/mL, 4-HT no vemurafenib = 247 pg/mL, 4-HT and 

vemurafenib = 199 pg/mL). Each condition was tested in duplicate. All data are representative 

of two experiments. Mean ± SEM. Statistical significance for (A), (C) and (D) were determined 

by unpaired t-test, and for (B) by two-way ANOVA. * p < 0.05, ** p < 0.01, *** p < 0.001.  

 

 

 

 

 

 

 

 



69 
 

4. Towards the development of a mouse model for 

BRAFV600E melanoma 

4.1 Introduction  

In this chapter, experiments investigating the effect of BRAFV600E signalling on tumour 

recruitment of CD8+ effector T cells in melanoma models were conducted. Melanoma is 

particularly interesting for this study as a large proportion of human melanomas contain the 

BRAFV600E mutation (5), which has been associated in the literature with an 

immunosuppressive TME (60, 61). In addition, several studies link treatment of melanoma with 

BRAFi with enhancement of the anti-tumour immune response, including increased 

proportions of CD8+ TILs (37, 40, 53-55, 106, 107). This could be caused by increases in tumour-

derived CXCR3 ligands (Figure 1.2).  

Few mouse models of BRAFV600E melanoma are available, and those that do exist have not 

been extensively characterised. There is a strong need for such a melanoma model which is 

driven by BRAFV600E, grows robustly in C57BL/6 mice and is sensitive to MAPK pathway 

inhibition, allowing the relationship between BRAFV600E signalling and CD8+ T cell 

recruitment to be studied. Beyond this research project, such a model would be valuable for 

answering other questions about the effects of the BrafV600E mutation, which is so prevalent in 

melanoma. The aim of this part of the project was to utilise and better characterise an existing 

model, or establish a new model of murine BRAFV600E melanoma.  The model would then 

be used to study how BRAFV600E signalling affects CD8+ T cell tumour infiltration.  

In this study, the 4434 (108) and SM1 WT1 (37) mouse melanoma models were used, with a third 

model of BRAFV600E-expressing B16F10 melanoma also developed and investigated. These 

cells were cultured in vitro or used to establish tumours in mice, with an objective to 
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characterise the effect of BRAFV600E signalling on tumour CXCR3 ligand production and the 

anti-tumour immune response.  

 

4.2 4434 and SM1 WT1 melanoma are sensitive to BRAF inhibitors in vitro 

The 4434 mouse melanoma cell line (90) was established from C57BL/6 Tyr::CreERT2+/o  LSL-

BrafV600E mice (108), which have the same modified BRAF allele as the colorectal organoids 

(Fig. 3.3). These mice also contain the Tyr::CreERT2+/o transgene, encoding CreERT2 through 

the tyrosinase promoter in melanocytes. When tamoxifen was applied to the skin of these mice, 

BrafV600E is expressed from the endogenous Braf gene, mimicking the somatic acquisition of 

Braf mutations that occurs in human melanoma. This resulted in the development of tumours, 

from which the 4434 melanoma cell line was established.  

The parental SM1 cell line is derived from C57BL/6 mice containing the Tyr::BrafV600E 

transgene (91), expressing BRAFV600E constitutively through the tyrosinase promoter in 

melanocytes. These mice spontaneously develop melanomas, from which the SM1 cells were 

established. SM1 cells were then injected subcutaneously into C57BL/6 mice, with the 

resulting tumours removed and passaged in vitro to generate the SM1 WT1 variant (37). 

4434 cells are highly sensitive to the BRAF inhibitors vemurafenib and encorafenib in vitro, 

with proliferation IC50 values of 58.9 nM and 209 pM respectively (Fig. 4.1a). Targeting of 

the MAPK pathway was validated by Western immunoblotting of 4434 cells treated with IC50 

concentrations of the two compounds (Fig. 4.1b). Vemurafenib treatment resulted in a loss of 

phosphorylated ERK1/2 (phospho-ERK) after 4 hours, some of which returned at the 24 hour 

time point. Encorafenib treatment increased phospho-ERK levels after 4 hours; however, these 

levels dropped almost completely after 24 hours.  
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SM1 WT1 cells are more resistant to vemurafenib and encorafenib in vitro, with proliferation 

IC50 values of 2.56 µM and 435 nM respectively (Fig. 4.1c). At these IC50 concentrations the 

MAPK pathway is inhibited, shown by Western immunoblotting of BRAFi-treated cells (Fig. 

4.1d). Vemurafenib treatment resulted in a complete loss of phospho-ERK after 4 and 24 hours. 

On the other hand, phospho-ERK was at a lower level than the control after 4 hours of 

encorafenib treatment, and completely gone after 24 hours.  

 

4.2 Treatment of 4434 but not SM1 WT1 melanoma with BRAF inhibitors 

in vitro causes increased CXCR3 ligand expression 

To test the hypothesis that treatment of 4434 and SM1 WT1 melanoma cells with BRAFi leads 

to increased CXCR3 ligand production, these cells were treated with IC50 concentrations of 

Vemurafenib and Dabrafenib, followed by measurement of CXCL9 and CXCL10 expression.  

4434 cells had a higher concentration of CXCL10 in the culture medium after treatment with 

Vemurafenib for 24 hours, compared to the control (Fig. 4.2a). This was accompanied by 

increased CXCL10 mRNA expression (Fig. 4.2b). Interestingly, there was no such increase in 

CXCL10 protein or mRNA levels after Encorafenib treatment (Fig. 4.2). No CXCL9 protein 

or mRNA could be detected under any of the conditions (data not shown).  

For SM1 WT1 cells, no expression of CXCL9 or CXCL10 could be detected under any of the 

conditions (data not shown).  
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4.3 4434 and SM1 WT1 melanoma is immunologically rejected by C57BL/6 

mice in vivo  

The investigation moved to the immune effects of BRAFi on 4434 and SM1 WT1 melanoma 

in vivo. For the 4434 cells, it was of interest whether vemurafenib treatment caused increased 

production of CXCL10 both in vitro and in vivo. On the other hand, BRAFi treatment of SM1 

WT1 cells did not enhance CXCR3 ligand production in vitro; however, the effects of 

BRAFV600E inhibition in vivo may differ. This new line of investigation necessitated the 

establishment of subcutaneous tumours. 

A range of doses between 2 x 105 and 2 x 106 4434 cells, sometimes including Matrigel, were 

injected subcutaneously into C57BL/6 mice but produced no palpable tumours (data not 

shown). These experiments were repeated with SM1 WT1 cells, resulting in no or very slow 

tumour growth. 1 x 106 SM1 WT1 cells, a dose used successfully in previous studies (37, 109), 

were injected but produced exceptionally slow-growing tumours (Fig. 4.3).  

An intravenous metastasis model using 4434 cells was also attempted, following on from a 

previous study in which intravenous injection of 2 x 106 4434 cells into C57BL/6 mice resulted 

in lung metastases (110). 4434 cells were injected into the lateral tail vein of C57BL/6 mice in 

doses ranging from 1 x 106 to 3 x 106 cells; however, the mice did not lose weight or experience 

any other symptoms of systemic metastasis during the 25-day monitoring period (Fig. 4.4).  

To identify whether the failed tumour engraftment of these cell lines in C57BL/6 mice is related 

to immune rejection, NSG mice were used. NSG mice are profoundly immunodeficient, 

lacking mature B cells, T cells and natural killer (NK) cells, as well as multiple cytokine 

signalling pathways and aspects of innate immunity (111). Tumours grew robustly in these mice 

after subcutaneous injection of 2 x 106 4434 cells (Fig. 4.5a) and 1 x 106 SM1 WT1 cells (Fig. 
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4.5b). This suggests that the failure of 4434 and SM1 WT1 melanoma to grow in C57BL/6 

mice is at least partially due to immune-mediated rejection.  

Therefore, it was concluded that 4434 and SM1 WT1 melanoma are not suitable models for 

this study, as they did not grow in the C57Bl6 mice purchased from the Animal Resource 

Centre in Perth. Whilst 4434 tumours do grow in NSG mice, the scope for studying the immune 

system would be very limited. SM1 WT1 cells do not produce CXCR3 ligands whether or not 

they are treated with BRAFi in vitro, and similarly to the 4434 model they do not grow in 

C57BL/6 mice (Fig. 4.3). An alternative melanoma model was therefore needed to explore the 

immune effects of BRAFV600E signalling.  

 

4.4 Generation of B16F10 cells with inducible BRAFV600E expression 

The search resumed for another melanoma model allowing investigation of how BRAFV600E 

signalling affects the anti-tumour immune response. In the literature there is a shortage of 

mouse BRAFV600E melanoma models which show successful engraftment in immune 

competent mice and are sensitive to BRAFi (112). As an alternative approach, given the shortage 

of well characterised BRAFV600E melanoma cell lines and the issue observed regarding 

immune rejection in WT C57Bl6 mice, it was decided to select a melanoma cell line known to 

grow consistently in C57BL/6 mice, then engineer expression of BRAFV600E within these 

cells.  

The widely used B16 cell line was established from a spontaneously arising melanoma of a 

C57BL/6 mouse (113). B16F10 cells were derived from the parental B16, selected for their 

ability to form lung metastases in vivo after intravenous injection (114), and show aggressive 

subcutaneous growth in C57BL/6 mice (Fig. 4.6).  
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These cells, which express wild-type BRAF, were transfected with two plasmid vectors, 

designed in collaboration with our colleagues in the Brummer laboratory (115), to enable 

conditional expression of BrafV600E (Fig. 4.7). One vector, pWHE644, encodes (i) a Tet-

regulated transcriptional transactivator (rtTA2S-M2), (ii) a transcriptional silencer (tTSD-PP) 

and (iii) a puromycin resistance gene. The other vector, pWHE636, comes in the form of either 

pWHE636-HAhBraf-IRES-GFP or pWHE636-HAhBrafV600E-IRES-GFP. pWHE636 contains 

(i) the promoter PSG-TRE, (ii) a HA-tagged human Braf or BrafV600E gene (or no insert, for 

the empty vector control), HAhBraf or HAhBrafV600E, followed by an internal ribosomal entry 

site (IRES), (iii) a green fluorescent protein gene (GFP) and (iv) a blasticidin S resistance 

cassette. In the absence of doxycycline (dox), the activator protein has no DNA binding activity 

and the repressor protein binds upstream of PSG-TRE, repressing gene expression. 

Doxycycline can then bind to the repressor, causing it to loosen, and to the activator, causing 

it to gain DNA binding activity and drive gene expression. 

Prior to insertion into B16F10 cells, GFP was removed from pWHE636 due to potential in vivo 

immunogenicity of this protein (Supp. Fig. 1-3). Sequencing of the modified plasmids, 

pWHE636-HAhBraf or pWHE636-HAhBrafV600E, showed successful removal of GFP and no 

acquisition of new mutations in the Braf or BrafV600E gene (Supp. Files 1 and 2). pWHE636-

HAhBraf, pWHE636-HAhBrafV600E or the empty pWHE636 vector (pWHE636-EV) were 

transfected into parental B16F10 cells along with the pWHE644 plasmid. An electroporation-

based transfection method was used with 2 µg of each plasmid for 1 x 106 cells, followed by 

antibiotic selection with puromycin and blasticidin S to generate polyclonal cell lines. B16F10 

cells containing pWHE636-HAhBraf, pWHE636-HAhBrafV600E or pWHE636-EV are from this 

point referred to as B16F10 WT, V600E or EV, respectively.  

The inducible BRAFV600E expression system appears to be leaky, shown by Western 

immunoblotting of B16F10 EV, WT and V600E cells cultured with or without dox for various 
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periods of time. The presence of BRAFV600E, as well as MAPK pathway activity, was 

detected by Western immunoblotting of cell lysates (Fig. 4.8). As expected, the B16F10 EV 

and WT cells contained no BRAFV600E, and similar levels of wild-type BRAF, 

phosphorylated MEK1/2 (phospho-MEK) and phospho-ERK, in presence or absence of 

doxycycline. However, the B16F10 V600E cells had moderate expression of BRAFV600E at 

the 1 day time point, which increased to strong expression at 3 and 7 days. These cells also had 

elevated phospho-MEK levels compared to B16F10 EV or WT at each time point, and elevated 

phospho-ERK levels at 1 and 7 days. This was the case both in the absence and presence of 

dox. Potential reasons for this will be explored in the discussion. 

 

4.5 BRAFV600E signalling does not affect the proliferation of B16F10 cells   

Despite the leakiness of the BRAFV600E expression system in the B16F10 cell lines, it was 

still possible to investigate the effect of constitutive expression of BRAFV600E in the B16 

cells, including effects on proliferation and survival. If this were the case, the B16F10 V600E 

cells would proliferate more rapidly than the B16F10 parental, EV and WT cell lines. To test 

this hypothesis, cell proliferation was monitored over a 3-day period by the tetrazolium salt 

method (Fig. 4.9).  The B16F10 V600E cells did not have a significantly higher proliferation 

rate compared to the other cell lines.   

In addition, the B16F10 V600E cells did not exhibit increased sensitivity to BRAFi in 

comparison to the control cells. The B16F10 cell lines were treated with various concentrations 

of vemurafenib and encorafenib, with proliferation measured 48 hours later by the tetrazolium 

salt method (Fig. 4.10). B16F10 V600E cells had reduced proliferation only at very high 

concentrations of vemurafenib, with an IC50 of 6.47 µM. The other cell lines had similar or 

higher vemurafenib sensitivity, with IC50 values of 2.59, 2.54 and 7.15 µM for B16F10 
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parental, EV and WT respectively. Treatment with encorafenib had no effect or only a slight 

inhibition of proliferation for each cell line, so IC50 values could not be calculated. These data 

suggest that although BRAFV600E is present in B16F10 V600E cells and contributes to 

elevated phospho-ERK and phospho-MEK, targeting of this protein does not affect cell 

proliferation.  

Therefore, it was concluded that the B16F10 V600E cells could not be used to model 

BRAFV600E-driven melanoma and are not suitable for this study.  

 

4.6 Summary  

In this part of the project, the existing 4434 and SM1 WT1 melanoma models were used and 

an attempt was made to establish a third model of BRAFV600E-expressing B16F10 melanoma 

(addressing Aim 1.2).  In the case of 4434 and SM1 WT1, there was initial characterisation of 

the effect of BRAFV600E inhibition of CXCR3 ligand production (addressing Aim 2.1). 

Unfortunately, none of these models were shown to be suitable for this study.  

Initially, the 4434 cells seemed promising, with in vitro experiments showing that vemurafenib 

effectively inhibited cell proliferation and MAPK signalling, as well as increased expression 

of CXCL10.   The next question addressed was whether 4434 cells also upregulated CXCL10 

production when treated with vemurafenib in vivo. However, these cells did not grow 

subcutaneously in C57BL/6 mice, with robust growth in NSG mice suggesting that this 

inhibition of growth was mediated in large part by immune rejection.  

The SM1 WT1 model was less promising than 4434. While BRAFi treatment reduced 

proliferation and MAPK signalling, it was at much higher concentrations compared to the 4434 

cells and the cells did not produce CXCR3 ligands under any condition tested, suggesting that 

vemurafenib-mediated increases in CXCL10 expression are cell-line dependent. Furthermore, 
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like the 4434 cells, SM1 WT1 cells did not grow in C57BL/6 J mice, which was also mediated 

in large part by immune rejection.  

Lastly, attempts were made to develop a B16F10 V600E model, with the idea to take a 

melanoma model known to grow consistently in C57BL/6 mice and force the expression of 

BRAFV600E in an inducible manner.  While the a conditional expression system was utilised 

to allow greater control over BRAFV600E signalling during in vitro and in vivo experiments. 

The system was leaky, with BRAFV600E protein and elevated MAPK signalling present in 

B16F10 V600E cells with or without doxycycline treatment. Possible causes for the leakiness 

will be included in the main discussion.  

Despite increased MAPK pathway activity in B16F10 V600E cells, the proliferation rate of 

these cells was the same or slower than the control cell lines and the sensitivity of the B16F10 

V600E cells to vemurafenib and encorafenib was no higher than that of the control cell lines. 

These results suggest that BRAFV600E signalling is not driving proliferation in the B16F10 

V600E cells and that these cells do not well represent BRAFV600E-driven melanoma. 

Unfortunately, none of the three mouse melanoma models were suitable for this study, meaning 

that the effect of BRAFV600E inhibition on tumour CXCR3 ligand expression and recruitment 

of CD8+ T cells could not be studied. Modification of the current models or establishment of 

new models is required but beyond the scope of the current research project.  
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Figure 4.1: BRAF inhibitor activity against 4434 and SM1 WT1 melanoma in vitro.  

To determine proliferation IC50 for vemurafenib and encorafenib, 4434 (A) and SM1 WT1 (C) 

cells were seeded into 96-well plates and left to proliferate for 24 hours. The cells were then 

treated with a range of BRAF inhibitor concentrations, with each concentration tested in  

triplicate. After 48 hours of treatment, cell proliferation was measured using the XTT 

tetrazolium salt method. IC50 concentrations were determined using nonlinear regression. Data 

are pooled from two experiments, mean ± SEM. Phosphorylation of ERK1/2 and MEK1/2 in 

4434 (B) and SM1 WT1 (D) cells treated with BRAF inhibitors was measured by Western 

immunoblotting. 4434 and SM1 WT1 cells were treated with 60 nM vemurafenib or 210 pM 

encorafenib, or 2.6 µM vemurafenib or 430 nM Encorafenib respectively for 4 or 24 hours, 

after which cells were harvested and lysed. Proteins were separated by SDS-PAGE, and the 

following bands were visualised by immunoblotting: phospho-ERK1/2, ERK1/2, phospho-

MEK1/2, MEK1/2 and β-actin (loading control). Data are representative of two experiments.  
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Figure 4.2: CXCL10 production of 4434 cells after treatment with BRAFi.  

4434 cells were treated with IC50 concentrations of Vemurafenib or Encorafenib, or DMSO as 

a control, for 48 hours. (A) The concentration of CXCL10 in the culture medium was measured 

by ELISA and normalised to the total protein content of the cell lysate. 60 nM vemurafenib 

versus DMSO at 24 hours: p < 0.0001. (B) The mRNA expression of CXCL10 was measured 

by qPCR and normalised to RPLP0 expression. 60 nM vemurafenib versus DMSO at 24 hours: 

p < 0.0001. (A & B) Each condition was tested in duplicate. Data are representative of two 

experiments. Mean ± SD. ND = not detected. Unpaired t-test. * p < 0.05, ** p < 0.01, *** p < 

0.001. 
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Figure 4.3: Subcutaneous growth of SM1 WT1 melanoma in C57BL/6 mice.  

Mice (n = 20) were injected subcutaneously with 1 x 106 SM1 WT1 cells. Every second day, 

the longest and shortest tumour diameters were measured using digital callipers. These two 

measurements were multiplied to calculate tumour area. Mean ± SEM.  
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Figure 4.4: Tail vein injection of 4434 cells does not cause weight loss in C57BL/6 mice. 

1, 2 or 3 x 106 4434 cells (n = 4 per group) were injected into the lateral tail vein. Mouse weight 

and health were monitored every day or every second day for 25 days. 
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Figure 4.5: Subcutaneous growth of 4434 and SM1 WT1 melanoma in NSG mice.  

Mice (n = 5) were injected subcutaneously with (A) 2 x 106 4434 or (B) 1 x 106 SM1 WT1 

cells. Every second day, the longest and shortest tumour diameters were measured using digital 

callipers. These two measurements were multiplied to calculate tumour area. Mean ± SEM.  
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Figure 4.6: Subcutaneous growth of B16F10 melanoma in C57BL/6 mice.  

Mice (n = 4) were injected subcutaneously with 2 x 105 B16F10 cells. Every second day, the 

longest and shortest tumour diameters were measured using digital callipers. These two 

measurements were multiplied to calculate tumour area.  

 

 



85 
 

 

Figure 4.7: Schematic representation of pWHE644 and pWHE636 expression vectors, 

allowing doxycycline-inducible expression of HA-tagged Braf or BrafV600E.  

Modified from (115). 
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Figure 4.8: BRAFV600E expression and MAPK pathway signalling in B16F10 EV, WT 

and V600E cells.  

These cell lines were cultured ± dox for 1, 3 or 7 days, after which the cells were lysed. Proteins 

in the cell lysates were separated by SDS-PAGE, and Western immunoblotting was used to 

detect the presence of BRAFV600E, HA, total BRAF, phospho-MEK1/2, phospho-ERK1/2, 

as well as 14-3-3 and GAPDH as loading controls. 

Experiments were performed in collaboration with Dr. Ricarda Griffin.  
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Figure 4.9: Proliferation of B16F10 parental, EV, WT and V600E cells over a 3 day 

period.  

B16F10 cells were seeded into 96-well plates and left to proliferate for 3 days. Each day, cell 

proliferation was measured using the XTT tetrazolium salt method. Each cell line was tested 

in triplicate. Mean ± SD. Data are representative of two experiments.  
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Figure 4.10: BRAF inhibitor activity against B16F10 parental, EV, WT and V600E cells 

in vitro.  

To determine proliferation IC50 for vemurafenib and encorafenib, B16F10 cells were seeded 

into 96-well plates and left to proliferate for 24 hours. The cells were then treated with a range 

of BRAF inhibitor concentrations, with each concentration tested in triplicate. After 48 hours 

of treatment, cell proliferation was measured using the XTT tetrazolium salt method. IC50 

concentrations were determined using nonlinear regression. Mean ± SEM. Data are pooled 

from two experiments.  
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5. Discussion 

BrafV600E mutations drive uncontrolled cell proliferation in 90% of melanomas and 10% of 

CRCs, enabling MAPK pathway signalling in the absence of ECM adhesion and growth factors 

(8). One option for treatment is BRAFV600E small-molecule inhibitors; however, despite a 45-

60% response rate in melanoma, treatment usually fails due to the development of resistance 

(13-15). The response rate for CRC is much lower, between 0 and 10% depending on the 

particular compound (25-27).  

Combination of BRAFi with other therapies could increase response rates and delay the 

development of treatment resistance. An attractive option is immune-based therapies, as 

BRAFi treatment has been reported to enhance the anti-tumour immune response in melanoma, 

including increasing proportions of CD8+ TILs (34-37, 40, 53-55). Understanding the drivers of this 

enhanced CD8+ effector T cell recruitment could provide a rationale for the combination of 

BRAFi with certain immune-based therapies, to improve patient outcomes. One study suggests 

that BRAFV600E inhibition downregulates intratumoural VEGF levels, leading to changes to 

the tumour vasculature which increase the ease of leukocyte extravasation (73). However, there 

has been little investigation into the role of chemokine signalling in the relationship between 

MAPK pathway inhibition and CD8+ T cell tumour infiltration. Preliminary data strongly 

suggested that during BRAFV600E inhibition tumours upregulate expression of CXCR3 

ligands, attracting CD8+ T cells bearing the CXCR3 receptor. The present project aimed to 

utilise existing models, or develop new models if necessary, for mouse BRAFV600E CRC and 

melanoma and, within these models, the effect of BRAFV600E signalling on tumour CXCR3 

ligand expression and CD8+ T cell recruitment would be examined. However, a number of 

technical difficulties arose, limiting the outcome and impact of the study.  
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The first part of this study involved the development of an in vitro mouse model for 

BRAFV600E CRC, which would allow the study of the relationship between BRAFV600E 

inhibition and CD8+ T cell tumour infiltration. This required the design of a co-culture model 

involving colorectal organoids representing BRAFV600E-driven CRC, along with activated 

CD8+ T cells capable of migrating towards organoid-derived CXCR3 ligands and interacting 

with the organoids in an antigen-dependent manner.  

A method was successfully developed to generate activated CD8+ T cells, of which the 

movement and proliferation could be tracked, capable of migrating towards CXCL10. 

CXCL10’s cognate receptor CXCR3 is critical for the anti-cancer immune response, enabling 

activated CD8+ T cells to infiltrate tumours in response to tumour derived CXCR3 ligands 

(116).Culturing of splenocytes from OT-I mice with SIINFEKL peptide for 72 hours, followed 

by no stimulation for 48 hours, produced OT-I cells with a 25% frequency of CXCR3 

expression that migrated effectively towards CXCL10 in a chemotaxis assay. CXCR3 is critical 

for the anti-cancer immune response, enabling activated CD8+ T cells to infiltrate tumours in 

response to tumour derived CXCR3 ligands (116). These results suggest that the OT-I cells could 

respond to organoid derived CXCL10 (and potentially CXCL9) during co-culture, allowing 

this component of the anti-tumour immune response to be modelled.  

Interestingly, culturing of naïve CD8+ T cells with anti-CD3 and anti-CD28 resulted in a higher 

frequency of CXCR3 expression (60%), but very little CXCL10-dependent migration. The 

reason for this is not clear, but could be related to chemokine-induced CXCR3 downregulation, 

which has been shown to occur in a dose-dependent manner for CXCL9, 10 and 11 (117). 

The SIINFEKL-stimulated OT-I cells also had moderate expression of CD44 and CD107a, 

significantly more than the anti-CD3 anti-CD28-stimulated cells. However, it is unclear 

whether these cells would also have increased capacity to kill SIINFEKL-presenting colorectal 



92 
 

epithelial cells. Higher expression of CD44 and CD107a prior to addition to the co-culture 

could lead to enhanced cytotoxicity, or conversely increase the likelihood of T cell exhaustion 

due to excessive stimulation. This question could be addressed in future experiments with 

cytotoxicity assays involving the two types of OT-I cell and SIINFEKL-presenting colorectal 

organoids.  

Another requirement for the co-culture model was an antigen-dependent interaction between 

the organoids and CD8+ T cells, which could enable T cell killing of the organoids. The 

approach used was to supply the organoids with SIINFEKL peptide in the culture medium, 

which could be recognised by OT-I cells when presented in context of MHC-I. It was found 

that the proportion of cells with SIINFEKL-bound H-2Kb was positively correlated with the 

concentration of SIINFEKL, varying between 10 and 60% depending on the organoid cell line. 

Although the proportion of cells presenting antigen was well short of 100%, this intermediate 

level of SIINFEKL-bound H-2Kb could better represent the intra-tumoural heterogeneity of 

tumour-associated antigen expression (118, 119), compared to a situation where the majority of 

colorectal epithelial cells were presenting SIINFEKL. 

The most important aspect of the co-culture model was the representation of BrafV600E-driven 

CRC by the BrafV600E;Villin::CreERT2+/o colorectal organoids. However, after induction of 

BrafV600E expression, the organoids entered what could be a state of “oncogenic stress”, first 

described by Serrano et al. in 1997 (120). This concept describes how activation of a single 

oncogene is typically insufficient to cause cellular transformation, instead causing permanent 

cell cycle arrest or apoptosis. Indeed, in the 7 days following induction of BrafV600E there was 

disintegration of crypt structures and major cell death, which are known organoid stress 

responses (121). In addition, there was elevated production of CXCL10. As a proinflammatory 

cytokine, CXCL10 is produced by distressed tissues after injury (122), during infection (123) and  

during inflammation in a range of autoimmune pathologies (124, 125). It is feasible that CXCL10 
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could also be produced by organoids in a state of oncogenic stress after induction of BrafV600E 

expression. Therefore, the immune effects of BRAFV600E signalling in oncogene-naïve 

BrafV600E;Villin::CreERT2+/o organoids, versus BRAFV600E-driven CRC cell lines or 

tumours, would most likely be different. 

The LSL-Braf
V600E

;Villin::CreERT2
+/o

 organoid model could be improved with the introduction 

of other inducible oncogenic mutations, an approach currently being investigated in 

collaboration with the Brummer Laboratory in Freiburg. Loss of function mutations in key 

tumour suppressor genes like TP53 and APC could stabilise the organoids after the induction 

of BrafV600E. In addition, such a model would more closely resemble the acquisition of multiple 

driver mutations during colorectal carcinogenesis. Another approach could be to treat LSL-

Braf
V600E

;Villin::CreERT2
+/o

 mice with tamoxifen, inducing BrafV600E expression and allowing 

BRAFV600E-driven tumours to spontaneously develop in situ. This model would also be more 

physiological than the in vitro co-culture because of the presence of an intact immune system 

to interact with the tumours. This is also currently being investigated but is beyond the scope 

of the present project. 

An additional aspect of this project involved using existing models and establishment of a new 

model for BRAFV600E-driven mouse melanoma, to study the relationship between 

BRAFV600E signalling and CD8+ T cell recruitment. There were two important requirements 

for this aspect: (1) that the tumour cells would grow consistently in immune-competent mice, 

and (2) that they would be sensitive to BRAFi. The 4434, SM1 WT1 and B16F10 V600E 

models were all characterised with respect to these requirements and all were found to be 

unsuitable for this study.  

In keeping with that observed in HT29 cells, the 4434 cell line, which was established from 

C57BL/6 Tyr::CreERT2+/o  LSL-BrafV600E mice expressing BrafV600E off the endogenous Braf 
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gene (108), upregulated expression of CXCL10, but not CXCL9 after treatment with 

vemurafenib in vitro. CXCL11 was not measured as C57BL/6 mice are natural null mutants 

for this chemokine (105). These findings suggest that vemurafenib treatment regulates 

expression of CXCR3 ligands differently. One possible mechanism is that vemurafenib 

treatment causes tumour cells to produce the type I interferons, IFN-α/β, and whilst all CXCR3 

ligands are induced by IFN-γ, CXCL10 and CXCL11 alone can also be induced by IFN-α/β 

(126). While these observations are interesting, more research is needed to understand how 

vemurafenib treatment affects the induction of CXCR3 ligands. This could be initially 

accomplished by transcriptomic analysis to identify key genes and pathways which are affected 

by vemurafenib treatment in BRAFV600E tumour cells. These experiments were planned 

during the course of this study, but due to the described technical difficulties, were not carried 

out. 

Another interesting characteristic of the 4434 cells is that unlike the case with vemurafenib 

treatment, encorafenib did not upregulate expression of CXCL10 in vitro. This could also be 

the case in vivo, as to date there are no studies showing increased tumour recruitment of CD8+ 

T cells in patients treated with encorafenib, only vemurafenib and dabrafenib (34-37). As 

mentioned above, this could relate to the observation that vemurafenib causes apoptosis in 

BRAFV600E melanoma cells, whereas encorafenib mainly causes senescence (127). Perhaps 

certain cellular apoptosis (but not senescence) pathways are associated with CXCL10 release. 

For example, one study found that when stimulated via the cytosolic receptor RNA helicase 

retinoic acid–inducible gene-I (RIG-I), ovarian cancer cells underwent an immunogenic form 

of apoptosis, which included the release of CXCL10 (128). This is another facet of the 

relationship between BRAFV600E inhibition and tumour CXCR3 ligand expression that could 

be further elucidated.  
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One of the ultimate goals of this research was to investigate the interaction between 

BRAFV600E inhibition and recruitment of CXCR3+ T cells in vivo in the presence of an intact 

immune system. However, engraftment of 4434 melanoma into C57BL/6 mice failed, with 

palpable tumours forming only in profoundly immune deficient NSG mice. This issue may not 

be isolated to this research project, as other published studies show extremely slow 

subcutaneous growth (90), or do not include subcutaneous growth data for 4434 cells in 

C57BL/6 mice (110). Although unlikely, the immune rejection could be because the 4434 cells 

were developed from a C57BL/6-N background, which has a small number of genetic 

differences to the C57BL/6-J recipients used in the experiments carried out in this project. This 

could be tested by obtaining C57BL/6-N mice and attempting to establish subcutaneous 4434 

melanoma. If the immune rejection is not substrain-related, this could necessitate the 

development of a new model, involving transplantation of 4434 cells into NSG mice and 

transfer of activated CD8+ T cells from another mouse. This would allow the measurement of 

CD8+ T cell recruitment in the presence of BRAFi treatment, albeit in a relatively artificial 

manner. The downside to this model is many other immune cell types which enter the TME 

and influence anti-tumour immunity will not be considered. Thus, interpretation of the outcome 

of in vivo studies focusing on 4434 melanoma would most likely be limited.  

A second melanoma model investigated in the present study was SM1 WT1, developed from 

mice with transgenic melanocytic BRAFV600E expression. A previous study reported that 

SM1 WT1 tumours treated with vemurafenib had reduced expression of CCL2, a chemokine 

which is generally considered to attract immunosuppressive cells to the TME (37). Promisingly, 

this suggested that BRAFi treatment may also influence SM1 WT1 expression of other 

chemokines, including CXCR3 ligands.   However, in the present study, the SM1 WT1 cells 

showed no expression of CXCL9 or CXCL10 under any of the conditions tested, even when 

treated with vemurafenib. This could relate to partial resistance to BRAFi, or mean that the 
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response to BRAFi in terms of CXCR3 ligand expression simply varies between cell lines. 

SM1 WT1 cells are somewhat resistant to BRAFi treatment, showing inhibited proliferation at 

much higher BRAFi concentrations than human melanoma cell lines (37) or 4434. Thus, there 

could be resistance mechanisms active in these cells which could affect the induction of 

CXCL10 after vemurafenib treatment. Alternatively, there could be other as yet unknown 

differences between SM1 WT1 cells and the 4434 and HT29 cell lines, leading to the lack of 

CXCL10 induction. To gain a better perspective of this issue, it would be valuable to measure 

the CXCR3 ligand expression of other BRAFV600E melanoma cell lines, human and mouse, 

after vemurafenib treatment.  

Irrespective of this, injection of SM1 WT1 cells into C57BL/6-J mice produced no or 

exceptionally slow tumour growth, across a range of different cell doses with or without 

Matrigel. The lack of tumour growth was at least partially mediated by immune rejection, as 

similarly to 4434 cells, SM1 WT1 tumours grew robustly in NSG mice. This was despite the 

cells being from a C57BL/6 J background. Previous studies have shown more robust growth 

of SM1 WT1 cells in C57BL/6-J mice (37, 129). Perhaps this is due to subtle differences in the 

C57BL/6 J mice used. Despite being the same strain, the mice in the current study were bred 

and housed in different facilities, which could lead to immune variation.  

As an additional model, B16F10 melanoma cells were the final cells tested in the project.  These 

cells normally express wild-type Braf, but were engineered to express BrafV600E. B16F10 

melanoma was selected on the basis that it grows consistently in C57BL/6 mice, avoiding the 

problems with in vivo growth seen for the 4434 and SM1 WT1 models. Parental B16F10 cells 

were transfected with a dox-regulated BrafV600E expression system, with the idea that after 

induction of BrafV600E, they would behave similarly to BRAFV600E-driven melanoma. 

However, in both the presence and absence of dox, Western Blots showed that BRAFV600E 

was present in the B16F10 V600E cells. These results could be caused by doxycycline 
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contamination, but this is unlikely as the Western Blot experiments were repeated with fresh 

reagents, with the same outcome. Another explanation is that the BrafV600E expression system 

is leaky, due to weak binding of the repressor protein and/or constitutive binding of the 

activator protein. This is yet to be further investigated.  

Before the leakiness of the system was addressed, the effect of BRAFV600E signalling on 

B16F10 proliferation was characterised. Even though the B16F10 V600E cells had elevated 

MAPK signalling, their proliferation rate was not higher than the B16F10 parental, EV and 

WT cells, and their sensitivity to BRAFi was not increased. It is likely that B16F10 cells already 

harbour multiple driver mutations, some of which upregulate MAPK signalling, so that 

induction of BrafV600E does not noticeably increase their proliferation. One study identified 962 

nonsynonymous somatic point mutations in B16F10 cells, with 563 of these mutations in 

expressed genes (130). Potential driver mutations occurred in classical tumour suppressor genes, 

as well as proto-oncogenic signalling pathways including the MAPK pathway. For example, a 

mutation was detected in Pdgfra, which encodes platelet-derived growth factor receptor α 

(PDGFRα). PDGFRα, which has been reported to be mutated in glioblastoma (131), is a cell 

membrane-bound RTK which feeds into the MAPK pathway. There were also mutations 

identified in Ksr1, which encodes Kinase Suppressor of Ras 1 (KSR1), a scaffolding protein 

which mediates the phosphorylation of MEK by RAF family members (132). The many 

mutations driving B16F10 proliferation, especially those related to the MAPK pathway, may 

mean that induction of BRAFV600E signalling has little effect.  

However, it would be valuable to identify which cellular pathways undergo change in B16F10 

cells when BRAFV600E signalling is introduced, for example in a transcriptomic analysis, and 

compare this to BRAFV600E-driven melanomas like 4434 and SM1 WT1. This would likely 

provide more information on the effects of adding BrafV600E to the already crowded B16F10 

mutational landscape.  
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The problems encountered with the B16F10 V600E cells suggest that addition of BRAFV600E 

signalling to tumours already containing many driver mutations does not recapitulate a 

BRAFV600E-driven tumour. This is also not achieved by introducing BRAFV600E signalling 

in the short term to an oncogene-naïve system, for example the LSL-

Braf
V600E

;Villin::CreERT2
+/o 

colorectal organoids. The approach that would most closely 

represent the somatic acquisition of a Braf
V600E

 mutation, which accompanied by the 

development of other driver mutations leads to melanoma or CRC, is spontaneous 

tumourigenesis in mice containing a Braf
V600E

 knock-in allele or transgene. For melanoma, this 

would mean using the existing Braf
V600E

 transgenic models, of which there are few beyond 

4434 and SM1 WT1, or the establishment of new models. In terms of CRC, the LSL-

Braf
V600E

;Villin::CreERT2
+/o 

mice could be utilised. Once suitable models are found, the 

relationship between BRAFV600E signalling and the CD8+ T cell anti-tumour immune 

response can be more closely examined.  

There are more questions which could be addressed in future work, which were not already 

mentioned in the paragraphs above.  The first area which needs to be better understood is the 

contribution of the CXCR3-ligand axis to tumour recruitment of CD8+ T cells. Prior 

experimentation from the Brummer Laboratory and the present project has shown that in some 

cases, treatment of CRC and melanoma cell lines with vemurafenib upregulates production of 

CXCL10. If this also occurred in vivo and was accompanied by increased proportions of CD8+ 

TILs, the contribution of the CXCR3-ligand axis to T cell recruitment would have to be 

determined. This could be done by blocking CXCR3 signalling in the presence of vemurafenib 

treatment and observing whether CD8+ T cell tumour infiltration is still enhanced. One 

approach involves global blocking of CXCR3 by systemic administration of a CXCR3 

antagonist or neutralising antibodies, allowing examination of a range of CXCR3+ cell types 
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including Th1, NK and CD8+ effectors. Alternatively, CXCR3 expression could be specifically 

knocked out in CD8+ T cells, for example using E81::Cre; CXCR3fl/fl mice. These experiments 

would be out of the scope of the present project, but could be conducted in the future once 

suitable mouse models for BrafV600E-driven carcinogenesis are developed.  

Another question which needs to be further explored is whether cells other than CD8+ effector 

T cells that express CXCR3 are influenced by BRAFi treatment. As mentioned previously, this 

includes other anti-tumour effector cells including CD4+ Th1 cells or NK cells. However, 

CXCR3+ Tregs have also been identified which can accumulate in tumours, suppressing the 

proliferation and IFN-γ production of effector immune cells (133). The proportions of these 

Tregs present at tumour sites is correlated with that of CXCR3+ effector cells and levels of 

tumour-derived CXCR3 ligands (77). As tumours influence and are highly influenced by the 

nature of the immune response, it would be important to understand how BRAFV600E 

inhibition influences the proportions of other CXCR3+ effector or immunosuppressive cell 

types in the TME.  

Finally, it would be valuable to identify which other immune-related genes besides CXCR3 

ligands are influenced by BRAFV600E signalling. Previous studies show that multiple 

components of the melanoma TME are affected, including other chemokines like CCL2 (37), 

immunosuppressive cytokines (40), tumour antigenicity (53-55) and the tumour vasculature (73). 

Transcriptomic analysis of melanoma and CRC treated with BRAFi would provide a broader 

understanding of how BRAFV600E inhibition affects the anti-tumour immune response. This 

would assist in the design of combination treatment regimens involving MAPK pathway 

inhibition and immune-based therapies.  

Overall, this study has hinted at the possibility that BRAFV600E inhibition can lead to 

enhanced CXCR3 ligand production in melanoma and CRC, increasing recruitment of 
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CXCR3+ immune cells to tumours. This mechanism could be contributing to the increased 

proportions of effector CD8+ T cells observed in human and mouse melanomas treated with 

BRAFi and MEKi. However, due to limitations in the CRC and melanoma models used, many 

questions remain to be answered.  

Importantly, this research project has highlighted the need for improved models of mouse 

BRAFV600E melanoma and CRC, which represent BRAFV600E-driven tumour growth and 

include the complexity of an intact immune system. This will allow further elucidation of the 

relationship between BRAFV600E inhibition and the CD8+ T cell-mediated anti-tumour 

immune response. In addition, improved models can be used address other questions about the 

BrafV600E mutation, which appears to affect the TME in myriad ways.  
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Supplementary Figure 1: Gel photo showing successful PCR amplification of HAhBraf 

and HahBRAFV600E from pWHE636-HAhBraf-IRES-GFP and pWHE636-HAhBrafV600E-

IRES-GFP. 

HAhBraf or HahBRAFV600E were amplified by PCR from pWHE636 using oligonucleotides 

matching regions 5’ and 3’ of the sequence. PCR products were run on agarose gels, then 

stained with GelRed and visualised using a ChemiDoc. There is an expected band at 2414 bp 

for HAhBraf or HahBRAFV600E. Lanes 1-11 contain the following: (1) DNA ladder, (2) 

HAhBraf  PCR product with Phusion® High Fidelity Buffer, (3) HAhBraf  PCR product with 

Phusion® High Fidelity Buffer and DMSO, (4) HAhBraf  PCR product with Phusion® GC 

Buffer, (5) HAhBraf  PCR product with Phusion® GC Buffer and DMSO, (6) HahBRAFV600E 

PCR product with Phusion® High Fidelity Buffer, (7) HahBRAFV600E PCR product with 

Phusion® High Fidelity Buffer and DMSO, (8) HahBRAFV600E PCR product with Phusion® GC 

Buffer, (9) HahBRAFV600E  PCR product with Phusion® GC Buffer and DMSO, (10) water and 

(11) DNA ladder.  

A band of close to the expected size of 2414 bp can be seen very faintly in lane 5 and strongly 

in lane 9, showing presence of HAhBraf and HahBRAFV600E respectively. The identity of the 

smaller band at approximately 1000 bp in lane 9 is unknown.  The PCR reactions corresponding 

to lanes 2-4 and 6-8 most likely did not produce the desired product.  

 

 

 

 



 

Supplementary Figure 2: Gel photo showing successful subcloning of HAhBraf and 

HahBRAFV600E into pSCA-Amp, and recovery by NotI digestion.  

The HAhBraf and HahBRAFV600E PCR amplicons were subcloned into the pSCA-Amp vector, 

which was digested along with pWHE636 by NotI. Digestion products were run on agarose 

gels, then stained with GelRed and visualised using a ChemiDoc. Lanes 1-8 contain the 

following: (1) DNA ladder, (2 & 3) pSCA-Amp-HAhBraf, (4 & 5) pSCA-Amp- 

HahBRAFV600E, (6) pSCA-Amp, (7) pWHE636 and (8) DNA ladder.  

The smaller bands in lanes 3-5 correspond to the HAhBraf and HahBRAFV600E segments, and 

the larger bands correspond to the pSCA backbone. The single band in lane 6 corresponds to 

the pSCA backbone. The smaller and larger band in lane 7 correspond to the HahBraf-IRES-

GFP insert and pWHE636 backbone respectively. The DNA ladder in lanes 1 and 8 was not 

very clear, so the identities of the supposed HAhBraf and HahBRAFV600E segments were 

subsequently confirmed with sequencing (Supplementary files 1 and 2). 



 

Supplementary Figure 3: Plasmid map and aligned DNA sequences for pWHE636-

HAhBraf. 

pWHE636-HAhBraf DNA was sequenced using three different primers (Table 2.1) and the 

resulting sequences were aligned to a pWHE636-HAhBraf plasmid map. The alignments show 

that GFP was removed successfully and new mutations in the Braf gene are unlikely to have 

occurred. This image was created using the DNA sequence and alignment viewer function of 

the program Snapgene.  

 

 

 

 

 

 



 

Supplementary Figure 4: Plasmid map and aligned DNA sequences for pWHE636-

HAhBrafV600E. 

pWHE636-HAhBrafV600E DNA was sequenced using three different primers (Table 2.1) and 

the resulting sequences were aligned to a pWHE636-HAhBrafV600E plasmid map. The 

alignments show that GFP was removed successfully and new mutations in the BrafV600E gene 

are unlikely to have occurred. This is a .dna file to be opened using SnapGene. 

 

 

 

 

 

 

 

 

 



Supplementary video 1: Microscope video of colorectal organoid and OT-I cell co-culture, 

showing OT-I cells moving from the culture medium into the Matrigel.  

Splenocytes stimulated with SIINFEKL for 3 days, followed by resting for 2 days to generate 

activated OT-I cells, were added to Col 190 organoids. This video was collated from 

photographs taken every hour for 117 hours of co-culture using the JuLI™ Stage Real-Time 

Cell History Recorder (NanoEnTek).  


