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Abstract  
 

Most colorectal cancers (CRCs) do not respond to treatment with immune-checkpoint-

inhibitors due to modest mutation loads, low cytotoxic T cell infiltrates, and 

immunosuppressive microenvironments. The CEA-TCB bispecific antibody is a novel 

therapeutic agent that can help overcome the unfavourable immune landscape in CRC. 

CEA-TCB binds CD3 on T cells and targets them to the carcinoembryonic antigen (CEA) 

which is overexpressed on the cell surface of many CRC cells. Recent clinical trial data 

has shown that despite pre-selecting patients with CEA positive tumours only 11% 

treated with CEA-TCB monotherapy responded to the treatment. Mechanisms of 

resistance to T cell redirecting antibodies remain poorly understood, indicating a need 

for pre-clinical model systems that can be used to dissect the determinants of CEA-TCB 

response and resistance. It has been demonstrated that patient-derived organoids 

(PDO) may more accurately represent patient tumours than established cell lines.   

The aim of my thesis was to use PDOs to investigate factors determining sensitivity and 

resistance to CEA-TCB therapy. After characterising CEA expression of eight PDOs 

generated from multi-drug resistant metastatic CRCs, three PDOs with persistently high 

CEA expression and good CEA-TCB response were selected to develop a co-culture 

technology of PDOs and allogeneic T cells which can be used to screen for 

microenvironmental factors that influence CEA-TCB activity. This model allowed me to 

evaluate the effect of different immunosuppressive cytokines and immune and stromal 

cell types commonly present in the CRC tumour microenvironment on CEA-TCB 

response. This screen revealed that TGFβ, commonly overexpressed in CRCs, confers 

resistance to CEA-TCB by suppression of T cell cytolytic and proliferative abilities.  I was 

able to reverse immunosuppressive effects of TGFβ using a TGFβ receptor inhibitor 

galunisertib, IL-2, and tumour targeted CEA-4-1BBL and stroma targeted FAP-IL2v 

bispecific T cell co-stimulatory agents, thus informing rational combination therapies for 
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clinical testing. The 3D configuration of this co-culture model was used to assess T cell 

infiltration into the PDOs and evaluate the impact of different PDO sizes and 

morphologies on CEA-TCB mediated killing of tumour cells. Distinct PDO morphologies 

as well as large organoid size did not impair T cell infiltration as CD8 T cells were able 

to penetrate into the centre of large organoids growing in different architectural patterns 

and showed strong killing activity. The versatile in vitro organoid and T-cell co-culture 

screening platform I developed can be used for identification of resistance mechanisms 

and rational combination therapies. 
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PBS  Phosphate buffered saline  
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PD  Progressive disease  

PD-1  Programmed cell death protein 1 

PD-L1  Programmed death ligand-1 

PDO  Patient derived organoid  

PFS  Progression free survival  

PGE2  Prostaglandin E₂ 
PGs  Proteoglycans 

PHA  Phytohemagglutinin 

PI3K  Phosphoinositide 3-kinase 

PIGF  Placental growth factor 

PMSA  Prostate specific membrane antigen 

PRRs  Pattern recognition receptors  

PSA  Prostate specific antigen  

qPCR  Quantitative polymerase chain reaction 

RNA  Ribonucleic acid 

ROS  Reactive oxygen species  

RPMI  Roswell Park Memorial Institute 

RR  Response rate  

SOC  Standard of care  

TAM  Tumour associated macrophage  

TAP  Transporter associated with antigen processing 

TBS  Tris buffered saline 

Tcm  Central memory T cell  

TCR  T cell receptor  

TGFβ  Transforming growth factor beta 

TGF-βR Transforming growth factor beta receptor 

Th  T helper cell 

TIGIT  T-cell immunoreceptor with immunoglobulin and ITIM domains 

TIL  Tumour infiltrating lymphocyte  

TIM3  T cell immunoglobulin and mucin-domain containing-3 

TKI  Tyrosine kinase inhibitor  

TLR  Toll like receptor  
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TMB  Tumour mutational burden 

TME  Tumour microenvironment  

TNFα  Tumour necrosis factor alpha 

TNM  Tumour, node, metastasis  

TRAIL  Tumour necrosis factor-related apoptosis-inducing ligand 

Treg  Regulatory T cell 

TRUCK CAR T cells redirected for universal cytokine killing 

UC   Ulcerative colitis 

VCAM  Vascular cell adhesion molecule 

VEGF  Vascular endothelial growth factor 

VEGFR Vascular endothelial growth factor receptor 

VLA-1  Very late antigen-1 

WT  Wild type 
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Chapter 1 Introduction 

1.1 Colorectal cancer  

Colorectal cancer is the third most commonly diagnosed cancer in males and the second 

most common in females and the second leading cause of cancer mortality worldwide 

accounting for approximately 880,000 deaths in 2018 (Bray et al., 2018; Torre et al., 

2015). The global burden of CRC is expected to increase by 60% to more than 2.2 million 

new cases and 1.1 million deaths by 2030 (Ferlay et al., 2015).  

1.1.1 Colorectal cancer carcinogenesis  

CRC develops when intestinal epithelial cells acquire a series of genetic and epigenetic 

changes that enable them to escape normal restraints on cell growth, leading to 

uncontrolled proliferation. In 1990 Volgelstein and Fearon described an adenoma to 

carcinoma carcinogenesis model that outlines sequential acquisition of genetic and 

epigenetic alterations allowing tumours to evolve from benign to malignant lesions 

(Fearon & Vogelstein, 1990) (Figure 1.1). Their proposed model is a combination of the 

following features: mutational activation and/or inactivation of tumour suppressor genes, 

somatic mutations of at least four or five genes must occur for the tumour to become 

malignantly transformed, and it is the accumulation of multiple genetic mutations rather 

than the order that is important. First, a gatekeeping mutation usually in the APC gene, 

gives a normal epithelial cell a growth advantage allowing it to outgrow its surrounding 

cells and become a small adenoma. Through its interaction with transcriptional factor β-

catenin, APC regulates the transcription of a number of cell proliferation genes, therefore 

a mutation in this gene leads to uncontrolled cell proliferation and adenoma growth. 

Acquisition of a second mutation in a proto-oncogene such as KRAS results in a 

constitutively active oncogene signalling leading to further increased proliferation and 

clonal expansion. The second key genetic step in the transition of large adenomas into 

invasive carcinomas is inactivation of the p53 pathway by mutation of TP53. In most 
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tumours, both TP53 alleles are inactivated, usually by a combination of a missense 

mutation that inactivates the transcriptional activity of p53 and a 17p chromosomal 

deletion that eliminates the second TP53 allele (Baker et al., 1989, 1990; Grady & 

Markowitz, 2003). P53 regulates cell growth and division and can be activated by multiple 

cellular stresses. TP53 normally acts as a tumour suppressor gene by inducing genes 

that can cause cell cycle arrest or apoptosis therefore its inactivation leads to 

unrestrained proliferation. Subsequent mutations in genes such as PIK3CA and SMAD4 

occur eventually generating a malignant tumour. Although the exact amount of time for 

an adenoma to progress to a carcinoma has not been established it has been estimated 

to take over 10 years on average (Nguyen & Duong, 2018). The two main mechanisms 

responsible for accumulation of mutations are chromosomal instability and microsatellite 

instability. Chromosomal instability is observed in 70% of sporadic colorectal cancers 

and results in gains or losses of whole or large portions of chromosomes leading to 

aneuploidy and loss of heterozygosity (LOH). Microsatellite instability occurs in about 

15% of CRC and results from mutations in DNA mismatch repair (MMR) genes such as 

MLH1, MSH2, MSH6, and PMS2 or hypermethylation of MLH1.  Inactivation of these 

genes can result in a DNA defect during DNA replication in repetitive sequences 

(microsatellites) resulting in the accumulation of frameshift mutations and base-pair 

substitutions. Another molecular pathway leading to development and progression of 

CRC is the hypermethylation of CpG islands commonly found in gene promotor regions 

resulting in silencing of tumour suppressor genes and these tumours are classified as 

the CpG island methylator phenotype (CIMP). Sporadic CRC is the most common type 

of CRC accounting for about 75% of cases. Of the remaining 25% about 20% are familial 

CRC with familial history of CRC but no inherited syndrome and 5% is inherited 

predisposition to CRC. Inherited CRC occurs in people with syndromes characterised by 

germline mutations in genes such as APC and MMR genes (most commonly MLH1, 

MSH2, or MSH6) that increase the risk of CRC development such as familial 

adenomatous polyposis (FAP) and Lynch Syndrome respectively(Valle et al., 2019). 
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Individuals with FAP start to develop hundreds of colon polyps in their mid-teens that 

with a high probability will develop into cancer. Individuals with unrecognised or 

untreated FAP will be diagnosed with CRC before the age 35-40.  

 

Transformation of a normal cell into cancer is not only dependant on genetic aberrations 

in tumour cells but can also be promoted by microenvironmental factors such as 

inflammation. Chronic inflammation is a hallmark of cancer and 1-2% of CRC arise in 

patients with inflammatory bowel disease (IBD) such as ulcerative colitis (UC) and 

Crohn’s disease (CD) known as colitis-associated cancer (CAC) ((Hanahan & Weinberg, 

2011; Waldner & Neurath, 2009). Although that comprises a small fraction of CRC cases 

patients are among those at greatest risk of CRC in the general population. The 

molecular mechanisms by which inflammation promotes cancer development are not yet 

well characterised and may differ between CAC and other forms of colorectal cancer, 

but roles of specific cytokines and immune cells in the initiation and progression of CRC 

have been elucidated. IL-6 is an inflammatory cytokine secreted by cancer associated 

fibroblasts and several types of immune cells including macrophages in CRC (Nagasaki 

et al., 2013; Naugler & Karin, 2008; B. Zhong et al., 2021). IL-6 is overexpressed in CRC 

tissues and elevated in serum of CRC patients and it has been associated with larger 

tumour size, occurrence of liver metastasis, and reduced survival (Chung & Chang, 

2003; Galizia et al., 2002; Knüpfer & Preiss, 2010; Komoda et al., 1998). Using an 

AOM+DSS mouse model of CAC in which repeated DSS administration causes chronic 

inflammation, thereby mimicking IBD, it has been demonstrated that IL-6 secreted by 

Figure 1.1 Adenoma to carcinoma sequence in CRC. Image taken from (Volgelstein et al., 

2013) 
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lamina propria T cells and myeloid cells is a critical tumour promoter during early CAC 

tumorigenesis (Becker et al., 2004; Grivennikov et al., 2009). Treatment with anti-IL-6R 

antibodies or generation of il6-/- mice protected mice from colon carcinogenesis. IL-6 

enhanced the proliferation of intestinal epithelial cells and increased their resistance to 

apoptosis (Grivennikov et al., 2009). STAT3, transcription factor downstream of IL-6R, 

has been shown to drive IL6 gene expression resulting in a feedforward autocrine 

feedback loop further promoting tumour growth (Q. Chang et al., 2013). Ablation of 

STAT3, in intestinal epithelial cells effectively inhibits CAC induction and growth, 

demonstrating the critical oncogenic function of this inflammatory cytokine in CRC and 

that tumour microenvironment also makes a major contribution to tumour development 

and progression (Grivennikov et al., 2009). 

1.1.2 Colorectal cancer subtyping  

CRC is a molecularly heterogenous disease that can be classified based on key genetic 

mutations. Roughly 40% of patients with metastatic colorectal cancer have somatic 

activating KRAS mutations(Cunningham et al., 2010). KRAS is a member of the Ras 

family of small GTPases. Mutations in KRAS leads to constitutive activation resulting in 

activation of both RAF-MEK-ERK1/2 (mitogen-activated protein kinase, MAPK) and 

PI3K-AKT-mTOR signalling pathways promoting cell survival and apoptosis 

suppression(Downward, 1998). Patients with KRAS mutated mCRC, especially those 

with a G12D mutation, have a significantly worse progression free survival (PFS) in 

response to chemotherapy (Zocche et al., 2015). Mutations that activate BRAF, the main 

downstream effector of KRAS, arise in 8-10% of metastatic CRC and are mutually 

exclusive with KRAS mutations (Cunningham et al., 2010). A missense mutation leading 

to a valine to glutamic acid amino acid substitution (V600E) is the most frequent BRAF 

mutation (Ikenoue et al., 2003). Mutations in BRAF lead to constitutive activation of the 

MAPK signalling pathway mimicking the biological consequences of KRAS mutation. 

BRAF V600E mutations are more prevalent in microsatellite instable (MSI) tumours than 
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in microsatellite stable (MSS) tumours (Dienstmann et al., 2017). Patients with BRAF 

and KRAS mutation positive tumours have a significantly worse survival than that for 

patients with wild-type KRAS and BRAF when treated with chemotherapy (Souglakos et 

al., 2009; Yokota et al., 2011). A more recent molecular classification of CRC was 

created using gene expression profiling called consensus molecular subtypes (CMS) 

which identified four CRC subgroups with distinguishing features (Guinney et al., 2015). 

Tumours in the CSM1 (MSI, 14%) subgroup are hypermutated, microsatellite unstable, 

have a defective DNA MMR system, are strongly immunogenic, have BRAF mutations, 

and have a CpG island methylator phenotype (CIMP). CMS2 (canonical, 37%) group is 

characterised by high chromosomal instability (CIN), activation of Wnt and c-Myc 

signalling, and epithelial differentiation. CMS3 (metabolic, 13%) tumours have marked 

metabolic deregulation and contain KRAS mutations.  Tumours in the CMS4 

(mesenchymal, 23%) exhibit high TGFβ signalling, upregulation of genes implicated in 

epithelial-to-mesenchymal transition (EMT), angiogenesis, and stromal infiltration. 

Guinney and colleagues also found clinical and prognostic associations with the four 

CMS. For example, patients with CMS4 tumours tended to be diagnosed at more 

advanced stages (III and IV) and have a worse overall survival (OS) than the other three 

groups.  This classification system allows for a better understanding of a heterogenous 

disease like colorectal cancer and can have several potential applications in clinical 

practice such as guiding treatment decisions and predicting prognosis.  

1.1.3 Colorectal cancer screening 

In a cancer that is characterised by gradual development such as CRC screening is 

essential in order to catch it at an early enough stage for successful treatment and better 

prognosis. Most colorectal cancers develop from adenomas (polyps), but only about 5% 

of polyps progress to colorectal cancer. Approximately 40% of people at age 50 or older 

have one or more adenomatous polyps therefore it is important to identify those polyps 

and remove them prior to cancer transition (Shussman & Wexner, 2014). Colorectal 
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cancer screening in the UK is offered to individuals between the ages 50 and 74 every 

two years and usually conducted through the use of faecal immunochemical test (FIT) 

which detects  haemoglobin in the stool. FIT is the preferred method for CRC screening 

due to its good sensitivity, low cost, ease of use, and non-invasiveness. If the FIT is 

positive then people are offered a colonoscopy which is a more invasive but more robust 

as it allows an examination of the whole colon and can be used to immediately remove 

pre-cancerous polyps. However, studies shown that because of the invasiveness of a 

colonoscopy more people participate in screening when FIT is offered instead of a 

colonoscopy (Quintero 2012).  Screening with FIT (annually or biannually) reduces CRC 

incidence and decreases mortality by about 30% further emphasizing the value of 

screening CRC (Mandel et al., 2000; Saito et al., 1995; Shaukat et al., 2013). Other 

effective strategies for screening include identifying and monitoring high-risk populations 

including families with hereditary CRC syndrome and individuals with inflammatory 

bowel disease.  

1.1.4 Colorectal cancer staging 

CRC staging determines the extent of cancer in the body which is essential for 

determining appropriate treatment options and predicting patient’s prognosis. One of the 

commonly used staging systems is the number stages system classifying cancers into 

stage I-IV based on the extent of tumour invasion, lymph node involvement, and 

presence of distant metastasis. Stage I is characterised by the invasion of cancer cells 

into the deeper layers of the colon and rectum, but not the surrounding tissue. At this 

stage the cancer is localised and has not spread to nearby lymph nodes or other parts 

of the body. Tumours at stage II are larger and has spread into the outer wall of the colon 

or rectum or into tissue and organs next to them. Tumours classified as stage III have 

spread to nearby lymph nodes, but not other parts of the body. Finally, stage IV CRC is 

characterised by spread of cancer cells to other parts of the body (distant metastasis) 

most frequently to the liver, but also to the lungs. Tumour staging is further detailed with 
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the TNM staging system which stands for Tumour, Node, Metastasis. The Tumour 

component of TNM refers to the extent of the primary tumour, the Node component to 

the presence of cancer cells in the lymph nodes near the primary tumour, and the 

Metastasis component describes the spread of cancer to other parts of the 

body(Compton et al., 2004).  

1.1.5 Current treatments of CRC 

1.1.5.1 Chemotherapy 

While many stage I- III cancers are curable with surgery which is combined with adjuvant 

chemotherapy for high risk stage II and for stage III CRCs, with survival rates ranging 

from 70-90%, the 5-year survival rate for metastatic CRCs remains below 10% 

(O’Connell et al., 2004). About 25% of patients present with metastasis at initial diagnosis 

and almost 50% of patients with CRC will develop metastasis (Van Cutsem et al., 2014). 

Some patients with metastatic disease receive chemotherapy treatment prior to 

metastasis resection to reduce the number and size of metastasis and enable 

subsequent surgical resection. Patients with disseminated unresectable CRC receive 

chemotherapy treatment. The standard of care treatment for mCRC consists of 5-

fluorouracil (5-FU) in different combinations and schedules. Combination of 5-FU with 

leucovorin (LV) and oxaliplatin (FOLFOX) or with LV and irinotecan (FOLFIRI) remain 

the mainstream approaches in first-line treatment of mCRC (Van Cutsem et al., 2014). 

5-FU is an antimetabolite drug that exerts its anticancer effects in conjunction with LV by 

inhibiting thymidylate synthase and incorporation of its metabolites into RNA and DNA 

thus inhibiting protein synthesis and cell division (Longley et al., 2003). Irinotecan inhibits 

the action of topoisomerase I preventing religation of the DNA strand causing double 

strand DNA breakage (Fujita et al., 2015). Oxaliplatin leads to G2/M arrest and apoptosis 

by forming intra-strand links between adjacent guanine residues, thus disrupting DNA 

replication and transcription (Arango et al., 2004). Each of these chemotherapy 

mechanisms results in cell death in CRC cells that are sensitive to these agents.  
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1.1.5.2 Targeted therapy  

However, chemotherapy treatment has several important limitations such as systemic 

toxicity, unsatisfying response rates, and innate and acquired resistance. Therefore, a 

lot of research has been conducted to develop new treatment strategies. Targeted 

therapy drugs selectively target cancer cells while minimising damage to normal cells. 

One of the most common targets for targeted therapy is EGFR (epidermal growth factor 

receptor) which is overexpressed in about 70% of CRCs (Porȩbska et al., 2000). Binding 

of ligands to EGFR results in activation of the tyrosine kinase domain and subsequent 

activation of various downstream intracellular signalling pathways, including the 

RAS/RAF/MEK/ERK, PI3K/AKT, and JAK/STAT3 pathways, that promote cell growth, 

survival, and migration. Due to its overexpression it makes it an attractive target for 

cancer therapy. Monoclonal antibodies such as cetuximab and panitumumab bind the 

extracellular part of the receptor inhibiting ligand binding and subsequent signal 

transduction. Although as monotherapy cetuximab was effective, combination therapy of 

FOLFIRI/FOLFOX with cetuximab or panitumumab has shown increased response 

rates, overall survival, and progression free survival compared with cetuximab alone or 

chemotherapy alone (Cunningham et al., 2004; Douillard et al., 2010, 2014; Qin et al., 

2018; Van Cutsem et al., 2009).   

However, only patients with wild-type KRAS, a small G-protein downstream of 

EGFR, benefit from this therapy. Mutations in this gene, commonly at codons 12 and 13, 

cause constitutive activation of KRAS-signalling in about 35% of CRC making EGFR 

targeting therapies ineffective (Amado et al., 2015; Cunningham et al., 2004; Karapetis 

et al., 2008; Lièvre et al., 2008; Siena et al., 2009). These findings further highlight the 

value in molecularly stratifying patients. Another addition to combination targeted therapy 

are agents inhibiting BRAF, mutations in which lead to constitutive activation of the 

MAPK signalling pathway making EGFR targeting therapy ineffective(Benvenuti et al., 
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2007; Di Nicolantonio et al., 2008). Although BRAF V600E inhibitors such as 

vemurafenib have proven effective in the treatment of BRAF-mutant melanoma, they 

have been surprisingly ineffective in BRAF-mutant colorectal cancers(Kopetz et al., 

2015). It has been subsequently shown that BRAF V600E inhibitors trigger the 

reactivation of the MAPK pathway via EGFR through a feedback loop (Corcoran et al., 

2012). This informed the development of combined BRAF V600E and EGFR inhibition 

which effectively prevents activation of the feedback loop in CRCs and hence 

suppresses MAPK pathway signalling. Combination of vemurafenib, irinotecan, and 

cetuximab in metastatic treatment refractory CRCs containing BRAF V600E mutation 

showed increased response rate and prolonged OS compared to treatment with 

irinotecan and cetuximab alone (Hong et al., 2016; Kopetz et al., 2017). In phase III 

clinical trial BEACON, BRAF V600E mutant mCRC patients were treated with either an 

anti-BRAF/MEK/EGFR triplet (encorafenib, binimetinib, and cetuximab), anti-

BRAF/EGFR doublet (encorafenib and cetuximab), or control (investigators' choice of 

cetuximab plus irinotecan or FOLFIRI) regimens. The objective response rate (ORR) 

was 26.8% for the triplet arm, 19.5% for the doublet arm, and 1.8% for the control arm. 

Targeting BRAF and its downstream kinase MEK increased survival benefit with median 

OS for both the triplet and doublet arms being 9.3 months but only 5.9 months for the 

control arm (Tabernero et al., 2021).  

Another receptor identified as driving resistance to EGFR targeting therapy is 

HER2 which belongs to the same ErbB (erythroblastosis oncogene B)/HER (human 

epidermal growth factor receptor) family as EGFR. Its homodimerization or 

heterodimerization with any other receptor of the HER family activates its intracellular 

kinase which activates the downstream signalling pathway RAS-RAF-ERK and PI3K-

PTEN-AKT, which regulate cell proliferation and apoptosis. Through pre-clinical models 

it was shown that HER2 genomic amplification induced resistance to cetuximab in 

colorectal cancer and inhibition of HER2 signalling restored cetuximab sensitivity 
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(Yonesaka et al., 2011). Evaluation of clinical samples showed that HER2 was 

overexpressed in 2% of mCRC and was mutually exclusive with KRAS and BRAF 

mutations (Richman et al., 2016). Additionally HER2 amplification was found in 

cetuximab resistant tumours (Yonesaka et al., 2011). PFS as well as OS was shorter for 

patients with HER2 amplification than those without when treated with cetuximab alone 

or in combination with chemotherapy (Yonesaka et al., 2011). These findings proposed 

HER2 a new actionable target for mCRC therapy. In a phase II trial patients with HER2-

amplified mCRC were treated with a combination of trastuzumab and pertuzumab, both 

inhibiting HER2 signalling, and 32% of patients achieved an ORR with an estimated 

median OS of 11.5 months (Meric-Bernstam et al., 2019). In another phase II trial in 

which HER2-positive mCRC patients were treated with trastuzumab and lapatinib (a 

tyrosine kinase inhibitor targeting both EGFR and HER2) 30% of patients achieved an 

ORR and the median PFS and OS were 5 and 11 months respectively (Sartore-Bianchi 

et al., 2016). Findings from the latest phase II trial MOUNTAINEER which investigated 

the combination of tucatinib, a highly selective HER2 targeting TKI, and trastuzumab in 

HER2 positive mCRC patients resulted in an accelerated approval by the FDA of this 

combination for this subgroup of patients (Strickler et al., 2022). This dual combination 

treatment reached a 38.1% ORR, a PFS of 8.2 months, and OS of 24.1 months. These 

are very promising findings demonstrating that chemotherapy refractory mCRC patients 

have other viable therapeutic options through targeted therapy. Although for a long time 

KRAS mutant CRC was considered untreatable, novel targeting therapies are emerging. 

While treatment of patients with KRASG12C-mutated advanced CRC (3% of tumours) 

with sotorasib, a specific, irreversible KRASG12C protein inhibitor, showed very modest 

results as monotherapy only achieving a 9.7% ORR, combining it with panitumumab 

resulted in 3-fold higher response rate of 30% (Fakih et al., 2022; Kuboki et al., 2022). A 

novel non-covalent inhibitor of KRAS with a G12D mutation, the most common KRAS 

mutation in CRC occurring in about 40% of KRAS mutations, MRTX1133 showed 
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significant preclinical antitumour activity and is now being investigated in a phase 1/2 

clinical trial (NCT05737706) (Tang & Kang, 2022; Zhu et al., 2021). 

Another targeted CRC treatment is antiangiogenic therapy inhibiting 

VEGF/VEGFR signalling. VEGF is a potent angiogenic factor that stimulates the growth 

of new blood vessels in tumours necessary for tumour growth and metastasis. VEGF 

levels and VEGFR activity are elevated in CRCs and are predictive of liver and lung 

metastasis and are associated with poor prognosis (Divella et al., 2017;Liu et al., 2014).  

The initial theory was that anti-VEGF therapy works by inhibiting activity of VEGF thereby 

preventing formation of new blood vessels and starving the tumour of oxygen and 

nutrients. However, it has been suggested that VEGF targeted therapy results in 

normalisation of blood vessels thus enhancing the delivery and effectiveness of 

chemotherapy agents (Jain, 2001). Several randomized control trials have demonstrated 

efficacy of anti-VEGF therapy in treatment of mCRC. Bevacizumab, a recombinant 

humanized monoclonal antibody that binds to all isoforms of VEGF-A and interferes with 

VEGF-VEGFR interactions, in combination with FOLFIRI showed increased OS and PFS 

and prolonged duration of response in mCRC patients compared with the chemotherapy 

regimen alone (Hurwitz et al., 2004). Although only bevacizumab has been approved as 

a first-line targeted agent, other anti-VEGF agents have been approved for second-line 

treatment. Aflibercept is a recombinant fusion protein that acts a decoy receptor for 

VEGF and PIGF (placental growth factor) and has a stronger affinity to VEGF-A than 

bevacizumab (Ferrara et al., 2004; Holash et al., 2002; Tang et al., 2012). While 

aflibercept showed limited single agent activity in patients with pre-treated mCRC, in 

combination with FOLFIRI it showed a better response, longer PFS, and longer OS than 

FOLFIRI treatment alone in mCRC patients who have previously received oxaliplatin or 

bevacizumab treatment (Tang et al., 2012; Van Cutsem et al., 2012). However, in the 

AFFIRM study where aflibercept was combined with FOLFOX as a first-line treatment no 

difference in PFS was observed, but there was higher toxicity suggesting that aflibercept 
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might be better in second-line treatment (Folprecht et al., 2016). Another drug targeting 

the VEGF pathway that has been approved for second-line treatment of mCRC is 

ramucirumab which is a fully humanized monoclonal VEGFR2 targeting antibody. In 

combination with FOLFIRI in a second-line treatment setting addition of ramucirumab to 

the chemotherapy regimen resulted in a prolonged PFS and OS (Tabernero et al., 2015).   

Another approach to targeting VEGF is through a small molecule tyrosine kinase inhibitor 

regorafenib which showed no improvement of ORR in FOLFOX treated patients in a first 

line setting, but did show survival benefits in refractory mCRC (Argilés et al., 2015; 

Grothey et al., 2013). The advantage of regorafenib is that it can be taken as a tablet 

rather than administered intravenously as all of the previously mentioned drugs are.   

Another signalling pathway targeting of which for mCRC is currently being 

investigated in clinical trials is the hepatocyte growth factor (HGF) and its receptor 

mesenchymal epithelial transition factor (c-MET) pathway. Upon HGF binding, activation 

of c-MET triggers a signalling cascade activating various downstream pathways such as 

MAPK/ERK, PI3K/AKT, and JAK/STAT ultimately promoting tumour growth and 

metastasis (Matsumoto et al., 2017). Patients with advanced CRC have elevated levels 

of serum HGF which decrease after tumour resection. Overexpression of HGF/c-MET 

mRNA and protein have been observed in CRC tumours, particularly in metastases (El-

Deiry et al., 2015; Flavia Di Renzo et al., 1995; Kammula et al., 2007; Liu et al., 2012; 

Otte et al., 2000). Expression of HGF and c-MET have been correlated with poor 

prognosis in CRC (Gao et al., 2015; Liu et al., 2012). Due to its vital role in promoting 

tumour growth and progression the HGF/c-MET pathway has become an attractive 

therapeutic target and several different methods of blocking this pathway have emerged. 

Specifically in the context of mCRC two tyrosine kinase inhibitors that target the MET 

kinase domain have been evaluated in phase I and II clinical trials. A trial evaluating 

tivantinib (ARQ 197) in combination with irinotecan and cetuximab in patients with mCRC 

did not find a statistically significant difference in PFS although it was slightly longer in 
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the tivantinib treated group (Eng et al., 2016). A phase 2 trial evaluating savolitinib (AZD 

6094), a selective MET inhibitor, in mCRC with amplified MET is currently ongoing 

(NCT03592641). Although targeted therapies have augmented chemotherapy 

treatments and shown some promise, resistance invariably occurs after several months 

of treatment. Additionally most KRAS mutations and mutations inactivating tumour 

suppressor genes remain untargetable thus new therapeutic approaches for mCRC are 

needed.  

1.1.5.3 Immunotherapy 

Another therapeutic approach is harnessing the immune system to treat tumours through 

immunotherapy. This rapidly growing class of drugs, particularly immune checkpoint 

inhibitors which will be described in more detail in section 1.6.1, have achieved 

remarkable responses in certain cancer types including late-stage cancers. Immune 

checkpoints are molecules expressed on immune cells that under normal conditions are 

responsible for regulation of immune responses and prevention of autoimmunity. 

However, tumours frequently exploit these checkpoints to avoid detection and 

destruction by the immune system by upregulating checkpoint ligands. Immune 

checkpoint inhibitors are monoclonal antibodies that interfere with these inhibitory 

signals and unleash antitumour immune responses. Checkpoint inhibitors have shown 

to be effective in many cancer types and have been approved for the treatment of 

melanoma, non-small cell lung cancer, renal cell carcinoma, and urothelial carcinoma 

among others. However, only patients with MSI CRC which make up only 5% of 

metastatic CRC have shown responses to checkpoint blockade (Le et al., 2017). Given 

the lack of response of MSS CRC to checkpoint immune blockade novel 

immunotherapeutic approaches are needed.  

1.2 Immune system overview  

1.2.1 The innate immune system 
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The human immune system is a complex network of cells, tissues, and organs that work 

together to protect the body from harmful pathogens. Protection against pathogens relies 

on several levels of defence, the first of which are anatomical and chemical barriers such 

as the skin and mucosal surfaces that prevent microbes from entering the body. 

However, those microorganisms that do manage to penetrate the epithelial surfaces of 

the body are then faced with the innate immune system. The innate immune system is 

comprised of cells that have differentiated from the common myeloid progenitor cells in 

the bone marrow and includes: neutrophils, monocytes, eosinophils, basophils, and mast 

cells. Although natural killer (NK) cells are of lymphoid origin, based on their function 

they are also categorised into the innate immune system. Innate immune cells rely on 

pattern recognition receptors (PRRs), such as Toll-like receptors (TLR), which detect 

regular patterns of molecular structures known as pathogen associated molecular 

patterns (PAMPs) such as bacterial lipopolysaccharides (LPS) and endotoxins which are 

exclusively expressed by microorganisms but not human cells (Janeway & Medzhitov, 

2003) . Monocytes circulating in the blood migrate into tissues where they differentiate 

into macrophages which are resident in almost all tissues in the human body. During 

very early stages of infection macrophages secrete cytokines initiating recruitment of 

other immune cells such as neutrophils and dendritic cells. Once innate immune cells 

have recognised the presence of a pathogen they employ various mechanisms to 

eliminate it. For example, macrophages and neutrophils can engulf microbes and 

damaged cell debris through their phagocytic capabilities (Aderem & Underhill, 2003; 

Rosales & Uribe-Querol, 2017). Neutrophils can furthermore release antimicrobial 

substances such as reactive oxygen species, antimicrobial peptides, and enzymes that 

can kill or damage invading pathogens (Witko-Sarsat et al., 2000). Both neutrophils and 

macrophages also modulate the immune response by secreting inflammatory cytokines 

(small proteins involved in cell–cell communication and recruitment) such as IFNγ, TNFα, 

IL-1, IL-6, IL-12 (Duque & Descoteaux, 2014; Spees et al., 2014; Tecchio et al., 2014; 

Yin & Ferguson, 2009).  
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Dendritic cells are a heterogenous immune cell population differing in their cell 

origin, function, and localisation (W. Heath & Carbone, 2009; Miller et al., 2012; Segura 

et al., 2010). In contrast to macrophages, whose main role is to engulf damaged cells or 

pathogenic microbes and promote tissue repair, the main function of dendritic cells is 

antigen presentation to T cells and thus initiation of the adaptive immune response. 

Immature dendritic cells residing in non lymphoid tissue (tissue-resident DCs) efficiently 

take up antigens from the environment and process them to present to T cells. The 

surfaces of DCs express a group of proteins known as the major histocompatibility 

complex (MHC). MHC are classified as either class I (human leukocyte antigen HLA-A, 

B and C) which are found on all nucleated cells, or class II (also termed HLA-DP, DQ 

and DR) which are found only on certain cells of the immune system, including 

macrophages, dendritic cells and B cells. Endogenous proteins are digested by the 

proteasome to small peptide fragments which are then transferred to the endoplasmic 

reticulum (ER) via the TAP transporter, where with the help of other proteins the peptides 

are loaded onto a class I MHC protein which is finally transport to the cell surface where 

it can be recognised by CD8 T cells of the adaptive immune system (Chaplin, 2010). 

Exogenous antigens are taken up by phagocytosis or endocytosis, digested by the action 

of lysosomal enzymes, and transported to the MHC II peptide loading compartment for 

loading into a class II protein. Exogenous antigens include proteins of extracellular 

pathogens such as most bacteria and parasites, and also virus particles that have been 

released from infected cells. While endogenous proteins under normal conditions 

present self-antigens thus preventing the immune system from attacking host’s own 

cells, during a viral infection the immunoproteasome processes virus derived antigens 

allowing them to be presented on cell surface on MHC class I thus letting know the 

immune cells that the cell has been infected and needs to be destroyed. After 

encountering and phagocytising pathogens, dendritic cells migrate to the closest lymph 

node where they prime naïve T cells which are a key player in the adaptive immune 

response.  
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1.2.2 The adaptive immune system 

The adaptive immune compartment is comprised of T cells and B cells which differentiate 

from lymphoid progenitor cells in the bone marrow. Although they start their 

differentiation in the bone marrow, T cells migrate to the thymus where they mature, 

while B cells remain within the bone marrow for the duration of their development. B and 

T cells express an antigen-binding receptors on their membrane, known as the B cell 

receptor and T-cell receptor (TCR) respectively.  The production of these antigen specific 

receptors results from a process of somatic recombination of multiple DNA fragments 

that code for the antigen binding sites of the receptor. These gene rearrangements lead 

to the production of a huge repertoire of antigen binding specificities ensuring that the 

immune system will be able to recognise a wide range of pathogens throughout the 

lifetime (Krangel, 2009). Each T cell expresses a TCR of unique antigen specificity and 

has the capacity to rapidly proliferate and differentiate if it receives the appropriate 

signals. All T cells undergo positive and negative selection in the thymus to ensure that 

they are able to bind self-MHC molecules with sufficient affinity, but do not bind self-

antigens. All T cells that fail either one of those selections undergo apoptosis. Fewer 

than 5% of the developing T cells survive positive and negative selection. If a developing 

T cell has adequate affinity for MHC class I protein they differentiate into CD8 T cells 

which are main cytotoxic T cells, but if the cell recognises MHC class II protein then it 

extinguishes its expression of CD8 and retains its expression of CD4 becoming T helper 

cells(Germain, 2002). Once a T cell has bound antigen presented on an MHC protein 

expressed by APC it also requires a second signal provided by co-stimulatory molecule 

CD28 binding to CD80 (B7.1) or CD86 (B7.2) on the APC. TCRs are associated with the 

CD3 complex on the surface of the cell. The CD3 chains contain immunoreceptor 

tyrosine-based activation motifs (ITAMs) in their cytoplasmic domains that can be 

phosphorylated to activate the intracellular signalling cascade leading to T cell activation, 

proliferation, and differentiation into the effector phenotype (Shah et al., 2021). 
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Interaction of peptide-MHC with the TCR without a co-stimulator can lead to an anergic 

state of prolonged T cell non-responsiveness or apoptosis (L. Chen & Flies, 2013; 

Schwartz, 2003; Schwartz et al., 1989).  

Majority of T cells bear a TCR comprised of α and β heterodimers and is the 

subset referred to in this thesis. However, a small portion (0.5–5%) of T lymphocytes (γδ 

T cells) expresses TCRγ and TCRδ isoforms (Allison et al., 2001). This subset of T cells 

is a unique population that is rare in secondary lymphoid organs but enriched in many 

peripheral tissues, such as the skin, intestines and lungs. In contrast to MHC-restricted 

αβ T cells, γδ T cells can directly recognise antigens in the form of intact proteins or non-

peptide compounds. Following recognition of infected or transformed cells γδ T cells 

have a broad range of function including target cell cytolysis, production of cytokines and 

chemokines, and even present antigens to conventional CD8 and CD4 T cells(Brandes 

et al., 2005, 2009; Lawand et al., 2017; Ribot et al., 2020).  Effector CD8 T cells induce 

apoptosis in their target cell, for example a virus infected cell that presents a peptide 

antigen that can be recognised by the TCR on MHC class I, by secreting perforin which 

creates pores in the target cell surface and granzymes which are serine proteases that 

enter the cell and induce a signalling cascade leading to target cell apoptosis (Harty et 

al., 2003). Although some CD4 T cells have been shown to possess cytotoxic functions, 

their usual role is to modulate the immune response via specific cytokine secretion and 

to activate B cells. CD4 T -helper cells (Th cells) are functionally subdivided based on 

the cytokines they produce. Th1 cells produce IL-2, IFNγ, TNFα, which are cytokines that 

stimulate CD8 T cell proliferation and cytotoxicity. Whereas IL-4, IL-5, and IL-13 secreted 

by Th2 cells are involved in the development of immunoglobulin E (IgE) antibody-

producing B cells, as well as the development and recruitment of mast cells and 

eosinophils that are essential for effective responses against many parasites such as 

helminths. In 2005 a new subset of CD4 T cells was identified, Th17 cells, which produce 

IL-17 and IL-22 and have a key role in defence against opportunistic pathogens such as 
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bacteria and fungi and has been implicated in inflammatory disorders (Harrington et al., 

2006; Stockinger & Omenetti, 2017; X. Zhu & Zhu, 2020). A subset of the CD4 T cell, 

known as the regulatory T cell (T reg), limit and suppress immune responses thus 

maintaining homeostasis and preventing aberrant responses to self-antigens and the 

development of autoimmune disease. Tregs use several different mechanisms to exert 

its immunosuppressive effects. One of the mechanisms by which Tregs suppress 

immune responses is through the use of CTLA-4. CTLA-4, which is constitutively 

expressed on cell surface of Tregs, has a higher affinity for CD80/CD86 co-stimulatory 

molecules on APCs than the T cell co-stimulatory receptor CD28. Tregs engage with 

APCs and use CTLA-4 to outcompete CD28 for binding to CD80/CD86 thus limiting the 

co-stimulatory signal received by the effector T cell. Tregs also compete with effector T 

cells for extracellular IL-2 by expressing the high-affinity IL-2 receptor CD25 (IL-2 

receptor α-chain) thus limiting effector T cell proliferation. Tregs express high levels of 

CD39 and CD73 ectonucleotidases which generate extracellular adenosine that binds to 

A2A receptors on effector T cells and suppress their proliferation and cytotoxicity. Tregs 

further inhibit effector T cells by secreting immunosuppressive cytokines such as IL-10 

and TGFβ (Sojka et al., 2008). In some instances, Tregs have been shown to directly 

induce apoptosis in CD8 T cells and NK (natural killer) cells via the perforin/granzyme 

mechanism (Cao et al., 2007). T reg cells also help in the resolution of immune 

responses once pathogens are eliminated. Another immune cell subset of the lymphoid 

lineage is the recently identified innate lymphoid cells (ILC) which are considered to be 

innate counterparts of helper T cells based on their cytokine secretion profiles. Unlike T 

cells, ILCs do not express a T cell receptor and thus do not respond in an antigen-specific 

manner. ILCs are abundant at the mucosal barriers, where they are exposed to 

allergens, commensal microbes, and pathogens. ILCs 1 secrete IFNγ, IL-12, IL-15, and 

IL-18, whereas  ILCs 2, the innate counterparts of Th2, secrete type-2 cytokines such as 

IL-5, IL-9, IL-13, and amphiregulin. The third group of ILCs produce IL-22 and IL-17 thus 

mirroring Th17 cells(Panda & Colonna, 2019).  
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In contrast to the TCR on T cells, the B cell receptors (BCR) on B cells recognise 

their antigen in its native form without the need for presentation by another protein. 

Antigen recognised by the BCR is internalised, processed into short peptides that are 

loaded onto MHC class II and then presented on the surface where MHC class II-antigen 

complexes can be recognised by CD4 T cells. T cells provide co-stimulatory signals and 

produce cytokines which induce B cell activation as a result of which B cells undergo 

proliferation and differentiate into antibody-secreting plasma cells (Chaplin, 2010). 

Antibodies protect against pathogens via several different methods. Neutralisation 

occurs when an antibody binds a pathogen product such as a bacterial toxin or the 

microorganism itself preventing its interaction with the host cells. Coating of pathogens 

in antibodies, known as opsonisation, enables phagocytes such as macrophages and 

neutrophils to bind the Fc portion of the antibodies with their Fc receptors and ingest and 

destroy the pathogen (Marshall et al., 2018).  

Another cell type derived from the lymphoid lineage is the NK cells. They develop 

in the bone marrow under the influence of IL-2, IL-15, and bone marrow stromal cells. 

Unlike B and T cells, NK cells do not carry polymorphic antigen receptors. One of the 

ways the contribute to immune responses is by recognising pathogens coated by 

antibodies via their Fc receptors and releasing cytotoxic granules, a process known as 

antibody-dependent cellular cytotoxicity (ADCC)(Mujal et al., 2021) .   Another pathway 

used by NK cells to kill target cells involves binding of TRAIL (tumour necrosis factor 

related apoptosis inducing ligand) to DR4 and DR5 expressed on many cell types 

resulting in activation of pro-enzyme caspase 8 ultimately leading to apoptosis (Perera 

Molligoda Arachchige, 2021). NK cells can also produce IFNγ, activating macrophages 

and enhancing their pathogen killing capacity early in the immune response, but also 

influence adaptive immunity by acting on dendritic cells, or on T cells, enhancing CD8 T 

cell cytotoxic responses or polarising Th cells into Th1 cells. The way an NK cell 

distinguishes between “self” and “non-self” is through a balance of signals by activating 
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and inhibitory receptors. The activating receptors recognise cell surface proteins that are 

induced on target cells by specific cellular events such as metabolic stress or DNA 

damage. Inhibitory receptors bind MHC I which are expressed by all nucleated cells but 

can be downregulated by viruses (such as herpesviruses) and other intracellular 

parasites(Mujal et al., 2021). Although the strategy of downregulating MHC class I 

expression potentially helps infected or transformed cells to evade CD8 T cell recognition 

and killing, it has the opposite effect on NK cells.  If on interaction with a cell the inhibitory 

receptor is not bound by MHC class I, the NK cell triggers cytotoxic granule release and 

IFNγ secretion leading to target cell death.  

In addition to specificity, another hallmark of adaptive immunity is the capacity for 

memory which enables the host to mount a more rapid and efficient immune response 

upon subsequent exposure to the pathogen. Upon resolution of infection, majority of 

effector T cells and plasma cells will die. However, some cells become long-lived 

memory cells which in the case of B cells results in rapid production of antigen-specific 

IgG, IgA, or IgE antibodies upon re-exposure to the same antigen. T cell memory cells 

can be categorized into two main types: central memory T cells (Tcm) and effector 

memory T cells(em). Tcm are primarily located in the lymph nodes and are responsible 

for the maintenance of immunological memory. They express high levels of CCR7 which 

allows them to migrate to secondary lymphoid organs and they can differentiate into 

effector T cells upon antigen re-exposure. Tem cells are found in the peripheral tissues 

and are responsible for immediate effector responses during a re-infection. Tem cells 

have an enhanced ability to produce cytokines and exert cytotoxic functions compared 

to Tcm or naïve T cells (Martin & Badovinac, 2018).  

1.3 The role of the adaptive immune system in cancer 

The foundation of immuno-oncology lies in the discovery that the immune system can 

mount spontaneous responses to tumours. The first clear evidence that the immune 
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system was involved in controlling tumour growth was provided by Boon and colleagues 

in 1977 when they demonstrated that cell clones that were derived from a 

teratocarcinoma cell line that was treated with a strong mutagen were incapable of 

forming progressive tumours when injected into syngeneic mice. Interestingly, these 

same clones were able to grow when injected into irradiated mice thus indicating the role 

of the immune system in rejection of tumours(Boon & Kellermann, 1977). Subsequently 

they showed that adoptive transfer of T cells that were collected from mice following the 

rejection of the tumour protected mice from growth of the same tumour variant in 

irradiated mice suggesting a direct role of T cells in tumour rejection. With the 

development in T cell in vitro culturing and single clone expansion, Maryanski and 

colleagues were able to obtain stable cytotoxic lymphocyte (CTL) clones that killed 

specific tumour variants but not other variants and not the parental tumour cells 

(Maryanski et al., 1983). The discovery of the nature of these antigens was aided by the 

discovery that antiviral CTLs recognized small peptides of eight to ten amino acids, which 

were derived from a viral protein and presented at the surface of infected cells in 

association with MHC class I molecules (Townsend et al., 1986). Further investigation 

revealed that these tumour antigens that triggered a T cell response were from 

ubiquitously expressed genes containing single point mutations that resulted in a change 

of a single acid in the peptide sequence (Lurquin et al., 1989; Sibille et al., 1990). 

Although these antigens were artificially induced by mutagen treatment, their 

identification led to the discovery that T cells can mount an immune response leading to 

a rejection of the tumour as a result of mutations in ubiquitously expressed genes. 

Another mechanism that produces tumour specific antigens is recognised by T cells was 

discovered when a gene encoding an antigenic peptide was found to be expressed by 

tumour cells and by spermatogonia and placental trophoblasts and not any other tissue 

(Van Den Eynde et al., 1991). This gene was not mutated but the reason its peptide was 

immunogenic was because it was only presented on the surface of tumour cells since 

the two other cell types expressing it do not express MHC class I molecules on their 
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surface and therefore cannot present the antigen to T cells. Lack of expression of this 

gene in any adult tissues prevented the establishment of immune tolerance and therefore 

led to T cell responses against this antigen presented on the surface of tumour cells. 

This established that in addition to point mutations in ubiquitously expressed genes 

activation of genes that are silent in normal tissues can result generation of tumour 

specific antigens and ultimately in spontaneous T cell responses leading to tumour 

rejection. In 1991, the first human gene that coded for a tumour-specific antigen 

recognized by T cells named MAGEA1 (melanoma antigen family A) was discovered. 

MAGE1A was expressed in tumours and male germline cells and trophoblastic cells 

exclusively, but as mentioned earlier these two cell types do not produce MHC molecules 

and therefore cannot present antigens to T cells. MAGE1A turned out to belong a large 

family of 25 cancer-germline genes which in addition to melanoma are also expressed 

in head and neck tumours, non small cell lung cancer, and bladder carcinomas (Boon et 

al., 1997). The phenomenon that unique tumour antigens could result from a single point 

mutation that was observed in mice was then confirmed in human tumour cells (Monach 

et al., 1995). Antitumour CTLs were shown to recognise peptides that were encoded by 

mutated genes encoding β-catenin and CDK4 (cyclin dependent kinase) (Robbins et al., 

1996; Wölfel et al., 1995).  

Three types of tumour antigens have the potential to elicit tumour specific 

immune responses: viral antigens, antigens that are encoded by cancer-germline genes 

(cancer testis antigens [CTA]), and antigens that result from a mutation in a ubiquitously 

expressed gene named “neoantigens”. Some cancers, such as cervical cancer, arise as 

a result of oncogenic viruses such as certain strains of the human papilloma virus (HPV) 

(van der Burg & Melief, 2011). Transformed cells express tumour-specific antigens of 

viral origin which are recognised and targeted by CTLs. However, majority of cancers 

are not caused by viruses, so the two main categories of tumour specific antigens are 

cancer-testis antigens and neoantigens. Following the discovery of the MAGE family of 
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proteins other germline gene families expressed in tumours were identified including 

BAGE, GAGE, SAGE, HAGE, SSX, SCP1, and NY-ESO-1 (Boël et al., 1995; Y. T. Chen 

et al., 1997; De Backer et al., 1999; Martelange et al., 2000; Türeci et al., 1998). These 

genes have been found to be expressed in a variety of cancers including melanoma, 

lung carcinoma, head and neck cancers, bladder carcinoma, breast carcinoma, 

sarcoma, and some colorectal carcinomas (Van der Bruggen et al., 2002). The 

mechanism that leads to the activation of these genes in tumour and germline cells is 

demethylation of the promoter which is methylated in all normal cells except the germline 

cells and results in inhibition of binding of transcription factors (De Smet et al., 1996; 

Weber et al., 1994).  

Non-synonymous mutations which can result from a substitution of a single 

nucleotide (missense), a premature termination of protein synthesis through introduction 

of a stop codon into the mRNA sequence (non-sense), or an insertion or deletion of a 

nucleotide that disrupts the reading frame of the gene (frameshift) can all lead to the 

generation of immunogenic antigens recognised by T cells. Increased mutation rate is a 

well established feature of tumours. Abnormal activity in several different cellular 

pathways can increase the rate of somatic mutations in tumours. Defects in the DNA 

damage repair system can lead to accumulation of mutations caused by replicative 

errors. This abnormal activity can result from germline mutations as in Lynch syndrome 

or as de novo somatic mutations. Loss of function mutations in mismatch repair pathway 

genes are known to correlate with high tumour mutational burden (TMB) in tumours (Ah 

Cho 2021). The TMB is significantly higher in MSI CRC with a median TMB of 46.8 

mutations/Mb compared to MSS CRC which have a median of only 3.6 mut/Mb (Fabrizio 

et al., 2018). Aberrant recognition and removal of errors during replication is another 

source of mutations in tumours. The exonuclease domains of POLD1 and POLE are 

responsible for proofreading during DNA replication and mutations in these domains are 

associated with hypermutation in colorectal cancer (Briggs & Tomlinson, 2013; Lange et 



44 

 

al., 2011). High mutation frequencies are also attributed to exposure to carcinogens such 

as ultraviolet radiation in the case of melanoma and smoking in case of lung cancers 

(Brash et al., 1991; Denissenko et al., 1996). Unsurprisingly melanoma and lung cancers 

have the highest tumour burden out of all tumour types excluding MSI and POLE mutated 

tumours (Alexandrov et al., 2013; Lawrence et al., 2013).  

With technological advancements such as deep exome sequencing it has 

become possible to identify the mutations in the protein-encoding part of the genome of 

individual tumours which is essential for neoantigen prediction. Since the majority of 

mutations in human tumours is not shared between patients at meaningful enough 

frequencies the approach to neoantigen prediction and characterisation needs to be 

tumour or patient-specific. After the mutated genes have been identified by sequencing 

in silico prediction algorithms are used to determine the likelihood of target protein 

proteasomal processing, transport to ER, and affinity for the relevant MHC class I alleles. 

These neoantigen predictions can then be verified in vitro for their recognition by CD8 T 

cells in immunogenicity assays(Gubin et al., 2014; Van Rooij et al., 2013). However, this 

approach might not be clinically effective as it results in many predicted neoantigens, 

only a few of which prove to be immunogenic. An alternative method that directly 

assesses the repertoire of HLA-presented neoantigens is mass spectrometry 

immunopeptidomics. This approach led to a direct identification of multiple neoantigens 

and cancer testis antigens presented on a melanoma tumour with tumour reactive T cells 

with specificity for selected neoantigens detected in patient’s tumour and blood (Bassani-

Sternberg et al., 2016). However, this approach is more technically challenging and 

requires large amounts of starting material so for now most studies investigating 

neoantigens use the former method. 

 A study that predicted neoantigens based on whole exome sequencing of 619 

colorectal tumours and subsequently used in silico methods to predict neoantigen loads 

has found a correlation between predicted neoantigen load and higher amounts of 
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tumour infiltrating lymphocytes (TILs) (Giannakis et al., 2016). Further supporting the 

notion that TMB predicts immunogenicity of tumours, consensus molecular subtyping of 

colorectal cancers revealed that CMS1 which encompasses majority of MSI tumours is 

characterised by high mutational count and an increased immune infiltrate mainly 

composed of Th1 and cytotoxic T cells (Guinney et al., 2015). Interestingly, the type, 

density and location of immune cells within tumours predicted survival in colorectal 

cancer better than the classical TNM pathological classification. Stratifying patients by a 

Th1 adaptive immunity signature comprised of genes such as IFNγ, CD3, CD8, GZMB 

(granzyme B) revealed an inverse correlation between the expression of these genes 

and tumour recurrence. Patients with higher densities of CD3+, CD8+, GZMB+, and 

CD45RO+ (memory T cells) cells in the tumour center (CT) and the invasive margin (IM) 

had longer OS. Shockingly patients with stage I-III tumours with low densities of CD3+ 

cells and CD45RO+ memory T cells in both tumour regions (CT and IM) had a very poor 

prognosis, similar to that of patients with distant metastasis (stage IV) (Galon et al., 

2006). These findings show the important role of the immune system in cancer 

progression and in clinical prognosis of CRC.  

 

1.4 Cancer immunoediting 

Although the concept of immunosurveillance, the process by which the immune system 

recognises and eliminates tumour cells through continuous monitoring of tissues, was 

supported by many mouse studies, the question of how tumours develop and continue 

to grow despite a functioning immune system remained unanswered and a new model 

of immune-tumour interactions was proposed.  The immunoediting theory proposes 

three phases, the three “Es”, of interaction between the immune system and cancer cells: 

elimination, equilibrium, and escape (Dunn et al., 2002). This theory suggests that the 

immune system not only protects the host by eliminating tumour cells, but also shapes 
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the tumour and therefore its progression. The elimination phase corresponds to 

immunosurveillance and during this phase the immune system recognises and kills 

immunogenic tumour cells. Then the tumour subclones that have survived the elimination 

phase progress into the equilibrium phase during which the immune system exerts 

selective pressure on the tumour cells that is enough to contain but not fully destroy the 

tumour. It is likely that equilibrium is the longest of the three phases and may occur over 

a period of many years.  This immunological pressure selects for cancer cells with a non-

immunogenic phenotype that are able to escape immune control through various 

mechanisms such as reduced immune recognition, resistance to cell death, and/or 

development of an immunosuppressive microenvironment. Escape from immune control 

is now recognised to be one of the hallmarks of cancer (Hanahan & Weinberg, 2011). 

Immune escape was observed well before the immunoediting model has emerged. In 

1983 an interesting in vivo observation was made: chemically induced mutated clones 

were able to form tumours and grow initially, but then they almost completely regressed 

and then progressed again, which was then confirmed to be due to immunogenic antigen 

loss (Maryanski et al., 1983). This, along with further observations that cancers that 

originally arose in immunodeficient mice were often unsuccessful at initiating secondary 

tumours in immunocompetent hosts and that cancers in immunodeficient hosts were 

more immunogenic than the same tumours from immunocompetent mice supported the 

idea of immunological shaping or “editing” of the tumour (Engel et al., 1997; Shankaran 

et al., 2001; Svane et al., 1996). Tumours that first grew in immunodeficient mice had no 

selective pressure applied by the immune system which resulted in the development of 

a highly immunogenic tumour which was then successfully recognised and destroyed in 

the immunocompetent mice. Whereas tumours that arose in mice with fully functioning 

immune systems and were highly immunogenic underwent the elimination phase of 

immunoediting leaving behind non- or poorly immunogenic tumour cells. Tumour 

immunoediting has also been observed in humans. A melanoma patient whose tumour 

expressed antigens NY-ESO-1, MAGE-C1, and Melan-A was treated with a vaccine 
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against NY-ESO-1. This treatment initially resulted in tumour regression but ultimately 

lead to tumour progression caused by the outgrowth of a tumour that was NY-ESO-1 

negative but positive for MAGE-C1, Melan-A, and MHC class I (von Boehmer et al., 

2013). Cancer control and cancer escape in this patient were governed by NY-ESO-1-

specific immunological pressure which provided evidence for the existence of 

immunoediting and immune escape.  

1.5 The cancer-immunity cycle 

For an anti-cancer immune response to lead to cancer cell killing, a series of stepwise 

events referred to as the cancer-immunity cycle must occur (Chen & Mellman, 2013) 

(Figure 1.2). The cycle begins with the release of cancer antigens (neoantigens and 

cancer-testis antigens) through immunogenic or necrotic cancer cell death. Dendritic 

cells can also capture antigens from apoptotic tumour cells, but for full maturation require 

signals from necrotic tumour cells such as TLR signalling (Cavassani et al., 2008; Sauter 

et al., 2000). Cancer treatment modalities such as chemotherapy and radiation therapy 

have been shown to induce immunogenic cancer cell death and enhance anti-tumour 

immune responses (Casares et al., 2005; Green et al., 2009). These antigens are 

captured and processed by dendritic cells which then present these antigens on MHC 

molecules to the T cells (step 2). As part of their maturation process into potent APCs, 

dendritic cells downregulate tissue specific chemokines and upregulate CCR7 which 

guides them from sites of antigen exposure (tumour) to the local lymph node (Sallusto & 

Lanzavecchia, 2000). The next step in the cycle is T cell priming and activation by the 

DCs. To generate an effective anti-tumour T cell response, this step must be 

accompanied by stimulatory immunological signals such as co-stimulatory molecules like 

CD80/CD86, CD137 (4-1BBL) and proinflammatory cytokines such as IL-1, TNFα, IFNγ, 

IFNα, IL-12, IL-2. In the next step of the cycle activated T cells migrate from the tumour 
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draining lymph node to the tumour. Chemokines CCL2, CCL3, CCL5, CXCL9, CXCL10, 

and CXCL11 secreted by the tumour or other immune cells present in the TME play a 

major role in T cell recruitment to the tumour (Franciszkiewicz et al., 2012; Harlin et al., 

2009). IFNγ induced CXCL9 and CXCL10 secreted by monocytes, dendritic cells, 

fibroblasts, endothelial cells, and cancer cells are considered to be major drivers of T cell 

infiltration in solid tumours (Chheda et al., 2016; Chow et al., 2019; Farber, 1997; 

Gorbachev et al., 2007; Tannenbaum et al., 1998; Tokunaga et al., 2018). CXCL9 and 

CXCL10 signal through CXCR3 which is rapidly induced on T cells following activation 

and remains highly expressed in Th1 CD4 T cells and effector CD8 T cells (Groom & 

Figure 1.2 The cancer-immunity cycle. The generation of immunity to cancer is a cyclic 

process that can be self propagating, leading to an accumulation of immune-stimulatory factors 

that in principle should amplify and broaden T cell responses. The cycle is also characterized 

by inhibitory factors that lead to immune regulatory feedback mechanisms, which can halt the 

development or limit the immunity. This cycle can be divided into seven major steps, starting 

with the release of antigens from the cancer cell and ending with the killing of cancer cells. Each 

step is described above, with the primary cell types involved. Image taken from (Chen and 

Mellman, 2013). 
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Luster, 2011; Nakajima et al., 2002; Tokunaga et al., 2018). Expression of CXCR3 on 

circulating T cells or its chemokine ligands, CXCL9 and CXCL10, in tumour tissues is 

associated with increased intratumoral T-cell infiltration and with prolonged disease-free 

survival and overall survival in CRC (Mlecnik et al., 2010). Next T cells have to 

extravasate from the blood vessel via interaction of LFA-1 on their surface and ICAM1 

expressed by endothelial cells and once they have reached the tumour they infiltrate into 

the tumour bed (step 5). Once in the tumour, T cells recognise and bind to cancer cells 

through the interaction of their TCR and its cognate antigen bound to MHC class I (step 

6) and kill target cancer cells through the release of cytotoxic granules and secretion of 

cytokines such as IFNγ. Killing of the cancer cell releases more tumour antigens and the 

cancer-immunity cycle restarts.  

 

1.5.1 Mechanisms of immune evasion 

However, tumours utilise a number of mechanisms at each step of the cancer-immunity 

cycle to avoid immune attack thus disrupting the cycle and preventing an effective anti-

tumour response. DCs are crucial for the induction of a potent immune response, 

however, tumour cells secrete several factors that lead to DC dysfunction. Immature 

dendritic cells have a high phagocytic capacity, but they have little or no expression of 

co-stimulatory molecules such as CD80/CD86 and they produce little or no IL-12 

necessary for supporting T cell proliferation. However, once a DC matures it upregulates 

the expression of MHC molecules, co-stimulatory molecules, and increased production 

of IL-12 and can induce T cell activation. It has been demonstrated that tumours from 

cancer patients contain small numbers of DCs and those usually have the phenotype of 

immature DCs (Troy et al., 1998; Troy et al., 1998). DCs isolated from melanoma 

metastases showed a lack of CD86 expression (Enk et al., 1997). Similar observations 

were made about DCs isolated from basal cell carcinoma, with less than 1% of the intra-

tumoral DCs and only ∼10% of the peri-tumoral DCs expressing either CD80 or CD86 
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(Nestle et al., 1997). In addition to being considerably less potent inducers of T cell 

proliferation these DCs also induced T cell anergy which occurs when appropriate co-

stimulatory signals are not provided (Harding et al., 1992). Tumour derived cytokines like 

VEGF and IL-10 inhibit maturation of DCs and therefore make T cells anergic thus 

preventing them from successfully killing tumour cells (Gabrilovich et al., 1996a; 

Steinbrink et al., 1997, 1999). Tumour cell intrinsic activation of an oncogenic pathway 

such as β-catenin can result in suppression of recruitment of DCs and therefore lead to 

T cell exclusion from the tumour (Spranger et al., 2015). STAT3 activity in tumour cells, 

which as described earlier can result from IL-6 secretion by cells in the TME, has been 

demonstrated to inhibit DC functional maturation (Wang et al., 2003) A direct negative 

effect of IL-6 on DCs was demonstrated in a multiple myeloma model where IL-6 

supressed the development of functional DCs (Ratta et al., 2002). Constitutive STAT3 

activation in tumour infiltrating DCs resulted in reduced expression of MHC II, CD80, and 

CD86 and diminished ability to present antigen and activate antigen-specific CD4+ T 

cells (Kortylewski et al., 2005) Physical features of tumours such as hypoxia and 

increased production of lactic acid can also negatively regulate DC function and induce 

expression of immunosuppressive molecules such as indoleamine 2,3-dioxygenase 

(IDO)(Elia et al., 2008; Gottfried et al., 2006). Disruption of normal DC function is an 

essential component of tumour-mediated immune suppression that leads to tumour 

immune evasion.  

Tumours have also developed a number of mechanisms to suppress the 

recruitment of T cells to the tumour site. Through releasing of chemokines that 

preferentially recruit certain immune cell types over others tumours are able to develop 

tumour microenvironments that are comprised of stromal and immune subsets that 

contribute to immunosuppression and promote tumour growth. For example, myeloid 

derived suppressor cells (MDSCs) recruited by tumour cells produce reactive nitrogen 

species which nitrosylate CCL2, an important chemokine for the recruitment of CTLs to 
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the tumour site, which abrogates CCL2's ability to attract tumour-specific CTLs, while 

maintaining its ability to attract more MDSCs to the tumour (Molon et al., 2011). 

Prostaglandin E2 (PGE2), a product of cyclooxygenases (COXs) which are 

overexpressed in many tumours including CRC, has been shown to inhibit IFNγ induced 

CXCL9 and CXCL10 expression in cancer cells(Bronger et al., 2012, 2016; Eberhart et 

al., 1994; Li et al., 2013; Roelofs et al., 2014; Wang & DuBois, 2018). Multiple studies 

have demonstrated that potent epigenetic silencing of genes encoding CXCL9 and 

CXCL10 in tumour cells results in poor trafficking of T cells into tumours thus leading to 

immunologically “cold” tumours (Nagarsheth et al., 2016; Peng et al., 2015). The 

expression levels of polycomb repressive complex 2 was shown to be inversely 

associated with CXCL9 /CXCL10 and CD8 expression in human CRC tissue and patient 

overall survival (Nagarsheth et al., 2016). Proteolytic processing of CXCL11, one of the 

key chemokines responsible for T cell recruitment, by various cells in the tumour 

microenvironment such as macrophages, fibroblasts, and neutrophils, results in a 

truncated CXCL11 which has reduced binding, signalling, and chemotactic properties 

resulting in a reduced number of tumour-infiltrating lymphocytes (Proost et al., 2007). 

Evidence also indicates that the tumour vasculature establishes an active barrier that 

tumour-reactive T cells must cross in order to reach and eliminate their tumour targets. 

T cells must successfully extravasate through a direct interaction with endothelial cells 

to leave blood vessels and infiltrate the tumour. During a normal inflammatory response, 

TNFα upregulates adhesion molecules ICAM and VCAM on endothelial cells. While 

rolling, T cells bind to the adhesion molecules through LFA-1 and VLA-1 and then 

extravasate through the endothelium. However, in the tumour, tumour and stroma 

derived soluble factors like VEGF inhibit adhesion molecule expression on endothelial 

cells (Bouzin et al., 2007; Detmar et al., 1998; Dirkx et al., 2003). Although TNFα is 

commonly present in the TME, in the presence of angiogenic growth factors such as 

VEGF it is unable to induce expression of ICAM-1 and VCAM-1 on endothelial cells 

(Bouzin et al., 2007). Additionally, angiogenesis resulting from VEGF signalling results 
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in growth of leaky and disorganised blood vessels and targeting VEGF has been shown 

to normalise vasculature and increase lymphocyte infiltration into tumours (Huang et al., 

2012; Shrimali et al., 2010). Loss of RGS5, a gene responsible for abnormal tumour 

vascular morphology, resulted in vascular normalisation and an increased influx of 

effector immune cells into the tumour (Hamzah et al., 2008). Another molecule that has 

been implicated in preventing T cell adhesion to the endothelium is endothelin 1 (ET-1) 

which signals through the endothelin B receptor ETbR to prevent T cell adhesion and 

overexpression of this receptor was associated with the absence of TILs in ovarian 

cancer patients (Buckanovich et al., 2008). Endothelial cells can also negatively regulate 

T cell response independent of adhesive interactions by expression of 

immunosuppressive molecules including PD-L1, TIM3, IL-10, TGFβ, and IDO (Huang et 

al., 2010; Mazanet & Hughes, 2002; Pirtskhalaishvili & Nelson, 2000; Riesenberg et al., 

2007). Additionally, endothelial cells can directly kill CD8 effector cells via FasL 

expression which upon binding to its receptor Fas induces apoptosis. However, 

regulatory T cells which are an immunosuppressive and tumour promoting immune 

population, avoided killing mediated by FasL by highly expressing c-FLIP, an inhibitor of 

apoptosis, thereby establishing a CD8 to Treg T cell ratio that facilitates tumour growth 

(Motz et al., 2014). These data demonstrate multiple ways in which tumour cells are able 

to inhibit T cell trafficking (step 4 of the cancer-immunity cycle) and infiltration into the 

tumour (step 5) and therefore prevent T cell mediated tumour cell killing.  

Once the T cells have successfully crossed the endothelial barrier and infiltrated 

the tumour they are often met with an immunosuppressive TME created by the tumour 

through direct secretion of inhibitory cytokines such as TGFβ and IL-10, expression of 

inhibitory molecules such as PD-L1, or active recruitment of immunosuppressive immune 

populations such as MDSCs and Tregs. All of these factors are usually associated with 

poor prognosis and synergise to suppress T cell function. An increased number of Tregs 

has been shown in a multitude of cancers including colorectal (Wolf et al., 2003). Tregs 
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are recruited to the tumour site by CCL22 expressed by tumour cells and macrophages 

which interacts with Treg CCR4 (Curiel et al., 2004; Ishida et al., 2006). Another 

chemokine axis through which the tumour recruits Tregs is CCL28-CCR10. Under 

hypoxic conditions tumour cells secrete CCL28 which attracts CCR10+ Treg cells to the 

tumour site establishing tumour tolerance (Facciabene et al., 2011). Once within the 

tumour, Tregs use various mechanisms to suppress T cell responses described earlier: 

deprivation of effector T cells of IL-2 through expression of high affinity IL-2ra (CD25), 

expression of CTLA-4 to interfere with T cell priming, generation of adenosine, down-

regulating expression of co-stimulatory molecules on APCs, and secretion of 

immunosuppressive cytokines TGFβ, IL-10, VEGF (Cederbom et al., 2000; Deaglio et 

al., 2007; Facciabene et al., 2011, 2012; Pandiyan et al., 2007). Hypoxia appears to 

enhance the immunosuppressive functions of Tregs such as inhibition of effector T cell 

proliferation through upregulation of Foxp3 expression, a transcriptional factor required 

for establishment and maintenance of Tregs and their suppressor functions (Ben-

Shoshan et al., 2008). Tregs can also directly kill effector T cells through granzyme B 

mediated mechanisms or by expression of TRAIL (tumor necrosis factor-related 

apoptosis inducing ligand) (Gondek et al., 2005; Ren et al., 2007). In addition to natural 

Tregs (nTregs) which are derived from the thymus, Tregs can also be induced from naïve 

CD4 T cells in the periphery (iTregs) which exert suppressive functions similar to those 

observed in nTregs. Tumour cells directly convert CD4+CD25− T cells at the tumour site 

to Treg cells through production of high levels of TGFβ (Chen et al., 2003; Liu et al., 

2007). Furthermore, tumour cells can convert DCs into immature myeloid DCs capable 

of secreting TGFβ which maintains nTregs and promotes generation of iTregs 

(Ghiringhelli et al., 2005). Depletion of Tregs in mouse models has demonstrated 

enhanced anti-tumour immunity and tumour rejection (Needham et al., 2006). Similar 

observations have also been made in humans; depletion of Tregs from peripheral blood 

mononuclear cells (PBMCs) of CRC patients unleashed an antigen specific CD4 T cell 
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response (Clarke et al., 2006). Based on this collective data it is clear that Tregs make 

an important contribution to tumour immune escape.  

MDSCs are a heterogeneous population of cells of myeloid origin that comprises 

myeloid progenitor cells and immature macrophages, immature dendritic cells, and 

immature granulocytes (Almand et al., 2001). MDSCs are also found in large numbers 

within tumour sites and are also key contributors to T cell immunosuppression. A wide 

array of chemoattractants such as CCL2, CXCL12, CXCL5 released by both tumour and 

stromal cells recruit myeloid cells from the tumour vasculature into tumours (Murdoch et 

al., 2008). Additionally IL-6, commonly present in CRC, directly promotes the 

accumulation of MDSCs in tumours (Bunt et al., 2007)In addition to promoting tumour 

growth directly by promoting angiogenesis, MDSCs also employ a few different 

mechanisms to suppress anti-tumour immune responses (Shojaei et al., 2007; Yang et 

al., 2004). MDSCs mediate T cell suppression through the production of arginase I and 

reactive oxygen species (ROS) (Kusmartsev et al., 2004). Several tumour-derived 

factors, such as TGFβ, IL-6, IL-10, and GM-CSF, can induce the production of ROS by 

MDSCs (Gabrilovich & Nagaraj, 2009). Arginase I leads to enhanced L-arginine 

catabolism depleting it from the TME. Shortage of L-arginine inhibits T cell proliferation 

through several different mechanisms including decreasing their expression of CD3 ζ 

(Rodriguez et al., 2002). MDSCs can also directly disrupt binding of TCR to peptide 

bound MHC complex by peroxynitrite production which leads to nitration of the TCR and 

CD8 preventing CD8 T cells from binding to MHC class I molecules and therefore 

inhibiting their ability to respond to specific peptides (Nagaraj 2007). A study showed that 

inhibition of NO synthase responsible for NO production decreased MDSCs inhibitory 

effect on T cells (Gabrilovich et al., 2001). MDSCs have been demonstrated to attenuate 

functional differentiation of tumour-specific CD4+ T cells into effector Th1 cells necessary 

for induction of CD8 T cell mediated anti-tumour activity through IL-6 production 

(Tsukamoto et al., 2013) Additionally MDSCs can induce Tregs from CD4 T cells and 
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expand Treg cells within the tumour site (Hoechst et al., 2008; Huang et al., 2006). 

However, due to their immature nature, MDSCs are highly plastic and have been shown 

to differentiate into other immune cell types under specific cytokine conditions. When 

exposed to Th2 cytokine IL-4 MDSCs were able to suppress CTL responses, whereas 

when they were cultured with IFNγ, TNFα, and IL-12 (Th1 cytokines) they converted into 

functional APCs able to stimulate T cell activity (Bronte et al., 2000). Similarly IL-12 and 

IFNγ mediated reprogramming of MDSCs was also observed in vivo (Kerkar et al., 2011). 

Both Tregs and MDSCs are enriched in MSS CRC which represent 95% of mCRC 

(Angelova et al., 2015). Other cell types in addition to Tregs and MDSCs are present in 

the TME, such as tumour associated macrophages (TAMs) which are described in 

Results Chapter 5.  

If the T cells are able to overcome obstacles such as extravasation from 

vasculature and immunosuppressive TME they can then encounter further obstacles in 

the final steps of the cancer-immunity cycle, recognition (step 6) and killing of tumour 

cells (step 7), exerted directly by tumour cells. Tumour cells can induce T cell death 

directly though death receptor ligands such as FasL and TRAIL, while being protected 

from these pathways by expressing high levels of apoptosis inhibitors such as cFLIP and 

FAP-1 (Fas associated phosphatase) (Whiteside, 2002a). Tumour cells also frequently 

express PD-L1 which binds to PD-1 which is expressed on T cells following activation 

and this induces an inhibitory signal that attenuates activity of T cells (Francisco et al., 

2010). In chronic infections the PD-L1/PD-1 axis is an important negative regulator that 

ensures immune homeostasis, but tumours exploit this negative feedback loop to evade 

immune attack. Tumours also secrete a number of soluble mediators, such as TGFβ, IL-

10, PGE2, adenosine, histamine, and hydrogen peroxide that directly inhibit T cell 

function and favour the development and maintenance of Tregs (Whiteside, 2002b). 

Tumour cells can also escape T cell attack by making themselves poor targets or “hiding” 

from the immune system. Tumours have been shown to frequently downregulate HLA 
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molecules and antigen processing machinery (APM) components (Seliger et al., 1996). 

APM was assessed in primary tumours and autologous lymph node metastases from 

patients with colorectal carcinoma.  In comparison to autologous colorectal mucosa 

impaired TAP1, LMP2 and tapasin (all part of APM) expression was found in 42%, 42% 

and 63% respectively of primary adenocarcinomas of stage III disease and in 63%, 47% 

and 79% of the matched lymph node metastases (Atkins et al., 2004).  To further support 

the idea that the immune system “edits” the tumour, it has been shown that HLA 

mutations occur at higher frequencies in tumours heavily infiltrated by CTLs (Castro et 

al., 2019; Shukla et al., 2015). The greatest number of mutations have been 

demonstrated to occur in the exon that codes for the TCR binding domain. Of the 

mutations found in the peptide binding domain of HLA, 46% mutations occurred in 

positions that come in direct contact with the peptide and would be expected to 

negatively affect peptide binding thus potentially resulting in ineffective presentation of 

the HLA:peptide complex to the immune system (Giannakis et al., 2016). These HLA 

and APM genes undergo a positive selection during an immune response and tumour 

cells with such mutations exhibit increased evolutionary fitness in the face of an immune 

attack because they are able to hide from T cells and continue to grow.  All of the 

mechanisms described here create obstacles for an efficient anti-tumour immune 

response thus creating a need to therapeutically boost T cell responses and attenuate 

tumour-associated immune suppression through immunotherapy.  

1.6 Cancer immunotherapy  

The idea to use the immune system to treat cancer originated in 1891 when William 

Coley, now known as the “Father of Immunotherapy”, cured a patient with an inoperable 

cancer by injecting extracts of heat-inactivated S. pyogenes and Serratia marcescens 

(Coley’s Toxins) into the tumour and thus stimulating the immune system. However, lack 

of reproducibility  and a known mechanism for his toxins in concert with the discovery of 

radiotherapy and chemotherapy prevented treatment with “Coley’s toxins” from 
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becoming standard practice (McCarthy, 2006). Later, the theory of immunosurveillance 

and evidence of T cell involvement in tumour regression caused the concept of 

immunotherapy to resurface. Earlier immunotherapy approaches such as high dose IL-

2 showed limited responses and high toxicity, but some patients showed complete 

responses thus demonstrating that immune therapy for cancer can be effective in 

selected patients (Atkins et al., 1999; Fyfe et al., 1995; Rosenberg et al., 1994). 

Immunotherapy has come a long way since then and now a wide range of strategies that 

are used to enhance anti-tumour immunity including cancer vaccines, oncolytic viruses, 

adoptive cell transfer, CAR T cells, bispecific antibodies, and immune checkpoint 

targeting monoclonal antibodies.  

 

1.6.1 Immune checkpoint blockade  

Immune checkpoint inhibitors are the most successful type of immunotherapy to date. 

Immune checkpoints are usually ligand-receptor interactions that control the duration 

and amplitude of immune responses and are crucial for maintenance of self-tolerance 

and prevention of autoimmunity(Fife et al., 2009; Keir et al., 2006, 2007, 2008; Probst et 

al., 2005). Ultimately T cell activity is regulated by a balance of co-stimulatory and 

inhibitory immune checkpoints. The upregulation of checkpoints is highly controlled with 

naïve and resting T cells usually expressing co-stimulatory receptors such as CD28, but 

upon activation inhibitory receptors become upregulated such as CTLA-4, with both 

checkpoints sharing a common ligand such as CD80/CD86. Expression of CTLA-4 on 

the surface of T cells dampens the activation of T cells by outcompeting CD28 in binding 

CD80 and CD86 and also delivering inhibitory signals to the T cell (Chambers et al., 

2001). The critical regulatory role of CTLA-4 is demonstrated by lethal systemic 

hyperactivation of lymphocytes and multiorgan destruction that develops in CTLA-4 

knock out mice (Tivol et al., 1995; Waterhouse et al., 1995). In addition to its regulatory 

role in effector T cells, CTLA-4 is constitutively expressed by Tregs and its engagement 
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results in enhanced suppressor capability (Wing et al., 2008). Due to the ligand-receptor 

interaction type of checkpoints they can be readily blocked by monoclonal antibodies. 

Early mouse studies showed that CTLA-4 blocking as a monotherapy only enhanced 

anti-tumour immune responses in immunogenic tumours while poorly immunogenic 

tumours did not respond to anti-CTLA4 as a single agent but did respond when anti-

CTLA4 was combined with a granulocyte–macrophage colony-stimulating factor (GM-

CSF)-transduced cellular vaccine (Van Elsas et al., 1999). This study showed that an 

endogenous anti-tumour immune response was a prerequisite for anti-CTLA-4 antibody 

efficacy. Ipilimumab, an anti-CTLA-4 monoclonal antibody, showed survival benefit for 

patients with metastatic melanoma and was approved by the US Food and Drug 

Administration (FDA) for the treatment of advanced melanoma in 2010 (Hodi et al., 

2010). CTLA-4 blockade induced long-lasting tumour regression, with 22% of patients 

with unresectable or metastatic melanoma who received ipilimumab surviving 3 years 

and some patients surviving as long as 10 years (Schadendorf et al., 2015). 

While CTLA-4 checkpoint acts during early activation events, PD-L1/PD-1 axis 

works to control T cell responses in the periphery. After activation T cells upregulate PD-

1 expression on their surface. Inflammatory signals such as IFNγ induce expression of 

PD-L1 by tumour cells as well as immune cells in the tumour microenvironment 

(Baumeister et al., 2016; Dong et al., 2002; Iwai et al., 2002; Kuang et al., 2009a; Liu et 

al., 2008). Once PD-1 engages with its ligand, its tyrosine in the cytoplasmic domain 

becomes phosphorylated and recruits tyrosine phosphatase SHP-2 which 

dephosphorylates signalling molecules downstream of the TCR involved in T cell 

activation thus dampening effector T cell activity (Freeman et al., 2000). Chronic antigen 

exposure which occurs during chronic viral infections and cancer leads to persistent PD-

1 expression on T cells and reactive PD-L1 expression by target cells which induces an 

epigenetic program of T cell exhaustion(Sen et al., 2016). T cell exhaustion is a state of 

T cell dysfunction characterised by reduced cytokine secretion, impaired proliferation, 
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and reduced cytotoxicity (Ahmadzadeh et al., 2009). Exhaustion is partially reversible by 

PD-L1/PD-1 blockade (Barber et al., 2005). Mouse studies showed that PD-L1 

expression on tumours prevents T cell mediated lysis and this formed the basis for PD-

L1/PD-1 blockade as a therapeutic approach to treat cancer (Dong et al., 2002; Iwai et 

al., 2002). A study of melanoma demonstrated a strong correlation between cell surface 

PD-L1 expression on tumour cells and both lymphocytic infiltration and intratumoral IFNγ 

expression suggesting that PD-L1 upregulation is an adaptive immune resistance 

mechanism that occurs in response to anti-tumour immune response (Iwai et al., 2002; 

Taube et al., 2012). These findings provided rationale for antibody blockade of this 

pathway to enhance intratumoral immune responses. Treatment of advanced melanoma 

with pembrolizumab, anti-PD-1 monoclonal antibody, resulted in a 33% response rate 

compared to ipilimumab which only achieved 11.9%. Estimated 6-month PFS rates were 

47.3% for pembrolizumab and 26.5% for ipilimumab (Robert et al., 2015). In addition to 

higher RR and PFS, anti-PD-1 therapy resulted in less immune related adverse events 

(irAEs) with approximately 10% of patients compared to 15-30% of patients treated with 

anti-CTLA-4 antibody (Baumeister et al., 2016). Currently, there are five anti-PD-1 or 

anti-PD-L1 antibodies approved by the FDA in 11 types of cancer: nivolumab (anti-PD-

1), pembrolizumab (anti-PD-1), atezolizumab (anti-PD-L1), avelumab (anti-PD-L1), and 

durvalumab (anti-PD-L1) (Ribas & Wolchok, 2018). PD-L1 expression is the main 

biomarker used for selecting patients for immune checkpoint inhibitor (ICI) therapy (Patel 

& Kurzrock, 2015). However, due to the correlation of TMB and immunogenicity TMB 

has emerged as a predictive biomarker for response to ICI (Gandara et al., 2018; 

Hellmann et al., 2018; Meyers & Banerji, 2020). Tumours with high TMB such as 

melanoma and lung cancer showed 20-70% response rates to anti-PD-L1/PD-1 therapy 

(Ribas & Wolchok, 2018).  This is attributed to higher lymphocyte infiltration of tumours 

which is associated with a better response to ICI (McGranahan et al., 2016; Tumeh et 

al., 2014). As described earlier high TMB can arise as a result of mismatch repair 

deficiency in microsatellite instable tumours. Mismatch-repair status was shown to 
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predict clinical benefit of immune checkpoint blockade (Le et al., 2015, 2017). Objective 

radiographic responses were observed in 53% of patients with MSI-high tumours (Le et 

al., 2017). Efficacy of this therapy in colorectal cancer will be described in section 1.6.4.1.  

Anti-CTLA-4 and anti-PD-1/PD-L1 antibodies target non-redundant co-inhibitory 

signals providing a rationale for combining these two therapies. In addition to using 

distinct molecular mechanisms of action, CTLA-4 and PD-1 regulate T cell activity 

through mechanisms that are separated spatially and temporally. Regarding the sites 

where these immune checkpoint molecules work it has been considered that CTLA-4 

regulates T cell priming in the lymph node while PD-1 attenuates T cell activity in 

peripheral tissues. However, it has been demonstrated that anti-PD-1/PD-L1 therapy can 

also exert effects at regional lymph nodes. Analysis of tumour draining lymph nodes of 

patients with ovarian carcinoma revealed PD-L1 expression on monocyte-derived 

myeloid dendritic cells (MDCs) (CD11c+ and MHC-class II+)(Curiel et al., 2003). 

Blockade of the PD-1/PD-L1 interaction in xenograft ovarian tumour model enhanced 

dendritic cell-mediated T cell activation and significantly slowed tumour growth (Curiel et 

al., 2003). Another studyshowed that PD-L1 expression was significantly elevated in 

myeloid cells (CD11b+) in lymph nodes in a colon carcinoma mouse model. Anti-PD-1 

therapy induced T cell activation and proliferation in tumour draining lymph nodes and 

resection of tumour draining lymph nodes strongly diminished anti-tumour immune 

responses induced by PD-1/PD-L1 blockade therapy (Fransen et al., 2018). Using 

multiple tumour mouse models including one of colon carcinoma, Dammeijer and 

colleagues have shown that tumour draining lymph nodes were enriched for tumour-

specific PD-1+ T cells which closely associated with PD-L1+ cDCs. Tumour draining 

lymph node targeted PD-L1-blockade induced enhanced anti-tumour T cell 

immunity(Dammeijer et al., 2020). These data indicate that not only CTLA-4 but also PD-

1/PD-L1 works as a negative regulator at tumour draining lymph nodes which are the 

main sites for anti-tumour T cell priming. Inhibitors of these two checkpoints act on 
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different T cell subpopulations with anti-PD-L1 inducing the expansion of exhausted-like 

CD8 T cells and anti-CTLA-4 inducing the expansion of a Th1-like CD4 effector subset 

(Wei et al., 2017). Patients with untreated melanoma that were given a combination 

treatment of ipilimumab and nivolumab demonstrated superior response, ORR of 61%, 

than those treated with ipilimumab alone, ORR of 11% (Postow et al., 2015). These 

results suggest that combination of anti-CTLA-4 and anti-PD-L1/PD-1 may better 

enhance anti-tumour immune responses than monotherapies and this combination has 

been approved for several cancer types (Marin-Acevedo et al., 2021).  

The success of CTLA-4 and PD-L1/PD-1 targeting therapy has led to 

investigations of other immune checkpoints and several drugs are currently in clinical 

trials. LAG-3 (Lymphocyte Activation Gene-3) was discovered as a CD4 homolog in 

1990, but its role as an immune checkpoint was not widely appreciated until 2004 when 

it was shown to have a role in enhancing the suppressive function of Tregs (C. T. Huang 

et al., 2004; Triebel et al., 1990). LAG-3 binds MHC class II which is expressed on tumour 

infiltrating macrophages, dendritic cells, and also on some epithelial cancers such as 

melanoma which upregulate it in response to IFNγ (Hemon et al., 2011). LAG-3 is 

expressed on activated CD8 and CD4 T cells, thymic and peripherally induced Tregs, 

NK cells, NKT cells, plasmacytoid dendritic cells, and B cells(Huard et al., 1994). LAG-3 

and PD-1 are commonly co-expressed on exhausted T cells (Grosso et al., 2009). LAG-

3 negatively regulates CD4 and CD8 T cell proliferation and function. LAG-3 has been 

shown to inhibit CD3/TCR signalling, decrease clonal expansion, decrease effector 

function, and restrict the size of the memory T cell pool (Grosso et al., 2007; Hannier et 

al., 1998; Workman et al., 2004; Workman & Vignali, 2005). Based on these data LAG-

3 makes an attractive target for immunotherapy that can boost T cell activity and reduce 

the inhibitory effect of Tregs. Furthermore, mouse studies have shown a synergy 

between anti-LAG-3 and anti PD-L1/PD-1 therapy suggesting a promising combinatorial 

strategy for cancer treatment. Dual anti–LAG-3/anti–PD-1 antibody treatment cured most 
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mice of established tumours that were mostly resistant to single antibody treatment 

further supporting the non-redundancy of these checkpoints (Woo et al., 2012). Sixteen 

LAG-3 targeting therapies are currently being investigated in clinical trials with different 

targeting approaches being used: monoclonal antibodies, soluble LAG-3–

immunoglobulin fusion proteins, and anti-LAG-3 bispecific antibodies. So far only two 

monoclonal antibodies targeting LAG-3, BMS-986016 (NCT05002569) and MK-4280 

(NCT05064059) have reached phase III trials (Chocarro et al., 2022). Anti-PD-1 and anti-

LAG3 combination treatments are also being investigated. A recent Phase II/III trial 

evaluating relatlimab (anti-LAG3 mAb) and nivolumab in previously untreated metastatic 

or unresectable melanoma showed that the inhibition of both immune checkpoints, LAG-

3 and PD-1, provided a greater benefit with regard to PFS than inhibition of PD-1 alone. 

The median PFS was 10.1 months with relatlimab and nivolumab as compared with only 

4.6 months with nivolumab alone (Tawbi et al., 2022). Other inhibitory checkpoints such 

as TIM-3, B7-H3, B7-H4, and TIGIT that have been shown to restrict anti-tumour immune 

responses in preclinical models are currently being evaluated in clinical trials (Andrews 

et al., 2019). Because tumour infiltrating lymphocytes express multiple inhibitory 

receptors there are opportunities through dual or triple blockade of immune checkpoints 

to enhance antitumour immunity.  

1.6.2 Adoptive cell transfer/CAR T cell therapy 

Another type of immunotherapy that utilises cellular components rather than monoclonal 

antibodies is adoptive cell transfer (ACT) therapy. In this type of therapy tumour 

infiltrating lymphocytes are extracted from resected tumours of biopsies, activated and 

expanded ex vivo, and then reinfused back into the patient. Following a preparative 

lymphodepletion, which is a temporary ablation of the immune system in a patient with 

cancer, achieved either with chemotherapy alone or in conjunction with total body 

irradiation, patients with metastatic melanoma were treated with the adoptive transfer of 

autologous tumour-infiltrating lymphocytes (TIL) along with IL-2. Fifty six percent of 
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patients achieved an OR, 22% achieved complete tumour rejection and those complete 

responders had a 93% 5 year survival rate (Rosenberg et al., 2011). An enhancement 

of this approach was identifying TCRs from antigen-specific TILs and virally transducing 

them into peripheral blood T-cells before reinfusing the expanded clonal antigen-specific 

T cell population back into the patient (Dudley et al., 2002; Zacharakis et al., 2018). 

However, as previously described due to high mutation rates melanoma tumours are 

particularly immunogenic and are heavily infiltrated by lymphocytes, but many other 

tumours lack lymphocyte infiltration which is a prerequisite for ACT. Therefore another 

therapeutic approach has been developed in which autologous T cells isolated from 

PBMCs through leukapheresis are harvested and genetically modified to target specific 

tumour antigens and expanded ex vivo and then reinfused into the patient. These CAR 

(chimeric antigen receptor) T cells contain an extracellular antigen binding scFv (single-

chain fragment variable) derived from antibody, a hinge region, a transmembrane 

domain, and an intracellular signalling domain of TCR. Unlike TILs, CAR T are not MHC 

restricted and can bind proteins, glycolipids, and carbohydrates expressed on the tumour 

cell surface (Abbott et al., 2020). This is a major advantage over ACT which is dependent 

on antigen presentation on MHC molecules as tumours frequently downregulate MHC 

expression and alter APM. A patient with mCRC was treated with ACT but after initial 

metastases regression one lesion progressed due to loss of the chromosome 6 

haplotype encoding the HLA-C*08:02 class I major histocompatibility complex (MHC) 

molecule thus directly driving immune evasion and resistance to ACT (Tran et al., 2016). 

The first generation CARs contained an scFv fused to elements from the CD3 complex 

such as CD3ζ which led to poor proliferation and therefore lack of complete tumour 

clearance (Eshhar et al., 1993). Subsequent CAR T cell generations also incorporated 

signalling domains from co-stimulatory molecules with the third generation containing 

two co-stimulatory signalling domains (such as CD28 ,4-1BB, OX40, and CD27) in 

tandem with the CD3ζ chain. Upon CAR antigen engagement the T cell receives signal 

1 and signal 2 for full activation bypassing the need for external co-stimulation by APCs.  
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Addition of co-stimulatory molecule domains to CAR T cells contributed to better 

expansion, prolonged antitumor activity, and enhanced cytokine secretion (Finney et al., 

2004). CAR T cells mediate cytotoxicity through the same mechanisms as natural T cells: 

through secretion of perforin and granzyme granules, activation of death receptor 

signalling via Fas/Fas-ligand pathway, and cytokine secretion such as IFNγ (Yu et al., 

2017). CAR T cells were further optimised and developed into TRUCKs (CAR T cells 

redirected for universal cytokine killing) which when activated produce and release a 

transgenic product such as IL-12 or IL-18 to activate innate immune responses against 

tumour cells which are invisible to CAR-T cells for example due to antigen loss (Avanzi 

et al., 2018; Chmielewski et al., 2011, 2014; Chmielewski & Abken, 2017, 2020; Glienke 

et al., 2022; Hu et al., 2017; Koneru et al., 2015). CAR T cell therapy targeting CD19 has 

achieved huge success in haematological cancers. CAR-T cell treatment 

(tisagenlecleucel) of children and young adults with B-cell lymphoblastic leukaemia 

achieved overall remission rate of 82% and a 90% and 76% OS rate at 6 months and 12 

months respectively (Maude et al., 2018). Similarly promising results were seen in a trial 

evaluating CD19 targeting CAR T cells in adult patients with relapsed or refractory B-

precursor acute lymphoblastic leukaemia. Seventy one percent of patients achieved 

overall complete remission or complete remission with incomplete haematological 

recovery (B. D. Shah et al., 2021). Since 2017 six CAR T cell therapies have been 

approved by the FDA: four targeting CD19 in patients with refractory or relapsed B cell 

acute lymphoblastic leukaemia (ALL), B cell non Hodgkin lymphoma (NHL), mantle cell 

lymphoma (MCL), and follicular lymphoma, and two targeting BCMA in relapsed or 

refractory multiple myeloma. However, CAR-T cells have not achieved the same success 

in solid tumours usually showing no responses, some patients achieving stable disease, 

and very rarely a few patients showing partial responses (Ahmed et al., 2015; Feng et 

al., 2016, 2018; Katz et al., 2015; Kershaw et al., 2006; Park et al., 2007). Lack of CAR 

T cell efficacy is attributed to inefficient trafficking to tumour site, limited persistence of 
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CAR T cells, target antigen loss, immunosuppressive TME, and suboptimal antigen 

recognition specificity (Li et al., 2018). 

1.6.3 Bispecific antibodies  

While CAR T cells have shown remarkable results in haematologic cancers and may be 

a promising therapy for solid tumours it is a highly personalised therapy as it relies on 

autologous T cells from each patient. This therapeutic approach is labour intensive, 

technically challenging, and highly expensive with tisagenlecleucel priced at $475,000 

per patient and that is not including costs associated with leukapheresis, 

lymphodepletion therapy, and the management of adverse effects of CAR-T 

immunotherapy (Hernandez et al., 2018). A more “off the shelf” therapeutic approach to 

promote T cell recognition of tumour cells are bispecific antibodies, particularly the 

bispecific T cell engagers (BiTEs). Unlike monoclonal antibodies that have specificity for 

a single antigen, BiTEs have dual-antigen specificity allowing them to bind two unique 

antigens at once and facilitate T cell and tumour cell interactions. These two single-chain 

variable fragments (scFvs) are connected by a linker the structure of which determines 

the flexibility of movement between the two scFvs and can be adjusted for optimal 

binding to both target cells. One arm of the bispecific binds to CD3 on T cells and the 

second arm binds the selected tumour antigen. As with CAR T cells, the best target 

antigen is one that is uniquely expressed on tumour cells with minimal expression in 

normal tissues in order to avoid on-target off-tumour responses. BiTE engagement of 

CD3 on a T cell and of the target antigen on tumour cell physically brings these two cells 

together and facilitates the formation of an immunological synapse which has been 

shown to be similar to those formed by cytotoxic T cells with target cells (Offner et al., 

2006). BiTEs are also unique in their ability to activate T cells solely through the CD3 

complex without the need for additional co-stimulation (Brischwein et al., 2007; Dreier et 

al., 2002; Lutterbuese et al., 2010). Following activation T cells secrete inflammatory 

cytokines, proliferate, and kill target cells via degranulation of granzyme and perforin 
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(Bacac et al., 2016; Osada et al., 2009).  BiTEs are only able to trigger T cell activation 

when they have also bound tumour antigen which prevents non-specific T cell activation 

and makes this therapy tumour specific (Brischwein et al., 2007). One of the key 

advantages of this therapy is the ability of BiTEs to activate any CD3 expressing cell 

without the need for TCR-MHC interactions which is particularly important in tumours 

with low neoantigen numbers or those with antigen presentation defects. 

  BiTE treatments have so far only been approved for hematologic cancers: 

blinatumomab (CD3/CD19) for relapsed or refractory precursor B-cell acute 

lymphoblastic leukemia (ALL), mosunetuzumab (CD3/CD20) for replaced or refractory 

follicular lymphoma, and teclistamab (CD3/BCMA) for relapsed or refractory multiple 

myeloma. However, some early phase clinical trials have been evaluating efficacy and 

safety of BiTEs in solid tumours. PMSA (prostate specific membrane antigen) targeted 

bispecific antibody for treatment of metastatic castration-resistant prostate cancer 

(mCRPC) achieved antitumour activity as measured by PSA (prostate specific antigen) 

serum decline in 63% of patients with reductions greater than or equal to 50% occurring 

in 60% of patients at the two highest dose levels (Tran et al., 2020). Another trial 

evaluating the efficacy and safety of tarlatamab, a bispecific T-cell engager binding CD3 

and DLL3 (delta-like ligand 3) overexpressed in most small cell lung cancer, showed a 

23% ORR including two complete responses with the median duration of response being 

12.3 months (Paz-Ares et al., 2023). These early phase clinical investigations have 

shown that BiTE immunotherapy can be efficacious in solid tumours. There are currently 

tens of other early phase clinical trials evaluating efficacy and safety of BiTEs in solid 

tumours such as breast cancer, ovarian cancer, colorectal cancer, gastric cancer, and 

prostate cancer.  
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1.6.4 Immunotherapy in colorectal cancer 

1.6.4.1 Immune checkpoint inhibitors  

As described earlier immune checkpoint blockade has achieved remarkable responses 

in highly immunogenic tumours characterised by high mutational burden and expression 

of PD-L1 such as melanoma and non small cell lung cancer (Garon et al., 2015a; Larkin 

et al., 2015; Rizvi et al., 2015). Unsurprisingly, treatment of patients with MSI CRC, and 

therefore high TMB and neoantigen load, with pembrolizumab (anti-PD-1) resulted in 

40% immune-related ORR and 78% immune-related PFS. However, disappointingly the 

same treatment achieved 0% immune related objective response in the MSS CRC group 

with a median PFS measuring a mere 2.2 months and OS 5 months thus demonstrating 

the lack of efficacy of this type of immunotherapy in this subgroup of patients which 

comprise 95% of metastatic CRC cases (Koopman et al., 2009; Le et al., 2015). Genomic 

analysis of both groups revealed a mean of 1782 somatic mutations per MSI tumour 

versus only 73 mutations per MSS cancer. Additionally computational algorithms 

predicted 578 mutation-associated neoantigens in MSI versus only 21 in MSS cancers 

(Le et al., 2015). However, computationally predicated neoantigens do not accurately 

represent the true neoantigen landscape in CRC. A study using MSS CRC patient 

derived organoids revealed that out of 196 non-silent mutations in expressed genes 

encoding for neoantigens as predicted by computational methods only 3 neoantigens 

were detected by mass spectrometry further highlighting the low abundance of 

neoantigens in MSS tumours and possibly explaining the low immunogenicity of these 

tumours (Newey et al., 2019).  
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Consensus molecular subtyping revealed the differential immune infiltration 

status of MSI and MSS tumours. MSI (CMS1) tumours are characterised by abundance 

of cytotoxic CD8 T cells, NK cells, Th1 cells and expression of immune checkpoints PD-

L1, CTLA-4, LAG-3 (Becht et al., 2016; Guinney et al., 2015; Llosa et al., 2015). CMS2 

and CMS3 tumours exhibit low immune and inflammatory signatures with very low 

numbers of CD8 T cells and also surprisingly low expression of MHC (Becht et al., 2016). 

CMS4 tumours exhibit a moderate amount of lymphocyte infiltration, many cells from 

myeloid and monocytic lineages and high amount of fibroblasts in concert with high 

expression of immunosuppressive cytokines and chemokines such as TGFβ and 

CXCL12 (Becht et al., 2016). These findings fit well into the model categorizing the 

immune phenotype of tumours into four categories: immune cold (non inflamed), immune 

hot (inflamed), immune excluded, and immunosuppressed (Figure 1.3). Immune-hot 

tumours are characterised by high infiltration of CTLs, proinflammatory cytokines, and 

expression of immune checkpoints such as PD-L1 and clinical responses to PD-L1/PD-

1 therapy occur most often in patients with this immune phenotype (Chen & Mellman, 
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2017; Galon & Bruni, 2019; Herbst et al., 2014; Topalian et al., 2012). Immune- cold or 

not inflamed phenotype contains very few or no infiltrating lymphocytes, no immune 

checkpoint expression, low mutational burden, and low expression of antigen presenting 

machinery such as MHC (Galon & Bruni, 2019). Immune excluded phenotype is 

characterised by T cell infiltration but the T cells are retained at edge of tumours 

commonly caught in the stroma suggesting the ability of the immune system to mount a 

response against these tumours but physical inability to reach the tumour bed. The final 

phenotype, immunosuppressed, contains a moderate lymphocyte infiltrate, 

immunosuppressive cytokines such as TGFβ, IL-10, VEGF, immunosuppressive 

immune populations such as MDSCs and Tregs, and immune checkpoints such as PD-

L1 and CTLA-4 (Galon & Bruni, 2019). Therefore, tumours with different immune 

phenotypes require different immunotherapy approaches. Combination therapy of 

heavily pre-treated patients with MSS CRC with botensilimab, a next-generation anti-

CTLA-4 which in addition to preventing T cell inhibition promotes intratumoral regulatory 

T-cell (Treg) depletion via enhanced Fc-gamma receptor signalling, and balstilimab (anti-

PD-1) showed promising results with 24% ORR, with patients with no history of liver 

metastases or post resection/ablation of liver metastases without recurrence achieving 

a higher ORR of 42% (Bullock et al., 2022). This combination therapy targeted multiple 

different parts of the cancer-immunity cycle such as T cell priming and activation with 

botensilimab, activity of activated T cells in the periphery with balstilimab, and 

Figure 1.3 Four main phenotypes of anticancer immunity: hot, cold, excluded, and 

immunosuppressed. Immune-hot tumours are characterised by high infiltration of CTLs and 

expression of immune checkpoints such as PD-L1. Immune-cold tumours contain very few or 

no infiltrating lymphocytes. Immune-excluded tumours contain lymphocytes that are found at 

the edge of tumour sites (invasive margin) or retained in the stroma thus unable to infiltrate 

tumour parenchyma. Immunosuppressed tumours are infiltrated by lymphocytes but their 

activity is hampered by immunosuppressive immune cells such as Tregs, TAMs (tumour 

associated macrophages), and MDCS, immunosuppressive cytokines (TGFβ, VEGF, IL-10), 

and immune checkpoints (PD-L1, CTLA-4, TIM3, LAG3). Image taken from (Morganti and 

Curigliano, 2020). 
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reprogrammed the TME by depleting Tregs with botensilimab showing that a multi-

pronged approach might be more effective than monotherapeutic approaches.  

1.6.4.2 Immune checkpoint inhibitors in combination with chemotherapy 

Another approach to enhancing immunotherapy is using chemotherapy to induce 

immunogenic tumour cell death which is an essential part of the cancer-immunity cycle 

(Tesniere et al., 2009). Preclinical models have demonstrated that chemotherapy 

mediated immunogenic tumour cell death sensitises tumours to checkpoint blockade 

(Pfirschke et al., 2016). Following FOLFOX treatment of mCRC higher CD8 T cell 

infiltration and PD-L1 expression was observed (Wallin et al., 2016). As described earlier, 

in addition to its role in angiogenesis VEGF also exerts immunosuppressive effects 

promoting tumour immune evasion. Targeting VEGF with anti-angiogenic therapy leads 

to vasculature normalisation and enhanced infiltration of lymphocytes (Shrimali et al., 

2010). Combined treatment of bevacizumab (anti-VEGF) plus ipilimumab (anti-CTLA-4) 

of patients with metastatic melanoma resulted in morphologic changes in intratumoral 

endothelia associated with increased trafficking of CD8 T cells into tumours ultimately 

leading to favourable clinical activity with combination treatment compared to ipilimumab 

alone (Hodi et al., 2014). Trials combining anti-VEGF agents and PD-L1/PD-1 immune 

checkpoint blockade for treatment of advanced MSS CRC have demonstrated mixed 

results with some trials achieving response rates of 22-33% while some showing much 

lower response rates of 0-7% possibly due to different dosing regiments (Barzi et al., 

2022; M.Fakih et al., 2021; Fukuoka et al., 2020; Gomez-Roca et al., 2021; Saeed et al., 

2022). Interestingly, the site of metastasis determined response to this combination 

therapy with 15% of patients with liver metastasis responding to treatment compared 

with 50% with lung metastasis (Fukuoka et al., 2020). In preclinical models liver 

metastasis are associated with more immunosuppressive TME compared to other 

metastatic sites such as lung. Preclinical studies in a melanoma model showed lower 

CD8/ Treg ratio and decreased percentage of activated PD-1+/CTLA-4+ CD8 cells 
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leading to lower response rate to PD-1 blockade  (Lee et al., 2018).  A clinical trial 

comparing FOLFOX6 plus bevacizumab (standard of care, SOC) and SOC plus 

nivolumab (anti-PD-1) in treatment of untreated and unresectable mCRC showed that 

addition of nivolumab achieved a higher response rate (60% vs 46%), higher PFS rates 

after 12 months, and enhanced durability of responses (12.9 months vs 9.3 months) 

(Lenz et al., 2022a). Other trials evaluating addition of anti-PD-L1/PD-1 immunotherapy 

to chemotherapy and bevacizumab have shown improvement in PFS (Antoniotti et al., 

2022a; Mettu et al., 2022).  

1.6.4.3 Immune checkpoint inhibitors in combination with anti-EGFR targeted 

therapy 

Another rational treatment strategy for MSS mCRC is a combination of checkpoint 

inhibitors and anti-EGFR antibodies which can trigger immunogenic cell death and 

promote T-cell infiltration into tumours (Inoue et al., 2017; Woolston et al., 2019). 

Targeting multiple steps in the cancer-immunity cycle such as immunogenic cell death, 

T cell priming and activation, and T cell effector function for enhanced responses is 

supported by the results of a clinical trial evaluating the combination of ipilimumab (anti-

CTLA-4), nivolumab (anti-PD-1), and panitumumab (anti-EGFR) in patients with 

KRAS/NRAS/BRAF WT MSS mCRC. The ORR was 35% which is an improvement upon 

the 22% achieved in a clinical trial evaluating panitumumab alone (Lee et al., 2021; Price 

et al., 2014).  

1.6.4.4 Targeting LAG3 in colorectal cancer immunotherapy 

As described earlier tumour infiltrating lymphocytes frequently express multiple 

actionable immune checkpoints therefore dual targeting of PD-L1/PD-1 and LAG3 has 

been taken as another approach to enhance anti-tumour immunity in MSS mCRC. 

However, the two clinical trials testing a combination of anti-PD-L1/PD-1 and anti-LAG3 

showed modest response rates of 6.3 and 7.5%, but still achieving better responses than 
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anti-PD-L1/PD-1 therapy alone (Bendell et al., 2020; Garralda et al., 2021). Although 

these different strategies of combining immunotherapy with other treatment modalities 

have improved PFS and response rates compared with the complete lack of success of 

ICI alone in MSS mCRC, the improvements are very modest with only 1-2 months 

difference in the PFS. Therefore there is a need for other immunotherapeutic strategies, 

especially those increasing the presence of intratumoral lymphocytes which is an 

essential prerequisite for an effective anti-tumour immune response which is as 

described earlier lacking in majority of MSS CRC.  

1.6.4.5 CAR T cell therapy  

One approach to increasing T cell infiltration and tumour cell killing in immunologically 

cold tumours is the infusion of CAR T cells. To overcome limitations that have been 

observed with CAR T cells in solid tumours such as poor infiltration into tumours and 

weak cell expansion within tumours a novel CoupledCAR technology was developed 

which pairs CD19 targeting CAR T cells which have shown high efficacy in 

haematological cancers with CAR T cells targeting the enterocyte differentiation antigen 

guanylyl cyclase C (GUCY2C) which is expressed in the metastatic lesions of 70%-80% 

of patients with CRC. Activation of CD19 CAR T cells upon engagement with their target 

antigen on B cells causes release of cytokines that amplifies proliferation and activation 

of GCC targeting CAR-T cells (Cui et al., 2022). Treatment of mCRC patients 

GCC19CAR T cells resulted in combined overall response rate for both dose levels of 

28.6%, with the higher dose achieving a higher response rate of 50% (Cui et al., 2022). 

Another antigen chosen as a target for CAR T cell therapy in CRC is CEA 

(carcinoembryonic antigen) which is a glycoprotein overexpressed in CRC and is an 

important CRC diagnostic and prognostic marker. CEA expression in healthy adult 

tissues is restricted to the apical surface of colon epithelium facing the lumen and thus 

remaining invisible to immune cells making it a strong candidate for CAR T cells which 

can frequently have on-target off-tumour effects (Nap et al., 1988). Treatment of mCRC 
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patients with CEA+ tumours with CEA targeting CAR T cells resulted in 20% of patients 

achieving response, 70% of patients who experienced progressive disease (PD) in 

previous treatments had stable disease with 29% of these remaining with stable disease 

for more than 30 weeks. Additionally, CAR T expansion was observed in peripheral blood 

and also tumour tissue in those patients receiving the higher dose of CAR-T therapy         

(Zhang et al., 2017). These are promising results showing that some patients with mCRC 

can achieve tumour regression with CAR T cell therapy.  

1.6.4.6 T cell redirecting bispecific antibodies  

Another immunotherapy approach to enhance T cell infiltration into CRC tumours is 

through BiTEs. A bispecific antibody targeting CEA on CRC cells and CD3 on T cells, 

cibisatamab or CEA-TCB, achieved tumour size reduction in 11% of patients with locally 

advanced and/or metastatic CEA+ CRC as monotherapy and in 50% of patients treated 

in combination with atezolizumab (anti PD-L1) (Tabernero et al., 2017). CEA-TCB 

belongs to the IgG-like bispecific antibody type that contains an Fc domain. One of the 

limitations of the earlier bispecific antibodies was the strong cytokine release resulting 

from CD3 clustering on T cells via the binding of Fc domain of the bispecific antibody to 

Fc receptors on other immune cell types. Catumaxomab, an anti CD3/EpCAM bispecific 

antibody induced high toxicity at low doses due to its binding to FcγR-positive Kupffer 

cells in the liver thus inducing off-target T cell activation thus limiting its clinical 

application to local peritoneal administration for the treatment of ascites (Borlak et al., 

2016; Ruf et al., 2010). This limitation was overcome by the newer generation of BiTEs 

such as blinatumomab by removal of Fc domain and instead linking the anti-CD3 and 

anti-CD19 domains by a flexible linker. However, bispecific antibodies lacking Fc 

domains are no longer protected from catabolism by the neonatal Fc receptor (FcRn) 

thus resulting in a short plasma half life such as 1.25+/- 0.63 hours observed in 

blinatumomab treatment. As a consequence blinatumomab has to be continuously 

administered for multiple weeks thus severely limiting its clinical application (Klinger et 
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al., 2012). In order to prolong plasma half life but at the same time avoid FcR mediated 

toxicities CEA-TCB was designed with the introduction of P329G LALA mutations 

(Pro329Gly combined with Leu234Ala/Leu235Ala) which abrogate binding of the 

bispecific antibody to FcγRs but retains ability to bind to FcRn thus leading to slower 

drug clearance (Bacac et al., 2016). Another factor that has hampered bispecific antibody 

development for solid tumours is the expression of tumour associated antigens in normal 

tissues leading to on-target off-tumour toxicities (Fiedler et al., 2012). As described 

earlier CEA (CD66e, CEACAM5) is overexpressed in the majority of CRCs, but is also 

expressed at low levels on the apical surface of colonic epithelium. Its polarised 

expression pattern limits accessibility to therapeutic antibodies administered 

systemically thus protecting the colon from any bispecific antibody on-target off-tumour 

toxicities. Additionally CEA-TCB has been designed to bind two CEA molecules thus 

allowing this therapeutic approach to distinguish between high CEA expressing tumour 

and low CEA expressing normal colonic epithelium (Bacac et al., 2016). In order to 

further maximise tumour specificity CEA-TCB was designed to bind membrane proximal 

domain of CEA thus displaying preferential binding to membrane bound CEA rather than 

to shed CEA which is found at high concentrations in the serum of CRC patients. In vitro 

studies have demonstrated that there is a strong correlation between CEA expression 

level and CEA-TCB activity with only cancer cells containing >10,000 CEA binding sites 

being specifically lysed. Association tests were performed to find predictors of CEA-TCB 

response such as replication error status and common driver mutations in genes such 

as APC, TP53, KRAS, BRAF, and PIK3CA and no significant correlation was found thus 

leaving CEA expression as the strongest predictor of CEA-TCB activity (Bacac et al., 

2016). Studies have shown that CD3 affinity of the bispecific antibody determines its 

distribution with higher CD3 affinity resulting in trapping of T cells in secondary lymphatic 

organs such as lymph nodes and spleen and lower CD3 affinity leading to a shift in 

distribution towards the tumour site (List & Neri, 2012; Mandikian et al., 2018). Therefore 

the CD3 binding arm of CEA-TCB was developed to have low affinity for CD3.  
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CEA-TCB is a very promising therapeutic approach for MSS CRC which are 

poorly immunogenic and frequently lack T cell infiltrate. However, clinical trial results 

indicate that most tumours are resistant to CEA-TCB treatment despite CEA expression 

on pre-treatment samples. CEA-TCB therapy skips the first three steps of the cancer-

immunity cycle (release of cancer cell antigens, cancer antigen presentation, T cell 

priming and activation) thus suggesting that resistance mechanisms most likely arise 

from the remaining four steps which includes trafficking of T cells into tumours and 

infiltration into tumour beds and recognition of cancer cells by T cells followed by killing. 

Target antigen loss is one of the mechanisms used by tumours to escape 

immunotherapy such as CAR T cells and bispecific antibodies (Braig et al., 2017). A 

study from my lab using patient derived organoids (PDOs) showed CEA heterogeneity 

in CRC and demonstrated that CEA expression is highly plastic and allows CRC cells to 

switch between high and low CEA expression conferring resistance to CEA-TCB 

(Gonzalez-Exposito et al., 2019). Another resistance mechanism utilised by tumours is 

upregulation of checkpoints such as PD-L1 and preclinical studies of CEA-TCB have 

shown that CEA-TCB treatment increases PD-L1 expression in tumours(Bacac et al., 

2016). Preclinical studies with other bispecifics demonstrated enhanced bispecific 

antibody mediated antitumour activity in combination with inhibition of the PD-1–PD-L1 

axis (Junttila et al., 2014; Krupka et al., 2015; Osada et al., 2015). To further support 

these findings, data from a clinical trial evaluating efficacy of CEA-TCB showed that 

combination with atezolizumab enhanced clinical activity achieving tumour shrinkage in 

50% of patients compared to only 11% in CEA-TCB only treated group (Tabernero et al., 

2017). However, even with this combination treatment not all patients achieved tumour 

regression suggesting additional mechanisms of resistance such as immunosuppressive 

TME, that need to be investigated.  

Currently preclinical models used for investigating bispecific antibodies rely 

predominantly on in vitro studies using cancer cell lines or mouse models. Preclinical 
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animal models investigating bispecific antibodies is complicated by the general lack of 

cross reactivity with mouse antigens and T cells. For example, CEA-TCB cross reacts 

with human CD3 and not mouse CD3. Additionally mice do not express CEACAM5 

therefore the mouse model that was used to investigate CEA-TCB activity in vivo was a 

human colon carcinoma xenograft model cografted subcutaneously with human PBMCs 

into immunodeficient NOG (NOD/Shi-scid/IL-2Rγ-null) mice (Bacac et al., 2016). In order 

to assess ability of CEA-TCB to redirect T cells to the tumour site, the same human colon 

carcinoma cell line was injected subcutaneously into NOG mice followed by an 

intraperitoneal injection of human PBMCs once the tumours reached a certain size. 

Another approach to study human specific immunotherapy agents in mouse models  is 

creating a human CD3 transgenic mouse in which all components of the CD3 complex 

are replaced by their human counterparts. However, in these immunocompetent models 

mouse tumour cell lines must be used which can be transduced with the human gene 

encoding the target antigen of the bispecific antibody (Ishiguro et al., 2017). Although 

mouse models allow for investigation of whole-body response to treatment, there are 

certain limitations in addition to those already described such as lack of TME, difficulty 

in controlling specific variables, high cost, and low throughput.  Cancer cell lines which 

are the main in vitro models used to study bispecific antibodies poorly recapitulate 

tumour phenotypic and genotypic heterogeneity and may have lost certain molecular 

characteristics due to long term culture on plastic. Recently developed patient derived 

organoid (PDO) technologies have allowed long term propagation of cancer cells from 

CRC biopsies recapitulating the molecular features of the original tumour (Sato et al., 

2011). To address the need for more patient-relevant preclinical models for studying 

novel immunotherapeutic agents such as CEA-TCB my lab has established a co-culture 

assay with multi-drug resistant mCRC PDOs and allogeneic T cells from healthy donors. 

Immunotherapy is most frequently used in a second or third line setting therefore making 

our PDO models highly clinically relevant as they have been generated from tumours 

resistant to chemotherapy. This initial study, which took place just as I had joined the lab 
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and has now been published, provided proof of concept that CEA-TCB efficacy can be 

evaluated in a PDO-T cell co-culture model (Gonzalez-Exposito et al., 2019).  

1.7 PhD aims  

The aims of my PhD thesis were: 

1) To investigate factors regulating CEA expression using mCRC PDOs established 

by my host lab (Chapter 1) 

2) To further validate and develop the PDO-T cell co-culture model established by 

my host lab (Chapter 2) 

3) To perform a mini-screen in PDO-T cell co-cultures to investigate whether 

microenvironmental factors can confer resistance to CEA-TCB (Chapter 3) 

4) To use the PDO-T cell co-culture model to develop therapeutic approaches to 

reverse resistance to CEA-TCB (Chapter 3) 

5) To develop a 3D PDO-T cell coculture model to investigate how organoid 

architecture and size influences CEA-TCB responses 
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Chapter 2: Materials and methods 

2.1 Materials  

2.1.1 Tissue culture reagents  

Reagent Manufacturer Catalogue No 

ACK Lysing Buffer  Thermo Fisher 

Scientific 

A1049201 

Advanced DMEM:F12 Thermo Fisher 

Scientific  

12634028 

Bovine Serum Albumin solution 7.5% Sigma-Aldrich A8412 

Cell strainer (70μm) Falcon  352350 

Collagen I, High Concentration, Rat Tail  Corning  354249 

Countess automated cell-counter slides Thermo Fisher 

Scientific 

C10283 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich D8418 

DMEM (Dulbecco's Modified Eagle Medium) Thermo Fisher 

Scientific  

11995073 

DMEM:F12 (Dulbecco's Modified Eagle 

Medium/Nutrient Mixture F-12) 

Thermo Fisher 

Scientific  

21331046 

EDTA In house   

Ficoll-Paque Fisher Scientific 17-5442-02 

Foetal Bovine Serum (FBS) Thermo Fisher 

Scientific  

10270106 

Foetal Bovine Serum (FBS) (T cells) Labtech FCS-SA/50 

Glutamax  Thermo Fisher 

Scientific  

35050061  

Insulin-Transferrin-Selenium (ITS) 100X Thermo Fisher 

Scientific 

41400045 

LS Columns Miltenyi Biotec 130-122-729 

Matrigel Growth Factor Reduced (GFR) 

Basement Membrane Matrix  

Corning  356231 

Matrigel Basement Membrane Matrix (for 

mouse injections) 

Corning 354234 

Minisart Syringe Filters 0.45μm  Sartorius  16533 

Minisart Syringe Filters 0.22μm Sartorius  16541 

NaOH In house  

OptiMEM Thermo Fisher 

Scientific 

31985070 
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Paraformaldehyde  Sigma-Aldrich 15812-7 

Penicillin-Streptomycin Thermo Fisher 

Scientific  

15140122 

Phosphate Buffered Saline (PBS) In house   

Phosphate Buffered Saline (PBS) 10X Sigma-Aldrich D1408 

Polybrene Sigma-Aldrich AL-118 

RPMI 1640 Thermo Fisher 

Scientific 

31870074 

TransIT 293 Transfection Reagent Mirus MIR 2700 

Trypan Blue Stain  Thermo Fisher 

Scientific 

T10282 

TrypLE Express  Thermo Fisher 

Scientific 

12605-010 

Trypsin  In house   

Ultra filtered (UF) water  In house  

Table 2.1 Tissue culture reagents   

 

 

2.1.2 Advanced media supplements  

Supplement Manufacturer Catalogue No Working 

Concentration 

B27 50X Thermo Fisher 

Scientific 

17504-044 1X 

N2 100X Thermo Fisher 

Scientific 

17502-048 1X 

HEPES 1M Thermo Fisher 

Scientific  

15630-056 10mM 

NAC (N-Acetyl-L-cysteine) Sigma-Aldrich A9165 1mM 

Nicotinamide Sigma-Aldrich N0636 10mM 

EGF (human) Peprotech AF-100-15 50ng/mL 

SB202190 Sigma-Aldrich S7067 10μM 

PGE2 R&D Systems 2296 10nM 

Gastrin Sigma-Aldrich G9145 10nM 

A-83-01 R&D Systems 2939/10 500nM 

R-Spondin Peprotech 120-38 1μg/mL 

Noggin Peprotech 250-38 100ng/mL 

FGF10 Peprotech 100-26 100ng/mL 

Wnt3a R&D Systems 5036-WN 100ng/mL 
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Y27632 Sigma-Aldrich Y0503 10μM 

Table 2.2 Advanced media supplements 

 

2.1.3 Cytokines/Growth factors  

Cytokine/Growth factor Manufacturer Catalogue No 

IFNγ (human) R&D Systems 285-IF-100/CF 

IL-2 (human) Roche 11011456001 

IL-4 (human) Peprotech 200-04 

IL-10 (human) Peprotech 200-10 

IL-13 (human) Peprotech 200-13 

M-CSF (human) Peprotech 300-25 

sFas Ligand Peprotech 310-03H 

TGF-β1 (human) R&D Systems  240-B-002 

VEGF121 (human) Peprotech 100-20A 

VEGF165 (human) Peprotech 100-20 

Table 2.3 Cytokines/growth factors 

2.1.4 Bispecific antibodies  

Bispecific antibody Manufacturer  

DP47 TCB Roche Glycart AG 

CEA-TCB Roche Glycart AG 

DP47-4-1BBL Roche Glycart AG 

CEA-4-1BBL Roche Glycart AG 

FAP-IL2v Roche Glycart AG 

Table 2.4 Bispecific antibodies 

2.1.5 Drugs  

Drug Target Manufacturer 

Compound 21 TNKS1/2 Provided by Professor Chris Lord (ICR) 

Galunisertib ALK4/ALK5 

(TGFβRI) 

Tocris 

Table 2.5 Drugs 

2.1.6 Flow cytometry  

2.1.6.1 Antibodies  

Antibody Conjugate Species Manufacturer 

CD8 (HIT8a) PE Mouse BioLegend  
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CD8 (SK1) Alexa Fluor 488 Mouse SONY 

CD4 (RPA-T4) APC-Cy7 Mouse BioLegend 

CD68 (Y1/82A) FITC Mouse BioLegend 

CD206 (15-2) PE Mouse BioLegend 

CD95 (Fas) (DX2) Alexa Fluor 700 Mouse BioLegend 

Granzyme B Brilliant Violet 421 Rat BioLegend 

HLA-DR (L243) APC-Cy7 Mouse BioLegend 

PD-L1 (29E.2A3) Brilliant Violet 421 Mouse BioLegend 

Foxp3 Alexa Fluor 488 Mouse Thermo Fisher Scientific 

CEACAM5 (CH1A1A) unconjugated Human Roche Glycart AG 

CEACAM5 (487609) unconjugated Mouse R&D Systems 

AffiniPure F(ab')₂ 
Fragment Goat Anti-

Human IgG, F(ab')₂ 
fragment specific 

PE Goat Jackson Immuno 

Research 

AffiniPure F(ab')2 

Fragment Goat Anti-

Mouse IgG, Fcγ 
Fragment Specific 

PE Goat Jackson Immuno 

Research 

Table 2.6 Flow cytometry antibodies 

2.1.6.2 Viability dyes  

Dye  Manufacturer Catalog No 

Zombie NIR Fixable Viability Kit BioLegend 423105 

Zombie Red Fixable Viability Kit BioLegend  423109  

DRAQ7 BioStatus DR71000 

Table 2.7 Viability dyes 

2.1.6.3 Cell Proliferation assay  

CellTrace Yellow Proliferation Kit, Thermo Fisher Scientific (C34573) 

2.1.7 Blocking antibodies  

Antibody  Manufacturer  Catalogue No 

CD178 (Fas Ligand) 

Monoclonal Antibody 

(NOK-1) Functional Grade 

Thermo Fisher Scientific  16-9919-81 

Human IFNγ Monoclonal 
Antibody (25718) 

R&D Systems MAB285-100 

Table 2.8 Blocking antibodies  
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2.1.8 Commercial Kits  

Commercial Kit Manufacturer  Catalogue 

No 

Apo-ONE Homogeneous Caspase-3/7 

Assay 

Promega  G7790 

CD14 MicroBeads  Miltenyi Biotec 130-050-201 

CellTiter Blue Viability Assay Promega  G8081 

CellTiter Glo Viability Assay Promega G9242 

Dynabeads FlowComp Human CD8 Thermo Fisher Scientific  11362D 

Dynabeads Human T-Activator CD3/CD28 Thermo Fisher Scientific  11131D 

Dynabeads Regulatory CD4+CD25+ T cell 

Kit 

Thermo Fisher Scientific  11363D 

eBioscience Foxp3 / Transcription Factor 

Staining Buffer Set 

Thermo Fisher Scientific 00-5523-00 

Human Tumour Dissociation Kit Miltenyi Biotec 130-095-929 

Mouse Cell Depletion Kit Miltenyi Biotec 130-104-694 

RNeasy Mini Plus Kit Qiagen 74134 

Qubit High Sensitivity RNA Quantification 

Kit 

Invitorgen Q32852 

Table 2.9 Commercial kits  

 

2.1.9 Real-time quantitative polymerase chain reaction (RTqPCR) primers  

Gene Identifier  Manufacturer  

GAPDH Hs02758991_g1 Thermo Fisher Scientific 

CEACAM5 Hs00237075_m1 Thermo Fisher Scientific 

Table 2.10 Real-time quantitative polymerase chain reaction (RTqPCR) primers 

 

2.1.10 Immunohistochemistry reagents 

Reagent  Manufacturer  Catalogue 

No 

Antigen unmasking solution 

Citric acid based (pH6) 

Vector Laboratories H-3300 

Antigen unmasking solution  

Tris based (pH9) 

Vector Laboratories  H-3301 

Cytoseal60 Thermo Fisher Scientific 8310-16 

Ethanol absolute  VWR 20821.330 
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Harris Haematoxylin Epredia 6765004 

Hydrogen Peroxide (H2O2) solution 3% Sigma-Aldrich  88597 

Novolink Max DAB Leica RE7270-K 

Protein block serum free DAKO X0909 

SignalStain Boost IHC (HRP, mouse (yellow)) Cell Signalling 

Technology 

8125S 

T84.66 anti-CEACAM5 (primary antibody) Roche Glycart AG  

TBS-T In house  

Tween-20 Sigma-Aldrich P9416 

Xylene Fisher Scientific X/0250/17 

Table 2.11 Immunohistochemistry reagents  

 

2.2 Methods  

2.2.1 Patient samples  

Imaging-guided core biopsies from metastatic colorectal cancers that had been treated 

with at least two prior lines of chemotherapy were obtained from the Prospect C (clinical 

trials.gov number NCT02994888) and Prospect R (clinical trials.gov number 

NCT03010722) trials (Chief investigator: D. Cunningham, UK national ethics committee 

approval numbers: 12/LO/0914 and 14/LO/1812, respectively). One endoscopic biopsy 

from a treatment naïve primary colorectal cancer was obtained from the FOrMAT trial 

(clinical trials.gov number NCT02112357, Chief investigator: N. Starling, UK national 

ethics committee approval number 13/LO/1274). Trials were run at the Royal Marsden 

Hospital and all patients provided written informed consent before trial inclusion.  

2.2.2 Tissue culture  

All cells were cultured at 37°C in a tissue culture incubator with humidified air, 

supplemented with CO2 to 5%. 

2.2.2.1 Generation of patient derived organoids (PDOs) 

Direct cultures 
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PDO cultures from CRC-01, CRC-02 and CRC-06 were established directly from core 

biopsies by rough chopping followed by embedding in growth factor reduced Matrigel. 

The Matrigel was left to set at 37°C and then covered with supplemented Advanced 

DMEM:F12 media (from now referred to as Advanced media). List of supplements and 

the concentrations used are listed in Table 2.2.  

Indirect cultures 

Very small biopsy fragments were available from CRC-03, CRC-04, CRC-05, CRC-07 

and CRC-08 and these were first grafted subcutaneously or under the kidney capsule of 

female CD1 nude mice by the Tumour Profiling Unit at the Institute of Cancer Research 

(Home office licence number PD498FF8D). Mice were culled once tumours had grown 

and tumours were removed and dissociated in a gentleMACS Octo dissociator using the 

Human Tumour Dissociation Kit. Mouse cells were magnetically removed using the 

Mouse Cell Depletion Kit, and purified human tumour cells were embedded into growth 

factor reduced Matrigel, left to set at 37°C and then covered with Advanced media.  

2.2.2.2 Organoid passaging (3D configuration) 

Once the organoids have been established, they were split every 1-2 weeks depending 

on growth rate. Media was changed 2-3 times a week. To passage, media was removed 

from the well, 1mL of PBS was added and using a 1mL pipette tip the Matrigel dome 

containing PDOs was mechanically disrupted. The 1mL of PBS was then transferred to 

a 15mL falcon tube containing 5mL of PBS and spun down at 300g for 5 minutes. 

Afterwards, PBS was aspirated and the Matrigel/cell pellet was resuspended in 1mL of 

TrypLE Express and incubated at 37°C for 20 minutes. TrypLE Express was neutralised 

with 5mL of DMEM:F12 media with 10% fetal bovine serum (FBS), 1X Glutamax, 100 

units/mL penicillin/streptomycin and spun down at 300g for 5 minutes. After the 

supernatant was removed the cell pellet was resuspended in 150μL of growth factor 
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reduced Matrigel and placed in the center of a 12 well plate in a dome shape. The plate 

was incubated at 37°C for 30 minutes before adding 1mL of Advanced media.  

2.2.2.3 Adaptation of organoids to different media and 2D growth  

After at least 2 months of continuous growth in Matrigel domes and Advanced media, 

the PDOs were adapted to grow in DMEM/F12 (Sigma Aldrich) with 20% fetal bovine 

serum (FBS), 1X Glutamax, 100 units/mL penicillin/streptomycin (in the future referred 

to as 20% FBS DMEM:F12). After successful adaptation to DMEM:F12 20% FBS media, 

organoids were split as described above but instead of plating in 100% Matrigel domes, 

they were plated into 6 well plates in 20% FBS DMEM:F12 media containing 2% Matrigel. 

Once the cells have expanded they were cultured in T25 flasks.  

2.2.2.4 Organoid passaging (2D configuration) 

To split, media was aspirated from T25 flasks and then 5mL of PBS were added to wash 

away any remnants of media and aspirated after. Then, 2mL of TrypLE Express was 

added to the flask and the flask was put in an incubator at 37°C for 20 minutes. 

Afterwards, 5mL of 10% FBS DMEM:F12 media was added to neutralise TrypLE 

Express. All contents of the flask were transferred to a 15mL falcon tube and spun down 

at 300g for 5 minutes. If splitting rather than passaging, only a fraction of the cells were 

collected and spun down. After aspiration of supernatant, cells were resuspended in 1mL 

of 20% FBS DMEM:F12 media with 2% Matrigel and added to a new T25 flask containing 

4mL of 20% FBS DMEM:F12 media with 2% Matrigel.  

2.2.2.5 Organoid freezing  

Organoids were split to single cells as described above, spun down at 300g for 5 minutes, 

and resuspended in 1mL of freezing media consisting of 10% DMSO in FBS and pipetted 

into a cryovial. Vials were then placed in polystyrene insulated boxes at -80°C for at least 

24 hours before transfer to liquid nitrogen for long-term storage.  
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2.2.2.6 Organoid thawing 

Cryovials were removed from liquid nitrogen on dry ice. Cryovials were thawed in a water 

bath at 37°C until fully liquid. Freezing media containing cells was transferred into a 15mL 

falcon tube and 8mL of 10% FBS DMEM:F12 media was slowly added on top. The cells 

were spun down at 300g for 5 minutes, supernatant was aspirated, and cells were 

resuspended either in Matrigel for 3D culture or in 20% FBS DMEM:F12 media for 2D 

culture.  

2.2.2.7 Labelling PDOs with nuclear GFP 

The nuclei of PDOs were labelled by introducing an eGFP tagged histone 2B construct 

(pLKO.1-LV-H2B-GFP) to enable visualisation by microscopy. HEK-293T cells were 

cultured in DMEM supplemented with 10% FBS, 1X Glutamax and 100units/mL 

penicillin/streptomycin. For virus generation HEK-293T cells were cultured in serum free 

media and 2x106 cells were plated in a 10cm petri dish and incubated at 37°C, 5% CO2 

overnight for transfection. Lentiviral particles were produced by overnight transfection 

with a plasmid mixture containing 9 μg of pLKO.1-LV-H2B-GFP (Addgene plasmid 

#25999), 2.25 μg of psPAX2 packaging plasmid (Addgene plasmid #12260) and 0.75 μg 

of pMD2.G envelope plasmid (Addgene plasmid # 12259) using TransIT-293 transfection 

reagent (Mirus). Media was subsequently changed and cells were incubated for 24 hours 

in DMEM supplemented with 10% FBS, 1X Glutamax and 100units/mL 

penicillin/streptomycin. Virus was harvested after 24 hours and passed through a 0.45μm 

filter before use. Virus was aliquoted into cryovials and stored at -80°C until use. For 

lentiviral transduction PDOs were harvested from the cultures and dissociated to single 

cells using TrypLE Express and spun down at 300g for 5 minutes. The pellets were 

resuspended in 250μL of virus containing media with 8μg/mL of polybrene (Sigma 

Aldrich) and Y27632 ROCK inhibitor (10nM) and centrifuged at 300g for 1 hour. 

Organoids were incubated for 6 hours at 37°C in the incubator. The tube was inverted 

every hour. Afterwards organoids were centrifuged at 300g for 5 minutes and virus 
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containing media was aspirated. The organoids were resuspended in 20% FBS 

DMEM:F12 media containing 2% Matrigel. Following recovery and expansion, highly 

eGFP positive cells were sorted by flow cytometry and further expanded before use. 

 

2.2.2.8 PBMC isolation  

Fresh blood  

Fresh blood samples from healthy donors were obtained through Improving Outcomes 

in Cancer biobanking protocol at the Barts Cancer Institute (Chief investigator: T. Powles, 

UK national ethics committee approval number: 13/EM/0327) from individuals providing 

written informed consent. Blood samples from healthy donors were spun at 1600g for 10 

minutes in EDTA tubes. After the spin plasma was aspirated. The remaining blood pellets 

were diluted with PBS and transferred to a 50mL falcon tube making up the volume to 

35mL (3-4 EDTA tubes per gradient). This mixture was then carefully layered on top of 

15mL of Ficoll and the falcon tubes spun at 400g for 30 minutes with centrifuge 

acceleration and deceleration breaks set to minimum. Afterwards, using a 5mL pipette 

PBMC layer was carefully harvested and transferred to a new falcon tube which was 

then topped up to 50mL with PBS and spun at 200g for 10 minutes. After the first wash, 

5mL of ACK lysis buffer was added to the cell pellet for 5 minutes to deplete red blood 

cells. PBMCs were washed twice more and then cells were counted using a Countess 

automated cell counter system. The cells were spun down at 350g for 8 minutes and 

aliquoted for freezing in 10% DMSO in FBS freezing media. Vials were then placed in 

Mr. Frosty Freezing Container at -80°C for at least 24 hours before transfer to liquid 

nitrogen for long-term storage. Alternatively, the cells were used fresh for downstream 

applications.  
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Leukocyte reduction system (LRS) cones 

LRS cones were obtained through the NHS Blood and Transplant service. Each LRS 

cone contained 8-10mL of concentrated blood. One LRS cone was split into 2 Ficoll 

gradients and prepared as described above (35mL of blood layered on top of 15mL of 

Ficoll). Gradients were centrifuged at 800g for 25 minutes with acceleration and 

deceleration breaks set to minimum. PBMC layer was collected using a 5mL pipette and 

diluted with PBS to 50mL. After the first wash, 5mL of ACK lysis buffer was added to the 

cell pellet for 5 minutes to deplete red blood cells. PBMCs were washed twice more and 

then cells were counted using a Countess automated cell counter system. The cells were 

spun down at 350g for 8 minutes and aliquoted for freezing in 10% DMSO in FBS 

freezing media. Vials were then placed in Mr. Frosty Freezing Container at -80°C for at 

least 24 hours before transfer to liquid nitrogen for long-term storage. Alternatively, the 

cells were used fresh for downstream applications. 

2.2.2.9 T cell isolation from PBMCs 

CD8 T cells were isolated from PBMCs with Human CD8 Dynabeads FlowComp kit 

according to manufacturer instructions. CD4+CD25- T cells were isolated from PBMCs 

with Dynabeads Regulatory CD4+/CD25+ T-Cell kit according to manufacturer 

instructions. The purity of CD8 and CD4 T cells was assessed by flow cytometry using 

Sony SH800 Cell Sorter and only populations with at least 90% purity were used either 

directly in experiments as freshly isolated T cells or first activated and expanded in vitro.  

2.2.2.10 T cell activation and expansion  

T cells were cultured in RPMI 1640 media supplemented with 10% FBS, 1X Glutamax, 

100 units penicillin/streptomycin (from this point on referred to as T-cell media) and 30 

U/mL IL-2. All FBS was batch tested. T cells were activated with CD3/CD28 Dynabeads 

Human T-Activator kit with a bead-to-cell ratio 1:1. T cells used in their pre-activated form 

were activated and expanded for 10-14 days prior addition to co-culture assay. 
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Expanded and activated T cells were also frozen for later use. First T cells were 

debeaded using DynaMag magnet, then they were spun down at 350g for 8 minutes, 

supernatant was aspirated and the cells were resuspended in T cell freezing media (10% 

DMSO in FBS). Cryovials were then placed in Mr. Frosty Freezing Container at -80°C 

for at least 24 hours before transfer to liquid nitrogen for long-term storage. 

2.2.2.11 CAF culture  

RC11 CAFs (gifted by Dr Fernando Calvo) were cultured in DMEM supplemented with 

10% FBS, 1X Glutamax, 100 units penicillin/streptomycin, and 1X Insulin-transferrin-

selenium (ITS) (referred to as CAF media).  

2.2.2.12 Macrophage culture  

Monocyte isolation from PBMCs 

For monocyte isolation, PBMCs were thawed and spun down at 350g for 5 minutes. Cells 

were then filtered through a 30μm filter to remove any cell clumps that might block the 

column. Cells were resuspended in a buffer (0.5% BSA + 2mM EDTA in PBS) and mixed 

with CD14 microbeads at a specific ratio. The mix was incubated at 4°C for 15 minutes 

and afterwards washed with 1mL of buffer at 300g for 10 minutes. Cells were 

resuspended in 500μL of buffer and put into an LS Column that was pre-rinsed with 3mL 

of buffer and placed on a MACS Magnet. Unlabelled cells (non-monocyte fraction) were 

collected into a 15mL falcon, spun down and either used for further downstream 

applications or discarded. LS Column was removed from magnet and CD14+ cells were 

collected into a 15mL falcon tube and spun down at 300g for 8 minutes. Isolated 

monocytes were plated in 2mL of T cell media with the addition of 100ng/mL of M-CSF 

and seeded at 1-1.5x106 density into 6 well plates to be differentiated into macrophages.  
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Macrophage polarisation  

After culturing CD14+ monocytes in T cell media + M-CSF for 5 days, 1mL of media was 

aspirated (all macrophages have attached by this point so no risk in aspirating them with 

media). Fresh T cell media with 100ng/mL of M-CSF was added (1mL). On day 7 of 

culture IL-4+IL-13+/-IL-10 or IL-10 alone were added at a concentration of 20ng/mL and 

macrophages were left to polarise for 48-72 hours after which the polarised 

macrophages were harvested for flow cytometry or 2D co-culture assays.  

2.2.3 2D co-culture assay  

PDOs growing in 2D were harvested with TrypLE Express and neutralised with 10% FBS 

DMEM/F12. Cells were filtered through a 70μm filter, counted and re-suspended in T cell 

media. Tumour cells were seeded at a density of 5000 tumour cells per well of a 96 well-

plate (Corning Special Optics Microplate) in 50μL of T cell media and allowed to attach 

for 24 hours. On day 0, prior to any treatments the plates were imaged using Celigo 

Imaging Cytometer (Nexcelom Bioscience) to record the starting confluence of tumour 

cells. T cells (depending on experiment CD8 or CD4 T cells) were added on day 0 at the 

indicated effector to target (E:T) ratio in 25μL of T cell media with 20nM of CEA-TCB or 

20nM of the untargeted control antibody DP47-TCB in 25μL T cell media (total well 

volume 100μL). Either pre-activated or freshly isolated T cells were used. Tumour cells 

without T cells and without bispecific antibodies were also included as controls. All 

conditions were plated in triplicates and T cells from multiple different healthy donors 

were tested. Outer wells of the plate were filled with 150μL of PBS to reduce evaporation. 

2.2.3.1 Calculating tumour cell growth in 2D co-culture assay  

The GFP confluence of PDOs was measured every 3-4 days over a 7-12 day period 

using the GFP confluence module on the Celigo Imaging Cytometer. For each 2D co-

culture assay the growth of CEA-TCB treated PDOs over 7-12 days relative to DP47 

treated PDOs was quantified. First the final confluence percentage was divided by the 
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initial confluence with 1 being subtracted to only consider growth post seeding. The 

growth for each treatment condition was calculated against the average growth of the 

untargeted control. In some cases the calculation was performed against tumour cell 

alone control where indicated.  

2.2.3.2 2D co-culture assay with tankyrase inhibitor Compound 21 

Two CEA-mixed PDOs CRC-06 and CRC-08 were treated with the combination of CEA-

TCB and the tankyrase inhibitor Compound 21. PDOs were cultured over 7 days in the 

presence of CD8 T cells and 20 nM of CEA-TCB or the untargeted control antibody 

DP47. Co-cultures were either performed a) without tankyrase-inhibitor, b) following 48 

hours of pre-treatment of tumour cells with tankyrase inhibitor which was removed when 

T cells were added, or c) following 48 hours pre-treatment with tankyrase inhibitor which 

was replenished at the time T cells were added for continuous tankyrase inhibitor 

exposure. Compound 21 was used at two doses 2μM and 10μM. All conditions were 

plated in triplicates. The confluence of the GFP labelled PDOs was tracked by 

microscopy for 7 days following addition of T cells and bispecific antibodies. Growth from 

the seeding density in the presence of DP47 to day 7 was defined as 100%.  

2.2.3.3 2D co-culture assay: IFNγ and FasL blocking  

A co-culture assay was set up according to the steps described earlier with either CD8 

or CD4 T-cells. On the day of treatment (day 0), alongside CEA-TCB or the untargeted 

TCB DP47 either an IFNγ blocking antibody (5μg/mL) or a FasL blocking antibody 

(10μg/mL) were added to the co-culture assay. All conditions were plated in triplicates. 

PDO confluence was measured by microscopy as described earlier with the final 

timepoint being day 10. 

2.2.3.4 TME soluble factors screen using 2D co-culture assay  

Co-cultures were set up as described in 2.2.3, but prior to the addition to the assay the 

T cells were preincubated with IL-10 (20ng/mL and 100ng/mL), VEGF121 (20ng/mL and 
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100ng/mL), VEGF165 (20ng/mL and 100ng/mL), and TGFβ (10ng/mL) in T cell media for 

72 hours. On day 0 of the assay T cells were collected, washed, counted, and added to 

the assay. Since PDOs were seeded in 50μL media, 25μL was aspirated and T cells, 

CEA-TCB/DP47, and cytokines (IL-10, VEGF, or TGFβ) were each added in 25μL of T 

cell media for a final volume of 100μL. All conditions were plated in triplicates. Co-

cultures were grown for 12 days and quantified as described in 2.2.3.1.  

2.2.3.5 Treatment of co-cultures with agents countering TGFβ induced 

immunosuppression  

The experiments were set-up as described in 2.2.3 with T cells pre-incubated with TGFβ 

(10ng/mL) for 72 hours prior to addition to the co-culture. On day 0 of the assay after the 

starting confluence of the PDO was recorded, CD8 T cells and drug treatments were 

added. The following were combined with DP47 (20nM) or CEA-TCB (20nM) treatment: 

TGFβ (10ng/mL), galunisertib (5μM and 10μM), IL-2 (5U/mL and 10U/mL), FAP-IL2v 

(10nM and 100nM), DP47-41BBL (2nM), and CEA-41BBL (2nM). All conditions were 

plated in triplicates. Co-cultures were grown for 12 days and quantified as described in 

2.2.3.1.  

2.2.3.6 2D co-culture assay with the addition of macrophages  

On day 0 of co-culture assay, macrophages were harvested on day 10 of culture (at the 

end of polarisation) by aspirating the media, washing the wells with 1mL of PBS, adding 

5mM EDTA in PBS and incubating at 37°C for 30 minutes followed by gentle scraping. 

Collected cells were spun down at 350g for 8 minutes, resuspend in 500μL of T cell 

media, counted, and the chosen amount of macrophages spun down. T cells and 

macrophages were added to the assay in 25μL of T cell media at the same time. 

However, in this assay instead of treating the co-cultures on day 0, they were treated on 

day 1 (24 hours after the addition of macrophages and T cells) to allow macrophages to 

attach overnight. On day 1, co-cultures were treated with DP47 (20nM) or CEA-
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TCB(20nM). All conditions were plated in triplicates. Growth was quantified as described 

in 2.2.3.1.  

2.2.3.7 2D co-culture assay with the addition of CAF conditioned media  

Assay was set up as described in 2.2.3. T cell media was conditioned by CAFs for 5 days 

and filtered through a 0.2μm filter. T cells were pre-treated with CAF CM (conditioned 

media) for 72 hours prior addition to the assay. On day 0 of assay fresh CAF CM was 

added to the co-culture assay in a 1:1 ratio with fresh T cell media along with T cells and 

DP47(20nM) or CEA-TCB (20nM). All conditions were plated in triplicates. Co-cultures 

were grown for 12 days and quantified as described in 2.2.3.1 

2.2.3.8 2D co-culture assay with the addition of CAFs 

Two different experimental set ups were used. In the first one, CAFs and PDO cancer 

cells were seeded at ratios of 1:1 and 0.5:1 in T cell media into a 96 well plate at the 

same time. After 24 hours, T cells were added in T cell media. The co-culture was left to 

incubate for 72 hours, after which DP47 (20nM) or CEA-TCB (20nM) were added. All 

conditions were plated in triplicates. Co-cultures were grown for 12 days and quantified 

as described in 2.2.3.1 In the second method, CAFs were first seeded in a 24 well in T 

cell media and left to attach for 24 hours. Then media was aspirated and T cells were 

added in 500μl of T cell media and left to incubate together with CAFs for 72 hours. PDO 

cancer cells were seeded into a 96 well plate 24 hours after T cell co-incubation with 

CAFs was started. After another 24 hours (48 hours into the CAF-T cell co-incubation) 

CAFs were seeded into the wells already containing cancer cells. After the 72 hours co-

incubation of CAFs and T cells has finished, T cells were harvested, counted, and 

seeded into wells containing PDOs and CAFs. Subsequently DP47 (20nM) and CEA-

TCB (20nM) were added to the assay. All conditions were plated in triplicates. Co-

cultures were grown for 12 days and quantified as described in 2.2.3.1 
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2.2.3.9 2D co-culture assay under hypoxic conditions  

Each PDO was seeded in four identical plates, one for each timepoint (day 0,4,7,10) and 

placed in a hypoxic chamber at 1% O2 and one control plate was set up to run in parallel 

under normoxic conditions (21% O2). The next day, plate 0 was scanned on the Celigo 

Imaging Cytometer to record the starting confluence prior to adding any T cells or 

treatment. Then pre-activated or non-activated CD8 T cells were added and co-cultured 

with the PDOs for a further 48 hours without any treatment. Afterwards, the co-culture 

was treated with either DP47 (20nM) or CEA-TCB (20nM). At each timepoint, the 

specified plate was removed from the hypoxic chamber and imaged using the Celigo 

Imaging Cytometer in parallel with the control plate. In all other experiments the same 

plate is imaged over the entire duration of the experiment, however, in this experiment I 

wanted to avoid oxygen fluctuations caused by removing the plate for imaging so I made 

a separate plate for each imaging timepoint. All conditions were plated in triplicates. Co-

cultures were grown for 12 days and quantified as described in 2.2.3.1 

2.2.4 Sensitivity of PDOs to IFNγ growth assay 

PDOs were plated in 96 well plates in 6 replicates with 10,000 cells/well. After 24 hours 

the wells were treated with IFNγ at three different concentrations (1ng/mL, 10ng/mL, and 

100ng/mL) and left to grow for 7 days. Cells were not seeded in outer wells, which were 

instead filled with 150μL of PBS to prevent incorrect reading due to excess evaporation. 

On day 0 a baseline Cell Titer Blue (CTB) reading of the reference plate was performed 

on Cytation3 (BioTek Instruments Inc.) at 590 nm following a 2 hour incubation at 37°C. 

On day 4 of experiment, 50μL from the total 100μL in the well was aspirated and replaced 

with 50μL containing fresh IFNγ. On day 7 a CTB assay was performed (2 hour 

incubation at 37°C). Data was then analysed by subtracting the mean value for the 

reference plate at day 0 of treatment to account for the initial cell number and the 

experimental wells normalised to the mean value for growth in control. 
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2.2.5 Validation of IFNγ blocking antibody  

PDOs were plated in 96 well plates in 6 replicates with 10,000 cells/well. After 24 hours 

the wells were treated with IFNγ at three different concentrations (1ng/mL, 10ng/mL, and 

100ng/mL) or in combination with an IFNγ blocking antibody (5μg/mL) and left to grow 

for 7 days. Cells were not seeded in outer wells, which were instead filled with 150μL of 

PBS to prevent incorrect reading due to excess evaporation. On day 0 a baseline Cell 

Titer Blue (CTB) reading of the reference plate was performed on Cytation3 at 590 nm 

following a 2 hour incubation at 37°C. On day 7 a CTB assay was performed (2 hour 

incubation at 37°C). Growth was assessed as a ratio compared to untreated control. 

2.2.6 Validation of FasL blocking antibody  

CRC-01 PDO were seeded in a 96 well plate at a density of 10,000 cells/well in 50μL of 

T cell media. After 24 hours, the media was carefully aspirated and cells were either 

treated with T cell media alone (control) or T cell media with IFNγ at a concentration of 

10ng/mL for 48 hours. Afterwards, wells were treated with soluble Fas ligand (sFasL) at 

two concentrations (100ng/mL and 500ng/mL) +/- FasL blocking antibody NOK-1 at two 

concentrations (1μg/mL and 10μg/mL) or with staurosporine (1μM) as a control for 

apoptosis. After 24 hours Cell Titer Blue was added and a reading of cell viability 

recorded after a 2 hour incubation at 37°C using Cytation3. Afterwards The Apo-ONE 

Homogeneous Caspase-3/7 Assay kit was used according to manufacturer instructions. 

Plate was scanned on Cytation3 after 4 hours of incubation with Apo-ONE Reagent at 

room temperature and gentle shaking and fluorescence at 521nm was measured. Apo-

ONE fluorescence was normalised to Cell Titer Blue fluorescence.  

2.2.7 Flow cytometry  

2.2.7.1 Surface CEA expression 

PDOs were harvested as described in section 2.2.2.4 dissociating PDOs to single cells 

with TrypLE Express and spun down at 300g for 5 minutes following neutralisation with 
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10% FBS DMEM:F12 media. Cells were resuspended in FACS buffer (0.5% BSA in 

PBS), counted, and 2x105 cells were spun down in 1.5mL Eppendorf tubes at 300g for 5 

minutes. Afterwards, cells were stained with 20nM of CH1A1A antibody (anti- human 

CEACAM5) or 10μg/mL anti-CEACAM5 antibody clone 487609 where specified in 50μL 

of FACS Buffer at 4°C for 30 minutes. Following primary antibody staining, cells were 

washed with 700μL of FACS Buffer 3 times, centrifuging at 300g for 5 minutes after each 

wash. After the third wash supernatant was taken off and cells were resuspended in 

50μL FACS Buffer with R-Phycoerythrin conjugated secondary antibody AffiniPure 

F(ab’)2 Fragment Goat Anti-Human IgG, Fcγ Fragment Specific or AffiniPure F(ab’)2 

Fragment Goat Anti-Mouse IgG, Fcγ Fragment Specific diluted 1:50. After a 30 minute 

incubation with secondary antibody at 4°C, cells were washed twice. Cells were 

resuspended in 200μL with DRAQ7 viability dye diluted 1:100 and incubated at 37°C for 

10 minutes. CEA expression was analysed on Sony SH800 Cell Sorter. CEA negative 

gates were set using DRAQ7 stained but CEACAM5 unstained control. Data analysis 

was performed using FlowJo software. For all CEA expression experiments where 2D 

organoids were used they were cultured in 20% FBS DMEM:F12 media with 2% Matrigel 

unless specified in the Results section otherwise. Whenever experiments were 

performed with different supplements of Advanced media, the same concentrations were 

used as in Advanced media. For experiments testing the effect of IFNγ on CEA surface 

expression in PDOs tumour cells were seeded in 12 well plates at a density of 240,000 

cells/well in 20% DMEM:F12 media with 2% Matrigel. After 24 hours, media was 

changed and PDOs were treated with two doses of IFNγ (10ng/mL and 100ng/mL) for 

48 hours before they were harvested and analysed for CEA surface expression. For 

experiment one testing effect of density on CEA surface expression in PDOs tumour 

cells were seeded in 12 well plates at a density of 50,000 cells/well, 100,000 cells/well, 

and 200,000 cells/well in 20% FBS DMEM:F12 media with 2 % Matrigel. Cells were 

harvested and analysed by flow cytometry on day 10, when wells seeded with 200,000 

cells have reached 90-100% confluence. For second experiment testing effect of density 



97 

 

on CEA surface expression of PDOs, tumour cells were seeded in 12 well plates at a 

density of 50,000 cells/well and 400,000 cells/well in 20% FBS DMEM:F12 media with 

2% Matrigel. Cells were harvested for flow cytometry analysis on day 12 (4 days after 

the more densely seeded well has reached 100% confluency). For experiments testing 

effect of tankyrase inhibitor Compound 21 (C21) on CEA surface expression in PDOs, 

tumour cells were seeded in 12 well plates at a density of 100,000 cells/well in 20% FBS 

DMEM:F12 media with 2% Matrigel and treated either with DMSO (control), 2μM or 10μM 

of C21 for either 48 hours or 6 days (specified in the Results chapter).  

2.2.7.2 Flow cytometry analysis of T cells recovered from 2D co-culture assay  

For T cell flow cytometry staining the 2D co-culture assay was scaled up to either a 24-

well plate (30,000 PDO cells, 60,000 T cells, E:T 2:1) or 12-well plate (60,000 PDO cells, 

120,000 T cells, E:T 2:1). For TGFβ experiments, prior to adding the T cells to the co-

culture they were pre-incubated with TGFβ (10ng/mL) for 72hrs and on the day of 

seeding were labelled with CellTrace Yellow proliferation dye (10μM) for proliferation 

tracking. For CellTrace Yellow staining cells were incubated with 10μM CellTrace Yellow 

in PBS at 37°C for 20 minutes, inverting the tube every 5 minutes to prevents cells from 

settling on the bottom of the tube. Then 5mL of T cells media was added and the cells 

were left to stand at room temperature for 5 minutes before being spun down at 350g for 

8 minutes. T cells from 2D co-culture assays were harvested by collecting the media 

from the wells, and subsequently washing the wells with PBS multiple times. Collected 

cells were put into a round bottom 96 well plate, separate well for each condition, and 

spun down at 300g for 5 minutes. Cells were resuspended in 50μL PBS with Zombie NIR 

Fixable Viability Dye diluted 1:500 and left to incubate at room temperature for 30 minute 

in the dark. Afterward cells were washed twice by adding 200μL FACS Buffer (0.5% BSA 

in PBS) and centrifuging at 300g for 5 minutes. Afterwards cells were stained with directly 

conjugated antibodies for extracellular markers CD8 and CD4 at a dilution 1:20 at 4°C 

for 30 minutes. To removed unbound antibody cells were washed with 200μL FACS 
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Buffer per well, three times, centrifuged at 300g for 5 minutes. Cells were fixed with 

Fixation Buffer from eBioscience Foxp3 / Transcription Factor Staining Buffer Set at 4°C 

for 30 minutes. The cells were washed twice with Permeabilisation Buffer from 

eBioscience Foxp3 / Transcription Factor Staining Buffer Set after diluting it according to 

manufacturer instruction. Afterwards cells were stained with directly conjugated 

antibodies for intracellular markers Granzyme B and Foxp3 at a dilution 1:20 in 50μL of 

Permeabilisation Buffer at 4°C for 30 minutes. Then cells were washed twice more with 

Permeabilisation Buffer and once with FACS buffer. Finally, cells were resuspended in 

400μL of FACS Buffer and analysed on BD LSRII flow cytometer. For proliferation dye 

control, T cells were labelled with CellTrace Yellow (10μM) on the day of the flow 

cytometry experiment to represent the undivided cells control. Flow cytometry data 

analysis was performed using FlowJo. Gates were set using appropriate fluorescence 

minus one (FMO) controls.  

2.2.7.3 Surface Fas expression in PDOs 

PDOs were seeded in 12 well plates at a density of 100,000 cells/well in 20% FBS 

DMEM:F12 media with 2% Matrigel. Some wells were treated with IFNγ at two 

concentrations (10ng/mL and 100ng/mL) for 72 hours. Cells were harvested as 

described in 2.2.2.4 and 2x105 cells were stained with an anti-Fas antibody diluted 1:20 

in FACS Buffer (0.5% BSA in PBS) for 30 minutes at 4°C. Cells were washed 3 times 

with FACS Buffer and centrifugation at 300g for 5 minutes. For viability cells were stained 

with DRAQ7 viability dye diluted 1:100 in FACS Buffer at 37°C for 10 minutes. Cells were 

analysed for Fas surface expression using Sony SH800 Cell Sorter. Flow cytometry 

analysis was performed using FlowJo software.  

2.2.7.4 Analysis of M2 macrophage markers  

After 7 days culture in T cell media with M-CSF (100ng/mL) and 72 hours of polarisation 

towards the M2 phenotype with IL-4/IL-13/IL-10 (20ng/mL) macrophages were harvested 
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from 6 well plates with 5mM EDTA in PBS incubating at 37°C for 30 minutes followed by 

gentle scraping. Cells were first stained with Zombie Red viability dye diluted 1:100 in 

PBS at 4°C for 30 minutes in the dark. Cells were washed twice with FACS Buffer (0.5% 

BSA in PBS). Cells were resuspended in 80μL of FACS Buffer and 20μL of Miltenyi FcR 

Blocking Reagent was added, mixed well, and incubated at 4°C for then minutes and 

then the cells were washed with FACS Buffer. Following that, cells were stained with 

directly conjugated antibodies against extracellular markers: CD206, HLA-DR, PD-L1. 

All antibodies were diluted 1:20 in FACS Buffer and cells were incubated at 4°C for 30 

minutes. Afterwards, unbound antibody was removed by washing the cells three times 

with FACS Buffer and centrifugation at 300g for 5 minutes. Cells were fixed with Fixation 

Buffer from eBioscience Foxp3 / Transcription Factor Staining Buffer Set at 4°C for 30 

minutes. The cells were washed twice with Permeabilisation Buffer from eBioscience 

Foxp3 / Transcription Factor Staining Buffer Set after diluting it according to 

manufacturer instruction. Afterwards cells were stained with directly conjugated 

antibodies for intracellular marker CD68 at a dilution 1:20 in Permeabilisation Buffer at 

4°C for 30 minutes. Then cells were washed twice more with Permeabilisation Buffer and 

once with FACS buffer. Finally, cells were resuspended in 400μL of FACS Buffer and 

analysed on BD LSRII flow cytometer. Flow cytometry analysis was performed using 

FlowJo software.  

2.2.8 3D PDO-T cell co-culture assay  

PDOs were grown for 10-12 days (or for up to 21 days for the experiment using different 

organoid sizes) in Matrigel domes overlayed with 20% FBS DMEM:F12 media. To 

harvest the organoids, the domes were mechanically disrupted and the pieces of broken 

up Matrigel containing PDOs were resuspended in cold PBS for 20 minutes with 

inversion of the falcon tube every 5 minutes followed by moderate pipetting. Afterwards 

PDOs were spun down at 300g for 5 minutes, supernatant aspirated, and the organoids 

were resuspended in 75-100μL of T cell media depending on the amount of organoids. 
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For the immune cell component of the assay, pre-activated T cells were either thawed 

the day before and cultured in T cell media with IL-2 (30U/mL) for 24 hours or if they 

were used directly after activation and expansion they were debeaded prior to use in the 

assay. T cells were labelled with CellTrace Yellow (4μM) in PBS for 20 minutes at 37°C 

in the dark, inverting the tube every 5 minutes to prevent cells from settling and to ensure 

homogenous staining. Afterwards T cells were spun down at 350g for 8 minutes and 

counted. In parallel, the ECM matrix was prepared on ice with pre-cooled pipette tips. 

Rat tail collagen I was prepared according to the manufacturer instructions. To calculate 

the volume of collagen to be added the following equation was used: final volume needed 

x final collagen concentration (6mg/mL)/Stock concentration of collagen (lot specific). 

Then the concentrated collagen stock was mixed with a mix of 10X PBS (10% of final 

volume), 1 N NaOH (volume of collagen to be added x 0.023), dH2O (final volume-volume 

of concentrated collagen -volume of 10x PBS -volume of 1 N NaOH). Collagen was then 

thoroughly mixed and then combined with an equal volume Matrigel to create an ECM 

with 3mg/mL collagen concentration. This ECM was used to coat the bottom of the plate 

(12μL). This coating procedure was done on ice and afterwards the plate was put into 

an incubator at 37°C for 1 hour. CellTrace labelled T cells (45,000/condition) in T cell 

media were mixed with the Matrigel/collagen matrix in a 0.5:1 ratio reducing the collagen 

concentration to 2mg/mL. At this point DP47 or CEA-TCB bispecific antibodies were 

added to the gel. Then this T cell containing gel was mixed with 10μL of PDOs in T cell 

media and 50μL of the final mix were added to the 96 well plate on top of the polymerised 

base matrix layer. During this procedure the plate was not kept on ice to not re-liquify the 

base matrix, but the ECM containing T cells and PDOs were kept on ice to keep the gel 

in liquid form for pipetting. Afterwards the plate was placed in the incubator at 37°C for 1 

hour to allow the gel to polymerise. Following that 100μL of T cell media containing 

DP47/CEA-TCB (both 20nM) and DRAQ7 (final dilution 1:100) was added on top of the 

ECM containing PDOs and T cells. The plate was then placed in a chamber of a live 

imaging spinning disk microscope where the temperature was maintained at 37°C and 
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CO2 level was 5%. Three lasers were used: 488 nm for organoids, 561 nm for T cells, 

and 640 nm for DRAQ7. In each well (each condition), 3-6 fields of view were selected 

to be imaged. The imaging was performed as a 3D timelapse so for each field of view a 

Z-stack was taken with 5μm steps between slices. The co-culture was continuously 

imaged over 72 hours; for some experiments images were taken every 2 hour and for 

some every 6. Max and sum projections and subtraction of background signal were 

performed in Slidebook 6.0 software. Image analysis was performed in Cell Profiler 

software where a special pipeline was created to address the necessary questions. 

Afterward, the data was processed using an R script which was created by me under the 

guidance of Dr. Andew Woolston, a bioinformatician in my lab, specifically for this assay 

and project. Final graphs were created in GraphPad Prism software.  

2.2.9 Real-time quantitative polymerase chain reaction (RTqPCR) 

mRNA was extracted using Qiagen RNeasy Mini Plus kit according to manufacturer 

protocol. Cells were lysed with 350μL of RLT Plus buffer directly in the 6 well. Scrapers 

were used to collect the cells. Following that cells were collected into RNase-free 

Eppendorfs and syringed through a 20 gauge syringe 5 times before putting the lysate 

into the gDNA eliminator column and proceeding with the rest of the protocol. RNA was 

eluted in 30μL of RNase-free H2O and quantified using Qubit RNA High Sensitivity kit 

according to manufacturer instructions. RNA (1μg) was converted to cDNA using the 

SuperScript II Reverse Transcriptase protocol. RT-PCR reactions were set up using 2μL 

of cDNA, 1μL of Taqman Gene Expression Assay probe, 10μL of Taqman Universal 

Master Mix II with UNG and 7μL of H2O per reaction. Relative quantification was 

performed on QuantStudio6-Flex sequence detection and all reactions were performed 

in triplicate. Gene expression was normalised to endogenous control GAPDH and 

analysed using the delta-delta CT method.  

For experiments comparing the effect of Advanced media versus 20% FBS DMEM:F12 

media on CEA expression in PDOs 100,000 tumour cells were seeded in a 6 well with 
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both media containing 2% Matrigel. RNA was collected on day 12. For experiments 

comparing the effect of SB202190 and nicotinamide on CEA expression in PDOs 

100,000 tumour cells were seeded in a 6 well with both media containing 2% Matrigel. 

RNA was collected on day 12. For tankyrase inhibitor Compound 21 treatment, 150,000 

cells were seeded in a 6 well in 20% FBS DMEM:F12 media and treated either with 

DMSO (1/1000 dilution), C21 2μM (1/5000 dilution), or C21 10μM (1/1000 dilution) for 6 

days prior to RNA collection.  

2.2.10 RNA sequencing  

PDOs were seeded at 50,000 cells/well in 6 well plates in DMEM:F12 20% FBS media 

with 2%  Matrigel with or without the addition of SB202190 (10μM) and nicotinamide 

(10mM). RNA was collected on day 12. RC11 CAFs were seeded in 10cm dishes with 

750,000 cells/dish in CAF media (DMEM 10% FBS + ITS 1X) or T cell media (RPMI 1640 

10% FBS) and RNA was harvested after 72 hours. RNA was extracted according to 

Qiagen RNeasy Mini Plus kit protocol. RNA was eluted into 30μL of RNase-free water. 

RNA was quantified using Qubit RNA High Sensitivity Kit. RNA (250ng) was prepared 

for sequencing using Lexogen QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for Illumina 

using the manufacturer’s recommended protocol. qPCR was performed on all libraries 

to deduce optimal cycles of PCR amplification. Final libraries were quantified using 

Agilent TapeStation High Sensitivity D1000 ScreenTape to facilitate equimolar pooling. 

The final pool was sequenced with single read 100 cycles and 12 nt unique dual indices 

on an Illumina NovaSeq 6000 SP flowcell to a median 9M reads per sample. The 

resulting demultiplexed fastq were analysed with the Lexogen in-house Data Analysis 

pipeline comprising: alignment to the Homo sapiens GRCh38 ensembl release 107 

(ERCC/SIRV); fastqc and STAR quality control; and generation of raw read counts. 

Differential gene expression analysis was performed on the raw read counts using the 

DESeq2 R package. 
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2.2.11 Immunohistochemistry: CEA staining of FFPE tissue sections 

2.2.11.1 CRC xenografts  

PDOs were grown in 2D in 20% FBS DMEM:F12 media in T75 flasks. PDOs were 

harvested with TrypLE Express as described in 2.2.2.4. For each PDO line, 1x106 cells 

were injected in 50μL (25μL cold 20% DMEM:F12 media and 25μL Matrigel) 

subcutaneously into NSG mice. For each PDO, 2 mice were used and for each one there 

were 2 (left and right) flank injections totalling 4 injections per PDO. Mice were culled 

and tumours harvested when they reached tumour volume of 1000mm3. Some tumours 

were harvested earlier due to ulceration.  Tumours were processed and embedded by 

Breast Cancer Now (BCN) Histopathology Core Facility. 

2.2.11.2 PDO preparation for FFPE slides  

PDOs were plated in 150μL of Matrigel in 12 well plate as single cells and cultured in 

DMEM:F12 20% FBS media for 13 days. To harvest the organoids media was aspirated, 

wells washed with PBS, and cold 4% PFA was added on top (500μL/well) and incubated 

for 30 minutes at room temperature. Then Matrigel was disrupted by pipetting and 

organoids were washed twice with PBS with centrifugation at 300g for 5 minutes. 

Samples were stored overnight at 4°C with a small amount of PBS on top of the organoid 

pellet. Samples were then embedded by Breast Cancer Now (BCN) Histopathology Core 

Facility. 

2.2.11.3 CEA immunohistochemical staining of FFPE slides 

FFPE slides were deparaffinised by placing them in an oven at 63°C and then incubated 

in xylene for 8 minutes twice and subsequently rehydrated with graded ethanols (100%, 

95%, 70%, 50%). After washing the slides in DI water, slides were submerged into 

antigen unmasking pH solution and microwaved for 1.5 minutes at 1000 watts and then 

microwaved at 100 watts for 15 minutes. After letting them cool at room temperature the 

slides were washed with DI water 3 times 3 minutes each and then with TBS-T 3 times 
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3 minutes each. To block endogenous peroxidase slides were treated with hydrogen 

peroxidase 3% for 10 minutes. After washing the slides with TBS-T 3 times 3 minutes 

each the slides were treated with serum-free protein block for 1 hour at room 

temperature. After tapping off the excess serum-free block, 150μL of T84.66 anti-

CEACAM5 diluted antibody (1/400) was added to the slide for 1 hour at room 

temperature. Following that slides were washed with TBS-T 3 times for 3 minutes each 

and then treated with HRP conjugated secondary antibody for 1 hour. Then slides were 

washed with TBS-T 3 times 3 minutes each. DAB (3,3′-Diaminobenzidine) solution was 

prepared as per manufacturer instructions by mixing DAB chromogen to DAB substrate 

in the ratio of 1:20. DAB solution was pipetted onto the slide and left for 10 minutes in 

the dark. Subsequently slides were washed with DI water and counterstained with 

haematoxylin for 2 minutes. Slides were then washed with DI water and dehydrated with 

ethanol solutions (50%, 70%, 95%, 100%). After submerging the slides in xylene twice 

for 2 minutes they were mounted with coverslips with Cytoseal 60. Slides were then 

allowed to dry at room temperature overnight. Slides were scanned on the Hamamatsu 

microscope with a NanoZoomer XR camera. 

2.2.12 Measuring patient tumour nest size  

15 RAS mutant Metastatic Colorectal Cancer, ProspectR, pre-treatment biopsies were 

processed and H&E stained. Regions of highest density of viable tumour cell infiltration 

were imaged at 20x on Microscope mounted 3.1mp Amscope MU300 digital camera. 

Pixel measurements calibrated to microscope Vernier scale. Tumour nests were 

measured across largest diameter; including largest and smallest nest per image field 

and three intermediate sized tumour nests. Annotation was performed using Amscope 

software version 3.7.13522.20181209. 
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2.2.13 Statistics  

Pearson correlation analysis and the unpaired t-tests were performed with the GraphPad 

Prism software. All error bars represent standard deviation. T-tests rather than ANOVA 

were performed because only 2 sets of data were compared. However, in most cases a 

one-way ANOVA followed by multiple testing should have been used when multiple 

groups within an experiment were compared. Gene set enrichment analysis was 

performed with the GSEA software and the Hallmarks and KEGG gene set collections 

(Subramanian et al., 2005). 
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Chapter 3: Investigating factors regulating CEA expression 

in CRC patient derived organoids 

3.1 Introduction 

The aim of my project was to develop 2D and 3D immunocompetent CRC models which 

would be used to investigate the determinants of CEA-TCB sensitivity and resistance in 

vitro. The majority of preclinical immunological research has been performed in mouse 

models due to the advantage of having a full intact immune system which is difficult to 

simulate in vitro. However, widely available syngeneic mouse models of CRC have 

mutation loads and hence antigenicities that far surpass those of MSS CRCs (CT26: 56 

mutations/megabase, MC38: 75 mutations/megabase compared with 5 mutations per 

megabase in human MSS CRCs) (Zhong et al., 2020). A more specific limitation of 

mouse models in studying CEA-TCB is the lack of CEA expression in mice, therefore 

highlighting the need for immunocompetent in vitro pre-clinical models. Cell lines are the 

most frequently used in vitro cancer models to date and many of these can be grown 

either in 2 dimensions as adherent cells or in a form of artificially generated 3 dimensional 

spheroids. However, cell lines may have lost important molecular features of the original 

tumours over long periods of culture on plastic. Therefore, new methods enabling long 

term in vitro propagation of cancer cells from tumour biopsies in the form of patient 

derived organoids (PDOs) provide a unique opportunity to create more biologically 

representative pre-clinical models. In addition to the preserved tumour features, PDO 

generation is more rapid than in vivo studies and also come with established disease 

stage and treatment history of the patient. My host lab has previously shown that CRC 

PDOs can be co-cultured with allogeneic CD8 T cells to dissect determinants of response 

and resistance to the T cell redirecting antibody CEA-TCB (Gonzalez-Exposito et al., 

2019). The CRC PDOs, the co-culture models and the results from this study were critical 
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materials for my PhD and I will briefly summarise the pertinent findings and 

characteristics. 

3.2 CEA expression in Patient Derived Organoids (PDOs) grown in 2D 

My lab previously has established PDOs from three CRC clinical trials: PROSPECT-C, 

PROSPECT-R, and Format. In my project I used eight of the best growing PDOs: seven 

from multi-drug resistant metastatic CRCs (CRC-01-07) and one from a treatment naïve 

primary CRC (CRC-08).  After establishment, PDOs had been adapted to different 

growth conditions. The group had shown that all eight PDOs were able to grow in both, 

a 3D matrix (100% Matrigel domes) and in 2D either as monolayers of cells or as 

spheroid-like structures sitting directly on the plastic surface of cell culture dishes or 

plates (2% Matrigel added to the media) (Figure 3.1). Matrigel is an ECM hydrogel 

mimicking basal lamina comprised of laminin, collagen IV, entactin, and heparan sulfate 

proteoglycans. During establishment PDOs were grown in Advanced DMEM:F12 media 

(from this point on referred to as advanced media) which contains multiple growth factors 

and supplements (Table 2.2). This was formulated by Hans Clever’s group to promote 

stem cell proliferation and maintain proliferative potential long term (Sato et al., 2011). 

PDOs that showed long term viability (>6 months in culture) had also been switched into 

DMEM:F12 media with 20% FCS without impairing long term propagation.  

The key result that had been generated in my lab previously was that CEA cell 

surface expression is usually heterogeneous within individual PDO lines and that there 

is a high degree of expression plasticity which has not been described to our knowledge 

in CRC cell lines. Thus, tumour cells can up- or downregulate CEA expression. CEA is 

widely used as a diagnostic and prognostic tumour marker for gastrointestinal cancers, 

but how CEA expression is regulated has not been well characterised (Arnaud et al., 

1980; Lee & Lee, 2017). Therefore my aim was to confirm the findings in 2D growing 

organoids and extend the characterisation of CEA expression in PDOs to those grown 

in the 3D configuration as well as investigating which factors, particularly those relevant 
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to in vitro culture and therefore the PDO-T cell co-culture assay, influence CEA 

expression.  

PDOs grown in 2D format were dissociated into single cells and CEA cell surface 

expression was analysed by flow cytometry using the CH1A1A antibody which has 

identical CEA antigen binding sites as the CEA-TCB bispecific antibody. Gating on live 

single cells and using an unstained sample as a CEA- gate control I confirmed that 20nM 

was the appropriate concentration by performing a titration on two PDOs (CRC-01 and 

CRC-02) which showed that there was a maximum of 2% increase in the proportion of  

Figure 3.1 Patient derived organoid (PDO) growth in 2D and 3D. Schematic showing 2D 

and 3D growth of PDOs in vitro along with brightfield images of PDOs grown in 2D and 3D 

configurations. Some PDO cultures were established directly from core biopsies. For some 

tumours very small biopsy fragments were available and were first grafted subcutaneously or 

under the kidney capsule of female CD1 nude mice before in vitro culture. 
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Figure 3.2 CEA antibody titration. (A) Gating strategy for cell surface CEA expression 

analysis in PDOs using flow cytometry. (B) Histograms of CEA expression in two PDO lines 

CRC-01 and CRC-02 with various concentrations of CH1A1A antibody (1nM, 5 nM, 20 nM, 

67 nM, 100 nM). Gates were set using the unstained control. Experiment performed once. 
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CEA+ cells when the antibody concentration was increased to 100nM. All further CEA 

analysis was performed using 20nM concentration (Figure 3.2).Measuring CEA 

expression in 2D PDOs grown in DMEM:F12 20% FCS media showed two patterns of 

expression: predominantly CEA positive (CRC-01, CRC-03, CRC-05, CRC-07) and lines 

containing a mixture of CEA positive and CEA negative cells (CRC-02, CRC-04, CRC-

06, CRC-08) (Figure 3.3A). This expression profile was confirmed using another antibody 

that binds a different CEA epitope (Figure 3.3A). 
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In two of the CEA-mixed PDOs CRC-06 and CRC-08, the mean fluorescent intensity 

(MFI) of expression of CEA per cell was similar to one of the CEA-high expressing PDOs 

(CRC-05) (Figure 3.3B). The other two CEA-mixed PDOs, CRC-02 and CRC-04, showed 

much lower levels of CEA expression on CEA+ cells. Next it was important to determine 

the stability of these CEA expression profiles as all of my experiments, some of which 

over prolonged periods of time, were going to be performed with these PDO models. 

When my colleague analysed the CEA expression of these 8 PDO lines she identified 3 

CEA expression profiles: CEA-high, CEA-mixed, and CEA-low. At the time CRC-06 

exhibited lower levels of CEA expression being only 33% CEA+. Additionally, she found 

that CRC-02 was 68% CEA+ and CRC-04 was 74% CEA+, whereas I had found that 

those were 27% and 32% respectively CEA+. After continuously culturing the PDOs for 

up to 3 months and performing regular CEA expression checks every 7-10 days with flow 

cytometry I demonstrated that three CEA-high PDOs CRC-01, CRC-05, and CRC-07 

had very little variability in their CEA levels while the CEA-mixed PDOs showed more 

variability during constant culturing conditions (Figure 3.3C). PDOs CRC-02 and CRC-

04 exhibited the greatest fluctuations in CEA expression ranging from 10-75% and 25-

86% of CEA+ cells respectively. The rise of CEA expression did not correlate with time 

in culture.  

 

Figure 3.3 CEA expression in PDOs grown in 2D. (A) Flow cytometry analysis of CEA 

surface expression in 8 PDO lines (CRC-01, CRC-02, CRC-03, CRC-04, CRC-05, CRC-06, 

CRC-07, CRC-08) grown in 2D in DMEM:F12 20% FCS media. PDOs were grouped into CEA-

high and CEA-mixed CEA expression profiles. Experiments were performed with two different 

CEA binding antibodies: CH1A1A (red histograms) and CEACAM5 clone 487609 (green 

histograms). (B) Table showing analysis of data displayed in (A). Percent of CEA+ and CEA- 

cells, total CEA MFI, and CEA+ and CEA- population CEA MFI was calculated for each of the 

8 PDO lines. (C) Box and whisker plot of 10 flow cytometry experiments combined to show the 

variability in CEA cell surface expression in 8 PDO lines. MFI: mean fluorescent intensity 
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3.3 CEA expression in PDOs grown in 3D 

Since one of the models I was developing used organoids in their 3D form, it was 

important to also characterise the CEA expression profiles of the same PDO lines in 3D 

(Figure 3.4A). CEA expression levels after 10 days of culture were highly similar between 

2D and 3D forms of the same PDO lines and correlation analysis showed a strong and 

significant correlation (r=0.957, 95% CI 0.732 to 0.994, p=0.001) (Figure 3.4B). However, 

with longer time in culture and therefore increased size of the individual organoid 

spheres, the CEA positive population increased in all CEA-mixed 3D PDOs with no 

change in the already CEA-high lines (Figure 3.4C). Taking CRC-08 as an example, 

when CEA levels were tested on day 5 since last split to single cell 29% of cells were 

CEA+, however on day 15 the CEA+ population increased to 44%, and on day 21 to 88% 

(Figure 3.4C). Epithelial cells in the colon crypt regularly shed CEA, however, CH1A1A 

is specific for the membrane-anchored CEA protein rather than shed CEA (Bacac et al., 

2016). Therefore, the increase in CEA cannot be explained by the accumulation of shed 

CEA in culture but is a result of increased CEA surface expression. This gradual increase 

in the proportion of CEA+ cells should be considered when evaluating CEA-TCB 

sensitivity of 3D PDOs. 
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Figure 3.4 CEA expression in PDOs grown in 3D. (A) Flow cytometry analysis of CEA 

surface expression in 7 PDO lines (CRC-01, CRC-02, CRC-03, CRC-05, CRC-06, CRC-07, 

CRC-08) grown in 3D in DMEM:F12 20% FCS media. PDOs are grouped into CEA-high and 

CEA-mixed CEA expression profiles. (B) Scatter plot showing correlation between percent of 

CEA+ cells in 2D PDOs vs the same line 3D PDOs. For 2D PDOs a mean of 10 experiments 

was plotted and 3 experiments for 3D. PDOs were grown between 10-15 days for these 

experiments. Pearson correlation test was performed (r=0.957, p=0.001). (C) Flow cytometry 

analysis of CEA expression in 4 PDO lines (CRC-02, CRC-03, CRC-06, CRC-08) grown in 3D 

for various periods of time (5 days, 15-17 days, and 21-23 days). Data are representative of 2 

repeats. 
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3.4 Immunohistochemical analysis of CEA expression in PDOs and tumour 

tissue 

In order to further dissect CEA expression in our PDOs, FFPE slides of PDOs and 

corresponding xenograft tumour tissue were immunohistochemically stained for CEA. As 

can be observed in Figure 3.5, CEA expression in PDOs matched the flow cytometry 

data with PDOs CRC-05 and CRC-07 that were CEA-high on flow cytometry analysis 

harbouring only cells with strong CEA staining whereas the PDOs CRC-04, CRC-06, and 

CRC-08 that were CEA-mixed by flow displayed CEA expression heterogeneity, 

predominantly between different organoids but also within organoids. Furthermore 

xenografts had a similar CEA expression profile to their corresponding PDO. CEA-mixed 

tumours showed areas of CEA-high expressing cells and areas with minimal or 

completely absent CEA expression, while  tumours corresponding to CEA-high PDOs 

were uniformly highly CEA positive. This analysis revealed spatial patterns of 

heterogeneity in PDOs and confirmed that these expression patterns are maintained in 

xenografts thus indicating that it is not an in vitro artefact.  
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Figure 3.5 Immunohistochemistry (IHC) analysis of CEA expression in PDOs and 

tumour tissue. For each PDO line a representative image is shown for CEA stained 

organoid and corresponding xenograft tumour tissue. For PDOs only 1 FFPE slide was 

stained and imaged, and representative images of PDOs were selected. For tumour tissue, 

2-3 slides were stained and imaged and representative areas chosen. 
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3.5 Effect of PDO-T cell co-culturing conditions on CEA expression in 2D 

PDO 

In order the create optimal conditions for T cells, the PDO-T cell co-culture assay was 

set up using T cell media rather than the 20% FCS DMEM:F12 media used to culture 

PDOs. Therefore I checked whether the CEA expression of two CEA-high PDOs (CRC-

01 and CRC-05) and two CEA-mixed PDOs (CRC-06 and CRC-08) changed when PDOs 

were grown in T cell media (10% FCS RPMI) versus their usual culture media (20% FCS 

DMEM:F12). When cultured in T cell media the PDOs did not change their CEA 

expression compared to their usual culture media (Figure 3.6A). The PDOs were also 

usually cultured with 2% Matrigel added to the media, however, in order to prevent 

anything hindering the contact between tumour and immune cells the assay was set up 

without the addition of Matrigel to the media. CEA has been implicated in adhesion of 

tumour cells, therefore it was important for me to ensure that the exclusion of Matrigel 

from the assay would not alter their CEA expression (Benchimol et al., 1989; Öbrink, 

1997; Zhou et al., 1993). Three CEA-mixed PDOs (CRC-04, CRC-06, and CRC-08) were 

cultured in DMEM:F12 with 20% FCS with or without the addition of 2% Matrigel. When 

seeded without Matrigel these PDOs showed an increase in CEA expression with an 

average increase by 29% on day 2. However, with time the CEA expression gradually 

decreased until it reached the same CEA expression profile as with 2% Matrigel on day 

6 (Figure 3.6B).  Based on these experiments all 2D co-culture assays were seeded in 

T cell media with no addition of Matrigel. 
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Figure 3.6 Effect of PDO-T cell co-culture conditions on CEA expression of 2D PDOs     

(A) Flow cytometry histograms showing CEA expression of two CEA-high PDOs CRC-01 and 

CRC-05 and two CEA-mixed PDOs CRC-06 and CRC-08 grown in either organoid (DMEM:F12 

20% FCS) or T cell media. (B) Flow cytometry histograms showing CEA expression of three 

CEA-mixed PDOs CRC-04, CRC-06, and CRC-08 which had been cultured either in the 

presence of 2% Matrigel in the media (DMEM:F12 20% FCS) or without. Both experiments 

were performed once. 
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3.6 Effect of cell growth density on CEA expression  

Another factor that was important to consider is the effect of cell density on CEA 

expression. Two CEA-mixed PDOs were seeded at different densities: 50,000 cells/well, 

100,000 cells/well, and 200,000 cells/well. Cells were harvested once the most densely 

seeded well reached a confluence of 90-100% and CEA surface expression was 

analysed by flow cytometry. Despite the different cell densities, both PDOs showed 

minimal change in their proportion of CEA expressing cells, with CRC-06 showing a 13% 

and CRC-08 a 5% increase in CEA+ proportion of cells at the highest density (Figure 

3.7A). However, when cells were left as a confluent monolayer for 4 days after they had  
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reached full confluence the proportion of CEA+ cells increased by 20% or more (Figure 

3.7B). Out of the three CEA-mixed PDOs tested CRC-08 showed the lowest increase in 

proportion of CEA+ cells which may be due to its 3D-like growth pattern even in 2D which 

meant that this PDO did not grow as a monolayer and therefore did not reach the same 

level of confluency as the two other PDOs. These observations of CEA expression 

increasing with higher cell density are in line with what has been shown previously in 

colorectal cancer cell lines (Kitadai et al., 1996).  

3.7 IFNγ increases CEA expression in CEA-mixed PDOs 

IFNγ is one of the main cytokines secreted by tumour infiltrating lymphocytes as part of 

an anti-tumour response and has been shown to be secreted by T cells activated by 

CEA-TCB (Bacac et al., 2016). IFNγ has also been previously shown to enhance cell 

surface expression of tumour associated antigens including CEA in cell lines therefore it 

was important to investigate the effect of IFNγ on CEA expression in our PDO models. 

Two doses of IFNγ (10ng/mL and 100ng/mL) were tested in three CEA-mixed lines 

(CRC-02, CRC-06, CRC-08) and one CEA-high PDO (CRC-05). In two of the CEA-mixed 

PDOs, CRC-06 and CRC-08, after 48 hours of treatment both doses of IFNγ resulted in 

a significant increase of the CEA+ population, with both PDOs being 83% and 84% 

respectively CEA+ at the higher dose of IFNγ (Figure 3.8). The other CEA-mixed PDO, 

CRC-02, started at a higher level of CEA expression than the other two CEA-mixed. 

PDOs and only showed a very modest increase from 75% CEA+ to 83%.  

Figure 3.7 Effect of cell density on CEA expression in PDOs. (A) Flow cytometry histograms 

showing CEA expression in two CEA-mixed PDOs (CRC-06 and CRC-08) seeded at different 

densities and harvested when the most dense condition (200,000 cells/well) reached 90-100% 

confluence on day 10. (B) Flow cytometry histograms showing CEA expression in three CEA-

mixed PDOs (CRC-04, CRC-06, CRC-08) which were seeded at two densities (50,000 

cells/well and 400,000 cells/well) and harvested for CEA analysis on day 12, 4 days after the 

more dense condition has reached 100% confluence. Both experiments were performed once. 
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Interestingly, all of the CEA-mixed lines only increased up to a maximum of 84% CEA+ 

cells at the higher dose of IFNγ regardless of their starting CEA expression level; CRC-

02 only showed an 8% increase, CRC-06 35%, and CRC-08 28%. The proportion of 

CEA+ cells in the CEA-high PDO CRC-05 did not increase any further.  Also the 

expression of CEA on a per cell level increased in all PDO lines tested except for CRC-

02 which maintained the same level of CEA expression per cell at both IFNγ doses 

(Figure 3.8C). The ability of IFNγ to increase CEA expression has been previously shown 

in colorectal cell lines and has now been confirmed in PDOs (Dansky-Ullmann et al., 

1995; Fahlgren et al., 2003; Guadagni et al., 1990). This is an important finding because 

upon activation with CEA-TCB, T cells secrete IFNγ which may increase the number of 

CEA expressing cells within the organoid, further enhancing the effect of the treatment. 

3.8 Advanced media downregulates CEA expression in CEA-high PDOs 

When organoids are first being established from tumour biopsies or xenografts they are 

cultured in advanced organoid media which was formulated by Clever’s lab to support 

long-term human intestinal epithelial cell culture. The combination of supplements and 

growth factors added to the media promotes proliferation of colonic stem cells leading to 

long term propagation of primary cells.  In a healthy colonic crypt the stem cells are 

located at the bottom and their daughter cells become transit-amplifying cells that 

proliferate and differentiate as they migrate up towards the top of the crypt.  

Figure 3.8 Effect of IFNγ on CEA expression in PDOs. (A) Flow cytometry histograms showing 

CEA expression in four PDOs (CRC-02, CRC-06, CRC-08, and CRC-05) in control condition and 

with IFNγ treatment at two different doses (10ng/mL and 100ng/mL). Percent in green or red font 

on each plot indicates change (green=increase, red=decrease) in % CEA+ cells compared to 

control. Data are representative of 2 repeats. (B) Bar graph showing proportion of CEA+ cells in 

each PDO at two IFNγ concentrations (10ng/mL and 100ng/mL) and under control conditions. 

Experiment was performed twice, error bars indicate SD. Unpaired t-test was performed. P values 

are as follows: > 0.05 is ns, < 0.05 is *, < 0.01 is **, <0.001 is ***, <0.0001 is ****. (C) Bar graph 

showing MFI of CEA of CEA+ cells in four PDOs. Experiment was performed twice, error bars 

indicate SD. 
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Figure 3.9 Effect of advanced media on CEA expression in 2D PDOs. (A) Flow cytometry 

histograms showing surface CEA expression of 4 CEA-high PDOs (CRC-01, CRC-03, CRC-05, 

CRC-07) after being cultured for 4 days either in DMEM:F12 20% FCS media or advanced 

media. On histograms percent change indicates a decrease (green) in CEA surface expression 

compared to PDOs grown in DMEM:F12 20% FCS media. Experiment performed once.  (B) 

Flow cytometry histograms show surface CEA expression on 8 PDOs divided into CEA-high 

and CEA-mixed groups. All PDOs were grown in either advanced media or DMEM:F12 20% 

FCS media for 11 days. On histograms percent change indicates a decrease (green) or increase 

(red) in CEA surface expression compared to PDOs grown in DMEM:F12 20% FCS media. 

Data are representative of 2 repeats. (C) Bar graph comparing percent of CEA+ cells in PDOs 

grown in advanced media vs. DMEM F12 20% FCS media. Green box groups CEA-high 

expressing PDOs that showed a decrease in CEA expression in response to advanced media 

treatment and red box grouping CEA-mixed PDOs that showed an increase in CEA expression 

after advanced media treatment. (D) Bar graph showing mean fluorescence intensity (MFI) 

values of CEA expression in the CEA+ population for each PDO line and both media conditions.  

(E) CEACAM5 expression relative to GAPDH in all PDOs determined by qPCR after culture in 

20% FCS DMEM:F12 medium vs advanced organoid media for 11 days. Error bars indicate the 

standard deviation of triplicate measurements.  
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CEA expression is tightly regulated in healthy colonic crypts where expression is absent 

at the crypt bottom and gradually increases in epithelial cells as they become more 

differentiated towards the top of the crypt (Jothy et al., 1993; Kuhnert et al., 2004; 

Vermeulen et al., 2010). Therefore I hypothesized that media promoting stemness may 

downregulate CEA expression. In order to test this hypothesis I transitioned all of the 

PDO lines to advanced media. After 4 days of culture in advanced media CEA-high 

PDOs CRC-03 and CRC-05 showed a modest decrease in the proportion of CEA+ cells, 

while CRC-01 and CRC-07 showed no change (Figure 3.9A). However, when culture 

time was increased to 11 days CRC-03 and CRC-05 showed a dramatic decrease in 

proportion of the CEA+ population, CRC-01 showed a moderate decrease, and CRC-07 

remained strongly CEA+.  Upon treatment with advanced media CRC-01 CEA+ 

population decreased from 95% to 55%, CRC-03 decreased from 85% to 32%, and 

CRC-05 showed the most dramatic decrease from 88% to 12% (Figure 3.9B&C).  In 

addition to the decrease in the proportion of CEA+ cells, advanced media caused less 

CEA expression per cell as can be observed in the decrease in the MFI of CEA+ cells 

(Figure 3.9D). The response to transition into advanced media in the CEA-mixed group 

was different. CRC-04 showed a decrease in CEA+ cells, similar to that seen in three of 

the four CEA-high PDOs. CRC-08 showed a minor increase in CEA+ cells and CRC-02 

and CRC-06 a moderate increase (Figure 3.9B&C). Downregulation of the CEA in CEA-

high PDOs at 11 days after transition into advanced media was regulated at the 

transcriptional level as confirmed with a CEACAM5 qPCR probe. However, CEACAM5 

expression in CEA-mixed PDOs did not match up to the cell surface expression as 

neatly, with only CRC-04 and CRC-06 showing a similar trend to flow cytometry results. 

A possible explanation for the discrepancy between flow cytometry results and qPCR is 

that flow cytometry analysis shows multiple changes in a complex population expression 

structure and qPCR just shows total RNA. Overall, this shows that transition from media 

with 20% FCS to advanced media suppresses CEA expression in most PDOs that had 
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high CEA levels before transition and that those showing mixed CEA profiles are less 

sensitive to this environmental change.  

 

3.9 Identifying advanced media components responsible for CEA 

downregulation in CEA-high PDOs 

Next I investigated whether the addition of FCS is responsible for the high CEA 

expression observed in CEA-high PDOs when cultured in DMEM:F12 with 20% FCS. 

Addition of 20% FCS to advanced media only very modestly increased percentage of 

CEA+ cells suggesting that it is not the key factor that is responsible for the different CEA 

expression profiles of CEA-high PDOs cultured in these two medias.  

In order to determine which specific factors in the advanced medium were responsible 

for CEA downregulation in CEA-high PDOs I first tested the supplements organised into 

groups based on molecular function such as “inhibitors” or “mitogens”. Advanced media 

Figure 3.10 Effect of FCS on CEA surface expression in CEA-high PDOs. Flow cytometry 

histograms showing surface CEA expression in CRC-01 and CRC-05 which had been cultured 

either in DMEM:F12 20% FCS media, advanced media with 20% FCS, or advanced media for 

10 days. Experiment performed once. 
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base contained advanced DMEM:F12 with glutamax, pen/strep, and HEPES. The 

selected growth factors and inhibitors were added to the base media. CRC-05 was 

chosen for these tests as it showed the biggest decrease in the proportion of CEA 

expressing cells out of the CEA-high PDO group when treated with advanced media. 

CRC-05 showed no change in CEA when cultured in media supplemented with noggin, 

Wnt3a, or R-Spondin (Figure 3.11A). The three treatment conditions under which CEA 

expression was decreased were advanced base media + N2 + B27 + nicotinamide + 

NAC (group 1), advanced base media + N2 + B27 + nicotinamide + NAC + EGF + PGE2 

+ gastrin + FGF10 (group 2), and advanced base media + N2 +B27 + nicotinamide + 

SB202190 + A-38-01 (group 3) (Figure 3.11A). Treatment group 1 and group 2 both 

showed a partial downregulation of CEA expression with 70-72% CEA+ cells compared 

to fully supplemented advanced media condition with 25% CEA+ cells. Since both 

groups showed the same CEA expression profile it was concluded that mitogens (EGF, 

PGE2, gastrin, FGF10) did not affect CEA expression. When CRC-05 was treated with 

group 3 supplements the CEA expression profile (23% CEA+) matched that of PDO 

treated with fully supplemented advanced media (25% CEA+). Therefore this 

combination of supplements contained the factors responsible for CEA downregulation. 

Based on this data the possible candidates were N2, B27, nicotinamide, NAC, 

SB202190, and A-38-01. In order to identify which factors in group 3 were 

downregulating CEA expression CRC-05 was cultured in advanced media base with the 

addition of individual supplements: N2, B27, nicotinamide, NAC, SB202190, or A-38-01. 

Out of the candidate factors the p38 inhibitor SB202190 and nicotinamide, a precursor 

of oxidised nicotinamide adenine dinucleotide, were the only two factors that decreased 

CEA expression (Figure 3.11B).  
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Figure 3.11 Effect of different advanced media components on CEA expression in CEA-

high PDO. (A) Flow cytometry histograms showing CEA expression of CRC-05 when cultured 

in media containing different growth factors and supplements for 12 days. 

Supplements/growth factors are listed on top of the corresponding histogram. The 

concentrations of supplements/growth factors is the same as in advanced media and are listed 

in Table 2.2. Histograms have been colour coded and the list of all supplements/growth factors 

used is listed on the right. (B) Flow cytometry histograms showing CEA expression of CRC-

05 which has been cultured in advanced media base (Advanced DMEM:F12 media 

supplemented with glutamax, pen/strep, and HEPES) with individually added supplements 

(N2, B27, A-83-01, nicotinamide, NAC, SB202190) or in fully supplemented advanced media 

for 12 days. 



129 

 

To further validate the finding that SB202190 and nicotinamide decrease CEA 

expression all CEA-high PDOs (CRC-01, CRC-03, CRC-05, CRC-07) were treated with 

DMEM:F12 20% FCS media alone (control) or with the addition of nicotinamide and 

SB202190 separately and combined. Individually each of these chemicals only partially 

reduced CEA expression, however, combining them achieved the same strong reduction 

which had been observed with complete advanced media (Figure 3.12A&B, Figure 3.9B). 

In addition to reducing the proportion of CEA+ cells, combined treatment of nicotinamide 

and SB202190 also decreased CEA surface expression on a per cell basis (Figure 

3.12C). For example, MFI of CEA in CEA+ cells in CRC-05 control condition was 34,744, 
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which was reduced to 11,847 with combined nicotinamide and SB202190 treatment. Just 

as with advanced media, CRC-07 showed no CEA downregulation in response to 

combined nicotinamide and SB202190 treatment (Figure 3.12A&B). Gene expression 

analysis by qPCR confirmed that CEA downregulation occurred at the transcriptional 

level (Figure 3.12D).  

This CEA downregulation effect remained stable even after 8 weeks of continuous 

treatment with either advanced media or DMEM:F12 20% FCS media with the addition 

Figure 3.12 Effect of nicotinamide and p38 MAP kinase inhibitor SB202190 on CEA 

expression in 2D PDOs. (A) Flow cytometry histograms showing surface CEA expression 

on 4 CEA-high PDOs (CRC-01, CRC-03, CRC-5, CRC-07). PDOs were cultured in 

DMEM:F12 20% FCS media with the addition of nicotinamide and/or SB202190 for 12 days. 

Data are representative of 2 repeats. (B) Bar graph showing percent CEA+ cells in PDOs 

grown in DMEM:F12 20% FCS media with or without the addition of nicotinamide and/or 

SB202190. Experiment was performed twice, error bars indicate SD. (C) Bar graph showing 

mean fluorescence intensity (MFI) values of CEA expression in the CEA+ population for each 

PDO line in different treatment conditions.  (D) CEACAM5 expression relative to GAPDH in 

CEA-high PDOs determined by qPCR after culture in 20% FCS DMEM:F12 media with the 

addition of nicotinamide and/or SB202190 for 12 days . 
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of nicotinamide and SB202190 (Figure 3.13A). The decrease in CEA surface expression 

induced by culture in advanced media was gradual over 10 days, with minimal 

downregulation observed on day 4 of culture. However, the transition back to the CEA 

expression profile seen in DMEM:F12 20% FCS media occurred more quickly with CEA 

levels returning almost completely back to normal within 5 days in CRC-01 and more 

than halfway in CRC-05 after removal of SB202190 and nicotinamide (Figure 3.13B). 

 

Figure 3.13 Temporal regulation of CEA surface expression. (A) Flow cytometry 

histograms showing CEA expression of two CEA-high PDOs CRC-01 and CRC-05 cultured 

in advanced media or in DMEM:F12 20% FCS media with the addition of nicotinamide and 

SB202190 harvested at different timepoints (4 days, 10 days, 8 weeks). (B) Flow cytometry 

histograms showing CEA expression on two CEA-high PDOs CRC-01 and CRC-05 in 

transition from DMEM:F12 20% FCS media containing nicotinamide and SB202190 into 

DMEM:F12 20% FCS media alone. Both experiments performed once. 



132 

 

3.10 Gene set enrichment analysis (GSEA) reveals pathways enriched in 

p38 inhibitor and nicotinamide treated PDOs 

In the RNA-seq data comparing SB202190 and nicotinamide treated CEA-high PDOs 

versus untreated CEA-high PDOs, a KEGG pathway analysis by GSEA revealed 

enrichment of oxidative phosphorylation and cell cycle signatures in the treated group 

(Figure 3.14). Glycolysis signature was significantly enriched in the untreated PDOs. 

Additionally, GSEA Hallmark signature analysis revealed that E2F targets, G2M 

checkpoint, and mitotic spindle signatures were enriched in the PDOs treated with 

SB202190 and nicotinamide (Figure 3.14). The genes in these enriched signatures are 

involved in cell cycle progression and DNA replication.  

 

3.14 GSEA of SB202190 and nicotinamide treated CEA-high PDOs. Significantly enriched 

signatures (FDR<25%): Oxidative phosphorylation enrichment plot (KEGG gene set), Glycolysis 

enrichment plot (HALLMARK gene set), E2F Targets enrichment plot (HALLMARK gene set), 

G2M checkpoint enrichment plot (HALLMARK gene set), Mitotic spindle enrichment plot 

(HALLMARK gene set), Cell cycle enrichment plot (KEGG gene set). NES, normalised 

enrichment score. 
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3.11 Discussion  

Since the focus of my project was on investigating the determinants of CEA-TCB 

sensitivity and resistance using in vitro PDO-T cell co-culture models it was important to 

characterise CEA expression in PDOs under different in vitro conditions as CEA 

expression level is the strongest predictor of CEA-TCB activity (Bacac et al., 2016). 

Using PDOs grown in 2D in DMEM:F12 20% FCS media containing 2% Matrigel I 

validated the previous finding from my lab that CEA has a heterogenous expression in 

CRC PDOs. Based on surface CEA expression PDOs could be categorised into CEA-

high, those that are predominantly CEA+, and CEA-mixed which contain both CEA-/low 

cells and CEA+ cells. Regular CEA expression checks during prolonged culture showed 

that 3/4 CEA-high PDOs showed little variability in CEA expression always being 80-

95% CEA+, while CEA-mixed PDOs demonstrated great variability in CEA expression 

with 2 CEA mixed PDOs showing as much as a 60-65% difference in CEA expression 

between different flow cytometry experiments despite constant culturing conditions and 

with no correlation to the time in culture. Furthermore, PDOs grown in 3D in Matrigel 

domes showed very similar CEA expression profiles when harvested around day 10, but 

with increased time in culture and therefore size CEA expression increased in CEA-

mixed PDOs. Immunohistochemical staining of FFPE slides of PDOs matched the flow 

cytometry CEA expression profiles with CEA-high PDOs being strongly CEA+ and CEA-

mixed PDOs displaying CEA expression heterogeneity between organoids a well as 

within organoids. PDOs were xenografted into NSG mice, harvested once they have 

reached a certain size (1000mm3), and processed into FFPE slides which were 

subsequently stained for CEA expression by IHC. Tumour CEA expression pattern 

matched that of corresponding PDO with CEA-high PDOs resulting in strongly CEA+ 

tumours and CEA-mixed PDOs resulting in tumours that displayed CEA expression 

heterogeneity with some CEA+ areas and some areas in which CEA expression was low 

or absent entirely. These findings indicate that these CEA expression patterns are not 

an artefact of in vitro cultures but are maintained in vivo. Importantly, the heterogeneous 
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CEA expression profiles of these PDOs is reminiscent of the CEA expression 

heterogeneity which has been described in CRC samples from patients (Gonzalez-

Exposito et al., 2019; Yan et al., 2016). To my knowledge CEA heterogeneity has not 

been described in cell lines therefore these findings support the notion that PDOs better 

represent the molecular heterogeneity of colorectal cancers than established cell lines 

and are therefore more clinically relevant models for investigating CEA-TCB activity.  

Next I investigated factors that may influence CEA expression in co-culture model 

such as T cell media, absence of Matrigel, cell density, and IFNγ. In T cell media PDOs 

maintained their CEA expression patterns thus making the PDO-T cell co-culture which 

is cultured in T cell media a valid model of CEA expression. Density only increased CEA 

expression in CEA-mixed PDOs once the cells have been 100% confluent for multiple 

days, thus indicating that density would not have an impact on CEA expression in co-

culture model as the cells would not reach such densities. Importantly IFNγ, a cytokine 

secreted by T cells upon activation with CEA-TCB, increased CEA expression in CEA-

mixed PDOs which is favourable as this would lead to higher CEA-TCB sensitivity. 

Therefore CEA-TCB may potentially show good activity even against CEA-mixed 

tumours because T cells activated by CEA expressing cells would secrete IFNγ causing 

an increase in CEA expression in CEA-/low cells and making them sensitive to CEA-

TCB. One way to test this would be to treat CEA-mixed PDOs with media from co-

cultures and see if it causes an increase in CEA expression. Additionally, these findings 

showed that IFNγ does not alter CEA expression on already CEA-high PDOs thus 

ensuring that target antigen would not be downregulated in response to IFNγ upon T cell 

activation by CEA-TCB allowing identification of resistance mechanisms to CEA-TCB 

using CEA-high PDOs as models.  

When organoids are first established they are cultured in advanced media 

containing multiple growth factors and supplements that was formulated by Clever’s 

group to promote stem cell proliferation and maintain proliferative potential long term. 
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Since in healthy colonic crypts epithelial cells at the crypt bottom that harbours intestinal 

stem cells express low levels of CEA which gradually increases in epithelial cells as they 

become more differentiated towards the top of the crypt, I hypothesized that advanced 

media may decrease CEA expression. Culture of CEA-high PDOs in advanced media 

resulted in a dramatic decrease in two PDOs, a moderate decrease in one PDO, and 

had no effect on CEA expression in one PDO. Investigation of individual components of 

advanced media revealed that nicotinamide in combination with a p38 MAPK inhibitor 

SB202190 strongly decreases CEA expression in 3/4 CEA-high PDOs. Gene expression 

analysis by qPCR confirmed that CEA downregulation occurred at the transcriptional 

level. RNA sequencing of PDOs treated with the combination of nicotinamide and p38 

MAPK inhibitor followed by gene set enrichment analysis revealed that oxidative 

phosphorylation signature was enriched in the treated PDOs while genes in a glycolysis 

signature was enriched in the untreated PDOs. These findings match the findings by my 

colleagues which showed that oxidative phosphorylation signature was enriched in CEA-

low cells which were sorted from CEA-mixed PDOs. This might suggest that regulation 

of CEA expression might be similar in CRC PDOs and healthy colon epithelial cells as it 

has been demonstrated that intestinal stem cells at the crypt bottom are more dependent 

on oxidative phosphorylation than their more differentiated progeny towards the top of 

the crypt (Rodríguez-Colman et al., 2017). Additionally, they have demonstrated that 

inhibition of p38 activity reduced differentiation and crypt formation. Similar observations 

were made about human colon and small intestinal organoids which showed a lack of 

enterocyte differentiation when cultured in medium containing nicotinamide and p38 

inhibitor SB202190 (Sato et al., 2011). Both compounds prolonged the culture period by 

preventing differentiation and maintaining proliferative potential. Several studies have 

shown a positive correlation between degree of differentiation of colorectal cell lines and 

CEA expression with well differentiated cancer cell lines having a higher content of CEA 

than less well differentiated ones (Guadagni et al., 1990; Shi et al., 1983). The same 

correlation has been found in colorectal tumours, with less differentiated tumours 
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expressing low levels of CEA while well differentiated tumours were strongly CEA+ 

(Denk et al., 1972; Yan et al., 2016). Therefore, treatment of CEA-high PDOs with 

nicotinamide and p38 inhibitor may have altered their differentiation status resulting in a 

strong decrease in CEA expression. However, when comparing CEA+ and CEA-/low 

cells my colleagues found that specific genes which have frequently been associated 

with stemness in cells of the colon (CD133, CD44, LGR5) in CRC were not upregulated 

in CEA-/low cells suggesting that potentially there is a severance of the mechanisms that 

regulate differentiation processes including CEA expression and stemness in PDOs from 

CRC tumours (Gonzalez-Exposito et al., 2019). Furthermore, multiple gene signatures 

relating to cell cycle progression were enriched in the SB202190 and nicotinamide 

treated PDOs. These findings were not surprising as p38 has been shown to inhibit cell 

cycle progression through induction of G1/S and G2/M checkpoints (Bulavin et al., 2002; 

Mikhailov et al., 2004; Molnár et al., 1997; Takenaka et al., 1998; Yee et al., 2004). As 

the RNA sequencing data was one of the final experiments before the submission of this 

thesis I have not had the opportunity to investigate the role of cell cycle in CEA regulation. 

However, in the future cell cycle analysis of SB202190 and nicotinamide treated PDOs 

or CEA-low sorted cells can be conducted. One study has found that culturing human 

colon carcinoma cells in serum-free medium inhibited cell replication and stimulated the 

production of CEA. To determine whether CEA expression was inversely correlated with 

cell division, a colon carcinoma cell line was treated with mitomycin-C, a 

chemotherapeutic agent, to arrest cell division. This treatment resulted in a complete 

inhibition of cell division and induced higher CEA expression suggesting that CEA 

production may be related to decline in cell proliferation (Kitadai et al., 1996).  Overall, 

results from this chapter show that CEA expression is highly plastic therefore in vitro 

culturing conditions should be tested for their effect on CEA expression especially when 

evaluating immunotherapeutic agents targeting CEA such as bispecific antibodies and 

CAR T cells. 
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Chapter 4: Developing and validating a robust and versatile 

T cell and CRC PDO co-culture platform for pre-clinical 

CEA-TCB research 

4.1 Introduction 

Preclinical immunological research has been predominantly performed in mouse models 

due to the advantage of having a full intact immune system which is difficult to simulate 

in vitro. The limitation of syngeneic subcutaneous graft mouse models is the lack of 

natural tumour microenvironment which can play a crucial role in shaping an anti-cancer 

immune response. It has been shown that response to immune checkpoint blockade is 

different in tumours subcutaneously injected versus orthotopic implantation (Ho et al., 

2021; B. Lehmann et al., 2017). While orthotopic mouse models address this caveat of 

syngeneic subcutaneous grafts, they pose a different problem. The surgical procedure 

that is required for orthotopic implantation, besides being more time consuming and 

technically challenging, causes post-procedural inflammation which can impact the 

tumour and its microenvironment in a non-physiological way thus making this model 

potentially unsuitable for immunotherapy studies. For CEA-TCB, pre-clinical modelling 

in mice is also further complicated by the fact that they lack the gene encoding CEA 

(CEACAM5) and that CEA-TCB binds human but not murine CD3. A mouse model that 

has been used to study activity of CEA-TCB in vivo was a subcutaneous implantation of 

a human colorectal cell line co-grafted together with human PBMCs into an 

immunodeficient NOG mouse (Bacac et al., 2016). The tumour microenvironment in 

these models is poorly defined. It is furthermore difficult to dissect the individual 

processes that may hinder immune response in an in vivo model where a large number 

of factors are influencing immune responses simultaneously. Lastly, in addition to high 

cost and the long length of time required for in vivo experiments, there are differences in 

human and mouse biology resulting in limited translation into the clinic (Mestas & 
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Hughes, 2004). Therefore there is a need for pre-clinical in vitro models to study tumour 

cell and immune cell interactions and evaluate the efficacy of and resistance to 

immunotherapy. In vitro models allow precise control of conditions, for example through 

the addition of specific molecules at defined concentrations or specific immune cell 

populations and are amenable to a broad range of readouts. While in vitro assays using 

cancer cell and T cell lines are simple in their technical aspect, they have caveats. 

Cancer cell lines are clonal and do not represent the heterogeneity of tumours and due 

to their long term, sometimes decades long, culture on plastic they may have undergone 

molecular changes. T cell lines available such as Jurkat E6.1 and HuT78 both come from 

T cell malignancies and it has been shown that they differ from primary T cells in the 

expression and function of costimulatory receptors and in the range of cytokines and 

chemokines released upon activation (Bartelt et al., 2009). In vitro immune checkpoint 

blockade studies are limited by the need for autologous immune and tumour cell systems 

and it is challenging to acquire matched patient tumour/immune cell samples. The 

advantage of studying CD3-binding bispecific antibodies in vitro is that they are not 

restricted by TCR specificity meaning that they can direct any CD3+T cell to the tumour 

where it can perform its cytotoxic function. After the importance of the immune response 

in cancer progression and treatment has been discovered, there has been a big effort in 

the development of co-culture systems modelling tumour-immune interactions. For 

example, there are ex vivo tumour slice models which conserve cellular and 

microenvironmental heterogeneity and thus are able to recapitulate the complexity of the 

original tumour in vitro (Majumder et al., 2015). However this methodology is challenging, 

time consuming, costly and is limited by the short timing for which these tumour slices 

remain viable ex vivo. To address this need for simpler yet robust in vitro assays my lab 

established a co-culture comprised of PDOs grown in 2D and allogeneic CD8 T cells that 

can be used for investigating determinants of sensitivity and resistance to T cell 

redirecting antibodies. I further developed and validated this model as will be described 

in this chapter.  
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4.2 Optimisation and validation of PDO-T cell co-culture model  

4.2.1 Co-culture model experimental set-up  

As described in the previous chapter, the PDOs have been established from multi-drug 

resistant metastatic colorectal cancers and adapted to 2D culture. The PDOs were 

labelled with a GFP nuclear marker to enable visualisation with microscopy. Peripheral 

Blood Mononuclear Cells (PBMCs) were isolated from leukocyte reduction system (LRS) 

cones obtained from a blood bank or whole blood from healthy donors. CD8+ T cells 

were subsequently isolated using CD8 antibody coated magnetic beads. The isolated T 

cells were tested for purity using flow cytometry, with only populations with at least 90% 

purity used in assays. The extraction kit was highly specific and generated purities 

exceeding 90% in all samples. The isolated T cells were activated and expanded using 

anti CD3/CD28 beads and IL-2 for 10-14 days prior to addition to the co-culture. GFP 

labelled PDO cells were seeded into a 96 well plate in T cell media and allowed to attach 

for 24 hours and the following day T cells along with bispecific antibodies were added to 

the assay (Figure 4.1A). All conditions were plated in triplicate. All experiments had 

appropriate controls: PDOs alone, PDOs with T cells, PDOs with T cells and the 

untargeted bispecific DP47 (a control TCB that binds to T cells, but does not bind to any 

tumour antigen and thus cannot activate T cells), and PDOs with T cells and CEA-TCB. 

Since I was using allogeneic T cells in this assay it was important to have a control for 

alloreactivity. Alloreactivity was detected when there was tumour growth inhibition in the 

presence of T cells alone compared to the condition with only PDOs (Figure 4.1B). 

Experiments where alloreactivity was detected were discarded and T cells from this 

donor were not used for any future experiments. However, this was an extremely rare 

occurrence with only 1 donor out of 18 healthy donor blood or LRS cone samples that 

were used showing alloreactivity. The tumour growth was measured by imaging the co-

culture every 3-4 days for 7-12 days on an automated plate imaging microscope. For 

each well the percent confluence of tumour cells was calculated and used as a surrogate 
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for the assessment of cancer cell growth. The growth of PDOs in the presence of T cells 

and CEA-TCB was calculated against the average growth of PDOs cultured with T cells 

and the untargeted control antibody DP47. I was unable to use the method of measuring 

the total GFP intensity because the GFP expression was heterogenous despite sorting 

only GFP high cells post GFP tagging. I was also unable to use methods like Cell Titre 

Blue assay which measures viability because of the presence of T cells in the wells in 

addition to the tumour cells. CEA-TCB induces proliferation of T cells and therefore the 

number of T cells between control and experimental conditions would be different thus 

rejecting this as a viable method and making imaging the best option. The advantage of 

the imaging approach is that I could track the PDO growth at various timepoints 

throughout the assay giving me a better understanding of the dynamics of CEA-TCB 

mediated tumour cell growth inhibition.  

Figure 4.1 PDO-T cell co-culture experimental set up. (A) Diagram showing PDO and 

allogeneic T cell co-culture model. Flow cytometry histogram shows percent of CD8+ T cells after 

their isolation from PBMCs. Circle images show growth of GFP tagged CRC-01 on days 0 and 12 

treated with either control TCB DP47 or CEA-TCB. (B) Example of alloreactivity within the assay 

as shown by the growth curves of four different conditions in the assay. Grey line is tumour cells 

alone, blue line is tumour cells with CD8 T cells, green line is tumour cells with CD8 T cells and 

the untargeted TCB DP47 (20nM), red line is tumour cells with CD8 T cells and CEA-TCB (20nM). 

Growth is measured on days 0,2,5,7, and 10.  
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4.2.2 CEA-TCB activity against PDOs with different CEA expression profiles 

I conducted a screen of 7 PDOs (CRC-03 had very poor GFP unsuitable for imaging) 

treated with CD8 T cells from two healthy donors at an effector: target (E:T) ratio of 2:1 

and either DP47 (20nM) or CEATCB (20nM) for 10 days imaging the assay on days 0, 

2, 5, 7, and 10. The drug concentration was recommended by Roche who had 

extensively tested CEA-TCB in 110 colorectal cell lines.  The three CEA-high PDOs, 

CRC-01, CRC-05, and CRC-07, showed the biggest response to CEA-TCB treatment 

with 90, 77, and 130% growth reduction when calculated against DP47 condition on day 

10. However, the growth rate of the three PDOs greatly varied with CRC-01 reaching 

>90% confluence by day 10, CRC-05 reaching ~60%, and CRC-07 showing the slowest 

growth and reaching only 40% confluence. All CEA-mixed PDOs except for CRC-08 

grew at a much slower rate reaching 20-30% confluence by day 10. CRC-06 and CRC-

08, the CEA-mixed PDOs showing consistently large CEA-low population, showed the 

worst response to CEA-TCB with 52% and 51% growth reduction respectively. This 

difference in response with PDOs CRC-01, CRC-05, and CRC-07 showing an average 

of 99% reduction and CRC-06 and CRC-08 52% can be explained by their differences 

in their CEA levels. CEA-high PDOs express CEA between 83% and 98% as shown in 

the previous chapter, while CRC-06 and CRC-08 were only 45% CEA+ on average which 

is half of the expression of CEA in CEA-high PDOs. There is also a correlation between 

CEA expression per cell and the CEA-TCB response in CEA-high PDOs. CRC-07 

showed the highest CEA expression per cell as evidenced by the highest MFI of CEA+ 

population at 38182 (Figure 3.3B) compared to 36805 in CRC-01 and 25934 in CRC-05. 

In this screen CRC-07 showed the greatest response to CEA-TCB and CRC-05 showed 

the worst out of the three CEA-high PDOs.  However, the correlation between CEA 

expression and response to CEA-TCB is not perfect, because CRC-02 and CRC-04 

showed 69% and 77% growth reduction in response to CEA-TCB while being only 36% 

and 50% CEA+ on average. However, as mentioned in the previous chapter those two 
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PDOs showed the greatest variability in their CEA expression ranging from 10-75% and 

25-86% CEA+. Since I have not investigated the reason behind these fluctuations and 

these fluctuations in CEA expression occurred independently of culture conditions as 

they were constant and time in culture, their CEA expression could have been towards 

the higher end of their range and subsequently they showed a greater response to CEA-

TCB compared to CRC-06 and CRC-08. However, there might be other factors that make 

them more sensitive to CEA-TCB treatment which requires further investigation.  
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4.2.3 Inter- and intra-donor variability as a caveat of co-culture assay  

When using primary cells from different donors there is inherent variability in T cell activity 

which is an important contributing factor to the outcome of the co-culture assay. Even 

when CEA levels are consistently high as they are in the three CEA-high PDOs, the 

response to CEA-TCB treatment was not always the same due to the inherent donor 

variability. At the beginning of my project I was able to use fresh whole blood for CD8 T 

cell isolation, however this supply was not consistent and due to cell numbers required 

for experiments not feasible long term. Therefore I had to switch to Leukocyte Reduction 

System (LRS) cones purchased from the NHS Blood and Transplant Service. The cell 

numbers were much higher compared to a blood draw from a healthy donor. From a 

single blood draw I was able to isolate between 2.5-4.5x107 PBMCs while from LRS 

cones I would isolate 4-11x108 (7.8x108 on average) PBMCs. While the cell numbers is 

an advantage of this method, the disadvantage is the often poor viability and subsequent 

poor proliferation and killing activity. Potentially the LRS cone system puts a stress on 

the cells resulting in lower viability. Additionally the time difference between collection 

and processing of the sample which could have ranged from a few hours to 1-2 days as 

the NHS service could not guarantee same day delivery could have contributed to poor 

viability and activity. NHS Blood and Transplant Service did not provide the time of  

Figure 4.2 Assessment of CEA-TCB efficacy in CEA-high and CEA-mixed PDOs       

(A) Growth curves of 7 PDOs divided into CEA-high and CEA-mixed groups based on their 

CEA expression. PDOs were cultured with pre-activated CD8 T cells at an effector:target ratio 

of 2:1 in and treated with either the untargeted TCB DP47 (20nM) and CEA-TCB (20nM). All 

conditions were seeded in triplicate and the averages plotted. Confluence was measured on 

days 0,2,5,7 and 10. Next to the growth curves are bar charts showing growth quantification of 

CEA-TCB treated PDOs over 10 days relative to DP47 treated PDOs. Data are representative 

of 2 repeats. (B) Bar chart showing growth reduction percent (%) over 10 days of co-culture of 

7 tested PDOs. Each PDO was cultured with T cells from two different allogeneic donors. Error 

bars represent SD. 
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collection information which made it impossible for me to draw a correlation between 

viability/killing ability to the time between collection and processing. In order to show the 

great variability I encountered when using different donors I have included data from 

Figure 4.3 Donor variability in ability to inhibit PDO growth (A) Bar graphs showing growth 

of CRC-01 co-cultured with CD8 T cells from different donors (LRS) and treated with CEA-TCB 

compared to growth in the DP47 control condition (100%) on day 12 (only CEA-TCB bars are 

shown). Some donors were used for multiple experiments and individual growth percentages 

are shown on the graphs for inter-experiment comparison. The graph on the left shows growth 

of CRC-01 when treated with pre-activated CD8 T cells (pre-activated with anti- CD3/CD28 

beads for 10-12 days), while the graph on the right is with non-activated CD8 T cells (freshly 

isolated CD8 T cells). All experiments shown in these graphs were performed with an E:T ration 

of 2:1. (B) Two bar graphs showing the growth quantification from two different experiments but 

with the same PDOs (CRC-01, CRC-05, CRC-07) and the same donor (LRS5). (C) Two bar 

graphs showing the growth quantification from two different experiments but with the same 

PDOs (CRC-01, CRC-05) and the same donor (LRS13). (D) Two bar graphs showing the growth 

quantification from the same experiment, with the same PDOs (CRC-01, CRC-05) but two 

different donors (LRS11 and LRS12). Error bars represent standard deviation calculated from 

three replicates. 
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multiple experiments some of which have used pre-activated CD8 T cells and some were 

conducted with non-activated CD8 T cells (cells that were freshly isolated from PBMCs 

and used directly in the co-culture without prior activation in vitro). In figure 4.3A each 

bar shows growth of CRC-01 (as this was the most frequently used PDO) when treated 

with CD8 T cells at an E:T ratio 2:1 and CEA-TCB compared with the control treatment 

with the untargeted TCB DP47 on day 12 (as this was the most frequently used end 

timepoint). Each bar represents a separate experiment and some of the donors are 

shown multiple times in order to show that not only is there inter-donor variability, but 

there is also intra-donor variability. Non-activated T cells were always used fresh, 

isolated on the day of experiment, while pre-activated cells were expanded and frozen 

for future use. This potentially explains the consistently better performance of LRS12 

non-activated T cells compared to the pre-activated cells which were all used from frozen 

stocks except for the very first experiment which was peformed right after expansion in 

vitro. Some donors were more reproducible than others; Figure 4.3B shows two different 

experiments performed with the same PDOs (CRC-01, CRC-05, and CRC-07) and CD8 

T cells from the same donor (LRS5). This level of reproducibility was extremely rare in 

my model system. Because of the inter- and intra-donor varibaility it is more important to 

look at the trend rather than the absolute values. Figure 4.3C shows two experimets 

performed with the same PDOs (CRC-01 and CRC-05) and the same donor (LRS13). 

While the absolute values of growth are very different, with CRC-05 showing 89% growth 

in experiment 1 and 47% in the other, the trend remains the same with CRC-01 showing 

a much better response to CEA-TCB treatment than CRC-05. However, the variability of 

response might not only be dependant on the donor but on the specific PDO-donor 

interaction. Figure 4.3D shows the growth of two PDOs (CRC-01 and CRC-05) from the 

same experiment performed with two different donors (LRS11 and LRS12). CRC-01 

shows good response with both donors (14% and -6% growth), while CRC-05 shows a 

poor response with LRS11 (74% growth) and a good response with LRS12 (29% 

growth). Donor variability in in vitro studies of bispecific antibodies have been shown 
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previously and while this variability in donors is a caveat of a model system that uses 

primary T cells, it does not make this system unusable (Dreier et al., 2002). With correct 

controls in place and repeats with different donors this model system can be used to 

address important experimental questions relevant to immuno-oncology and provide 

insights of great translational value.  

4.2.4 Comparing PDO growth inhibition efficacy of in vitro pre-activated and non-

activated CD8 T cells 

I investigated whether the same response to CEA-TCB will be achieved with naïve (non-

activated) T cells as with T cells that have been pre-activated with CD3/CD28 beads and 

IL-2. In previous experiments T cells were activated and expanded in vitro, however, it 

is more clinically relevant to use non-activated T cells. Two CEA-high PDOs (CRC-01 

and CRC-05) and two CEA-mixed PDOs (CRC-06 and CRC-08) were treated with either 

a control bispecific antibody or CEA-TCB in the presence of either pre-activated CD8 T 

cells or naïve CD8 T cells that have been freshly isolated from PBMCs and used directly 

in the 2D co-culture assay (Figure 4.4). To clarify, the naïve T cell group was not 

analysed for true naïve T cell markers such as CD45RA, therefore this peripheral T cell 

population most likely consists of a mix of truly naïve CD8 T cells and other subsets such 

as memory cytotoxic T cells which have been shown to be preferentially activated by 

BiTEs (Bargou et al., 2008; Dreier et al., 2002; Renner et al., 1997; Topp et al., 2011). 

During an assay that was cultured for 10 days, by day 7 for three out of the four PDOs 

tested, activated and non-activated CD8 T cells were able to achieve the same amount 

of tumour growth reduction and in CRC-01 they performed slightly worse than their pre-

activated counterparts. However, by day 10, non-activated CD8 T cells outperformed 

pre-activated CD8 T cells in all PDOs and achieved significantly more killing in three out 

of the four PDOs tested (Figure 4.4). This difference between day 7 and day 10 can 

potentially be explained by the extra time the non-activated T cells require for activation 
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and production of granzyme/perforin cytotoxic granules and effector cytokines such as 

IFNγ. 

 

Figure 4.4 Comparison of pre-activated and non-activated CD8 T cell PDO growth 

control. PDO growth curves over 10 days of co-culture with CD8 T cells treated with DP47 

(20nM) or CEA-TCB (20nM). Tumour cell growth quantification on day 7 and 10 for two CEA-

high lines (CRC-01 and CRC-05) and CEA-mixed lines (CRC-06 and CRC-08) treated with 

DP47 or CEA-TCB and either pre-activated or non-activated CD8 T cells. Error bars represent 

one standard deviation calculated from three replicates. Statistical analysis was performed 

using an unpaired t-test. For all growth analysis P values are as follows: > 0.05 is ns, < 0.05 is 

*, < 0.01 is **, <0.001 is ***, <0.0001 is **** and ns = not significant. 
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These experiments showed that CEA-TCB is able to induce enough activation for tumour 

growth control without the requirement for signal 2 which is usually required under normal 

priming and activation conditions. One of the reasons bispecific antibody mediated T cell 

activation does not require costimulatory signals is the highly effective formation of 

immunological synapses that occurs when the bispecific engages CD3 on T cells and 

the target tumour antigen (Dreier et al., 2002; Kamakura et al., 2021; Wolf et al., 2005). 

When bispecifics engage TAs on tumour cells it forms many CD3/TCR complexes on the 

T cells and this clustering leads to formation of a tight immunological synapse and T cell 

activation in the absence of a costimulatory signal.  These experiments also demonstrate 

that activating the T cells twice (once for in vitro culturing with anti-CD3/CD28 beads and 

once with CEA-TCB) does not dampen their cytotoxic response. Although if these assays 

were to be extended to longer time periods, pre-activated T cells may reach exhaustion 

sooner than non-activated T cells and start showing diminished killing activity, however 

the question of T cell exhaustion in response to CEA-TCB is outside the scope of this 

research project.  

 

4.3 Investigating whether Wnt/β-catenin inhibition increases CEA 

expression and sensitivity to CEA-TCB therapy  

4.3.1 Treatment of CEA-mixed PDOs with tankyrase inhibitor increases CEA 

expression 

My lab sorted CEA-high and CEA-low cells from three CEA-mixed PDOs, RNA 

sequenced them and performed gene set enrichment analysis (GSEA). This analysis 

revealed a negative correlation between CEA expression and Wnt/β-catenin pathway 

activity (Gonzalez-Exposito et al., 2019). Tankyrase 1 and 2 are proteins that promote 

Wnt signalling by stimulating degradation of Axin which is a key protein constituting the 

β-catenin destruction complex. Tankyrases destabilise β-catenin destruction complex 
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resulting in stabilisation and accumulation of β-catenin which then translocates into the 

nucleus where it binds Tcf/Lef and promotes the transcription of Wnt target genes (Figure 

4.5). Therefore inhibition of tankyrases may be a promising method to reduce Wnt 

signalling (Huang et al., 2009; Mariotti et al., 2017). 

I investigated in our PDO models whether tankyrase inhibitors can increase CEA 

expression and make these tumour cells more susceptible to CEA-TCB. CEA-mixed 

PDOs CRC-04, CRC-06, CRC-08 were treated with a tankyrase inhibitor Compound 

21(C21) at two different concentrations (2μM and 10μM) (Elliott et al., 2015).  

Figure 4.5 Wnt/β-catenin signalling pathway. (A) In the absence of Wnt the β-catenin 

destruction complex composed of APC, Axin1, GSK-3β, and CK1 phosphorylates serine 

residues in β-catenin leading to its ubiquitination by β-Trcp and degradation by the proteasome. 

In the absence of nuclear β-catenin a repressive complex containing TCF/LEF and 

TLE/Groucho recruits HDACs to repress target genes. (B) During canonical Wnt signalling, 

binding of Wnt ligand to Frizzled and LRP5/6 receptor complex causes recruitment of the 

members of the destruction complex to the membrane which ultimately stabilises β-catenin and 

results in its translocation to the nucleus where it forms an active complex with LEF and TCF 

proteins to induce expression of target genes. Regulation of Axin is the rate limiting step in the 

assembly and function of the β-catenin destruction complex. Through PARsylation tankyrase 

proteins mark Axin for proteosomal degradation, inhibiting β-catenin destruction complex 

formation resulting in β-catenin accumulation in the nucleus. APC, Adenomatous polyposis 

coli; GSK-3β, Glycogen synthase kinase 3-β; CK1, casein kinase 1; β-Trcp, F box/WD repeat 

containing protein 1A; TCF, T cell factor; LEF, lymphoid enhancer factor 1; HDAC, histone 

deacetylase; LRP5/6, low-density lipoprotein-related protein 5/6. Image taken from (Amado et 

al., 2014). 
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 Figure 4.6 Effect of tankyrase inhibition on CEA expression in CEA-mixed PDOs.       

(A) Flow cytometry histograms showing CEA expression in three CEA-mixed PDOs CRC-04, 

CRC-06, CRC-08 +/-   tankyrase inhibitor Compound 21 treatment at either 2μM or 10μM 

concentration for 6 days. Data are representative of 2 repeats. (B) Total MFI measurements 

for CEA expression for flow cytometry experiment in A. (C) MFI of CEA of CEA+ cells from 

flow experiment A. (D) CEACAM5 expression relative to GAPDH determined by qPCR after 

treatment with Compound 21 tankyrase inhibitor (2μM and 10μM concentrations) for 6 days. 

Error bars represent SD from three replicates. (E) Flow cytometry histograms showing CEA 

expression in three CEA-mixed PDOs CRC-04, CRC-06, CRC-08 +/- Compound 21 at either 

2μM or 10μM concentration for 48 hours and then grown under control conditions for 4 days. 

Experiment performed once. 
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Tankyrase inhibition led to an increase in the CEA+ proportion of the population (Figure 

4.6A&B). The CEA increase with the 2μM dose was small in CRC-06 and CRC-08 with 

a 6.3% and 8.0% increase. CRC-04 appeared to be more sensitive to tankyrase inhibition 

and exhibited an increase of 17% in CEA expression at both doses (Figure 4.6A). The 

amount of CEA expressed per cell only showed a minimal increase in CRC-04 and CRC-

06 at 10μM of Compound 21, while CRC-08 exhibited a dose dependant increase with 

the MFI of CEA+ cells doubling at the 10μM dose (Figure 4.6C). qPCR results showed 

that with C21 treatment CEA expression level increased indicating that CEA expression 

is regulated at the gene expression level (Figure 4.6D). These results were consistent 

with RNA sequencing results from sorted CEA-low and CEA-high subpopulations that 

showed regulation at the RNA level. I furthermore investigated how stable CEA 

upregulation through C21 is. I treated PDOs with the two different doses of Compound 

21 for 48 hours and afterwards continued to grow these PDOs for 4 days without any 

further treatment. Even at the lower dose the CEA expression profile was preserved after 

4 days without treatment. While CRC-04 and CRC-06 retained the increased CEA 

expression at the level of or higher than seen with continuous Compound 21 treatment, 

CRC-08 showed a reduced CEA expression at only 10% increase compared to 22% 

observed with continuous treatment with the 10μM dose (Figure 4.6E).  These results 

confirmed the role of Wnt/β-catenin signalling as a regulator of CEA expression in CRC 

PDOs and demonstrated that it is possible to pharmacologically alter CEA expression.  

4.3.2 Tankyrase inhibition sensitises CEA-mixed PDOs to CEA-TCB treatment  

My next question was whether treatment of CEA-mixed PDOs with C21 would sensitise 

them to CEA-TCB treatment as a result of the increase in CEA expression. CRC-08 and 

CRC-06 were cultured for 7 days in the presence of CD8 T cells and 20nM of the non-

targeted bispecific antibody or with 20nM of CEA-TCB. Co-cultures were either 

performed a) without tankyrase-inhibitor, b) following 48 hours of pre-treatment with 

tankyrase-inhibitor which was removed when T cells were added, or c) following 48 hours 
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pre-treatment with tankyrase inhibitor which was replenished at the time T cells were 

added for continuous tankyrase inhibitor exposure. At the 10μM dose only conditions a 

and b were evaluated since continuous treatment was toxic to the tumour cells and 

resulted in poor growth even in the control wells (Figure 4.7B). CRC-06 also showed a 

modest decrease in growth when continuously grown in 2μM and when pre-treated with 

10μM. However, the decrease was only 22% and 48% respectively which still allowed 

me to perform the experiment because CEA-TCB mediated tumour cell growth inhibition 

is always measured against the DP47 control condition which would also show the 

Compound 21 induced growth inhibition effect (Figure 4.7B). Due to the intra- and inter- 

donor variability described earlier these experiments were repeated multiple times with 

the same donor and also with a different donor. Pre-treatment of PDOs with 2μM of C21 

for 48 hours prior to the addition of T cells showed a modest increase in growth reduction 

only reaching significance in one of the three experiments shown (Figure 4.7A). 

However, continuous treatment with this dose showed a significant or near significant 

increase in the growth reduction percent averaging 20% difference compared to control. 

Pre-treatment with the higher dose of 10μM showed the biggest increase in growth 

reduction averaging 30% (CRC-06 31.3% and CRC-08 28.6%)(Figure 4.7A). The better 

response to CEA-TCB treatment seen at the higher dose of the tankyrase inhibitor can 

be explained with the dose dependant increase in CEA expression shown in 4.3.1. These 

data demonstrates proof of principle that it is possible to pharmacologically sensitise 

colorectal cancer cells to CEA-TCB treatment. Based on these data, the combination of 

a Wnt signalling inhibitor and CEA-TCB has been patented by our collaborator Roche 

Glycart.  
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4.3 Assessing the contribution of CD8 and CD4 T cells to CEA-TCB 

mediated tumour cell growth control 

CEA-TCB binds CD3 which is expressed on both CD8 and CD4 T cells therefore it was 

important to assess the contribution of each of these subsets to tumour control mediated 

by this T cell redirecting bispecific antibody. CD4 T cells are traditionally considered to 

be helper cells that support the development and maintenance of CD8 T cells and B cell 

responses. Contrastingly CD8 T cells are considered to be the main immune cell subset 

responsible for cytotoxic responses in viral infections and anti-tumour responses. 

Therefore immunotherapy development has been primarily focused on conventional 

cytotoxic CD8 T cell-mediated responses. However, it has been shown that in addition 

to their helper role, CD4 T cells can acquire a cytotoxic phenotype that is capable of 

inducing tumour cell death via granzyme B and perforin secretion. Cytotoxic T cells have 

been observed in chronic viral infections such a cytomegalovirus and Epstein-Barr, acute 

infections such as influenza virus, and also in several tumour types (Appay et al., 2002; 

Brien et al., 2008; Brown et al., 2012; Hildemann et al., 2013; Hua et al., 2013; Kitano et 

al., 2013; Mattoo et al., 2016; Oh et al., 2020; Quezada et al., 2010; Śledzińska et al., 

Figure 4.7 Effect of tankyrase inhibitor Compound 21 on sensitivity of PDOs to CEA-

TCB treatment. (A) Growth quantification of CEA-TCB treated PDOs (CRC-06 and CRC-08) 

over 7 days relative to untargeted TCB treated PDOs in the presence or absence of 

Compound 21 at 2 doses (2μM and 10μM). PDOs were either pre-treated with C21 for 48hrs 

prior to the addition of pre-activated CD8 T cells with C21 removed on the day T cells and 

DP47/CEATCB were added or they were continuously treated with C21 for the entire duration 

of the experiment. Three different experiments are shown; two repeats with the same donor 

LRS1 and one experiment with donor LRS2. (B) Bar graphs showing growth of tumour cells 

from 2 PDOs (CRC-06 and CRC-08) cultured either under control, pre-treatment, or 

continuous treatment conditions with two doses of C21. Error bars represent one standard 

deviation calculated from three replicates. Statistical analysis was performed using an 

unpaired t-test. For all growth analysis P values are as follows: > 0.05 is ns, < 0.05 is *, < 0.01 

is **, <0.001 is ***, <0.0001 is **** and ns = not significant. 
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2020; Xie et al., 2010; Zaunders et al., 2004; Zheng et al., 2017). Both, CD8 and CD4 T 

cells have been shown to contribute to T cell redirecting bispecific antibody mediated 

tumour cell killing. Some models demonstrated CD8 to be more efficacious than CD4 T 

cells (Dreier et al., 2002; Ishiguro et al., 2017b; S. Lehmann et al., 2016; J. Li et al., 

2017). Van Hall and colleagues showed that CD8+ and CD4+ T cells had equal tumour 

cell killing capacity and in fact showed that CD4 T cells could replace CD8 T cells in their 

mouse melanoma model treated with 2C11xTA99 bispecific antibody targeting CD3 and 

the surface melanocyte differentiation protein TRP1 (Benonisson et al., 2019). Whereas 

Li and colleagues demonstrated that CD4 T cells were dispensable for anti-HER2/CD3 

TDB efficacy because after depleting CD4 T cells in their mouse breast cancer model 

the anti-tumour response achieved was comparable with that when both T cell subsets 

were present (Li et al., 2018) . 

In my 2D co-culture model I compared tumour growth inhibition mediated by CD8 

and CD4 T cells from three different donors using the three CEA-high PDOs CRC-01, 

CRC-05, and CRC-07. All T cells have been pre-activated and expanded prior to addition 

to the assay. The CD4 T cell population consisted of activated and expanded 

CD4+CD25- T cells thus removing the Treg population. With donor LRS5 CRC-01 

actually showed that CD4 T cells achieved better tumour growth control than CD8 T cells. 

CRC-05 showed a small difference of 13% in the favour of CD8 T cells, and CRC-07 

showed the biggest difference between CD8 and CD4 mediated killing with 70% 

difference in tumour growth reduction in favour of CD8 T cells (Figure 4.8A). However, 

with the two other donors, LRS3 and LRS8, CD4 T cells performed worse than CD8 T 

cells in all three PDO lines with an average growth reduction difference of 36% in CRC-

01, 44% in CRC-05, and 37% in CRC-07 (Figure 4.8A). Thus, CD4 T-cells can contribute 

to CEA-TCB mediated tumour control, yet the effect of CD8 T cells is stronger.  
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Additionally I investigated the difference in tumour growth inhibition between non-

activated and pre-activated CD4 T cells. Non-activated T cells from donor LRS5 

achieved less tumour growth inhibition than their pre-activated counterparts, but 

nonetheless there was still an average of 38% tumour growth reduction. However, non-

activated CD4 T cells from donor LRS3 achieved virtually no tumour growth control 

(Figure 4.8B). Both donors showed that non-activated CD4 T cells are less effective at 

CEA-TCB mediated tumour growth inhibition compared to pre-activated CD4 T cells 

which is different to what was found with CD8 T cells where non-activated T cells were 

either equal to or better than pre-activated T cells at tumour cell growth inhibition.  

 

4.4 Investigating effector mechanisms of CD8 versus CD4 T cells  

There are several T cell effector mechanisms: release of lytic granules containing pore-

forming protein perforin and serine proteases called granzymes that activate an enzyme 

cascade ultimately inducing programmed cell death, apoptosis induction through binding 

of FAS ligand (FAS-L) expressed on T cells to the FAS death receptor on target cells, 

IFNγ secretion by T cells which triggers cell cycle arrest and apoptosis in target cells, 

and TNFα and TRAIL (TNF-related apoptosis-inducing ligand) induced apoptosis in 

Figure 4.8 Comparing CD8 and CD4 T cell mediated PDO growth inhibition (A) Growth 

quantification of CEA-TCB treated CEA-high PDOs (CRC-01, CRC-05, CRC-07) over 10 days 

relative to untargeted TCB DP47 treated PDOs. Experiments were performed with pre-activated 

CD8 or CD4 T cells from 3 donors (LRS3,5,8). Two repeats were performed with each donor, 

only one shown. (B) Growth quantification of CEA-TCB treated CEA-high PDOs (CRC-01, CRC-

05, CRC-07) over 10 days relative to untargeted TCB DP47 treated PDOs. Experiments were 

performed with pre-activated or non-activated CD4 T cells from 2 donors (LRS 3,5). Error bars 

represent one standard deviation calculated from three replicates. Statistical analysis was 

performed using an unpaired t-test. For all growth analysis P values are as follows: > 0.05 is ns, 

< 0.05 is *, < 0.01 is **, <0.001 is ***, <0.0001 is **** and ns = not significant. 
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target cell (Russell & Ley, 2002). However, it has not been investigated in the context of 

CEA-TCB, which mechanism or combination of results in cancer cell killing.  

4.4.1 Granzyme B expression in CD8 and CD4 T cells activated by CEA-TCB 

To examine granzyme production I upscaled the 2D co-culture assay to a 24-well plate 

format in order to be able to harvest enough T cells for flow cytometry experiments. There 

was a total of six conditions per PDO with two different donors (2 separate experiments): 

CD8, CD4, and CD8+CD4 T-cells treated with DP47 and the same set treated with CEA-

TCB. After 8 days of co-culture the T cells were harvested from the assay, stained with 

live/dead dye, fixed, and stained with anti-CD8, CD4, and granzyme B antibodies. The 

gating strategy used is shown in Figure 4.9A. Flow cytometry analysis showed a 

dramatically stronger upregulation of granzyme B in CD8 compared to CD4 T cells when 

treated with CEA-TCB with all three PDOs (Figure 4.9B).  Granzyme expression is higher 

in CD8 compared to CD4 even with DP47 treatment and since DP47 does not induce 

activation the granzyme levels in this condition reflect the granzyme expression level that 

was induced during the pre-activation. With donor LRS5 both CD8 and CD4 T cells in 

the CEA-TCB condition are majority granzyme B positive, ranging between 80-100%, 

whereas with donor LRS8 all CD8 T cells are granzyme B positive (94-100%) while on 

average only 39% of CD4 T cells are granzyme B positive (Figure 4.9E). However, the 

proportion of granzyme expressing CD4 T cells increases to 97% with CRC-01 and CRC-

07, and only to 42% (from 18% in alone condition) with CRC-05 when both T cell subsets 

were combined. In addition to having the smallest population of granzyme+ cells, T cells 

co-cultured with CRC-05 also have the lowest granzyme expression in both CD8 and 

CD4 T cells with both donors which may be a result of lower CEA expression compared 

to the other two CEA-high PDOs as demonstrated in the previous chapter. CD4 T cells 

co-cultured with CRC-01 show the highest granzyme expression. These results 

correspond to the growth reduction data from co-culture assays discussed in 4.3, where 

with 3/3 donors CRC-05 showed the poorest growth reduction with CD8 T cells, and with 
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2/3 donors for CD4 T cells. CRC-01 exhibited the greatest growth reduction with both T 

cell subsets and both donors except for LRS5 where CRC-07 has the biggest growth 

reduction. This agrees with granzyme expression data showing that LRS5 CD8 T cells 

express the highest amount of granzyme when co-cultured with CRC-07. Including both 

T cell subsets in the co-culture appears to be enhancing the granzyme expression of 

both CD8 and CD4 T cells, increasing it 1.3-2.9 fold (Figure 4.9B). When comparing the 

MFI granzyme B values for CD4 T cells alone versus when they were combined with 

CD8 T cells, the change isn’t that big (2.9 fold for LRS5 and 1.6 fold for LRS8), but if I 

compare the mode, the increase in granzyme B expression becomes more clear. For 

LRS5, the mode (averaged across all PDOs) for granzyme expression for CD4 T cells 

alone treated with CEA-TCB is 504 and it increases to 2,268 when co-cultured with CD8 

T cells. For LRS8 we see a similar change from 419 to 2,285. Only a very small 

proportion of granzyme B+ CD4 T cells (alone condition) express high levels of granzyme 

B which increases the MFI value, but leaves the mode relatively low. Whereas when 

CD4 T cells are combined with CD8, there are less very high granzyme+ cells, but the 

majority of the population expresses moderate levels of granzyme which results in a 

small MFI change and a major change in mode.  

When the same experiments were performed with non-activated T cells, the 

trends were similar. CD4 T cells expressed less granzyme B in comparison to CD8 T 

cells (Figure 4.9C). The changes in the proportion of CD4 granzyme+ cells were similar 

to those seen in LRS8 pre-activated experiment. When only CD4 T cells were present, 

an average of 47% of the population expressed granzyme which increased to an average 

of 97% when CD4 T cells were co-cultured together with CD8 T cells (Figure 4.9E). When 

two subsets were combined there was an increase in granzyme expression in both 

populations, except for LRS5 CD4 T cells that actually expressed lower levels of 

granzyme B than when alone. LRS12 CD4 T cells showed the same trend as was seen  
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Figure 4.9 Granzyme B expression in CD8 and CD4 T cells treated with CEA-TCB.    

(A) Representative FACS plots of the gating strategy used to identify live CD8 and CD4 T cells 

harvested from 2D killing assay. (B) Histograms showing granzyme B expression assessed by 

flow cytometry in pre-activated CD8 and CD4 T-cells from two donors (LRS5 and LRS8) 

harvested from co-culture with three CEA-high PDOs (CRC-01, CRC-05, CRC-07) and CEA-

TCB (20 nM) or untargeted TCB DP47 (20 nM). Mean Fluorescence Intensity (MFI) values are 

shown. (C) Histograms showing granzyme B expression assessed by flow cytometry in non-

activated CD8 and CD4 T-cells from two donors (LRS5 and LRS12) harvested from co-culture 

with PDOs and CEA-TCB (20 nM) or untargeted TCB (20 nM). Mean Fluorescence Intensity 

(MFI) values are shown. For LRS12 only CRC-01 was tested. (D) FACS plots of Foxp3 and CD4 

expression in CD4 T cells harvested from 2D co-culture assay in (A).   (E) Bar graphs showing 

percentage of granzyme B positive CD8 or CD4 T cells in different treatment conditions. 

Continued on next page. 
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in pre-activated experiments. When CD4 T cells were used alone, the majority of 

granzyme expressing cells showed a modest granzyme expression with a small 

proportion of the population expressing very high levels. However, when they were 

combined with CD8 T,  expression increased from low to moderate in most cells. LRS12 

non-activated CD4 T cells expressed the highest amount of granzyme B compared with 

all other donors used in these experiments so I tested whether their killing ability would 

be better than that of LRS5 non-activated CD4s which showed a relatively poor growth 

reduction (37% growth reduction averaged across all PDOs) (Figure 4.8B). Indeed 

LRS12 CD4 non-activated T cells showed a much more dramatic growth reduction of 

91% which was almost equivalent to the killing achieved by their CD8 counterparts which 

achieved 106% growth reduction (Figure 4.9F). Through these experiments I have 

demonstrated that CEA-TCB induces granzyme B expression in both pre-activated and 

non-activated CD4 T cells thus showing that this bispecific antibody is capable of 

inducing cytotoxic phenotype in CD4 T cells. But as expected, CD8 T cells, which are 

considered to represent the main cytotoxic lymphocyte in anti-tumour immune responses 

and have also shown, expressed much higher granzyme B levels potentially explaining 

the superior tumour cell killing capacity observed in my model. None of the CD4 T cells 

were converted into the Treg phenotype as assessed by their lack of Foxp3 expression 

which was expected as induced Tregs require a specific cytokine milieu including TGFβ 

which is either not expressed or expressed at very low levels in our PDOs as assessed 

by RNA sequencing (Figure 4.9D). Additionally I have demonstrated that co-culture of 

CD8 and CD4 T cells together enhances their granzyme B expression in response to 

CEA-TCB treatment which could mean that combined presence and activation of CD8 

and CD4 T cells would lead to better responses in patients.  

(F) Growth quantification of CEA-TCB treated CRC-01 over 10 days relative to untargeted TCB 

DP47 treated PDOs in the presence of non-activated CD8 or CD4 T cells from LRS12 donor. 

Error bars represent one standard deviation calculated from three replicates. 
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4.4.2 Role of Fas/FasL axis in CD8 and CD4 T cell mediated PDO growth control  

The second mechanism employed by T cells to kill their target cells relies on the 

interaction of the Fas ligand (FasL) that is upregulated during T cell activation with the 

apoptosis-inducing Fas receptor on the target cell. FasL drives Fas clustering and 

binding of Fas to FADD which recruits pro-caspase 8 and 10 followed by processing of 

the pro-enzyme into active forms. These active caspases then propagate the death 

signal through proteolysis of effector caspases such as caspase 3, 6 and 7 ultimately 

leading to eventual cell death (Russell & Ley, 2002; Yamada et al., 2017). Although the 

FasL/Fas pathway has been mostly studied in the context of immunological tolerance 

and autoimmune diseases that arise as a result of dysregulation of this pathway, it has 

been shown to play a role in CD8 and also CD4 mediated cytotoxicity (Hanabuchi et al., 

1994; Ju et al., 1994; Kägi et al., 1996; Lowin et al., 1994; Stalder et al., 1994). Several 

studies have shown the contribution of this pathway to an anti-tumour immune response 

(Afshar-Sterle et al., 2014; Morales-Kastresana et al., 2013; Seki et al., 2002). The 

importance of the Fas/FasL pathway in immunotherapy has been highlighted by multiple 

studies investigating activity and resistance to CAR-T cell therapy which showed that 

impaired death receptor signalling in tumour cells causes reduced CAR-T cell cytotoxicity 

and that this pathway can mediate off-target “bystander” killing of antigen-negative 

tumour cells (Singh et al., 2020; Upadhyay et al., 2021). Fas expression in tumours has 

also been shown to be a predictor of survival in response to CAR-T cells therapy with 

patients expressing high tumoral levels of Fas showing significantly prolonged survival 

relative to those with lower expression (Upadhyay et al., 2021). However the role of this 

pathway has not been fully explored in the context of bispecific antibody mediated killing 

and may depend on the target cells used in the experimental model. In their model of 

Hodgkin’s lymphoma, Renner and colleagues have shown that while T cells activated by 

a bispecific antibody expressed FasL and their chosen target cells expressed Fas, this 

mechanism did not contribute to target cell killing and all of the T cell mediated 
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cytotoxicity was attributed to the granzyme/perforin pathway (Renner et al., 1997). 

Contrastingly, an ALL cell line showed resistance to bispecific antibody treatment when 

Fas was knocked out (Liu et al., 2021). Therefore it was important to evaluate the 

contribution of this pathway in my model system. 

First I measured the level of Fas expression on cell surface of the three CEA-

high PDOs; CRC-01 expressed it at the highest level and CRC-07 didn’t express it at all. 

Fas has been shown to be upregulated by IFNγ signalling which I confirmed with CRC-

01 (Figure 4.10A). Since I wanted to block FasL signalling in my co-culture model system 

to see if the tumour cell growth reduction mediated by CEA-TCB treated T cells would 

be affected, I first needed to confirm that the Fas/FasL axis was functional in PDOs and 

that the chosen FasL blocking antibody NOK-1 would successfully inhibit FasL/Fas 

interactions. Previous studies have shown that NOK-1 effectively blocks for FasL-

induced apoptosis in a 1-10μg/ml concentration range (Bertram et al., 2006; Hombach 

et al., 2006; Jodo, Hohlbaum, et al., 2000; Jodo, Strehlow, et al., 2000; Kim et al., 2008; 

Lin et al., 2007; Nobuhiko Kayagaki et al., 1995; Todaro et al., 2006). Soluble FasL 

(sFasL) has been shown to induce cytotoxicity in Jurkat cells, which are known to have 

a high Fas expression on the cell surface and therefore are particularly sensitive to FasL, 

with an ED50 of 10ng/ml. When CRC-01 was treated with 100 and 500ng/mL of sFasL 

no apoptosis was detected as assessed by Apo-one assay that measures apoptosis by 

measuring caspase 3 and 7 activity. However, after treatment with IFNγ both doses of 

sFasL induced apoptosis in a dose dependant fashion comparable to the apoptosis 

induced by staurosporine used as an apoptosis control (Figure 4.10B). Addition of NOK-

1 prevented induction of apoptosis with the higher dose 10μg/mL showing a slightly 

better effect thus confirming the blocking functionality of this FasL binding antibody. 

NOK-1 was added to the culture alongside either the control bispecific antibody or CEA-

TCB and either CD8 or CD4 T cells. There was no difference in tumour growth between 

control and NOK-1 treated conditions thus indicating that in this model system the  
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Figure 4.10 Role of Fas/FasL pathway in CEA-TCB mediated killing of PDOs. (A) Flow 

cytometry histograms showing Fas expression in three CEA-high PDOs (CRC-01, CRC-05, 

CRC-07) as compared to an unstained control (left). The histogram overlays on the right 

show Fas expression in CRC-01 with IFNγ treatment (10ng/mL and 100ng/mL). Each 

experiment performed once. (B) Bar graphs showing Apo-one fluorescence signal 

normalised to CellTitre Blue signal showing apoptosis normalised to cell number in CRC-01 

in response to sFasL treatment (100ng/mL and 500ng/mL) and staurosporine (1μM). Blue 

bars show CRC-01 pre-treated with IFNγ (10ng/mL). FasL blocking antibody NOK-1 was 

used at two concentrations (1ug/mL and 10ug/mL). Error bars represent standard deviation 

calculated from three replicates. (C) Continued on next page. 
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Fas/FasL pathway does not contribute to CD8 and CD4 mediated cytotoxicity (Figure 

4.10C). 

4.4.3 Role of IFNγ in CD8 and CD4 T cell mediated PDO growth control  

IFNγ orchestrates a big range of immune responses such as CD4 T cell differentiation 

to Th1 lineage, upregulation of MHC class I expression, direct antiviral effects, potent 

chemoattractant directing immune cells to sites of inflammation through induction of 

CXCL9/CXCL10 expression, B cell isotype switching, and regulation of local leukocyte-

endothelial interactions (Boehm et al., 1997; Schroder et al., 2004). However, the IFNγ 

receptor is expressed ubiquitously on all nucleated cells thus exerting its effect on a wide 

range of cells including those not part of the immune system. Although IFNγ has many 

indirect antitumour effects such as stimulation of M1 macrophage polarisation, inhibition 

of angiogenesis, increased efficacy of immune checkpoint blockade by PD-L1 induction, 

and enhanced cytotoxic T cell response, IFNγ also has a direct effect on tumour cell 

growth (Jorgovanovic et al., 2020). IFNγ has been shown to inhibit tumour cell growth 

and induce apoptosis via activation of caspase 3 and 7 by the classical JAK-STAT 

pathway (Chin et al., 1997a; Hao & Tang, 2018; Ni et al., 2013; Rubin et al., 1983; Song 

et al., 2019).  

In order to test PDO sensitivity to IFNγ, all 8 PDOs were treated with three 

different doses of IFNγ (1ng/mL, 10ng/mL, and 100ng/mL) for 7 days and growth was 

measured by Cell Titre Blue assay. Three PDOs CRC-01, CRC-05, and CRC-04 showed 

high sensitivity to IFNγ showing significantly inhibited tumour growth even at the lowest 

IFNγ concentration (Figure 4.11A). These results are further supported by the increase 

(C) Bar graphs showing growth quantification of CEA-TCB treated PDOs over 10 days relative 

to untargeted TCB treated PDOs in the presence or absence of a FasL blocking antibody NOK1 

(10μg/mL) and pre-activated CD8 or CD4 T cells from 2 donors (LRS5 and LRS3). Error bars 

represent one standard deviation calculated from three replicates. Statistical analysis was 

performed using an unpaired t-test. Ns=not significant. 
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in caspase 3 and 7 signalling seen in CRC-01 treated with 10ng/ml of IFNγ (Figure 

4.10B). Contrastingly, CRC-07 showed either no or very minor growth inhibition in 

response to IFNγ treatment (Figure 4.11A). An IFNγ blocking antibody was added to the 

PDO culture treated with various concentrations of IFNγ and growth was assessed on 

day 7 by CTB assay. In IFNγ neutralising assays this IFNγ blocking antibody has been 

used in a range of concentrations from 50ng/ml to 5μg/ml (Chang et al., 2009, 2010; 

Ebert & Mehta, 2006; Filén et al., 2010; Ranzani et al., 2015; Schilbach et al., 2020; 

Szabo et al., 2019; Wolk et al., 2002; Yang et al., 2018, 2021; Zhang et al., 2018). For 

my experiments I decided to use the highest dose in that range (5μg/ml). The blocking 

antibody was able to rescue the growth of all three IFNγ sensitive PDOs treated with 

1ng/mL IFNγ, however, at higher concentrations CRC-01 and CRC-04 still exhibited 

Figure 4.11 Sensitivity of PDOs to IFNγ (A) Bar graph showing growth of IFNγ treated PDOs 

compared to control. Three different doses of IFNγ were used (1ng/mL, 10ng/mL, 100ng/mL) 

and the assay was performed for 7 days. (B) Three IFNγ sensitive PDOs were treated with IFNγ 

(1ng/mL, 10ng/mL, and 100ng/mL) +/- an IFNγ blocking antibody (5μg/mL) for 7 days. Growth 

was assessed as a ratio compared to untreated control. Error bars represent one standard 

deviation calculated from six replicates. 
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reduced growth compared to control. CRC-04 appeared to be the most sensitive to IFNγ 

showing strong growth reduction at 10ng/mL and 100ng/mL IFNγ treatment even in the 

presence of the IFNγ blocking antibody. In the same conditions, CRC-01 showed less 

than 50% growth inhibition and CRC-05 no IFNγ induced growth inhibition in the 

presence of the IFNγ blocking antibody making it the least IFNγ sensitive PDO out of the 

three. Next the IFNγ blocking antibody was added to the co-culture assay alongside 

DP47 or CEA-TCB treatment in order to assess the contribution of IFNγ to the anti-

tumour response. Unfortunately CRC-04 showed alloreactivity and therefore was 

excluded from further analysis so only the data from the three CEA-high PDOs was 

analysed and included. IFNγ blocking strongly reduced CD4 efficacy, but had a more 

modest effect on CD8 mediated killing (Figure 4.12). The two IFNγ sensitive PDOs CRC-

01 and CRC-05 showed  an average of 36% growth reduction difference between control 

and IFNγ blocking antibody treated condition with donor LRS5 CD8 T cells (36.4% and 

35.5% respectively) and 27% with donor LRS3 (34.6% and 20.1% respectively). 

Whereas when treated with CD4 T cells and the IFNγ blocking antibody the growth 

reduction difference compared to control was 54% (60.6% for CRC-01 and 48.2% for 

CRC-05) for donor LRS5 and 55% for donor LRS3 (42.9% and 67.8% respectively). With 

both donors CRC-05 showed complete abrogation of killing with CD4 T cells in the 

presence of the IFNγ blocking antibody while CRC-01 still showed some CD4 mediated 

tumour growth control. This may be explained by two factors: 1) CRC-05 is less sensitive 

to IFNγ than CRC-01 thus the IFNγ blocking antibody was able to fully rescue its tumour 

cell growth and only partially for CRC-01 and 2) CRC-05 induced less granzyme 

expression in CD4 than CRC-01. IFNγ blocking antibody did not significantly alter killing 

efficacy of CD8 and CD4 T cells co-cultured with CRC-07 which aligns with the IFNγ 

insensitivity shown earlier (Figure 4.11A). IFNγ has been reported to affect cytolytic 

ability of T cells independently of direct IFNγ mediated cytotoxicity (Bhat et al., 2017; 

Mckisic et al., 1993; Ravichandran et al., 2019). It is possible that by blocking IFNγ, I  
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Figure 4.12 IFNγ blocking in PDO-T cell co-culture assay. Bar graphs showing growth 

quantification of CEA-TCB treated PDOs over 10 days relative to untargeted TCB treated 

PDOs in the presence or absence of an IFNγ blocking antibody (5μg/mL). Assays were 

performed with pre-activated CD8 and CD4 T cells from two donors (LRS5 and LRS3). Error 

bars represent one standard deviation calculated from three replicates. Statistical analysis 

was performed using an unpaired t-test. For all growth analysis P values are as follows:     

> 0.05 is ns, < 0.05 is *, < 0.01 is **, <0.001 is ***, <0.0001 is **** and ns = not significant. 
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also decreased granzyme B production which resulted in less tumour cell killing. This 

could be investigated further by measuring the proportion of granzyme B expressing T 

cells and the level of granzyme expression in those cells after treatment with CEA-TCB 

and IFNγ blocking antibody.  

4.5 Discussion  

Immunotherapy is rapidly evolving as one of the major options for cancer treatment. 

However, relevant pre-clinical models to study immune-tumour interactions and 

understand determinants of sensitivity and resistant are still lacking. Due to a full intact 

immune system a lot of pre-clinical imunological research has been performed in mouse 

models. And although these models have generated a plethora of important knowledge, 

the insights derived from mouse modeling are not always translatable to patients and 

therefore often fail to predict outcomes in clinical trials due to inherent diffences in 

between human and mouse immune systems (Mestas & Hughes, 2004b). Additionally 

mouse models are slow, expensive, not available for all tumor types, or are incompatible 

with human-specific reagents. Immune responses are highly complex and in mouse 

models it is often difficult to assess the contribution of individual factors or cell types. 

Xenograft models improve the human relevance factor, but they are only suitable for 

immunotherapy studies with the transplanation of human hematopoietic stem cells 

(HSC) in order to establish an intact human immune system since xenografts require 

hosts to be immunocompromised in order to avoid rejection of human tumour tissue by 

the mouse immune system. These procedures are costly, technically challenging, and 

also require matched HSC cells from cancer patient which are difficult to obtain. Cell 

lines are the most commonly used model in cancer research due to high throughput, 

cheap cost, handling ease, and direct comparability. However cell lines fail to capture 

tumour heterogenity which plays an important role in response and resistace to 

therapeutic agents. In the past decade the technology that allows long-term propagation 

of tumour cells from patient tumours as patiend derived organoids (PDOs) has 
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transformed in vitro cancer studies. Sato et al established a methodology that allows 

PDO generation from CRC biopsies (Sato et al., 2011). PDO models have been 

suggested to better recapitulate patient tumours by maintaining heterogeneity and 

molecular characteristics that have been lost in cell lines. Additionally these models have 

the advantage of having patient treatment history and disease stage information. 

However, in vitro immunotherapy studies are often limited by the requirement of 

autologous cells which are frequently difficult to obtain. Fortunately bispecific antbody 

immunthorepy bypasses the need for autologous cells due to its ability to bind and 

activate any T cell irrespective of neoantigen presentation and TCR specificity.  

While CEA-TCB showed high efficacy with CRC cell lines, clinical trial data 

showed a response rate of 11% (4/36) as monotherapy and 50% (5/10) in combination 

with anti-PD-L1 in patients pre-selected based on CEA expression (Tabernero et al., 

2017). Therefore there is a need to evaluate this therapeutic agent in a more clinicaly 

relevant in vitro model. To address this need my lab has developed a 2D co-culture 

comprising of PDOs established from multi-drug resistant metastatic colorectal cancers 

and adapted to 2D growth and allogeneic T cells isolated from healthy donor PBMCs. 

PDO cells were labelled with nuclear GFP via lentiviral transfection to allow for 

confluence tracking by microscopic imaging which served as a readout for tumour cell 

growth. One of the caveats of this in vitro assay is alloreactivity due to the use to 

allogeneic rather than autologous T cells. However, this was addressed by always 

including a control condition with PDOs alone and PDOs in combination with T cells and 

the control bispecific antibody DP47. If any tumour killing activity was detected in the 

control condition this experiment was discarded and this PBMC donor was not used in 

further experiments. Another caveat of this system is the inherent donor variability that 

arises with the use of primary cells. PBMCs were isolated from Leukocyte Reduction 

System (LRS) cones which were provided by the NHS Blood and Transplant service. 

The information regarding collection time was not provided thus making it a possibility 
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that there was a 1-2 day time gap between sample collection and processing possibly 

explaining the differences in viability and cytotoxic capacity between donors. In order to 

address this issue all experiments were performed with multiple donors. Performing 2D 

co-culture experiments with seven PDOs showed a correlation between CEA expression 

and CEA-TCB mediated tumour growth reduction. CEA-high lines showed 80-100% 

growth reduction and CEA-mixed lines CRC-06 and CRC-08 that showed a highly 

consistent expression of CEA in the 50% range (Chapter 3) showed an average of 52% 

growth reduction.  

My lab has performed Gene Set Enrichment Analysis (GSEA) on sorted CEA-

high and CEA-low cells from CEA-mixed PDOs and found that the Wnt/β-catenin 

pathway is negatively correlated with CEA expression. This CEA-Wnt axis is mirrored in 

colonic crypts where cells at the bottom of the crypt express low levels of CEA but high 

Wnt signalling and cells at the top of the crypt express high levels of CEA and low Wnt 

signalling thus potentially highlighting the similarity of CEA-low cells to intestinal stem 

cells at the crypt bottom. Based on these findings I hypothesized that an inhibitor of 

tankyrase which destabilises the β-catenin destruction complex and thus promotes 

Wnt/β-catenin signalling would increase CEA expression. Tankyrase inhibitor Compound 

21 (C21) did increase the proportion of CEA expressing cells in three CEA-mixed PDOs 

and this increase was regulated at the gene expression level. In order to test whether 

this increase in CEA expression would translate to improved sensitivity to CEA-TCB I 

either pre-treated or continuously treated PDO cells with C21 in combination with CEA-

TCB treatment. Co-treatment resulted in greater growth reduction in the two CEA-mixed 

PDOs tested thus providing proof of concept that CEA can be pharmacologically 

enhanced leading to greater sensitivity to CEA-TCB suggesting opportunities for 

combination therapies. However, the full potential of Wnt targeting agents may be limited 

by intestinal toxicity associated with inhibition of Wnt/ β-catenin signalling due to the 

essential role of Wnt signalling in the healthy gut tissues (Kahn, 2014). 
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In this chapter I also examined the contribution of both CD3 bearing T cell subsets 

CD8 and CD4 to a CEA-TCB mediated immune response using three CEA-high PDOs 

that showed good sensitivity to CEA-TCB treatment (CRC-01, CRC-05, and CRC-07). 

While CD4 T cells did achieve tumour growth reduction, CD8 T cells performed 

significantly better with three different donors and in all three PDOs. When CD8 T cells 

that have not been pre-activated in vitro prior to the addition to the assay were used they 

killed tumour cells with the same efficacy as pre-activated ones and even overtook them 

when the assay was extended from 7 to 10 days. This may be explained by the longer 

time needed by non-activated T cells to activate and produce cytokines and lytic 

granules. However, PDOs treated with non-activated CD4 T cells showed much poorer 

growth reduction than when treated with pre-activated CD4 T cells. IL-2 has been shown 

both in vitro and in vivo to be vital to the induction of the granzyme secreting cytotoxic 

CD4 phenotype and it’s sequestration by Tregs restricted their differentiation (Brown, 

2010; Śledzińska et al., 2020). When T cells were pre-activated with anti-CD3/CD28 

beads they were also treated with exogenous IL2 (30U/ml) which may explain why pre-

activated CD4 T cells performed better than non-activated CD4 T cells. Perhaps the non-

activated CD4 T cells do not produce enough IL-2 upon activation with CEA-TCB for 

autocrine and paracrine signalling that would differentiate them into the cytotoxic 

phenotype.  

Next I evaluated the contribution of the three main T cell effector mechanisms – 

granzyme/perforin lytic granule pathway, Fas/FasL pathway, and IFNγ secretion – to the 

CEA-TCB mediated response in both CD8 and CD4 T cells. CEA-TCB induced much 

higher expression of granzyme B in CD8 T cells compared to CD4 T cells, but 

nonetheless some CD4 T cells acquired the cytotoxic phenotype and expressed 

granzyme B. However, granzyme B expression was dramatically enhanced when the 

two T cell subsets were added to the co-culture together. More CD4 T cells expressed 

granzyme (90-100%) and granzyme expression on a per cell basis also increased. CRC-
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05 induced the lowest expression of granzyme in both CD8 and CD4 T cells which 

correlates with the killing assay data that showed that CRC-05 showed less growth 

reduction than CRC-01 and CRC-07 with both CD8 and CD4 (except for one donor 

where CRC-05 showed a slightly better response than CRC-07 with CD4s). In contrast, 

CD4 T cells showed a much greater reliance on IFNγ mediated cytotoxicity. When co-

cultures were treated with an IFNγ blocking antibody PDOs treated with CD8 T cells 

showed an average of 32% increase in growth compared to CEA-TCB treatment alone, 

whereas those treated with CD4 T cells showed a greater difference in growth reduction 

averaging 55%. However, the IFNγ insensitive PDO CRC-07 showed no significant 

difference in both CD8 and CD4 mediated tumour growth control. Tumours frequently 

acquire resistance to checkpoint inhibitors through inactivation of the IFNγ pathway, but 

it appears that IFNγ mediated cytotoxicity is not the main mechanism employed by CD8 

T cells activated with CEA-TCB therefore this therapeutic agent can still have efficacy in 

tumours with dysfunctional IFNγ signalling. But tumour responsiveness to IFNγ 

sensitises them to killing by T cells activated with CEA-TCB therefore making IFNγ 

sensitivity a predictor of response to this therapy. Additionally, patients with tumours 

expressing heterogenous levels of CEA and showing sensitivity to IFNγ may benefit from 

bystander killing by T cells that have been activated by the target antigen expressing 

cells and are secreting IFNγ, particularly when effector to target ratios are low. This could 

be further investigated in my model system because the methodology for CEA 

expression and IFNγ sensitivity assessment have been established. Blockade of Fas-

L/Fas interaction with a monoclonal antibody had no impact on the efficacy of CEA-TCB 

treatment in both CD8 and CD4 T cells suggesting that it is not a cytotoxicity mechanism 

used by CEA-TCB activated T cells and that they mostly rely on granzyme expression 

and IFNγ secretion. However, there are other pathways whose contribution to a CEA-

TCB mediated immune response need to be investigated such as TNFα and TRAIL. It is 

feasible to examine both of these factors using my co-culture assay methodology.  
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Overall I have demonstrated that an in vitro co-culture killing assay comprised of 

PDOs and allogeneic T cells can be a novel tool to investigate efficacy and determinants 

of response to CEA-TCB therapy. I extended my analysis beyond CD8 T cells which 

have been the primary focus of immunotherapy due to their role as the main cytotoxic 

immune cell subset, and have shown that CD4 T cells can also contribute to CEA-TCB 

mediated anti-tumour immune response. CEA-TCB proved capable of differentiating 

CD4 T cells into the granzyme producing cytotoxic cells which was particularly enhanced 

when they were co-cultured together with CD8s. Since CEA-TCB binds all CD3 bearing 

T cells, in patients it is likely to recruit and activate both CD8 and CD4 T cells thus 

resulting in a better response than if only CD8 T cells were targeted. This model could 

be used to further dissect individual steps of a bispecific-mediated immune response 

including more detailed studies of the effector mechanisms employed by for example 

blocking the granzyme/perforin pathway.  
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Chapter 5: Investigating effect of microenvironmental 

factors commonly found in CRC on CEA-TCB activity 

5.1 Introduction  

In the past decade, immunotherapy with monoclonal antibodies that block the immune 

checkpoint molecules CTLA-4 or PD-L1/PD-1 has proven to be an effective therapeutic 

approach in several cancer types. However, only a subset of patients show durable 

responses while the majority experience minimal or no clinical benefit. For example, a 

meta-analysis of the efficacy of PD-1 and PD-L1 inhibitors in clinical trials has found that 

the mean objective response rate to PD-L1/PD-1 inhibitors was on average 20% across 

multiple different cancer types (Chen et al., 2021). Cancer immune landscapes have 

been categorised into four main phenotypes (Galon & Bruni, 2019). The first phenotype 

is the inflamed or immunologically “hot” tumours which are highly infiltrated by cytotoxic 

T cells, but also by other immune cell subtypes such as Tregs, tumour associated 

macrophages, and MDSCs. These tumours also exhibit immune checkpoint upregulation 

expressed by tumour cells and other immune cells present in the microenvironment 

(Fehrenbacher et al., 2016; Herbst et al., 2014; Powles et al., 2014; Taube et al., 2014).  

As a result, clinical responses to anti-PD-L1/PD-1 therapy occur most often in patients 

with T cell inflamed tumours (Herbst et al., 2014; Garon et al., 2015; Rosenberg et al., 

2016). The immune-desert phenotype occurs as a result of immunological ignorance 

likely due to low neoantigen expression and a subsequent failure by the immune system 

to recognise the tumour and mount an immune response. This phenotype is 

characterised by lack of T cell infiltrates and therefore such tumours rarely respond to 

anti-PD-L1/PD-1 therapy (Herbst et al., 2014). The third phenotype is the immune-

excluded which is characterised by an abundant presence of immune cells, however they 

are unable to penetrate into the tumour core and are trapped in the tumour margin or 

stroma. T cell infiltration into the tumour bed is therefore the rate limiting step in the 



179 

 

cancer-immunity cycle for this phenotype. Tumours employ different mechanisms to 

escape immune surveillance by reprogramming the TME to an immunosuppressive and 

tumour promoting phenotype. It has been reported that despite the presence of antigen 

specific cytotoxic lymphocytes and no antigen loss tumour progression occurs thus 

supporting the notion that there are mechanisms hindering the anti-tumour immune 

response (Rosenberg et al., 2005). Many different cytokines, signalling pathways, and 

immune cell subtypes have been implicated in inhibiting cytotoxic T cell activity leading 

to immune escape and tumour progression. Therefore the fourth phenotype identified is 

“immunosuppressed” and is characterised by poor but not absent infiltration by T cells, 

presence of soluble inhibitory mediators (TGFβ, VEGF, IL-10), and presence of immune 

and stromal suppressive cells (MDSCs, Tregs, CAFs). The finding that the type, density, 

and location of immune cells within tumours can predict survival in CRC better than the 

classical TNM system led to the development of the Immunoscore which is a robust and 

standardised scoring system based on the quantification of CD3 and CD8 expressing 

lymphocytes in the tumour centre and the invasive margin of CRCs (Angell & Galon, 

2013; Galon et al., 2006, 2013). The Immunoscore ranges from 0 (I0, where densities of 

both cell types are low in both regions) to 4 (I4, which has high densities of both cell 

populations in both regions). The four immune phenotypes correspond to Immunoscores 

with the inflamed tumours having a high Immunsocre, the immune-desert tumours have 

a low Immunoscore, while “altered” tumours which have been further subdivided into 

immune-excluded and immunosuppressed have intermediate Immunscores (Galon & 

Bruni, 2019). An international validation study of the consensus Immunoscore for the 

classification of colon cancer found that 22% of patients had a low Immunoscore, 51% 

of patients had an intermediate Immunoscore, and 27% patients had a high 

Immunoscore (Pagès et al., 2018). A high Immunoscore was observed in 21% of patients 

with MSS tumours indicating that majority of MSS tumours have intermediate or low 

Immunscore (Pagès et al., 2018). Combination treatment with CEA-TCB and 

atezolizumab (anti-PD-L1) increased the response rate in patients with mCRC from 11% 
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to 50% suggesting that one mechanism of resistance to CEA-TCB is upregulation of PD-

L1 (Tabernero et al., 2017). However, even with the combination therapy approach 50% 

of patients did not show a response indicating that there are other factors suppressing 

the anti-tumour response mediated by CEA-TCB. Thus there is a need to investigate 

tumour microenvironment factors that confer resistance to CEA-TCB. The advantage of 

my model system is that it allows for careful dissection of resistance mechanisms through 

evaluation of the effect of individual microenvironmental factors on bispecific antibody 

activity. Using three CEA-high expressing PDOs with good sensitivity to CEA-TCB I 

investigated the role of the most frequently cited immunosuppressive factors found in the 

TME in resistance to CEA-TCB therapy.  

5.2 Investigating effect of IL-10 on CEA-TCB activity using PDO-T cell co-

culture model 

Interleukin-10 (IL-10) is a multifunctional cytokine with diverse effects on many immune 

cell types. Initially IL-10 was considered to be an immunosuppressive cytokine. In 

monocytes and macrophages IL-10 has been shown to supress production of 

inflammatory cytokines such as IL-1, IL-6, IL-8, and TNFα, inhibit co-stimulatory activity 

by decreasing B7 expression, and reduce antigen-presenting capacity by 

downregulating class II MHC (Armstrong et al., 1996; Bogdan et al., 1991; Ding et al., 

1993; Thomassen et al., 1996; Waal Malefyt et al., 1991). While indirect suppressive 

effects of IL-10 on T cell activity mediated by macrophages and dendritic cells have been 

well characterised, there have been fewer studies investigating direct effects of IL-10 on 

T cells and they showed controversial results. Early studies suggested that IL-10 was a 

product of Th2 cells that decreases IL-2 and IFNγ production in Th1 cells (Fiorentino et 

al., 1991). Due to the polyfunctionality of this cytokine its effects have been shown to be 

context specific. For example, it has been reported to induce anergic states in CD8 and 

CD4 T cells when added concomitantly with antigen in the presence of APCs, whereas 

when cultured with CD8 T cells alone it promoted proliferation and increased cytotoxicity 
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but only in combination with IL-2 (Groux et al., 1996, 1998; Santin et al., 2000; Steinbrink 

et al., 2002). There have been multiple studies showing conflicting results regarding 

effect of IL-10 on proliferation and cytotoxicity of CD8 T cells in vitro most likely explained 

by the different activation and culture conditions (Chen & Zlotnik, 1991; Rowbottom et 

al., 1999; Taga et al., 1993). For example, IL-10 blocked PHA induced activation and 

proliferation of CD8 T cells but in contrast IL-10 enhanced IL-2 induced proliferation and 

cytotoxicity (Ebert, 2001). Another direct effect demonstrated to be mediated by IL-10 on 

CD8 T cells is reduction to antigen sensitivity (Smith et al., 2018). However, the role of 

IL-10 in cancer and particularly in anti-tumour immune responses remains unclear 

because of its stimulatory and inhibitory functions. Mice deficient in IL-10 developed 

spontaneous tumours and inflammatory bowel disease (Berg et al., 1996). IL-10 serum 

levels increase overtime in CRC progression and high levels correlates with more 

advanced stage, worse survival, and higher recurrence rate (Li et al., 2019; Stanilov et 

al., 2010; Zhao et al., 2015). TME contains high amounts of IL-10 because many different 

cell types are capable of secreting it including tumour cells, macrophages, Tregs, and 

CD8/CD4 T cells. Some mouse models of various tumour types have challenged the 

previously assumed immunosuppressive function of IL-10 and have demonstrated that 

IL-10 actually enhances anti-tumour immune responses by eliciting strong cytotoxic 

lymphocyte activity (Berman et al., 1996; Emmerich et al., 2012; Giovarelli et al., 1995; 

Mumm et al., 2011). Treatment of cancer patients with PEGylated IL-10 (Pegilodecakin) 

induced systemic and intratumoral CD8+ T cell proliferation and activation marked by 

elevation of interferon-γ and Granzyme B and upregulation of immune checkpoints 

(Naing et al., 2018). Contrastingly some studies have reported opposite effects and 

showed that blockade of IL-10 inhibited tumour growth, potentially through regulation of 

dendritic cell and MDSC compartments (Rossowska et al., 2015, 2018). Using 

organotypic slice cultures from human colorectal cancer liver metastasis Sullivan and 

colleagues demonstrated that IL-10 blockade dramatically enhanced anti-tumour 

function of both endogenous T cells and CEA targeting CAR-T cells (Sullivan et al., 2019; 
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Sullivan et al., 2023).Due to the controversial role of IL-10 in anti-tumour immune 

responses and modulation of immunotherapy it was necessary to evaluate the effect of 

IL-10 on CEA-TCB activity mediated by CD8 and CD4 T cells.  

Santin and colleagues used 1-20ng/mL of IL-10 in their studies of IL-10 effect on 

proliferation and cytotoxicity of CD8 T cells and observed differences in both with 

concentrations as low as 1 or 5ng/mL (Santin et al., 2000). In my experiment I decided 

to go with the higher concentration and pre-treated CD8 and CD4 T cells with 20ng/mL 

of IL-10 for 72 hours prior to adding them to the co-culture killing assay. After the pre-

treatment, the T cells were seeded with three of the CEA-high PDOs (CRC-01, CRC-05, 

and CRC-07) that showed good CEA-TCB sensitivity and the co-culture was treated with 

DP47 or CEA-TCB in the presence or absence of IL-10. The assay was cultured for 12 

days and then the PDO growth was assessed and compared between the different 

conditions. In CRC-01 and CRC-07 IL-10 had no effect on CEA-TCB activity in both 

CD8s (pre-activated and non-activated) and CD4s (Figure 5.1A). Only pre-activated CD4 

T cells were used as non-activated CD4 T cells showed very poor killing ability from this 

particular donor. CRC-05  showed mixed results showing a slightly worse tumour growth 

inhibition with pre-activated CD8 and CD4 T cells, and contrastingly a small 

enhancement of tumour growth control in non-activated CD8 T cells (Figure 5.1A). When 

non-activated CD8 and CD4 T cells from two donors were evaluated in a co-culture with 

CRC-01, IL-10 had no effect of CD8 T cell mediated tumour cell killing while it inhibited 

CD4 T cell mediated tumour growth control (Figure 5.1B). However, when a higher dose 

of 100ng/mL employed by Ebert and colleagues when investigating effect of IL-10 on 

proliferation and cytotoxicity of human intestinal lymphocytes was used, IL-10 appeared 

to have a stimulatory effect rather than an expected inhibitory one (Ebert, 2001). The 

pre-activated CD8 T cells from both donors exhibited poor tumour growth reduction 

reaching only 20.5% and 24.9%, but with IL-10 treatment they achieved a much greater 

tumour growth reduction of 68% (Figure 5.1C). The IL-10 (100ng/mL) mediated 
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increased CEA-TCB activity was observed in all T cells: CD8 (pre-activated and non-

activated) and CD4 (pre-activated and non-activated). In this CRC PDO co-culture 
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model, IL-10 has no effect on CD8 T cells and an inhibitory effect on non-activated CD4 

T cells at a lower concentration (20ng/mL), but it appeared to enhance CEA-TCB efficacy 

in both CD8 and CD4 at a higher concentration (100ng/mL). However, although the direct 

effect of IL-10 on cytotoxic lymphocytes is stimulatory in the context of CEA-TCB activity, 

IL-10 can also regulate T cell activity through indirect means such as PD-L1 upregulation 

on tumour infiltrating dendritic cells (Lamichhane et al., 2017).  

Figure 5.1 Effect of IL-10 on CEA-TCB activity. (A) Growth quantification of CEA-TCB 

treated PDOs (CRC-01, CRC-05, CRC-07) over 12 days relative to untargeted TCB (DP47) 

treated PDOs in the presence or absence of IL-10 (20ng/mL). T-cells +/- IL-10 were pre-

incubated together for 72 hours prior to the addition of CEA-TCB or DP47. Pre-activated and 

non-activated CD8 and pre-activated CD4 T cells from the same donor were used. (B) Growth 

quantification of CEA-TCB treated PDO CRC-01 over 12 days relative to untargeted TCB 

(DP47) treated PDOs in the presence or absence of IL-10 (20ng/mL). T-cells +/- IL-10 were 

pre-incubated together for 72 hours prior to the addition of CEA-TCB or DP47. Non-activated 

CD8 and CD4 T cells from 2 different donors were used. (C) Growth quantification of CEA-TCB 

treated PDO CRC-01 over 12 days relative to untargeted TCB (DP47) treated PDOs in the 

presence or absence of IL-10 (100ng/mL). CD8 T-cells +/- IL-10 were pre-incubated together 

for 72 hours prior to the addition of CEA-TCB or DP47. Pre-activated and non-activated CD8 

and CD4 T cells from 2 different donors were used. Error bars represent one standard deviation 

calculated from three replicates. Statistical analysis was performed using an unpaired t-test. 

For all growth analysis P values are as follows: > 0.05 is ns, < 0.05 is *, < 0.01 is **, <0.001 is 

***, <0.0001 is **** and ns = not significant. 
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5.3 Investigating effect of VEGF on CEA-TCB activity using PDO-T cell co-

culture model 

Vascular endothelial growth factor (VEGF) in cancer has been well characterised in the 

context of angiogenesis, however it has also been shown to be an immunosuppressive 

modulator of the tumour microenvironment. VEGF has been reported to hinder the 

differentiation and activation of dendritic cells, increase accumulation of myeloid-derived 

suppressor cells (MDSCs) and Tregs, and to interfere with extravasation of cytotoxic 

CD8 T cells into tumours (Gabrilovich et al., 1996; Ko et al., 2009; Mimura et al., 2007; 

Schmittnaegel et al., 2017; Wada et al., 2009). Zhang et al, showed correlation between 

increased levels of VEGF expression in the tumour and absence of intratumoral T cells 

in advanced-stage ovarian carcinomas (Zhang et al., 2003). VEGF has also been shown 

to reduce proliferation and cytotoxic activity of T cells mediated through VEGFR-2 

signalling (Gavalas et al., 2012; Ziogas et al., 2012). Additionally VEGF has been 

demonstrated to drive T cell exhaustion by upregulating immune checkpoint inhibitory 

receptors such as PD-1, TIM3, LAG3, and CTLA-4 on T cells (Kim et al., 2019; Ozao-

Choy et al., 2009; Voron et al., 2015). Several studies evaluating combination treatment 

with bevacizumab, a monoclonal antibody targeting VEGF, and anti-PD-1/PD-L1 agents 

have shown synergy between these two therapies and enhancement of anti-PD-1 

response (Kim et al., 2019; Meder et al., 2018; Voron et al., 2015). Due to its potent 

immunosuppressive properties and high expression in CRC TME, VEGF was an 

important growth factor to examine in the context of CEA-TCB therapy. While its effect 

on dendritic cells is not relevant in this model as T cell priming is circumvented by direct 

activation of T cells, its antiproliferative and cytotoxicity hampering effects on T cells 

made it a strong potential candidate for resistance to CEA-TCB.  

Previous studies investigating the effects of VEGF on T cell proliferation and 

function have used a range of concentrations from 1-500ng/mL. Ziogas and colleagues 

observed inhibition of proliferation at concentrations as low as 1ng/mL, however a 
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moderate anti-proliferative effect was seen at 20ng/mL with no further enhancement at 

the highest concentration of 500ng/mL (Ziogas et al., 2012). A statistically significant 

reduction of cytotoxic activity was seen at 5ng/mL. Kim and colleagues also observed 



187 

 

reduced proliferation at 5 and 20ng/mL and a strong reduction in the precent of IFNγ and 

TNFα positive T cells at 20ng/mL (Kim et al., 2019). VEGF has been reported to mediate 

its effects on T cells through VEGFR2 receptor which binds multiple different isoforms of 

VEGF. I tested effects of VEGF121 and VEGF165 in my co-culture assays. As with IL-

10, T cells were pre-incubated with 20ng/mL VEGF and then added to co-culture assay 

which was also treated with VEGF. Initial test with CRC-01 and CD8 T cells showed that 

neither isoform of VEGF has an impact of CEA-TCB efficacy (Figure 5.2A). For the next 

experiments I decided to increase the concentration to 100ng/mL as Kim and colleagues 

showed that increase in exhaustion markers such as PD-1, TIM-3, LAG-3, and TIGIT 

only strongly increased at 50 and 100ng/mL VEGF treatment. Multiple different donors 

were tested with both non- and pre-activated CD8 T cells. VEGF did not inhibit T cell 

mediated tumour growth inhibition of neither CRC-01 or CRC-05 (Figure 5.2B). As CD4 

and CD8 T cells have differential biology it was also important to evaluate effect of VEGF 

on CD4 T cells since they also contribute to CEA-TCB mediated tumour cell growth 

inhibition. Both VEGF isoforms at a concentration of 100ng/mL were tested on both non-

activated and pre-activated CD4 T cells from two different donors, but even at this higher 

concentration VEGF did not have any effect on CEA-TCB efficacy.  Therefore VEGF 

Figure 5.2 Effect of VEGF on CEA-TCB activity. (A) Growth quantification of CEA-TCB 

treated PDO CRC-01 over 12 days relative to untargeted TCB (DP47) treated PDOs in the 

presence or absence of VEGF121 or VEGF165 (20ng/mL). CD8 T-cells +/- VEGF were pre-

incubated together for 72 hours prior to the addition of CEA-TCB or DP47. Non-activated CD8 

T cells were used at three different E:T ratios (2:1, 1:1, 0.5:1). (B) Growth quantification of CEA-

TCB treated PDOs CRC-01 and CRC-05 over 12 days relative to untargeted TCB (DP47) 

treated PDOs in the presence or absence of VEGF165 (100ng/mL). Non-activated and pre-

activated CD8 T cells from 2 different donors were used at an E:T 2:1. (C) Growth quantification 

of CEA-TCB treated PDO CRC-01 over 12 days relative to untargeted TCB (DP47) treated PDO 

CRC-01 in the presence or absence of VEGF121 and VEGF165 (100ng/mL). CD4 T-cells +/- 

VEGF were pre-incubated together for 72 hours prior to the addition of CEA-TCB or DP47. Pre-

activated and non-activated CD4 T cells from 2 different donors were used. Error bars represent 

one standard deviation calculated from three replicates. Statistical analysis was performed using 

an unpaired t-test. Ns = not significant. 
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does not directly inhibit T cell activity induced by CEA-TCB in this in vitro co-culture 

model.  

5.4 Investigating effect of hypoxia on CEA-TCB activity using PDO-T cell 

co-culture model 

Hypoxia is a major feature of the tumour microenvironment in solid tumours. Tissue 

hypoxia, measured by the activation of a transcriptional hypoxia response signature, 

occurs in over one third of colorectal cancers and is associated with poor outcomes in 

CRC (Qi et al., 2020; Vaupel, 2004). Hypoxia is particularly prevalent in metastases of 

CRC. A study found that hypoxia as determined by pimonidazole staining was present 

in all biopsies of the liver metastases of all patients with the hypoxic fraction being 15% 

on average (Van Laarhoven et al., 2006). Immune cells experience a broad range of 

oxygen tension even at physiological conditions, but also in disease where they face 

inflammation. Secondary lymphoid organs have been shown to have hypoxic 

microenvironments with <5% oxygen levels and robust T cell responses occur at highly 

hypoxic inflammatory sites (Caldwell et al., 2001; Ohta et al., 2011). Therefore this would 

suggest that immune cells are capable of functioning under hypoxic conditions, however 

studies have presented conflicting results. Hypoxia can lead to accumulation of 

adenosine which attenuates proliferation, cytotoxicity, and cytokine production of T cells 

thus suppressing their function (Hatfield et al., 2014; Ohta et al., 2009). Hypoxia affects 

many different immune cell types. For example, hypoxia promotes immunosuppressive 

function of MDSCs through HIF-1α, main transcriptional mediator in hypoxia response, 

dependant increase in nitric oxide production and arginase activity (Corzo et al., 2010). 

Macrophages expressing HIF1α have been shown to supress T cell function, potentially 

through increased levels of VEGF expression (Doedens et al., 2010; Lewis et al., 2000). 

Similarly, hypoxia also inhibits T cell activating capacity of DCs (Noman et al., 2015). 

However, when direct effects of hypoxia on CD8 T cells were examined some studies 

point to hypoxia driven enhancement of effector function and some suggest 
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immunosuppressive role of hypoxia. Multiple studies demonstrated increased lytic ability 

of hypoxic CD8 T cells, with one of the studies showing a 7 fold higher killing potential 

compared to atmospheric oxygen conditions (20% O2) (Caldwell et al., 2001; Doedens 

et al., 2013; Gropper et al., 2017; Nakagawa et al., 2015). Effect of hypoxia on T cell 

cytokine secretion such as IFNγ has been less clear with studies showing mixed results 

with some showing increased production in hypoxic conditions and some suggesting a 

reduction in cytokine production (Guo et al., 2009; Lukashev et al., 2006; Naldini et al., 

1997; Roman et al., 2010). Proliferation of T cells appears to be negatively affected under 

low oxygen conditions (1-5%)(Atkuri et al., 2005; Larbi et al., 2010; Naldini et al., 1997). 

In one study, T cell activation, as indicated by CD69 and CD40L upregulation, positively 

correlated with oxygen concentration in the atmosphere (Ohta et al., 2011). Hypoxia may 

also affect different T cell subsets differently as one study showed that while naïve and 

central memory T cells are suppressed in hypoxia, effector memory T cells show 

elevated proliferation, survival, and cytotoxic activity(Xu et al., 2016). Additionally, 

hypoxia has been shown to protect activated T cells from activation-induced death 

(AICD) (Makino et al., 2003). However, a more recent study demonstrated that hypoxia 

(1% O2) caused CAR-T cell impairment in vitro. CAR-T cells showed reduced 

proliferation, cytokine production, and granzyme B release (Berahovich et al., 2019). Due 

to hypoxia being a common feature of CRC and some evidence suggesting a 

suppressive direct effect on T cells it was important to investigate whether hypoxia would 

impair CEA-TCB efficacy because how hypoxia affects response to T-cell redirecting 

immunotherapies is currently unknown.  

Oxygen level in hypoxic tumour tissues is on average between 1%–2% O2 and 

below(Muz et al., 2015). PDOs and T cells were cultured together in 1% O2 for 48 hours 

before addition of DP47 or CEA-TCB treatment to allow for hypoxia induced 

transcriptional changes. A control plate that was set up at the same time was cultured in 

parallel under normoxic conditions of 21% O2 (atmospheric O2 level). Hypoxia increased  
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Figure 5.3 Effect of hypoxia on CEA-TCB activity. (A) Growth quantification of CEA-TCB 

treated PDO CRC-01 over 12 days relative to untargeted TCB (DP47) treated PDOs under 

normoxic (21% O2) or hypoxic (1% O2) conditions. T cells and PDOs were incubated under 

normoxic/hypoxic conditions for 48 hours prior to adding DP47 or CEA-TCB treatment. Pre-

activated and non-activated CD8 T cells were used at E:T 2:1. (B) Growth quantification of 

CEA-TCB treated PDOs (CRC-01, CRC-05, CRC-07) over 12 days relative to untargeted TCB 

(DP47) treated PDOs under normoxic (21% O2) or hypoxic (1% O2) conditions. T cells and 

PDOs were incubated under normoxic/hypoxic conditions for 48 hours prior to adding DP47 

or CEA-TCB treatment. Pre-activated and non-activated CD8 T cells were used. Error bars 

represent one standard deviation calculated from three replicates. Statistical analysis was 

performed using an unpaired t-test. For all growth analysis P values are as follows: > 0.05 is 

ns, < 0.05 is *, < 0.01 is **, <0.001 is ***, <0.0001 is **** and ns = not significant.  
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CD8 mediated significantly tumour growth control with both pre-activated and non-

activated T cells. The assay using pre-activated CD8 T cells showed that the tumour 

growth reduction increased from 106% in control to 129% under hypoxic conditions 

(Figure 5.3A). The effect was even greater with non-activated CD8 T cells with 59% 

growth reduction observed under control condition and 99.9% under hypoxic condition 

(Figure 5.3A). When the experiment was expanded to all three CEA-high PDOs (CRC-

01, CRC-5, and CRC-07) the results showed a similar trend as in the first experiment in 

CRC-01 and CRC-07 (Figure 5.3B). In the co-cultures with those two PDOs, T cell 

mediated tumour cell growth inhibition was enhanced under hypoxic conditions. Tumour 

growth reduction was quite poor in this experiment under both conditions in CRC-05 and 

CRC-07. This could be potentially due to the skewed E:T ratio that resulted from the 48 

hour pre-incubation of T cells and PDOs without any treatment allowing continued 

proliferation of tumour cells during that time. Previous results have shown that good 

CRC-01 killing is achieved even under low E:T ratios (0.5:1), whereas almost no tumour 

growth reduction was seen in CRC-05 with E:T 0.5:1. However, under hypoxic conditions 

the tumour growth reduction in CRC-07 increased from 16.8% and 25.6% to 61.7% and 

68.6% (with pre-activated and non-activated CD8 T cells respectively)(Figure 5.3B). 

Interestingly, there was no difference between control and hypoxia in CRC-05 with both 

pre-activated and non-activated CD8 T cells. Therefore hypoxia appears to favourably 

impact CEA-TCB efficacy in 2/3 PDOs tested, increasing the T cell mediated tumour 

growth control. However, as with all the factors discussed in this chapter, hypoxia is part 

of a highly complex tumour microenvironment with many different immune and stromal 

cells therefore it might have a positive direct effect on T cell function in the context of 

CEA-TCB therapy, but it could have indirect negative effects through other cell types 

such as macrophages and MDSCs.  
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5.5 Investigating effect of TGFβ on CEA-TCB activity using PDO-T cell co-

culture model 

TGFβ is a pleiotropic cytokine produced in large amounts in the tumour 

microenvironment by many different cell types including tumour cells, stromal cells, and 

immune cells. In addition to its direct effect on tumour progression through promotion of 

tumour cell migration and stimulation of epithelial to mesenchymal transition, TGFβ plays 

a crucial role in immune evasion (Colak & Dijke, 2017; Massagué, 2008). TGFβ affects 

many immune processes such as T cell proliferation, differentiation, and T cell apoptosis 

and is a key regulator of immune homeostasis and self-tolerance. Studies of TGFβ 

deficient mice have shown that lack of TGFβ expression results in severe multifocal and 

fatal inflammatory response thus highlighting its important role in immune regulation 

(Shull, 1992; Kulkarni 1993, Yaswen 1996, Diebold 1995). In addition to negatively 

affecting antigen presenting cells and therefore the mounting of an adequate immune 

response, TGFβ affects T cell activation and function directly. Early studies have 

demonstrated TGFβ’s ability to inhibit CD8 T cell IL-2 production, IL2 receptor 

expression, IL-2 mediated proliferation as well as blocking their differentiation into CTLs 

(Brabletz et al., 1993; Das & Levine, 2008; Fox et al., 1992; Kehrl et al., 1986; Letterio & 

Roberts, 1998; Ranges et al., 1987; Thomas & Massagué, 2005). The antiproliferative 

effect is mediated by SMAD3, one of the transcription factors downstream of TGFβR, as 

T cells from SMAD3-/- mice were resistant to antiproliferative effect of TGFβ (McKarns 

et al., 2004; Yang et al., 1999). In addition to modulating T cell proliferation TGFβ also 

inhibits differentiation of CD8 T cells into CTLs and downregulates cytolytic activity of 

already converted T cell effectors by downregulating expression of granzyme and 

perforin which are essential proteins for inducing target cell apoptosis (Inge et al., 1992; 

Smyth et al., 1991; Thomas & Massagué, 2005). TGFβ also prevents differentiation of 

naïve CD4 T cells into Th1 and Th2 subtypes through inhibition of transcription factors 

T-bet and GATA3 respectively (Bright & Sriram, 1998; Giroux et al., 2010; Gorelik & 



193 

 

Flavell, 2000, 2002; V. L. Heath et al., 2000; Sad & Mosmann, 1994; Schmitt et al., 1994). 

TGFβ effects can outlive its presence as has been demonstrated by Ludviksson in their 

study in which they showed that if CD4 naïve cells are primed in the presence of TGFβ 

they have reduced antigen specific responses even after TGFβ is no longer present 

(Ludvíksson et al., 2000). Using a mouse model expressing of a dominant-negative form 

of TGFβ receptor type II (dnTGFβRII) Gorelik and colleagues were able to show that 

absence of TGFβ signalling in CD8 and CD4 T cells resulted in spontaneous activation 

and differentiation into cytokine producing effector cells (Gorelik & Flavell, 2000). An 

indirect pathway through which TGFβ can dampen CTL mediated responses is through 

induction of differentiation of naïve CD4 T cells into Tregs through direct action of SMAD3 

on Foxp3 promoter (Chen et al., 2003; Fantini et al., 2004; Marie et al., 2005; Tone et 

al., 2007). However, the immunosuppressive effect of TGFβ is not only mediated through 

Treg induction as transfer of wild-type Treg cells into a mice model in which peripheral 

CD8 and CD4 T cells lacked surface TGF-βRII expression did not alleviate the lethal 

inflammation and effector T cells retained their active phenotype therefore further 

supporting the notion that TGFβ affects CD8 and CD4 effector functions directly (Li, 

Sanjabi, et al., 2006). Inhibition of TGFβ signalling through TGFβ receptor, induction of 

overexpression of a dominant negative TGFβR, or knocking out the TRGβR have shown 

to enhance T cell mediated tumour elimination in many different models (Chen et al., 

2018; Foster et al., 2008; Gorelik & Flavell, 2001; Holmgaard et al., 2018; Sow et al., 

2019). Therefore TGFβ blockade has become of particular interest as a way to increase 

the benefit of cancer immunotherapy. Using quadruple-mutant mice tumour models 

which recapitulated key features of human microsatellite-stable colorectal cancers 

Tauriello and colleagues showed that inhibition of TGFβ with galunisertib increased CD8 

CTL and CD4 Th1 recruitment into tumour and metastases thus converting the 

immunologically cold tumour into immune hot tumours susceptible to check-point 

blockade therapy (Tauriello et al., 2018). Combination treatment with galunisertib and 

PD-L1 further boosted the immune anti-tumour response by increasing granzyme B 



194 

 

production in CTLs and T-bet and IFNγ levels in CD4+ Th cells, completely eradicating 

metastases (Tauriello et al., 2018). In a CAR-T cell model TGFβ repressed target cell 

lysis, reduced cytokine (IL-2 and IFNγ) secretion, decreased expression of cytolysis 

related genes (GZMA, GZMB, GRZH, GRZK), and upregulated exhaustion markers 

(PD1, TIM3, LAG3, and CTLA4) while also inducing conversion of CD4 T cells into Tregs 

by upregulation of Foxp3. All of these immunosuppressive effects were abrogated with 

a TGFβR2 knock out in CAR-T cells (Tang et al., 2020). An anti-TGFβ/PD-L1 bispecific 

antibody was shown to increase T cell infiltration into tumours, increased number of 

activated and proliferating CD8 T cells, and induced a higher proportion of granzyme B+ 

and perforin+ CD8 T cells extending mouse survival more effectively than anti-PD-L1 

alone (Yi et al., 2022). Given that high TGFβ activity has been described in the majority 

of metastatic CRCs and a plethora of strong evidence indicating suppression of T cell 

function by TGFβ it was highly relevant to evaluate the effect of TGFβ on CEA-TCB 

activity (Calon et al., 2012).  

5.5.1 TGFβ confers resistance to CEA-TCB 

TGFβ exists in one of the three isoforms TGF-β1, TGF-β2, or TGF-β3, with TGF-

β1 being the most abundant and ubiquitously expressed isoform and is the predominant 

isoform expressed in the immune system (Li et al., 2006). TGFβ is secreted in a 

biologically inactive form, composed of a homodimer of TGF-β non-covalently associated 

with the latency-associated protein (LAP). This complex is either secreted or associated 

with another protein, latent-TGF-β-binding protein (LTBP), that directs TGF-β to the 

extracellular matrix. In order for TGFβ to become functionally active it must be released 

from the LAP and LTBP complex which is usually achieved through interaction with 

integrins or proteolysis by matrix metalloproteases (MMPs) in the extracellular matrix 

(Travis & Sheppard, 2014). Although tumour cells themselves can secrete TGFβ, other 

immune (Tregs) and stromal cells (CAFs) in the TME greatly contribute to TGFβ 

secretion. Since I was culturing tumour cells and T cells without the addition of these  
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 other TGFβ producing subsets to evaluate the effect of TGFβ on CEA-TCB efficacy in 

my in vitro model I needed to treat the co-cultures with exogenous TGFβ. Previous in 

vitro studies of TGFβ effect on T cell function used a range of TGFβ concentrations from 

1-10ng/mL (Cottrez & Groux, 2001; Di Bari et al., 2009; Kim et al., 2005; McKarns et al., 

2004; Nguyen et al., 2016; Ranges et al., 1987; Sanjabi et al., 2009; Smyth et al., 1991; 

Tang et al., 2020). These experiments revealed reduction in proliferation and inhibition 

of cytotoxic activity at 10ng/mL therefore I chose this dose for my experiments 

(Holmgaard et al., 2018; Kim et al., 2005). Pre-activated T cells were pre-treated with 

10ng/mL TGFβ for 72 hours prior to being added to the killing assays. Three CEA-high 

PDOs (CRC-01, CRC-05, CRC-07) were combined with control or TGFβ treated CD8 T 

cells and treated with DP47 or CEA-TCB in the presence or absence of TGFβ for 12 

days. TGFβ significantly inhibited tumour growth reduction in all three PDOs on average 

Figure 5.4 Effect of TGFβ on CEA-TCB activity. (A) Growth quantification of PDOs (CRC-01, 

CRC-05, CRC-07) treated with pre-activated CD8 T cells and CEA-TCB over 12 days relative 

to untargeted TCB treated PDOs in the presence or absence of TGFβ (10ng/mL). CD8 T cells 

and PDOs +/- TGFβ were pre-incubated together for 72 hours prior to the addition of CEA-TCB 

or untargeted TCB. Experiments were performed with pre-activated CD8 T cells. (B) Growth 

quantification of PDO CRC-01 treated with CD8 T cells and CEA-TCB over 12 days relative to 

untargeted TCB (DP47) treated PDOs in the presence or absence of TGFβ (10ng/ml). CD8 T 

cells +/- TGFβ were pre-incubated together for 72 hours prior to the addition of CEA-TCB or 

untargeted TCB. Experiments were performed with non-activated CD8 T cells from three 

different donors. (C) Growth quantification of PDO CRC-01 treated with CD4 T-cells and CEA-

TCB over 12 days relative to untargeted TCB (DP47) treated PDOs in the presence or absence 

of TGFβ (10ng/mL). CD4 T-cells +/- TGFβ were pre-incubated together for 72 hours prior to the 

addition of CEA-TCB or untargeted TCB. Experiments were performed with non-activated CD4 

T cells from two different donors. (D) Growth quantification of CEA-TCB treated PDO CRC-01 

over 10 days relative to untargeted TCB treated PDOs in the presence or absence of TGFβ 

(10ng/mL). Experiments were performed at various effector:target ratios (4:1, 2:1, 1:1, 0.5:1) 

with pre-activated CD8 or CD4 T cells. T cells +/- TGFβ were pre-incubated together for 72 

hours prior to the addition of CEA-TCB or untargeted TCB. Error bars represent one standard 

deviation calculated from three replicates. Statistical analysis was performed using an unpaired 

t-test. For all growth analysis P values are as follows: > 0.05 is ns, < 0.05 is *, < 0.01 is **, 

<0.001 is ***, <0.0001 is **** and ns = not significant. 
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decreasing growth reduction by 46% (Figure 5.4A). Next, non-activated CD8 T cells from 

three different donors were tested in the same experimental set-up but only using CRC-

01. The results were similar to those observed with pre-activated CD8 T cells. Non-

activated T cells from all three donors showed significantly inhibited tumour growth 

control with an average growth reduction of 35% (Figure 5.4B). TGFβ affected non-

activated CD4 T cells similarly, decreasing the tumour cell growth reduction by 32% 

(Figure 5.4C). Anti-tumour activity of CEA-TCB redirected CD8 and also of CD4 T-cells 

was examined across a range of effector to target (E:T) ratios of 4:1 to 0.5:1. Complete 

loss of cancer control through TGFβ was observed at E:T ratios of 1:1 and 0.5:1 (Figure 

5.4D). These low E:T ranges are perhaps clinically most relevant as cancer cells usually 

outnumber T cells in metastatic CRC (Elomaa 2022).  

5.5.2 TGFβ inhibits CD8 T cell proliferation and reduces granzyme expression 

TGFβ has been shown to reduce cytotoxic gene expression and proliferation of 

T cells therefore I assessed these two parameters in my model system. Flow cytometry 

analysis of CD8 T cells that were co-cultured for 8 days with CRC-01 and CRC-05 

confirmed that TGFβ strongly decreased granzyme B expression (Figure 5.5A). CD8 T 

cells co-cultured with CRC-01 showed a 5.6-fold reduction in granzyme B MFI, while 

those co-culture with CRC-05 showed a 4.5 fold reduction. TGFβ also reduced CEA-

TCB induced proliferation of T cells (Figure 5.5B). The proliferation mode of T cells co-

cultured with CRC-01 under control conditions was the third division peak while in the 

TGFβ treatment group it was the second.  In the TGFβ treated group, 16.6% of T cells 

did not divide compared to 8.4% in the absence of TGFβ (Figure 5.5B). T cells co-

cultured with CRC-05 did not exhibit as much proliferation but the proportion of 

proliferating cells reduced from 52.4% to 34.7%. Thus, TGFβ suppresses CEA-TCB 

mediated tumour cell growth control by blocking proliferation and effector functions.  
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Figure 5.5 TGFβ decreases granzyme expression and inhibits proliferation of CD8 T 

cells. (A) Granzyme B expression assessed by flow cytometry in CD8 T cells that were 

harvested from co-culture assays with CRC-01 and CRC-05 on day 8. Mean fluorescence 

intensity (MFI) values are shown next to each condition. (B) Proliferation assessed by flow 

cytometry using CellTrace proliferation dye in CD8 T cells harvested from co-culture assays 

with CRC-01 or CRC-05 on day 8. Left: proliferation of CD8 T-cells harvested from CEA-TCB 

treated PDOs. Right: CD8 T cells harvested from CEA-TCB + TGFβ (10ng/mL) treated PDOs. 

Percent of cells within each generation are listed above each peak. 
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5.6 TGFβ blockade and IL-2 overcome TGFβ mediated CEA-TCB resistance  

My next aim was to identify combination therapy strategies that reverse the inhibitory 

effect of TGFβ on CEA-TCB treatment. I first assessed galunisertib, a small molecule 

inhibitor of the TGFβ receptor I. Holmgaard and colleagues demonstrated a dose 

dependant rescue of proliferation in TGFβ treated T cells with a full rescue observed at 

1μM and enhanced proliferation at higher doses of 3μM and 10μM of galunisertib 

(Holmgaard et al., 2018). Therefore I tested three galunisertib doses 1, 5, and 10 μM in 

my co-culture assays treated with TGFβ. I observed a dose dependent reversal of TGFβ 

inhibitory effect on CEA-TCB activity, with a complete reversal seen at 10μM (Figure 

5.6A). Thomas and Massague have reported that IL-2 restores TGFβ suppressed T cell 

proliferation and cytotoxic gene expression (Thomas & Massagué, 2005). In their study 

T cells were activated in the presence of TGFβ and subsequently washed and re-cultured 

in media containing IL-2 without a further addition of TGFβ. However, in my experiment 

I decided to concomitantly treat with TGFβ and IL-2 since this is more clinically relevant 

because the TGFβ would still be continuously secreted in the TME. They did not specify 

the concentration of IL-2 used so I chose a range (1-10U/mL) that was below the 

concentration used during activation of T cells in vitro (30U/mL). The results observed 

with IL-2 treatment was similar to those seen with galunisertib. T cell mediated tumour 

growth control increased in a dose dependant fashion with almost a full rescue with 

5U/mL and an enhanced response with 10U/ml (Figure 5.6A). These two agents were 

used with CRC-01 with two different CD8 E:T ratios (1:1 and 0.5:1) because as 

discussed earlier TGFβ inhibitory effect is greater at lower E:T ratios. Only one E:T ratio 

was used with CRC-05, as this PDO showed barely any response to CEA-TCB at ratios 

below 1:1. Galunisertib showed a significant reversal of inhibitory effects of TGFβ at both 

concentrations (5μM and 10μM) in CRC-01 E:T 1:1, but failed to rescue T cell mediated 

tumour growth control in CRC-05 only showing a modest increase in tumour cell growth 

reduction compared to TGFβ treated condition (Figure 5.6B). Galunisertib also failed to 
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reverse TGFβ effects in CRC-01 at the lower E:T ratio (0.5:1) showing a negligible 

increase in tumour cell growth reduction. However, IL-2 was a more potent stimulator of 

T cell activity and led to a significant decrease of tumour cell growth even at the lower 

concentration (5U/ml) at both E:T ratios in CRC-01 (Figure 5.6C). CRC-05 showed 

almost no difference in tumour growth between TGFβ and TGFβ plus IL-2 5 U/ml 

conditions, but it did show decreased growth to a near significant level (p=0.055) with  
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IL-2 10U/ml treatment which contrasts with galunisertib treatment which did not achieve 

any significant increase in tumour growth reduction (Figure 5.6C).  

 

5.7 Novel stroma-targeted IL2v and tumour-targeted 4-1BBL bispecific 

antibody reverse TGFβ induced immunosuppression  

Even though IL-2 provided proof of concept that TGFβ inhibition of CEA-TCB efficacy 

can be reversed with a T cell stimulating cytokine, IL-2 has considerable toxicity in 

patients (Dutcher et al., 2014). Therefore I wanted to assess more novel agents that 

have been developed to avoid systemic toxicities.  4-1BB (also known as CD137) is a 

surface glycoprotein that belongs to the tumour necrosis factor (TNF)-receptor family 

and is expressed on activated T cells where it serves as a co-stimulatory molecule. 4-

1BB co-stimulation of T cells enhances proliferation, cytotoxicity, Th1 polarization and 

cytokine secretion, and counteracts exhaustion (Hernandez-Chacon et al., 2011; 

Shuford et al., 1997; Wilcox et al., 2004). This T cell stimulatory pathway has been 

Figure 5.6 Galunisertib and IL-2 reverse immunosuppressive effects of TGFβ. (A) Growth 

quantification of PDO CRC-01 treated with CEA-TCB and pre-activated CD8 T cells (E:T 1:1) 

over 12 days relative to PDOs treated with untargeted TCB (DP47) and CD8 T cells in the 

presence or absence of TGFβ (10ng/mL) as well as galunisertib (1 μM, 5μM and 10 μM) or IL-

2 (1 U/mL, 5 U/mL, and 10 U/mL). (B) Growth quantification of PDO CRC-01 and CRC-05 

treated with CEA-TCB and non-activated CD8 T cells over 12 days relative to PDOs treated 

with untargeted TCB (DP47) and CD8 T-cells in the presence or absence of TGFβ (10ng/mL) 

as well as galunisertib (5μM and 10 μM). Two different E:T were used with CRC-01 (1:1 and 

0.5:1) but only one with CRC-05 (1:1). (C) Growth quantification of PDO CRC-01 and CRC-05 

treated with CEA-TCB and non-activated CD8 T cells over 12 days relative to PDOs treated 

with untargeted TCB (DP47) and CD8 T-cells in the presence or absence of TGFβ (10ng/mL) 

as well as IL-2 (5 U/mL and 10 U/mL). Two different E:T were used with CRC-01 (1:1 and 0.5:1) 

but only one with CRC-05 (1:1). Error bars represent one standard deviation calculated from 

three replicates. Statistical analysis was performed using an unpaired t-test. For all growth 

analysis P values are as follows: > 0.05 is ns, < 0.05 is *, < 0.01 is **, <0.001 is ***, <0.0001 is 

**** and ns = not significant. 
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utilised for immunotherapy with the development of agonistic anti-4-1BB antibodies such 

as urelumab and utomilumab. Although they have been shown to be effective pre-

clinically they have not advanced to phase 3 trials because of Fcγ receptor-mediated 

Figure 5.7 Effect of FAP-IL2v and 4-1BBL-CEA on CEA-TCB activity. (A) Tumour cells of 

CRC-01 were treated with 2 different doses of FAP-IL2v (10 nM and 100 nM) for 12 days and 

growth quantification was calculated against untreated tumour cells. (B) Growth quantification 

of PDO CRC-01 treated with DP47 and non-activated CD8 T cells over 12 days relative to 

tumour cells in the presence of FAP-IL2v (10 nM and 100 nM). (C) Growth quantification of 

PDO CRC-01 treated with CEA-TCB or DP47 and non-activated CD8 T cells over 12 days 

relative to tumour cells alone and in the presence or absence of TGFβ (10ng/mL) and FAP-

IL2v (10 nM and 100 nM). (D) Growth quantification of PDO CRC-01 treated with CEA-TCB or 

DP47 and non-activated CD8 T cells over 12 days relative to tumour cells alone in the presence 

of 4-1BBL-DP47 or 4-1BBL-CEATCB. (E) Growth quantification of PDO CRC-01 treated with 

CEA-TCB and non-activated CD8 T cells over 12 days relative to PDOs treated with untargeted 

TCB (DP47) and CD8 T-cells in the presence or absence of TGFβ (10ng/mL) and 4-1BBL-CEA 

(2 nM). Error bars represent one standard deviation calculated from three replicates. Statistical 

analysis was performed using an unpaired t-test. For all growth analysis P values are as follows: 

> 0.05 is ns, < 0.05 is *, < 0.01 is **, <0.001 is ***, <0.0001 is **** and ns = not significant. 
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hyperclustering and hepatotoxicity (Ascierto et al., 2010; Chester et al., 2018; Segal et 

al., 2017). The second approach of 4-1BB agonism is second-/third-generation 4-

1BB/CD3ζ chimeric antigen receptor (CAR) T cells (Kawalekar et al., 2016). Although 

approved and very effective in relapsed/refractory patients with B cell malignancies, CAR 

T cells have not yet been successful for treatment of solid tumours. To overcome these 

issues, Roche Glycart engineered proteins simultaneously targeting 4-1BB on T cells 

and CEA on tumour cells. Their bispecific antibodies have been engineered with a 

mutation in the Fc region abrogating cross-linking by Fcγ receptors (FcγRs) and 

therefore avoiding liver toxicities during systemic administration (Claus et al., 2019). 4-

11BBL-CEA can only induce 4-1BB activation when cross-linked via CEA-expressing 

cells and this bispecific antibody can be combined with CEA-TCB as it binds a different 

CEA epitope and therefore does not compete. A similar approach has been taken in the 

development of a bispecific antibody targeting IL-2 variant (IL2v) to tumour stroma. FAP-

IL2v (simlukafusp alfa) is a FAP-targeted IL-2Rbg biased immunocytokine that targets 

an IL-2 variant (IL2v), which binds IL2Rβγ but not the high affinity IL2α receptor to avoid 

regulatory T-cell expansion, to FAP which is expressed on cancer associated fibroblasts 

(CAFs) (Waldhauer et al., 2021). Since at this stage CAFs had not been incorporated 

into my co-culture model I used FAP-IL2v just as a modified cytokine as FAP-IL2v is still 

active even if it is not crosslinked via FAP. While on its own IL2v did not affect tumour 

cell growth, when it was combined with T cells and DP47 it activated the T cells and 

partially inhibited tumour cell growth in a dose dependant fashion even without CEA-TCB 

treatment (Figure 5.7A&B). However, this effect was abrogated at a lower E:T ratio 

(0.5:1). When CRC-01 was treated with CEA-TCB in the presence or absence of TGFβ 

(10ng/mL) and FAP-IL2v protein (10nM) the inhibitory effect of TGFβ was reversed with 

an even enhanced tumour growth inhibition compared to control condition (Figure 5.7C). 

This rescue effect was observed at both E:T ratios. When treating the PDO-T cell co-

culture with 4-1BBL-DP47 in addition to CEA-TCB, there was no difference with CEA-

TCB only condition as expected because without binding a target tumour antigen (CEA) 
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the bispecific antibody (4-1BBL-DP47) would not induce clustering and therefore would 

not stimulate the T cells (Figure 5.7D). Treating tumour cells in the presence of T cells 

with 4-1BBL-CEA also did not induce tumour cell killing as expected because without 

CEA-TCB T cells would not be activated and would also not express 4-1BB. However, 

when CEA-TCB and 4-1BBL-CEA treatments were combined the tumour growth control 

was enhanced as expected (Figure 5.7D). Concomitant treatment with CEA-TCB and 4-

1BBL in the presence of TGFβ caused a similar level of rescue as was observed with 

IL2v, however, at the lower E:T ratio 4-1BBL-CEA treatment only fully rescued tumour 

cell killing but did not enhance it further as was seen with IL2v (Figure 5.7E). These 

results were further confirmed with the other two CEA-high PDOs CRC-05 and CRC-07. 

Treatments with 4-1BBL-CEA and IL2v significantly reversed TGFβ inhibitory effect on 

CD8 mediated tumour growth control in all PDOs except for 4-1BBL-CEA condition in 

CRC-07 which only saw a minor improvement in tumour growth control and did not reach 

statistical significance (Figure 5.8A&B). When the E:T ratio was reduced to 0.25:1 there 

was no tumour growth inhibition under control conditions, however, IL2v induced some 

T cell mediated killing leading to a 40% tumour cell growth decrease while 4-1BBL-CEA 

treatment had no effect suggesting that IL2v is a more potent stimulator of T cell activity 

than 4-1BBL (Figure 5.8C). Combining these two treatments resulted in big decrease in 

tumour growth and even led to a reversal of inhibitory TGFβ effects at this very low E:T 

ratio. When the E:T ratio was reduced even lower to 0.1:1, the combination treatment 

(CEA-TCB+4-1BBL-CEA+IL2v) could not overcome the inhibitory effects of TGFβ, but 

could still induce T cell mediated tumour cell killing. 
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Next I investigated how these two agents rescue T-cell function supressed by TGFβ. 

FACS analysis of CD8 T cells extracted after 8 days from a killing assay showed that 

FAP-IL2v enhanced granzyme B expression and increased T cell proliferation to a level 

beyond that seen with CEA-TCB alone (Figure 5.9). In all other treatment conditions 

proportion of T cells that have divided 5+ times was 2% or less whereas with IL2v 

treatment that proportion was 19%. In contrast, CEA-4-1BBL had a lower impact on 

proliferation but led to far higher granzyme B levels (Figure 5.9A&C). Both agents 

increased the proportion of granzymeB+ T cells from 68% in the control condition and 

16% in TGFβ treated group to 95% or higher (Figure 5.9C). However, T cells treated with 

4-1BBL-CEA expressed more than double the amount of granzyme B observed in the 

IL2v condition. Thus, both agents reverse TGFβ effects with a predominant proliferative 

effect through FAP-IL2v and stronger granzyme B boosting effect of CEA-4-1BBL.  

 

 

 

Figure 5.8 FAP-IL2v and 4-1BBL-CEA in combination with CEA-TCB reverse 

immunosuppressive TGFβ effect. (A) Growth quantification of CEA-TCB treated PDOs 

(CRC-01, CRC-05, CRC-07) over 12 days relative to untargeted TCB treated PDOs in the 

presence or absence of TGFβ (10ng/mL) and FAP-IL2v bispecific antibody (10nM). (B) Growth 

quantification of CEA-TCB treated PDOs over 12 days relative to untargeted TCB treated PDOs 

in the presence or absence of TGFβ (10ng/mL) and CEA-41BBL bispecific antibody (2nM). (C) 

Growth quantification of PDO CRC-01 treated with CEA-TCB and CD8 T-cells over 12 days 

relative to PDOs treated with untargeted TCB (DP47) and CD8 T-cells in the presence or 

absence of TGFβ (10ng/mL) and FAP-IL2v (10nM) or 4-1BBL-CEA (2nM) at E:T ratios 0.25:1 

and 0.1:1. Error bars represent one standard deviation calculated from three replicates. 

Statistical analysis was performed using an unpaired t-test. For all growth analysis P values are 

as follows: > 0.05 is ns, < 0.05 is *, < 0.01 is **, <0.001 is ***, <0.0001 is **** and ns = not 

significant. 
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Figure 5.9 FAP-IL2v and 4-1BBL-CEA differentially increase TGFβ inhibited 

proliferation and granzyme B expression. (A) Histogram of granzyme B expression 

assessed by flow cytometry in CD8 T cells harvested on day 8 from co-culture assay with 

CRC-01 and the indicated drug additions. MFI values are next to the corresponding 

histograms. (B) As in (A), CD8 T cells were harvested on day 8 of co-culture assays with the 

indicated drug additions and proliferation was assessed by flow cytometry. (C) FACS plots 

from the same experiment as in (A) showing granzyme B expression in CD8 T cells harvested 

from a co-culture assay on day 8 from different treatment conditions indicated. All experiments 

were performed with non-activated CD8 T cells. Experiment was attempted multiple times but 

completed successfully only once due to poor T cell killing activity with other donors. 
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5.8 Incorporation of macrophages into the PDO-T cell co-culture model  

Macrophages are key players in innate immunity and are one of the most prominent 

leukocyte populations in tumours. Macrophages promote multiple aspects of 

tumorigenesis through a variety of mechanisms including promotion of angiogenesis and 

metastasis, and most importantly through modulating the anti-tumour immune responses 

(Murdoch et al., 2008; Pollard, 2004; Ruffell & Coussens, 2015). Macrophages are highly 

plastic cells that polarise and acquire different functional properties in response to 

different environmental signals. Classically activated macrophages referred to as M1 

macrophages are polarised to this phenotype by IFNγ alone or in concert with microbial 

products such as lipopolysaccharide (LPS) or cytokines such as TNFα. M1 macrophages 

are characterised by production of inflammatory cytokines such as IL-12, IL-23, IL-1, 

TNFα and therefore induction of a Th1 response, T cell recruiting chemokines CXCL9, 

CXCL10, and CXCL11, expression of inducible nitric oxide synthase (iNOS; also known 

as NOS2) and nitric oxide (NO) production, and high capacity for antigen presentation. 

Alternatively activated macrophages, or M2 macrophages, are induced by exposure to 

IL-4 and IL-13 or IL-10. M2 macrophages are known for immune suppression and tissue 

remodelling and are defined by expression of scavenger receptors, mannose receptor 

(CD206), secretion of IL-10 and TGFβ, and high expression of arginase 1 (ARG1) 

(Biswas & Mantovani, 2010; Mantovani et al., 2004). Tumour associated macrophages 

(TAMs) are usually polarised towards the M2 phenotype and are therefore known as 

tumour promoting or anti-inflammatory. The presence of TAMs is generally associated 

with poor prognosis in solid tumours, however, in colorectal cancer high density of TAMs 

is surprisingly associated with better survival (Forssell et al., 2007; Roxburgh & McMillan, 

2012; Zhang et al., 2012). However, most of these studies do not distinguish between 

M1 and M2 macrophages and rely on CD68 which is expressed by both populations as 

it is a general macrophage marker. One study did compare M1 macrophages, defined 

by NOS2 expression, and M2 macrophages, identified by CD163 expression, in relation 
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to survival in colorectal cancer and has found that an increase in M1 macrophages was 

accompanied by a concomitant increase in M2 macrophages and that both subtypes 

correlated to significantly improved prognosis (Edin et al., 2012). The good prognosis 

correlated to the presence of M2 macrophages in colorectal cancer may be due to the 

fact that there is also an M1 population present that may counteract or balance out the 

effects of M2 macrophages. TAMs can module anti-tumour responses through indirect 

methods such as increasing the degree of fibrosis and therefore causing T cell exclusion 

from tumours and promoting Treg recruitment via CCL2 (Curiel et al., 2004b; Quaranta 

et al., 2018). Equally and potentially more importantly, TAMs can directly inhibit cytotoxic 

T cell responses through several different mechanisms. One is through production of 

inhibitory cytokines such as IL-10 and TGFβ. One study demonstrated that in addition to 

secretion of TGFβ macrophages are also able to activate TGFβ from its latent form 

through expression of integrin avb8 and matrix metalloproteinase 14 (MMP14) (Kelly et 

al., 2018). Macrophages are able to suppress T cell proliferation and are able to do so 

with low ratios to T cells under hypoxic conditions (Doedens et al., 2010; Movahedi et 

al., 2010). Kusmartsev and colleagues reported that TAMs induced T cell apoptosis 

through increased production of NO and high arginase activity (Kusmartsev & 

Gabrilovich, 2005). Through expression of B7-H4 TAMs inhibit T cell proliferation, 

decrease IFNγ and IL-2 production, reduce cytotoxicity, and induce T cell exhaustion 

(Kryczek et al., 2006; Li, Lee, et al., 2018). Decreased cytotoxic activity has also been 

observed as a result of interaction between CD45 on T cell surface and CD206 (mannose 

receptor) on TAM surface (Schuette et al., 2016).  Macrophages can also inhibit T cell 

activity by expressing PD-L1 and its expression on macrophages and dendritic cells 

predict clinical efficacy of PD-1/PD-L1 blockade in some cancers (Kuang et al., 2009; Lin 

et al., 2018). Due to their tumour promoting and immunosuppressive functions 

macrophages have become an attractive target for immunotherapy. CSF1/CSF1R 

blockade either alone or in combination with other immunotherapy agents have shown 

efficacy in various tumour models and also in clinical trials(Mok et al., 2014; Zhu et al., 
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2014). However, the role of this immune population in responses to T cell redirecting 

bispecific antibodies has not been evaluated.  

5.8.1 Macrophage polarisation towards the M2 phenotype  

CD14+ monocytes were isolated from PBMCs and were seeded in T cell media with the 

addition of M-CSF (100ng/mL) to induce macrophage differentiation. After 7 days, they 

were then polarised to the M2 phenotype with IL-4 and IL13 or IL-10 or left in M-CSF 

alone as “M0” macrophages (Figure 5.10A). Harvesting the macrophages proved 

particularly difficult due to their highly adhesive property. Different methods were tested: 

enzyme free dissociation buffer, EDTA in PBS at 37°C/RT/4°C, and scrapping. The best 

method was incubation with 5mM EDTA in PBS at 37°C followed by gentle scrapping. 

After the macrophages were harvested they were assessed by flow cytometry for M2 

markers CD206 and CD163 in order to confirm their M2 phenotype (Mantovani et al., 

2002). Although PD-L1 is not exclusively an M2 macrophage marker, it was important to 

evaluate its expression as PD-L1 may attenuate T cell activity in co-culture (Cai et al., 

2021). All macrophages expressed high levels of CD68 confirming their macrophage 

differentiation. None of the macrophages were positive for CD163 despite several 

different attempts with different antibody clones. M2 polarised macrophages expressed 

high levels of CD206, higher than in the M0 population (Figure 5.10B). Some studies 

have suggested that M-CSF induces macrophage differentiation already leaning towards 

the M2 phenotype and GM-CSF pre-orients them to the M1 subtype thus potentially 

explaining CD206 expression even on the M0 macrophages. There was no difference in 

CD206 expression between IL-4 and IL-4+IL-13 polarisation methods, but macrophages 

polarised with IL-4+IL-10 showed the highest CD206 expression. PD-L1 expression was 

only present on the M2 macrophages with the highest levels observed in the IL-4/IL-10 

polarised population (Figure 5.10B). I also investigated whether culturing the monocytes 

in PDO conditioned media (CM) would also induce macrophage differentiation and 

polarise them towards the M2 phenotype. Macrophages grown in conditioned media all 
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expressed high levels of CD68, but their levels of CD206 expression were lower, 

particularly in the macrophages grown in CRC-07 CM. Unlike the cytokine polarised 

Figure 5.10 Macrophage polarisation to M2 phenotype. (A) Schematic showing the workflow for 

differentiation and polarisation of CD14+ monocytes into M2 macrophages. (B) Flow cytometry 

histograms of M2 macrophage marker (CD68, CD206, PD-L1) expression on macrophages 

polarised by different cytokine combinations indicated. Data is representative of 3 experiments. (C) 

Expression of markers as in (B) in macrophages polarised by PDO conditioned media in comparison 

to the cytokine polarised macrophages. Experiment performed once. 
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macrophages, those grown in CM showed no or minimal PD-L1 expression (Figure 

5.10C).  

5.8.2 Effect of M2 macrophages on CEA-TCB activity  

Next, I wanted to investigate the effect of M2 macrophages on CEA-TCB efficacy in my 

co-culture model. The macrophages were polarised as described before and added to 

the co-culture assay at the same time as T cells from the same donor and allowed to 

attach for 24 hours before the addition of DP47 or CEA-TCB. I tested two different E:T 

ratios 2:1 and 1:1 with always double the amount of macrophages compared to T cells 

as macrophages outnumber T cells in tumours (Frohwitter et al., 2022). Co-culturing 

macrophages with tumour cells alone or with CD8 T cells and DP47 did not affect tumour 

cell growth (Figure 5.11A). When the cultures were treated with CEA-TCB, macrophages 

enhanced tumour cell killing. Macrophages increased tumour growth inhibition mediated 

by both pre-activated and non-activated CD8 T cells from one donor, but only non-

activated T cells from the second donor (Figure 5.11B). In one of the conditions where 

the tumour growth inhibition was poor in control conditions (pre-activated T cells donor 

LRS8), macrophages increased the growth reduction from a mere 18.9% to 110.7% (IL-

4+IL-13 polarised macrophages) and 89.7%(IL-4+IL-10 polarised macrophages). 

Therefore in my model, M2 macrophages appear to have a stimulatory role rather than 

an immunosuppressive one. However, as described earlier macrophages are highly 

plastic and the two subtype classification system has been criticised as too simplistic and 

it has been suggested that it is more of a spectrum and the two subtypes are their 

extremes. It has been shown that IFNγ can induce switching from the M2 phenotype 

towards the pro-inflammatory tumour suppressor M1 phenotype (Duluc et al., 2009). 

Therefore it is possible that due to IFNγ secretion induced by CEA-TCB activation of T 

cells the and in the absence of IL-4/IL-13/IL-10 macrophages underwent a phenotype 

switch which resulted in an enhanced tumour cell growth inhibition.  
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It would have been useful to assess their phenotype by flow cytometry after they have 

been in the co-culture  assay, however, there were multiple technical difficulties that 

prevented me from carrying out this experiment. The first is the cell number as the assay 

needs to be scaled up for flow cytometry and after all the 

differentiation/polarisation/harvesting steps I would only have about 20% of the 

monocyte number isolated from PBMCs. Secondly, as mentioned earlier, macrophages 

are highly adhesive and it would have been difficult to harvest them from the co-culture 

in large enough numbers for flow cytometry assessment. These experiments can be 

performed with continuous treatment with IL-4/IL-13/IL-10 to ensure that the 

macrophages retain their M2 phenotype. Appropriate controls would need to be in place 

in order to know if the cytokines alone have an effect on T cells. Additionally cytokine 

arrays can be performed to determine what soluble factors polarised macrophages are 

secreting. 

 

5.9 Incorporation of CAFs into the PDO-T cell co-culture model  

Fibroblasts are non-vascular, non-epithelial, and non-immune cells of mesenchymal 

origin residing in connective tissues. One of the main functions of fibroblasts under 

normal physiological conditions is the deposition and maintenance of extracellular matrix 

Figure 5.11 Macrophages enhance CEA-TCB mediated PDO growth inhibition by T cells. 

(A) Growth of PDO CRC-01 growth in the presence of M2 macrophages relative to tumour cell 

growth alone over 12 days. (B) Growth quantification of PDO CRC-01 treated with CEA-TCB and 

CD8 T cells over 12 days relative to PDOs treated with untargeted TCB (DP47) and CD8 T cells 

in the presence or absence differentially polarised macrophages. Experiments were performed 

at different E:T ratios (2:1 and 1:1) with the macrophage to T cell ratio always being 2:1. 

Experiments were performed with pre-activated and non-activated CD8 T cells from two different 

donors. Error bars represent one standard deviation calculated from three replicates. Statistical 

analysis was performed using an unpaired t-test. For all growth analysis P values are as follows: 

> 0.05 is ns, < 0.05 is *, < 0.01 is **, <0.001 is ***, <0.0001 is **** and ns = not significant. 
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(ECM). Fibroblasts are usually quiescent but can become activated during wound 

healing responses. This activated phenotype is characterised by increased proliferation 

and metabolic activity, enhanced secretion of ECM components such as type I, III, IV, V 

collagen, fibronectin, and tenascin C, expression of ECM remodelling enzymes such as 

matrix metalloproteinases (MMPs), acquisition of migratory properties and contractile 

activity, and secretion of cytokines, chemokines, and growth factors. However, when the 

wound healing process is complete CAFs are either reprogrammed back to their non-

activate state or undergo apoptosis. But in some pathological conditions such as chronic 

inflammation, fibrosis, and cancer the fibroblasts remain constitutively active. Activated 

fibroblasts that are present in many solid tumours are known as cancer associated 

fibroblasts (CAFs) and comprise a key cellular component of the tumour 

microenvironment. CAFs engage in cross talk with tumour cells and have been 

implicated in tumour growth and progression by promoting angiogenesis, metastasis, 

epithelial-mesenchymal transition (EMT), cancer cell stemness, and even drug 

resistance (Dimanche‐Boitrel et al., 1994; Elenbaas & Weinberg, 2001; Kalluri & 

Zeisberg, 2006; Orimo et al., 2005; Paraiso & Smalley, 2013). However, in addition to 

their direct tumour promoting functions, CAFs have been assigned an 

immunomodulatory role and been shown to promote the development of an 

immunosuppressive tumour microenvironment. Due to their polyfunctionality, CAFs are 

able to regulate many different immune cell types through direct and indirect 

mechanisms. Through their IL-6 secretion CAFs drive monocyte precursors towards an 

MDSC phenotype and also inhibit DC maturation and therefore their ability to activate T 

cells (Mace et al., 2013). CAFs also promote the recruitment of monocytes to the TME 

and their differentiation towards the immunosuppressive M2 phenotype by secreting M-

CSF, IL-6, CCL2, SDF1 (Kuen et al., 2017; Takahashi et al., 2017; Zhang et al., 2019). 

Additionally, CAFs interfere with NK cell functions by decreasing their cytotoxicity and 

cytokine production (Balsamo et al., 2009; Inoue et al., 2016). Eliminating CAFs in a 

murine breast cancer model shifted the immune response from Th2 to Th1 and reduced 
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the recruitment of immune suppressor cells such as Tregs, MDSCs, and TAMs (Liao et 

al., 2009). CAFs are able to supress T cell proliferation and effector function by secreting 

VEGF and TGFβ and also by expressing PD-L1 (Pinchuk et al., 2008; Ziani et al., 2018).  

CAFs also modulate T cell activity by regulating metabolic pathways. For example, 

through secretion of IDO1 CAFs deplete tryptophan and increase the accumulation of 

immunosuppressive tryptophan catabolites (Ziani et al., 2018). Similarly, CAF production 

of arginase 2 leads to deprivation of arginine which is important for T cell proliferation 

and function (Ziani et al., 2018). It has also been reported that CAFs express CD73 

leading to accumulation of adenosine which supresses T cell functions through the A2A 

receptor (Yu et al., 2020). Another important finding was that CAFs can directly kill T 

cells via PD-L2 and FasL engagement (Lakins et al., 2018). CAFs are also the major 

source of the chemokine CXCL12, which has been shown to mediate T cell exclusion in 

solid tumours (Feig et al., 2013). By remodelling ECM CAFs can also contribute to 

creation of hypoxic zones because tumours with high levels of fibrosis are often poorly 

oxygenated and as described earlier hypoxia can reprogram the immune TME. Due to 

their pleiotropic effects on both innate and adaptive immune cells within the TME, CAFs 

can contribute to resistance to immunotherapy agents. For example, in a model of 

multiple myeloma, CAFs inhibited CAR T-cell antitumour activity (Sakemura et al., 2022). 

Targeting CAFs has emerged as a novel approach to enhance anti-tumour immune 

responses and augment other immunotherapy agents such as inhibitors of the PD-1/PD-

L1 pathway (De Sostoa et al., 2019; Feig et al., 2013).  

To investigate the effect of CAF secreted factors on CEA-TCB activity in the co-

culture assay I used CAF conditioned T cell media (CAF CM). RNA sequencing of CAFs 

grown in their own media versus T cell media was performed and showed that gene 

expression is highly similar in both medias (Figure 5.12A). T cell media was conditioned 

by CAFs for 5 days and CD8 T cells were pre-treated with CAF CM for 72 hours prior 

addition to the assay. Fresh CAF CM was added to the co-culture assay in a 1:1 ratio 
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with fresh T cell media. CAF CM either had no significant effect on CD8 T cell mediated 

tumour growth control or enhanced it (Figure 5.12B). Next, CAFs were added to the co-

culture assay. CAFs were seeded at a 1:1 or 0.5:1 ratio with PDO tumour cells at the 

same time, after 24 hours CD8 T cells were added, the co-culture was incubated for 72 

hours before addition of DP47 or CEA-TCB. Due to the extra 4 days post seeding of 

cancer cells prior to addition of bispecific antibodies the E:T between cancer cells and 

CD8 T cells was skewed resulting in poorer tumour growth inhibition particularly with pre-

activated CD8 T cells. However, addition of CAFs actually increased tumour growth 

reduction from 32.1% to 95.9% with pre-activated CD8 T cells (Figure 5.12C). Tumour 

growth reduction was also increased with the addition of CAFs to non-activated CD8 T 

cells, however the reduction was further increased only by 14.3% because tumour cell 

growth reduction was already substantial under control conditions (85.2%). In order to 

avoid skewing of E:T, in the next experiments T cells were pre-incubated with CAFs for 

72 hours prior to the addition to the co-culture. While T cells were pre-incubating with 

CAFs separately, CAFs and PDO cancer cells were seeded. On day 0 of the assay, T 

cells were harvested from co-culture with CAFs and added to the co-culture already 

containing CAFs and cancer cells. On the same day the assay was treated with bispecific 

antibodies. When this co-culture method was used CAFs did not enhance tumour cell 

growth reduction as there was no significant difference between control wells and those 

containing CAFs (Figure 5.12D). These results were surprising as CAFs expressed 

genes for TGFβ, CXCL12, CD73, VEGFA which are all considered to be 

immunosuppressive and reduce T cell proliferation and effector function. However, RNA 

sequencing also showed that CAFs expressed small amounts IL-15 which is a 

stimulatory cytokine for T cells. Additionally, using T cells and fibroblasts isolated from 

human non-small cell lung cancers (NSCLC) a study showed that tumour associated 

fibroblasts elicited a contact-dependent enhancement of tumour associated T cell 

activation even in the presence of TGFβ (Nazareth et al., 2007). However, these are 
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preliminary findings and further experiments would be required to investigate this 

unexpected finding. The RNA sequencing of CAFs was performed when CAFs were  
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Figure 5.12 Effect of CAF conditioned media and CAFs on CEA-TCB activity. (A) Gene 

expression (normalised counts) of CAFs cultured in CAF media (DMEM with 10% FCS and 

ITS (insulin-transferrin-selenium) or in T cell media (RPMI 1640 with 10% FCS). Pearson 

correlation coefficient and p value of the significance test are shown. (B) Growth quantification 

of PDO CRC-01 and CRC-05 treated with CEA-TCB (20nM) and CD8 T-cells over 12 days 

relative to PDOs treated with untargeted TCB (DP47, 20nM) and CD8 T-cells in the presence 

or absence of CAF conditioned media. Experiments were performed with pre-activated and 

non-activated CD8 T cells from two different donors. (C)  Growth quantification of PDO CRC-

01 treated with CEA-TCB and CD8 T-cells over 12 days relative to PDOs treated with 

untargeted TCB (DP47) and CD8 T-cells in the presence or absence of CAFs. Experiments 

were performed at different CAF to cancer cell ratios (1:1, 0.5:1). Experiments were performed 

with pre-activated and non-activated CD8 T cells from the same donor. For this assay, cancer 

cells and CAFs were seeded together and left to attach for 24 hours. Following that CD8 T 

cells were added and the co-culture was incubated together for 72 hours prior to the addition 

of DP47 (20nM) or CEA-TCB (20nM). Continued on next page.  
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cultured alone, therefore it is possible that in the co-culture they secrete different soluble 

factors due to communication with both PDOs and T cells. Post co-culture transcriptomic 

data along with cytokine arrays would provide data that may be able to explain this result.  

5.10 Discussion  

The idea that T cells can recognise neoantigens generated by mutations in cancer 

originated in the 1980s with the work of Thierry Boon who first identified tumour 

neoantigen specific T cells in mice. Over the past several decades it has become well 

recognised that the immune system plays a key role in cancer development and 

progression. However, tumours evolve mechanisms to escape immune control which is 

supported by the findings that there is a subgroup of patients that either don’t respond at 

all, or show initial response but eventually develop disease progression indicating 

acquired resistance. It has become widely appreciated that tumours establish 

immunosuppressive environments that support their growth and promote immune 

evasion through secretion of immunosuppressive cytokines, and recruitment and cross-

talk with immune and stromal cells found in the TME. Studies in mice have shown that 

CEA-TCB increases T cell infiltration into tumours and increases tumour PD-L1 

expression, yet phase Ia and Ib clinical trials reported that only 11% of patients showed 

response to CEA-TCB as monotherapy and 50% when it was combined with 

atezolizumab indicating that there are additional immunosuppressive mechanisms 

(D) Growth quantification of PDO CRC-01 and CRC-05 treated with CEA-TCB and CD8 T-cells 

over 12 days relative to PDOs treated with untargeted TCB (DP47) and CD8 T-cells in the 

presence or absence of CAFs. Experiments were performed at a CAF to cancer cell ratio of 

1:1. Experiments were performed with non-activated CD8 T cells from 2 different donors. For 

this experiment, T cells were pre-incubated with CAFs for 72 hours prior to addition to the co-

culture containing cancer cells and CAFs. Error bars represent one standard deviation 

calculated from three replicates. Statistical analysis was performed using an unpaired t-test. 

For all growth analysis P values are as follows: > 0.05 is ns, < 0.05 is *, < 0.01 is **, <0.001 is 

***, <0.0001 is **** and ns = not significant. 
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occurring in the TME that must be overcome for effective therapy (Tabernero et al., 

2017).  

The advantage of using an in vitro model as the one I have established is the 

opportunity to evaluate individual factors or their combinations in relation to their effect 

on immunotherapy agents, in my case CEA-TCB. Using three CEA-high PDOs with a 

good response to CEA-TCB a screen of some cytokines and immune cell types that have 

been shown to exhibit immunosuppressive functions in the TME was performed. IL-10 

at lower concentration had no effect on CD8 T cells and partially inhibited non-activated 

CD4 T cells. However, when the concentration was increased to 100ng/mL IL-10 had a 

stimulatory effect on both populations and increased T cell mediated tumour growth 

control. Studies investigating IL-10 in the context of anti-tumour immune responses have 

reported mixed results, some supporting the original notion that IL-10 is 

immunosuppressive and promotes tumour immune evasion and some providing 

evidence that IL-10 actually enhances activity of cytotoxic lymphocytes within tumours. 

These opposing results may be due to the different models used in different studies as 

cytokine signalling in immune cells is highly context specific. IL-10 has been consistently 

shown to negatively affect the macrophage population by suppression of inflammatory 

cytokine secretion, downregulation of co-stimulatory molecules, inhibition of NO 

production, and decreasing antigen presentation capacity (Bogdan et al., 1991; Ding et 

al., 1993; Thomassen et al., 1996; Waal Malefyt et al., 1991). Timing appears to be of 

high importance in IL-10 regulation of immune responses. It has been demonstrated that 

IL-10 may interfere with DC mediated T cell priming, but is necessary for maintenance 

of CTL effector function post clonal expansion (Fu et al., 2015; Fujii et al., 2001). My 

findings align with reported stimulatory effect of IL-10 on CD8 T cells such as increase 

in cytotoxic enzymes and cytolytic activity, IFNγ secretion, and enhanced tumour cell 

killing (Berman et al., 1996; Chen & Zlotnik, 1991; Emmerich et al., 2012; Giovarelli et 

al., 1995; Mumm et al., 2011; Naing et al., 2018; Oft, 2014; Santin et al., 2000). Although 
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indirect effects of IL-10 on CD8 T cell activity and function such as inhibited priming by 

APCs is not relevant in the context of CEA-TCB because the activation occurs through 

hyperclustering of CD3 rather than interaction with the TCR, there are indirect effects of 

IL-10 that may negatively impact CEA-TCB efficacy such as polarisation of TAM towards 

the M2 anti-inflammatory and tumour promoting phenotype and need to be investigated 

further.   

VEGF was another candidate factor for my screen as it has been described as 

potent immunosuppressor in addition to its angiogenesis promoting function. However, 

its direct effect on T cells has not been well characterised. In my model I found that VEGF 

did not inhibit CEA-TCB induced T cell activity even at a high dose of 100ng/mL. 

However, as described earlier, VEGF signalling occurs in many different cell types in the 

TME therefore it can exert immunosuppression also through indirect mechanisms such 

as Treg and MDSC recruitment. VEGF may also contribute to a poor anti-tumour immune 

response by controlling T cell trafficking into the tumour and leading to T cell exclusion. 

Angiogenic inhibitors targeting VEGF and its receptor have been shown to induce 

vascular normalisation leading to an increase in TILs and improvement in the efficacy of 

adoptive cell transfer (ACT) immunotherapy in preclinical models (Schmittnaegel et al., 

2017; Shrimali et al., 2010). Additionally VEGF, IL-10, and prostaglandin E induced FasL 

expression on endothelial cells within the tumour resulting CD8 T cell killing and 

accumulation of Tregs due to their resistance to FasL induced apoptosis through high 

expression of c-FLIP (Motz et al., 2014). However, these indirect effects on T cell ability 

to traffic to the tumour can not be modelled using my co-culture, but can be evaluated in 

mouse models or in in vitro angiogenesis models. 

Hypoxia, being a major feature in solid tumours was a highly relevant factor that 

needed to be investigated in the context of CEA-TCB activity. Hypoxia at a relevant level 

for solid tumours (1% O2) did not hinder the activity of CEA-TCB redirected T cells but 

improved growth control in 2 of 3 PDO lines. However, validation of hypoxic status by 
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measurement of HIF1α or pimonidazole staining was not performed and should be done 

in the future to assure that the tumour cells and T cells are truly hypoxic. It would also be 

valuable to investigate the effect of hypoxia on CD4 T cells as its effect appears to be 

differential to CD8 T cells. Hypoxia increases Foxp3 expression in CD4s through direct 

binding of HIF-1a to the Foxp3 promoter region inducing Treg differentiation (Clambey 

et al., 2012). Westendorf et al, showed that hypoxia caused a reduced differentiation of 

CD4 effector T cells and enhanced number and activity of Tregs (Westendorf et al., 

2017). Considering the contribution of CD4 T cells to CEA-TCB mediated tumour cell 

killing it would be important to investigate whether hypoxia would favour the 

differentiation of Tregs over induction of the cytotoxic phenotype they acquired under 

normoxic conditions described in the previous chapter. These findings showing that 

hypoxia enhances CEA-TCB mediated T cell activity in vitro does not exclude the 

possibility that hypoxia impairs immunotherapy through other mechanisms such as 

limited perfusion and T cell infiltration into hypoxic tumour regions and as with VEGF 

need to be evaluated in other models. 

Majority of metastatic CRCs are characterised by high TGFβ activity which is 

predictive of adverse outcomes. Immunosuppressive effects of TGFβ on T cell 

proliferation and effector function have been extensively characterised. TGFβ inhibition 

in a metastatic CRC model unleashed a potent cytotoxic T-cell response leading to 

tumour regression and rendered tumours susceptible to anti-PD-1–PD-L1 therapy 

(Tauriello et al., 2018). It has also been demonstrated that CAR-T cells, which have 

shown poor activity in solid tumours at least in part due to immunosuppressive TME, 

were inhibited by TGFβ with a marked decrease in IFNγ and IL-2 secretion, decrease in 

cytotoxic gene expression, and increased exhaustion characterised by upregulation of 

PD-1, CTLA-4, TIM3, and LAG3 (Tang et al., 2020). Knocking out of TGFΒR2 abrogated 

these negative effects and led to improved tumour elimination efficacy. Although some 

CRC secrete TGFβ themselves, majority of the TGFβ in the TME is produced by CAFs 
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(Calon et al., 2015). Therefore in my model, I treated T cell and PDO co-cultures with 

exogenous TGFβ. TGFβ impaired CEA-TCB activity, with this inhibitory effect more 

pronounced at lower E:T ratios which was similarly observed by Tang and colleagues. 

Mechanistically, TGFβ reduced CD8 T cell proliferation and granzyme B expression. 

Treating the co-cultures with galunisertib, a TGFβRI small molecule inhibitor, resulted in 

reversal of TGFβ inhibitory effects, however this therapeutic approach was only effective 

at 2:1 E:T and failed to rescue T cell function at lower E:T 0.5:1. IL-2 appeared to more 

potently reverse TGFβ mediated resistance to CEA-TCB therapy as it fully rescued T cell 

mediated tumour growth control in two PDO models and two different E:T ratios. 

However, the clinical development of wildtype IL-2 has been hampered by severe 

toxicities when administered systemically therefore I investigated the effect of a more 

novel agent FAP-IL2v which is a fusion protein that was engineered to bind IL2Rγβ but 

not the high affinity IL2α receptor in order to avoid regulatory T cell expansion, and target 

FAP expressing CAFs in the TME. IL2v cytokine remains active even when it’s not cross-

linked via FAP which allowed me to use it in my model as a modified cytokine without 

the incorporation of CAFs into the co-culture. 4-1BBL stimulation has been demonstrated 

to enhance T cell cytotoxicity, proliferation and alleviate exhaustion therefore it was 

chosen as the second candidate for reversing TGFβ resistance to CEA-TCB. Instead of 

using anti 4-1BB monoclonal antibodies which are associated with high liver toxicities in 

patients, I used a novel bispecific antibody that binds 4-1BB and CEA, which has been 

engineered to avoid cross-linking by Fcγ receptors (FcγRs) and therefore reduce liver 

toxicity. Both agents reversed TGFβ mediated resistance and restored T cell proliferation 

and granzyme B expression. Currently clinical trials evaluating combination of 

galunisertib with other immunotherapy agents are being conducted (NCT02734160 and 

NCT02423343) making it a potential agent for combination treatment with CEA-TCB 

immunotherapy. Based on my work the combination of CEA-TCB with a TGFβ signalling 

inhibitor has been patented by Roche Glycart. The high prevalence of TGFβ activity in 

metastatic CRCs warrants testing whether CEA-TCB combined with IL2v 
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immunocytokines or tumour/stroma targeted 4-1BB agonists improve outcomes in 

clinical trials. FAP-4-1BBL is currently being tested in a Phase 1b clinical trial in 

combination with CEA-TCB (NCT04826003).   
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Chapter 6: Establishing a 3D PDO-T cell co-culture model 

to investigate T cell infiltration and killing of organoids in 

response to CEA-TCB 

6.1 Introduction  

The majority of preclinical in vitro cancer research uses cancer cell lines grown as a two-

dimensional monolayer. However, over the past couple of decades three-dimensional 

culture techniques have been developed in order to more closely reflect the 

characteristics of in vivo tumours. Growing cancer cell lines in a 3D configuration as 

spheroids has demonstrated key biological differences when compared to traditional 2D 

cultures. Three dimensional cancer cell line spheroids exhibit different gene expression 

profiles, altered metabolic profiles, decreased proliferation capacity, decreased 

sensitivity to cytokines such as interferons, decreased sensitivity to chemotherapy 

agents and irradiation, and increased resistance to apoptosis (Dangles et al., 2002; 

Faute et al., 2002; Feder-Mengus et al., 2007; Ghosh et al., 2005; Görlach et al., 1994; 

Kim et al., 2012; Myungjin Lee et al., 2013; Santini et al., 2004; Weaver et al., 2002). 

Although 3D cancer cell line culturing more closely mimics tumours than traditional 2D 

culture, these spheroids still lack morphology patterns observed in tumours. Additionally, 

due to the long term culture, cancer cell lines may no longer represent the phenotype of 

their original tumours. These limitations have been addressed by the development of 

patient derived organoid technologies which allows in vitro propagation of cancer cells 

from tumour biopsies in 3D conserving the molecular and morphological features of the 

original tumour (Clevers, 2016). PDOs have been used as a platform for evaluating 

sensitivity and response to chemotherapy and radiation (K. Ganesh et al., 2019; Pasch 

et al., 2019; Tiriac et al., 2018). Data from studies comparing PDO and patient responses 

suggested that PDOs can recapitulate patient responses in the clinic (Vlachogiannis et 

al., 2018).  
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The rapid growth of the immunotherapy field has created a need for preclinical in 

vitro models that allow investigation of tumour-immune cell interactions and thus require 

the integration of the immune component into existing in vitro models. Although most in 

vitro models that are used for evaluation of efficacy of immunotherapy agents such as 

immune checkpoint inhibitors, CAR T cells, and bispecific antibodies are 2D co-cultures 

of cancer cell lines with immune cells, 3D co-cultures have shown differential response 

and sensitivity to immune cells thus suggesting that data generated from 2D coculture 

models might be less clinically relevant. 3D spheroid co-culture studies have shown that 

changes in structure from two to three dimensional resulted in a dramatic decrease in 

tumour cells’ capacity to activate autologous T cells (Dangles-Marie et al., 2003). Tumour 

infiltrating lymphocytes that were capable of killing autologous bladder tumour cells in 

2D failed to recognise and kill the same tumour cells grown in 3D (Dangles, Validire, et 

al., 2002). In a melanoma model, functions of tumour associated antigen specific CTLs 

were impaired when target cells were cultured in a 3D spheroid configuration. CTLs 

displayed decreased granzyme B, perforin, and FasL expression and reduced IFNγ 

secretion (Feder-Mengus et al., 2007). It was shown that multiple mechanisms underlie 

this defective recognition of melanoma cells by antigen specific CTLs including 

downregulation of TAA expression, downregulation of HLA class I molecules, and 

increased lactic acid production. Impaired immunorecognition of target cells grown in 3D 

by T cells has been confirmed by other groups (Ghosh, et al., 2005). In another study, 

glioma cells grown in 3D upregulated HLA-E expression in comparison to 2D culture 

which conferred resistance to NK cell cytotoxicity (He et al., 2014). Although these 

spheroid-immune models more closely resemble the complexity of tumours than 2D 

cultures, they come with a number of caveats. Most of these spheroid models are 

generated through ultra-low adhesion U-bottom plates, hanging drop method, or spinner 

flask cultures forcing the cells to grow in a 3D configuration. However, the resulting 

spheroids lack organised tissue architecture and polarity and instead form homogenous 

aggregates of cells which do not recapitulate the tissue architecture of tumours which in 
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CRC frequently have a glandular morphology with lumen. Additionally these models lack 

an ECM component adding the immune cells in media thus bringing them into close 

contact with the cancer cell spheroid (Dangles, Va et al., 2002; Dangles-Marie et al., 

2003; Feder-Mengus et al., 2007; Ghosh, Rosenthal, et al., 2005; Thakur et al., 2012, 

2013). In vitro systems to analyse tumour-immune interactions have predominantly 

focused on melanoma, but a few colorectal models have been established. A heterotypic 

spheroid model comprised of colorectal cancer cell line and fibroblast spheroids 

generated through hanging drop method and PBMCs added on top was established for 

the evaluation of immune cell infiltration and assessment of the activity of bispecific 

antibodies including CEA-TCB (Herter et al., 2017). A similar approach was taken by 

Courau and colleagues, except they used low adhesion round bottom plates instead of 

the hanging drop method and they did not incorporate fibroblasts (Courau et al., 2019). 

Both of these models showed T cell infiltration into the spheroids, but these models did 

not incorporate an ECM component that the T cells would need to migrate through to 

infiltrate the spheroid. Recently PDO and immune cell co-cultures have been 

established. Different culturing approaches have been used. In two organoid-T cell 

models, pancreatic and rectal cancer, organoids were cultured under normal conditions 

in 3D embedded in 100% Matrigel domes and T cells were added on top in media. In 

both of these models T cells collected around the Matrigel dome and some T cells were 

able to infiltrate organoids at the edge of the dome, but failed to infiltrate more deeply 

embedded organoids (Kong et al., 2018; Tsai et al., 2018). A study investigating CAR 

NK cell activity in CRC PDOs experimented with different co-culture methods and found 

that CAR NK cells were only able to migrate and induce organoid lysis when the 

organoids were seeded on a thin layer of Matrigel and CAR NK cells were added on top 

in media, but CAR NK cells failed to infiltrate organoids embedded in Matrigel domes 

(Schnalzger et al., 2019). Studies of bispecific antibody activity in 3D co-culture using 

PDOs to my knowledge have not been established therefore my aim was to establish a 

3D PDO-T cell co-culture model incorporating an ECM component for investigating T cell 
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migration and infiltration into different PDO lines. Additionally I wanted to investigate 

whether organoid size or specific morphology would preclude T cells from infiltrating and 

successfully killing the organoids when treated with CEA-TCB.  

6.2 Establishment of a 3D PDO-T cell co-culture model 

My model aimed to combine allogeneic CD8 T cells and PDOs in an extracellular matrix 

that permits T cell migration and maintains organoid growth. T cells and PDOs needed 

to be identifiable through distinct fluorescent labels and the assay needed to be stable 

Figure 6.1 Experimental workflow of setting up a 3D CRC PDO and T cell co-culture 

model. PBMCs were isolated from healthy donor blood from which CD8 T cells were isolated 

using magnetic beads and were activated and expanded in vitro with anti-CD3/CD28 beads 

and IL-2. Tumour organoids were established either directly from core biopsies or first 

undergoing engraftment into CD1 nude and grown in vitro embedded in Matrigel. PDOs had 

been lentivirally labelled with a GFP tagged histone 2B construct in order to enable 

visualisation with microscopy. The tumour organoids were carefully harvested for the assay 

preserving their 3D structure. Prior to the assay the T cells were labelled with a Yellow 

CellTrace tracker dye. Then the PDOs and T cells were embedded in a Matrigel-collagen 

extracellular matrix and media containing a DNA binding viability dye (Draq7) and either a 

control or a CEA binding bispecific antibody was added on top after the gel has polymerised. 

Multiple conditions were set up in a 96 well plate and were imaged for 72 hours with a spinning 

disc microscope. 
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for at least 72 hours of live confocal imaging. In vitro pre-activated CD8 T cells labelled 

with CellTrace proliferation dye were to be co-cultured with GFP labelled PDOs in a 

Matrigel-collagen matrix in a 96 well plate overlaid with T cell media with bispecific 

antibodies and a viability dye.  After developing the 3D co-culture methodology my next 

aim was to develop methods for quantitative analysis of organoid growth, T cell 

migration/infiltration, and cancer cell killing.  

6.2.1 Optimisation of organoid harvesting  

First the method for PDO harvesting was optimised in order to assure that intact 

organoids were seeded into the 3D co-culture assay. PDO stock cultures were grown in 

100% Matrigel domes covered by DMEM:F12 20% FCS media. For maintenance 

passaging the domes were disrupted with a P1000 tip and resuspended in Tryple 

Express dissociating reagent for 20 minutes at 37°C followed by vigorous pipetting to 

break up the organoids into single cells. However, for the assay the goal was to preserve 

organoid structure and remove some of the Matrigel so the PDOs can be resuspended 

in the 3D co-culture assay matrix. Therefore, I decreased the Tryple Express incubation 

Figure 6.2 Different methods of organoid harvesting. (A) Brightfield images of PDOs that 

have been harvested with Tryple Express dissociating reagent for 5 min. (B) Brightfield images 

of PDOs that have been harvested with cold PBS. Brightfield images were acquired with a 10x 

objective. Scale bars are 100μm. 



231 

 

time down to 5 and 10 minutes, however, in both conditions the organoid structure was 

disrupted as evidenced by the rough edges and disorganised structure (Figure 6.2A). 

Matrigel becomes a viscous liquid at 4°C, therefore I investigated whether harvesting 

with cold PBS would preserve organoid structure while removing the old Matrigel. The 

domes were mechanically disrupted and the pieces of broken up Matrigel containing 

PDOs were resuspended in cold PBS for 20 minutes with inversion of the falcon tube 

every 5 minutes followed by moderate pipetting. Afterwards the organoids were spun 

down. Although this method failed to remove all of the old Matrigel, it removed enough 

for the purposes of this procedure and more importantly resulted in preservation of the 

3D structure of organoids which is indicated by the clear smooth border and evidence of 

lumen (Figure 6.2B).   

6.2.2 Matrix selection  

First I confirmed the findings of previous studies that showed that T cells do not readily 

infiltrate into PDO containing Matrigel domes. In my model, CD8 T cells showed no 

migration when either added on top of Matrigel containing PDOs or mixed in together 

with PDOs in Matrigel in a 96 well plate. After T cells have trafficked to the tumour site 

they must successfully extravasate from blood vessels penetrating the subendothelial 

basal lamina. Afterwards they must navigate through the extracellular matrix composed 

of glycosaminoglycans (GAGs), proteoglycans (PGs), glycoproteins, and collagens, 

particularly being rich in collagen type I. Collagens form fibre networks that provide a 

lattice for T cell migration. Based on T cell migration studies collagen type I concentration 

2mg/mL was chosen to allow T cell migration within the matrix (Wolf 2003, Kuczek 2019, 

Friedl 2006, Friedl 1995, Weigelin 2010). Matrigel and collagen were mixed in a 1:1 ratio 

and then diluted with T cell medium to achieve a matrix that is 33% Matrigel and with a 

collagen concentration of 2mg/mL. Although the matrix was left to polymerise at 37°C for 

1 hour before addition of media on top and start of the timelapse I observed that the  
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PDOs would shift throughout the timelapse with some of them leaving the field of view 

thus making image analysis impossible. Therefore, I added a new step to the 3D co-

culture protocol of coating the bottom of the well with a Matrigel-collagen matrix (without 

the addition of T cell media) which successfully prevented the PDO shift issue with PDOs 

remaining in the exact same location throughout the duration of the timelapse (Figure 

6.3A). This matrix was able to support PDO growth and T cell migration over 72 hours of 

live confocal imaging (Figure 6.3B&C).  

 

6.2.3 T cell infiltration analysis 

Next my aim was to investigate T cell migration and infiltration into tumours by tracking 

individual T cell movements. However, with images taken every 30 minutes T cell 

movement between two timepoints was too great for the software to track because for 

individual cell tracking analysis to be feasible, migrating cells need to move less than half 

of the distance between other migrating cells in each time frame. T cells took 24 hours 

or more to migrate to and infiltrate PDOs followed by another 24-48 hours of PDO killing 

thus sufficiently short time intervals were not possible due to large data size of 1 TB for 

a single experiment with 30 minute intervals for 72 hours. A study investigating T cell 

migration in collagen matrices found that T cells move at an average step length of 

7μm/min and imaged T cells every 1 min to track individual cells. In addition to the 

limitation of large data size, imaging this frequently over a span of 72 hours would 

probably result in high phototoxicity. Therefore, I focused on evaluating the T cell 

infiltration into PDOs as a first step. In order to estimate the amount of T cells that have 

Figure 6.3 Collagen-Matrigel matrix supports PDO growth and T cell migration. (A) Images 

of PDOs at timepoints 0 hrs and 36 hours of timelapse either plated with or without a base 

matrix. (B) Representative images of PDO growth at timepoints 0 hrs, 24 hrs, 48 hrs, and 72 hrs 

of timelapse. (C) Representative images of T cell (red) infiltration of PDO (green) at timepoints 

0 hrs, 24 hrs, 48 hrs, and 72 hrs of timelapse.  
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migrated from one timepoint to another I created an image analysis approach that 

overlayed images taken at various timepoints with the image taken at timepoint 0. This 

allowed me to count the number of T cells which remained in the exact same position 

and those that have moved thus estimating the fraction of T cells that have migrated. By 

6 hours 66% and 48% from experiment 1 and 2 respectively CD8 T cells co-cultured 

together with PDOs migrated from their original position at the start of the timelapse 

(Figure 6.4). CD8 T cells that were seeded alone in the matrix also migrated, but to a 

lesser extent. By 6 hours 47% and 29% in experiments 1 and 2 respectively of CD8 T 

cells migrated from their original position. Interestingly, CD8 T cells alone mostly stopped 

migrating between 36 and 72 hours with an average of 10% migrating between 36 and 

72 hours and 2% migrating between 60 and 72 hours (Figure 6.4). Contrastingly, CD8 T 

cells co-cultured with PDOs continued to migrate throughout the entire duration of the 

experiment thus suggesting that the PDOs were stimulating T cells to migrate. These 

findings are in line with a previous study that showed that only 20-50% of T cells 

developed spontaneous migration in a collagen matrix with the rest of the cells only 

showing temporary migration or remaining in a spherical non-migratory state (Friedl & 

Brocker, 2000).  

 

Figure 6.4 T cell migration analysis. Bar graphs showing percent of T cell migration from 

one time point to another (specified on graph) either alone (blue) or in a co-culture with PDOs 

(green). Data from two experiments. Error bars represent standard deviation. 
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To quantitively assess T cell infiltration into PDOs over time I created a custom pipeline 

in Cell Profiler software to analyse my timelapse data. Three dimensional timelapses 

were max projected to create 2D timelapses. For a maximum intensity projection for each 

XY coordinate, only the pixel with the highest intensity value within the Z-stack is 

represented so that in a single bidimensional image all structures in a given volume are 

observed.  Organoids were segmented using GFP intensity and organoids close together 

were separated by shape. After organoids have been segmented (Figure 6.5A1) they 

were assigned a unique ID (Figure 6.5A2). The module used for that was originally 

designed for cell tracking, but I used it to give organoids a unique ID because I needed 

to measure growth and T cell infiltration over time. Since the organoids did not move 

during the timelapse they retained their unique IDs from time frame to time frame. At the 

Figure 6.5 T cell infiltration analysis. (A1) Image showing an example of organoid 

segmentation by Cell Profiler. (A2) Image showing assignment of unique organoid IDs for the 

duration of the timelapse. (A3) Images showing T cell segmentation by Cell Profiler. An 

example of DP47 and CEA-TCB conditions are shown. (B) Spheroid growth (spheroid area 

in μm2) over 72 hours. Each line represents a single organoid. (C) T cell area inside each 

organoid over 72 hours. (D) T cell area normalised to organoid area thus showing T cell 

density. Each line represents T cell density within a single organoid.  
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same time T cells were segmented based on Cell Trace fluorescence. Because Cell 

Trace is a proliferation dye its intensity halves every time a T cell divides therefore 

instead of using total intensity I used T cell area as a surrogate for calculating T cell 

infiltration (Figure 6.5C). Total T cell area inside each organoid was measured and 

normalised to organoid area as a proxy for size (Figure 6.5D). Figure 6.5 A3 shows an 

example of T cell segmentation from a DP47 condition where the T cells are relatively 

evenly distributed throughout the image, whereas in the CEA-TCB condition T cells are 

more dense in the organoid areas indicating infiltration.  

 

6.3 Investigating T cell infiltration into PDOs using 3D co-culture model  

Firstly I investigated whether PDOs differed in their ability to attract T cells, be infiltrated 

by them, and the effect of CEA-TCB on both. Six PDO lines were selected: three CEA-

high (CRC-01, CRC-05, CRC-07) and three CEA-mixed lines (CRC-02, CRC-06, CRC-

08). Each PDO line was set up with three conditions: PDO with CD8 T cells, PDO with 

CD8 T cells and DP47 (20nM), and PDO with CD8 T cells and CEA-TCB (20nM). 

Timelapse images were acquired using a spinning disk microscope every 2 hours for 72 

hours and were analysed using the analysis method described in 6.2.3. Organoids with 

CD8 T cells with or without DP47 treatment showed similar low infiltration rates across 

all PDO lines except for CRC-01. Some organoids in each PDO line exhibited increased 

infiltration. T cells infiltrated these organoids without killing them as shown in Figure 6.6C, 

therefore suggesting that these organoids trigger a response that leads to T cell 

attraction and infiltration. However, in the case of CRC-01 the increase in T cell infiltration 

in the control and DP47 treated conditions can most likely be attributed to alloreactivity 

because small amounts of GFP nuclear debris can be observed Figure 6.7B. However, 

T cell mediated killing caused by alloreactivity did not kill the organoids fully as compared 

to CEA-TCB treated organoids which were destroyed either nearly or to full completion 

as indicated by the cloud of GFP debris and lack of intact nuclei at the final timepoint of 
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the timelapse (Figure 6.7A). Except for CRC-01 which exhibited similarly high levels of 

CD8 T cell infiltration when treated with CEA-TCB compared to T cells alone or treatment 

with DP47 and CRC-06 which showed similarly low levels of T cell infiltration under all 

three conditions, CEA-TCB increased T cell infiltration in all PDOs, both CEA-high and 

CEA-mixed. An interesting observation is the heterogeneity in T cell infiltrates between 

organoids within the same PDO line suggesting that even in the presence of CEA-TCB 

organoids have different ability to attract T cells. Taking CRC-02 as an example, 3 

organoids had T cell density below 0.2, 3 had T cell density between 0.2-0.4, and 3 

between 0.4-0.8 (Total T cell area in μm2/Organoid area in μm2) (Figure 6.6A). Most 

organoids also appear to exhibit a decline in T cell density after peak infiltration is 

reached, which in most cases occurred by 36 hours. In case the reason for the observed 

decline was due to the organoid growth rate becoming greater than the infiltration rate, 

absolute T cell area within each organoid was considered. As can be seen in Figure 

6.6B, total T cell area within organoids also declined after reaching the peak. This 

occurred regardless of whether or not the organoids were killed. Images of CRC-02 in 

Figure 6.6C show peak infiltration at 20 hours and a marked decrease in infiltration by 

72 hours, even though the organoids were not killed as they show minimal GFP debris. 

When a median is taken across all organoids within each PDO line at each timepoint of 

the timelapse, CRC-02 and CRC-06 show the greatest infiltration with CD8 T cells and 

DP47 treatment (disregarding CRC-01 which exhibits high infiltration potentially due to 

alloreactivity) (Figure 6.6D). However, when PDOs and CD8 T cells were treated with 

CEA-TCB, CRC-02 and CRC-07 showed the greatest infiltration, CRC-01, CRC-05, and 

CRC-08 showed medium infiltration, and CRC-06 showed the least infiltration (Figure 

6.6D). Based on this data, CEA expression status does not appear to determine level of 

CD8 T cell infiltration and other factors such as chemokine profiles may play a role.  
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After developing the T cell infiltration readouts my aim was to assess how tumour cell 

death can be assessed in this assay. Analysis of area of organoids cultured with or 

without CEA-TCB was performed in order to assess whether GFP positive organoid area 

could be used as a surrogate for tumour cell death as it decreases in size with 

progressive T cell mediated killing. However, the high density of strongly GFP positive 

nuclear debris prevented accurate measurement of the remaining viable organoid area 

therefore a different quantitative approach needed to be established (Figure 6.7D). 

However, even in the absence of a quantitative cancer cell death readout a couple 

observations can be made based on visual assessment of the images. CEA-high PDOs 

showed either complete or near complete death when treated with CEA-TCB as 

evidenced by the large area of nuclear debris and few or none intact nuclei remaining. 

Whereas CEA-mixed PDOs showed a range of organoid destruction, some showed no 

killing despite high infiltration, some showed partial death with some nuclear debris but  

Figure 6.6 CD8 T cell infiltration into PDOs quantification. (A) T cell density curves 

calculated for individual organoids in six PDOs (CRC-01, CRC-02, CRC-05, CRC-06, CRC-07, 

CRC-08). Data is organised by columns with each of the three columns representing different 

treatment conditions: PDO+CD8 T cells, PDO+CD8 T cells+DP47, PDO+CD8 T cells+CEA-

TCB. Graphs have been smoothed for ease of visualisation. Bar graphs in column four show 

maximum T cell density during timelapse with each data point representing a single organoid. 

Data is also organised by the three treatment conditions. Experiment was performed twice, but 

only one is shown. (B) T cell area (μm2) calculated for individual organoids in a CEA-high PDO 

and CEA-mixed PDO over 72 hours. (C) Images of CD8 T cell infiltration of CRC-02 treated 

with CEA-TCB at timepoints 20 hours and 72 hours (final timepoint). Organoids are in green 

and CD8 T cells in red. The scale bar is 100μm. (D) A median of T cell density was taken across 

all organoids within each PDO line. Each line represents a PDO line. Graphs have been 

smoothed for ease of visualisation. Three treatment conditions are presented: PDO and CD8 

T cells with no treatment, PDO and CD8 T cells treated with DP47, and PDO and CD8 T cells 

treated with CEA-TCB.  
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still many remaining intact nuclei, and some showed complete or near death with large 

amounts of debris and few or none intact nuclei remaining (Figure 6.7D). Most CRC-06 

organoids showed no killing despite high infiltration whereas CRC-08 showed a wide 

range of responses with either no death, partial death, or complete death. Both of these 

PDOs have similar CEA expression levels (Chapter 1) therefore some CEA-TCB 

resistance might be at play. To investigate this further, organoids need to be harvested 

post killing assay and stained for CEA expression to determine if all of the remaining 

cells are CEA low or negative, or if some CEA-high expressing cells were able to evade 

CEA-TCB facilitated T cell mediated killing. 

 

6.4 Establishment of cancer cell death readout  

In order to be able to quantify cancer cell death, DRAQ7 which is a membrane 

impermeable dye that stains double stranded DNA of dead cells, was added to the media 

of the 3D co-culture model. However, this stain does not distinguish between cancer cell 

death and T cell death that may occur as a result of activation-induced cell death (AICD). 

Figure 6.7 Images of T cell infiltration into PDOs and T cell mediated tumour cell death. 

(A) Images of CRC-06 organoid co-cultured with CD8 T cells and no bispecific antibody 

treatment. First image shows T cell infiltration into the organoid. In the second image the T cell 

fluorescence channel was removed to be able to clearly see the full organoid at the final 

timepoint of 72 hours. (B) Images of CRC-01 organoids co-cultured with CD8 T cells with no 

bispecific antibody treatment. First image shows T cell infiltration while the second image shows 

organoid at the final timepoint of 72 hours. In the second image the T cell fluorescence channel 

was removed to be able to clearly see nuclear debris indicating tumour cell death and the 

remaining intact nuclei. (C) Images of CRC-01 organoids co-cultured with CD8 T cells treated 

with CEA-TCB. First image shows T cell infiltration while the second image shows organoid at 

the final timepoint of 72 hours. In the second image the T cell fluorescence channel was 

removed to be able to clearly see nuclear debris indicating tumour cell death and the remaining 

intact nuclei. (D) Images showing T cell infiltration (different timepoints, images were chosen 

based on peak infiltration levels) and organoids at 72 hours (final timepoint was chosen to show 

maximal tumour cell death if any was present). Images were grouped by CEA expression 

profiles with 2 groups: CEA-high and CEA-mixed. All images have a scale bar of 100μm.  
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Two CEA-high PDOs, CRC-01 and CRC-07, were chosen to test the new method of 

measuring cancer cell death. This time a different PBMC donor was used and neither 

PDO line showed alloreactivity. As seen in the previous assay, CEA-TCB increased CD8 

T cell infiltration into the organoids compared with the level of T cell infiltration observed 

in control conditions (PDO+CD8 and PDO+CD8+DP47). Both PDOs showed a similar 

level of organoid infiltration when treated with CEA-TCB (Figure 6.8A). However, CRC-

01 organoids were more infiltrated under control conditions when compared with CRC-

07. A median was taken across all organoids within the same condition of each PDO to 

show the general trend of infiltration in each condition. Both PDOs achieved a median 

peak T cell density of 0.25. Whereas under control conditions T cell density in CRC-07 

was below 0.05, while that of CRC-01 was between 0.05 and 1 (Figure 6.8A). The 

average maximum T cell density was 0.14 in PDO plus T cell condition and 0.22 in DP47 

treated condition in CRC-01, while in CRC-07 those values were 0.04 and 0.06 

respectively (Figure 6.8B). The average maximum T cell density for CEA-TCB treated 

condition was similar between both PDOs at 0.32 for CRC-01 and 0.37 for CRC-07.  

In order to measure cancer cell death within each organoid, DRAQ7 median 

fluorescence intensity was measured within the organoid area. Under control conditions 

organoids exhibited either no or low levels of cancer cell death. It should be noted that 

organoids exhibit some spontaneous cell death even when cultured alone without T cells. 

With CEA-TCB treatment, both PDOs showed an increase in cancer cell death which 

correlates with what can be observed visually. Images in Figure 6.8D show organoids 

for both CRC-01 and CRC-07 at timepoint 0 (start of the timelapse) and the final timepoint 

of the timelapse at 72 hours. Both PDOs were effectively killed by T cells as indicated by 

the lack of intact nuclei remaining and the presence of nuclear debris. The third image in 

each row shows DRAQ7 fluorescence at 72 hours confirming extensive cell death.  
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6.5 Effect of organoid size and morphology on T cell infiltration  

Cancer cell agglomerates in actual tumours can be large, requiring T-cells to deeply 

penetrate for effective tumour control. There, T cells encounter harsh conditions 

including nutrient depletion and high concentrations of metabolites such as lactate which 

can promote T-cell dysfunction (Fischer et al., 2007; Lanitis et al., 2017). Colon cancers 

can furthermore show different growth morphologies, from well differentiated tumours 

that retain gland-like structures to poorly differentiated ones growing as densely packed 

cancer cell nodules (Figure 6.10A&B) (Fleming et al., 2012). Whether large size or 

specific morphologies represent barriers to T cells penetration or function during CEA-

TCB treatment is unknown. Six PDO lines were categorised based on morphology; CRC-

01, CRC-04, and CRC-05 show well differentiated gland like structure with lumen 

(hollow), CRC-05 and CRC-06 grow as poorly differentiated solid masses (compact), 

and CRC-02 exhibits a unique growth pattern of gland like structures with lumen that are 

filled with densely packed nuclei (Figure 6.9A). Imaging of the central slice of organoids 

revealed that all growth patterns were infiltrated by CEA-TCB redirected T cells, which 

were present on the inside and outside of walls of well differentiated organoids growing 

as glands or spheres and throughout the compact spheroid mass of poorly differentiated 

organoids (Figure 6.9B). 

Figure 6.8 Quantifying cancer cell death in 3D co-culture assay. (A) Graphs of CEA-high 

PDO, CRC-01 and CRC-07, CD8 T cell infiltration over 72 hours of 3D co-culture assay. Median 

values of T cell density of all organoids within each condition and each PDO is plotted. Three 

treatment conditions are shown: PDO+CD8 (blue), PDO+CD8+DP47(green), PDO+CD8+CEA-

TCB (red). (B) Bar graphs showing maximal T cell density of individual organoids within each 

condition and PDO. Each point represents a single organoid. Graph shows mean maximum T 

cell density with SD. (C) Graphs showing median fluorescence intensity of DRAQ7 with a 

median taken across all organoids within each of the three treatment conditions and each PDO 

line. (D) Images showing CRC-01 and CRC-07 treated with CD8 T cells and CEA-TCB at 

timepoints 0 and 72 hours. For all images T cell fluorescence channel has been removed to 

focus on cancer cell death. First two images show GFP signal from organoids and the third 

image shows DRAQ7 fluorescence signal at the final timepoint of 72 hours. All scale bars are 

100μm. 
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Figure 6.9 Effect of organoid morphology on T cell infiltration. All images are slices from 

3D z-stacks showing the middle of the organoid. Organoids are in green and where applicable 

CD8 T cells are in red. All scale bars are 100μm. (A) Images showing morphology of six PDOs 

CRC-01, CRC-02, CRC-04, CRC-05, CRC-06, CRC-07, organised by morphology type. (B) 

Images of T cell infiltration from CEA-TCB treated PDO and CD8 T cell co-cultures organised 

by different morphologies. 
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In order to address the effect of organoid size on T cell infiltration and killing organoids 

were grown for different amounts of time and combined together for the 3D organoid-T 

cell co-culture assay. Smaller organoids were grown for 11 days while larger ones were 

cultured for 21 days prior to seeding for the assay. For analysis organoids were classified 

by size into small organoids (organoid area at 0 hours 6000μm2 or less), medium 

organoids (organoid area at 0 hours greater than 6000μm2 or less than or equal to 

12,000μm2), and large organoids (organoid area greater than 12,000 μm2 at 0 hours). 

Median diameter was 67μm for small organoids, 102μm for medium, and 147μm for 

large. These diameters are similar to the size of cancer cell nodules or glands 

histologically observed in patient tumours (Figure 6.10C). Images of central slice of 

organoids showed that T cells redirected by CEA-TCB were able to infiltrate into small 

Figure 6.10 Comparison of patient tumour nest and PDO size. (A) Example image of tumour 

nest measurements on H&E stained well differentiated CRC. (B) Example image of tumour nest 

measurements on H&E stained poorly differentiated CRC. Both images were taken and 

analysed by Dr Ben Challoner in my lab. (C) Size comparison between tumour nest in 15 CRCs 

(5 measurements per tumour) and all PDOs from experiment comparing different organoid 

sizes. (D) Images of T cell infiltration from CEA-TCB treated PDOs (CRC-01, -05, -06)  and CD8 

T cell co-cultures organised by size (small and large). All images are slices from 3D z-stacks 

showing the middle of the organoid. Organoids are in green and CD8 T cells are in red. All scale 

bars are 100μm. White arrows pointing to T cells in the centre of large organoids. 



247 

 

organoids as well as into the centre of large compact organoids measuring up to 355μm 

in diameter (Figure 6.10D). 

6.5.1 T cell infiltration into organoids of different sizes 

 Under control conditions, more T cells infiltrated large organoids from CEA-mixed PDOs 

(CRC-02, CRC-04, CRC-06) than organoids from CEA-high PDOs (CRC-01, CRC-05, 

CRC-07) (Figure 6.11C). T cell infiltration quantification showed that T cell densities were 

similar regardless of organoid size in CEA-TCB treated organoids except for CRC-06 

which showed a correlation between organoid size and T cell density with the smallest 

organoids being most infiltrated and large organoids being the least infiltrated (Figure 

6.11A). CEA-TCB significantly or near significantly increased T cell infiltration is all PDOs 

and all organoid sizes (Figure 6.11B). Despite being CEA-high, CRC-05 and CRC-07 

were the least infiltrated in both treatment conditions and organoid sizes, the difference 

being most dramatic in large CEA-TCB treated organoids (Figure 6.11C). Interestingly, 

CRC-02 and CRC-06 which have a mixed CEA expression profile, showed the greatest 

infiltration in both small and large organoids when co-cultures were treated with CEA-

TCB (Figure 6.11C). T cell infiltration analysis of this experiment showed that neither the 

distinct PDO architecture, nor the size of individual organoids negatively affected T cell 

infiltration into PDOs.  

 



248 

 

 

 



249 

 

 

6.5.2 Effect of organoid size on T cell mediated killing of tumour cells 

In order to investigate if organoids of different sizes are as effectively killed by CD8 T 

cells in the presence of CEA-TCB, DRAQ7 median fluorescence intensity was quantified. 

All organoids exhibited low levels of cancer cell death even in the control condition 

(treated with DP47). But large organoids in the control condition in particular showed the 

highest level of cancer cell death. Figure 6.12B shows an example of dead cancer cells 

accumulating in the lumen of an organoid grown without T cells over the span of 72 

hours. When treated with CEA-TCB all three size groups exhibited cancer cell death. 

(Figure 6.12A). Interestingly, in CEA-high organoids CRC-01 and CRC-05 smaller 

organoids exhibited more resistance to killing compared to larger ones, while CRC-07 

small organoids got killed more efficiently than medium and larger organoids (Figure 

6.12A). The timing of cancer cell death also varied between different PDOs. In most 

PDOs cancer cell death occurred gradually, whereas CRC-06 showed no cancer cell 

death until 48 hours and after that timepoint experienced rapidly increasing cancer cell 

death. This was despite the same time of peak T cell infiltration in CRC-06 and CRC-07 

(Figure 6.11A). High CEA expression and adequate T cell infiltration may not be the only  

Figure 6.11 Quantification of T cell infiltration into organoids of different sizes. (A) Graphs 

of T cell density in organoids over 72 hours. Median values of T cell density of all organoids within 

each condition and each PDO is plotted. Data is organised by CEA expression status, treatment 

conditions (DP47 and CEA-TCB), and three organoid sizes (small, medium, large). (B) Maximum 

T cell density within each organoid during the 72 hour co-culture assay (same data as in B but 

organised by organoid size rather than PDO). Each point represents an individual organoid. Data 

is organised by CEA expression status, treatment conditions (DP47 and CEA-TCB), and three 

organoid sizes (small, medium, large). Statistical analysis was performed using an unpaired t-

test. For all growth analysis P values are as follows: > 0.05 is ns, < 0.05 is *, < 0.01 is **, <0.001 

is ***, <0.0001 is **** and ns = not significant. (C) Graphs of maximum T cell density in organoids. 

Data is organised by treatment (DP47 and CEA-TCB), organoid size (small, medium, large) and 

PDO line.  
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Figure 6.12 Tumour cell killing by CD8 T cells. (A) Graphs of DRAQ7 median fluorescence 

intensity in organoids over 72 hours. Median values of DRAQ7 MFI of all organoids within each 

condition and each PDO is plotted. Data is organised by CEA expression status, treatment 

conditions (DP47 and CEA-TCB), and three organoid sizes (small, medium, large). Data is from 

a single experiment in which data from individual organoids were pooled. (B) Image of an 

organoid (green) grown alone without co-culture with T cells and DRAQ7 (purple) at three 

timepoints: 0, 36, 72 hours. Scale bar is 100μm. (C) Images of two CRC-07 organoids co-

culture with CD8 T cells and treated with CEA-TCB. Left images show organoid at the beginning 

of timelapse (0 hrs). Middle images are representative images of CD8 T cell (red) infiltration 

into organoids (green). Right images show organoid (green) and DRAQ7 (purple) at 72 hours, 

the final timepoint of timelapse. All scale bars are 100μm. Continued on next page. 
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factors affecting CEA-TCB activity. Two similarly sized CRC-07 organoids were 

compared in their T cell infiltration and cancer cell death. Both had similar levels of T cell 

infiltration, but organoid 1 exhibited minimal death, while organoid 2 was completely 

destroyed as evidenced by the strong DRAQ7 fluorescence and GFP positive nuclear 

debris therefore suggesting CEA-TCB resistance (Figure 6.12C-E). To investigate the 

mechanisms driving resistance to CEA-TCB a method of individual organoid harvesting 

post 3D killing assay needs to be developed. These organoids could be single cell RNA 

sequenced to determine drivers of resistance. However, due to the complexity of this 

potential methodology and COVID related restrictions I have not had the opportunity to 

develop this technique. 

 

6.6 Increasing complexity of 3D co-culture model by adding a stromal 

component 

Successful infiltration of T cells into the tumour is a prerequisite for T cell mediated killing 

of cancer cells. However, frequently tumours exhibit an immune excluded phenotype, 

with T cells being restricted to the invasive margins or the stromal regions of the tumour. 

Multiple studies have reported reduced CTL infiltration in CAF (cancer associated 

fibroblast) rich tumours compared to CAF low tumours (Ford et al., 2020; Jiang et al., 

2018; Kato et al., 2018). CAFs have been shown to prevent T cell infiltration into tumours 

by several different mechanisms. CAFs secrete soluble factors such as CXCL12 and 

TGFβ that have been demonstrated to lead to T cell exclusion (Ene-Obong et al., 2013; 

Feig et al., 2013; Mariathasan et al., 2018). A hallmark of activated CAFs is their ability 

to aberrantly deposit and remodel extracellular matrix (ECM) leading to dense networks 

of collagen, fibronectin, and other ECM proteins around tumour islets. A study using live 

(D) Graph showing T cell density quantification in organoid 1 and 2 from (C). (E) Graph showing 

DRAQ7 median fluorescence intensity in organoids 1 and 2 from (C). 
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cell imaging of viable slices of human lung tumours revealed that T cells preferentially 

accumulated in the stromal regions and were rarely found in tumour cell regions (Salmon 

et al., 2012). Tumour islets were encapsulated by dense networks of parallel ECM fibres 

that prevented successful T cell migration and infiltration into tumours. They showed that 

T cell counts were negatively correlated with ECM density and that fibronectin rich 

regions, such as areas immediately surrounding tumour islets, inhibited T cell motility. 

Matrix loosening through collagenase treatment led to an increased infiltration of CD8 T 

cells into tumour islets, with a twofold increase in the number of T cells in contact with 

tumour cells (Salmon et al., 2012). Another study supported these findings by showing 

that T cell migration was inhibited in dense collagen matrices compared to active 

migration observed in low density collagen matrices (Hartmann et al., 2014). Due to their 

immunomodulatory functions and their role in T cell exclusion, CAFs have been 

incorporated into in vitro models studying tumour-immune interactions and evaluating 

activity of immunotherapeutic agents (Herter et al., 2017; Tsai et al., 2018). However, 

modelling tumour stroma in a physiologically relevant way is difficult. In a colon 

heterotypic spheroid model fibroblasts and tumour cells were co-cultured together prior 

to addition of immune cells. Tumour cells formed an external peripheral layer surrounding 

the central core of fibroblasts while in patient tumours the fibroblasts usually surround 

tumours, thus better models incorporating CAFs are needed (Herter et al., 2017).  

 RNA sequencing of RC11 CAFs which are human fibroblasts from rectal 

carcinoma (provided by Dr.Fernando Calvo)  showed that they express high levels of 

CXCL12 and TGFβ1 compared to no or minimal levels of expression by PDOs (Figure 

6.13A). Next, RC11 were grown in different matrices and a viability assay using CellTiter 

Glo was performed. When cultured in Matrigel alone CAFs remained round and after 4 

days of culture the viable cell number was reduced by 57% compared to viability after 24 

hours (Figure 6.13B). Culturing CAFs in the matrix used in the 3D co-culture model 

reduced the number of viable cells by 40%, which was an improvement over Matrigel  
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Figure 6.13 Incorporation of CAFs to 3D PDO-T cell co-culture. (A) Graph showing gene 

expression data for CXCL12 and TGFβ1 for CAFs and 3 PDOs: CRC-01, CRC-05, CRC-07 

as determined by RNA sequencing (normalised counts). (B) CAFs were grown in different 

matrices for 5 days and cell viability was determined using CellTiter Glo. Percent growth was 

calculated against a baseline viability readout 24 hours after seeding. Experiment performed 

once. (C) Images of CAFs cultured in Matrigel (alone) and 3D co-culture assay Matrigel-

collagen matrix alone or together with PDOs (CRC-01). (D) Images of CAFs co-cultured with 

PDOs in a Matrigel-collagen matrix for 72 hours with images taken at 24, 48, and 72 hours. 

(E) Images (brightfield and fluorescence) showing Matrigel-collagen gel contraction caused 

by CAFs.  
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only culture. Addition of ITS (insulin-transferrin-selenium) which is a supplement added 

to CAF media, improved cell viability and even resulted in CAF proliferation compared to 

the 24 hour baseline (Figure 6.13B). CAFs cultured in Matrigel-collagen-T cell media 

matrix with the addition of ITS showed typical elongated shape (Figure 6.13C). CAFs 

were able to maintain this shape throughout the 72 hour timelapse forming links with 

each other and surrounding PDOs (Figure 6.13D). However, due to being highly 

contractile cells and their ability to remodel ECM, CAFs caused a severe contraction of 

the ECM matrix containing PDOs thus shifting all pf the PDOs from their imaging 

positions. Figure 6.13D shows the border of the gel in brightfield and fluorescent imaging 

which is usually not visible as the gel sits against the walls of the 96 well plate well. As 

the organoids need to remain in the same position throughout the timelapse for 

quantification of T cell infiltration and cancer cell death, addition of CAFs proved 

problematic. Due to COVID restrictions and limited access to tissue culture and 

microscopes, I was unable to optimise this triple co-culture further. One approach would 

be to image organoids at specific timepoints rather than continuously imaging them 

throughout 72 hours. As the organoids would shift from one timepoint to the next, I would 

find the same organoids at different timepoints. If the same organoids can not be found 

after the shift, imaging any organoids would provide some valuable information. Although 

I would not be able to observe the dynamics of the infiltration, I would still be able to 

quantify T cell infiltration into organoids at different timepoints and see if the presence of 

CAFs impedes T cell infiltration into organoids. 

6.7 Discussion 

Since the introduction of multicellular tumour spheroids (MCTS) in 1971 by Sutherland 

and colleagues, 3D in vitro models have emerged as a powerful tool to investigate 

tumour biology (Sutherland et al., 1971). Three dimensional spheroids more closely 

mimic in vivo tumours than traditional two-dimensional cell cultures recapitulating key 
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features such as chemical, nutrient, and oxygen gradients, cell-cell interactions, and 

growth kinetics more closely resembling in vivo tumours. The closer a cell is to the core 

of the spheroid the less oxygen and nutrients is available, and the higher the 

accumulation of metabolic waste. Tumour cells cultured in 3D have different metabolic 

profiles compared to 2D cultured counterparts exhibiting increased glycolysis and high 

lactic acid production (Feder-Mengus et al., 2007; Santini et al., 2004). Although in 

Chapter 5 I have demonstrated that hypoxia does not impair T cell function in the context 

of CEA-TCB, I have not tested the effect of lactic acid on T cells in my model and it has 

been reported to suppress T cell proliferation and cytokine production and to reduce 

cytotoxic activity (Fischer et al., 2007). Therefore nutrient depletion and accumulation of 

metabolic waste may be factors that impair CEA-TCB efficacy. Importantly, gene 

expression profiles of cells cultured in 3D differ from those grown as monolayers, with 

upregulation of genes encoding chemokines and cytokines (Fischbach et al., 2007; 

Ghosh, Spagnoli, et al., 2005). Another study found that culturing tumour cells in a 

spheroid configuration resulted in upregulation of genes related to immune response, 

lymphocyte stimulation, and response to cytokine stimulation (Kim et al., 2012). To 

further increase clinical relevance of 3D models, methods for culturing patient derived 

organoids have been developed. In addition to recapitulating molecular features, patient 

derived organoids better model tumour architecture than spheroids being able to form 

well differentiated gland like structures that match the morphology of the original tumour. 

 Multiple models and studies have shown that tumour cells cultured in 3D 

exhibited defective immune recognition by CTLs (Dangles, Validire, et al., 2002; Feder-

Mengus et al., 2007; Ghosh, Rosenthal, et al., 2005). However, very few models have 

been adapted to study T cell migration and infiltration which are essential steps for an 

antitumour immune response to occur and for immunotherapies such as checkpoint 

inhibitors, CAR-T cells, and bispecific antibodies to work as T cells need to be in close 

proximity to the tumour cells. One of the most common co-culture methods used to 
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evaluate tumour-immune interactions and lymphocyte infiltration into tumour spheroids 

involves generation of MCTS through various techniques such as liquid overlay 

technique or hanging drop method and addition of lymphocytes on top in culture medium 

(Courau et al., 2019; Fischer et al., 2007; Giannattasio et al., 2015; Herter et al., 2017; 

Hoffmann et al., 2009; Koeck et al., 2017). Afterwards the spheroids are harvested and 

lymphocyte infiltration is determined by flow cytometry or immunohistochemistry. 

However, due to lack of an extracellular matrix component these models are not suitable 

for evaluation of T cell migration through the extracellular matrix which T cells are met 

with after extravasation from blood vessels at the tumour site. Tumours employ various 

strategies to prevent T cell trafficking and infiltration such as deregulation of chemokine 

expression and development of aberrant vasculature. Another important mechanism 

responsible for preventing T cells from reaching the tumour is the remodelling of 

extracellular matrix by both tumour and stromal cells. Although tumours also contribute, 

stromal cells such as CAFs are the main producers of various ECM components such 

as collagens, fibronectin, and laminins. Using matrix metalloproteinases (MMP) CAFs 

degrade and remodel the ECM. Additionally they use lysyl oxidase (LOX) which 

covalently cross-links collagen fibres forming dense collagen networks (Brauchle et al., 

2018). Resulting collagen dense matrix found in many solid tumours including CRC is 

much stiffer than the submucosal collagen-rich layer of healthy colonic tissues (Brauchle 

et al., 2018; Li et al., 2020; Liu et al., 2020). In vivo stiffness measurements of tumour 

ECM showed a positive correlation with ECM crosslinking and a negative correlation with 

T cell migration (Nicolas-Boluda et al., 2021). Using ex vivo fresh tumour slices of lung 

and ovarian tumours, Bougherara and colleagues identified the extracellular matrix as a 

major stromal component in influencing T cell migration (Bougherara et al., 2015). This 

and other studies have found that T cell migration is inhibited in collagen dense regions 

and that T cells preferentially localise in less collagen dense regions of the stroma, far 

from tumour islets which are frequently surrounded by dense ECM which limits T cells 
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access to tumour cells (Bougherara et al., 2015; Hartmann et al., 2014; Salmon et al., 

2012). 

 Due to the important role the ECM plays in T cell migration and infiltration 

into tumours some in vitro models have added an ECM component. Some studies have 

developed 2.5D models in which spheroids or organoids are plated on a layer of matrix 

(usually Matrigel) and immune cells are added on top in media (Schnalzger et al., 2019; 

Thakur et al., 2012, 2013). However, T cell motility on 2D surfaces and within 3D matrices 

significantly differ. T cell migration on 2D surfaces (haptokinetic T cell migration) involves 

integrin mediated binding to surface, while migration of T cell in 3D matrices is integrin 

independent and is an amoeboid-like migration characterised by crawling along collagen 

fibrils (contact guidance) and squeezing through pre-existing matrix gaps by vigorous 

shape change (Friedl et al., 1998; Friedl & Brocker, 2000; Ivanoff et al., 2005; 

Lämmermann et al., 2008; Wolf et al., 2003). One in vitro model incorporated the T cell 

migration through ECM step by establishing a “sandwich assay” where target cells were 

plated as a monolayer at the bottom of the culture plate and an overlaying collagen gel 

layer containing CTLs (Weigelin & Friedl, 2010). However, this specific model lacked 

three dimensional tumour structure that resembles in vivo tumours. 

  Therefore, my aim was to combine all of these different aspects of T cell 

migration and infiltration into tumours and develop a 3D co-culture assay that would allow 

investigation of tumour-immune interactions and CEA-TCB activity. My model was 

comprised of PDOs, T cells, and an extracellular matrix component permitting organoid 

growth and T cell migration. The main aims were to determine whether organoids could 

be infiltrated by CD8 T cells in the presence or absence of CEA-TCB, and whether 

organoid size or morphology would preclude T cell infiltration and CEA-TCB facilitated 

cancer cell killing. My experiments showed that under control conditions, PDO and CD8 

co-culture alone or treated with DP47, majority of organoids exhibited low levels of T cell 

infiltration. However, some organoids within different PDO lines became heavily 
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infiltrated with no subsequent killing of cancer cells thus eliminating the possibility that 

this was a result of an alloreactivity reaction. This suggests that organoids differ in their 

propensity to acquire T cell infiltrates potentially due to differential secretion of T cell 

attracting chemokines. Treatment of PDO-T cell co-cultures with CEA-TCB overall 

increased T cell infiltration into all PDOs, irrespective of their CEA expression status. 

Organoid infiltration heterogeneity was observed within PDO lines meaning that even in 

the presence of CEA-TCB organoids differed in their ability to attract and be infiltrated 

by CD8 T cells. Next, I investigated whether different organoid morphologies affected T 

cell infiltration. Some PDOs grow in a gland-like structure containing lumen or hollow 

spheroids mimicking more differentiated CRC tumours whereas others grow as dense 

compact masses of cells reminiscent of poorly differentiated CRCs. Conveniently CEA 

expression profile did not correlate with a specific morphology, with CRC-01 and CRC-

07 (CEA-high) growing as hollow structures, while CRC-05 (CEA-high) grows as 

compact spheres. Vice versa CRC-04 and CRC-06 (CEA-mixed) grew as hollow spheres 

and compact spheres respectively. This allowed me to evaluate the effect of morphology 

on CEA-TCB driven T cell infiltration regardless of CEA expression status. All 

morphologies were permissive of T cell infiltration, with T cells localised in the walls of 

gland-like organoids and throughout the dense cellular mass of compact organoids. 

Similarly, the size of the organoids did not affect T cell infiltration with small (median 

dimeter 67μm), medium (median dimeter 102μm), and large (median dimeter 147μm) 

organoids infiltrated to similar T cell densities. Even particularly large compact organoids 

measuring more than 300μm in dimeter were infiltrated by T cells throughout thus 

showing that cancer cells themselves do not act as a physical barrier and are not the 

mediators T cell exclusion frequently observed in solid tumours.  

 T cells are frequently localised in the stroma of solid tumours which is 

composed of non-cancer and non-immune components of the TME such as the 

extracellular matrix and stromal cells such as CAFs. Therefore, in order to investigate 
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whether CAFs can act as a barrier to successful T cell infiltration into the organoids RC11 

CAFs from a human rectal carcinoma were incorporated into the 3D co-culture model. 

However due to their highly contractile nature and ECM remodelling abilities CAFs 

strongly contracted the matrix gel containing PDOs, moving them out of their imaging 

positions and thus making the current method of T cell and cancer cell death 

quantification not suitable as it relies on the organoids remaining in the same positions 

throughout the 72 hour duration of the timelapse. Unfortunately, due to COVID I was 

unable to further optimise this model. However, in the future several different approaches 

can be taken. Potentially a smaller amount of CAFs can be added to the co-culture. 

However, if that does not resolve the matrix contraction issue then a different analysis 

approach should be developed. Perhaps rather than measuring T cell infiltration and 

cancer cell death of individual organoids throughout the duration of the assay, I could 

measure both at specific timepoints analysing different organoids and getting an overall 

picture of whether or not the presence of CAFs affects T cell migration, infiltration, and 

cancer cell killing.   

 Another feature of this model that can be further adjusted to more closely 

mimic in vivo tumours is the density of the matrix. It has been well established that 

increased tissue stiffness is a classic characteristic of solid tumours. One of the major 

contributing factors is increased density of collagen fibres in the ECM (Cox & Erler, 2011; 

Lu et al., 2012; Nissen et al., 2019; Pankova et al., 2016). A study measuring the elastic 

modulus (EM), resistance of material to elastic deformation or how soft or stiff a material 

is, of tumour and normal tissues showed that stroma adjacent to tumour had an EM of 

918+/-269 Pa while collagen at a concentration of 2mg/mL had an EM of only 328+/-87 

Pa thus being significantly less stiff. Increasing the collagen density to 4mg/mL increased 

EM to 1589+/-380 Pa (Paszek et al., 2005). Furthermore, a study investigating effect of 

matrix stiffness on T cell activity showed that culturing T cells in a high density matrix 

(collagen 4mg/mL) versus low density matrix (collagen 1mg/mL) showed reduced 
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proliferation, downregulation of cytotoxic activity markers such as granzyme, perforin, 

and IFNγ, and reduced cytotoxic activity against target melanoma cells (Kuczek et al., 

2019). It would be important to investigate whether CEA-TCB activated T cells in the 3D 

co-culture assay would exhibit similar responses and decrease CEA-TCB efficacy. 

Overall I have developed a relevant model for studying tumour-immune interactions and 

evaluating activity of immunotherapeutic agents within a 3D microenvironment which can 

be further developed to incorporate other cell types relevant for cancer progression and 

response to immunotherapy.  
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Chapter 7: Final discussion and future perspectives 

First line metastatic cancer treatment typically involves a fluoropyrimidine-based 

chemotherapy regimen, combining fluorouracil (5-FU) and leucovorin with oxaliplatin 

(FOLFOX) or irinotecan (FOLFIRI) achieving in median duration of survival of 18-21 

months (de Gramont et al., 2000; Douillard et al., 2000; Tournigand et al., 2004). Further 

advances in treatment of mCRC have been made with the introduction of targeted 

therapies. Drugs targeting EGFR and VEGF in combination with chemotherapy improves 

progression free survival, response rates, with some clinical trials reporting median 

overall survival to be 24 months (Bokemeyer et al., 2012; Cunningham et al., 2004; 

Cutsem et al., 2011; Douillard et al., 2010; Van Cutsem et al., 2012). Advances in 

molecular profiling of patients and identification of resistance driving mutations has 

allowed for better selection of patient subsets. For the 50% of patients with 

KRAS/NRAS/BRAF wild-type metastatic CRC, median survival with chemotherapy and 

targeted therapy combination treatment is approximately 30 months (Cremolini et al., 

2015; Venook et al., 2017). However, despite improvements in survival, after several 

months of treatment resistance invariably occurs through genetic and epigenetic 

mechanisms and microenvironmental influences thus creating a need for novel 

therapeutic approaches. Immunotherapy with Immune checkpoint blockade has shown 

remarkable responses in MSI CRC, however fewer than 5% of mCRC are MSI. Low 

mutation and neoantigen loads and consequently low lymphocyte infiltration as these 

tumours are poorly immunogenic are considered to be the main reason for lack of 

immunotherapy responses. In the past several years different therapeutic approaches 

have been taken to improve responses to immunotherapy in MSS CRCs. One approach 

has been combining chemotherapy or anti-EGFR monoclonal antibodies with immune 

checkpoint inhibitors following the rationale that chemotherapy and anti-EGFR drugs can 

induce immunogenic cell death leading to release of tumour antigens ultimately leading 

to T cell infiltration and activation (Inoue & Tani, 2014; Woolston et al., 2019). However, 
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clinical trials have shown that response rates, PFS, and OS were not significant making 

this therapeutic approach largely unsuccessful (Antoniotti et al., 2022; Lenz et al., 2022; 

Mettu et al., 2022; Stein et al., 2020). For a successful anti-tumour immune response to 

occur T cells need to be present within the tumour. One approach to increase T cell 

infiltration into CRC tumours is through bispecific antibodies which redirect CD3 

expressing T cells to tumour antigens. CEA-TCB, a bispecific antibody targeting CEA on 

tumour cells, is a promising approach to treat poorly immunogenic MSS CRC tumours 

because bispecific antibodies mediate cancer cell recognition by T cells independently 

of neoantigen load. However, an early clinical trial has shown that despite selecting 

patients with CEA positive tumours, not all patients respond to this therapy. While 

efficacy of CEA-TCB was improved in combination with a PD-L1, 50% of patients still do 

not show clinical benefit (Tabernero et al., 2017).  

In order to investigate determinants of CEA-TCB activity and resistance, clinically 

relevant models need to be developed. The advantage of studying bispecific antibodies 

in vitro is the use of allogeneic T cells since CEA-TCB mediated T cell activation occurs 

independently of TCR specificity. Patient derived organoid models have the potential to 

generate clinically relevant insights into determinants of immunotherapy activity and 

resistance due to their preserved molecular features of tumours and previous treatment 

experience. My lab has established PDOs from multidrug-resistant metastatic CRCs thus 

making it a highly clinically relevant model as most immunotherapy agents are tested in 

second and third line settings after patients have become resistant to chemotherapy 

and/or targeted therapy. When I started my PhD, my lab was in the midst of 

characterising CEA expression profiles of PDOs. They have shown that in contrast to 

cell lines, CEA expression is frequently heterogeneous within PDO populations 

reminiscent of the CEA expression heterogeneity which has been described in CRC 

samples from patients (Gonzalez-Exposito et al., 2019; Yan et al., 2016). Furthermore 

my colleagues have demonstrated high plasticity of CEA expression by FACS-sorting 
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CEA-high and CEA-low cells from PDOs with mixed CEA expression, allowing these 

cultures to expand, and measuring CEA expression in the resulting population. CEA-low 

cells were able to re-establish CEA-high subpopulations and similarly CEA-high cells 

were able to re-establish a CEA-low populations, but with different conversion rates. I 

further confirmed the two CEA expression patterns in PDOs: CEA-high and CEA-mixed 

groups. While three CEA-high expressing PDOs showed very little variability in their CEA 

levels over prolonged culture, the CEA-mixed PDOs showed much more variability with 

some PDOs ranging from 10% to 75% in their proportion of CEA high cells despite 

constant culturing conditions. CEA expression profiles were highly similar between 2D 

and 3D forms of the same PDO lines. Importantly these CEA expression profiles were 

maintained in xenografts which was confirmed by immunohistochemistry. These 

xenografts showed similar spatial patterns of heterogeneity as what has been found in 

PDOs and patient samples thus indicating that these expression profiles are not an 

artefact of in vitro culture and that they accurately represent CEA expression in tumours.  

Growing PDOs in advanced organoid media, which incorporates a combination 

of essential growth factors and small molecule inhibitors developed to maintain long term 

proliferative potential of organoids, resulted in a dramatic decrease in CEA expression 

in three CEA-high expressing PDOs. The factors responsible for CEA downregulation 

was a combination of p38 MAPK inhibitor SB202190 and nicotinamide. The 

downregulation was not only at surface level expression as assessed by flow cytometry, 

but also at gene expression level. P38 has been implicated in differentiation of 

enterocytes, and its inhibition has been shown to reduce differentiation (Rodríguez-

Colman et al., 2017; Sato et al., 2011). CEA is a marker of differentiation in the colonic 

crypt cells, therefore treating PDOs with p38 inhibitor may have resulted in their 

dedifferentiation and generation of a more crypt progenitor like phenotype with reduced 

CEA expression. This is further supported by the finding that treated PDOs expressing 

low levels of CEA were more reliant on oxidative phosphorylation while untreated PDOs 
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used glycolysis as was determined by GSEA. It has been demonstrated that intestinal 

stem cells at the crypt bottom are more dependent on oxidative phosphorylation than 

their more differentiated progeny towards the top of the crypt (Rodríguez-Colman et al., 

2017). Additionally, treated PDOs had multiple enriched signatures associated with cell 

cycle progression and proliferation thus further supporting the notion that the treated 

cells acquire the less differentiated phenotype usually present at the bottom of the crypt 

where progenitor populations are actively proliferating. Interestingly, one of the CEA-high 

expressing PDOs was insensitive to this treatment and maintained high expression of 

CEA. Therefore investigating transcriptional and signalling differences between CEA-

high treatment sensitive PDOs and the CEA-high insensitive PDO may generate 

mechanistic insights into how CEA is regulated. Antigen loss is a common resistance 

mechanism in therapies like bispecific antibodies and CAR T cells, therefore dissecting 

the mechanisms of CEA regulation can inform combination treatments that would 

prevent antigen loss and therefore enhance efficacy of CEA targeting therapies.  

Through RNA sequencing followed by GSEA of CEA-high and CEA-low cells my 

colleagues demonstrated a negative correlation between CEA expression and Wnt/β-

catenin pathway activity. To investigate whether CEA expression can be increased 

through pharmacological perturbation of this pathway, I treated CEA-mixed PDOs with a 

tankyrase inhibitor which stabilises β-catenin  destruction complex and therefore inhibits 

the downstream Wnt/β-catenin pathway signalling. In response to tankyrase inhibition 

proportion of CEA+ cells in CEA-mixed PDOs increased validating the hypothesis that 

Wnt/β-catenin signalling represses CEA expression. These findings further suggest a 

similarity in CEA regulation between healthy colon epithelial cells and tumours because 

CEA expression is absent at the colonic crypt bottom where Wnt/β-catenin signalling is 

high, and it gradually increases in epithelial cells as they become more differentiated 

towards the top of the crypt where Wnt/β-catenin signalling is low (Barker, 2013; Jothy 

et al., 1993; Mariadason et al., 2001; Naishiro et al., 2001). Loss-of-function mutations 
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in APC are the initiating event in the onset of the majority of colorectal tumours and are 

present in 80-90% of sporadic CRCs leading to a defective β-catenin degradation 

complex and subsequent nuclear accumulation of β-catenin (Korinek et al., 1997; Morin 

et al., 1997; Muzny et al., 2012; Powell et al., 1992). However, immunohistochemical 

studies have revealed that colon carcinomas harbouring APC mutations do not contain 

nuclear β-catenin homogeneously and exhibit heterogeneous intracellular distributions 

β-catenin within primary tumours as well as their metastases (Brabletz et al., 2001; 

Fodde & Brabletz, 2007; Hlubek et al., 2007; Vermeulen et al., 2010). In well-

differentiated cancer cells located at the centre of the tumour β-catenin was localised in 

the membrane and cytoplasm which is an expression pattern comparable to normal 

colon epithelium, whereas nuclear β-catenin was found in dedifferentiated mesenchyme-

like tumour cells at the invasive front (Brabletz et al., 2001). These studies demonstrate 

that despite APC mutations β-catenin signalling remains regulated in CRC cells. My 

finding that tankyrase inhibition resulted in upregulation of CEA expression are in line 

with these observations as all three CEA-mixed PDOs harboured APC mutations. The 

fact that this pathway remains regulated and can be perturbed pharmacologically is 

favourable for CEA targeting therapeutic agents including CEA-TCB. Using the PDO-T 

cell co-culture model I demonstrated that co-treatment with CEA-TCB and a tankyrase 

inhibitor resulted in greater sensitivity to CEA-TCB in two CEA-mixed PDOs. My findings 

were used as a basis for patenting a combination of CEA-TCB and a Wnt signalling 

inhibitor for cancer treatment by Roche Glycart. An additional benefit of inhibiting Wnt/β-

catenin signalling may be enhanced T cell infiltration into tumours as Wnt/β-catenin 

signalling in cancer cells has been correlated with immune exclusion (Luke et al., 2019). 

Initially it was demonstrated that tumour-intrinsic active β-catenin signalling in a mouse 

melanoma model prevented the early steps of T cell priming against tumour-associated 

antigens, which is not relevant in the context of CEA-TCB as no priming is required 

(Spranger et al., 2015). However, later they demonstrated that β-catenin signalling in 

tumours results in failed trafficking of adoptively transferred tumour-specific effector T 
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cells into tumours (Spranger et al., 2017). Another study has shown that β-catenin 

inhibition in tumour cells enhanced T cell infiltration into tumours and improved response 

to immune checkpoint inhibition in murine models of melanoma, mammary carcinoma, 

neuroblastoma, and renal adenocarcinoma (Ganesh et al., 2018). T cell trafficking to the 

tumour is highly relevant for bispecific antibody immunotherapy, therefore in addition to 

increasing expression of target antigens Wnt/β-catenin pathway inhibition may also 

enhance T cell infiltration. Additionally, tankyrase inhibitors have shown to reduce 

proliferation of APC-mutated colorectal cell lines and CRC xenografts (Huang et al., 

2009; Lau et al., 2013; Okada-Iwasaki et al., 2016; Waaler et al., 2012). Therefore 

tankyrase inhibition may increase tumour growth control in addition to sensitising cells to 

CEA-TCB treatment. Since CEA-TCB therapy is T cell mediated it is important to also 

examine the effect of tankyrase/Wnt/β inhibition on T cell function. It has been reported 

that Wnt signalling arrests differentiation of naïve CD8 T cells into effector T cell subtype 

(Gattinoni et al., 2009). Wnt/β-catenin signalling also regulates the differentiation of 

CD4+ helper T cells. TCF-1 and β-catenin support Th2 polarisation through activation of 

the expression of the Th2 master transcription factor GATA binding protein 3 (GATA3) 

(Yu et al., 2009). Therefore, tankyrase inhibition and subsequent inhibition of Wnt/β-

catenin signalling should favour development of Th1 cells important for anti-tumour 

responses and should not impair differentiation of CD8 naïve cells into CD8 effector T 

cells. However, targeting the Wnt pathway might be challenging as it has an essential 

role in many normal tissues and therefore its targeting results in toxicities (Kahn, 2014). 

As better understanding of Wnt regulation in cancer cells develops and enables design 

of molecules resulting in lower toxicity, combination therapy with CEA-TCB and Wnt 

inhibitors should be investigated in clinical trials.  

To investigate activity and resistance mechanisms to CEA-TCB colleagues from 

my lab established a 2D co-culture assay with PDOs and pre-activated allogeneic T cells 

that provided proof of concept that CEA-TCB efficacy can be evaluated in a clinically 
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relevant in vitro model. Demonstrating that CEA expression in CEA-high PDOs remains 

stable over prolonged time in culture has allowed me to use these three PDO models to 

dissect determinants of sensitivity and resistance to CEA-TCB. While originally this 

model was set-up using T cells pre-activated in vitro, it was important to investigate 

whether T cells freshly isolated from PBMCs would achieve the same level of tumour cell 

growth control because T cells redirected by CEA-TCB are most likely recruited from the 

periphery. Freshly isolated CD8 T cells as effectively controlled tumour cell growth as 

pre-activated ones thus further supporting that this is a clinically relevant model to study 

CEA-TCB activity. Using three CEA-high PDOs showing good sensitivity to CEA-TCB I 

demonstrated that CD4 T cells can control tumour growth, but less than their CD8 

expressing counterparts. These findings were similar to those described in other T cell 

redirecting antibody in vitro models which demonstrated that although both populations 

contributed to T cell mediated cytotoxicity, CD4 T cells induced lower levels of specific 

tumour cell lysis (Dreier et al., 2002; Ishiguro et al., 2017; Li et al., 2017).  

The key mechanisms through which T cells mediated cytotoxicity are granzyme 

and perforin lytic granule secretion, Fas/FasL pathway, and IFNγ production. I 

investigated whether effector mechanisms differed between CD8 and CD4 T cells 

especially due to their difference in ability to control tumour cell growth thus suggesting 

potentially different mechanisms of control.  Fas-FasL axis appeared to not play a role in 

either CD8 or CD4 T cell mediated tumour growth control. Flow cytometry studies 

demonstrated a 2.2-7.8 fold higher expression of granzyme B in CD8 compared to CD4 

T cells. The increase in the granzyme+ proportion of cells was much less in CD4 T cells 

than in CD8 T cells of which 90-100% of cells were granzyme+ in response to CEA-TCB 

treatment. Nonetheless a subpopulation of CD4 T cells expressed granzyme B 

potentially pointing to their ability to become cytotoxic T cells which have been previously 

described in chronic viral infections and some tumour types (Appay et al., 2002; Brien et 

al., 2008; Brown, 2010; Hildemann et al., 2013; Hua et al., 2013; Kitano et al., 2013; 
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Mattoo et al., 2016; Oh et al., 2020; Quezada et al., 2010; Śledzińska et al., 2020; Xie et 

al., 2010; Zaunders et al., 2004; Zheng et al., 2017). However, the direct role of granzyme 

in CD4 tumour growth inhibition needs to be investigated further through granzyme 

inhibition. Interestingly, CEA-high PDO that has the lowest CEA expression per cell 

elicited smaller levels of granzyme than the other two CEA-high expressing PDOs 

suggesting that amount of CEA bindings sites might regulate the extent of T cell 

activation during CEA-TCB treatment. However, this was only observed in one PDO 

therefore further investigation is required with additional PDOs displaying similar levels 

of CEA. When CD8 and CD4 T cells were added to the co-culture together both T cell 

subsets exhibited an increase in granzyme expression compared to when each subset 

was cultured alone; on average CD8 granzyme expression increased by 1.8 fold and by 

2.5 fold in CD4 T cells. Given that CEA-TCB activates both subsets the mutual 

enhancement of granzyme expression may translate into better tumour growth control. 

However, it is important to investigate the effect of Tregs on CD4 mediated tumour 

growth inhibition because IL-2 was shown to be central to the acquisition of the cytotoxic 

program and driver of granzyme B expression in CD4 T cells and one of the key 

mechanisms used by Tregs to suppress T cell immune responses is through IL-2 

deprivation (Śledzińska et al., 2020).  

In addition to regulating different aspects of immune responses IFNγ can also 

directly inhibit tumour cell growth and induce apoptosis therefore contribution of IFNγ 

secretion by CD8 and CD4 T cells to tumour cell growth inhibition was examined 

(Bromberg et al., 1996; Chin et al., 1997b; Detjen et al., 2001). IFNγ blocking strongly 

reduced CD4 efficacy (51% decrease in growth inhibition in IFNγ sensitive PDOs), but 

had a more modest effect on CD8 mediated growth inhibition (32% decrease in growth 

inhibition in IFNγ sensitive PDOs) further showing that these two subsets both rely on 

the same effector mechanisms but to different degrees. One CEA-high PDO showed 

complete abrogation of killing with CD4 T cells in the presence of an IFNγ blocking 
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antibody. This PDO induced lower levels of granzyme expression and exhibited less 

sensitivity to IFNγ out of the IFNγ sensitive PDOs. Therefore the main mechanism used 

by CD4 T cells to control the growth of this PDO was through IFNγ secretion and once 

that was blocked CD4 T cells could no longer inhibit growth. IFNγ blocking antibody did 

not significantly alter killing efficacy of CD8 and CD4 T cells co-cultured with a PDO 

exhibiting no sensitivity to IFNγ. Although these findings suggest that activation of IFNγ 

signalling in cancer cells is not a prerequisite for CEA-TCB mediated CD8 T cell efficacy 

as they were still effective against IFNγ sensitive PDOs with IFNγ blockade and against 

an IFNγ insensitive PDO, a reduction in tumour cell inhibition was observed with IFNγ 

blockade therefore patients with intact IFNγ signalling in tumours may benefit more. 

Inactivation of IFNγ signalling by tumour cells through loss of function genetic mutations 

to JAK1/2, kinases downstream of IFNγ receptor, as well as through epigenetic silencing 

of JAK1 gene expression is a mechanism of immune evasion (Dunn et al., 2005; Kaplan 

et al., 1998; Mazzolini et al., 2003). Loss-of-function mutations in JAK1/2 can lead to 

primary and acquired resistance to checkpoint immunotherapy as demonstrated in 

mouse models and patients (Gao et al., 2016; Shin et al., 2017; Zaretsky et al., 2016). 

However, CD4 T cells predominantly rely on IFNγ mediated tumour growth inhibition and 

since CEA-TCB activates both T cell subsets it should be investigated in clinical trials 

whether intact IFNγ signalling in cancer cells improves CEA-TCB response rates. 

Additionally, patients with tumours expressing heterogenous levels of CEA and showing 

sensitivity to IFNγ may benefit from bystander killing by T cells that have been activated 

by CEA expressing cells. This co-culture model can be used to address these questions 

in addition to being suitable for further investigation of cytotoxic CD T cell function as it 

is not yet a well characterised cell subset.  

Tumours employ different mechanisms such as secretion of cytokines and 

recruitment of immunosuppressive immune cell populations to reprogram the TME into 

an immunosuppressive phenotype. This allows for evasion of T cell responses and limits 
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the immune system's ability to restrain tumour growth and the effectiveness of 

immunotherapies. The TME is highly complex with many different immune populations 

and multiple stimulatory and suppressive factors acting simultaneously thus making the 

dissection of causative resistance mechanisms in patient or murine tumour samples 

difficult. The ability to precisely control variables of interest is a key advantage of in vitro 

models such as the co-culture model described in this thesis. Using three CEA-high 

PDOs showing good sensitivity to CEA-TCB a screen of immunosuppressive factors and 

cell populations commonly present in the CRC TME was performed. In this in vitro model 

IL-10 and VEGF has no negative effect on CEA-TCB efficacy. Importantly, hypoxia did 

not impair CEA-TCB activity and in fact improved CD8 T cell mediated tumour growth 

inhibition in two out of the three models tested. Therefore CEA-TCB can be effective in 

hypoxic tumours. Although the impact of sparse vessel network on ability to deliver CEA-

TCB and T cells were not tested. Additionally, very low levels of O2 (<1%) which can be 

found in some tumours were not tested and should be investigated in the future as it 

might affect T cell function differently (Hammond et al., 2014; McKeown, 2014). 

Furthermore this screen identified TGFβ as factor conferring resistance to CEA-TCB. 

This is an important finding as high TGFβ activity has been described in majority of 

metastatic CRCs (Calon et al., 2012). I found that TGFβ dampens CEA-TCB activity 

through suppression of T cell cytolytic and proliferative abilities. Similar findings have 

been made in the context of CAR-T cell therapy where TGFβ caused impaired function 

through reduction in cytolytic activity, cytokine production and proliferation (Stüber et al., 

2020; Tang et al., 2020). TGFβ induced resistance to CEA-TCB was reversed with 

administration of a small molecule inhibitor of TGFβ receptor, galunisertib. Reversal of 

resistance with galunisertib validates that immunosuppression mediated by TGFβ is 

through its cognate receptor TGFβRI. Galunisertib is a clinically applicable compound 

that has been investigated in clinical trials in combination with other immunotherapy 

agents such as immune checkpoint inhibitors (NCT02734160 and NCT02423343) 

making it a potential agent for combination treatment with CEA-TCB immunotherapy.  
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Based on these findings the combination of CEA-TCB and a TGFβ signalling inhibitor 

has been patented by Roche Glycart.  

IL-2, a cytokine driving survival and proliferation in T cells, has been shown to 

restore TGFβ suppressed T cell proliferation and cytotoxic gene expression (Thomas & 

Massagué, 2005). Therefore I investigated whether IL-2 would reverse TGFβ mediated 

resistance to CEA-TCB. IL-2 was able to rescue CD8 function and reverse TGFβ driven 

resistance to CEA-TCB suggesting that T cell stimulating agents may overcome this 

resistance mechanism. However, IL-2 is toxic in patients and also leads to an increase 

in Tregs, which is an immunosuppressive population that has been correlated with worse 

prognosis and resistance to immunotherapy with immune checkpoint blockade 

(Ahmadzadeh & Rosenberg, 2006; Berntsen et al., 2010; Betts et al., 2012; Curiel et al., 

2004; Marshall et al., 2020; Saleh & Elkord, 2019; Tang et al., 2014). In order to more 

selectively deliver IL-2 to the tumour, immunocytokine conjugates consisting of IL-2 

molecularly linked to antibodies directed against common tumour associated antigens 

have been developed and although this design results in improved pharmacokinetics 

these immunocytokines have shown poor responses and increases in Treg frequencies 

similar to IL-2 (Connor et al., 2013; King et al., 2004; Weide et al., 2014).  Therefore I 

evaluated a more novel agent, FAP-IL2v, which is an immunocytokine comprising an 

antibody against fibroblast activation protein α (FAP) and an IL-2 variant with abolished 

binding to CD25 which is a subunit of IL-2 receptor which is constitutively expressed on 

Tregs (Waldhauer et al., 2021). It has been previously evaluated in cancer cell lines but 

to my knowledge it is the first study of this agent being tested in PDOs. FAP-IL2v was 

able to reverse TGFβ induced immunosuppression by increasing granzyme B 

expression and proliferation in CD8 T cells even to levels beyond those observed with 

CEA-TCB treatment under control conditions.  

4-1BB, a co-stimulatory molecule expressed on activated T cells, signalling 

enhances proliferation, cytotoxicity, and cytokine secretion, and counteracts exhaustion 
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(Hernandez-Chacon et al., 2011; Shuford et al., 1997; Wilcox et al., 2004). CAR T cells 

that have a 4-1BB co-stimulatory receptor have shown enhanced proliferation, cytotoxic 

ability, longer persistence, and more potent tumour cell eradication in comparison to 

CD28-expressing CAR T cells (Dai et al., 2020; Philipson et al., 2020; Zhao et al., 2020). 

It has also been shown that 4-1BB co-stimulation reverses TGF-β-mediated suppression 

through reducing Smad2 phosphorylation induced by TGF-β (Kim et al., 2005). Therefore 

4-1BB was another candidate for countering TGFβ driven resistance to CEA-TCB.  

Unlike early 4-1BB agonists which have been hampered by Fcγ receptor-mediated 

hyperclustering and hepatotoxicity, 4-11BBL-CEA is targeted to CEA expressing tumour 

cells and has been engineered to provide potent T cell co-stimulation only when bound 

to target tumour antigen thus avoiding systemic toxicities (Claus et al., 2019). 4-11BBL-

CEA was able to rescue CD8 T cell function dampened by TGFβ through increase of 

granzyme B expression and proliferation. It induced higher levels of granzyme 

expression than FAP-IL2v while increasing proliferation to a lesser degree than FAP-

IL2v. These findings show that FAP-IL2v and CEA-4-1BBL are rational combination 

therapies with CEA-TCB for tumours with high TGFβ activity. Currently FAP targeted 4-

1BBL fusion protein is being evaluated in a Phase 1b clinical trial in combination with 

CEA-TCB for the treatment of patients with previously treated metastatic MSS CRC with 

high CEA expression (NCT04826003). My findings are likely to have broad relevance for 

the design of more effective immunotherapy combinations for tumour types with high 

TGFβ activity. Overcoming TGFβ  induced immunosuppression may improve response 

rates to checkpoint inhibitors, T cell re-directing antibodies, and CAR T cells. 

Furthermore this study demonstrated that this in vitro model enables the identification of 

combination therapies that address resistance and can inform subsequent clinical 

testing.  

In addition to causing T cell dysfunction high TGFβ signalling in stroma has been 

demonstrated to lead to T cell exclusion (Mariathasan et al., 2018; Tauriello et al., 2018). 
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This excluded phenotype was reversed with TGFβ signalling blockade and anti-PD-L1 

treatment increasing lymphocyte infiltration into the tumour centre. Therefore FAP-IL2v 

and 4-11BBL-CEA should be evaluated for their ability to overcome T cell exclusion 

commonly accompanying high TGFβ expression. Many preclinical studies have shown 

that TGFβ blockade augments anti-PD-L1 therapy (Greco et al., 2020; Holmgaard et al., 

2018; Lan et al., 2018; Mariathasan et al., 2018; Principe et al., 2019; Sow et al., 2019; 

Tauriello et al., 2018; Yi et al., 2021). Given the encouraging anti-tumour effects of 

combined TGFβ and immune checkpoint inhibition in preclinical testing, these 

approaches are beginning to emerge in clinical trials. Combination treatment with 

vactosertib, a potent and selective TGFβ receptor I kinase inhibitor, and pembrolizumab 

in patients with MSS mCRC achieved a response rate of 15.2% (Kim et al., 2021). This 

modest response rate may be due to low lymphocyte infiltration associated with poor 

immunogenicity of MSS tumours. Combination therapy with CEA-TCB and anti-PD-L1 

therapy resulted in a response in 50% of patients addressing the lack of tumour 

infiltrating lymphocytes by redirecting CD3 T cells to the tumour. Addition of TGFβ  

signalling inhibitor or tumour/stroma-targeted co-stimulatory molecules on top of 

bispecific antibody and anti-PD-L1 agent may therefore enhance response to this 

therapy even further.  

For CEA-TCB to work T cells and tumour cells must be in proximity, therefore the 

ability of T cells to infiltrate tumours is an important factor controlling effect of this 

immunotherapy. In addition to recapitulating key molecular features PDOs also mimic 

growth patterns of tumours. In order to investigate whether different organoid 

morphology or size would pose a barrier to T cell infiltration I established a 3D model 

incorporating PDOs, allogeneic T cells, and extracellular matrix that could be monitored 

through live timelapse microscopy. Through development of image analysis pipelines 

that allowed for segmentation of organoids and for measuring T cell area inside the 

organoids over time I was able to quantify T cell infiltration into organoids and cell death 
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in response to CEA-TCB treatment. Neither morphology nor size of the organoid 

precluded T cells from infiltrating. CD8 T cells were able to penetrate into the centre of 

large organoids with a dense compact structure. This indicates that other components of 

the TME such as the ECM, TGFβ expression, stromal cell types such as fibroblasts, 

suppressive immune cell types, or vascular characteristics are main drivers of 

lymphocyte exclusion commonly observed in CRC. ECM composition and density can 

be altered to more closely resemble the stiff and dense ECM observed in tumours, 

especially considering that it has been shown to regulate T cell motility and function 

(Bougherara et al., 2015; Hartmann et al., 2014; Kuczek et al., 2019; Salmon et al., 

2012). Given the observation that T cells are frequently found in the stroma rather than 

the tumour, I incorporated CAFs into my 3D model in an effort to investigate whether 

CAFs would act as a physical barrier to successful T cell infiltration into organoids or 

through chemokine-related mechanisms such as through secretion of CXCL12 which 

has been demonstrated to lead to T cell exclusion (Ene-Obong et al., 2013; Feig et al., 

2013). This is currently a work in progress and as described in Chapter 6 adjustments to 

the analysis methods need to be made to be able to draw useful insights from this triple 

component 3D model.  

Given that TME is a highly complex dynamic network of soluble factors, 

cytokines, chemokines, ECM, and stromal and immune cell types efforts have been 

made to characterise and understand the TME and its effect on tumour progression and 

also in response to immunotherapeutic agents. In a first of its kind study of TME in  high-

grade serous ovarian cancer (HGSOC) analysed gene expression, matrix proteomics, 

cytokine/chemokine expression, ECM organization, and biomechanical properties of 

metastatic biopsies. This study provided valuable insights into molecular, cellular, and 

mechanical regulation of the TME and can be used as a resource for developing more 

complex TME models incorporating different cell subsets (Pearce et al., 2018). 

Addressing the poor performance of CAR T cells in solid tumours, a 3D co-culture model 
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of HGSOC cell lines, primary fibroblasts, and CAR-T cells embedded in collagen showed 

that targeting ECM in conjunction with CAR T cell therapy might improve efficacy of CAR 

T cells in solid tumours thus further demonstrating that multicellular 3D models are 

essential for generating insights that can not be obtained through 2D co-cultures (Joy et 

al., 2022). One ex vivo approach for studying lymphocyte-tumour interactions and TME 

components is through fresh tissue slices which are made by embedding in agarose a 

piece of a tumour rapidly obtained after tumour resection and then slicing it with a 

vibratome creating thin sheets of tumour tissue. Methods have been developed where 

these fresh tissue slices are stained with conjugated antibodies and imaged through 

confocal and two-photon microscopy allowing visualisation and tracking of different 

immune cell types as well as ECM proteins and tumour cells (Bougherara et al., 2015; 

Laforêts et al., 2023; Peranzoni et al., 2018; Salmon et al., 2012). These studies have 

identified ECM as a major stromal component influencing T cell migration and showed 

that in the tumour stroma, macrophages mediate lymphocyte trapping by forming long 

lasting interactions with CD8 T cells. Although these models accurately depict the TME, 

their major drawback is the very limited time these slices remain viable (less than 24 

hours) thus not being suitable for drug testing. Additionally many laboratories do not have 

access to tumour resections and these models can not be easily modified to include or 

exclude certain variables. Therefore findings from these models need to be further tested 

and validated in other in vitro models where variables can be controlled or in mouse 

models as was done by Peranzoni and colleagues who after having observed that 

macrophage prevent T cell infiltration into tumours used a mouse tumour model to 

demonstrate that macrophage depletion through inhibition of colony-stimulating factor-1 

receptor (CSF-1R) resulted in enhanced CD8 T cell migration and infiltration into tumour 

islets (Peranzoni et al., 2018).  

To conclude, using a novel co-culture model comprised of PDOs and allogeneic 

T cells I have demonstrated in this thesis that both CD8 and CD4 T cells can contribute 
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to CEA-TCB mediated tumour growth inhibition, however, CD8 T cells were more 

consistently active across PDOs. Furthermore I have found a differential reliance of these 

two cell subsets on multiple effector mechanisms. Importantly IFNγ sensitivity was found 

not to be essential for CD8 T cell mediated tumour growth control as CD8 T cells 

effectively inhibited growth of an IFNγ insensitive PDO. However, patients with IFNγ 

sensitive tumours may respond better to CEA-TCB treatment as CD4 T cells 

predominantly rely on IFNγ secretion as a method of cytotoxicity. Furthermore, I modified 

this co-culture model into a screening platform for investigating potential resistance 

mechanisms to bispecific antibody therapy. Through this screen of various tumour 

microenvironment factors I identified TGFβ as a driver of resistance to CEA-TCB through 

direct effect on CD8 T cell proliferation and cytolytic function. TGFβ -induced CEA-TCB 

resistance was reversed by TGFβ inhibition, treatment with IL-2, and T-cell co-

stimulation with stroma targeted FAP-IL2v or tumour targeted CEA-4-1BBL fusion 

proteins, which both restored CD8 T-cell proliferation and granzyme expression. Thus, 

bispecific T-cell redirecting antibodies combined with FAP-IL2v or CEA-4-1BBL may be 

rational combination partners for tumours exhibiting TGFβ immunosuppression. 

Additionally, I developed a 3D co-culture model that is suitable for studying T cell 

migration and infiltration into organoids. This model can be further developed to include 

more stromal and immune cell types to more closely recapitulate the complex tumour 

microenvironment and thus more accurately model responses to bispecific antibodies. I 

was able to pharmacologically increase CEA expression in organoids through targeting 

of the Wnt/β-catenin pathway which translated into greater sensitivity to CEA-TCB and 

can be further investigated in clinical trials. I additionally demonstrated that the 

combination of a p38 MAPK inhibitor and nicotinamide can strongly downregulate CEA 

expression. RNA sequencing revealed differential metabolic and proliferation related 

signatures of untreated organoids and organoids treated with this combination. Further 

investigation of these pathways may provide insight into CEA regulation in tumours and 
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inform strategies to enhance CEA expression in tumours leading to better responses to 

CEA targeting therapies. 
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