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ABSTRACT

The vast majority of colorectal cancers (CRC) fail to respond to immune checkpoint
blockade (ICB). Tumour MHC Class Il expression correlates with improved response
to ICB and survival in other cancers. Most pMMR CRC does not express Class Il and
half of CRC cell lines exhibit promoter methylation of the Class Il transactivator

(CIITA).

A collection of fifteen CRC organoids was established, eight were found to be
strongly-inducible for Class Il after 24 hours. Of the remaining tumours, 3 were

Class Il non-inducible and were deficient in IFNy signalling and four displayed only
weak Class Il expression. CIITA methylation was not found in any organoids, in
contrast to cell lines. Class Il expression correlated with CIITA mRNA expression and
ChIP PCR confirmed CIITA promoter histone acetylation in responsive lines, histone
methylation was again not observed. Weakly-inducible lines had evidence of EZH2
occupancy of CIITA, however, most could strongly express Class Il with prolonged

IFNy exposure for 72 hours, with responses further enhanced with EZH2 inhibition.

Deficiency of activated T cells within the CRC microenvironment is likely to explain
the absence of Class Il expression in many tumours. Organoids should be the

standard tissue culture method for assessing epigenetics in cancer.
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Chapter 1: Introduction

1.1 An introduction to colorectal cancer and rationale for the project

Colorectal cancer (CRC) remains a significant cause of mortality and morbidity
globally. Despite the multiple advances in targeted medicine and immuno-oncology
over the last decade, these new therapeutic options remain limited to small sub-
groups of CRC patients or have limited efficacy. The backbone of therapy for the
patient diagnosed with metastatic colorectal cancer in 2021 remains traditional
cytotoxic chemotherapy, with treatment regimens that have remained largely

unchanged for over ten years (1).

The immune system has been postulated to have a key role in controlling cancers,
however, it is only with the advent of immune checkpoint blockade (ICB) that the full
potential of this approach has been realised. Discovery of the Programmed Cell
Death Protein 1 (PD-1) axis, through which cancer can evade activated T cell
responses, led to the development of compounds that block the pathway (2). This
has been best demonstrated in metastatic melanoma, a tumour that had previously
been close to untreatable. With immunotherapy, however, it has been possible to
achieve durable clinical benefit and even cure in significant numbers of these
patients (3). CRC by contrast, has a dismal response to ICB, except for the few
percent of metastatic patients who have Mismatch Repair Deficient (AMMR) disease,
likely as a result of the very high numbers of neoantigens in these hypermutated
tumours (4). The overarching purpose of this work is to explore the mechanisms
limiting the responsiveness of microsatellite stable (MSS) CRC to immunotherapy,

and where possible to counter this phenomenon.



Tumour-specific major histocompatibility complex (MHC) Class Il expression has
previously been shown to correlate with improved prognosis and predict response to
ICB (5, 6). Work by this group established that MHC Class Il could be used to stratify
MSS colorectal tumours into different levels of immunogenicity, potentially identifying
a biologically unique subgroup that could benefit from ICB (7). This fundamentally
clinical question is currently being assessed in the phase Il clinical trial, ANICCA,
which is the first trial to prospectively select patients to be treated with ICB
(Nivolumab) based on MHC class Il expression (Gary Middleton CI; ClinicalTrials.gov

Identifier;: NCT03981146).

Our understanding of MHC class Il and the role it plays in modulating the disease
course and survival largely comes from retrospective analysis of resection specimens
and cell line work. Several weaknesses exist with these approaches, however.
Resection specimens are predominantly obtained from patients whose cancers have
not metastasised, and therefore represent a predetermined biological group which is
likely to be fundamentally different from a group of patients who present with
metastases. Cell lines are a simplification of cancer, grown in isolation of the tumour
microenvironment (TME) or immune system and issues such as clonal selection
based on growth characteristics favoured in the plastics and media chosen by the
laboratory. Additionally, cell lines lack the complex subclonal heterogeneity of a
‘complete’ cancer. They rapidly diverge from their original biology and it has been
demonstrated that the same cell line e.g. MCF7 grown in different research groups
can be transcriptionally and genetically distinct (8), or even incorrectly characterised
as a different tumour type (9). Alternative methods of studying cancers have included

animal modelling, with limitations assessing the immune responses to human

2
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cancers in immuno-competent animals, as well as the cost, time and ethical

considerations.

Technological improvements in 3D tissue culture has seen the establishment of
patient-derived organoids (PDO) in the last few years. These systems retain
morphological and clinicopathological features of the tissues they are derived from,
including subclonal heterogeneity and unlike 2D models, are stable genetically and
epigenetically over time (10, 11). As a method for studying cell-autonomous cancer
biology, for example, the inducibility of MHC Class Il in CRC, organoids provide a
bridge between in vivo models and an ex vivo system that can be manipulated whilst
maintaining fidelity to the original tumour. This thesis encompasses the development
of a collection of PDOs from local patients and the study of Class Il biology within

these models.

1.1.1 Colorectal cancer background: epidemiology

Colorectal cancer is one of the four most common cancers affecting patients in the
UK. In 2017, there were approximately 40000 new cases diagnosed. Whilst age-
standardised incidence has largely been stable, there has been an increasing rate in
younger patients under the age of 50 (12). This increase in younger patients remains
poorly understood, however many have poor prognostic features and most do not
have a readily identifiable hereditary cancer syndrome (13). Mortality from CRC
accounts for just over 16000 deaths per year in the UK and is therefore the second

most common cause of cancer death (12).



1.1.2 Colorectal cancer background: anatomy and histology

Colorectal cancer encompasses a heterogeneous group of malignancies arising from
the colon and rectum. Despite many similarities between tumours, differences in
embryological origin, lymphatic system and blood supply exist through the length of
the large intestine. These differences are increasingly recognised as biologically
relevant when considering the treatment of colorectal cancer systemically. The start
of the colon is defined proximally by the ileocaecal valve, which serves to minimise
retrograde reflux of bowel contents into the terminal ileum. The ascending colon and
the majority of the transverse colon are supplied by the superior mesenteric artery,
with arterial supply to the distal transverse and descending colon coming from the
inferior mesenteric artery. The rectum is also supplied by the inferior mesenteric
artery, with the more inferior portion additionally supplied by branches of the internal

iliac artery (14).

On histology, the vast majority of colorectal tumours are adenocarcinomas, with a low
single-figure percentage of neuroendocrine tumours (both high and low grade). Other
types of colon tumour are rare, including squamous (typical of anal lesions below the
dentate line but very rare within the colon), sarcomas and lymphomas. For the
avoidance of doubt, where CRC is discussed in this document, it refers to

adenocarcinomas.

Immunohistochemistry (IHC) can be performed to further characterise colorectal
lesions as bowel origin, with CK20 and CDX2 positivity and CK7 negativity most
commonly observed. Molecular pathology assessment of colorectal biopsies and

resections has expanded in the last decade and is now an important part of patient



stratification. MMR deficiency should be assessed in all newly-diagnosed patients
and extended-spectrum RAS (Exon 2-4 of KRAS and NRAS) and BRAF V600
mutations should be assessed in any patients being considered for anti-EGFR

antibody therapy (15, 16).

1.1.3 Colorectal cancer background: aetiology and molecular carcinogenesis

Colorectal tumours have been shown to develop through several mechanisms of
molecular carcinogenesis. CRC can be classified as demonstrating either
chromosomal instability (CIN) or microsatellite instability (MSI). Much of our
knowledge of these two forms of CRC come from two hereditary syndromes.
Although the pathways involved in these inherited forms typically leads to tumours in
younger patients, the same molecular pathogenesis is found to underpin sporadic

CRC cases (17).

1.13.1 The adenoma-carcinoma sequence and chromosomal instability

and new insights from organoid technology

Vogelstein described the classic model of adenoma-carcinoma sequence in the
1980s, defining the carcinogenesis of CRC with CIN (18). This sequence was based
on the observation that most CRC tumours arose from adenomas (or polyp; a pre-
malignant dysplastic lesion), in a process that frequently took many years for an
invasive tumour to form. Similarly, a relatively rare familial syndrome had previously
been identified where patients presented with many polyps from a young age,
developing invasive CRC by their early forties. This syndrome, known as familial
adenomatous polyposis (FAP), was found to have an underlying genetic cause, with

a heterozygous germline loss of the long arm of chromosome 5 bearing the



adenomatous polyposis coli (APC) gene (19). Interestingly, many sporadic CRCs
were also found to have a double hit (missense, stop-gain or other deleterious geneic
event) affecting both copies of the APC tumour suppressor gene (TSG) (20),
although the patients with these sporadic cancers had no evidence of germline APC
mutation. Instead, it was postulated that these patients acquired two independent
mutations within copies of APC within the same cell, a process recognised by
Knudson in retinoblastoma (with the TSG, in this case, the RB1 gene) and

subsequently referred to as the ‘two-hit hypothesis (21).’

Vogelstein sought to identify if a defined order of genetic aberrations led to CRC,
examining tissue samples from multiple patients with increasingly malignant lesions
from early adenomas in patients with FAP, adenomas (both with and without small
malignant foci) in non-FAP patients and finally resected invasive tumours (18). Four
known mutations were assessed across this range of adenomas and tumours: 1)
RAS mutation, 2) loss of 5q chromosome; subsequently confirmed as APC, 3) 17p
chromosomal loss; subsequently determined to be TP53 loss and 4) loss of 18q;
containing the Deleted in Colorectal Carcinoma (DCC) putative TSG. As adenomas
enlarged or developed small areas of adenocarcinoma, an increasing number of
molecular aberrations were detected. Generally, 5g/APC loss and RAS mutations
were found to be early events, with 18g and p53 loss seen to a greater extent in

developed cancers (17, 18, 22).

APC loss is therefore an important early event in the formation of adenomas and
cancers. APC functions as a TSG in Wnt/APC/B-Catenin signalling, a pathway that is
of vital importance to intestinal stem cell (ISC) biology and control of proliferation.

APC loss leads to an accumulation of B-Catenin both in the nucleus and at cadherin
6



junctions, activating the TCF/LEF transcription factors and destabilising cell-cell
adhesions respectively and is detected in the majority of CRC (23, 24). In cancers
without evidence of APC loss, other Wnt pathway-activating mutations are frequently
found, including loss of RNF43 which normally serves to internalise and degrade

Frizzled, the canonical pathway receptor for Wnt (25).

Until recently, the lack of a stem cell model limited the ability to test the effect of each
potential driver mutation on carcinogenesis. Cell lines by definition have to be
immortalised to grow in vitro and therefore will have acquired many of the mutations
and adaptations required to grow independently. Additionally, driver mutations must
be contained within ISCs, as the daughter cells of these stem cells rapidly migrate
through crypts and terminally differentiate before undergoing anoikis, an apoptotic
shedding into the gut lumen. Differentiated cells from ISCs have only around a one-
week lifespan, therefore mutations must arise within and be maintained in ISCs
during the months and years required for a polyp to become malignant (26, 27). With
organoid culture, it has been possible to support ISC growth from non-malignant
bowel, with culture conditions requiring Wnt, R-Spondin, epidermal growth factors

and several other factors to propagate (10).

Established ISC cultures (from normal bowel) have previously undergone sequential
genome editing with CRISPR-Cas9 to assess which genetic events led to
independence from growth factor signalling in culture media and to attempt to
recreate the adenoma-carcinoma sequence. Normal bowel stem cells with APC loss
(or constitutively active B-catenin) become independent of Wnt and R-Spondin
requirements, TP53 and SMAD4 deleted organoids grow without Noggin and TGFf

inhibition. KRAS®12V mutation allows for some attenuated growth in EGF depleted
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media, however, additional PI3BKCAE>*K mutation was required for complete
independence from EGF. Normal bowel organoids with all five of these features grow
in completely unsupplemented media. However, the requirements for true
tumorigenicity remain more complex, with the five-mutation (APC, SMAD4, TP53,
KRAS and PI3SKCA) engineered organoids able to form only minimally invasive
tumours in mice and the metastases formed from these tumours also failed to
progress to greater than 1 mm in size. By contrast, organoids derived from CRC
freely formed tumours in mice and gave rise to large volume metastasis. The
genome-edited normal bowel organoids remained largely well-differentiated and
failed to develop CIN. Interestingly, when repeating the process with low-grade
adenoma derived organoids, deletion of TP53 and SMAD4 led to similar behaviours
in mice as the five-mutation normal organoids, but the addition of either a KRAS or
PISKCA mutation to the organoids led to the development of aggressive cancers with
large volume metastasis. It, therefore, seems possible to engineer driver mutations in
normal gut epithelium to model Wnt/Niche-independent stem cell behaviour, but
without fully recapitulated tumour characteristics (28). Drost et al also performed a
near-identical version of these experiment during the same period, with highly

concordant findings (29).

1.1.3.2 Mismatch repair deficiency and microsatellite instability

An alternate pathway of colorectal carcinogenesis has been described, affecting
around 15% of patients diagnosed with CRC. Defects in the mismatch repair proteins
(MMR; typically annotated as either pMMR or dMMR for proficient or deficient
respectively) confers a ‘hypermutator phenotype,’ leading to the accumulation of

large numbers of mutations within dMMR tumours. The MMR genes (MLH1, MSH2,
8



MSH3, MSH6, PMS1 and PMS2) encode proteins responsible for the detection of
errors of replication, typically seen in areas of microsatellites (30). Microsatellites are
repetitive sequences of between one and six nucleotides. DNA polymerase is prone
to slippage in these repetitive areas, which if not recognised and repaired, leads to a
variable number of repeats in that region, frameshift and insertion/deletion (indels)
mutations. This variable read length observed within defined microsatellites is termed

microsatellite instability (MSI) (31).

Assessment of patients for dAMMR has traditionally been performed in two ways.
Firstly, MMR protein expression can be stained for using IHC in a tumour sample,
with loss of protein expression typically followed up with confirmatory genetic
(germline) testing. This is the current means of assessing patients in standard clinical
practice (32, 33). The second option is to use a PCR and sequencing-based
approach, amplifying five representative microsatellite loci. The most commonly used
has been the Bethesda panel, with tumours defined as MSI-H (high) if three or more
regions demonstrate length discrepancies, MSI-L (low) if one or two regions have
evidence and microsatellite stable (MSS) if all of the regions are uniform (34). More
recently, next generation sequencing (NGS) approaches, including the TruSight
Oncology 500 assay, have become more standardised and are beginning to enter
clinical utility. Generally, the terms MSI-H and dMMR are used interchangeably when

discussing this unique subgroup of tumours.

Clinically, dMMR tumours can arise both as part of a hereditary syndrome known as
Hereditary Nonpolyposis Colorectal Cancer (HNPCC, also known as Lynch
syndrome) or as a sporadic form. In HNPCC, patients present with colorectal cancers

from around the mid-forties and can also develop other organ tumours, most typically
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endometrial, with an underlying germline loss of a single copy of an MMR gene.
These familial clusters are important to identify, with affected relatives offered
enhanced endoscopic surveillance, aspirin and earlier curative diagnosis. Most
dMMR tumours, however, arise spontaneously, with around 80% having no familial
component and no evidence of germline mutation. The most common route of
spontaneous dMMR is promoter methylation of MLH1, which causes loss of both
MLH1 and PMS2 expression, with the expression of the latter dependent on MLH1.
These tumours are observed more frequently observed in right-sided, BRAF mutant

tumours (35, 36).

dMMR CRC tumours have been known to be a biologically distinct entity for some
time, with better outcomes following surgery as well as reduced benefits (or
potentially even harm in the case of single-agent fluoropyrimidine) from
chemotherapy in the adjuvant setting (37, 38). More recently these differential
responses have been observed in the neoadjuvant FOXTROT study, with significantly
lower radiological and histopathological responses in dAMMR tumours with
chemotherapy (39). Although around 15% of all CRC will be dMMR, this prevalence
drops to only 3% in the metastatic patient cohort. The improved prognosis conferred
by dMMR has been linked with enhanced immune recognition of the very high
neoantigen burden (40, 41). The TME of dMMR CRC is frequently characterised by
the presence of a CD8+ T cell and CD4+ Th1l polarised immune infiltrate, in stark
contrast to the majority of pMMR CRC tumours. These inflamed tumours are often
balanced with the expression of multiple inhibitory immune checkpoints and the
interplay of Immune Checkpoint Blockade (ICB) with this disease group will be

considered subsequently (42, 43).
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It is worth noting that a second group of hypermutated CRC have been identified,
with DNA polymerase € and & (POLE and POLD1) mutations. These genes are
responsible for base excision and repair and loss of function leads to the
accumulation of mutations at an even higher rate than in dMMR CRC. Though a
relatively rare subgroup of pMMR CRC (around 1%), they appear to behave similarly
to dMMR tumours, in particular concerning ICB response. Typical mutation rates
observed in dMMR, POLE and POLD1 mutated CRC range from 30-60, 100-200 and

>200 mut/MB respectively.(44, 45).
1.1.3.3 Risk factors for the development of CRC

The familial syndromes of FAP and HNPCC make up a small percentage of the total
cases of CRC, around 1 and 5% respectively. However, around a fifth of patients will
have some hereditary component, as assessed by the Amsterdam criteria (46),
based around the age of diagnosis in first- and second-degree relatives. The vast
majority of cases will have no significant genetic component, with risk factors
including age, male gender, western diet (red meat, low fruit and vegetable
consumption and processed foods), obesity, type Il diabetes mellitus and alcohol all
linked (47). A sedentary lifestyle has been increasingly recognised as important in
the development of many cancers, with this effect particularly pronounced in CRC,
with a postulated mechanism of insulin resistance. There is a growing body of
evidence that exercise can prevent CRC (primary prevention), improve long term
outcomes after surgery in the adjuvant setting as well as improving outcomes and
enabling higher chemotherapy intensity in those with recurrent disease (48). Patients
with Inflammatory Bowel Disease (IBD), including Ulcerative Colitis (UC) and Crohn’s

disease, have chronic inflammation in their bowel, which is carcinogenic (49). IBD
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patients have a significantly increased lifetime risk of developing CRC, with the risk
particularly pronounced in UC, those with greater extent and duration of inflammation
and those who also develop Primary Sclerosing Cholangitis (PSC; which is strongly
associated with UC). As with hereditary syndromes like HNPCC, IBD patients should
be offered enhanced endoscopic surveillance and prophylactic surgery (ideally

panproctocolectomy) can be considered in the higher risk groups (50).

1.1.3.3 Molecular and immune characterisation

In recent years our understanding of the molecular and immune context of CRC has
improved substantially. By 2015, six separate but highly interconnected
transcriptionally subtype classifications had been proposed. To unify these
approaches, a combined analysis was performed in 2015 to generate the Consensus
Molecular Subtypes (CMS) (51). The CMS divided CRC into 4 subgroups: 1) CMS 1;
immune activated, largely comprised of MSI-H, 2) CMS2; canonical, with a strong
epithelial component and activation of Wnt and KRAS mutations, 3) CMS3;
metabolic, similar to CMS2 but with a substantially deranged metabolic component
and 4) CMS 4; mesenchymal, marked by stromal infiltration, TGF signalling and
epithelial-mesenchymal transition. Survival varied between groups, with increased
survival in CMS1 and worst survival in CMS4 (51). Interestingly, both CMS1 and
CMS4 are marked by immune infiltration, with CMS4 typically displaying an inflamed
TME, with inhibitory cytokine expression and polarisation towards tolerant
populations compared with the Th1l cytotoxic polarisation in CMS1 (52, 53). One
potential weakness with the molecular stratification is that many systems use whole
tumour samples, including stroma and immune infiltrates. Arguably these

microenvironmental fractions are also vital to treatment response and prognosis. A
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separate stratification has been proposed called the CRC intrinsic subtypes (CRIS),
which analyses just the epithelial component and transcription profile of the cancer

cells, resulting in five sub-classifications (54).

It has been known for some time that CRC tumours with an increased presence of
Tumour Infiltrating Lymphocytes (TILs) have a better prognosis and are less likely to
develop distant metastasis (55) and are also more commonly seen in MSI-H CRC
(43). A more nuanced approach to assessing TIL populations was developed by
Galon et al. IHC quantification of CD3+ and CD8+ cells in both the core and invasive
front of the tumour using an automated algorithm to calculate Immunoscore, with
higher scores identifying more immune infiltrated tumours. Immunoscore better
predicts overall and recurrence-free survival following resection of CRC than
standard TNM staging and grading, and has the potential to supplement traditional
staging information, allowing for improved selection of patients to undergo adjuvant

chemotherapy (56).

1.2 Treatment and Staging of Colorectal Cancer

Patients presenting with a new diagnosis of CRC should be reviewed on a
Multidisciplinary Team (MDT) meeting at a centre specialising in CRC (57). Staging
of patients should be performed, initially based on radiographic images (typically CT
scan with additional MRI for rectal cancer) and final pathological staging based on
the resection specimen. TNM staging, most recently updated to version 8, is used to
classify tumours by the extent of their local and distant spread and has largely
replaced the older Dukes’ staging. Tumour (T) staging encompasses the level and

depth of invasion of the primary tumour through the bowel wall and into the
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surrounding structures. Nodal (N) staging reports the number of involved lymph
nodes, whilst Metastasis (M) staging denoting radiologically diagnosed distant

metastatic deposits (58).

Patients who present with early-stage resectable disease should proceed straight to
surgery (57). Locally advanced rectal cancers may require pre-operative
chemo/radiotherapy to allow for adequate margins at resection, typically this is
performed as chemoradiotherapy. Post-operative patients with evidence of lymph
node involvement (stage III) will be offered adjuvant chemotherapy, as will those with
stage Il (T3/4 NO) with other risk factors including extramural vascular invasion,
perforation and T4 primary (57, 59). A subgroup of patients who present with isolated
synchronous liver metastasis can benefit from synchronous or staged resection of
these deposits and this approach is commonly taken for metachronous liver disease,

often following a period of systemic treatment (60, 61).

1.2.1 Systemic treatment of colorectal cancer and molecular implications

Standard of care treatment of colorectal cancer has remained largely unchanged
over the last decade. Chemotherapy, almost exclusively used as a doublet
combination of two drugs is administered every two to three weeks, with response
assessment with a CT scan performed every three months. Fluoropyrimidines,
including 5-fluorouracil (5-FU) and the pro-drug capecitabine, form the backbone to
treatment rotas and are given alongside either oxaliplatin (e.g. CAPOX/FOLFOX for
the combination with capecitabine or 5-FU/folinic acid respectively) or irinotecan
(usually given as FOLFIRI) (1). All patients being considered for systemic treatment

should be tested for BRAF and RAS mutation, as well as MMR status (57). These
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mutations are relatively common in CRC, making up around 10% and 45% of
patients respectively (62). The importance of these mutations is that they predict
resistance to anti-EGFR monoclonal antibody therapy with cetuximab or
panitumumab. The Epidermal growth factor receptor (EGFR) is a receptor tyrosine
kinase (RTK) and is commonly overexpressed in CRC (63, 64). RAS and BRAF
operate immediately downstream of EGFR and under physiological conditions,
EGFR activates RAS (RAS-GTP), which leads to dimerization of RAF isomers
(ARAF/BRAF/CRAF) with subsequent phosphorylation of MEK and then ERK (62). In
the presence of constitutively active BRAF or RAS, blockade of the upstream
receptor is therefore ineffective (65). Patients who are wild-type can receive a
combination of an anti-EGFR monoclonal antibody with their first-line doublet

chemotherapy regime on current NHS funding arrangements (1, 57).

Worldwide, aside from anti-EGFR targeted therapy, bevacizumab has been used to
target vascular endothelial growth factor (VEGF) receptor signalling, which plays an
important role in tumour angiogenesis and survival (66-69). Bevacizumab (and
aflibercept) have been shown to improve overall survival in some studies, however,
this data is insufficient for the National Institute for Health and Care Excellence

(NICE) to approve funding in the UK currently (70).

Three recent developments have led to changes in practice in colorectal oncology.
Firstly, Trifluridine/Tipiracil chemotherapy has been approved as a third-line agent
(71). Secondly, the BEACON CRC study, assessing combination targeted treatment
in BRAF V600E mutant CRC, reported for the first time an overall survival
improvement over chemotherapy of a regime consisting of encorafenib (a BRAF

inhibitor) with cetuximab (72). BRAF mutant disease is known to confer significantly
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poorer prognosis, resistance to chemotherapy and previous attempts with both BRAF
monotherapy and combination strategies with MEK and EGFR inhibition have been
of limited efficacy and this study, therefore, represents a long-needed improvement
(73, 74). The most significant change, however, has been the treatment of CRC with

immunotherapy and identification of responsive disease subtypes.

1.2.2 Immunotherapy in malignancy

Over the last decade, immunotherapy has become increasingly common in the
treatment of malignancies. Whilst cellular therapies, including Chimeric Antigen
Receptor (CAR) T-cells, have failed thus far to make an impact in the solid tumour
groups (75), monoclonal antibody inhibition of immune checkpoints has expanded
rapidly. A large number of immunoregulatory checkpoint molecules have been
identified that are likely to be important to cancer immune evasion. The most
recognised classes are the cytotoxic T-lymphocyte-associated protein 4 (CTLA-4)
and programmed cell death protein 1 (PD-1) / ligand (PD-L1), and it is these two
classes that are routinely targeted with cancer immunotherapy. Whilst many
compounds are in clinical development, the approved ICB agents consist of anti-
CTLA-4 drugs (ipilimumab and tremelimumab) and drugs targeting PD-1
(pembrolizumab and nivolumab) and PD-L1 (avelumab, atezolizumab and

durvalumab) (76, 77).

These two groups of drugs have fundamentally different mechanisms and frequently
they are utilised in combination for synergy, for example in melanoma and renal
cancer (3, 78). CTLA-4 is expressed on naive T-cells at the stage of priming with

antigen presenting cells (APCs) including dendritic cells. These professional APCs
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collect primarily exogenous antigen from dying tumour cells and return to regional
lymph nodes where they encounter naive T cells. Antigen is presented through both
Major Histocompatibility Complex (MHC) Class | and II, with sensing of antigen by
naive T cells through the T cell receptor (TCR), providing the ‘first signal’ for priming.
A complex interaction of co-stimulatory (CD28, CD40, OX40) and co-inhibitory
(CTLA-4, LAG3, TIM3) signals occurs, influenced by external factors including the
presence of cytokines, providing the ‘second signal.” CTLA-4 is potently upregulated
on the cell surface of T cells following TCR engagement and is therefore targetable
to enhance priming and increasing the likelihood of T cell activation occurring (79).
Once primed, T cells return to the tumour and again through TCR/MHC interaction
detect antigen on tumour cells, resulting in the production of Interferon-gamma
(IFNy). IRF1, a downstream interferon-stimulated response element (ISRE) of IFNy,
binds to the promoter of the genes for PD-L1 and PD-L2, which are subsequently
expressed on the tumour surface, binding the PD-1 receptor on T cells with the

potential to cause inactivation of that T cell (79, 80) (Figure 1.1).

ICB agents therefore can increase T cell activation at the site of antigen presentation
and priming (CTLA-4), as well preventing inactivation and exhaustion of T cells in the
TME (PD-1). Additionally, as these mechanisms are non-specific and likely to be
common means of immune evasion, the applicability of these compounds to multiple
tumour types has occurred (81). Despite this, the responses between tumour types

varies substantially.

17



T cell priming and CTLA-4 PD1 action at T cell/Tumour interface

e Dendritic cefl

CD8+ T ce Tumor cell

Figure 1.1 Anti-CTLA-4 and anti-PD-1 immunotherapy. Site of action and mechanism of common
ICB agents. Priming of T cells (left) largely occurs in lymphoid structures. Recognition of MHC-
expressed antigens by naive TCR leads to competition between co-inhibitory (e.g. CTLA-4; which is
upregulated following TCR engagement) and co-stimulatory (e.g. CD28) molecules expressed by T
cells. Blockade of CTLA-4 pushes the balance towards activation of naive T cells. Primed T cells then
traffic back towards the tumour, utilising chemokine signalling and cytokine gradients. Once T cells re-
enter the tumour (right), antigen on tumour MHC molecules is again recognised through TCR
interaction. Engagement with the tumour MHC leads to production of IFNy, causing tumours to
upregulate PD-L1/2 which binds to the PD-1 receptor on T cells, causing inactivation and apoptosis.
Anti-PD1 axis compounds block the signal, either through binding to ligand on tumour or the receptor
on T cells. Diagram adapted from Pardoll et al, with image creation in BioRender.

1.2.3 Immunotherapy in CRC

For a tumour to respond to ICB, the first requirement is that mutated proteins are
present to be recognised by the immune system as foreign. It is reasoned that if
there is a greater number of neoantigens within a tumour, that the chances of
immunogenic peptide being identified would be higher. ICB in non-small cell lung
cancer (NSCLC) is more effective in smokers compared with non-smokers. This
effect is caused by the high number of clonal mutations (e.g. in the majority of cells
that make up that cancer) produced by the mutagens in tobacco smoke (82).
Melanoma, the archetypal immunotherapy responsive tumour, is similarly caused by
mutagen exposure (UV light) with a high average tumour mutation burden (TMB)

(83). Indeed, TMB is a strong independent predictor of response and outcome with
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ICB. In head and neck, bladder and NSCLC tumours, the threshold for response to
ICB was around 200 mutations (84). Another study looked across a range of cancers,
grouping tumours as high, intermediate or low TMB based on >20 mutations/mb, 6-
19 mutations/mb and 1-5 mutations/mb respectively. Improved responses rates,
progression-free (PFS) and overall survival (OS) were again observed with the high
TMB in NSCLC and melanoma (the typically responsive tumours) treated with anti-

PD-1 therapies (85).

dMMR tumours, with high TMB and microenvironments characterised by immune
infiltrates and the expression of immune checkpoints are highly responsive to ICB
(42). The US Food and Drug Administration (FDA) granted accelerated approval for
pembrolizumab in all AIMMR tumours in 2017, an unusual biomarker specific approval
(86). A formative phase Il study was performed by Le et al, comparing dMMR CRC,
pMMR CRC and other tumours with dAMMR treated with single-agent pembrolizumab.
Responses were high in both of the dMMR groups (40% in CRC and 71% in non-
CRC, n=10 and 7 respectively). The response rate of 0% in pMMR CRC was if
anything the more interesting result, with this substantially lower than expected. TMB
was higher in dMMR disease (mean 1782 mutations compared with 73 in pMMR) (4).
Expansion of this study (n=86) in dMMR cancers was performed, confirming
excellent outcomes with durable responses (21% complete response, 53% objective

response, 2-year PFS 53% and 2-year OS 64%) (87).

The findings of these relatively small studies have been consistently replicated in
CRC. Initial studies were not selected by MMR status and were disappointing,
unsurprising given only around 3% of patients with metastatic disease will have

dMMR (88). Results from reported studies have been summarised in Table 1.1.
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Several phase Il studies are ongoing in dMMR CRC, patrticularly in the first-line

metastatic and adjuvant setting with atezolizumab and pembrolizumab (88, 89).

Study Treatment/Characteristics Response PFS oS
Rate (months) (months)
dMMR CRC
Le et al (87) Pembrolizumab 53% Median NR Median NR
Mixed dMMR tumours (47% CRC) 21% CR 2-year 53%  2-year 64%
N=86
Checkmate Nivolumab and Ipilimumab 60% Median NR Median NR
142 (90, 91) dMMR CRC 9% CR 15 month 15 month
N=119 75% 84%
pMMR CRC
Le et al (4) Pembrolizumab 0% 2.2 5.0
MSS CRC 20 week
N=28 11%
Checkmate Nivolumab and Ipilimumab 5% Not given Not given
142 (89, 90) MSS CRC
N=23

Table 1.1 Reported trials of immunotherapy in CRC. Adapted from Ganesh et at and Boland et al.
Results stratified by MMR status. CR: Complete Response, NR: Not Reached.

Thus, ICB is highly effective in patients with dMMR CRC but has little to no activity in

PMMR CRC. This differential efficacy presents an ideal tumour type to study de novo

resistance to ICB. The dichotomy of response can be assessed, whilst still using

tumours derived from the same organ, similar oncogenic drivers (more BRAF

mutations in dAMMR) and wider TME factors, such as the unique interplay of the gut

microbiome and colorectal tumours.
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1.3 Barriers to immunotherapy response

Despite impressive results in some patients, a significant number of patients display
primary resistance to ICB. In NSCLC for example, even when stratified by tumour
PD-L1 expression of greater than 50%, a biomarker for ICB sensitivity, only around
45% of patients respond (92). Acquired, or secondary resistance has been reported
in patients following initial responses and disease control for over a year with ICB.
Tumour intrinsic mechanism including loss-of-function mutations in JAK1 and JAK2,
as well as loss of beta-2-microglobulin (B2M), are well recognised, causing a
functional loss of MHC expression (93). Any of these secondary routes to resistance
are also likely to be invaluable to the tumour in escaping immunosurveillance, an
important step in carcinogenesis (94). Many of these mechanisms have been
implicated in parallel in both primary and secondary resistance (95), JAK1/2
mutations are also identified in primary resistance to ICB in melanoma for example

(96).

In order to understand how a tumour can resist immunotherapy, a series of factors
are important. Firstly, the availability and recognition of neoantigens, followed by
tumour intrinsic mechanisms that can prevent the presentation of that antigen or
tumour cell insensitivity to immune effectors including IFNy production. Next, the
interaction between the tumour and the microenvironment including the specific
immune contexture of the tumour and wider expression of immune checkpoints.
Finally, the TME itself, including interactions with the microbiome (95). These factors

will be considered in more detail next.
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1.3.1 Tumour intrinsic resistance: tumour mutational burden

Previously we have considered how TMB can predict responses to ICB and the stark
difference between hypermutated dMMR CRC and MSS CRC when treated with ICB.

It is therefore important to assess neoantigen burden in MSS disease, could it be that

the lack of immunotherapy response is as a result of a low mutation rate?

Assessment of TMB is complex and several different approaches have been adopted

in pursuit of a reliable method, though none have yet been established as a

prospective predictive biomarker for ICB responsiveness (84).
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Figure 1.2 Immunotherapy response by tumour type and mutation rate. Response rate from

published data ICB usage in each tumour type plotted against tumour-type specific mutation rates.
Correlation (grey line) coefficient 0.74, suggesting 55% contribution to response from TMB. Figure
taken from Yarchoan et al and adapted. Red line added to display approximate point of 7 mut/MB.
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The MSK-Impact NGS approach found a mutation rate of 7 mut/MB predicted
response in NSCLC (84). Yarchoan et al performed a broad comparison of TMB
across different tumour types and correlated the known responses to ICB in that
tumour type, demonstrating a correlation (P<0.001) between mutation rate and
response (Figure 1.2) (83). This data illustrates some important points. Firstly, that
melanoma and dMMR tumours have a much higher TMB than corresponding
common tumours and that they respond as expected based on this mutation rate.
The other ICB responsive tumours, including renal, NSCLC and Head & Neck are
generally in the 5-10 mut/MB range. MSS colorectal cancer is also in this group and
has a higher mutation burden than renal, but despite this is a notable outlier, with a
response rate of close to zero rather than a predicted response rate of 10-20% (83).
Therefore a lack of neoantigens and low TMB is unlikely to completely explain this

lack of ICB efficacy in MSS CRC.

Interestingly, a study last year looked specifically at the effects of TMB within the
MSI-H CRC group and response to ICB. A significantly higher threshold (37-

40 mut/MB) was found for prediction of response, with all patients above this
responding to ICB and only 33% responding in the lower TMB group. Similarly, after
18 months the median PFS was not reached in the TMB high group, compared with
only 2 months median PFS in TMB low patients. Median OS was also significantly
different, around 14 months in TMB low patient and not reached in TMB high (all
TMB patients were alive at 36 months) (97). The mutation threshold for ICB response
is, therefore, an order of magnitude higher in MSI-H CRC compared to other solid
organ tumours and may explain why MSS CRC, with comparable mutation rates to

lung and renal cancer, fails to respond. This observational data suggest that CRC
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may have biology that is unique and fundamentally immunologically adverse and one
hypothesis is that the very high neoantigen burden in MSI-H CRC is necessary to

overcome this barrier.

1.3.2 Tumour intrinsic resistance: antigen presentation and interferon

resistance

The presence of neoantigens within a cancer cell is not sufficient to induce an
immune response independently and antigens must be presented on the cell surface
(tumour or APCs) through specialised MHC molecules to elicit a T cell response.
MHC molecules are encoded by a variety of human leukocyte antigen (HLA)
molecules and have differing roles. MHC Class Il will be considered subsequently.
MHC Class | is a heterodimer composed of an alpha chain (encoded by HLA-A, B or
C) and B2M and is expressed on all nucleated cells. Endogenous proteins undergo
proteolysis in endosomes into short lengths (around 8-10 amino acids) before
surface presentation to cytotoxic T cells via the CD8 receptor. Loss of functional
Class | has been reported in a proportion of tumours arising from multiple organs.
Loss of Class | can arise through several mechanisms including epigenetic and
genetic loss of the HLA genes and B2M, genes involved in the endoplasmic reticulum
transport (TAP) genes and can also occur reversibly through post-translational
regulation (98, 99). MHC Class | loss is accompanied by enhanced NK (natural Killer)
cell activation, where Class | normally serves as an inhibitory ligand, however, these
NK responses are typically circumvented by tumours (98, 100). Within colorectal
cancer, HLA mutations are found in at least one allele in just over 10% of patients.
Interestingly, HLA mutations were strongly enriched for in hypermutated tumours and

all tumours bearing multiple HLA mutations were hypermutated. Tumours with
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greater cytotoxic lymphocyte infiltration were also more likely to have HLA mutations,
suggesting an important role in immune escape, particularly in hypermutated tumours

(101).

Antigen presentation pathways are substantially enhanced by the presence of IFNy,
produced by T cells in the TME. IFNy is responsible for upregulation of Class Il in all
epithelial tissues, to a lesser degree enhances Class | presentation and is also
necessary for the expression of PD-L1/2 in many tumours. A signalling cascade
following IFNy binding to the surface IFNyR (IFNy receptor) causes JAK1/JAK2
activation and STAT1 homodimerisation. STAT1 is an important transcription factor,
initiating transcription of many of the IFNy response genes including IRF1 (80, 102-
104). CRISPR screens of genes conferring ICB resistance in mice treated with
immunotherapy and in melanoma/T cell co-culture models identify multiple genes
within this pathway (IFNGR1/2, JAK1/2, STAT1 and IFN enhancing genes including
the Apelin receptor and PTPN2) (105, 106). Most of these events lead to irreversible
loss of action through mutation, however, there is also an important relationship
between oncogenic drivers and their ability to regulate the immune context of the cell.
Many of these pathways are important, not only as they are common (e.g. RAS) but
also have the potential to be druggable, with both anti-proliferative effects as well as

enhancing immune action against the tumour.

1.3.3 Tumour intrinsic resistance: oncogenic regulation of immunity

We have previously studied the immunological consequences of KRAS mutation in
CRC, using an immune metagene termed the Co-ordinate Immune Response Cluster

(CIRC). This was derived from Cancer Genome Atlas (TCGA) expression data,

25



subject to unsupervised hierarchical clustering and identified a 28 gene signature
predominantly involving a subset of Thl-related genes, including multiple Class I
alleles. Interestingly, within MSS CRC there is a subgroup of patients with
comparable CIRC expression to MSI-H CRC, an effect that is independent of TMB
and which therefore may represent a subgroup of MSS sensitive to ICB (7). Across
all CRC studied, KRAS mutation was weakly predictive of a lower CIRC expression.
Further analysis studied the effects of KRAS within different CMS groups,
demonstrating the importance of the broader transcriptional profile when assessing
these effects (51). Within CMS2 patients, the canonical group characterised by
MAPK signalling and already showing very low CIRC expression, KRAS mutants
were further significantly repressed. Unsurprisingly, KRAS mutations arising in CMS1
cancers (largely synonymous with MSI-H) made very little difference to CIRC

expression, as these tumours are already highly immunogenic (107).

KRAS mutations have been shown to reduce IRF1 and STAT1 responses following
IFNy stimulation, with mutant KRAS inducing a programme of transcriptional
silencing of these genes (108). Gene level activating mutations in the MAPK pathway
and transcriptional activity (e.g. MEK signature) are both correlated with reduced T
cell infiltrates and worse outcome in triple-negative breast cancer, an effect that is
independent of TMB (109). Furthermore, KRAS mutations have been shown to
increase expression of CXCL3 and CXCR2 (chemoattractant for Myeloid-Derived
Suppressor Cells; MDSCSs) via repressing IRF2 in a mouse model of MSI-H CRC with
inducible KRAS mutation. Mice with mutant KRAS, induced via a Cre-recombinase
construct, were found to have significantly reduced CD4+ and CD8+ T cells and

increased MDSC infiltrates in the TME and had attenuated responses to anti-PD-1
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ICB compared to wild-type mice without induced KRAS expression (110). In BRAF
mutant melanoma, combined MEK and BRAF inhibition led to enhanced MHC Class
-l and -Il expression and increased T cell infiltration (111). BRAF mutation in
melanoma has also been shown to induce a tolerant TME through production of IL-1

(112).

Wnt activation is fundamental to crypt biology and normal IEC development and
function. Independence from Wnt signalling, including through APC loss, is an
essential early process in CRC carcinogenesis. There is evidence that activation of
Whnt increases stemness and resistance to chemotherapeutics in cancer cells (113).
TCGA analysis of ‘non-inflamed’ tumours from multiple sites of origin showed a
strong correlation with Wnt/B-Catenin signalling (114). Wnt expression has
additionally been shown to increase regulatory T cells and polarise intestinal dendritic

cells towards generating regulatory responses (113).

1.3.4 Tumour microenvironmental: immune contexture

The role of inflammatory infiltrates in CRC has already been discussed, particularly
the role of CTLs in disease control. It is increasingly apparent that many of these
infiltrates may contain exhausted effector T cell populations, as a result of immune
checkpoint expression in the TME, as well as suppressive populations of immune
cells. These inhibitory cell populations include regulatory T cells (Treg), MDSCs,
Tumour Associated Macrophages (TAMs) and Cancer-Associated Fibroblasts (CAFs)
(115-117). Regulatory cells play an important role in preventing damage to normal
healthy tissue caused by immune cell activation and are therefore vital in preventing

autoimmune disease. Their role in cancer is often deleterious to immune system
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control of the tumour. MDSCs suppress tumour immune-mediated rejection through
several mechanisms including the generation of reactive oxygen species (ROS;
inhibiting TCR-MHC interactions and peptide binding to MHC), production of
suppressive cytokines including arginase, TGFB and IL10, as well as preventing

T cell traffic into tumours by downregulating L-selectin on T cells (115). Tregs
similarly act through the production of immune-suppressive cytokines but also
express immune checkpoints and generate tolerogenic DCs (117). Interestingly,
Tregs have frequently been shown to confer better prognosis in CRC in contrast to
nearly all other solid organ malignancies. This phenomenon remains poorly
understood but may relate regulatory responses toward gut microbiota rather than

anti-tumour activity (118-120).

A major problem with tumour resident T cells is that they often display signs of
inactivity and exhaustion, induced by immune checkpoints and regulatory cell
populations. Frequently, they are resistant to reactivation even in the presence of
ICB. An epigenetic mechanism has been postulated for T cell exhaustion, particular
limiting the development of adequate memory T cells (121). There has been some
limited success with epigenetic modifiers in combination with ICB, including DNA
methyltransferase inhibitors (DMNT e.g. 5-azacytidine) and histone deacetylase
inhibitors (HDAC e.g. entinostat) (95). Similarly, inhibition of MEK (122) and MEK
with BRAF (111) has been demonstrated to reduce T cell exhaustion and increase T
cell infiltration respectively and has demonstrated synergy with immunotherapy. The
difficultly with epigenetic and MAPK pathway modification is that the off-target effects
of these drugs are wide-ranging. MEK inhibition for example reduces T cell priming

and BRAF monotherapy reduces T cell infiltrates in the two previous studies. HDAC
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inhibition decreases CXCL10 expression, a critical chemokine for T cell ingress into
tumour (123). The conflicting actions of these medications have meant that
pharmacological adjuvants to enhance TME immune response have been limited

thus far.

1.3.5 Tumour microenvironmental: microbiome

Colorectal tumours are uniquely exposed to large numbers of potentially pathogenic
bacteria, with a direct interface between tumour cells and microbiota. Normal gut
homeostasis requires that these bacteria are prevented from translocating into the
bloodstream, whilst at the same time minimising chronic inflammation, requiring a
limited and tolerogenic response (124). Observational studies have shown that
certain bacteria appear to have a causative role in inflammation (e.g. IBD) and the
formation of cancers, including Fusobacterium nucleatum (F. nucleatum), certain
strains of Escherichia coli and Bacteroides fragilis (125). An overabundance of F.
nucleatum has been shown to correlate with the presence of lymph node metastasis
and is inversely correlated with CD3+ T cell infiltration (126). Associations between
groups of gut bacteria and both enhanced responses to ICB and the risk of
subsequent development of immunotherapy-related colitis have begun to emerge
(127). Antibiotics are known to alter the composition of gut bacteria and reduce the
diversity of the microbiome, with studies suggesting lower responses and reduced
survival in ICB-treated patients who receive antibiotics prior to immunotherapy (128).
Fascinatingly, it has been possible to culture viable F. nucleatum from distant liver
metastasis from colorectal tumours, suggesting that these bacteria are transported

with clusters of cancer cells when undergoing metastasis and may have a role in
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establishing the metastatic niche. Antibiotics against F. nucleatum reduced cancer

growth and cell proliferation in these cases (129).

Bacterial sensing and defence is primarily directed by innate Toll-like receptors
(TLR), with a number including TLR3, TLR4 and TLR9, along with the downstream
adapter protein MyD88, pro-tumorigenic culminating in NF-kB activation. TLR
activation in tumours caused by infectious agents including Epstein Barr virus (EBV)
and Helicobacter pylori has also been linked to carcinogenesis, most
characteristically in head and neck and gastric cancers respectively (130). IRAK-M is
a TLR regulator that is important in colorectal carcinogenesis and is associated with
worse prognosis in CRC. It is activated by both TLR2/4 and Wnt, inhibiting cellular

anti-microbial defences and activating oncogenic signalling through STAT3 (131).

1.4 Major histocompatibility complex (MHC) Class Il

The potential obstacles to immunotherapy response are therefore present at multiple
levels, including both the cancer cell and surrounding microenvironment which can
be influenced by tumour factors as well as external factors including microbiome.
MHC Class Il expression is potentially important in immunotherapy responses for
several reasons. Firstly, there are prognostic links to Class Il expression and
response to ICB. Secondly, Class Il expression within epithelial tumours including
CRC, is inducible rather than constitutive, implying that an active T cell infiltrate and
relevant tumour-directed immune action is likely to be ongoing in those tumours
expressing Class II. This is in contrast to Class | expression which is largely non-
inducible and binary, it is either present or lost and therefore Class Il may serve as a

biomarker to predict patients likely to benefit from ICB. This hypothesis is subject to
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our ongoing Phase Il ANICCA clinical trial (Gary Middleton CI; ClinicalTrials.gov
Identifier: NCT03981146). Finally, cell-autonomous loss of Class Il inducibility has
been reported in around half of colorectal cell lines, suggesting that this mechanism
of immune escape may be conserved and important in CRC. Class Il biology will be

considered in more detail next.

1.4.1 Normal biology and function of Class Il

MHC Class Il has many similarities in structure and function with Class I. The crystal
structure was first described in 1993, comprising a heterodimer of a chains encoded
by HLA-DR, DP and DQ isomers on chromosome 6. MHC Class Il is characterised
by an open-ended peptide-binding groove (132-134). This open conformation
facilitates the binding of longer peptide sequences to Class Il, typically 15-18 amino
acids in contrast to the 9-11 amino acids afforded by the closed conformation of
Class | (135, 136). For many years, Class Il expression was thought to be the
preserve of professional antigen-presenting cells (APCs) including DCs and B cells,
where the Class Il is expressed constitutively. It is however now known that Class Il
expression is seen in many cancers and disease states. Low-level expression is
seen in many epithelial tissues and nearly all cells are Class Il inducible with IFNy
(137-139). In healthy bowel, increasing expression of Class Il is seen from
duodenum to the ileum with weak expression seen in the large bowel with a
decreasing gradient from the caecum to the rectum. IBD is associated with significant
Class Il expression in the colon in many cases and is commonly seen in areas of

inflamed mucosa (138).
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Class Il molecules primarily associate with exogenous peptides that are endocytosed
into the cell (140). Class Il is combined with these peptides prior to assembly and cell
surface expression via the endoplasmic reticulum. The presence of the Invariant
Chain (i) occupying the peptide-binding groove limits association with cell-derived
protein (141). li is proteolytically degraded during the combination of peptides with
the MHC molecules to form class ll-associated invariant chain peptide (CLIP) (142).
Catalysis of peptide binding and stabilisation of unbound MHC molecules is
performed by the HLA-DM chaperone protein, negatively regulated by HLA-DO which
acts as a competitive inhibitor of HLA-DM (143, 144). Transport of peptide bound
Class Il molecules occurs in a highly regulated fashion, including distribution by cell
polarity in epithelial surfaces (apical vs basolateral surfaces) and molecules are
stably expressed unless targeted for degradation by ubiquitination (145). Unlike
Class I, which is recognised by CD8+ T cells, Class Il presentation is detected by
CD4+ T helper cells which assist and promote activation of CD8+ cells, but also can
act directly to cause cytotoxicity (139). Antigen presentation via MHC Class Il is

summarised in Figure 1.3.
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Figure 1.3 Antigen presentation via MHC Class Il. 1. Class Il proteins (HLA-DR/DP/DQ and
accessory molecules including li, HLA-DM and HLA-DO) are expressed following CIITA activation,
either constitutively in APCs or through IFNy-mediated pathways. 2. MHC Class Il is initially
associated with li to prevent endogenous peptide binding. Class Il is transported to endosomal
compartments (MIIC) associated with endoplasmic reticulum. 3. Exogenous peptides are endocytosed
into the cell and vesicles fuse with the MIIC compartment. 4. Proteolytic breakdown of exogenous
protein and li (leaving CLIP) occurs, with chaperone proteins including HLA-DM facilitating
combination of MHC Class Il with peptides. 5. MHC-peptide complexes are transported to the cell
surface, presenting antigen to CD4+ T cells. li- Invariant Chain; MIIC- MHC class ll-containing
compartment; CIITA- Class Il Transactivator. Image created in BioRender.
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1.4.2 Regulation of Class Il via CIITA

The expression of Class Il on the cell surface requires the activation of the Class Il
Transactivator (CIITA). CIITA protein itself is non-DNA binding but coordinates the
required events for Class Il expression, including engagement of the RFX-AP and
RFX-5 proteins. CIITA is regulated by four independent promoters, the activation of
which varies between cells with constitutive and induced Class Il expression.
Promoter | is active in dendritic cells, promoter Ill in mature B cells and promoter IV
(with a lesser contribution via plll) in IFNy induced states. Little is known about
promoter Il function (146). In addition to IFNy, IL-12 produced by Th1 cells causes

increases Class Il expression through induction of CIITA-plV (147).

CIITA was first discovered by the Accolla lab, who initially demonstrated that
hybridisation of the Raji B cell ymphoma line (which lacks Class Il expression) with
normal splenocytes could restore Class Il inducibility in the lymphoma line in some of
the hybrids, an effect that was independent of any loss of Chromosome 6 (e.g. the
HLA-DR,DP,DQ loci) (148). The hybrids with restored Class Il were found to have
gained a region of chromosome 16 compared with the lines that still lacked Class Il
(149). These findings were extrapolated into B cell lines derived from children with
Bare Lymphocyte syndrome (BLS), a rare congenital absence of Class Il, associated
with severe combined immunodeficiency and death in infancy from infection.
Previously it was known that BLS patients had preserved expression of RFX family
proteins, but that they failed to bind to the HLA-DR promoters and therefore failed to
express Class Il. These BLS lines were all found to have mutations or loss in a 4.5kb
region of chromosome 16, reintroduction of cDNA for these region restored Class Il

and the gene, encoding an 1130 amino acid protein, was designated CIITA (150).
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IFNy leads to activation of CIITA-plV through a combination of transcription factor
and chromatin remodelling events (Figure 1.4) (151). Three regulatory regions of
CIITA-plV termed GAS, E-box and IRE are bound by STAT1 homodimers, USF-1
and IRF1 respectively. The first step, STAT1 binding, requires the ATP-dependent
BRG-1 (SMARCA4) SWI/SNF chromatin remodelling complex to maintain an
accessible chromatin structure. IRF1 binding is critical to the recruitment of histone
acetyltransferases (HATS) including p300 and CBP (151). The BRG-1/SWI/SNF
complex is an interesting gene enhancer. It is non-sequence specific in its activity
and instead is attracted to other DNA bound proteins (152). Loss of BRG-1 has been
reported in around a quarter of cancers and causes unresponsiveness to IFNy in
experimental models. In direct opposition to the SWI/SNF complex is the polycomb
repressive complex 2 (PRC2) which comprises SUZ12 and the Enhancer of zeste
homolog 2 (EZH2). The role of PRC2, of which EZH2 is a principle catalytic
component and histone methyltransferase, is the (tri)-methylation of Histone 3 Lysine
27 (H3K27me3), a histone mark associated with significant transcriptional repression.
In cells with functional BRG-1, CIITA expression is seen rapidly following IFNy in
around 6 hours, with expression accompanied by a reduction in EZH2 and SUZ12
occupancy at CIITA, an increase in H3 acetylation and decreasing H3K27

methylation (153).
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Figure 1.4 Regulation of CIITA-plV expression. Binding of STAT1, IRF1, USF-1 transcription factors
is required for CIITA expression following IFNy. In addition, chromatin structure must be maintained in
an open conformation by recruitment of the BRG-1 complex and Histone Acetyltransferases (HATS).
Negative regulation can occur through DNA methyltransferase (e.g. DNMT1) activity, causing
promoter methylation) and Histone deacetylase (HDAC), causing loss of acetylation. Figure adapted
from Wright KL and Ting JP, Trends Immunol, 2006. Image created in BioRender

1.4.3 Class Il expression and cancer including CD4+ T cell activity

Class Il expression in tumours has been associated with better disease outcomes in
several studies of CRC. An important paper from Lovig et al in 2002 examined

Class Il (HLA-DR) expression in resected colorectal tumours. Surprisingly, given the
age of the study, they also stratified tumours as MSS or MSI-H. IHC staining of
HLA-DR was divided into three groups: high (>50% of cells), medium (5-49%) and
absent (<5%). In MSS CRC, only around 10% of tumours exhibited high Class II, with
weak expression seen in a further 37% and 52% were absent. In contrast, 53% of

MSI-H tumours had strong HLA-DR expression, with weak expression observed in a
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further 20%. Both MSI-H and MSS tumour had improved survival with either weak or
strong Class Il expression compared with absent, with this effect greater in MSS
CRC and independent of TIL density (5). A second study in resected rectal cancer
found two-thirds of tumours lacked Class Il expression. Patients with any Class Il
expression had a significantly lower 5-year recurrence rate (9.1% vs 1.6%), though
MMR status was not assessed (154). Another series of colorectal resection samples
confirmed increased survival and lower stage tumours in tumours with Class Il
expression and the presence of IFNy mRNA in the TME. IFNy expression also
correlated with decreased c-myc activation, with the hypothesis that this might be
suppressed through STAT1 activation. Again MMR status was not assessed in this
study (155). Sconocchia et al utilised tissue microarrays to assess a range of bowel
resections including normal bowel, adenoma and tumours demonstrating an
increasing Class Il positivity of 5, 19 and 25% respectively. Class Il expression was
found to be both prognostic for overall survival and lower Class Il expression was
associated with higher tumour stage (TNM). Survival data, when controlled by TNM
staging, demonstrated a hazard ratio of 0.43 (0.24-0.8, p=0.0075) for Class Il

expression (156).

Similar findings have been replicated in other tumour sites. Laryngeal squamous cell
cancers (SCC) with Class Il expression were lower grade (well-differentiated),
marked by strong T cell infiltrates and had significantly better prognosis (157).
Cervical cancers with Class Il positivity have increased CD4+ and CD8+ infiltrates,
independent of MHC Class | status (158) and in a separate study of cervical
adenocarcinomas, Class Il expression was again associated with lower stage

disease and significantly higher median disease-free survival (211 vs 53.3 months)
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(159). In mice transplanted with the MDA-MB-435 cell line (a melanoma line, though
misclassified as triple-negative breast cancer in this and several related papers (9)),
mice who developed more aggressive metastatic disease were found to have lower
Class Il expression. Furthermore, when these metastatic deposits were removed and
grown again in 2D culture, IFNy inducibility in vitro was reduced. This suggested a
role for Class Il loss as an adaptive means of immune escape and the development

of more aggressive tumour phenotype (160).

In clinical trial data for patients treated with ICB, retrospective analysis for potential
biomarkers of responsiveness has been performed. In both melanoma and Hodgkin
Lymphoma treated with anti-PD-1 immunotherapy, tumour-specific Class Il was
shown to be predictive for response and survival. Interestingly, PD-L1 and Class |
expression was not predictive (6, 161). A subsequent planned follow-up study by the
melanoma group examined pre-treatment biopsies for PD-1, PD-L1, Class Il and
IDO-1. IDO-1 is upregulated in response to high concentrations IFNy and is another
immune checkpoint. Multispectral IHC revealed that close spatial co-localisation of
PD-1/PD-L1 or Class II/IDO-1 both predicted response, PFS and OS to anti-PD-1
monotherapy, with the hypothesis that these spatial relationships predicted functional
immune activation and early mechanism of suppression in response. Importantly, the
survival improvement was only seen in the immunotherapy treated patients, with
untreated control samples not exhibiting any survival difference, suggesting a clear

causal role (162).

1.4.4 Functionality of Class Il in non-APCs
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There is evidence that Class Il expression in epithelial organs, including the gut and
respiratory tract, is functional and highly relevant in a number of pathologies.
Epithelial surfaces represent the point of contact between the body, microbiota and
the outside world and functionality as a non-professional antigen-presenting cell has
been proposed (163). Some of the earliest evidence for this surrogate APC role was
found in coeliac disease, where intestinal Class Il expression significantly decreased
in patients on gluten-free diets. In patients with active disease, there was evidence of
Class Il presentation of gliadin, a known antigenic protein derived from wheat (164).
T cell hybridomas have been shown to recognise tetanus toxin presented via Class Il
in colorectal cell lines. High levels of antigen, or low concentrations with co-treatment
with IFNy, both lead to functional and stable expression via MHC Class Il with
evidence of T cell recognition and activation. When these lines were grown as
monolayers, polarity of response was evident with intake of antigen only on the apical
surface with predominantly basolateral Class Il expression (165, 166). The
basolateral surface, in contact with the lamina propria, is enriched with CD4+ T cells
in contrast to intraepithelial lymphocytes which are predominantly CD8+ (167).
Human small intestinal derived (non-cancer) organoid cultures were shown to
upregulate Class Il following IFNy stimulation and that functional evidence of antigen
presentation was present, including Class Il localisation to endosomes and functional

HLA-DM (168).

Gut Class Il expression is also sufficient to prime novel CD4+ responses in situ and
can generate lethal cytotoxic responses, in the absence of support from professional
APCs including DCs. Gut graft versus host disease (GVHD) occurs following bone

marrow transplant and conditioning with TBI (total body irradiation) or chemotherapy.
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In a mouse model of GVHD, Koyama et al demonstrated that gut microbiota, via TLR
signalling (MyD88 and TRIF) and presentation via Class Il to lamina propria IFNy-
producing lymphocytes caused a feed-forward amplification of Class Il expression in
gut tissue. This increase in Class Il expression was sufficient to prime naive CD4+ T
cells, causing severe inflammation of IECs and lethal GVHD in the mice. When
haematopoietic APC and stromal lineage Class Il expression was eliminated, leaving
IECs as the only source of Class Il, priming and GVHD continued to occur. Deletion

of Class Il in IECs completely abrogated toxicity (169).

Microbiota was critical to the Class Il expression and immune activation; mice with
dysbiosis had higher Class Il expression and an expanded CD4+ compartment
following BMT, sterile mice failed to develop GVHD or significant Class Il expression
and antibiotics reduced severity of GVHD. Radiation was found to decrease the
thickness of the mucous layer overlying IECs, which is present to prevent the direct
interface between bacteria and IECs. Interestingly evidence of this phenomenon is
present in normal physiology, where the colonic mucous layer is much thicker (and
colon is normally Class Il negative) than the relatively thin small intestinal mucous

layer (with evidence of Class Il expression unless germ-free) (169).

There is further evidence that naive CD4+ T cells can directly eradicate established
tumours. When naive CD4+ T cells harvested from mice with established melanoma
are reintroduced by adoptive transfer following lymphodepletion (ensuring the
deletion of regulatory populations), they are primed in the tumour, differentiate into
activated intratumoural Thl cells and eradicate the tumour. This occurs independent
of CD8+ or any other cytotoxic cell population and requires neither exogenous

cytokines nor prior vaccination (170). Similarly, a Class Il presented neoantigen in
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cholangiocarcinoma (ERBB2IP) was recognised by endogenous CD4+ TILs. Ex vivo
expansion and reintroduction of the CD4+ TIL led to rapid tumour regression and
long-term disease control (171). This is consistent with a recent tumour-specific RNA
vaccination approach, which developed a bioinformatics pipeline to predict which
mutations would be most immunogenic and form the basis of the vaccine. They
demonstrated that that majority of the immunogenic antigens were Class lI-restricted,
possibly related to the longer peptide-binding groove in Class I, allowing cross-
presentation of the same antigen to multiple TCRs, as well as the immunogenicity of
certain peptide flanking regions associated with Class Il antigens (172, 173). A
significant proportion of activated T cells from melanoma tumours were CD4+,
recognising specific Class Il neoantigens (174). During tumorigenesis across multiple
tumour types, there is an evolutionary selection of driver mutations that are predicted
to bind poorly to Class Il, suggesting a critical role of Class Il neoantigens in

successful immunosurveillance (175).

CD4+ T cells are vitally important, even if the primary tumour is Class Il negative,
with roles polarising anti-tumour responses and facilitating innate and CD8+
immunity. There is evidence that this can occur both through direct tumour Class Il
detection on tumours, through presentation on professional APCs or even through
secreted Class Il antigen. In the case of secreted antigen, tumour control occurred
even when Class Il expression was deleted, via the IFNy production by macrophages
activated by CD4+ cells (176, 177). Whilst CD4+ T cells exhibit broad anti-tumour
activity even in Class Il negative cancers, there is evidence that tumour-specific

Class Il expression can further enhance immune responses (178).
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Studies have assessed the effect of introducing Class Il into tumour-bearing mouse
models, through constitutive expression of CIITA. This stable expression of CIITA is
more representative of a professional APC than IFNy-induced Class Il expression in
a tumour and has been suggested that it could function as an in situ ‘vaccination.’
Results from these CIITA expression experiments demonstrate rapid ingress of
CD4+ T cells, followed by CD8+ cells and elimination of even established tumours.
Animals developed a CD4+ memory pool and resisted rechallenge with the same
tumour, even when a Class Il negative version is used. Similarly, adoptive transfer of
the resultant immune cell populations led to tumour control in mice with Class Il
negative tumours. CD4/CD8 combined ACTs gave superior tumour control, however,
CD4+ only transfers were effective and offered improved tumour rejection compared
with CD8+ alone, even in the Class Il negative tumours (179, 180). Again it was
shown that cancer cells primed T cells within the tumour and prove that Class Il
expression can cause potent immunological control of the tumour (179).
Furthermore, animal models with deletion of DC or macrophages were as effectively
controlled with tumour CIITA transduction than their wild-type counterparts,
demonstrating that CD4+ priming and activation can adequately occur at the level of

Class Il positive tumour cell and in the absence of professional APCs (181).

1.4.5 Mechanisms of Class Il loss in tumour

Loss of inducibility of Class Il expression within tumours has been reported through
several mechanisms. Integrity of JAK/STAT signalling is required for IFNy-dependent
Class Il expression and mutations in this pathway cause loss of Class Il expression
as previously discussed. In primary resistance, these are however not felt to be that

common (96, 182). Also reported is the role of KRAS mutation and MAPK pathway
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activation causing transcriptional silencing of STAT1, with evidence that MEK
inhibitors can increase expression of MHC Class | and Il and enhance response to
anti-PD-1 therapy. This latter effect is accompanied with increased traffic of TILs into
tumour and therefore could be secondary rather than causal (108, 109). Post-
translational regulation of Class Il appears to occur in RB1 mutants, where Class Il is
expressed but not present on the cell surface, an effect that can be reversed with

reconstitution of Rb (183).

The majority of reports concerning the loss of Class Il inducibility focus on loss of
function of the pathway at the level of CIITA. A small number of studies identify direct
mutation and loss of functional CIITA including gene fusions, deletion and frameshift
mutation focussed in exon 1 of plV, however, these studies are all in B cell
lymphomas, which have distinct Class Il biology and regulation compared with solid
organ tumours (178, 184). In a series of 34 Class Il negative MSI-H CRC (only
around 25% of which should be negative (5)), only one tumour (3%) was found to
have a direct mutation of CIITA, however, up to 27% had evidence of mutation in
RFX5 (185). ASCL1 (also known as HASH-1) has a role in neurological and
neuroendocrine development and has been identified in small cell lung cancer (a
high-grade neuroendocrine tumour) and neuroblastoma as responsible for reducing
CIITA transcripts through binding of the CIITA-plIV E-box domain. Transcription of
ASCL1 was shown to increase following IFNy in these cells. There is no evidence of

ASCL1 mediated silencing of CIITA outside of neurological tissues, however (186).
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1.4.6 Epigenetic regulation of CIITA

Epigenetic regulation can occur at a number of different levels. Direct CpG
methylation of DNA promoter sites, mediated through DNMT1 and DNMT3B, causes
silencing of gene expression. Additionally, modification of histone tails, primarily
through acetylation and methylation can alter chromatin accessibility and
transcription. Acetylation is an activating mark (e.g. at H3K9ac, H3K27ac and
H3K14ac) and methylation is generally seen as repressive (H3K9me3 and
H3K27me3), though notably, H3K4me3 is activating (187). H3K9 mono- and
demethylation is performed by the G9a histone methyltransferase, with trimethylation
catalysed through SUV39H1 (188, 189). H3K27 trimethylation is the result of the
PRC2 complex, including EZH2 (190). CpG methylation and H3K9 methylation are
closely linked, with histone modifications facilitating recruitment of DNMT1 and
DNMT3B to chromatin. The combination of these two marks therefore reinforces an

inaccessible chromatin state (191).

Of note, G9a inhibitors including CM-272 (a combined G9a/DNMT1 inhibitor) have
recently been developed, demonstrating cytotoxicity and enhancing responses in
combination with anti-PD-1 therapy (192). The enhancement of immune response is
secondary to the de-repression of Endogenous Retroviral (ERV) sequences, many of
which are repressed through promoter methylation, with subsequent activation of
cytosolic viral defence pathways including MAVS-RIG1-STING leading to the

production of type 1 interferons (193-195).

Several cell line studies have interrogated regulation and inducibility of Class Il in

cancer. A 2004 study by Satoh et al assessed IFNy stimulation followed by HLA-DR
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expression in 20 cell lines (8 CRC, 12 gastric). They demonstrated that a significant
number of these cancer lines (3/8 CRC and 4/12 gastric) were unable to upregulate
Class Il following IFNy treatment, with an absence of CIITA mRNA on RT-gPCR. All
cell lines, except one gastric line, were Class |l negative at (IFNy unstimulated)
baseline. All lines without inducibility had evidence of CpG methylation of CIITA-plV,
with dense methylation of the vast majority of CpG sites. They also assessed the role
of histone modification, namely H3 acetylation and H3K9me2 dimethylation utilising
chromatin immunoprecipitation (ChlP) PCR, across four regions of CIITA-plV (around
500 bp). Inducible lines had convincing increases in acetylation, whereas non-
inducible lines were unchanged. H3K9me2 changes appeared less convincing with a
greater total amount of H3K9mez2 in the non-inducible lines, although this was seen
to decrease with IFNy in the one line they provided results for in the paper. Finally,
knockout of both DNMT1 and DNMT3B was found to reverse CpG methylation and

restored HLA-DR expression in IFNy stimulated cells (196).

Similar findings have been replicated in other cell line studies. Four hepatocellular
carcinoma (HCC) lines were assessed, with all found to be Class Il non-inducible.
CpG methylation of CIITA-plV was found, although this was only assessed in one
line (197). In a series of neuroblastoma cell lines, all but one atypical line were found
to be Class Il non-inducible. However in contrast to the Satoh paper, around half
exhibited CIITA mRNA expression and were not CpG methylated (possibly as a
result of neuronal HASH-1 expression as described above, though this was not
assessed (186)). The remaining lines were CpG methylated (198). In a collection of
26 haematological cell lines (largely T cell ALL and B cell ALL and myeloma), ten

lines were non-inducible for Class Il with nine of these exhibiting CpG methylation of
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CIITA-plV. Nearly all the CpG methylated lines were T cell in origin (in contrast to B
cell lineages which do constitutively express Class Il). Interestingly they did compare
primary samples to exclude tissue culture phenomenon and evidence of CpG was

found in a much smaller proportion of patients (~20%) (199).

CpG methylation of CIITA-plV has also been described in two sites of immune
privilege, the eye (and uveal melanoma) and trophoblast (choriocarcinoma). Both of
these sites are known to favour tolerance and avoidance of inflammation through
several mechanisms including anatomical segregation of immune cells,
suppressor/regulatory populations and downregulation of HLA expression (200). The
bowel also exhibits features of immune tolerance, including responses to microbiome
(119). Itis, therefore, a possibility that these cancers may arise from tissue or cells
with epigenetic programming in favour of immune privilege, which during
carcinogenesis facilitates immune escape. Uveal melanocytes and ocular melanoma
cell lines both exhibit an inability to express Class Il or CIITA mRNA following IFNy,
with this partially reversed with 5-azacytidine (201). Similarly, both trophoblast and
developmental tumours including choriocarcinoma lines exhibit transcriptional
repression of CIITA-plV via methylation (202, 203). In ovarian cancer lines, a
combination of HDAC and DNMT1 inhibition partly reversed loss of Class Il

inducibility, though CIITA methylation was not specifically assessed as causal (204).

There should however be some caution when interpreting these results. The
assessment of epigenetic changes, particularly methylation in 2D culture cell lines is
mechanistically unreliable. A comparison between cancer cell lines and
corresponding tissue of origin reveals many cell lines exhibit substantially increased

and aberrant CpG island methylation. Of the described CpG methylation events, 57%
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were never found in corresponding primary tissue samples (205). In colorectal cell
lines specifically, CpG island methylator phenotype is substantially overrepresented
compared to the primary tissues, with these effects either acquired in vitro or
preferentially selected for in tumours that it is possible to derive into cell lines (206).
The effects of establishing cultures from primary cells has been studied from a
number of cells types of origin. A rapid (within days) loss of global DNA methylation,
accompanied by promoter-specific gain in methylation is observed characteristically

(207).

These concerns have a basis in the literature for CIITA-plV specifically. Primary
trophoblast cells and choriocarcinoma cell lines were both shown to be non-inducible
for Class Il in a study by Holtz et al, however, in contrast to the long-term cultured
lines, primary cells were not CpG methylated. These primary cells instead exhibited a
failure to acetylate CIITA following IFNy, suggesting a distinct epigenetic mechanism
for loss of CIITA expression, such as binding of a remote regulator (208). Studies in
squamous cell carcinoma (SCC) cell lines found three out of nine lines were Class I
non-inducible, again with failure to acetylate CIITA, but that none of these lines were
CpG methylated. Expansion to a broader panel of 22 SCC lines failed to find a single
line with CIITA-plV methylation (209). Interestingly, the same group derived an SCC
line with a paired reactive autologous CD4+ T cell population, which they used to
study co-culture immune reactivity. The SCC line was initially Class Il positive in the
presence of either the CD4+ cells or exogenous IFNy, however over time in culture
the cells became non-inducible for Class Il with either condition. CpG methylation
was not assessed, however, this represents a tissue culture acquired mechanism of

Class Il repression (210). In a study of Class Il negative, MSI-H colorectal tumours,
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evidence of CIITA promoter methylation in primary tumour tissue was not found in
any patient sample (and contrary to CRC cell lines run alongside), casting significant

doubt on the biological relevance of this mechanism in CRC patients (185).

Finally, several papers report silencing of CIITA via recruitment of EZH2/PRC2 to
CIITA (initially described in section 1.4.2), with resultant H3K27 trimethylation. Holling
et al assessed CIITA regulation in a group of uveal melanoma cell lines, three of
which displayed non-inducibility for Class Il following IFNy. Two of these lines had
evidence of CpG methylation and accompanying H3K9 methylation. The final line
was not CpG methylated but exhibited increasing EZH2 binding and H3K27me3 of
CIITA-plV. Interesting, all lines had evidence of H3 acetylation following IFNy,
however, this was insufficient to overcome the repressive marks (211). Truax et al
studied Class Il inducibility in variable metastatic clones of MDA-MB-435 derived
from mice. As previously described, the variants with the least Class Il inducibility
exhibited the greatest metastatic potential. Interestingly, they provide one of the few
quantitative accounts of Class Il expression, giving a percentage of cells with Class Il
surface expression by flow cytometry, rather than simple presence or absence.
Notably, all lines were able to upregulate Class Il, but with significantly delayed
characteristics, with some lines taking 72 hours to reach full levels of expression.
There was no evidence of CpG or H3K9 methylation of CIITA in any of the lines.
Instead, increasing EZH2 occupancy at CIITA-plV (and H3K27me3) was seen with
time following IFNy, with the largest amount of EZH2 binding in the lines with lowest
Class Il inducibility. In contrast, lines with rapid Class Il inducibility demonstrated a
decreased occupancy of CIITA-plV by EZH2 following IFNy (212). A detailed

assessment of CIITA-plV in HelLa cells confirmed a regulatory role of EZH2 and
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competition with BRG-1/SWI/SNF as an activator (153). EZH2/H3K27me3 silencing
of CIITA has been reported in the normal biological process of B cell differentiation

into pre-plasmablasts (213)

Regulation of CIITA via several different mechanisms has therefore been reported.
Cancer cells may use all of these methods (JAK1/STAT1/IRF1 pathway mutation,
CIITA CpG/H3K9 methylation, CIITA H3K27/EZH2/BRG-1 and post-translational
blocking of Class Il surface expression) with redundancy as means to immune
escape. The best characterised of these mechanisms in the literature is CITA-pIV
CpG methylation, however, as discussed there should be some caution as this data
has been derived almost exclusively from 2D cell culture. It is also important to note
that a phase Il study of pembrolizumab (anti-PD-1) in combination with 5-azacytidine
in MSS CRC was a complete failure, with no evidence of enhanced efficacy (214). A
randomised Phase Il trial (with 100 patients recruited) of pembrolizumab plus
5-azacytidine or placebo in NSCLC also had concerning results, with the 5-
azacytidine patients having significantly shorter PFS, with the trial stopped early due
to concerns that the combination appeared to be antagonistic (215). The study
authors hypothesised that the potential negative effects of 5-azacytidine on T cell
immunity or possibly the upregulation of other checkpoints in the TME could have
contributed to this deleterious result (215). It may well be therefore given these
results that CpG methylation is not important in tumour biology, however, it is difficult
to use epigenetic modifiers as their effects are wide-ranging and often conflicting.
There have been concerns for example that they may worsen tumour control through
de-repressing oncogenes and other genes leading to ‘stemness,’ thereby worsening

outcomes for patients (216).
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To definitively answer the question of whether there is a cancer cell-autonomous loss
of Class Il inducibility and to understand the underlying mechanisms of this, there is a
need for a different model system. Given the postulated mechanisms of Class Il
dysregulation converge on epigenetic control of CIITA, this is particularly difficult to
reliably assess in 2D cultures. One such system that could improve on 2D culture

models is 3D patient-derived organoids.

1.5 Colorectal organoids as models of disease

Intestinal organoids can be cultured from both small and large human bowel, using
methods developed around ten years by Hans Clevers group from Utrecht,
Netherlands (10, 217). Organoids are self-replicating cultures of Lgr5+ stem cells,
which normally are found at the base of crypts within the intestine. In the small bowel,
they are supported by Wnt-producing Paneth cells, though these are not found in the
colon. Within the crypts, a gradient of Wnt is present, with high concentrations at the
base decreasing towards the tips of the villi. Stem cells undergoing cell division,
preserving a copy of the original stem cell and also produce a daughter cell which
has the potential to differentiate into the full range of mature gut cell types. The
reducing Wnt concentration drives the differentiation and migration of cells up the
crypt. Initially, transit-amplifying cells are formed, before differentiation into mature
functional intestinal cells which eventually undergo anoikis, the sheading of dying
cells into the gut lumen. This whole process typically lasts only 5-7 days, with
constant renewal from Lgr5+ ISCs required to maintain homeostasis (10). From the
isolation of a single Lgr5+ stem cell, it is possible to grow a simple crypt-like structure
(218). In contrast to small bowel (which is maintained largely independently in

organoid cultures by Wnt from Paneth cells), the prolonged culture of large bowel
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requires several other growth factors to be present in media. These include Wnt3a,
Noggin, R-spondin-1 (Lgr5 agonist and Wnt co-factor), nicotinamide, EGF and
inhibitors of p38 and ALK. Colon cancer organoids to not generally require
Wnt3a/noggin/R-spondin as they are typically Wnt-independent e.g. through APC
loss. In addition, cultures require the presence of a basement membrane extract
such as Matrigel, which is rich in laminin-a1/2, found at the crypt base and supports
stem cell survival. The second role of matrigel, which polymerises at 37°C to form a

semi-solid scaffold, is to provide a structure for organoids to grow and expand in (10).

The establishment of protocols to allow the stable culture of intestinal organoids has
been a significant technological improvement in tissue culture and has enabled
researchers to establish collections of organoids, both from normal organ and
disease states, including cancer, both from primary and metastatic sites. Collections
of CRC organoids have demonstrated appropriate proportions of disease markers
such as MMR status, KRAS mutation and tumour grade, and are felt to be largely
free of bias or selection of certain characteristics favoured in the culture system (219,
220). Organoids also appear to closely model and predict in vivo chemo- and radio-
responsiveness and biologically relevant drug sensitivities are present e.g. KRAS
mutants are resistant to anti-EGFR therapy (221-225). One of the key advantages of
cancer organoids over cell lines is the presence of heterogeneity, with multiple
subclonal populations present within a culture. The genetic and transcriptional
composition remains highly stable over time, comparisons with primary tissue show
faithful replication of tumour in most lines. A small number of organoid lines have
been shown to lose certain subclonal populations, which may represent the size of

the tumour that is processed (e.g. a biopsy sized specimen from an 8 cm tumour will
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not contain all populations) or a clone that fails to grow in the culture conditions,

however, these limitations have been fairly minor (221).

Similar technologies including tumourspheres and tumouroids have been described
as earlier 3D cultures. These cultures lack the morphological complexity and cell-cell
interaction found in organoids, though can model heterogeneity. Tumoursphere (TS)
cultures typically fail after around 6-8 weeks in continued culture and therefore are
more limited models in which to study disease. Confusingly, the terms for some of
these 3D cultures are used inaccurately and interchangeable and there can be a
substantial difference in composition and methodology between different models.
More importantly, TSs when compared with organoids derived from the same tissue
sample, show a lack of stability over time, with increasing proportions of stem cells
present. Implanting organoids into mice leads to the development of morphologically
faithful tumours, which does not occur with TS. Finally, chemoresistance was found

to dramatically increase over time (only 1-3 passages) in TSs, whilst remaining

completely stable with time in organoids (226, 227).

Figure 1.5 Example morphology of human colorectal organoids. Organoids on the left are derived from
colorectal cancer sample and form generally solid structures with a small central lumen. In comparison,
organoids from normal large bowel, shown right, form simple large cystic organoids.



Organoids, therefore, represent a model that bridges the gap between the biological
faithfulness of animal models and a tissue culture-based, high-throughput system
that can be manipulated ex vivo. Additionally, they can be characterised with the
clinicopathological data for the patient they were derived from; data that is rarely
available for cell lines. Theoretically, as organoid banks increase, it will be relatively
simple to select a range of lines to study a given problem, choosing, for example,
right-sided, MSS, low immune (minimal TILs, low immunoscore), BRAF-mutant
colorectal tumours. Further research in refining organoid technology is ongoing, for
example adding matched fibroblasts to provide stroma and patient lymphocytes
(peripherally sourced or derived from TILs if present). These combinations are far
from standard and are at the limit of technological feasibility at present, but could be
valuable in the future to study immune actions against tumour (+/- ICB) and stromal
contributions to chemotherapy sensitivity (for example the stromal component of

pancreatic cancer provides significant resistance) (228, 229).

Previously, the role of epigenetic modification of CIITA in cancers has been
discussed, alongside the biology of 2D cell lines, which are known to have the
potential to diverge substantially during culture epigenetically. In reality, current 2D
cultures should be increasingly seen as screening tools and it is increasingly
important to validate epigenetic findings from cell lines in patient samples to prove
relevance to disease. Organoids, by contrast, are remarkably faithful epigenetically to
the tissues they are derived from. A study comparing primary tissue from both adult,
paediatric and fetal populations found that age and anatomical (e.g. ileum vs caecum
vs rectal) specific patterns of methylation were maintained with high fidelity over

prolonged periods of organoid culture. The most remarkable features were observed
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in the fetal lines. In normal embryogenesis, methylation patterns change dramatically
between global hypo- and hypermethylation, before the acquisition of tissue-specific
promoter hypermethylation. These normal developmental stages were found to occur
over time in fetal organoid lines, in the absence of external factors to control the
process and were dependent on TET1. Over time these fetal lines became
increasingly similar to the lines derived from paediatric patients (230, 231).
Furthermore, disease-specific methylation patterns have been proven to be
maintained in organoid, for example, methylation in IBD derived from inflamed
epithelium (232). Assessment of a range of cancer organoids with matched normal
tissue (healthy background bowel) and primary tumour, found that established
organoids maintained a consistent state of methylation with the primary tissue (e.qg.
the original non-tumour), as well as faithfully representing the tumour specific

changes (233).

The epigenetic stability and modelling of developmental methylation changes have
therefore established organoid models as the leading method for studying
epigenetics in laboratory-based culture. This work, therefore, sets out to establish the
biology of MHC Class Il (dys)regulation using a collection of human colorectal cancer

organoids.

1.6 Aims and Objectives

e Derive a collection of organoid models from human colorectal tumours,
complete with characterisation of the primary tumour clinicopathological

features and primary tumour Class Il expression
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Assess Class Il expression in colorectal organoids, both at baseline and with
IFNy stimulation, using flow cytometry to characterise responses.

Relate lab inducibility of Class Il with primary Class Il expression

In non-inducible lines examine factors leading to loss of Class Il expression,
including STAT1/IRF1 signalling integrity, CITA-plV CpG methylation, CIITA
MRNA expression following IFNy

Assess the role of histone modification, including H3 acetylation and H3K9
methylation and EZH2 occupancy

Assess the use of epigenetic modifiers to reverse Class Il loss within

colorectal organoids, reassessing response with flow cytometry
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Chapter 2: Materials and Methods

2.1 Tissue culture
2.1.1 Cell Line culture

All cell lines were grown as adherent monolayers in vented T75 flasks (Corning, UK)
in a humidified incubator at 37°C supplemented with 5% CO2. Cells were maintained
with media changes every three days and were split once at 80% confluence. Cells
used in experiments were sub-confluent and low passage number (below 20™ for all
cell lines). Media was supplemented with 10% Fetal Calf Serum (FCS, Sigma-
Aldrich, USA) and Penicillin-Streptomycin (final concentration of 50 units/ml and

50 ug/ml respectively. Life Technologies, USA).

For splitting of cells approaching confluence, media was removed and cells were
washed twice with Phosphate Buffered Saline (PBS, Sigma-Aldrich, USA). Following
this, 2 ml 0.25% (w/v) pre-warmed Trypsin-EDTA solution (Life Technologies, UK)
was added and incubated at 37°C for around five minutes or until all cells had
detached. Trypsin was inactivated with 4 ml of media and cells mixed, before
centrifuging at 200 x g for five minutes. Cell pellets were re-suspended in desired
volume and dilution of media and restored to a fresh flask. When cells were required
for experiments, cell counts were determined prior to centrifugation. 10 ul suspended
cells were mixed with 10 ul Trypan Blue (Sigma-Aldrich, UK) and counted using a
TC20™ Automated Cell Counter (Bio-Rad) taking the average of at least two values.
All cell lines used and media conditions are detailed in Table 2.1. All cells were
obtained from the American Type Culture Collection (ATCC), except for HCT116

wild-type and isogenic line (Horizon Discovery, UK) and RKO (AMS Biotechnology
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Europe Ltd, UK). Additionally, the HEK293 +/- CIITA transfection (used as a Class Il

expressing positive/negative control during validation) was kindly provided by Dr

Heather Long (University of Birmingham).

Cell Line Media Conditions Origin
DLD1 RPMI 1640 with L-Glutamine Colorectal adenocarcinoma
(CCL-221) (Life Technologies, UK) Adult Male

HEK293CIITA
(CRL-1573)

HT-29
(HTB-38)

HCT116
(CCL-247)

HCT116 (+/-)
Isogenic
KRAS

RKO
(CRL-2577)

10 % FCS

DMEM (Dulbecco’s Modified
Eagle’s Medium; Life
Technologies, UK)

10% FCS

Modified McCoys 5A with
L-Glutamine

(Life Technologies, UK)

10 % FCS

RPMI 1640 with L-Glutamine
10 % FCS

RPMI 1640 with L-Glutamine
10% FCS

DMEM
10% FCS

Human Embryonic Kidney
Two isoforms of this line,
parental and a stable
transfection with CIITA

Colorectal adenocarcinoma,
Female, 44

Colorectal adenocarcinoma,
Adult Male

Commercially available isogenic
cell line with knock out of
mutant KRAS allele from the
parental line

Colorectal adenocarcinoma

Table 2.1 Cell Lines. List of cell lines used for subsequent experiments, including media conditions
and details of origin. ATCC cell line registry number given after each cell name in brackets.

2111

Cell Line freezing and reviving

Cell stocks were frozen to allow for replenishment with low passage stock and

maintenance of line fidelity. Detached cells were suspended in media supplemented

with 5-10% Dimethyl Sulfoxide (DMSO; Sigma-Aldrich, UK) according to the ATCC

protocol for each line. Cells were placed in cryovials and transferred to -80°C freezer

initially in a Mr Frosty (Nalgene) before long term storage in the liquid-vapour phase
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of liquid nitrogen. To revive cells from frozen, cryovials were thawed in a water bath
and then slowly re-suspended in 10 ml warmed media. Cells were centrifuged at
200 x g for five minutes, with pellets re-suspended in media to dilute DMSO before

transferring to vented flasks for continued culture.

2.1.2 Organoid culture

Organoid culture technology has been developed over the last decade and is rapidly
expanding both in terms of utilisation and application of newer and more complex
technologies such as CRISPR-Cas9 genome editing. Cultures can be derived from
almost any tissue type, replicating both normal organ structure and function, or model
disease (e.g. inflammatory bowel, cystic fibrosis, cancer) (11). Colorectal organoids
are derived from a self-renewing population of Lgr5+ stem cells, found in the base of
crypt structures in the small and large bowel, with the daughter cells produced by cell
division forming the full population of representative cell types from the tissue,
including enterocytes, goblet cells, and enteroendocrine cells. In contrast to other 3D
culture model systems, including tumourspheres, organoids recapitulate the highest
degree of structural hierarchical cell-cell interaction. Basement membrane extracts
(e.g. matrigel) providing the source of extracellular interaction and structure, with
matrigel polymerising to form a semi-solid pellet at 37°C, providing a scaffold for
growing organoids to embed within (10, 234). Cancer-derived organoids have been
shown to capture tumour heterogeneity, are stable both genetically and
epigenetically and can be used to accurately predict in vivo treatment responses

(223, 231).
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2.1.2.1 Ethics and tissue collection

All organoids were derived under local ethical approval (Beggs 17-287) from the
University of Birmingham Human Biomaterials Resource Centre (HBRC). The HBRC
itself has approval from the North West - Haydock Research Ethics Committee (Ref
15/NW/0079). All patients provided informed consent (utilising HBRC standard
consent forms) for the inclusion of both normal bowel and tumour samples for the
purpose of organoid derivation and downstream analysis including genetic
applications. We are indebted to these patients for their kind support, particularly

coming at a time when they face a life-changing diagnosis.

Potential patients were identified from the colorectal Multidisciplinary Team (MDT)
meetings. Patients from University Hospitals Birmingham, firstly from Queen
Elizabeth Hospital Birmingham (QEHB) and later additionally from Birmingham
Heartlands Hospital were included. The vast majority of patients were consented in
surgical outpatient clinics before resection of their primary tumours, with clinicians
with current Good Clinical Practice (GCP) certification and study-specific consent
training. Local NHS pathologists, on receipt of tissue from theatre, were able to
process samples promptly to include a section of normal bowel tissue and a
representative tumour sample for collection by the HBRC, whilst maintaining sample
integrity for accurate staging and standard pathological reporting. Samples were
transferred to HBRC for registration and anonymization and were stored at 4°C in
DMEM/F12 (Life Technologies, UK) supplemented with Primocin antibiotic at

100 pg/ml (Invivogen, France) until processing, with almost all samples processed

within 24 hours of surgery.
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2.1.2.2 Organoid derivation

Original protocols for the processing of intestinal samples to form organoid cultures
were developed by Prof Hans Clevers at the Hubrecht Institute, Netherlands (10).
Over time they have been adapted and refined (221). This group (Beggs PI) forms
part of the Cancer Research UK (CRUK) supported Human Cancer Model Initiative
(HCMI). This international collaboration serves to facilitate the development of the
technology and collaboration between groups, sharing of protocols and resources. A
close working relationship has been formed with the Wellcome Trust Sanger Institute
(WTSI, Cambridge, UK). In addition to the organoid lines derived ‘in-house,’ several
Birmingham patient samples were processed in WTSI, with the return of established
lines to this group. Protocols established are therefore the result of local application

and refinement of these established protocols.

Tumour samples from HBRC arriving in the laboratory were removed from storage
media into a petri dish, with larger samples cut into moderate-sized (<5 mm) pieces
before adding to a 50 ml centrifuge tube. Next, tumour pieces were washed
thoroughly in Dulbecco’s Phosphate Buffered Saline without Ca2+, Cl- and Mg2+
(PBSO, Sigma-Aldrich, UK) supplemented with primocin at 100 pug/ml and shaken
vigorously. PBSO/primocin was then carefully removed, leaving tumour fragments
behind. The wash step was repeated at least two further times until the wash

supernatant appeared clear.

The overnight primocin incubation and vigorous cleaning protocol were introduced
based on earlier experience of establishing cultures, with a high risk of infection in

the first days of culture. Microbiological assessment of culture media suggested
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infection with multi-drug resistant Enterococci sp. and therefore likely contamination
from the sample itself. No further cultures have been infected in the two years

following this protocol change.

Once cleaned, tumour fragments underwent mechanical and chemical digestion with
pre-warmed 37°C tumour digestion buffer (TDB), consisting of 2.5% FCS, 75 U/ml
collagenase IX (Sigma, USA) and 125 pg/ml dispase Il (Fisher Scientific, UK)
dissolved in DMEM media. Fragments were suspended in 2 ml TBD in a bijou tube
and finely cut with tissue processing scissors for fifteen minutes. The mixture was
frequently agitated and incubated at 37°C for one hour. The sample was then filtered
through a sterile 20 um filter to isolate crypt stem cells. The undigested material was
incubated for a further thirty minutes in 1 ml TBD, and then filtered and rinsed
thoroughly with PBSO to collect remaining cells. The cells were then centrifuged at
300G for four minutes, rinsed in PBSO and centrifuged again and the supernatant
discarded. The cell pellet was taken up in matrigel (Corning, USA) and then
transferred at 50 pl/well into a pre-warmed 24-well plate (Corning, USA). Matrigel
was then allowed to polymerase at 37°C for at least thirty minutes, before the
addition of 500 pl/well Intesticult Human Organoid growth complete A+B media
(Stemcell Technologies, Canada) supplemented with Primocin, and maintained in a
humidified incubator at 37°C with 5% CO2. For longer-term culture of cancer
organoids, Intesticult Human Organoid media A component was combined with 50%
volume DMEM/F12, as the B component primarily contains Wnt pathway factors and
is not required for cancers with APC loss. Normal lines were maintained in complete
(A+B) media. Following digestion and first plating of new lines, the ROCK (Rho

kinase) inhibitor Y-27632 (Stratech, UK) was included in the media at a final
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concentration of 10 uM/ml for the first two to three days of culture. ROCK inhibitors
have been demonstrated to improve stem cell survival under conditions of stress,
including freeze/thaw events, tissue processing and Fluorescence-activated cell
sorting (FACS) and have become generally widespread across organoid protocols in

recent years (235).

For more recent lines, an updated TBD has been utilised (221) consisting of 20 pg/mi
Hyaluronidase (Fisher Scientific, UK), 1.5 mg/ml Collagenase Il (Sigma, UK), 10 puM
Y-27632, 2.5% FCS and primocin 100 pg/ml dissolved in DMEM/F12 media.
Generally, this has been felt to provide more complete digestion of the tissue
compared with the old buffer. Larger samples, and normal bowel samples when
processed, would occasionally block the filters and prove difficult to process, with the

updated buffer ameliorating this factor.

2.1.2.3 Organoid passaging

Organoids were passaged to remove dead cells, reduce confluence and to maintain
matrigel structural consistency approximately every seven days. The majority of lines
required a 1:2 passaging ratio (e.g. 4 wells replated into 8). Media was aspirated and
500 ul ml organoid harvesting solution (OHS; Bio-Techne, USA) was added to each
well. Matrigel pellets were disrupted using a 3 ml Pasteur pipette and organoids
transferred to a 15 ml centrifuge tube. Organoid/matrigel suspensions were
incubated for 30-60 minutes on ice with frequent mixing to dissolve matrigel, before
being further diluted with PBSO and organoids pelleted at 400 x g for four minutes at
4°C. OHS was then aspirated and organoids were partly broken up with a

combination of mechanical digestion (by passing through a no-filter 10 pl pipette tip
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inserted on the end of 1 ml pipette tip, for a maximum of three passes) and chemical
digestion using 1 ml pre-warmed TrypLE Express (Gibco, Denmark) for three
minutes. TrypLE was inactivated by the addition of 9 ml ice-cold PBSO, prior to
centrifuging at 300-400 x g for four minutes at 4°C. PBSO was aspirated, and
organoids were taken up in matrigel and replated in pre-warmed 24-well plates, with

subsequent addition of media as previously described.

2.1.2.4 Thawing cryopreserved organoids

Cryovials were thawed in a 37°C waterbath until just a small crystal of ice remained.
Organoids were transferred to a fresh 15 ml centrifuge tube using a Pasteur pipette
and 10 ml of warm DMEM/F12 was slowly added. Organoids were centrifuged at 200
x g for five minutes at room temperature and supernatant aspirated off the organoid
pellet. The pellet was resuspended in matrigel and plated as previously described.

10 uM Y-27632 was added to media for the first three days of culture.

2.1.2.5 Cryopreserving organoids

For each cryovial, six wells of established organoids (around day 3 since plating)
were harvested in OHS to dissolve matrigel. Further digestion of organoids was not
performed and instead, formed organoids were suspended in 1 ml DMEM/F12. An
equal volume of 80% FCS / 20% DMSO was slowly added, with primocin and
Y-27632 added at previously documented final concentrations. Organoids were
transferred to 2 ml Cryovials and placed at -80°C in a Mr Frosty for a minimum of two

hours. Long term storage was in liquid nitrogen vapour phase.
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2.1.2.6 Generation of single-cell suspensions from organoids

Many of the downstream applications of organoids require the generation of single-
cell suspensions. This was performed by aspirating media, dissolving matrigel in
OHS and then performing combined mechanical/chemical digestion as described in
2.1.2.3. In contrast to the partial digestion performed when passaging organoids, a
more rigorous approach was used for single-cell production, with TrypLE incubation
times of 10-15 minutes and approximately ten passages through 10 pl pipette tip
performed. Following digestion, confirmation of single cells was performed with

microscopy and cell viability and counting performed as described in 2.1.1.

2.1.3 Mycoplasma testing

Cell lines and organoids were regularly tested for mycoplasma contamination using
an EZ-PCR Mycoplasma Test Kit (Biological Industries, Israel). 1 ml of media was
removed and briefly centrifuged at 250 x g to remove larger cell debris and
supernatant removed into a fresh tube. Media then underwent high-speed
centrifugation (17000 x g) for 10 minutes. The supernatant was discarded and the
pellet re-suspended in 50 ul buffer solution (kit supplied) and placed on heat block at
95°C for three minutes. Polymerase chain reaction (PCR) amplification of a
mycoplasma specific 16S region was performed in a PCR tube strip or plate. The
reaction was performed using 35 pl nuclease-free water (nf-H20; Amresco, USA),
10 ul reaction mix (kit supplied) and 5 pl of the sample. A positive control (kit
supplied) and negative control (nuclease-free water) were also run. The following
programme was used: 94°C for 30s; 35 cycles of 94°C for 30 s, 60°C for 120 s, 72°C

for 60 s; and finally 94°C for 30 s, 60°C for 120 s and held at 72°C for 300 s.
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An agarose gel was prepared using 10x TBE buffer (0.89 M Tris Borate pH8.3,

20 mM Na2EDTA. Geneflow, UK), 2% w/v agarose (Lonza, USA) and 1:10000 SYBR
Safe DNA Gel Stain (Invitrogen, USA) dissolved in deionised water. The solution was
gently heated to solubilise and poured into a gel cassette to set before sample
loading. 20 ul of PCR product was loaded on the gel and electrophoresis performed
for 30 minutes at 120 V, with detection of DNA bands using a UV reader (U:genius 3,

Syngene).

2.1.4 Cell viability assessment

Organoid drug screens were performed as previously described in the literature (222,
225), using an Adenosine Triphosphate (ATP)-based luminescence reporter assay
(CellTiter-Glo® 3D Cell Viability Assay, Promega, USA). Single-cell suspensions of
organoids were generated (see 2.1.2.6), counted and were resuspended in matrigel
at a reduced volume of 30 pl/well in 96 well, white-walled, clear bottomed assay
plates (Corning, USA). After 30 minutes, 200 pl Intesticult media was added and
small organoids allowed to reform over 72 hours. At 72 hours, 100 ul media was
carefully removed without disturbing the matrigel at the bottom of the well. 100 pl
fresh media with 2x desired drug concentration was added, giving a final
concentration of 1x in 200 pl. Organoids were incubated with the drug for a further 72
hours. The 3D CellTiter assay was thawed overnight at 4°C and then brought to 22°C
in a water bath. 100 pL media was removed from each well and 100 pL assay added.
Cells were lysed by placing on an orbital shaker for five minutes and plates were
incubated at room temperature for 25 minutes, prior to recording luminescence on an
EnSpire microplate reader (PerkinElmer). For drug response experiments, a

minimum of five wells were used for each condition in each cell line, including an
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untreated condition using vehicle (e.g. 0.2% DMSO). Results were processed in

GraphPad Prism (version 8.3.0).

A potential limitation of ATP-reporter assays is that it is possible to exceed the
maximum linearity range, e.g. where increasing amounts of cells (ATP) no longer
produce an increase in the luminescence value recorded. As per the manufacturer
directions, an ATP standard curve was performed using ATP disodium salt
(Promega, USA) at concentrations between 10 uM and 100 nM and run on each
experimental plate to ensure the assay was in working range. Using ATP is
recommended because of the complexity and volume of biomass relative to 2D
culture methods, where typically a cell count alone is used. A final cell count of 1000
cells/well was selected for the organoid lines, which provided both a strong

luminescence readout and was within the assay linearity parameters.

2.1.41 GSK126 experiments

GSK126 is a direct selective inhibitor of EZH2. EZH2 forms part of the polycomb
repressive complex 2 (PRC2) which is responsible for trimethylation of lysine 27 on
histone 3 (H3K27me3). Overexpression of EZH2 has been found across multiple
cancer types and is associated with worse prognosis (236). Previous experiments in
cell lines have demonstrated significant cytotoxicity at doses above 5 uM, however
this also varies substantially line-to-line. Interestingly, at lower doses, some lines
exhibit increased growth kinetics (237). Studies using colorectal cancer organoids
remain fairly limited in the literature, however surprisingly an assessment of GSK126
in twenty CRC organoids was published in 2016, confirming a differential sensitivity

across different tumour models (238). Transcriptional changes and reductions in
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H3K27me3 have been demonstrated at relatively low GSK126 doses (1.5 puM), with
changes occurring following four days of treatment, but maximal by eight days (239).
A second study using colorectal cell lines used 0-5 uM GSK126 for 72 hours,
demonstrating minimal cytotoxicity at 2 uM which increased markedly at 5 pM. At

2 UM, decreased H3K27me3 total protein expression and a small increase in mMRNA

of an EZH2 regulated gene occurred (240).

A dose of 2 uM GSK126 for six days was chosen for epigenetic modification in
experiments in this project, based on the effect on H3K27me3 and gene expression
at this dose with minimal cytotoxicity. Cytotoxicity assay (CellTiter 3D) was performed
in organoids with a range of doses between 0-10 pM to confirm line-specific
sensitivities, given the large therapeutic range of the compound (as described in

2.1.4).

GSK126 was purchased from Stratech Scientific (UK) and reconstituted in warmed
DMSO to a stock concentration of 10 mM. Subsequent dilutions were performed in
DMSO to give 500x final concentration, before being added to media at 1:500 to give
a final DMSO concentration of 0.2%. Drug aliquots were stored at -20°C. For the
experiments on organoid cultures, drugs were added to 500 ul organoid media for
each well, typically with 3-4 wells combined for each condition to be utilised for flow
cytometry. For the six day GSK126 culture, media and drug was replaced after 72
hours. Where a combined treatment with both entinostat (see subsequent paragraph
for entinostat details) and GSK126 was utilised, 2 uM GSK126 was added alone for
72 hours before media change and addition of both GSK126 and 5 uM entinostat for

a further 72 hours.
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2.1.4.2 Entinostat

Entinostat is a synthetic benzamide inhibitor with activity against histone deacetylase
(HDAC). It is relatively toxic in colorectal cells (241), however, it has demonstrated
efficacy in reversing the loss of MHC-Class Il expression in ovarian lines following
IFNy (204). Most frequently, a dose of 5 uM has for 72 hours has been used in the
literature for the purpose of epigenetic modification. Entinostat was purchased from
Stratech Scientific (UK) and was supplied at 10 mM in DMSO. Subsequent dilutions
were again performed in DMSO to give a 500x concentration, with final 1:500 dilution
into media to give final concentrations of 5 uM entinostat in 0.2% DMSO, with 72
hours treatment used in combination with 6 days of GSK126. Drug aliquots were

stored at -20°C.
2.1.4.3 Interferon-gamma

Interferon-gamma (IFNy) was purchased from Stratech Scientific (UK). Dilutions were
performed in PBSO with 0.1% Bovine Serum Albumin (BSA; Sigma-Aldrich, USA)
with batch-specific activity used to produce aliquots at 500x desired concentration
with storage at -80°C and replacement every six months. Specifics of IFNy dose and

duration of stimulation are given in results chapter 4.2.
2.2  Protein assessment
2.2.1 Protein extraction from cell lines

Cell lines were plated at 8-10x108 cells per well in six-well plates, before IFNy
stimulation or drug treatment. At the time of lysis, cells were not more than 80-90%
confluent. Lysis was performed on ice with ice-cold reagents. Media was aspirated

and cells were washed twice using PBS. 100-140 pl Radioimmunoprecipitation assay
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buffer (RIPA buffer; Thermo Scientific, USA) with 1x Protease/Phosphatase inhibitor
cocktail (Cell Signalling Technology, USA) was added directly to wells and a cell
scraper was used to detach and lyse cells. Lysates were further incubated in RIPA
buffer on ice with occasional pipetting for 15 minutes prior to boiling at 100°C for five

minutes on a heat block.

2.2.2 Protein extraction from organoids

Organoids were treated embedded in matrigel with the required drug or IFNy. Once
treated, media was aspirated and matrigel was dispersed in OHS for 60 minutes on
ice with frequent pipetting. Organoids were centrifuged at 400 x g for four minutes,
the supernatant discarded and the resulting pellet washed in 10 ml PBSO and
centrifuged again. Two to three wells of organoids were normally combined for each
condition. The organoid pellets were resuspended in RIPA buffer with

protease/phosphatase inhibitor, with subsequent processing as the cell line lysates.

2.2.3 Protein processing and gel electrophoresis

Once extracted, lysates were sonicated (23 KHz, 15-20 um) twice for ten seconds,
placing on ice between sonication steps to reduce the temperature. Cell debris was
removed by centrifuging at 13000 x g for five minutes, before removing supernatants
into fresh Eppendorf tubes. Protein was quantified using the Pierce BCA Protein
Assay Kit (Thermo Scientific, USA), which calculates protein concentration by
comparison with a known concentration of bovine serum albumin (BSA) in a dilution
series. 10 pl of standard or sample was added to 190 pl of the working solution,
incubated at 37°C for thirty minutes, before absorbance at 562 nm was recorded on

an Enspire microplate spectrophotometer (PerkinElmer). Protein concentrations for
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lysates were calculated and normalised on each gel for protein quantity and volume
(e.g. typically 20 pg in 20 pl) with 1:6 loading buffer (Lane Marker Reducing Sample

Buffer, Thermo Scientific USA) made up to the required volume with nf-H20.

Samples were heated with the loading buffer at 95°C for 5 minutes before
immediately loading onto gels (10-12%, Mini-PROTEAN TXG Precast Gel, Bio-Rad,
USA). Precision Plus Protein WesternC Standard (Bio-Rad, USA) was run alongside
samples to provide molecular weight. Electrophoresis was performed using Mini
Trans-Blot Cell system (Bio-Rad, USA) in running buffer at 80 V for ten minutes and
then 140 V until the gel front had sufficiently resolved. Wet transfer of the resolved
proteins onto Amersham Hybond PVDF membrane (GE Healthcare, Germany) was
then performed in transfer buffer at 90 V for ninety minutes at 4°C. Running, transfer

and other buffers are listed below in Western Blot Reagents.

2.2.3.1 Western Blotting

Once transferred, membranes were blocked in 5% Dried Skimmed Milk powder
(Marvel, UK) diluted in 1x TBST, for one hour at room temperature with gentle
agitation on a rocker. After blocking, membranes were briefly rinsed in TBST prior to
incubation in primary antibody overnight at 4°C on a roller. All antibodies and

dilutions are listed in Table 2.2.

The next day, membranes were rinsed four times in TBST for five minutes. Detection
of primary antibodies was performed with a peroxidase-conjugated Affinipure goat
anti-rabbit antibody (Jackson ImmunoResearch, USA) in 5% skimmed milk/TBST at
1:10000 dilution, for one hour at room temperature with gentle agitation on a rocker.

Following secondary incubation, four further TBST washes of five minutes were
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performed. Blots were developed using a chemiluminescence method. Membranes
were covered in a fine layer of Amersham ECL Western Blotting Detection Reagent
(GE Healthcare, UK) and left for five minutes before excess ECL reagent was
removed. Digital capture of blot images was performed using a Fusion FX6XT digital

imaging system (Vilber Lourmat, Germany)

Membranes were re-probed for other proteins of interest and GAPDH loading control
by a stripping method. Two rinses in Mild Stripping Buffer for ten minutes, followed by
two washes of ten minutes in PBS and finally two washes in TBST for five minutes
were performed. Completeness of stripping was assessed by repeating blocking,

secondary antibody binding and ECL detection.

Band densitometry was performed using ImageJ version 1.52a (National Institutes of
Health, USA) with data presentation and statistical analysis performed in GraphPad
Prism version 8.4.1. Protein expression levels were corrected for GAPDH expression
and where relevant expressed as relative expression compared with a control
condition. Differences in protein expression were analysed using an unpaired two-

tailed T test.
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Target/Clone/ Source Supplier Diluent Dilution
#Catalogue Species

P-ERK (P-P44/42) Rabbit Cell Signalling 5% BSA/TBST  1:1000
#9101S Technology

GAPDH (D16H11) Rabbit Cell Signalling 5% Skimmed 1:1000
#5174S Technology Milk/TBST

STATL1 (42H3) Rabbit Cell Signalling 5% BSA/TBST  1:1000
#9175S Technology

IRF1 Rabbit Source 5% BSA/TBST  1:1000
#GTX129134 Bioscience

Table 2.2 Antibodies for Western Blot experiments. Source and experimental details for antibodies
used in Western experiments, with clone number (where available) and catalogue number for each

given supplier.

2.2.3.2

Western buffers

Transfer buffer: 10x Tris/Glycine buffer (Bio-Rad, Germany). Made up to 1 L with 700

ml deionised water (diH20) and 200 ml Methanol (VWR Chemicals, France) to give

1x solution with final concentrations of 25 mM Tris, 192 mM Glycine, pH 8.3.

Running buffer: 10x Tris/Glycine/SDS buffer (Bio-Rad, Germany). Made upto 1 L

with 900 ml diH20 to give 1x solution with final concentrations of 25 mM Tris, 192 mM

Glycine, 0.1% w/v SDS, pH 8.3.

10x TBS solution: 24 g TRIS-HCI, 5.6 g TRIS Base, 88 g Sodium Chloride (all

supplied by Sigma-Aldrich, USA), diH20 to 1L volume, pH 7.6.

1x TBST solution: 100 ml 10x TBS, 899 ml diH20, 1 ml Tween20 (VWR Chemicals,

France).

Mild Stripping buffer: 15 g Glycine (Sigma-Aldrich, USA), 1 g SDS (Sigma-Aldrich,

Japan), 10 ml Tween20, pH 2.2. Total volume 1 L made up with diH20.
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2.3 DNA and RNA methodology

2.3.1 DNA/RNA extraction from cell lines and organoids

Simultaneous extraction of DNA and RNA was performed from cell lines and
organoids utilising a spin column-based protocol (AllPrep DNA/RNA Mini Kit;
QIAGEN, Germany). All reagents listed were kit-supplied and procedure performed
as per manufactures instructions. Cell lines were detached with TrypLE, pelleted,
rinsed twice in PBS before resuspending in 600 ul RLT Plus Buffer. Organoids were
removed from matrigel using OHS for 60 minutes, before rinsing twice in PBSO and
resuspending in RLT Plus and then processed as per cell lines. Cells were
homogenised and lysed using a 1 ml/ 10 pl tip for mechanical agitation. DNA was
collected on an AllPrep DNA spin column, with the flow-through containing RNA
combined with an equal volume of 80% ethanol before addition to an RNeasy spin
column. DNA was washed with 500 ul AW1 buffer, followed by 500 ul AW2 buffer,
before elution with 100 pul EB (elution buffer). The RNA was washed with 700 pl RW1
buffer, followed by two washes with 500 ul RPE buffer. Elution from the filter was

performed with 50 pl nf-H20.

2.3.1.1 QUBIT guantification of RNA/DNA

QUBIT is a rapid and reproducible fluorescence-based method to quantify nucleic
acids, produced by Thermofisher (USA). Kits for both RNA and double-stranded (ds)
DNA were used, with both available in a High Sensitivity (HS) and Broad Range (BR)
version. DNA and RNA samples were first processed with the BR assay, with any
out-of-range low values repeated with the HS kit. Working buffer was prepared

(1:200 mix of dye and dilution buffer) and kit-supplied standards were measured
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before each run. 1 ul sample (and 10 ul standard) were made up to 200 pl total
volume in working buffer, vortexed briefly and then analysed on a QUBIT fluorometer

3.0.
2.3.1.2 TapeStation assessment of DNA/RNA quality

TapeStation assays were used for DNA/RNA gquality assessment (Aligent
Technologies, Germany). The technology utilises ScreenTapes containing multiple
miniaturised electrophoresis channels to replace many of the functions that
traditionally would have been performed with agarose gel electrophoresis or
Bioanalyser, in a rapid, digital and automated format. DNA was assessed using the
D1000 system (detecting up to 2000BP), combining 1 pl sample with 3 pl sample
buffer. Samples and molecular weight ladder with were vortexed at 2000 RPM for
one minute before loading on a TapeStation 4200 for automated analysis. RNA
assessment using RNA ScreenTapes was performed identically, except sample
buffer volume was 5 ul to 1 pul sample/ladder. Data output from the TapeStation
includes a pseudo-representation of an agarose gel, used to confirm library
generation or PCR amplification at given molecular weights as well as the calculation

of RNA Integrity Number (RIN).

2.3.2 RNA procedures

2.3.2.1 DNAse treatment

RNA for downstream experiments was purified with DNA removal (DNAse treatment).
The TURBO DNA-free kit (ThermoFisher Scientific, Lithuania) was used, which uses
an inactivation agent to remove the DNAse at the end of the procedure. 1 ul (2 U) of

TURBO DNAse was added to each sample, with 5 pl 10x TURBO DNAse buffer, into
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a final volume with sample RNA of 50 ul. The sample was mixed before proceeding
to a heat block incubation of thirty minutes at 37°C. 5 ul DNase Inactivation Reagent
was added and incubated for five minutes at room temperature, mixing the tube by
flicking several times. Samples were then centrifuged at 10000 x g for 90 s to pellet
the inactivation reagent and the supernatant was carefully removed into fresh

Eppendorf tubes.

2.3.2.2 Quantitative reverse transcription PCR (RT-qPCR): reverse

transcription

Quantification of CIITA mRNA expression was assessed following IFNy stimulation. A
two-step protocol was utilised, with an initial reverse transcription step followed by
separate gPCR. A High-Capacity RNA-to-cDNA (ThermoFisher Scientific, Lithuania)
was used to produce single-stranded cDNA from the sample RNA. A range of RNA
inputs from 10 ng to 100 ng were assessed initially to identify the best signal for

CIITA mRNA expression, with 50 ng being used for all subsequent experiments.

The reverse transcription reaction was performed with 10 pl RT buffer mix and 1 pl
RT reaction mix combined with the DNAse treated RNA. Samples were mixed before
performing the RT reaction on a thermocycler (37°C for 60 minutes, 95°C for 5

minutes, 4°C hold). A final quantity of 50 ng cDNA in 4 pl volume was obtained.

2.3.2.3 Quantitative reverse transcription PCR (RT-qPCR): SYBR green PCR

SYBR Green technology uses a dye that binds non-specifically to dsDNA, with a
structural change caused by binding increasing the fluorescence of the dye markedly.
As the sequence of interest is amplified during PCR, the amount of DNA will increase

exponentially and therefore more SYBR green binding will occur. A melt curve is
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performed at the end of the PCR reaction to confirm the specificity of SYBR green
binding, which when bound only to the target sequence will result in a sharp discrete

curve.

Processed cDNA was made up in a 10 pl reaction volume with 2x PowerUp SYBR
Green Master Mix (ThermoFisher Scientific, Lithuania) and forward/reverse primers
for CIITA at 500 nM final concentration. Primers were based on previously published
data (196) and were purchased from Sigma-Aldrich (UK), with the following

seqguences:

CIITA Forward: 5-AGACTTGCCGCGGCCCCAGAG-3’

CIITA Reverse: 5-GTAGAGGCACAGGGGGTCAGC-3’

Reactions were plated in quadruplet on MicroAmp plates with optical seals
(ThermoFisher Scientific, China) and gPCR was performed on a ThermoFisher
QuantStudio 5 with the following cycling conditions: 50°C for 2 mins, 95°C for 2 mins,
40 cycles of denature at 95°C for 15 s, anneal/extend at 60°C for 1 min. A melt curve
stage was completed following gPCR: 1.6°C/s ramp to 95°C for 15 s, 1.6°C/s ramp to
60°C for 1 min, 0.15°C/s ramp to 95°C for 15 s. The analysis was performed in
Thermofisher Cloud Design and Analysis package. Analysis of the melt curve,
unfortunately, revealed likely non-specific binding (see 5.3.1) and therefore

experiments were redesigned using a TagMan-based approach.

2.3.2.4 Quantitative reverse transcription PCR (RT-gPCR): TagMan

TagMan-based PCR uses fluorescence resonance energy transfer (FRET) to
guantify DNA during the PCR reaction. Each primer contains two probes, one which

fluoresces and the second which quenches the fluorescent signal of the first when in
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close proximity by FRET. When the primer anneals to template DNA, Taq
polymerase releases the fluorescent probe which is no longer inhibited by the
guencher. TagMan is therefore highly sequence specific, overcoming the problems of

non-specific binding that can be seen with SYBR green.

Validated off-the-shelf ThermoFisher TagMan Gene Expression arrays were selected
for CIITA (Hs00172106_m1) and GAPDH (Hs02786624 g1). A range of RNA
concentrations (10-100 ng) was again validated and again 50 ng was used for
experiments. The gPCR reaction was prepared in 20 pl total volume comprised of

10 pl TagMan Fast Advanced Mastermix, 1 pul Gene Expression array primer
(GAPDH or CIITA), 4 pl cDNA and 5 ul nf-H20 and run using a fast cycling protocol.
Each line was plated in quadruple replicate for CIITA (with and without IFNy) and
GAPDH (with and without stimulation). Reactions were plated in MicroAmp Fast 96
well plates with optical seals (ThermoFisher Scientific, China) and run on a
ThermoFisher QuantStudio 5 with the following cycling conditions: 50°C for 2 mins,
95°C for 2 mins, 40 cycles of denature at 95°C for 1 s, anneal/extend at 60°C for

15 s. Analysis was performed in Thermofisher Cloud Design and Analysis package,
with automated determination of Cycle Threshold (Ct). Relative quantification was
performed by the AACt method (242), GAPDH Ct values were subtracted from CIITA
Ct values to normalise to total RNA, before determination of the difference in CIITA
Ct values (CIITA IFNy — CIITA Control) and calculation of relative increase using the
formula (2"-(AACt)). Mean values for the four replicates were plotted logarithmically

with standard deviation values in GraphPad Prism (version 8.3.0).
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2.3.2.5 Total RNA sequencing

Total RNA sequencing of organoid RNA was performed. RNA underwent quality
assessment (TapeStation) to ensure a satisfactory RIN (>7) prior to sequencing.
150 ng of DNAse-treated RNA was aliquoted for input in a 12 pl volume. Under
normal cellular conditions, around 80-90% of extracted RNA is ribosomal in origin
(rRNA), therefore the sample underwent ribo-depletion with the NEBNext rRNA

Depletion Kit (New England BioLabs, USA).

The rRNA was hybridised with a DNA probe (1 ul NEBNext rRNA Depletion Solution
in 2 ul Probe Hybridisation buffer) specific for ribosomal sequences, mixed,
centrifuged and underwent the following thermocycler reaction: 95°C for 2 min, 95°C
to 22°C at 0.1°C/s, 22°C for 5 min. Next, RNase H was used to breakdown the rRNA
hybridised to the DNA probes (2 ul NEBNext RNase H diluted in 2 yul RNase H
Reaction Buffer and 1 ul nf-H20). The sample was again mixed, centrifuged and then
incubated at 37°C for 30 minutes. The remaining DNA probes were digested using
2.5 yl DNase | diluted in 5 yul DNase | Reaction Buffer with 22.5 ul nf-H20 and again
mixed and incubated at 37°C for 30 minutes. Finally, RNA purification was performed
using 110 ul NEBNext RNA Sample Purification Beads. Beads were added to RNA
and rinsed twice in 200 pl 80% ethanol, using a magnet to bind beads in between

washes. RNA was eluted in 8 ul nf-H20 before proceeding to library preparation.

RNA library prep was performed using the NEBNext Ultra Il Directional RNA Library
Prep Kit for lllumina (New England BioLabs, USA). The full protocol is available from

https://international.neb.com/protocols/2017/02/07/protocol-for-use-with-purified-
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mrna-or-rrna-depleted-rna-and-nebnext-ultra-ii-directional-rna-library-prep-Kkit-for-

illumina-neb-e7760-e7765 .

The initial step requires the generation of a cDNA two stranded library and clean up.
Firstly, RNA was fragmented and primed for first-strand synthesis, adding 4 pl
NEBNext First Strand Synthesis Reaction Buffer and 1 pl random primers to 5 pl
RNA, incubating at 94°C for 15 minutes. First-strand cDNA synthesis was performed
with the addition of 8 pl Strand Specificity Reagent and 2 pl First-Strand Synthesis
Enzyme Mix, cycling through 25°C for 10 min, 42°C for 15 min, 70°C for 15 min.
Second strand cDNA synthesis was performed next, with the addition of 8 ul Second
Strand Synthesis Reaction Buffer with dUTP Mix (10X) and 4 ul Second Strand
Synthesis Enzyme Mix with 48 pl nf-H20O, incubating at 16°C for 60 min. Finally,
cDNA was purified using NEBNext Sample Purification Beads. The beads were
vortexed and 144 pl added to the cDNA, mixing well. Following a five minute
incubation at room temperature, beads were washed twice in 200 pl 80% ethanol

(using a magnetic rack to retain beads), before elution in 53 pl 0.1% TE buffer.

50 ul of the prepared cDNA was removed and combined with sequencing adapters.
Firstly, the cDNA ends were prepared for adapter ligation, adding 7 pl Ultra Il End
Prep Reaction Buffer and 3 ul Ultra Il End Prep Enzyme Mix, mixing well and
incubating at 20°C for 30 min followed by 65°C for 30 min. 2.5 ul adapters were
combined with 1 pl Ligation Enhancer and 30 pl Ultra Il Ligation Master Mix, mixed
well and incubated for 15 minutes at 20°C and then a further 15 minutes at 37°C
following the addition of 3 pl Uracil DNA glycosylase (UDG) and the DNA
glycosylase-lyase Endonuclease VIl (USER) enzyme. Finally, the library was purified

using a further pulldown with NEBNext Sample Purification Beads, adding 87 pl for
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10 minutes, before performing two 200 pl 80% ethanol washes and eluting in 17 pl

0.1x TE buffer.

The sample-specific index primers were added during the PCR enrichment of
adaptor-ligated DNA. 15 pl of eluted DNA was combined with 5 pl forward (i7) and

5 ul reverse (i5) index primer, along with 25 pul NEBNext Ultra 1l Q5 Master Mix. PCR
was performed under the following conditions: Initial denaturation 98°C for 30 s, 7
cycles of denaturation followed by annealing/extension (98°C for 10 s, 65°C for 75 s),
final extension 65°C for 5 minutes. Finally, the library was purified again with 45 pl
NEBNext Sample Purification Beads, added for five minutes, washed twice in 200 pl
80% ethanol and eluted in 23 pl 0.1x TE buffer. Library presence was confirmed with
TapeStation and QUBIT DNA quantification. Libraries were pooled before running on
the Illumina NextSeg500 platform using 75 paired-end reads, with a 1% PhiX spike.
The library was split evenly across two flow cells (e.g. all samples run on both flow
cells to avoid any potential bias), with run metrics showing high-quality data
acquisition. The PF percentage (passed filter; the number of clusters that could be
individually read without loss to background from densely packed clusters) was
94.09%, % >Q30 was 95.7% (Q30 being the 1:1000 individual base call error rate,
therefore 95.7% of base calls were made with at 1:1000 or better error rate) and

samples were equally represented in the number of reads.

2.3.2.6 Total RNA sequencing analysis

Sequencing FASTQ files were downloaded from the lllumina Basespace cloud
server. FASTQ files from both flow cells were combined for each sample on Partek

Flow (a cloud-based semi-automated workstream for bioinformatics analysis).
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Alignment of reads was performed using STAR index aligner (version 2.7.3a; Spliced
Transcripts Alignment to a Reference) and human genome assembly GRCh38
(hg38). Transcript counting and normalisation were performed prior to GSA (gene-
specific analysis), with filtering for expression fold changes of +2 or -2 fold with
p<0.05. Each sample was annotated by characteristic e.g. strong responder to IFNy
stimulation, allowing for pathway (KEGG) and gene set enrichment analysis (gene
ontology) and unsupervised hierarchical clustering across the characteristics of

interest.

2.3.3 DNA procedures: pyrosequencing analysis of DNA CpG methylation

2.3.3.1 Bisulfite conversion

Sodium bisulfite is commonly used in the study of DNA methylation. Addition of
bisulfite to DNA causes unmethylated cytosine bases to undergo chemical
modification to uracil. The presence of methyl groups ‘shields’ cytosine bases from
modification, so remaining unchanged (243). During PCR reactions, complementary
base pairing will lead to uracil being replaced with thymine and therefore a
comparison of cytosine to thymine ratio obtained during sequencing allows

calculation of the percentage methylation at that base (Figure 2.1).
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Figure 2.1 Bisulfite conversion. Schematic of bisulfite conversion. Sodium bisulfite causes
unmethylated cytosine residues to be converted to uracil, complementary base pairing results in a
thymine base being detected during sequencing. Single strand effects shown only. Cm represent
methylated cytosine bases. Image created in Biorender.

Bisulfite conversion was performed with the EZ DNA methylation kit (Zymo, USA).
The CT conversion reagent was reconstituted in nf-H20 and M-dilution buffer,
vortexing for ten minutes to dissolve. 500 ng DNA was prepared, adding 5 pl
M-dilution buffer and making up the volume to 50 ul with nf-H20, before incubating for
15 minutes at 37°C. 100 pl CT Conversion Reagent was added to each sample,
mixed well and then incubated on a heat block for 16 hours at 50°C whilst protected
from light. Samples were transferred to ice for ten minutes, diluted in 400 pl
M-Binding Buffer and transferred to kit-supplied spin columns. Columns were
centrifuged at max speed for 30 seconds, follow-through discarded and the filters
rinsed in 100 ul M-wash buffer, repeating the centrifuge step. 200 pl
M-Desulphonation Buffer was added to the filter and incubated at room temperature
for 30 minutes, before centrifuging for 30 seconds at max speed. Two washes with
200 pl M-wash buffer were performed, before finally eluting the bisulfite converted

DNA into a fresh tube in 10 pul M-Elution Buffer.
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2.3.3.2 Pyrosequencing PCR primer design and quality assessment

Before sequencing, it is necessary to amplify the area of interest (CIITA-plV) using
PCR. The sequence for CIITA-plV was downloaded from the University of California

Santa Cruz Genome Browser (UCSC; available from https://genome.ucsc.edu/ ), with

the region chr16:10,972,877-10,973,234 selected, encompassing the main CpG
island. Raw sequence data was input into PyroMark Assay Design software
(QIAGEN, version 2.0.2.5), which performs in silica bisulfite conversion, followed by
computer modelling of available primer configurations based on size, annealing
temperatures and predicted looping with other primer sequences or mispriming. A
forward primer, biotinylated reverse primer (the biotin allows capture of the single
strand for the pyrosequencing reaction) and a sequencing primer were designed. The
sequence targeted contained eight individual CpG sites/variable regions. Final primer
sequences (Sigma-Aldrich) were as follows:

CIITA Forward: 5-GGGGGATGGAATATGTAAAATGTAG-3’

CIITA Reverse-Biotin: 5-CCCCCAAACTCTAAACACAACAAACC-3’

CIITA Sequencing: 5-GGAATATGTAAAATGTAGGG-3

Before undergoing PCR for pyrosequencing, the conversion efficiency of bisulfite
conversion was assessed using qPCR. A previously described methodology (244)
was used with two primer pairs targeting 3-Actin both with unconverted/methylated
sequences (ACTB(-)) as well as converted/unmethylated (ACTB(+)) DNA. The gPCR
was run using SYBR green with a dissociation step as previously described (see

2.3.2.3). Primer (Sigma-Aldrich) sequences were as follows:
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ACTB(-) F: 5-TGGTGATGGAGGAGGCTCAGCAAGT
ACTB(-) R: 5-AGCCAATGGGACCTGCTCCTCCCTTGA
ACTB(+) F: 5-TGGTGATGGAGGAGGTTTAGTAAGT

ACTB(+) R: 5-AACCAATAAAACCTACTCCTCCCTTAA

TapeStation analysis was performed following Pyrosequencing PCR to confirm band

presence at the correct molecular weight.
2.3.3.3 Pyrosequencing PCR

Amplification of the CIITA-plV region was performed using the PyroMark PCR kit
(QIAGEN, Germany). 0.5 pl of bisulfite converted DNA was used as input into the
reaction in a 25 pl reaction mix for each sample. The remaining reaction mixture (for
each 25 pl) was comprised of 12.5 ul PyroMark PCR master mix, 5 pl Q solution,
2.5 pl coral load concentrate, forward/reverse primers at 0.2 uM final concentration
for both, with remaining volume made up with nf-H20. PCR was performed on a
thermocycler with the following conditions: 95°C for 15 minutes, 45 cycles (94°C for
30 s denature, 56°C for 30 s annealing, 72°C for 30 s extension) and a final

extension at 72°C for 10 minutes.
2.3.3.4 Pyrosequencing

Pyrosequencing reactions provide rapid, high-throughput and reliable sequencing
over a short distance (up to a few hundred base pairs). The technology uses
deoxyribonucleotide triphosphate (ANTP) bases bound to pyrophosphate (PPi). Each
base is individually fed into the reaction mix, and if complementary to the next base
in the template strand is incorporated by DNA polymerase, causing the release of

PPi. Released PPi is converted to ATP, driving a luciferase-catalysed release of light
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that is proportional to the number of bases sequenced (e.g. three consecutive
cytosine bases will yield a 3x signal) (245). For methylation analysis, a predicated
sequence is known and therefore a planned dispensation order of dNTPs can be
utilised to maximise efficiency, both in terms of time and reagent usage. Unknown
sequences can be determined but required the addition of potentially all four dNTPs
until a signal is detected for a given nucleotide. With variable regions, such as the
cytosine/thymine ratio in a bisulfite-converted sample, represented by the Y’ symbol,
both bases can be sequentially used to give a ratio of methylated to unmethylated

nucleotide.

The sequencing reaction was set up on the PyroMark Q48 (QIAGEN) sequencer.
The required reagents were loaded into injector cartridges using PyroMark Q48
Advanced Reagents (QIAGEN, Germany). Sequencing primer was diluted to 4 uM in
annealing buffer, with a resulting final concentration of 800 nM in the reaction mix. An
absorber strip was fitted to the Q48 and a new sample disc fixed in place. 10 pl
bisulfite converted DNA was loaded into each well on the disc, followed by 3 pl
QIAGEN Magnetic Beads (Germany). Beads were vortex frequently during pipetting
to reduce settling. In addition to the samples, 5 recommended primer negative

controls were run as specified by QIAGEN to exclude non-specific sequencing:

1. PCR without template DNA

2. PCR with template DNA but no sequencing primer
3. Sequencing primer without PCR product

4. Biotinylated primer without PCR product

5. Biotinylated primer and sequencing primer without PCR product

85



Run setup was performed in PyroMark Q48 Autoprep software (Version 2.4.2,

QIAGEN, Germany). The sequence to analyse was:

TYGGGAAATATTTYGTTTTT AGTATTTTYG TAAYGATTTT GYGYGGGAAT
TAGGAGTYGG GAATTYGGAG TTTGGTTTGT TGTGTTTAGA GTT.

The calculated dispensation order based on this sequence was:
ATCTGACTGATTCTGTTAGTGATTCTGTGATCGATTAGTCAGTCGATAGATGTCT

GTATCTGAG

Each sample was run in triplicate and in addition EpiTect Methylated and
Unmethylated Control DNA (already bisulfite converted; QIAGEN, Germany) was run
alongside samples. Analysis of C/T ratio was performed by the automated algorithm

on the PyroMark Q48 AutoPrep software.

2.3.4 DNA Procedures: whole-genome sequencing

Whole-genome sequencing of organoid lines was outsourced to Nonacus Ltd. 500 ng
of DNA was supplied frozen for PCR-free library preparation. The MGI-Seq G400
platform was used with 50x coverage supplied. As only tumour material was
supplied, basecalled FASTQ files were merged per sample, trimmed with
Trimmomatic (246). Trimmed reads were then aligned to the GRCh38.3 reference
genome using BWA-MEM (Burrow-Wheeler Aligner, v0.7.17-r1188, please see

https://arxiv.org/abs/1303.3997), PCR duplicates were marked using Picard (Picard

Toolkit 2019, v4.0.12.0, the Broad Institute, available from

http://broadinstitute.github.io/picard/) and reads were realigned locally around Indel

sites. Variant calling was performed using Pisces (247) (a tumour only variant caller,

v5.2.9.122) with standard settings. VCF files were then annotated using VEP (248)
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(Variant Effect Predictor; v97.3, Ensembl, available from

https://www.ensembl.org/info/docs/tools/vep/index.html) and SNPs present from

1000Genomes (249), GhnOMAD (250) and dbSNP (251) at a MAF of > 0.01 were
excluded. Pathogenicity of SNPs was assessed using dbSNP. Copy number calling
was called using CNVNator (v0.4.1) (252) and structural variants using Manta

(v1.6.0) (253). HLA typing was performed using HLA*LA (v1.0.1) (254).
2.3.5 DNA Procedures: Chromatin Immunoprecipitation (ChlIP)

Chromatin Immunoprecipitation (ChlP) is a methodology for studying DNA-binding
proteins and other epigenetic modifications including histone modification. DNA
binding proteins are first cross-linked to DNA, using agents such as formaldehyde.
The DNA is then fragmented using sonication, followed by an antibody-based
selection of the sheared DNA bound to the protein of interest. The DNA is then
released from the protein by reverse cross-linking and can be assessed either by

PCR or sequencing.
2.3.5.1 ChIP: cross-linking (single and dual)

Cell lines and organoids were treated with IFNy for the required time and were
subsequently digested into single-cell suspensions (see 2.1.2.6). 1x10’ cells were
used for each cross-linking condition, collecting in a 15 ml centrifuge tube and were
washed three times in PBS. Cells were resuspended in 10 ml PBS containing 1%
methanol-free formaldehyde (ThermoFisher Scientific, USA) and incubated at room
temperature for ten minutes on a roller. Cross-linking was terminated with the

addition of 2.5 ml 2M Glycine (Sigma-Aldrich, USA), incubating at room temperature
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for five minutes, before centrifuging at 400 x g for 5 minutes at 4°C and then washing

twice in PBS. Chromatin pellets were frozen at -80°C.

For EZH2 ChIP, a dual cross-linking protocol was followed. Cells were prepared and
washed as above, but prior to the addition of formaldehyde, cells were instead
resuspended at 3.3x108 cells/ml. Di(N-succinimidyl) glutarate (DSG; Sigma-Aldrich,
Germany) was reconstituted in DMSO and added to the cell suspension at a final
concentration of 2.5 mM, with cells incubated for 45 minutes at room temperature on
a roller. Following the DSG cross-linking, cells were washed four times in PBS before
immediately continuing to the second cross-linking step with formaldehyde as

detailed above.
2.3.5.2 ChlIP: chromatin sonication and immunoprecipitation

Sonication was performing with a Covaris E220 Evolution and according to the
truChIP Chromatin Shearing Kit (Covaris, USA) protocol. Covaris utilises highly
focused acoustic ultrasonication to shear nucleic acids. It produces highly consistent
results between samples and is therefore an ideal method for sample preparation for

use with ChlP.

Cross-linked cells underwent lysis to isolate nuclei using 300 pl Lysis Buffer B
(containing 1:100 protease inhibitor; kit supplied), incubating cells for 10 minutes at
4°C on aroller. Cells were centrifuged at 500 x g for 5 minutes at 4°C, before
removing the supernatant. This step was then repeated with 300 pl Wash Buffer C
(containing 1:100 protease inhibitor; kit supplied) incubating for 10 minutes at 4°C on
a roller, followed by two rinses in Shearing buffer D3 (containing 1:100 protease

inhibitor; kit supplied) without an incubation step. Each pellet was resuspended in
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130 pl Shearing Buffer D3 and transferred into microTUBES for shearing on the

Covaris for ten minutes per sample.

Before performing chromatin shearing, a range of sonication conditions were
assessed as described in the protocol. Briefly, nuclei were resuspended in Shearing
Buffer D3 (kit supplied) and 130 pl aliquots were prepared in microTUBES (Covaris,
USA) to allow for assessment of different shearing times, aiming to yield 200-700 BP
fragment. Six separate time points (2, 4, 6, 8, 10 and 12 minutes) were programmed,
using the Low Cell Shearing Protocol (Peak power 105 W, duty factor 2%, 200 cycles
per burst, 6°C temperature setpoint). Once sonication was completed, 1 ul DNA was
analysed by TapeStation and the most efficient time point (10 minutes) was chosen

for future experiments based on the 200-700 BP enrichment observed (Figure 2.2).

89



el A1 () B1 c1 D1 E1 F1 G1 H1
10000 [ — ‘ ‘ I
amy |

B

200 f—

00—

1000 . |

15 -.-4_1—4-c -(_4

SHEAR TIME (MINS)2 4 6 8 10 12 (NEG)

Figure 2.2 Optimisation of ChIP Covaris shearing times. TapeStation of DNA product
following a range of sonication times between 2 and 12 minutes, loaded lane B to G. Optimal
enrichment at 200-700 BP seen in lane F (10 minutes). Negative control in lane H.

Once the shearing was complete, samples were removed from microTUBES into
fresh Eppendorf tubes, centrifuged at 16000 x g for ten minutes at 4°C to pellet any
insoluble chromatin and 130 pl sheared chromatin was removed and diluted with

260 pl (two volumes) ChIP dilution buffer (containing 1:100 protease inhibitor; kit
supplied). Five percent of the total chromatin volume was taken off and kept at 4°C to
assess for total loading quantification (input). Meanwhile, antibodies for H3K9ac
(Abcam, UK, #ab4441), H3K9me2 (Abcam, UK, #ab195482) and EZH2 (Abcam, UK,
#ab195409) were conjugated with magnetic Dynabeads Protein G (Thermo Fisher
Scientific, Norway). 10 pl Dynabeads were prepared for each immunoprecipitation

(IP), first washing beads in PBS before combining with 2 pg/IP antibody in 0.5% BSA
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in PBS, incubating on a wheel for two hours at 4°C. Sheared chromatin was
combined with 10 pl of antibody-bead conjugate for each IP and incubated at 4°C

overnight on a wheel.

2.3.5.3 ChIP: reverse cross-linking

Following incubation, samples underwent a series of washes, the constituents of the
buffers are described subsequently, with each washed performed with the aid of a
magnetic rack to clear solution and pull down the beads. Beads were washed with
500 ul Wash buffer 1, two washes with 500 pl Wash buffer 2, one wash in 500 pl LiCl
buffer before two final washes with TE/NaCl. Chromatin was eluted in two 50 pl
volumes of elution buffer, vortexing and incubating for 15 minutes at room
temperature with each elution. Input DNA (collected prior to IP) was brought to 100 pl
total volume in elution buffer. Input and IP samples were then incubated at 65°C
overnight with 3 ul Proteinase K (50 mg/ml, Roche, Germany) and 3 pl 5 M NaCl to
reverse cross-link. DNA was purified with the addition of 180 ul AMPure XP beads
(1.8:1 volume; Beckman Coulter, USA), incubating at room temperature for 15
minutes, before washing twice with 500 pl 80% ethanol. After the last wash, beads

were left to air dry for ten minutes and DNA was eluted in 90 pl nf-H20.

Buffer constituents were as follows: Wash Buffer 1 (20 mM Tris-HCI pH 8.0, 150 mM
NaCl, 2 mM EDTA pH 8.0, 1% Triton X-100 and 0.1% SDS); Wash Buffer 2 (20 mM
Tris-HCI pH 8.0, 500 mM NaCl, 2 mM EDTA, 1% Triton X-100, and 0.1% SDS); LiCl
Buffer (10 mM Tris-HCI pH 8.0, 250 mM LiCl, 1 mM EDTA, 0.5% NP-40 and 0.5%
Na-deoxycholate); TE/NaCl Buffer (10 mM Tris-HCI pH 8.0, 50 mM NaCl and 1 mM

EDTA pH 8.0; Elution buffer (100 mM NaHCO3 and 1% SDS).
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2.35.3 ChIP gPCR

Four primers were used to cover the CIITA-plV for ChIP PCR, based on previously

published sequences (196):

CIITA-plV region 1 Forward: 5-GCCTGAAAAGGGAAAGTGACCACCTC-3’
CIITA-plV region 1 Reverse: 5-CACACCCCCAGCCGTGGCAA-3’
CIITA-plV region 2 Forward: 5-ACAAGCTCCCTGCAACTCAG-3
CIITA-plV region 2 Reverse: 5-CCACCACGTGCTTTATCAGA-3’
CIITA-plV region 3 Forward: 5-GGGCTGAGAATCGAGGCTCCGAGAC-3’
CIITA-plV region 3 Reverse: 5-GCGGGGATGCTGGAAACGAGGTG-3’
CIITA-plV region 4 Forward: 5-TCCTGCAGAGGTGCGCGCCCTTC-3

CIITA-plV region 4 Reverse 5-CCGCCTGGAGAGCCCAATACCCAAGA-3’

Additional quality control was performed by performing PCR for the SP1 and
Involucrin (IVL) region; SP1 being an open acetylated conformation, with IVL
methylated. 1 uM of forward and reverse primer for each region was combined with
2x PowerUp SYBR Green Master Mix (ThermoFisher Scientific, Lithuania) and
nf-H20 to a total volume of 7.5 pl and combined with 2.5 pl immunoprecipitated DNA
in a 384 well PCR plate. For each region input DNA, acetylation and methylation
were plated in technical duplicate and EZH2 in quadruplet. A standard curve dilution
was plated using genomic DNA at 0.04, 0.2, 1 and 5 ng/ul (from Kasumi-1 cell line;
kindly provided by Dr Anetta Ptasinska) for each region and negative controls were
run for all primers. PCR was performed under the SYBR Green cycling conditions as

detailed in 2.3.2.3, on an Applied Biosystems 7500 gPCR machine. Analysis of melt
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curves and Ct determination was performed using SDS software (Applied
Biosystems). Quantification was performed relative to the standard curve and data
from each region was normalised by input control. Finally, a comparison of each

region was performed with and without IFNy stimulation to give a relative change.

2.4 Flow cytometry

Flow cytometry allows the rapid characterisation of large numbers of heterogeneous
cells by using fluidics to generate a stream of single cells. Cells pass through a laser
and data on the forward and side scatter (broadly representing size and
complexity/granularity respectively) of light can be collected by detectors. In addition
to this basic data, fluorochrome-conjugated antibodies against both surface and
internal antigens can allow simultaneous detection of up to 16 characteristics,

providing detailed phenotyping of cells of interest.

In order to analyse cells from 2D and organoid culture, lines were treated with IFNy
and/or drugs of interest for the desired time-frame in standard culture conditions,
before being dissociated into single cells (2.1.2.6). Cells were filtered through a 70 pl
filter before washing in PBSO and divided into 96 well V bottom polypropylene plates.
First cells were stained with eBioscience Fixable Viability Dye eFluor 780 (1 ul/ml
diluted in PBSO, ThermoFisher Scientific, USA), incubating at 4°C for 30 minutes in
the dark, before washing three times with 200 pl PBSO. Cell surface markers were
stained for with antibody conjugates (Table 2.3) in Flow Cytometry Staining buffer
containing 1% Bovine Serum Albumin (Roche, Germany) and 0.1% sodium azide

(G Biosciences, USA) dissolved in PBSO and incubated at room temperature for 30

minutes in the dark. Cells were again rinsed three times with 200 ul PBSO. Cells
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were fixed with the eBioscience™ Foxp3 / Transcription Factor Staining Buffer set
(ThermoFisher, USA). One-part Fixation Concentrate was dissolved in three-parts
Fixation diluent and 100 pul added to each well for 30 minutes at room temperature in
the dark. If intracellular stains were required, cells were taken up in Permeabilization
buffer (one-part dissolved in nine-parts distilled water) and centrifuged at 400 x g for
five minutes, discarding the supernatant, before resuspending in Permeabilization
buffer containing intracellular antibodies. Cells were washed three times in PBSO

buffer resuspending cells in 150-200 pl in Flow Cytometry Staining buffer.

Samples were analysed using an LSR Fortessa X-20 flow cytometer (BD), with data
analysis performed using FlowJo (Version 10.5.3, BD). Compensation was performed
with either single-stained cells (with negative comparison with unstained cells) or
UltraComp eBeads (ThermoFisher, USA), with one drop beads combined with 1 pl
antibody for 30 minutes and compared with unstained beads. Fluorescence minus
one (FMO, cells stained for viability and all other antibodies other than the target of
interest) stains were performed for Class Il and MUC2. An example of the standard
gating strategy is displayed below (Figure 2.3), initially selecting singlets (FSC-A vs
FSC-H), followed by selection of cells (FSC-A vs SSC-A) and finally live cells in the
APC-Cy7'" fraction (APC-Cy7 vs SSC-A). Class Il gating was performed with the aid
of FMO cells. Individualised gating for all experiments is provided in the Chapter 8

appendix.
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Target (Clone) Conjugate Source Supplier Dilution
HLA-A,B,C (W6/32) APC Mouse IgG2a Biolegend 1:100
HLA-DR,DP,DQ (Ti39) PE-Cy7 Mouse IgG2a Biolegend 3:100
Epcam/CD326 (9C4) Pacific Blue Mouse 1gG2b Biolegend 5:100
LGRS5 (8F2) BVv510 Rat 1I9G2b BD Biosciences 5:100
MUC2 (MLP/842) FITC Mouse I1gG1 Bio-Techne 5:100
Chromogranin A PE Mouse 1gG1 BD Biosciences 5:100
IFNy Receptor a chain CD119 PE Mouse 1gG2b Biolegend 5:100
(GIR-94)

Table 2.2 Antibody details for flow cytometry experiments

Figure 2.3 Flow cytometry gating

Comp-APC-Cy7-4

X
S5C-A

2.4.1 Fluorescence-activated cell sorting (FACS)

Organoids with weakly-inducible Class Il expression were treated with 24 hours IFNy

and ROCK inhibitor (Y-27632, to preserve viability during sorting). Staining for live-

dead, Class Il and single stains were performed, in sodium azide-free Flow

Cytometry Staining Buffer. Cells were sorted with a stringent gating strategy for Class
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Il positive and negative cells, selecting only strongly positive cells. Sterile sorting was
performed on a BD FACSAria Cell-Sorting System within a category 2 tissue culture
hood and was kindly performed by Dr Adriana Flores-Langarica from the University of
Birmingham Flow Cytometry Service. Cells were sorted into organoid media, were
returned to tissue culture, washed in PBSO and then resuspended in a single well of
matrigel. Organoids were seen to reform over the following week, with usual growth

kinetic restored after around five days.
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Chapter 3: Establishment of a collection of human colorectal cancer

organoids

3.1Introduction

Recent technological advances have allowed the establishment of self-sustaining
organoid models. These 3D cultures can be derived from almost all known tissue
types (for example brain and thyroid), replicating structure and function of that tissue
with a high degree of fidelity. Furthermore, cells from diseased tissues including
cancer can be established into culture, providing an unrivalled cell-based system for
studying disease. The clinical application of these models is already being observed
and it is known that colorectal cancer organoids can predict the in vivo sensitivity to
chemotherapy and radiotherapy (221, 223-225), potentially providing an ‘avatar’ to
select effective anti-cancer therapies for patients, improving outcomes and
minimising unnecessary toxicity. Within this group, current work includes setting up a
clinical trial to assess the effectiveness of chemotherapy selection based on the
results of 3D cultures derived from colorectal cancer patient biopsies (collaboration

between 2cureX (Denmark) and Dr Helen Bermingham/Prof Andrew Beggs locally).

Rectal organoids have been used in the prediction of drug sensitivity in rare variants
of cystic fibrosis, a disease with over 2000 known mutations in the CFTR gene.
Before this organoid screening approach, it was simply not feasible to study the
effectiveness of the compound in all these rare variants, with only the common
mutations enrolled in clinical trials. The simple technique uses rectal biopsy to study
chloride channel dynamics in the lab, with drug funding agreed for patients with

evidence of drug response in the organoid model (255).
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Aside from clinical applications, organoids allow fundamental disease biology to be
explored in greater depth and accuracy. Organoids from cancer, for example,
replicate tumour heterogeneity and are stable over prolonged periods
transcriptionally and at genome level (11, 221). This offers an advantage of 2D
cancer cell cultures, which are known to change over time in culture, with the same
cell lines displaying hugely variable responses to drugs between passages and
different lab groups (8). It is also known the 2D cultures become epigenetically
altered with time, with methylation in particular disparate from the primary tissue
(205). Organoids, by contrast, are highly faithful to the original sample, including
disease-specific epigenetic patterns and even physiological epigenetic changes, for
example in embryogenesis. Given the concerns over 2D culture, organoids are now
established as the gold standard for cell-based assessment of epigenetics in disease

(230, 231).

Beyond these technological advantages over cell lines, organoids allow the context
of the native tumour biology to be considered in parallel with the cell-autonomous
behaviours that are observed under experimental conditions. The establishment of a
pathologically and microenvironmentally annotated collection of patient-derived
organoids is a core aim of this project. The regulation of MHC Class Il will be
assessed, but the additional strength will be the potential to know what is happening
in the tumour of the patient. This context is fundamental to understanding the
relevance of findings, is there tumour Class Il expression or the presence of tumour
infiltrating lymphocyte populations on primary tumour IHC? The further contextual
information around tumour pathology (e.g. sidedness, stage, grade, mutation and

transcriptional context) can be assessed in conjunction with any experimental
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hypothesis. Whole-genome and total RNA data will be produced for each organoid,

again allowing interpretation of experimental findings, in this and future projects.

3.2 Processing Tissue Samples

Between October 2017 and December 2019, tissue collection was performed on
patients from University Hospitals Birmingham undergoing cancer surgery. Patients
were identified by clinicians in surgical clinics and multidisciplinary meetings and
consented to use of their tissue for research according to protocols and ethical
approval of the University of Birmingham HBRC (see section 2.1.2.1). Tissue from
both colon and rectal primary tumours resections, metastasectomy (removal of
metastases) including liver and peritoneal and matched normal bowel samples were
sampled and anonymised by the HBRC and were subsequently processed in

dedicated tissue culture hoods for organoid lines.

A total of 12 organoids were developed, with the following criteria used for declaring

a line as established:

1. Survives long term culture e.g. >10 passages
2. Organoids are frozen and survive thawing
3. DNA/RNA extracted and sequenced to confirm tumour origin

4. Histologically sectioned to prove tumour morphology

A number of lines were terminated during the first six months of sample collection

due to infection, usually within the first few days of processing the sample. It was felt
likely that carryover of bowel bacteria was the likely source of these infections, which
occurred despite the presence of Penicillin/Streptomycin as originally described (10).

The methodology was adapted to include primocin, a combination of broad-spectrum
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anti-fungal and antibiotics. This was included in the storage media used to contain
the samples overnight before processing the next day. Additionally, a cleaning step
at the beginning of processing was included consisting of vigorously shaking the
segments of bowel in PBSO/primocin until the solution became clear. Since the
adaptation of the new protocol, a reduction in new lines being terminated from

infection has occurred, from around 50% to zero.

In addition to the 12 lines derived in this laboratory, a further 3 lines were processed
from UHB patients and established at the WTSI and returned to this facility, complete
with whole-genome sequencing data, as part of a reciprocal arrangement under the
Human Cancer Model Initiative (HCMI). Initially, some normal bowel samples were
processed for organoid culture in parallel to tumour samples, however, due to cost
constraints, the majority of samples were only processed for tumour organoids. The
matched normal bowel underwent DNA/RNA extraction for subsequent analysis.

Samples received for processing were between 139-638 mg in weight.

A total of 94 samples were received over the collection period from HBRC. Of these,
54 samples were either not processed and were disposed of or did not form
organoids in the initial two weeks following processing. Of the 40 samples that it was
possible to derive organoid cultures from, 28 were terminated due to failure of the
culture to propagate or infection. 26 of these were terminated before the antibiotic
change, with the vast majority of these lost to infection. Only two lines were lost after

the antibiotic change occurred. Summarised in Figure 3.1.
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A second important change has been the use of ROCK inhibitors in freezing, thawing
and derivation of new lines. Two of the earlier lines derived (647 and 658) had failed
multiple thaw attempts, however, the addition of the inhibitor to thaw media and for
the first three days of culture, allowed successful reconstitution of these lines. Since
adding the inhibitor for both freezing and thawing, very high success rates have been

observed during the thawing process (>90% of vials and all established lines).

94 tumour samples
received

40 processed and
formed organcids

Until Aug 2018: After Aug 2018:
32 lines formed 8 lines formed

26 lost
(infection or
collapse)

2 lost
(eollapse)

Figure 3.1 Derivation of organoids. Flow chart of samples received and processed over the
sample collection period. Following change in antibiotic protocols in August, a dramatic decrease
in loss of lines due to infection was observed.
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3.2 Patient characteristics of lines

Samples selected for this project were all specimens from any colorectal
(adenocarcinoma) primary. Metastatic deposits, e.g. liver metastases were excluded
from this project, although they were often processed by the lab. Two of the patients
had metastatic disease, e.g. those undergoing combined colectomy and
metastasectomy, where organoids derived from the primary site only were used in
these experiments. Five rectal tumours were included in the data, all of which had
undergone prior treatment in order to downstage them for curative resection. Four of
these patients underwent standard radiotherapy (one received short-course
radiotherapy with 25 Gy in 5 fractions, three with long course chemoradiotherapy with
45 Gy in 25 fractions with capecitabine). A final patient had long course
chemoradiotherapy followed by systemic chemotherapy (FOLFIRI 3 cycles and
FOLFOX 6 cycles). None of the patients presenting with colon tumours (e.g.
excluding rectal) had undergone chemotherapy or radiotherapy for either

downstaging or neoadjuvant intent, before their resections.

dMMR was detected in 5/15 tumours (33.3%; tumour IHC), RAS mutation in 6/11
(54.5%) tumours assessed and BRAF in 3/15 (20%). Tumour stages from | to IV
were represented and therefore the samples are likely to be representative of the

range of pathologies encountered.

In addition to the baseline pathological data, Class Il staining on primary tumours has
been performed using a clinically validated antibody, for further details see section

5.2.1. Immunoscore assessment has been performed by HalioDx (France) and is
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available for ten of the tumours. Full characteristics for each organoid are

summarised in Table 3.1.

Table 3.1 Characteristics of derived organoids. See overleaf. For each organoid line sample,
morphology as well as clinicopathological details are given including age, sex, TNM staging,
tumour location, operation, pre-operative treatment received, NHS pathology lab assessment of
extended spectrum RAS and BRAF mutation, MMR status assessed by IHC, immunoscore and
staining of Class Il in the primary tumour. Abbreviations: T/N/M: Tumour, nodal (with positive /
total nodes displayed where available) and metastasis status. V/PN/L: details of vascular,
perineural and lymphovascular invasion at the site of the primary tumour. WT: Wild-type. LCCRT:
Long-course chemoradiotherapy. SCRT: Short-course radiotherapy
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Sample Number

Organoid Morphology

$292064 / 064 " i" . s .'? {g" Age at presentation/sex 79/ M
o Sl - ~ | Staging T2 N1(1/19) MO VO PN- LO RO
a 3 ) . ‘ .- 4
- .Y;..'q;e‘ A Grade Moderate
P TR it 1 | Location Rectosigmoid
g B ot BT ’ "', Operation Anterior Resection
> Biele Sl -9 ~% | | Pre-operative treatment None
> . ".‘.,' _ "_3‘"" - | RAS/BRAF WT /WT
5. B oG o U MMR status MSS
< i“., b 7’ ol Immunoscore 3 (High)
o . .. |PrimaryClass Il IHC 25%
$389080 / 080 © Age at presentation/sex 85/F
‘ ,&) : Staging T3 NO MO VO PNO LO RO
L] » 7 g Grade Well-Moderate
Location Rectal
o ’ 3 Operation Anterior Resection
. : Pre-operative treatment LCCRT
. ) ° RAS/BRAF Not performed
> y MMR status MSS
D Immunoscore 2 (Intermediate)
,?) Primary Class Il IHC 0%
S398157 / 157 PP 4 ) © 77 | Age at presentation/sex 84/F
P E Staging T3 N2 (4/26) MO VO PNO LO R1
=% e ' . | Grade Poor
. g Q' Location Ascending Colon
p | | Operation Right Hemicolectomy
oV g g 5 Pre-operative treatment None
; . | RAS/BRAF Not performed / WT
-~ . 5 MMR status MSI-H (MLH1/PMS?2 loss, promoter
. : F methylation)
S - ‘ Immunoscore 4 (High)
©" Primary Class Il IHC 45%
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S403376 / 376

S302389 /389

S302411/ 411

Age at presentation/sex

51/ M

Staging T3 NO (0/41) MO V1 PNO LO RO
Grade Poor

Location Rectal

Operation Anterior Resection
Pre-operative treatment LCCRT

RAS/BRAF

Not performed / Not Performed

MMR status

MSS

Immunoscore

Not performed

Primary Class Il IHC

0%

Age at presentation/sex

81/M

Staging T4 N2 (6/19) MO V1 PNO LO RO
Grade Moderate

Location Transverse Colon

Operation Right Hemicolectomny
Pre-operative treatment None

RAS/BRAF WT/WT

MMR status MSS

Immunoscore 0 (Low)

Primary Class Il IHC 0%

Age at presentation/sex 74/ F

Staging T3 N2 (7/24) M1 V1 PNO LO RO
Grade Moderate

Location Transverse Colon

Operation Subtotal Colectomy
Pre-operative treatment None

RAS/BRAF WT/ V600

MMR status MSS

Immunoscore 2 (Intermediate)

Primary Class Il IHC 1.5%
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S366557 / 557

S332647 / 647

S345653 / 653

Age at presentation/sex

751F

Staging T3 N (0/17) MO VO PN1 LO RO
Grade Moderate-poor

Location Ascending Colon

Operation Right Hemicolectomy

Pre-operative treatment

None

RAS/BRAF

KRAS Exon 2 Codon 13 (Gly13Arg) / WT

MMR status

MSI-H (MLH1, PMS2 and MSH®6 loss)

Immunoscore

2 (Intermediate)

Primary Class Il IHC

1%

Age at presentation/sex

45/ M

Staging T4 N2 (5/52) MO V1 PNO LO R1
Grade Poor

Location Ascending Colon

Operation Extended Right Hemicolectomy

Pre-operative treatment

None

RAS/BRAF

KRAS Exon 2 Codon 13 (Glyl3Asp) / WT

MMR status MSI-H (MSHS6 loss)
Immunoscore Not Performed

Primary Class Il IHC 75%

Age at presentation/sex 55/F

Staging T2 NO MO V1 PNO LORO
Grade Moderate

Location Rectal

Operation Abdominoperineal resection
Pre-operative treatment LCCRT

RAS/BRAF

KRAS Exon 2 Codon 12 (Gly12Asp) / WT

MMR status

MSS

Immunoscore

2 (Intermediate)

Primary Class Il IHC

60%
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S332658 / 658

S309884 / 884

S386964 / 964

Age at presentation/sex

59/F

Staging T4 NO (0/28) MO VO PNO LO RO
Grade Poor

Location Ascending Colon

Operation Right Hemicolectomy
Pre-operative treatment None

RAS/BRAF WT / V600

MMR status MSI-H (MLH1 and PMS?2 loss)
Immunoscore Not performed

Primary Class Il IHC 20%

Age at presentation/sex 741 M

Staging T3 N2 (4/12) M1 V1 PNO L1 RO
Grade Moderate-Poor

Location Rectal

Operation Abdominoperineal resection
Pre-operative treatment SCRT

RAS/BRAF

NRAS Exon 2 Codon 13 (Gly13Arg) / WT

MMR status MSS
Immunoscore 0 (Low)
Primary Class Il IHC 0%
Age at presentation/sex 53/ M

Staging T2 NO (0/18) MO VO PNO L1 RO
Grade Well-Moderate

Location Ascending Colon

Operation Right Hemicolectomy
Pre-operative treatment None

RAS/BRAF Not performed

MMR status MSS

Immunoscore 2 (Intermediate)

Primary Class Il IHC 0%

107




WTSI-COLO151

Age at presentation/sex

71/ M

Staging T3 N1 (1/33) MO VO PNO LO RO
Grade Moderate

Location Ascending Colon

Operation Right Hemicolectomy
Pre-operative treatment None

RAS/BRAF WT / V600

MMR status MSS

Immunoscore 2 (Intermediate)

Primary Class Il IHC

0%

WTSI-COLO155

WTSI-COLO312

Age at presentation/sex

60/ M

Staging T4 NO (0/11) MO V1 PN1 LO R1
Grade Moderate

Location Low Rectal

Operation Abdominoperineal resection/Pelvic

exenteration

Pre-operative treatment

LCCRT, 3xFOLFIRI, 6x FOLFOX

RAS/BRAF

KRAS codon 61 (GIn61His) /WT

MMR status MSS
Immunoscore 2 (Intermediate)
Primary Class Il IHC 7.5%
Age at presentation/sex 76/ F

Staging T3 NO (0/17)

Grade Moderate-poor
Location Ascending Colon
Operation Right Hemicolectomy

Pre-operative treatment

None

RAS/BRAF

KRAS Exon2 Codon13 (Gly13Arg) / WT

MMR status

MSI-H

Immunoscore

Not performed

Primary Class Il IHC

0%
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3.3 Transcriptional subtypes

Colorectal cancers can be classified based on unsupervised clustering of expression
patterns into four main groups, termed the consensus molecular subtypes (CMS)
(51). The original algorithm predicts CMS based on cancer and stromal RNA
expression, originally designed to call primary CRC tumour extracts. Cell lines and
organoids lack this stromal component, leading initially to the theory that
‘mesenchymal CMS4’ tumours are selected against growing in tissue culture
conditions. An R package termed CMScaller was developed by the Lothe lab,
designed to use cancer cell-intrinsic expression to more accurately call CMS-type in
organoid lines (256). This has been validated in public datasets and is therefore the
standard approach to CMS classifying organoids and cell lines. RNA extracted from
the 15 organoid lines was analysed using the CMScaller R package and I’'m grateful
to Dr Jodo Silva for his R expertise. Fourteen of the lines were successfully classified

into CMS groups, the results of which are displayed in Table 3.2.

Line CMS Classifier P value FDR
064 CMS2 0.015 0.017
080 CMS2 0.001 0.002
157 CMS1 0.001 0.002
376 CMS1 0.002 0.003
389 CMS2 0.001 0.002
411 CMS3 0.013 0.016
557 CMS1 0.001 0.002
647 CMS4 0.002 0.003
653 CMS4 0.001 0.002
658 N/A 0.978 0.978
884 CMS2 0.001 0.002
964 CMS1 0.038 0.041
COLO151 CMS3 0.001 0.002
COLO155 CMS4 0.001 0.002
COLO312 CMS1 0.001 0.002

Table 3.2 CMS Classification of organoids. CMS group with P-value and False Discovery Rate
(FDR), based on analysis in CMScaller R package. Line 658 failed to classify.
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Though not absolute, most MSI-H lines will classify as CMSL1. In this dataset three of
the four classified MSI-H lines were classified as CMS1 (157, 557 and COLO312
CMS1, 647 was grouped as CMS4. Note 658 failed to classify) indicating that the
analysis is biologically plausible. Additionally, there is a broad representation of CMS
groups, therefore a culture-mediated selection of CMS groups is unlikely to have

caused significant bias in the organoids that were successfully grown.

3.4 Summary

A collection of fifteen CRC organoids has been developed from local patient
samples. Clinicopathological characteristics e.g. MMR, BRAF and RAS status, within
these lines appear well balanced and near expected frequencies encountered from
surgically resected disease. Furthermore, primary tissue Class Il expression in the
ten pMMR tumours (6 negative/<1%, 3 weak/1-49%, 1 strong/>50%), closely

matches the expected frequencies from previously published data (5).

Over the subsequent chapters, the in vitro characteristics of Class Il inducibility will

be assessed.
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Chapter 4: Characterisation of MHC Class Il inducibility in colorectal

cancer organoids

4.1Introduction

Currently, our understanding of MHC Class Il expression within CRC comes from two
sources: immunohistochemistry (IHC) on archival tissue samples following surgical
resection, and a limited number of mechanistic cell stimulation experiments (5, 196).
Satoh et al demonstrated that approximately half of colorectal and gastric cancer cell
lines were inherently unable to present MHC Class Il following IFNy stimulation.
Furthermore, they found that loss of Class Il expression was secondary to epigenetic
silencing of the CIITA promoter in the non-inducible lines (196). The loss of IFNy
inducibility in colorectal cancer cell lines is postulated as an acquired route of
immune evasion, as in normal epithelial biology, epithelial cells can freely express
Class Il under certain conditions, including IFNy stimulation from both exogenous

and endogenous sources e.g. in inflammatory bowel disease (138, 163, 166).

Around half of all colorectal cancer resection specimens show an absence of Class Il
staining on IHC, with only 11% of MSS-CRC samples strongly (with >50% cells
staining positive) expressing Class Il (5). Colorectal cancer is often described as an
immunologically cold tumour, however, when immune infiltration is observed (for
example the presence of tumour infiltrating lymphocytes) it is associated with
significantly improved prognosis (53, 55). A Class Il negative CRC tumour, therefore,

may arise as a result (or combination) of two underlying states:
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1. Aninadequate ‘activated’ immune presence in the tumour microenvironment,
with a resultant failure to promote MHC Class Il expression through IFNy
production.

2. A tumour intrinsic defect in MHC Class Il expression, for example, CIITA
promoter methylation, potentially causing a failure to enhance immune cell

recruitment to the tumour.

In these two scenarios, it has not possible to establish causality, as we are faced with
a ‘chicken and egg’ problem. Are all Class Il negative tumours negative because they
are unable to upregulate MHC expression appropriately in response to immune cell
recognition? Or are some negative tumours Class Il inducible, if a TME threshold
could be passed to allow immune infiltration and activation?

Our current understanding of this problem is limited by the lack of a model that can
relate the microenvironmental background of the cancer with the mechanistic
behaviour of the cells that comprise that tumour in vitro. One such model that could
bridge this gap is the colorectal cancer organoid as previously outlined. Organoids
have been shown to recreate both normal and disease biology more accurately than
traditional cell lines (10), and in particular are remarkably epigenetically stable in
comparison to the tissue they are derived from (230, 231). Finally, as patient-derived
samples, we are able to analyse clinicopathological correlates to the underlying cell
behaviour. Patient factors could include tumour side, grade, TNM stage, treatment
responses and survival outcomes, all data that is not normally available with
traditional cell lines. Additionally, the primary tumours that organoids are derived from

can be characterised with in situ MHC expression and other immunological
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microenvironmental annotation, providing a sophisticated model which can be

compared to the native biology of that tumour.

4.1.1 Aims and Objectives

1. Validate the model system of Class Il inducibility:
a. IFNy dose
b. Assess the validity of flow cytometry assessment by performing
experiments from Satoh et al using human colorectal cell lines to
assess the reproducibility of results
2. Establish the IFNy responsiveness of human colorectal cancer organoid
models:
a. At cell signalling level (IRF1/STAT1 response)

b. On cell surface expression of MHC Class | and Class Il following IFNy

4.2 Validation of IFNy stimulation experiments

4.2.1 Dosing and timing of IFNy stimulation

A large range of IFNy doses have been reported in the literature when studying the
effects on colorectal cancer immunology, from very low levels (0.1 ng/ml) (108) to
significantly higher doses (=500 1U/ml) (166, 197). Notably, whilst some older papers
have used nanogram dosing, this can cause problems with the reproducibility of
experiments. IFNy of the same concentration (ng/ml) from different suppliers can
have a range of biological activity (units, or IU/ml). This biological activity is defined
as the ability to induce an antiviral state in a cell and can be measured using the
Cytopathic Protection Effect Assay (257). In all subsequently documented

experiments, where different batches of IFNy have been used concentrations have
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been adjusted to the same activity (IU/ml) using manufacturer supplied specific

activity values, to ensure biological equivalence.

In addition to dose, the length of stimulation varies between experiments in the
literature, with some treating with IFNy for up to 24 hours (108), whilst other groups
have assessed for as long as seven days (166). In this later example using the
colorectal HT29 cell line and flow cytometry assessment, HLA-DR expression was
observed after only 24 hours treatment, however, HLA-DQ expression was not seen
until seven days (166). Mehta et al studied the epigenetic accessibility and regulation
of CIITA in HeLa cervical cancer cells following IFNy stimulation (this time at

500 IU/ml), demonstrating rapid increases in acetylation after 20 minutes, with
maximal acetylation at 18 hours. Similarly, the repressive methylation mark
H3K9me3 was decreased significantly after 20 minutes and a maximal reduction was
seen at 80 minutes (258). The cell signalling and transcriptional regulation responses
to IFNy are therefore prompt, however, the downstream expression of complete
Class Il on the cell surface requires several processing steps at protein level (163).
The temporal regulation of Class Il following IFNy was assessed in a range of cell
lines, including differing metastatic variants of the MDA MB 435 line which are known
to harbour a range of Class Il expressions. All five cell lines demonstrated Class Il
induction by 24 hours, but in some lines, this required 72 hours to become maximal

(212).

4.2.2 Dose-response assessment

It is apparent from the literature that no standardised approach to IFNy stimulation

has been adopted. IRF1/STAT1 activation downstream of IFNy receptor activation
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can be utilised to assess whether an adequate response to stimulation occurs (108),
and is independent of any downstream confounding factors, such as the

aforementioned CIITA epigenetic inactivation.

A range of IFNy doses was therefore trialled in both cell lines and organoids. Initially,
the colorectal cell line HCT116 was treated with a range of IFNy doses from 0O-

100 ng/ml (750 IU/ml) for 24 hours. Subsequently, the same experiment was
performed in S309884, a rectal patient-derived organoid. Interferon was added into
fresh media, incubated for 24 hours and cells were lysed for protein extraction. 20 pg
total protein was loaded for Western Blotting, and membranes were probed with
antibodies to STAT1, IRF1 and GAPDH (loading control). In HCT116, both IRF1 and
STAT1 were observed to increase compared to control at doses as low as 1 ng/ml
(7.5 IU/ml), further increasing at 10 ng/ml (75 1U/ml). Between 10 and 100 ng/ml (75
to 750 IU/ml) IFNy, no further increase was seen in protein levels. The experiment

was performed in triplicate, with representative blots shown (Figure 4.1a)

The experiment was then repeated in S302884, with identical findings. Maximal IFR1
and STAT1 was observed at 10 ng/ml (75 IU/ml) IFNy, with no notable increase seen

at 100 ng/ml (75 1U/ml). The experiment was performed once. (Figure 4.1b)

Maximal cell signalling responses in these two experiments occurred at a relatively
low level. A standardised dose of 75 IU/ml IFN was therefore chosen for subsequent
experiments unless otherwise stated. As previously outlined, the concern in
colorectal cancer is that inadequate immune infiltration is seen in many tumours.

Higher doses of IFNy are at risk of therefore becoming supra-physiological, and the

115



lowest dose to give adequate cell activation was therefore seen as desirable, with

this disease biology in mind.

Assessment of cell lines over longer time frames (up to 72 hours) of IFNy exposure
was performed (see section 4.3), with no further Class Il upregulation observed with
longer exposures. Therefore, a dose of 75 IU/ml for 24 hours was chosen for the

main characterisation of IFNy response experiments.

a HCT116
0 1 10 100 IFNy
(ng/ml)
S302884
b 0 10 100 IFNy
(ng/ml)
STAT1 5D

Figure 4.1 Western blot for IFNy dose confirmation.

Colorectal cell line HCT116 (a) and rectal organoid S302884 (b) treated for 24 hours with IFNy
at indicated doses (0-100 ng/ml; 0-750 IU/ml). Protein lysates were assessed for STAT1 and
IRF1 at each dose, with GAPDH loading control. HCT116 experiment in triplicate with
representative blot displayed, S302884 single experiment performed.
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4.2.3 Validation of Class Il antibody and flow cytometry methodology

In order to confirm the specificity of MHC Class Il staining and assessment with flow
cytometry, a known positive control was used. HEK293, a human embryonic kidney
cell line with stable transfection of CIITA (referred to as HEK293+CIITA) was
compared to the parental wild-type cells (referred to as HEK293 parental). The
HEK?293 parental cells have previously been shown to be CIITA"/MHC Class II-under
normal conditions. The HEK+CIITA cells demonstrate constitutive CIITA and MHC
Class Il expression, independent of the requirement of IFNy stimulation. The HEK293
cells were produced and generously gifted from Dr Heather Long’s laboratory and

their usage has previously been published (259).

Cells were cultured, dissociated into single cells and then underwent cell surface
staining with antibodies for pan-Class | (HLA-A,B,C), pan-Class Il (HLA-DR,DP,DQ)
and cell viability stain. Cells were fixed before same-day analysis on a BD
LSRFortessa™ X-20 Flow Cytometer. Nearly all cells (>98.5%) expressed Class |.
Class Il expression was absent in HEK293 parental cells (0.59%), with nearly all
transfected cells expressing Class Il (99.6%). (Figure 4.2) The sensitivity and
specificity of the Class Il antibody in this validation model, therefore, appeared
satisfactory. Fluorescence minus one (FMO) strategy was utilised for gating of Class

Il expression.
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HLA-, B, C

Tan

015

HLA-DP, DG DR

HEK293+CIITA

HLA-A, B, C

Qz2
0.59

HLA-DP,DG DR

HEK293 Parental

Mormalized To Mode

100 =
80 =

60 =

HLA-DP,DG DR

Figure 4.2 Flow Cytometry Class Il Antibody Validation in HEK293 £ CIITA cells.
HEK293+CIITA (left) and HEK293 parental (centre) cells were stained for Class | (HLA-A,B,C) and

Class Il (HLA-DP,DQ,DR) and analysed by flow cytometry. An overlay (right) of Class Il histograms is
shown, with normalisation to mode. Experiment performed once.

4.3 Cell line assessment

Following on from the initial experimental validation of methodology, the next step

was to repeat the experiments on previously published colorectal cell lines. The

Satoh et al study remains the largest parallel assessment of colorectal cancer cell

line class Il inducibility, with five inducible lines and three non-inducible lines (196).

Their findings, along with relevant clinicopathological data is summarised in Table

4.1.
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Cell Line Class Il CIITA-plV Source Mutation MSI CIMP
post IFNy methylation Data status
RKO* Negative Methylated Colon primary BRAF V600E MSI +
HCT116* Negative Methylated Right sided colon KRAS G13D MSI +
Caco2 Negative Methylated Colon wild Type MSS +/-
HT29* Positive Unmethylated Colon primary BRAF V600E MSS +
DLD1* Positive Unmethylated Colon KRAS G13D MSI +
LoVo Positive Unmethylated Colon supraclavicular KRAS G13D MSI -
node and Al14V
SW48 Positive Unmethylated Colon Wild-type MSI +
Colo320 Positive Unmethylated Sigmoid colon primary Wild-Type MSS -

Table 4.1 Summary of known cell line class Il inducibility with IFNy and underlying methylation
status of promoter IV of CIITA. Class Il expression assessed with flow cytometry. This data has
been summarised from Satoh et al (196). Additional data on the site of tumour origin, mutation (KRAS
and BRAF), mismatch repair (microsatellite instability MSI or microsatellite stable MSS) and CpG
methylator phenotype (CIMP) status adapted from Ahmed et al (260). Lines with an asterisk (*) have
been assessed subsequently in this project.

Two inducible cell lines (HT29 and DLD1) and two non-inducible (HCT116 and RKO)
were selected for full assessment. It is worth noting that a high proportion of these
cell lines exhibit microsatellite instability and CIMP, with rates of dAMMR in patients
undergoing resection typically around only 15% (32). The data on Class Il inducibility
is also qualitative, and it is not clear from this paper what percentage of cells
expressed Class Il following IFNy treatment. It is clear however from other papers
that a spectrum of Class Il inducibility is likely to be observed, with Stoneman et al
reporting a 98.1 fold increase in Class Il peak fluorescence in HT29 and a smaller,
heterogeneous response in HCT116 (a line described by Satoh as non-inducible).
Some lines demonstrated low-level inducibility, with LoVo and Caco2 showing a 2.2
and 1.3 fold increase in Class Il peak fluorescence respectively. Interestingly, these
two ‘low’ inducible lines were differentially categorised as inducible and non-inducible
by Satoh et al. A 98.1 and 2.2 fold increase in Class Il might satisfy a definition of

inducibility, however, these two lines would likely behave very differently biologically;
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both in terms of generating an immune response and in the underlying Class Il

regulatory mechanisms.

Validation in cell lines thereby provides three important purposes: to quantitatively
assess Class Il upregulation, to demonstrate reproducibility and reliability of the
methodology, and to allow detailed comparison of cell line biology with the organoid

models.

4.3.1 Cancer cell line IFNy inducibility

First, cell lines were assessed for IFNy pathway integrity, with western blot of cell
signalling response proteins. Cell lines were treated with 75 IU/ml IFNy or media
control for 24 hours, before undergoing protein extraction. Lysates were purified and
quantified, prior to gel resolution and transfer to PVYDF membranes. Membranes were
sequentially probed for STAT1, IRF1 and GAPDH by western blotting. All four lines
demonstrated a statistically significant increase in STAT1 and IRF1 total protein
levels compared to control lysates (P<0.05). (Figure 4.3) Cell signalling response to

IFNy is therefore preserved in all four of these cell lines.

Next, cell lines were assessed for Class | and Il inducibility via flow cytometry. Cell
lines were again treated with 75 IU/ml IFNy for 24 hours, before processing into
single-cell suspensions. Cells were stained for viability and cell surface staining of
HLA-A,B,C and HLA-DR,DP,DQ, prior to fixation and running on a LSRFortessa™
X-20 Flow Cytometer. IFNy stimulated cells were compared with untreated control
cells. A fluorescence minus one (FMO) control was used for purposes of gating Class
Il positive cells. Further details and gating ancestry in methods. All experiments were

performed at least in triplicate.
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All cell lines exhibited low levels of Class Il positivity (<10%) at baseline prior to IFNy.
All lines except for DLD1 expressed Class | at baseline, with no notable increase in
Class | following IFNy, consistent with prior literature (261). Class Il expression was
strongly induced in HT29, with expression in over 80% of cells following IFNy. RKO
by contrast was completely unresponsive to IFNy. DLD1 and HCT116, reported by
Satoh et al as inducible and non-inducible respectively, appeared to show a small
non-statistically significant increase in Class Il expression. Though contradicting
Satoh’s findings, these behaviours are consistent with other prior published data, with
DLD1 characterised by only weak Class Il expression (262) and a subpopulation of
inducible cells previously demonstrated in the HCT116 line (263). These data are
summarised in Table 4.2 and Figure 4.4 and Figure 4.5. Full individual experimental

gating selections for all flow cytometry experiments is provided in Chapter 8

Appendix.
Cell Line IFNy Class Il % Control Class Il % Change in P-value
(SD) (SD) Class Il % (SD)
HT29 86.7 (3.04) 2.21 (2.07) 84.56 (5.02) *0.001
DLD1 8.94 (4.98) 0.977 (0.437) 7.96 (4.98) 0.11
HCT116 10.7 (3.03) 5.61 (1.18) 5.10 (2.46) 0.07
RKO 3.34 (1.89) 2.38 (0.973) 0.957 (0.970) 0.23

Table 4.2 Summary of Flow Cytometry Class Il inducibility of colorectal cancer cell lines +/-
IFNy stimulation. Mean expression (percentage positive cells) and standard deviation (SD) given for
each line with IFNy stimulation, untreated control cells and derived percentage change. Minimum of
three independent experiments with paired two-tailed T-test performed.
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Figure 4.3 Western blot of IFNy response in colorectal cell lines. Top: Cells were assessed for
STAT1, IRF1 and GAPDH protein levels following 24 hours stimulation with 75 [U/ml IFNy.
Unstimulated control cells (CON) displayed alongside. Representative blots shown, experiments
performed in triplicate. Bottom: Densitometry performed on western images, with area quantification
for proteins of interest adjusted by GAPDH loading control. Relative expression compared to control
condition given, and mean values with standard deviation displayed. Paired two-tailed T-test
performed for statistical analysis: NS P = 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
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Figure 4.4 Flow cytometry assessment of Class | and Class Il expression in four colorectal
cancer cell lines. Each line was treated with IFNy (left) and compared with untreated control cells
(centre). Overlay of class Il histograms (right) with IFNy displayed in blue, control in red. Each cell line
replicated in triplicate with representative plots shown.
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Figure 4.5 Summary of flow cytometry Class Il inducibility for colorectal cancer cell lines. Each
line treated in triplicate, with Class Il expression (percentage of cells positive) displayed with mean
(horizontal line). Statistics performed (paired two-tailed T-test): NS P = 0.05; * P < 0.05; ** P < 0.01; ***
P < 0.001; *** P < 0.0001.

The three cell lines with minimal Class Il expression at 24 hours (DLD1, HCT116 and
RKO) were treated over a longer timeframe, as delayed responses requiring 72
hours exposure for maximal Class Il upregulation have been reported (212). Cell
lines were again treated with 75 IU/ml IFNy, this time for 72 hours, before cell
collection and flow cytometry as previously described. All three lines failed to show
any further upregulation of Class Il at 72 hours and therefore delayed IFNy response
kinetics are not exhibited by these cell lines. Experiments performed in duplicate with

representative flow cytometry displayed in Figure 4.6.
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cell line replicated in duplicate with representative plots shown.
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4.3.2 Cancer Cell Line Summary

Data from the four CRC cell lines confirms that IFNy signalling transduction response
is maintained in all lines, with the induction of IRF1 and STAT1 seen. Despite this, a
strong induction of Class Il expression was only seen in one line (HT29). DLD1,
designated unquantifiably by Satoh as an inducible line (196), shows only a small
non-statistically increase in Class Il following IFNy (p=0.11), in keeping with other
literature describing it as only weakly Class Il inducible (262). The two non-inducible
lines assessed, RKO and HCT116, showed no significant upregulation of Class II,
though HCT116 (similarly to the ‘inducible’ DLD1) showed a non-significant increase
(p=0.07). These lines, therefore, provide validation of the methodology and also

provide a basis for comparison of organoid responses.

4.4 Organoid assessment

A total of 15 colorectal cancer organoids were derived from patient samples and
assessed for Class Il expression following IFNy stimulation, following the same
methodology as the cell line experiments. For all stimulation experiments, organoids
were maintained in 3D culture embedded in matrigel with IFNy dissolved in organoid
culture media, until the point of cell use for downstream applications. For protein
extraction, matrigel was removed, pellets of organoids washed before lysis of whole
organoids. For flow cytometry, following the stimulation organoids were digested into
single-cell suspensions by a combination of mechanical and minimal chemical

disruption and then filtered, before immediately proceeding with the staining protocol.
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4.4.1 Characterisation of organoid IFNy responses by flow cytometry

Organoid cultures were stimulated for 24 hours with 75 [U/ml IFNy and then

assessed for Class | and Class Il expression by flow cytometry. In order to further

characterise and explore mechanisms of Class Il regulation, organoids were grouped

into three populations:

1. Lines with high levels of Class Il expression (>50% of cells) following IFNy

2. Lines with weak inducibility of Class Il expression with IFNy (10-50% of cells)

3. Lines with negligible inducibility of Class Il expression following IFNy (<10%)

All flow cytometry experiments were performed in a minimum of triplicate, with high

reproducibility within models demonstrated, including in lines passaged for greater

than six months. Results summarised in Table 4.3.

Organoid IFNy Class Il % Control Class Il % Change in P-value
(SD) (SD) Class Il % (SD)
376 3.32 (0.59) 4.38 (1.06) -1.05 (0.64) 0.12
557 3.23 (0.38) 5.05 (2.51) -1.82 (2.18) 0.19
964 2.67 (0.86) 4.21(0.71) -1.54 (0.39) *0.02
389 28.2 (12.3) 3.91 (1.35) 24.3 (13.1) 0.09
658 13.7 (4.11) 3.50 (1.83) 10.2 (5.18) 0.08
884 18.4 (6.79) 2.07 (0.74) 16.4 (7.30) 0.06
COLO312 42.7 (3.30) 15.4 (2.99) 27.3 (4.16) *0.008
064 69.4 (16.5) 2.27 (1.05) 67.2 (16.7) *0.02
080 72.5 (4.78) 9.95 (3.49) 62.5 (6.92) *0.004
157 73.0 (7.82) 25.5 (6.21) 47.5 (12.1) *0.02
411 76.6 (6.92) 5.12 (3.18) 71.5 (5.51) *<0.001
647 69.8 (4.82) 7.83 (2.50) 61.9 (4.83) *0.002
653 83.5(19.7) 7.2 (1.22) 76.2 (19.5) *0.02
COLO151 72.9 (23.4) 3.77 (2.69) 69.2 (21.9) *0.03
COLO155 87.5 (14.5) 25.3 (10.0) 62.2 (5.89) *0.003

Table 4.3 Summary of Flow Cytometry Class Il inducibility of colorectal cancer organoids +/-
IFNy stimulation. Lines have been grouped by Class Il expression following IFNy into no expression
(<10%), weak expressers (10-50%) and high expressers (50-100%). Mean expression (percentage
positive cells) and standard deviation (SD) given for each line with IFNy stimulation, untreated control
cells and derived percentage change. Minimum of three independent experiments with paired two-
tailed T-test performed.
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Out of the 15 lines, three were non-inducible, four were weak expressers and eight
strongly expressed Class Il following IFNy. The majority of organoids were Class Il
negative at baseline without stimulation, however low-level positivity (>10% cells
expressing Class Il) was observed in three lines. The non-inducible lines showed no
evidence of any Class Il upregulation with stimulation, with 964 showing a significant
small, but biologically irrelevant decrease. The weak-inducers, by contrast, had a
minimum mean delta (stimulated positive cells % - unstimulated positive cells %)
increase of 10%, and whilst these changes only reached statistical significance in 1/4
of the lines (COLO312), the remaining three lines had a clear trend towards an
increase (P 0.06-0.09). The strong-inducers had a mean delta increase of over 60%
in 7/8 lines, and all lines had statistically significant increases in Class Il expression

with IFNy. Flow cytometry results and statistics are summarised in Figure 4.7-4.9.
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Figure 4.7 Flow cytometry assessment of Class | and Class Il expression in three non-inducible
organoids lines. Top: Each line was treated with IFNy (left) and compared with untreated control cells
(centre). Overlay of class Il histograms (right) with IFNy displayed in blue, control in red. Each cell line
replicated at least in triplicate, with representative plots shown. Bottom: Summary of Class Il expression
(percentage of cells positive) +/- IFNy displayed with mean (horizontal line). Statistics performed (paired
two-tailed T-test): NS P 2 0.05; * P < 0.05; ** P < 0.01; ** P < 0.001; **** P < 0.0001.
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Figure 4.8a Flow cytometry assessment of Class | and Class Il expression in four weakly-inducing
organoid lines. Above: Each line was treated with IFNy (left) and compared with untreated control cells
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replicated at least in triplicate, with representative plots shown.
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Figure 4.9a Flow cytometry assessment of Class | and Class Il expression in strongly-inducing
organoid lines. First four of eight lines, continued next page. Each line was treated with IFNy (left) and
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displayed in blue, control in red. Each cell line replicated at least in triplicate, with representative plots
shown.
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Loss of Class | expression was seen in three organoids (647 and 157; both with
strong Class Il induction, and 964 which also lacked Class Il expression).
Furthermore, two lines (376 and COLO155) exhibited a Class | ‘low’ expression, in
contrast to the total loss seen in the three lines. 376 demonstrated only low Class I,
however, COLO155 interestingly had heterogeneous Class | with a ~40% subgroup
showing low expression, with the remaining cells having preserved expression. Class

I levels were not increased following IFNy stimulation in any line.

4.4.2 Characterisation of organoid IRF1/STAT1 responses following IFNy

Next organoids were assessed for IRF1/STATL1 cell signalling response by western
blot following IFNy stimulation at 75 IU/ml for 24 hours. Following stimulation,
matrigel was removed with organoid harvesting solution and non-dissociated
organoids were lysed in RIPA buffer, with 20 pg of subsequently processed protein
loaded onto gels and then probed with antibodies to STAT1, IRF1 and GAPDH

sequentially. Each experiment has been performed in triplicate.

Results are again displayed in the three sub-groups derived from flow cytometry
responses to IFNy. In each case, densitometry has been performed on the blots to
allow for quantification, with normalisation of STAT1 and IRF1 protein levels to
GAPDH. Increases in protein levels following IFNy have been compared with
untreated control cells, where the mean densitometry values obtained in the controls
have been assigned an arbitrary value of 1. Statistical comparison with two-tailed

paired T-Test performed. Results displayed in Figure 4.10-4.12.
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Figure 4.10 Western blot of IFNy response in non-responding organoid lines. Top: Cells were
assessed for STATL, IRF1 and GAPDH protein levels following 24 hours stimulation with 75 [U/ml
IFNy. Unstimulated control cells (CON) displayed alongside. Representative blots shown, experiments
performed in triplicate. Bottom: Densitometry performed on western images, with area quantification
for proteins of interest adjusted by GAPDH loading control. Relative expression compared to control
condition given, and mean values with standard deviation displayed. Paired two-tailed T-test
performed for statistical analysis: NS P = 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
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Figure 4.11 Western blot of IFNy response in weakly-inducing organoid lines. Top: Cells were
assessed for STATL, IRF1 and GAPDH protein levels following 24 hours stimulation with 75 [U/ml IFNy.
Unstimulated control cells (CON) displayed alongside. Representative blots shown, experiments
performed in triplicate. Bottom: Densitometry performed on western images, with area quantification for
proteins of interest adjusted by GAPDH loading control. Relative expression compared to control
condition given, and mean values with standard deviation displayed. Paired two-tailed T test performed
for statistical analysis: NS P = 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
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Figure 4.12 Western blot of IFNy response in strongly-inducing organoid lines. Top: Cells were
assessed for STATL, IRF1 and GAPDH protein levels following 24 hours stimulation with 75 [U/ml IFNy.
Unstimulated control cells (CON) displayed alongside. Representative blots shown, experiments performed in
triplicate. Bottom: Densitometry performed on western images, with area quantification for proteins of interest
adjusted by GAPDH loading control. Relative expression compared to control condition given, and mean
values with standard deviation displayed. Paired two-tailed T-test performed for statistical analysis: NS P =
0.05; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.
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In both the weakly (Figure 4.11) and strongly (Figure 4.12) inducible lines, there was
a clear induction of the interferon signalling pathway, with significant increases in
IRF1 in all lines. Similarly, STAT1 was significantly increased in all four of the weak
lines and 4 out of 8 of the strong lines. By contrast, the group of three non-inducible
lines (Figure 4.10) all demonstrated lack of IRF1/STAT1 protein upregulation

following IFNy, with no significant change in protein expression.

This difference between the weakly-inducible and non-inducible lines suggests
differing biological mechanisms for loss (or reduction) in Class Il inducibility. The loss
of IFNy signalling response strongly suggests mutations in the top end of the
pathway, at the level of IFNy receptor (IFNGR1/2), JAK1 or STATL1 as previously

described as a mechanism underlying MHC loss in cancer (104, 182).

Surface expression of IFNyR levels was assessed in two organoid lines, a strongly
inducible line (411) and a non-inducible line (557). Surface staining and flow cytometry
was performed on organoids both with and without IFNy pre-treatment (at 75 IU/ml for
24 hours) and results are displayed in Figure 4.13. Both lines had highly comparable
expression at baseline, albeit at low levels. After IFNy treatment levels of IFNyR
appeared lower in 411 but were maintained in 557. Loss of IFNyR is therefore unlikely
to explain the lack of IRF1/STAT1 response in 557. The non-inducible lines will be
assessed with whole-genome sequencing subsequently to further interrogate the

pathway.
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Figure 4.13 Flow cytometry assessment of IFNy Receptor surface expression. Organoid lines
557 (non-inducible) and 411 (strongly-inducible) were asssessed for surface IFNyR expression bowth
without (left) and with (right) pre-treatment with IFNy at 75 IU/ml for 24 hours. Histogram of results
displayed for both 557 (blue) and 411 (red). Experiment performed once.

4.4.3 Evaluation of higher doses of IFNy on organoid Class Il expression

As discussed at the beginning of this chapter, variable doses of IFNy have been

studied in different disease models. The evaluation of organoid responses so far has

been performed using a relatively low dose, a considered approach given immune

exclusion is an important part of CRC pathophysiology. In order to assess if higher

doses of IFNy would lead to increased Class Il expression in CRC organoids, six

lines were treated with an increased dose of IFNy (150 1U/ml for 24 hours). These six

lines included two lines that were weakly inducible (389 and 884) and four strongly

inducible. Results of these experiments, performed once on each line, are displayed

in Figure 4.14. In all these lines, the overlay of Class Il histograms appear closely

related, and no further dose-dependent increase in Class Il expression was

observed.
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4.5 Conclusions

Assessment of IFNy responses in these fifteen organoids has provided some clear
biological differences between lines, with three subgroups emerging. Firstly, the
majority (n=8/15) of these organoid lines demonstrate high levels of Class Il
expression following stimulation with relatively low doses of interferon. A second
group (n=3/15) demonstrate a complete loss of interferon response, with no
upregulation of Class Il expression observed and an underlying loss of signalling
response, with these three lines failing to upregulate IRF1/STAT1. This phenomenon
has previously been identified and is known to be more common in MSI-H cancers,
with one of these lines (557) known to be mismatch repair deficient (dAMMR) with loss
of MLH1, PMS2 and MSH6 on IHC. A third group (n=4/15) exhibit weak Class Il

expression following 24 hours of IFNy stimulation.

The cell line data provides some further insight into different biological mechanisms
controlling Class Il expression in cancers. HCT116 and DLD1, a non-inducible line
and inducible line respectively according to Satoh et al, show equivalent small
increases in Class Il expression, with ratification of the findings described here with
the other literature. Both of these cell lines maintain IRF1/STAT1 response to IFNy,
indicating an alternative mechanism to the three non-responding organoids. Indeed,
this could perhaps be hypothesised from the flow cytometry data alone; the non-
inducible organoid lines are completely unchanged when stimulated with IFNy,
compared to the small increases in Class Il seen in DLD1 and HCT116. These small
increases in Class Il expression could point to epigenetic dysregulation of CIITA as
previously reported, with the Class Il pathway essentially intact but repressed via

CpG or histone level control, which may allow a small subgroup of cells with less
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methylation to express some CIITA for example. RKO, the other non-inducible cell
line, appears similar to the non-responsive organoids with a delta following IFNy
stimulation of less than one percent. In contrast to the non-responding organoids,
however, this line maintains IRF1/STAT1 response, suggesting an alternative
mechanism of class Il loss, and could represent more complete epigenetic silencing

compared to HCT116/DLD1 for example.

Comparison of the weakly-inducible group of organoids with the cell lines again
suggests a difference biologically between them. The upregulation of Class I
expression in these lines (10-27%) with IFNy appears more robust than in HCT116
and DLD1. Together these differences suggest alternative mechanisms between cell
lines and organoids might be at play. These mechanisms, including the biology of

CIITA and epigenetic modifications, will be explored in the next chapter.
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Chapter 5: Understanding the Mechanisms of MHC Class Il Loss in
Colorectal Cancer

5.1Introduction

In the previous chapter, a group of fifteen patient-derived colorectal cancer organoids
were characterised by inducibility of surface MHC Class Il expression following IFNy
stimulation. In addition, the cell signalling component of the IFNy-Class Il axis was
assessed, by quantification of IRF1 and STATL1 protein expression. Just over half of
these lines were able to express high levels of Class Il. By contrast, three lines
showed a complete loss of Class Il upregulation, seemingly secondary to a loss of
the signal transduction component of IFNy response. A third group demonstrated
only weak Class Il expression and had intact IRF1/STATL1 responses. In addition to
these findings in organoids, four colorectal cancer cell lines were assessed, with very
weak or no upregulation of Class Il in three. Notably, the non-inducible cell lines, in
contrast to the organoids, maintained IRF1/STATL1 signalling responses, potentially

indicating alternate mechanisms of Class Il repression between 2D and 3D models.
5.1.1 Revision of MHC Class Il presentation

Once a cell is activated with IFNy, a complex cascade of events occurs (Figure 1.4).
JAK1 is phosphorylated causing dimerization and nuclear translocation of the
transcription factor STAT1, which targets several genes including IRF1. The CIITA-
plV promoter is activated by a combination of STAT1 dimers, USF-1 and IRF1
binding to the GAS, E-box and IRE elements of the promoter respectively. Once
CIITA is activated it coordinates the DNA-binding RFX family of transcription factors

to facilitate expression of the HLA-DR/DP/DQ loci, as well as the invariant chain and
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non-classical HLA-DM. Class Il molecules are assembled in the endoplasmic
reticulum, combined with antigen in endosomal compartments, before finally being
transported to the cell surface for expression (139, 151, 152). Interestingly, mutations
in Class Il alleles and other distal parts of the pathway appears relatively uncommon
in cancers, with most of the events causing loss of Class Il expression occurring at or
before the level of CIITA. Secondary resistance to immune checkpoint blockade
(ICB) can involve HLA loss, but this more commonly affects Class |, including through
loss of 32 microglobulin (B2M) (102, 139). In CRC, JAK1 mutations are described in
MSI-H disease, likely as a result of the high levels of immune activation that these

hypermutated tumours induce even in the absence of ICB (182).

Binding of transcription factors to CIITA alone is not sufficient to cause transcription,
with further chromatin modulation required to facilitate expression. BRG1 (also
known as SMARCAA4, part of the SWI/SNF chromatin remodelling complex) enables
the recruitment and binding of histone acetyltransferases (HATS) to allow the
promoter chromatin to adopt an open conformation and has been shown to keep

CIITA-plV remote enhancer positions primed for activation (151-153).

A number of processes can block CIITA expression. Firstly, promoter CpG sites can
be directly methylated, typically through the DNA methyltransferase (DNMT) family of
proteins (196). In addition, the associated histones can bear repressive marks,
including methylation of Histone 3 Lysine 9 or 27 (H3K9me2/3 and H3K27me2/3).
H3K27 methylation is known to be regulated by the polycomb repressive complex 2
(PRC2), which includes the proteins SUZ12 and Enhancer of zeste homolog 2
(EZH2). PRC2 works in direct opposition to the SWI/SNF complex. Histone

acetylation conversely is a mark associated with accessibility of chromatin, and a
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dynamic increase in H3K9ac and H3K27ac has been reported in the CIITA-plV IFNy

response (152, 153, 196, 212, 258).

A paper by Truax et al, studied the association between EZH2 and disordered Class
Il expression in cell lines derived from different metastatic deposits of the
MDA-MB-435 tumour. These lines demonstrated differing levels (between 30-50%) of
Class Il expression following IFNy, and were found to have low-level CpG
methylation, features that subsequently will become relevant when considering the
weakly-inducible group of organoids. A differential response was seen in the
MDA-MB-435 derivatives compared to cell lines that had high-level Class Il
expression following IFNy, with the weak-expressers showing increasing EZH2
binding and resultant increase of the H3K27me3 mark at CIITA-plV in contrast to
decreases of both in highly-inducible lines. Furthermore, the levels of EZH2 binding
were greatest in the lines with the lowest Class Il expression, suggesting that EZH2-
directed H3K27me3 levels may well control the amplitude of response in a subgroup
of cancers. This effect was independent of EZH2 mRNA expression, which remained

constant (212).

5.1.2 Aims and objectives

1. Establish associations between baseline tumour characteristics (including in
situ Class Il expression) and organoid Class Il responses

2. Assess CIITA mRNA expression following IFNy

3. Cell sort (FACS) weakly-inducible lines by Class Il expression and assess

differences between populations
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4. Assess cell lineages present in organoids by flow cytometry and effect on
Class Il inducibility

5. Determine levels of CpG methylation of CIITA-plV in cell lines and organoids

6. Assess histone acetylation (H3K9ac) and methylation (H3K9me?2) in organoid
lines

7. Establish if EZH2 occupancy of CIITA-plV is present in weakly-inducible lines

8. Explore genetic determinants of Class Il expression

5.2 Tumour Characteristics and IFNy responsiveness

A number of known clinicopathological characteristics are of potential relevance to
CRC tumour biology, including the immunogenicity of the tumour. For example, a
correlation between right-sided primary tumours, female sex, older age, BRAF V600E
mutant disease, CpG island methylator phenotype (CIMP) and mismatch repair-
deficient tumours (dMMR) is widely known (264). Class Il expression is known to be
present in a greater proportion of dAMMR tumours (5), and right-sided tumour have a
poorer response to EGFR targeting monoclonal antibody treatments (265). RAS
mutation has been linked to decreased immunogenicity in certain Consensus
Molecular Subtypes (CMS), as well as with loss of STAT1 response to IFNy (107,

108).

In order to explore the underlying biology of the organoid models and their response
(Class Il expression by flow cytometry) following IFNy, lines have been displayed in

order of Class Il expression in Table 5.1, with associated characteristics.

The number of lines is too small for meaningful statistical correlation, however,

clinical characteristics have been colour coded in the table to allow for ease of
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comparison. By Class Il response, there appears to be fairly even representation of
sex and tumour side across the groups, and mutation (BRAF/RAS) and MMR status

also show no obvious differences.

Tumour staging has been displayed by overall stage, as well as individual TNM
components separately. The non-inducible lines notably are composed of only low
stage (I-1l tumours), but the size of the dataset prevents meaningful evaluation. It is
worth noting that two patients were included with stage IV disease. Nearly all cell
lines (and organoids) will be derived from surgically resected tumours, e.g. those of a
lower stage. These lower stage tumours are more likely to have biologically
favourable characteristics, with the potential to miss acquired pathological changes,
including immune escape mechanisms. The fifteen organoids here include the two
metastatic patients, along with the eight with stage Il disease (which carries an
approximately 50% chance of future relapse). The sample selection, therefore,
includes a relatively broad and representative range of tumour presentation. Although
this analysis is limited, it is clear that no singular clinicopathological characteristic can

predict Class Il expression in the organoid lines.
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Negative Weak Strong

Organoid Line 964 557 376 658 884 389 COLO312 | 064 647 080 COLO151 157 411 653 COLO155
Flow Class Il (% cells) 2.67 3.23 3.32 13.7 18.4 28.2 42.7 69.4 69.8 72.5 72.9 73.0 76.6 78.9 87.5
Mean Class Il Primary (%) 0 1 0 20 0 0 0 25 75 0 0 45 1.5 60 7.5
Immunoscore 2 2 n/a n/a 0 0 n/a 3 n/a 2 2 4 2 2 2
Immunoscore group Int Int n/a n/a Low Low n/a High n/a Int Int High Int Int Int
Sex M F M F M M F M M F M F F F M
Left/Right sided primary R R L R L R R L R L R R R L L
Stage I Il Il Il \Y; Il Il I 11 Il 11 Il v I Il
T 2 3 3 4 3 4 3 2 4 3 3 3 3 2 4
N 0 0 0 0 2 2 0 1 2 0 1 2 2 0 0
M 0 0 0 0 1 0 0 0 0 0 0 0 1 0 0
Grade Mod Poor Poor Poor Poor Mod Poor Mod Poor Mod Mod Poor Mod Mod Mod

KRAS NRAS KRAS KRAS KRAS KRAS
RAS n/a MT n/a - MT - MT - MT n/a - n/a - MT MT
BRAF n/a - n/a V600 - - - - - n/a V600 - V600 - -
MMR pMMR dMMR pMMR | dMMR pMMR pMMR  dMMR | pMMR dMMR pMMR pMMR  dMMR pMMR pMMR  pMMR

Table 5.1 Clinicopathological characteristics of organoids and Class Il expression. Organoids sorted from left to right by surface Class Il expression (mean
value of triplicate assessment by flow cytometry following IFNy). Relevant clinical correlates including mean Class Il expression (percentage positive cells) performed
by IHC in blinded duplicate by consultant pathologist on different sections of primary tumour. Immunoscore and grouping (Low, Intermediate, High) provided by
HalioDx. Sex, side of primary, TNM stage and break-down, grade and extended RAS, BRAF and mismatch repair status (proficient pMMR vs deficient AMMR) as
determined by NHS pathology services.
Clinically ‘favourable’ characteristics have been colour coded (green for prognostically favourable, yellow for intermediate and red for unfavourable). For ‘neutral’
characteristics e.g. sex, grey/white colour discrimination has been used.
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5.2.1 Primary tumour Class Il expression and organoid expression

One aspect of Class Il expression in cancer that was discussed in the introduction to
the previous chapter is the potential disparity between traditional cell lines and the
study of Class Il on resected tumours, with no way of assessing concordance
between the two sources of data. Staining of primary tumour sections for Class Il
expression is available for all fifteen organoids, with blind scoring of two unique
sections provided by a Consultant Pathologist (with huge thanks to Dr Philippe
Taniere, University Hospitals Birmingham for his time and assistance) using a
clinically validated HLA-DR,DP,DQ antibody (Table 5.1). Of note, only a small
proportion of tumour will be processed for organoids and therefore spatial sampling
heterogeneity could provide limitations to this approach if non-representative.
Additionally, a different clone of Class Il antibody has been used for IHC and flow,

with the IHC antibody not available conjugated for flow cytometry.

Importantly, however, no line with absent Class Il expression had evidence of
significant Class Il expression in the primary tumour, with non-inducible cells in vitro
consistently non-inducible in vivo. Similarly, the one weakly-inducible line with some
Class Il staining in the primary is of similar low-level expression in vitro by flow (20 vs

13.7%).

Perhaps unsurprisingly, six out of the eight strongly-inducing lines had evidence of
Class Il expression in the primary, with the levels of expression seen comparably
high in three of these (>50% Class Il positive cells). Importantly, however, a number
of completely Class Il negative primary tumour exhibit strong Class Il expression

when stimulated with IFNy ex vivo. Lines 080, COLO151 (with 0% tumour Class |l
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expression) and lines 411 and COLO155 (with <10% tumour expression) show
largely unrestricted ability to upregulate Class Il. This suggests that Class Il

expression within the tumour cannot be used to predict a tumour with loss IFNy
responsiveness, but rather that these tumours are likely to be sites of immune-

exclusion and deficiency of IFNy within the TME.

Conversely, tumours with high levels of primary tissue Class Il expression are noted
to lose this expression when under basal unstimulated conditions as organoids
(Table 4.3), with only three lines exhibiting >10% basal Class Il expression. This is
biologically in keeping with an inducible state of Class Il expression (e.g. control via
CIITA-plV following IFNy stimulation) rather than constitutive expression in these
lines. This has previously been demonstrated in a patient derived lung cancer cell
line with matched CD4+ T cell culture, where the cell line was Class Il positive only in
the presence of T cell co-culture (roughly recapitulating the TME and immune/cancer
cell interaction) or with the addition of exogenous IFNy added to culture media, but

not under basal conditions (210).

5.3 Assessment of CIITA mRNA expression

As CIITA accessibility has been identified as a major component of Class Il loss in
CRC, levels of CIITA mRNA were assessed with RT-qPCR, with comparison of
expression before and after IFNy stimulation. As previously, a dose of 75 |IU/ml IFNy
was used for a period of 24 hours. Following stimulation, cell lines (grown in 2D
culture) were detached, washed in PBS and lysed in RLT Plus Buffer. Organoids first
underwent dissociation from matrigel, before generation of single-cell suspensions

and then were processed identically to the cell lines. RNA from the cells (+/- IFNy)
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was DNAse treated and underwent cDNA synthesis as a two-step process, before

performing the PCR.

5.3.1 Validation of RT-gPCR

Initially, a SYBR Green-based approach was performed, based on the custom CIITA

primer sequences used by Satoh et al (196):

CIITA Forward: 5-AGACTTGCCGCGGCCCCAGAG-3’

CIITA Reverse: 5-GTAGAGGCACAGGGGGTCAGC-3’

A range of total cDNA from 10-100 ng was loaded from HT29 cells (+/- IFNy) and
PCR results analysed for CIITA and GAPDH (housekeeping) expression using the
Thermofisher Cloud Design and Analysis package. Amplified product was detected,
with an adequate concentration gradient seen for GAPDH, however, amplification of
the CIITA region was uniform across the different loading amounts. Melt curve
analysis was performed, with clean dissociation seen for the GAPDH primer,
however, a prolonged melt through high temperatures with two separate peaks was
observed for the CIITA primer (Figure 5.1). This result suggested that non-specific

binding of the primer was likely to affect data quality.

Therefore primers were redesigned using a TagMan based reported system instead.
A validated inventoried CIITA primer with 5° FAM dye and 3’ MGB-NFQ from
ThermoFisher (Hs00172106) was chosen. The assay was repeated with 10-100 ng
total cDNA input from HT29 cells, with 50 ng selected as the loading amount, based
on a strong positive Cycle Threshold (Ct) of 20-21 for CIITA mRNA in the IFNy
treated group, and a just detectable (>35 Ct) CIITA mRNA expression in the control

cells.
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Figure 5.1 Melt Curve from CIITA/GAPDH SYBR Green Validation. mRNA from HT29 cell (+/-
IFNy) underwent RT-gPCR with SYBR Green primers. Melt curves generated using ThermoFisher
Cloud Design and Analysis software, with GAPDH (green) and CIITA (orange) displayed. A prolonged
and double-peak profile is noted in the CIITA primer dissociation.

5.3.2 RT-qPCR (TagMan) for CIITA mRNA

50 ng cDNA from the cell lines and organoids was mixed with TagMan Fast
Advanced Mastermix and primers, before running on a Quantstudio 5 gPCR machine
on a fast cycling protocol. For each line, with and without IFNy, both CIITA and
GAPDH were loaded with four technical replicates. Results were analysed using a
comparative Ct (AACt) method, controlling for housekeeping gene (GAPDH) and
performing relative quantification of CIITA mRNA pre- and post-stimulation
(2"-(AACt)) as previously reported (242). Results of relative expression change are

displayed in Figure 5.2.

Results for three cell lines (HCT116, DLD1 and HT29 representing non-, weakly- and
strongly-Class Il inducible respectively) demonstrated a small increase in CIITA

MRNA in HCT116 (relative expression increased 26.7 times) with larger increases
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seen in DLD-1 and HT29 (1524 and 36300 times respectively). The cell lines with the
strongest Class Il expression therefore exhibited the largest relative increases in

CIITA-plV mRNA expression as expected.

CIITA mRNA expression increases in the non-responsive organoid group were
markedly lower than both the weak- and strong-responding groups, with all three
lines showing relative increases of six-fold or less. By contrast, the responding lines
demonstrated relative increases of 30-4241 times (Figure 5.2). One of the limitations
of using the comparative Ct method is that a higher CIITA mRNA level in the control
group can make the relative increase with IFNy appear smaller. Indeed, when
comparing the Ct values for CIITA expression at baseline (without IFNy stimulation)
the lines with strong Class Il inducibility had a higher mean expression of CIITA
compared with the weak Class Il expressers (mean Ct 31.98 vs 35.36, P=0.0004

unpaired T-Test). The Ct values are given in Table 5.2.

Organoid  Relative increase in CIITA Mean Ct For Mean Ct for

mRNA following IFNy CIITA (IFNy)  CIITA (Control)
376 2.67 27.1 30.5
557 5.97 31.1 34.6
964 1.24 31.2 33.5
389 4241.7 23.7 37.5
658 30.9 28.6 33.5
884 95.8 24.7 34.5
COL0312 2245.8 23.8 35.00
064 653.0 25.6 36.9
080 38.3 21.3 29.9
157 1221.5 22.0 33.2
411 528.8 24.0 34.0
653 33.3 21.9 28.5
COLO151 206.4 23.2 31.6
COLO155 103.9 22.8 29.8

Table 5.2 Summary of CIITA RT-gPCR results. Relative increase in CIITA mRNA expression
following IFNy stimulation, mean cycle threshold (Ct) values for CIITA expression pre- and post-
stimulation as determined by RT-gPCR. Each condition performed with four technical replicates.
Relative expression calculated using 2"-(AACt) method.
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Figure 5.2 RT-gPCR for CIITA mRNA expression following IFNy stimulation. Cell lines (a)
and organoids (b) treated with 75 IU/ml IFNy for 24 hours prior to RT-qPCR. Expression of CIITA
MRNA compared with untreated cells and corrected by GAPDH expression. Relative increase in
expression calculated using AACt method. Organoid results divided by response groups (dotted
lines) with non-, weak- and strong-responders. Results show calculated mean expression change
and standard deviation, with a four replicates of each condition for each line. Note logarithmic
scale on y-axis.
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Additionally, mean Ct values in the IFNy stimulated organoids were significantly
higher between strongly expressing lines compared to the weaker or non-expressers.
Mean Ct for stimulated CIITA expression was 22.9, 25.2 and 29.7 for strong, weak
and negative lines respectively (One-way ANOVA followed by Tukey’s post-test:
Strong vs Weak P=0.0004, Strong vs Negative P<0.0001, Weak vs Negative P
<0.0001). In summary, both the weak and strong Class Il expresser lines exhibited
large increases in CIITA mRNA following IFNy stimulation. Relative increases in
CIITA mRNA were of the same relative magnitude in the strong and weak groups,
however, the overall expression was likely to be of a higher absolute level in the
strong group, based on detection at lower Ct values. Whilst an increase in CIITA was
seen in the non-inducible lines, with suspected IFNy signalling derangement, these
values were significantly lower. Furthermore, the sensitivity of this assay is likely to
be much greater than previously published data (e.g. Satoh et al (196)) where
agarose gel quantification was used following the initial PCR. These RT-gPCR
results demonstrate a clear correlation of Class Il expression (determined by flow
cytometry) with levels of CITA mRNA. The mechanism of Class Il loss in hon-
inducible organoids is likely at or proximal to CIITA, in comparison to both weakly-
and strongly-inducible lines, where CIITA-plV remains accessible to at least some
degree even in the weakly-inducible lines. There is a reduced amplitude of CIITA
MRNA response seen in the weakly-inducible lines compared with the strongly-

inducible lines.
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5.4 Cell sorting of positive and negative sub-populations from organoids

In order to assess whether differences in the weakly-inducible lines could be
attributed to tumour heterogeneity within the organoid lines, cells were sorted into
Class Il positive and negative fractions. The weakly-inducible lines 389 and 884
organoids were stimulated for 24 hours with 75 [U/ml IFNy, dissociated into single
cells and stained for live-dead, Class | and Class Il prior to fluorescence-activated
cell sorting (FACS) using a BD FACSAria Flow Cytometer. FACS was kindly
supported by the expertise of Dr Adriana Flores-Langarica in the University of
Birmingham flow cytometry facility. Initially, DNA and RNA were extracted directly
from the cells obtained following FACS. The resultant DNA/RNA concentration from

these directly sorted populations was relatively low, limiting further analysis.

To improve yields and also to allow validation of the success of the sort, sorted cells
were instead re-established as organoids. Lines were pre-treated with ROCK
inhibitor (Y-27632) for 24 hours to preserve cell viability and the staining procedure
was performed in sodium azide free buffer. Cells were directly sorted into organoid
media, before being washed briefly in PBSO and resuspended in a single well of
matrigel and cultured as per the standard organoid protocol. The following cell
numbers were obtained from the sort- 389 2+: 2.95x104, 389 2-: 6.15x10%, 884 2+:
2.6x10% and 884 2- 4.2x10°. By seven days, organoids had formed in all four

conditions and by two weeks lines were expanded to two wells.

The newly established sorted organoid lines were re-characterised by flow cytometry

expression of Class I/l by flow cytometry and IRF1/STAT1 expression by western
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blot following IFNy, as per the protocol for the primary lines. DNA and RNA was also

extracted for downstream analysis.

Results from the flow cytometry experiments are shown in Figure 5.3, with the
experiment performed in triplicate and results from the first experiment displayed.
The 389 2+ sorted line demonstrated a clear enrichment of Class Il inducible cell
when re-challenged with IFNy, with in excess of 60% of cells able to upregulate
Class II. The 389 2- continued to show an inducible population of 27.1%, which was
nearly identical to the unsorted organoid (mean 28.2% Class Il expressing cells).
Interestingly, this enrichment of Class Il positive cells in 389 Class Il positive sort
reduced over subsequent experiments, with around 42% present in the second
experiment and this dropping further by the third, in contrast to the characterisation
results of organoids performed in the previous chapter where results were highly
consistent. Conversely, with 884 there was no difference between the 2+ and 2- line,

with both showing only weak Class Il expression between 8-9% (Figure 5.4).

The negative sorted (2-) lines were next assessed for protein expression of
IRF1/STAT1 following IFNy. IRF1 and STAT1 continued to be upregulated in both of
these lines in response to IFNy, with densitometry confirming significance.
Experiments were performed in triplicate with representative blots displayed (Figure
5.4). Overall, these results suggest a temporary enrichment of Class Il expressing
cells in 389. The ability to recapitulate growing organoid models following FACS from
all four groups was pleasing, particularly at the time of the experiment, this had only

been reported in the literature in a small number of papers.
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The declining enrichment of Class Il inducible cells exhibited in the 389 sort suggests
that these cells are not maintained in culture. In the organoid culture system, (cancer)
stem cells are the self-renewing pool responsible for producing future lineages of
cells. There is evidence from the literature that Intestinal Stem Cell (ISC) are Class II
positive. In one study using single-cell sequencing of mouse small intestine, Class Il
was found to be highly upregulated in ISCs compared to other differentiated cells
(266). It is therefore possible that the 389 sort contained Class Il positive stem cells
and an enrichment of Class Il positive differentiated cells that over subsequent
passages were lost. It is known that organoid cultures maintain a stable proportion of
stem cells over time, therefore a rebalancing is likely to have occurred (227). The
number and strength of Class Il staining in 884 is an order of magnitude lower than

389 and is likely to explain the lack of enrichment observed in this line.
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Figure 5.3 Flow cytometry assessment of Class Il sorted organoids. Organoids 389 and
884 were FACS sorted into Class Il inducible (2+) and non-inducible (2-) populations, with
organoids re-established from the sorted cells. Each sorted line was treated with IFNy (left) and
compared with untreated control cells (centre). Overlay of class Il histograms (right) with IFNy
displayed in blue, control in red. Each experiment performed in triplicate, results from first
experiment displayed.
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Figure 5.4 Western blot of IFNy response in Class Il sorted lines. Top: Cells were assessed for
STAT1, IRF1 and GAPDH protein levels following 24 hours stimulation with 75 U/ml IFNy.
Unstimulated control cells (CON) displayed alongside. Representative blots shown, experiments
performed in triplicate. Bottom: Densitometry performed on western images, with area quantification
for proteins of interest adjusted by GAPDH loading control. Relative expression compared to control
condition given, and mean values with standard deviation displayed. Paired two-tailed T-test
performed for statistical analysis: NS P = 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.

5.5 Assessment of cell lineages comprising organoids

Intestinal organoid models, in contrast to 2D cultures, contain a stable proportion of
LGR5+ stem cells which give rise to multiple lineages of differentiated cell types that
are present in the bowel. A mucinous tumour for example would be expected to
contain a high proportion of goblet cells compared to a normal tumour. In order to
exclude a cell lineage-specific cause for loss of Class Il expression, subtypes of cell

lineages in organoids were assessed. The most notable cell-type after enterocytes is
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the goblet cell, and previously detection of rarer cell types, including LGR5+ stem
cells has required enrichment strategies (267, 268). A flow cytometry panel was
therefore designed to include several other lineage markers including LGRS,
Chromogranin A (CgA,; representing enteroendocrine), EPCAM (epithelial cells),

Mucin2 (MUC2; representing goblet cells).

An initial experiment was run with 389 and 411, with organoids treated with IFNy

(75 IU/ml for 24 hours) and then stained for Class Il expression, live-dead and the
above panel of CQA/MUC2/EPCAM/LGRS5. As expected, diffuse EPCAM positivity
was observed in the majority of cells. LGR5 was not convincingly demonstrated in
either line, in keeping with the relative sparsity of this cell type. Similarly,
enteroendocrine cells (CgA +ve) were not convincing identified above background
signal. MUC2 staining was seen at low levels in nearly all cells (when compared to
unstained and subsequent MUC2 FMO), with a distinct small MUC2" population,
hypothesized to represent goblet cells. Class Il expression was confined to EPCAM+
cells, whereas Class Il inducibility was seen in both MUC2" and MUC2" cells (Figure
5.5). Only IFNy stimulated cells shown, as these experiments were designed
specifically to assess if Class Il positive cells were confined to a particular lineage of

cells e.g. MUC2 non-expressors.
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Figure 5.5 Flow cytometry assessment of cell populations within organoids.
Organoids 389 and 411 were stimulated with IFNy and then stained for a panel of lineage
markers and Class Il. Results of EPCAM and MUC2 displayed against Class Il expression.
Results from single experiment.

This experiment was then repeated in the 389 and 884 Class Il sorted lines, with just
MUC2 staining in addition to Class I/ll and live-dead dye. An FMO for both Class II
and MUC2 was included to aid with gating. Results in 389 remained consistent with
the broader characterisation panel. 389 appeared to have a greater proportion of
MUC2" cells compared to 884, with <0.11% cells staining MUC2" in 884. The
MUC2' pattern was again confirmed as distinct to negative cells with FMO control. A

higher proportion of MUC2" cells were seen in the Class 2+ sorted 389 2+ line
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compared with the 389 2- (Figure 5.6). Class Il inducibility was seen in both MUC2"
and MUC2 cells and therefore loss of Class Il inducibility is independent of any

organoid lineage effects.
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Figure 5.6 Flow cytometry assessment of sorted organoid lines for goblet cell
populations. 389 and 884 Class Il sorted organoid lines were stimulated with IFNy prior to
staining for MUC2 and MHC expression. MUC2 expression displayed against Class Il
inducibility. Experiment performed once.
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5.6 Assessment of CpG methylation of CITA-plV

CpG promoter methylation of CIITA-plV has previously been reported as a major
cause of loss of Class Il expression in CRC cell lines. The CIITA RT-gPCR
experiments confirm that the IFNy induced CIITA mRNA expression in HCT116 (a
non-inducible cell line) is several orders of magnitude smaller than HT29 (a strongly-
inducible cell line) and there is a dose-response relationship between expressed
Class Il and CIITA mRNA. Whilst induction of CITA mRNA was observed in weakly-
inducible organoids, it was at a lower level compared with the strongly-inducible
lines. CpG methylation was therefore assessed as a possible cause of either the
complete or partial transcriptional repression of CIITA observed in these groups. DNA
extracted from cell lines and organoids was bisulfite (BS) converted, before
undergoing PCR amplification of a 126bp region of the CIITA-plV CpG island and

pyrosequencing performed, targeting eight individual CpG sites.

Before proceeding with pyrosequencing, BS converted DNA from eight of the
organoids underwent quality control assessment of BS conversion efficiency using a
gPCR-based approach as previously described (244). Two primers, one recognising
methylated (hence unconverted by the BS conversion process) -actin and a second
unmethylated (converted) 3-actin primer were used on each sample, as well as a
negative control of human genomic DNA that had not undergone BS conversion.
Analysis (AACt) of Ct values from the two primers allowed for calculation of the
percentage BS conversion efficiency (Table 5.3). Conversion was successful, with

>99.1% efficiency in all eight samples validated.
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Sample BS Conversion (%) Sample BS Conversion (%)
064 99.7 653 99.8
080 99.3 884 99.4
389 99.6 964 99.1
411 99.5 gDNA control 0
557 99.4 Negative control -

Table 5.3 Bisulfite conversion efficiency. Eight organoids underwent BS conversion followed by
gPCR based assessment of conversion efficiency of p-actin. Genomic DNA (gDNA; unconverted) also
run as a control. Each condition performed in technical duplicate with mean Ct values used.

BS DNA from all fifteen organoids and the four cell lines underwent amplification for
the CIITA-plV region followed by pyrosequencing. All samples underwent PCR
followed by sequencing in triplicate, and EpiTect Methylated and Unmethylated
Control DNA (supplied BS converted) were also run alongside as a sequencing
positive and negative control respectively. Further negative PCR controls were run
alongside samples on all runs and the five QIAGEN recommended primer controls
(see methods) were also run to exclude non-specific primer binding. Samples were
run on a QIAGEN Pyromark Q48 Autoprep sequencer, and sequences and
percentage methylation values were automatically calculated using the

manufacturer’'s Autoprep software.

Results are displayed in Table 5.4. The EpiTect controls validated the accuracy of
the sequencing results, with a mean (across all eight CpG) methylation of 86.5% and
6.0% for the methylated and unmethylated control respectively. The cell line data
replicated the previously describe findings by Satoh et al (196), with minimal

methylation seen in HT29 and DLD1 (mean values 3.8% and 8.0% respectively).
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RKO and HCT116 demonstrated moderate and high levels of methylation (29.3%
and 81.8% respectively). By contrast, the organoids were found to all be globally
hypomethylated (highest mean CpG methylation of 5.1% in 658, with all other lines
<5%) (Table 5.4). Results were highly consistent, with low variability seen across

replicates.

In conclusion, CpG methylation has been confirmed in the two previously described
cell lines as a likely cause of low Class Il expression in these lines. DLD1, a line with
only very low levels of Class Il inducibility demonstrates generally low levels of
methylation, suggesting an alternative cause of restriction of Class Il expression in
this cell line. The organoid results across all response groups demonstrate very low
levels of methylation, suggesting that this silencing of the CIITA promoter is not
responsible for Class Il regulation in organoids. Given that previously published
findings of CIITA-plV methylation have been validated in two cell lines reported to be
methylated here, the applicability of the methodology used here is likely to be
representative. By contrast, the absence of any significant methylation of CITA-plV
across a panel of fifteen organoids of varying Class Il inducibility, strongly indicates
that CIITA promoter methylation is likely to be an acquired phenomenon of 2D

culture, rather than a mechanism of Class Il loss in CRC of biological relevance.
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Figure 5.7 Pyrosequencing of CIITA-pIV in
organoids and cell lines. Example
pyrograms with calculated methylation at each
CpG site displayed above (percentage)
variable positions (light blue box). Results for
organoid 064 (A) and cell line HCT116 (B).
(C) shows dispensation order for bases in
pyrosequencing run, with dark blue rectangles
showing expected base calls from known
sequence. Clear boxes with arrows represent
variable positions. Orange cytosine is an
internal negative control used by the software.



Line CpG Methylation % (Standard Deviation)
CpG1 CpG2 CpG3 CpG4 CpG5 CpG 6 CpG7 CpG38 All

EpiTect 80.7 (11.3) 89.2 (4.2) 100.0 (0.0) 76.6 (0.8) 69.8 (2.1) 78.4 (1.0) 97.4 (1.2) 100.0 (0.0) 86.5 (1.7)
Methylated

EpiTect 5.2 (0.7) 9.8 (2.3) 9.3(0.3) 3.6 (1.2) 2.9 (0.5) 4.0 (1.6) 6.2 (1.4) 7.2 (2.2) 6.0 (0.7)
Unmethylated

HT29 3.2(1.2) 2.6 (0.4) 5.5(0.4) 4.9 (0.3) 5.1(0.2) 2.4 (0.7) 3.3(1.3) 3.2(1.4) 3.8(0.4)
DLD1 6.0 (1.7) 7.1(1.6) 12.9 (0.7) 9.1 (0.5) 13.1 (0.2) 5.4 (0.9) 5.6 (0.3) 4.9 (1.0) 8.0 (0.2)
RKO 13.0 (0.7) 15.7 (1.2) 49.9 (3.3) 445 (1.3) 42.3 (2.1) 37.4(0.4) 15.1 (0.6) 16.6 (0.4) 29.3 (0.8)
HCT116 59.9 (11.0) 65.0 (5.8) 96.8 (5.5) 83.8 (1.0) 74.1 (4.1) 79.8 (1.3) 100.0 (0.0) 94.7 (2.4) 81.8 (2.7)
376 2.3(0.7) 2.5(0.3) 1.8 (0.4) 0.9 (0.2) 1.0(0.1) 0.8 (0.3) 1.1(0.3) 1.1(0.2) 1.4(0.2)
557 3.4 (1.1) 3.0(0.7) 3.2(0.4) 1.8 (0.5) 2.6 (0.7) 19(1.1) 2.7 (1.6) 25(1.2) 2.6 (0.7)
964 3.7 (0.6) 3.5(1.0) 4.5 (0.5) 3.1(0.7) 6.9 (0.5) 2.8(1.2) 3.1 (1.5 23(1.1) 3.7(0.8)
389 2.8 (0.7) 2.9 (0.9) 3.2(0.7) 1.7 (0.4) 2.2(1.1) 1.6 (0.8) 2.3(1.2) 2.6 (1.5) 2.4 (0.6)
658 3.1(0.7) 3.2(1.2) 6.3 (0.4) 5.5 (0.6) 12.7 (0.8) 2.9 (0.1) 3.7 (0.8) 35(1.2) 5.1 (0.3)
884 3.1(0.4) 2.4 (0.8) 2.5(0.3) 1.4 (0.4) 1.8 (0.9) 1.8(1.1) 2.2(1.2) 2.2(1.3) 2.2 (0.5)
COLO312 3.4 (0.6) 4.4 (0.7) 11.0 (0.3) 3.0(0.4) 3.5(0.2) 1.2 (0.3 1.7 (0.4 1.9(0.3) 3.8(0.3)
064 2.9 (0.5) 3.7 (0.7) 4.8 (0.7) 3.0(0.4) 4.3 (0.6) 2.8(1.2) 3.8(1.6) 2.7 (1.3) 3.5(0.8)
080 2.9 (0.9) 2.6 (0.6) 3.2(0.3) 1.6 (0.3) 5.0 (0.7) 2.4 (1.4) 2.4(1.1) 2.0(1.2) 2.8 (0.5)
157 2.1(1.0) 2.4(0.7) 3.4 (0.4) 1.6 (0.4) 1.5 (0.6) 1.5 (0.9) 1.9 (1.1) 2.3(1.5) 2.1(0.4)
411 3.0(0.5) 3.3(0.4) 3.6 (0.5) 2.7(0.1) 3.8(1.0) 2.0(1.3) 3.0(1.6) 3.3(1.2) 3.1(0.6)
647 3.0 (0.6) 2.9(0.7) 2.8(1.0) 1.3(0.4) 1.8 (0.2) 1.1 (0.0) 1.3(0.3) 1.7 (0.5) 2.0(0.4)
653 3.3(0.5) 2.8 (0.6) 2.9 (0.6) 1.8 (0.9) 1.9(1.2) 1.9 (1.4) 2.6 (1.4) 2.1(1.5) 2.4 (1.0
COLO151 2.6 (1.4) 2.8 (0.6) 3.3(0.9) 1.7 (0.7) 1.8 (0.4) 1.7 (1.1) 2.3(1.3) 2.7(1.9) 2.4 (0.6)
COLO155 2.2 (1.0) 2.7 (0.5) 2.9 (0.8) 1.3(0.8) 1.8 (0.9) 1.3(0.8) 1.8 (1.0) 1.9 (1.3 2.0 (0.6)

Table 5.4 Pyrosequencing results for CIITA-plV methylation. Cell line and organoid (grouped by non-, weak- and strong- responses to IFNy) DNA
was bisulfite converted prior to PCR and determination of CpG methylation status of CITA-plV using pyrosequencing. Control EpiTect methylated and
unmethylated DNA was run alongside. All experiments performed in triplicate. Results displayed show the mean methylation percentage at each CpG
site and standard deviation of data. The final column is a mean value across all CpG sites in that sample.
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5.7Assessment of H3K9ac and H3K9me2 of CIITA-pIV

Histone regulation of CIITA is known to be integral to controlling gene expression
(151). Acetylation is associated with an open chromatin conformation and chromatin
accessibility, whereas H3K9 methylation is associated with repression of gene
expression. H3K9me?2 is closely correlated with CpG methylation with higher overall
levels of this mark observed in a single line with CpG methylation in the Satoh paper

(196).

In order to assess if differential acetylation and methylation patterns were observed
between the cell lines and organoid Class Il response groups, lines were treated for
24 hours with 75 IU/ml IFNy before generating single-cell suspensions, counting cells
and performing cross-linking. All 15 organoids and two cell lines including RKO, a
non-inducible CpG methylated example and HT29, a strongly inducible line without
CpG methylation were assessed. In order to assess histone modification across
CIITA-plV, a region of around 500 bp, four separate primers pairs were used as
described previously (196). Chromatin immunoprecipitation (ChIP) was performed for
H3K9ac and H3K9me2 using 1x107 total cells. Eluted DNA underwent SYBR Green
gPCR across each of the four CIITA regions and was controlled by input DNA. PCR
was performed with a standard curve of known concentration of genomic DNA for
quantification. Each sample and each region was run in duplicate for both IFNy
stimulated and control cells. Total acetylation was controlled by input DNA and
relative change in acetylation with IFNy (compared to control untreated cells) was
calculated for each CIITA-plV region individually and as a combined mean.

Acetylation results are displayed in Figure 5.8a-c. Similarly, total methylation
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controlled by input, relative H3K9me2 change with IFNy by region of CIITA and as a

combined mean across the promoter is given in Figure 5.9a-c.

Results of the acetylation ChIP experiments demonstrate substantial induction with
IFNy in the majority of strongly inducible lines when examining total acetylation
(Figure 5.8a). Three of the strong lines (064, 411 and 653) have comparably lower
levels when reviewing acetylation controlled by input, however, these lines have
around a four-fold relative increase in acetylation compared to control (4.1x for 064,
3.6x for 411 and 6.5x for 653; mean fold change in acetylation across CIITA-plV)
(Figure 5.8c, Table 5.5). Conversely, increases in acetylation are reduced in the
minimally and non-responsive lines, particularly when considering the relative change
(5.8b&c). The one notable exception is 658, which as will be apparent subsequently,
appears to have distinct EZH2 occupancy which could explain this high induction of

acetylation of CIITA despite only minimal Class Il surface expression.

Statistical analysis (unpaired T-test) demonstrated statistically significant increases in
acetylation in all but two (157 and 411) of the strongly inducible lines, whereas only

658 and 376 from the weak and non-inducible group were significant. (Table 5.5)
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Figure 5.8 CIITA-plV H3K9 acetylation in cell lines and organoids. (a) Total acetylation for each region of CIITA at
baseline (red) and following IFNy (blue) displayed normalised to input DNA. (b) Relative change in acetylation for each region
of CIITA and (c) mean relative change in CIITA acetylation across all four regions of the promoter. Lines are grouped by
Class Il flow cytometry response groups and separated by dashed vertical lines. Horizontal lines on relative change graphs
represents 1, e.g. the no overall change in acetylation. All results performed in duplicate for both IFNy and control, with mean

and SEM plotted.
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Figure 5.9 CIITA-plV H3K9me2 in cell lines and organoids. (a) Total methylation for each region of CIITA at baseline (red)
and following IFNy (blue) displayed normalised to input DNA. (b) Relative change in methylation for each region of CIITA and
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Line Mean Control Mean IFNy controlled P value Relative

controlled by input by input change across

CIITA

HT29 0.014 0.339 0.006 23.0
064 0.001 0.004 0.012 4.07
080 0.022 0.124 <0.001 6.42
157 0.005 0.041 0.583 7.79
411 0.004 0.010 0.209 3.58
647 0.015 0.241 0.029 19.5
653 0.004 0.018 <0.001 6.49
COLO151 0.026 0.454 <0.001 25.5
COLO155 0.026 0.454 <0.001 23.1
389 0.026 0.027 0.988 1.07
658 0.004 2.101 0.014 324
884 0.002 0.007 0.071 4.15
COLO312 0.061 0.051 0.981 0.753
376 0.028 0.073 0.046 3.08
557 0.008 0.009 0.981 1.43
964 0.001 0.002 0.981 2.13
RKO 0.012 0.011 0.988 0.915

Table 5.5 H3K9ac changes with IFNy. Mean acetylation across all four regions of CIITA with and
without IFNy stimulation, mean values represent the proportion of input DNA as determined by qPCR.
Statistical significance assessed with unpaired T-test, significant values in bold type. Relative fold
change in acetylation expressed as the mean of all four regions of CIITA.

Total levels of H3K9me2 were low in the control RKO line (CpG methylated) and
were unchanged in the majority of the lines, suggesting minimal role of H3K9me2 in
regulating CIITA expression. RKO demonstrated the greatest mean increase across
CIITA (2.7 fold) and was the only line with a statistically significant increase in
H3K9me2 following IFNy, with three lines (080, COLO151 and 389) exhibiting
significantly decreased CIITA-plV H3K9me2 with IFNy (Figure 5.9 and Table 5.6).
The lines with relatively high total H3K9me2 in the strongly inducible group (647 and
COLO155) also exhibited some the strongest relative increases in H3K9ac,
suggesting that this level of methylation is not relevant to the silencing of CIITA,
particularly as these lines express high levels of Class Il (Figure 5.9a and 5.8c).
These findings are consistent with Truax et al, who found a decreasing trend in
H3K9me3 with time following IFNy in inducible lines (212). The lines with only weak

expression of Class Il show stable or reducing H3K9me2, suggesting no functional
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role. The non-inducible lines, with suspected IRF1/STAT1 additionally exhibit no
significant change, consistent with loss of regulation at the top of the pathway above

the level of CIITA and therefore no overall activation of CIITA in these lines (Figure

5.9b,c).
Line Mean Control Mean IFNy P value Relative change across
controlled by controlled by CIITA
input input
HT29 0.084 0.101 0.930 1.29
064 0.035 0.023 0.837 1.12
080 0.882 0.400 <0.001 0.45
157 0.415 0.482 0.930 1.34
411 0.065 0.038 0.237 0.639
647 1.518 1.002 0.837 0.593
653 0.168 0.162 0.984 1.22
COLO151 0.570 0.324 0.044 0.600
COLO155 1.533 2.912 0.507 1.84
389 0.261 0.157 <0.001 0.602
658 0.202 0.173 0.930 1.02
884 1.579 1.562 0.984 0.876
COLO312 1.457 0.855 0.211 0.656
376 1.557 2.489 0.837 1.70
557 0.156 0.176 0.837 1.13
964 0.166 0.147 0.963 1.06
RKO 0.083 0.202 <0.001 2.68

Table 5.6 H3K9me2 changes with IFNy. Mean methylation across all four regions of CIITA with and
without IFNy stimulation, mean values represent the proportion of input DNA as determined by qPCR.
Statistical significance assessed with unpaired T-test, significant values in bold type. Relative fold
change in methylation expressed as the mean of all four regions of CIITA.

Strongly inducible lines, therefore, acetylate CIITA H3K9 following IFNy as expected
with minimal changes overserved in the non-inducible lines. The group of interest,
the lines with only weak responses to IFNy, do have reduced acetylation (except for
658) compared with the strong lines, but this does not appear to be either secondary

to CpG methylation or H3K9 methylation. It is therefore possible that EZH2 (and

H3K27me3) is the important regulatory difference in these four lines.
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5.8 Assessment of EZH2 occupancy

The four weakly inducible organoid lines (389, 658, 884 and COL0O312) bear close
resemblance to a group of MDA-MB-435 cell lines described by Truax et al. Cells
from this cell line were allowed to metastasise within mouse models, with the variants
with greatest metastatic potential exhibiting the lowest Class Il expression (212).
Interestingly, these lines exhibited weak upregulation of Class Il expression with
IFNy, to between 30-50%. Additionally, these lines had delayed kinetics of Class Il
expression, taking 72 hours to reach maximal levels (which will be assessed in
Chapter 6) and were not found to be CpG methylated, nor controlled by H3K9me?2.
Instead, the weakly-inducible lines were found to have increased CIITA-plV
occupancy by EZH2 following IFNy in contrast to strongly-inducible cell lines, where

occupancy decreased following stimulation.

The four weakly-inducible organoid lines therefore were assessed for EZH2
occupancy (of the CIITA promoter) following IFNy stimulation and were run for
comparison alongside two strongly-inducible lines (411 and 653). As before,
organoids were treated for 24 hours with 75 IU/ml IFNy, before generating single-cell
suspensions, dual-crosslinking and assessing with ChlP PCR. Each line and
condition was performed as four replicates and controlled with input DNA. EZH2
binding is highly correlated with the H3K27me3 repressive mark. Previous attempts
by our laboratory to assess H3K27me3 have found the previously published
antibodies to be unreliable and generated poor quality data. The EZH2 antibody
(Abcam, UK, #ab195409) by contrast has been used reliably. As EZH2/H3K27me3 is
so strongly correlated, assessment of EZH2 alone has therefore been performed

(190, 212). As with the acetylation and methylation data, total EZH2 occupancy of
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CIITA and relative change across each region of CIITA and total mean change is

given in Figure 5.10. The strongly inducible lines demonstrated low levels of EZH2

binding and furthermore, this was significantly reduced following IFNy stimulation

(relative change: 411 0.73-fold reduction p<0.001, 653 0.35-fold reduction p<0.001).

By contrast, the weakly inducible lines had evidence of increased EZH2 occupancy

following IFNy stimulation, with a relative increase of 11.0-fold for 389 (p<0.001), 8.2-

fold for 884 (p=0.001) and 13.3-fold for COLO312 (p=0.025). 658 exhibited a very

high level of EZH2 binding, increasing by 53.8-fold (p<0.001) with IFNy, statistics

assessed with an unpaired T-test.
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Figure 5.10 CIITA-plV occupancy by EZH2. (a) Total EZH2 occupancy for each region of CIITA at
baseline (red) and following IFNy (blue) displayed normalised to input DNA. (b) Relative change in
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An attenuated response to IFNy stimulation caused by increased EZH2 binding to the
CIITA-plV is displayed by the four weakly-inducible organoids. Assessment of longer
exposures to IFNy, as well as the role of EZH2 inhibition, will be assessed in the next

chapter.

5.9 Genetic determinants of Class Il inducibility in organoids

In the non-inducible organoids (376, 557 and 964), whole-genome sequencing data
was interrogated for mutations in IFNy signalling pathway including IFNGR1/2,
JAK1/2, STAT1-6, B2M, HLA-A,B,C and HLA-DR,DP,DQ. Results were filtered for
either missense or stop-gain mutations within these pathway genes, however, no
obvious classical causal mutations were identified, although interestingly all three
non-inducible lines had STAT6 mutations. 964 had evidence of a missense mutation
(p.-Ala321Glu) within the STAT binding domain according to PFAM data and has
been characterised as a somatic mutation in liver cancer previously (COSMIC ID:
COSM6267107). It is unlikely to be a single-nucleotide polymorphism (SNP) as it is
rarely observed with minor allele frequency (MAF) of 0.000008/2 (rs767707263;
according to dbSNP). Both 376 and 557 had evidence of a different missense
mutation within the SH2 binding domain of STAT6 (p.Arg605GIn). Again, this
mutation is unlikely to be a SNP with MAF of 0.000004/1 (rs1267549866; dbSNP).
STATG6 activation previously has been shown to block IFNy responsiveness,
downregulating and antagonising STAT1 activation, so whilst not classically
described there is a potential biological mechanism (269). Whilst these mutations are
likely to be functionally important as they involve protein binding domains, this
analysis remains speculative at this stage and it is not known whether these

mutations would confer gain or loss of function. Potential future work would look to

184



validate this finding via transfection into cell lines and reassessing IRF1/STAT1

responses following IFNy stimulation with western blot.

Whilst anticipating that these non-responsive lines would harbour a canonical JAK1
or STAT1 mutation as previously described, it is worth noting that these findings have
typically been identified as mechanisms of immunotherapy resistance, rather than in
an immunologically cold MSS CRC tumour. The finding of STAT6 mutations in all
three tumours of this hitherto unexplored disease subset is nonetheless intriguing.
Additionally, loss of STAT1/IRF1 responsiveness has been reported as a functional
consequence of RAS mutation and in CRC, a MAPK driven tumour, this mechanism
is also potentially relevant. Several interferon responsive genes were found to be
silenced, with others confirming that this was caused by transcriptional repression
that could be reversed with 5-azacytidine (108, 270). In order to identify if loss of
expression, rather than mutation, was responsible for loss of IFNy responsiveness in
the non-inducible organoids, an exploratory analysis of RNAseq data was performed.
IFNy pathway genes (including JAK1-3, STAT1-3 and IFNGR1-2). Very low levels of
JAK1 expression were observed in the non-inducible lines, with this found to be
highly significant (p=0.0044, Mann-Whitney test) compared to the inducible lines,
likely indicating loss of JAK1 expression (Figure 5.11a). Lower levels of JAK3 and
STAT1 were also seen, however these were not significant. CIITA expression, under
these baseline conditions were also not significantly different between groups. In the
Class | negative organoids 2 microglobulin (B2M) levels were significantly reduced

(Figure 5.11b), indicating the likely mechanism for Class | loss in these lines.
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Figure 5.11 RNA expression of IFNy response pathway genes.
RNAseq expression data for IFNy response genes (a) in Class Il
inducible and non-inducible CRC organoids and B2M (b)
expression between Class | positive and negative lines. Individual
values with mean displayed, statistical assessment with Mann-
Whitney test: NS P 2 0.05; * P < 0.05; ** P < 0.01
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JAK1 loss of expression has previously been implicated in loss of IFNy response in
lung cancer cell lines, with epigenetic silencing of JAK1. DNMT and HDAC inhibition
restored JAK1 expression, facilitating STAT1 response to stimulation again. Further
analysis of the JAK1 transcription factor binding site in the organoid WGS data
revealed mutations in two of the three non-inducible lines with absent JAK1 RNA
expression. The non-protein coding regions involved were Ch1:64966765 (G>A) in
organoid 376 and Ch1:64967061-62 deletion (AA) in line 557. Further validation of
the mechanism of JAK1 loss in these lines is ongoing, including western for protein
expression, IHC on tumour sections for JAK1 (to be followed up with multispectral

IHC panel) and promoter methylation of JAK1.

Further analysis of the transcriptional background of the non-inducible lines was
performed, with analysis of total RNA sequencing data from all 15 lines. Gene set
analysis (GSA) was performed in Partek Flow, with a comparison of non-inducible
lines vs weakly/strongly-inducible lines. Filtering was performed to identify transcripts
differentially expressed = or < 2 fold, to a significance of p<0.05. Volcano plot of
differentially expressed genes is given in Figure 5.12. Hierarchical clustering
revealed a distinct expression signature between the non-inducible and inducible
lines, displayed in Figure 5.13. Principal component analysis (PCA, performed in R)
of the 15 organoids revealed similarities in transcriptional profiles between non-
inducible and inducible lines. 658 was a notable outlier in this initial analysis, and
therefore the PCA was repeated excluding 658. (Figure 5.14) A total of 1564

differentially expressed genes were identified.
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Figure 5.12 Differential RNA expression in non-inducible organoids. Volcano plot of
differentially expressed RNA between strongly/weakly inducible organoids vs non-inducible
lines. Expression changes filtered by less than or greater than 2 fold change and p<0.05.
Image produced in Partek Flow.
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Figure 5.14 Principal Component Analysis (PCA) Analysis of RNA expression profiles of 15 organoids,
with non-inducible lines represented in orange, inducible lines in teal. PCA provides a 2D spatial
representation of the transcriptional heterogeneity between line characteristics. 658 was found to be a
significant outlier (top) and therefore analysis was repeated (bottom) excluding this line, reducing
anomaly. Non-inducible lines are noted to cluster, along with COLO312, with similar findings evident in

the hierarchical clustering analysis
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Pathway enrichment analysis was then performed using Clusterprofiler package via
R, with kind support from Dr Akshay Patel. Kyoto Encyclopaedia of Genes and
Genomes (KEGG) and Gene Ontology (GO) enrichment analysis were performed
using a cut off of FDR <0.05. Analysis was repeated both with and without the
exclusion of 658, the outlier identified on PCA. Few differences were seen between
pathway enrichment outputs without 658, other than changing the ordering of ‘hits.” A
number of steroid synthesis pathway were identified in the non-inducible organoids
(Figure 5.15b) which were no longer observed after exclusion of 658. GO analysis of
Class Il inducible organoids demonstrated upregulated DNA repair, recombination
and replication pathways. Non-inducible organoids, after 658 exclusion, had
upregulated energy pathways, cellular respiration and aerobic metabolism pathways
(Figure 5.15). KEGG pathway analysis identified seven pathways (Table 5.7) to be
enriched. Pathways related to steroid metabolism were again identified, with the most
significant hit ‘bile secretion,” which is closely related to steroid production and
cholesterol metabolism. KEGG pathway for the retinol metabolism pathway is given
in Figure 5.16. Members of this pathway, including CYP1A1 are known to be
overexpressed in cancers including CRC, with a potential role in carcinogenesis and
arachidonic acid metabolism (271). Additionally, steroid metabolism including
generation of tissue oestrogens has been implicated in CRC proliferation and

progression (272).
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KEGG Descriptor Gene Adjusted P-

identifier Ratio value
hsa04976 Bile secretion 21/539 0.000132
hsa00040 Pentose and glucuronate interconversions  12/539 0.000188
hsa03030 DNA replication 10/539 0.0104
hsa00860 Porphyrin and chlorophyll metabolism 10/539 0.0311
hsa00830 Retinol metabolism 13/539 0.0314
hsa00053 Ascorbate and aldarate metabolism 8/539 0.0314
hsa00140 Steroid hormone biosynthesis 12/549 0.0314

Table 5.7 KEGG pathway enrichment. Pathway analysis across the 14 organoids (excluding 658)
revealed 7 differentially expressed pathways.
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Figure 5.15 Gene Ontology analysis of Class Il inducible (strong/weak) vs non-inducible
organoids. Upregulated GO terms in inducible (a) and non-inducible (b) lines. Size of circle
represents proportion of genes enriched within the respective GO term, colour represents
significance (see legend).
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Figure 5.16 KEGG pathway display for retinol metabolism. Retinol metabolism pathway differential
expression in organoids. ‘Green’ transcripts were upregulated in non-inducible organoids, with ‘red’
upregulated in inducible organoids.

Again these observations remain speculative at this stage and biologically it seems
unlikely that local steroid synthesis would lead to complete IFNy pathway
unresponsiveness in these non-inducible organoids. Steroid production however
could be more broadly associated with an immunosuppressed TME, which in
combination with a cell-intrinsic loss of IFNy sensitivity, would provide a major barrier
to immunotherapy response. Additionally, several GO steroid pathways were no
longer significant after the exclusion of 658 and therefore the true significance of

these findings is less certain. Early discussions with local groups (PIs Prof Wiebke
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Arlt and Dr Paul Foster) with expertise in steroid metabolism are underway and future

work will look to validate these findings.
5.10 Summary and discussion

This collection of colorectal organoids has revealed that three groups of responses in
Class Il expression following IFNy can be identified. Firstly, a group that completely
fail to respond to IFNy, with no change in Class |l expression and a loss of
IRF1/STAT1 upregulation, suggesting a defect at the top of the pathway. The mRNA
levels of CIITA remain low in these lines, in support of a proximal pathway defect.
Futhermore, no significant change in acetylation or methylation is observed in these
three lines, except for 376 which demonstrates a significant but comparably modest
increase in acetylation (3.08-fold) compared to control. There was no evidence of
CpG methylation in these lines to account for their unresponsiveness. Whole-
genome sequencing failed to identify a clear cause of this, for example, JAK1
mutation (though two may have promotor mutations) and this may therefore
represent a functional loss similar to downregulation of the pathway described in
RAS mutant lines (108). Whilst the exact mechanism of JAK1 expression loss has
not been identified, the ongoing work to confirm this finding on IHC (currently being
run by Dr Neeraj Lal) could prove valuable. Multiple mechanisms of JAK1 loss
(mutation, promotor mutation, epigenetic) may converge on loss of JAK1 protein on
IHC, which could be used as a rapid and affordable biomarker for cancers less likely
to respond to ICB. RNAseq demonstrated transcriptional differences between these
non-inducible lines and the weakly/strongly inducible lines. Interestingly, steroid
synthesis pathways appeared to be upregulated in the non-inducible lines, with future

work planned within the group to explore these findings and validate them.
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A second group, representing the majority (eight of fifteen lines) exhibit high levels of
Class Il expression at 24 hours following IFNy. Unsurprisingly, they have significantly
increased responses in CIITA mRNA and corresponding H3K9 acetylation and
methylation patterns across CIITA-plV in keeping with chromatin accessibility, with
induction of acetylation and stable or decreasing methylation observed following
IFNy. Two of the representative lines from this group also have low levels of EZH2
occupancy across CIITA and again this appears to decrease or remain stable at low
levels following IFNy. A number of these strongly-inducible organoids arise from
tumours without Class Il expression on primary tumour IHC, indicating that IFNy
deficiency and failure of immune cell ingress and activation is likely the functional

barrier to immune responses in these tumours.

The final group of four organoids represent an intermediate group, with weak
induction at 24 hours of Class Il with IFNy only. Again, no evidence of CpG
methylation at CIITA can be found to explain this and there is evidence of
transcriptional activation of CIITA with increasing mRNA following IFNy, albeit at
lower absolute levels compared with the strongly-inducible lines. The ChIP data in
these four lines exclude significant H3K9 methylation as the cause of the reduced
Class Il expression, though low-level acetylation only is observed in three of the
lines. The crucial difference across these four lines appears to increased binding of
EZH2 to CIITA-plV following IFNy (and therefore likely concomitant H3K27me3)
causing restriction of Class Il expression. Where this mechanism has previously been
described (212), delayed responses to IFNy have also been reported. Time-
dependent changes, along with pharmacological reversal of EZH2 effects will be

considered in Chapter 6.
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The results from the cell lines are as expected from the literature, with evidence of
CpG methylation in two lines. The inducible HT29 line shows strong increases in
acetylation in the ChIP experiments and minimal H3K9me2. RKO, the CpG
methylated line has a minimal change in acetylation and even demonstrates a small
increase in H3K9me2. DLD1 is the one slightly unusual line, with minimal CpG
methylation and only weak expression of Class Il. ChIP has not been performed in
this cell line, due to time and cost constraints, but it is possible that EZH2 binding

could be the underlying cause of this in this cell line.

The complete absence of CpG methylation in any of the fifteen organoids is
important. The two control cell lines (RKO and HCT116) and control methylated DNA
were shown to be methylated as previously described, demonstrating that the
experimental technique is reliable. CpG methylation is therefore very likely to be a
cell culture-induced change in 2D culture, with the reported findings in the literature in
cell lines likely to be irrelevant to actual tumour biology. This is in keeping with a
paper performing primary tissue assessment of Class Il negative MSI-H CRC
tumours, which were all shown to be unmethylated unlike the cell lines examined in
parallel (185). Similarly, studies of trophoblast cell lines that demonstrated CpG
methylation of CIITA, failed to show the same in primary trophoblast tissue that had
not been subjected to prolonged time in 2D culture (208). The data presented here
also demonstrate that CIITA methylation is not required to cause loss of Class Il
inducibility, with total loss observed following IFNy pathway defects and attenuation
of Class Il expression through EZH2-mediated control of CIITA-plV observed. The
translational relevance of these findings is that the use of ICB in combination with

epigenetic modifiers to increase Class Il expression and enhance immunotherapy
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response is unlikely to be successful, in keeping with a small number of phase I

studies in this area (214, 273).
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Chapter 6: Reversing loss of Class Il inducibility

6.1 Introduction

Results from Chapters 4 and 5 revealed three main subgroups of IFNy
responsiveness and Class Il inducibility in this collection of CRC organoids. The first
group, representing the majority (53%) of lines were able to strongly (>50% of cells)
express Class Il by 24 hours following IFNy stimulation. Importantly, four of these
strongly inducible lines were derived from primary tumour microenvironments with
low levels of Class Il (<10%) and two of these tumours were completely negative. In
these tumours, the lack of Class Il expression in the tumour is fundamentally likely to
be as a result of inadequate T cell trafficking into tumours or failure to produce IFNy
by intratumoural T cells. The cancer cells comprising these tumours have no cell-

intrinsic restriction of Class Il inducibility.

The second group of tumours, comprising three organoids (20%), demonstrated a
complete failure to upregulate Class Il with IFNy. Importantly, in contrast to previously
described cell line models (196), these cell lines were not CpG methylated at the
CIITA-plV locus and they failed to significantly acetylate CIITA or express CIITA
MRNA in response to IFNy. However, the loss of CIITA expression (and failure to
acetylate) appeared to be the result of the loss of the STAT1/IRF1 signal
transduction response, as has been reported in cancer as a route to immune escape

(182).

The final group of four organoids (27%) demonstrated an intermediate response, with
weak (<50%) expression of Class Il observed at 24 hours. CIITA mRNA expression

was seen, albeit at a lower magnitude compared with the strongly inducible group.
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Whilst acetylation appeared attenuated in two of these lines, the other two
demonstrated significant increases in acetylation, with the highest induction of any
line seen in 658. These lines also lacked evidence of CpG methylation of CIITA-plV
and in keeping with this, the CpG methylation-linked repressive histone mark,
H3K9me2, was not found to be increased. The role of EZH2 occupancy of CIITA-plV
was therefore assessed, as this has been described in cell lines with similar weak
expression of Class Il, with these cell lines also displaying a delayed IFNy response,
requiring up to 72 hours to reach maximal Class Il expression (212). EZH2
occupancy of CIITA strikingly increased in all four of these weakly-inducible organoid
lines following IFNy stimulation, in contrast to the strongly inducible lines where
EZH2-CIITA occupancy decreased following treatment. This differential EZH2
response appears therefore to determine the speed and amplitude of Class Il

expression, consistent with the literature.

EZH2 forms part of the polycomb repressive complex 2 (PRC2), with the recruitment
of EZH2 to promoters highly correlated to epigenetic silencing through H3K27me3.
PRC2 alterations, including EZH2 overexpression and gain-of-function mutations,
have been reported in multiple cancer types and is associated with poorer prognosis
and more aggressive cancer phenotype. A broad range of PRC2-related mutations
are found in cancers aside from EZH2, including mutations in the H3K27
demethylase enzyme (UTX) and loss of function of the SWI/SNF/BRG-1 complex
which competes with EZH2 and is particularly important for CIITA expression (152,
153, 274). Several inhibitors targeting EZH2 have been developed and therefore to
confirm the role of EZH2 in the observed attenuation of IFNy responsiveness, the

pharmacological reversal of EZH2 restriction of Class Il expression will be attempted.
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6.1.1 Aims and Objectives

1. To assess the effect of longer durations of IFNy stimulation in lines with
increased EZH2 CIITA occupancy

2. To assess the potential reversibility of reduced Class Il expression using
pharmacological EZH2 and HDAC inhibition

3. Examine genomic determinants of EZH2 behaviour in organoids

6.2 Validation of EZH2 inhibitor (GSK126) and HDACI (Entinostat) dose

GSK126 is a highly selective competitive inhibitor of EZH2. It exhibits both direct
cytotoxic effects at higher doses, as well as having a role as an epigenetic modifier
through reducing levels of H3K27me3 and de-repression of silenced genes. GSK126
possesses similar efficacy against both wild-type and mutated EZH2. GSK126
exhibits activity against the majority of histone methyltransferases, most are >1000
fold-less inhibited than EZH2, with even EZH1 (with highly conserved sequence
homology compared with EZH2) inhibited at less than 150 fold sensitivity (236).
Although very few compounds have been studied in depth in colorectal organoid
panels, surprisingly a panel of twenty CRC organoids was treated with GSK126,
revealing variable cytotoxicity between lines. Proficiency of p53 was found to
sensitise lines to GSK126 treatment, with these lines exhibiting marked loss of
viability even at low doses (<2 uM). Some lines had evidence enhanced growth at
low doses (1-2 uM) before exhibiting linear decreases in viability between 2-8 uM.
The enhanced growth is thought to potentially be secondary to de-repression of pro-
oncogenic genes and interestingly some myelodysplastic syndromes have evidence

of EZH2 loss of function mutations as part of the disease process (238). Similar
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results in human colorectal cell lines (HCT116, HT29 and COLO205) were observed,
whilst 2 uM doses were tolerated, significant cytotoxicity was observed at 5 pM in all
lines and no additional reduction in H3K27me3 was seen between 2 and 5 uM (240).
Epigenetically, promoter-specific H3K27me3 levels were reduced effectively at doses
of 1.5 uM after four days with no further changes seen with doses up to 20 pM.
Minimal increases of target gene expression were seen before three days, with this
increasing significantly by day six (239). Given the unpredictable cytotoxicity of
GSK126 reported between different cancer lines, the decision was taken to screen
drug sensitivity across the lines of interest. This will enable a dose of GSK126 that is

likely to cause changes in EZH2 activity but not be overly cytotoxic to be selected.

A range of GSK126 concentrations between 0 and 10 pM was assessed in the four
lines with evidence of increased EZH2 binding to CIITA-plV following IFNy.
Organoids were dissociated to single cells, counted and 1000 cells per well were
plated in matrigel, allowing small organoids to reform over 72 hours. GSK126 was
added and incubated together with the organoids for a further 72 hours, before the
addition of CellTiter-Glo 3D Cell Viability Assay and measurement of luminescence
on a microplate reader. An ATP standard curve was performed alongside to ensure
assay linearity as per the protocol. Results are displayed in Figure 6.1. Viability
readings were found to increase at low concentrations (up to 2 pM GSK126) in two of
the lines (884 and COLO312) as previously reported (238). 658 was the most
sensitive to GSK126, however, viability remained relatively preserved (relative 69%)
at the 2 uM dose. A dose of 2 uM for six days was therefore selected for future

experiments based on this data and the previously published data outlined above.
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Figure 6.1 GSK126 viability across colorectal cancer organoids. Four colorectal cancer organoids
were treated with a range of concentration of GSK126 between 0-10 uM (20 uM uM 658) for 72 hours,
prior to determining the cell viability using CellTiter-Glo 3D Cell Viability Assay. Results were scaled
relative to untreated control cells (given relative viability of 1.0) and all conditions were based on a
minimum of five replicates. Mean values with standard deviation displayed.

In addition to GSK126, HDAC inhibition has been used to increase Class Il
expression as a result of enhanced CIITA gene expression. Typically doses of 5 uM
for 24-72 hours of entinostat have been used for this purpose, though these are
notably toxic. In a panel of CRC cell lines, de-repression of a target gene was

observed at 5 uM, with minimal activity at 1 uM (275). In a paper examining reversal
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of Class Il loss in ovarian lines, a range of doses and time points were assessed,
with 5 uM for 72 hours appearing most effective (204). Doses of 5 uM for 24 hours
have also shown effects on gene expression in colorectal cell lines (276). It should be
noted that the levels of cytotoxicity with entinostat are generally high at 5 uM doses,
typically with 50-75% reduction in viability observed (204, 241). A dose of 5 uM for 72
hours entinostat will therefore be studied for efficacy in these experiments. The role
of entinostat is relatively well studied in this area, however, the combined HDAC and

EZH2 inhibition will be assessed for potential synergy.

6.3 Assessment of longer exposures of IFNy

A key feature of the EZH2-mediated reduction in Class Il expression described by
Truax et al, was that the weakly-inducible cell lines required 72 hours following IFNy
to reach maximum levels of Class Il expression (212). This phenomenon occurred
despite acetylation of CIITA occurring rapidly (within 20 minutes) and CIITA mRNA
expression evident after only 40 minutes and continuing to increase through to 18
hours, the latest time point measured (258). To assess if delayed kinetics of IFNy
response were displayed, all of the non- and weakly-inducible cell lines and
organoids were treated out to 72 hours with IFNy, prior to undergoing repeat

assessment with flow cytometry.

In the initial validation experiments (Section 4.3), the three cell lines with minimal or
no evidence of Class Il inducibility (DLD1, HCT116 and RKO) were treated with

75 1U/ml IFNy for 24 and 72 hours. No significant increase in Class Il expression was
observed at the later time point, therefore delayed responses to IFNy were not

present in these cell lines (Figure 4.6).
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The three organoids with no evidence of any Class Il upregulation and loss of
STAT1/IRF1 signalling response were treated for 24 and 72 hours. Again, these
three lines failed to show any further increase in Class Il expression, in keeping with

a mechanism of loss at a signalling pathway level (Figure 6.2).

Therefore no time-dependent increases of Class Il expression in either the cell lines
or completely non-inducible organoids were observed. Longer IFNy stimulation next
assessed in the weakly-inducible organoids with evidence of enhanced EZH2
occupancy of CIITA-plV. These results will be assessed alongside the

pharmacological reversal experiments in the next section.
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Figure 6.2 Treatment of non-responsive organoids with longer duration of IFNy. 376, 557 and 964, the
three organoids assessed in Chapter 4 as having no responses to IFNy at 24 hours were stimulated for 72
hours. Flow cytometry results for Class | and Class Il displayed for untreated control cells and treated cells
(75 IU/ml IFNy) at 24 and 72 hours. Experiment performed in duplicate with representative blots displayed.
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6.4 Pharmacological reversal of Class Il loss in organoids

The four weakly-inducible organoid lines were treated with over 24 and 72 hours with
75 IU/ml IFNy as previously and were exposed to the following additional drug

conditions:

e GSK126 2 uM for 144 hours / 6 days
e Entinostat 5 uM for 72 hours

e Combination of both agents together

Surprisingly, three out of four of the lines (389, 884 and COLO312) exhibited strong
induction of Class Il at 72 hours, with greater than 70% of cells becoming positive,
remaining only weakly positive at 24 hours. 658, the line with the greatest increase in
EZH2 occupancy of CIITA-plV following IFNy, was the only line not to significantly
increase levels of Class Il by 72 hours (Figure 6.3a-d).

In three out of four organoid lines, the addition of GSK126 significantly increased
Class Il expression at a minimum of one time point assessed. In 389, the 24 hour
expression (mean across replicates) was increased with GSK126 from 35.4% to
67.9% (p=0.0113), with 72 hour expression going from 85.1% to 91.6% (p=0.686).
658 had no significant change at the 24 hours mark (6.25% to 10.4% with GSK126,
p=0.327), though expression at 72 hours underwent a small but significant increase
(11.9% to 24.2%, p=0.0081). COLO312 Class Il expression was significantly
increased with GSK126 at both time points (24 hour: 14.0% to 35.4%, p<0.0001. 72
hour: 82.0% to 91.3%, p=0.0024). Only 884 failed to show a significant change with
GSK126 addition, with 24 hour Class Il going from 2.8% to 3.8% (p=0.909) and 72

hour Class Il going from 75.9% to 81.6% (p=0.0810) (Figure 6.4).
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Notably, 884 had the smallest increase in EZH2 occupancy of the four weakly
inducible lines. It may therefore be that the addition of GSK126 to simply longer
periods of IFNy stimulation offered the smallest benefit in this line, with the least

amount of competition of EZH2-CIITA occupancy.

Of note the use of entinostat in these experiments was with the anticipated aim of
enhancing CIITA-plV acetylation, with evidence in the literature that this can
enchance Class Il expression following IFNy stimulation (204), rather than directly

addressing the issue of EZH2 occupancy of CIITA-plV.
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Figure 6.3a Pharmacological reversal of Class Il loss and longer IFNy exposure in weakly inducible organoids. 389 was treated with IFNy for 24 hours and 72
hours +/- 2 uM GSK126 for 6 days. Additionally, effect of HDAC inhibition was assessed using 5 pM entinostat for 72 hours, in combination with 72 hours IFNy and 6
days GSK126. Flow cytometry results displayed for Class | and Class Il, with Class Il offset overlay displayed on right. Experiment performed in triplicate with

representative blots displayed.

209




P =T Q2
0" ag1 3.54
10 ':
153 E
2 1
b
ey
T 3
10” =
o 4
Joa Q3
a0 4034 0016
I e e L e S
-103 o 103 104 105
HLA-DP DG DR
658 CONTROL
Q2
i}
L 104
10 ':
o E
2 1
<
T
z 3
10” o
o d
Jca Q3
w4095 0.1
| ARRARARY ; . LARE] T LR | T T
103 o 103 104 105
HLA-DP DG DR

658 HFNy 24 hr / GSK126

HLA-AB

HLA-AB.C

w
| I " YA |

a2
E 607
.
o4 03
018 0.030
[T TP —
-103 1] 103 104 105

HLA-DP DG,DR

658 +IFNy 24 hr

i
Jo4 a3
40054 0.025
S E— S—
103 0 103 104 105
HLA-DP,DO,DR

658 +IFNy 72 hr / GSK126

HLA-AB.C

HLA-AB,C

e
| I " A |

-
Q4 Q3
0.032 0
TR T — T —
-103 o 103 104 105
HLA-DP DG DR

658 HFNy 72 hr

SamplelD

[]|&52 CONTROL

558 +F My 24hr

558 +|F My 72hr

G55 +|Fhy 24br / GSK126

1| 658 +IF by 72hr ¢ GEKIZG

658 +IFMy 72hr / GSK1Z6 J ENTINOSTAT

1
‘zo Q3
<077 124
Iwal "; - Ima I I 1104' Imllmﬁ
HLA-DP DQ,DR
658 +IFNy 72 hr / GSK126 /
ENTINOSTAT

HLA-DP DQ DR

Figure 6.3b Pharmacological reversal of Class Il loss and longer IFNy exposure in weakly inducible organoids. 658 was treated with IFNy for 24 hours and 72 hours +/-
2 uM GSK126 for 6 days. Additionally, effect of HDAC inhibition was assessed using 5 uM entinostat for 72 hours, in combination with 72 hours IFNy and 6 days GSK126. Flow
cytometry results displayed for Class | and Class Il, with Class Il offset overlay displayed on right. Experiment performed in duplicate with representative blots displayed.

210



Jan Q2
105 |
EETE] 472
104'!
I E
¢ 1
<
o
£ 3
107 9
LK
Jo4 a3
10?9166 0.080
T T e
-103 104 105
HLA-DP,DGIDR
884 CONTROL
Tan a2
105 |
Jo34 648
104'!
o 3
@ ]
<
o
£ 3
107 o
L
Jou a3
w4118 0.048

HLA-DP DQ.DR

884 +IFNy 24hrs / GSK126

HLA-A B,C

HLA-A B C

5 o a2
107 5
Jo942 543
10t
107 o
L
o4 Q3
0% 9146 0073

HLA-DP DG DR

884 HFNy 24hrs

Tan

145

HLA-DP.DQ.DR

884 HFNy 72hrs / GSK126

HLA-A B,C

HLA-A B C

|
1182

HLA-DP DG DR

884 +IFNy 72hrs

1o
1358

10 1] 103 10 10
HLA-DP DG DR
884 +IFNy 72hrs / GSK126 /
ENTINOSTAT

A

.
-
Rfda NP
e .

SamplelD

[|s84 CONTROL

884 +F Ny 2dhrs

884 +IFNy Tzhrs

554 +IF Ny 2dhrs f GEE126

| 884 +IF Ny 72 hrs J GSKI26

884 +IF Ny TZhrs / GSK126 / ENTIND STA]

TR
At o i0? w0 10?

HLA-DP,DG DR

Figure 6.3c Pharmacological reversal of Class Il loss and longer IFNy exposure in weakly inducible organoids. 884 was treated with IFNy for 24 hours and
72 hours +/- 2 yM GSK126 for 6 days. Additionally, effect of HDAC inhibition was assessed using 5 pM entinostat for 72 hours, in combination with 72 hours IFNy
and 6 days GSK126. Flow cytometry results displayed for Class | and Class I, with Class |l offset overlay displayed on right. Experiment performed in triplicate with
representative blots displayed.

211



s ot 02

0" Jaoa 370
53
o
T
=T
=
iy

Jo4 a3

0?4659 0.088

LIAMAAARS . . RARLAERY | Ty T

103 o 103 104 105
HLA-DP DQ.DR
COL0312 CONTROL

o
o
<
=T
=
n

HLA-DP DG DR

COLO312 +IFNy 24hrs / GSK126

HLA-AB,C

HLA-AB,C

Jan a2 Jan
4775 160 [ DY
104 ';
o 3
o
<
=T
£ 0®
_ > 4
o4 a3 04
10?4675 0.083 a0 F4m
T T ™ T T T T T T T T
103 o 103 104 105 103
HLA-DP DG.DR HLA-DP DG DR
COLO0312 +IFNy 24hrs COLO312 +IFNy 72hrs
5 |t Q2
0" 263 937
104 -:
o 3
o
<
<L
T 10° o
3
o4 Q3
w147 229
T T ™ T T T T T T
103 o 103 104 105
HLA-DP DG DR HLA-DP, DG DR
COLO312 +IFNy 72hrs / GSK126 COLO312 +IFNy 72hrs / GSK126 /
ENTINOSTAT

SamplelD

[=]

COLO21E CONTROL

COLO212 +IF My 24hrs

COLOZ1E +IF My 24hrs ¢ GER126

COLOZ1Z +IF Ny 7Zhrs

[=]

COLO21Z +IFMy 7ihrs f GEE126

COLO212 +IF My 72hrs f GEE126 J ENTINOSTAT

HLA-DP DQ DR
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Figure 6.4 Class Il expression with longer duration IFNy, GSK126 and Entinostat. Mean and
standard deviation of flow cytometry results. Statistical analysis of results using one-way ANOVA
followed by Sidak’s multiple comparisons test (planned analysis on 24 hour IFNy +/- GSK126 and
72 hours IFNy +/- GSK126 only. NS P = 0.05; * P < 0.05; ** P < 0.01; *** P < 0.001; **** P < 0.0001.

213



Entinostat appeared to shift the ‘cloud’ of Class Il expressing cells to the right of the
flow cytometry plot, indicating not only a greater percentage of cells expressing
Class Il but also greater intensity and therefore likely density of Class Il expression.
Indeed, the voltages for PE/Cy7 (Class Il) have been reduced due to the higher
intensity staining compared to the initial characterisation experiments in Chapter 4
(and therefore caution should be taken comparing like-for-like). The effect on cell
viability of the entinostat and GSK126 combination, with notably fewer events,
indicates this is a likely toxic combination. For these reasons statistics have not been
applied to these data and they are provided for exploratory purposes given the

relative paucity of events recorded.
6.5 Genomic determinants of differential EZH2 responses

The WGS data from the organoids was analysed for determinants of enhanced EZH2
activity including members of the PRC2 complex and loss of function mutations within
the SWI/SNF complex (comprising ARID1A, ARID1B, SMARCA2, SMARCA4 aka
BRG1 and SMARCBL1). No likely causal mutation was identified within three lines,
however, 658 had evidence of an EZH2 mutation (c.1648A>G, p.Lys550GlIu) within
the CXC domain (277) which is likely to be pathogenic. This would require further
mechanistic validation to confirm the functional role of this mutation, as it would
typically be expected to cause loss of function. Furthermore, an exploratory analysis
of individual gene expression from the RNAseq data failed to show a significant
difference in expression levels of relevant genes across any of the organoid Class Il
response groups. Interestingly, however, 658 had the highest EZH2, SUZ12 and
ARID1A expression, potentially indicating overexpression of the PRC2 complex

within this line with very high EZH2-CIITA binding (Figure 6.5).
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Given the distinct behaviour of 658, with weak Class Il upregulation at 72 hours even
with GSK126, consideration was given to further downstream mechanisms that could
limit Class Il expression, in addition to the above EZH2 mutation. This line is derived
from an MSI-H tumour and as previously reported, just over a quarter of Class Il
negative MSI-H tumours have evidence of an RFX5 mutation (185). 658 was
identified as having a highly pathogenic clonal heterozygous (VAF 0.41) D461G
mutation, which was predicted to impair protein folding. CIITA coordinates Class Il
expression via the recruitment of RFX family proteins. Strong Class Il expression was
only observed in 658 with the combination of HDAC inhibition with GSK126 and 72-
hours of IFNy, hypothetically suggestive that very high levels of CIITA expression are
required to overcome reduced functional RFX5 levels, passing a threshold for

successful Class Il expression.

EZH2 occupancy of CIITA, therefore, causes a delayed Class Il expression response
following IFNy stimulation. 658, the outlier line, in addition to the distinct
transcriptional behaviour delineated in Chapter 5, potentially has a complex
composite mechanism of both enhanced EZH2-CIITA occupancy with a downstream
RFX5 mutation. Within the other three lines, it has not been possible to identify a
genomic ‘biomarker’ for this behaviour, for example a SMARCA4 (BRG-1) mutation,
however further exploration including more global methylation assessment is planned

subsequently (450K array).
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Figure 6.5 RNA expression of PRC2 and SWI/SNF complex proteins. RNAseq expression
data for PRC2 and SWI/SNF complex components, in addition to KDM6A (aka UTX, responsible
for H3K27me3 demethylation), assessed across the three different Class Il response groups in
CRC organoids. Individual values with mean displayed, statistical assessment with
Kruskal-Wallis test and Dunn’s post test, ns=non-significant (p>0.05).
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6.6 Conclusions

The weakly-inducible organoids, with the exception of 658, are capable of expressing
very high levels of Class Il without pharmacological intervention, instead displaying
delayed kinetics of IFNy response. This is in contrast to the non-inducible organoids,
where loss of signalling response to IFNy stimulation fails to reverse even with
prolonged exposures. Likewise, the three cell lines remain unchanged with 72 hours
of IFNy compared to the 24 hour stimulation. With RKO and HCT116, this is likely to
be explained by the (cell-culture induced) CpG methylation observed at CIITA-pIV. In
DLD1, where only a small increase in Class Il observed and CIITA-plV was not
methylated, similar mechanisms to those found in the 658 organoid may be present.
Indeed, the Sanger Cosmic database holds mutation data for DLD-1 (sample ID
C0OSS2301972, available from https://cancer.sanger.ac.uk/) and two pathogenic
RFX5 missense mutations are present (p.G399V / ¢.1196G>T and p.R335Q /
€.1004G>A). Again, DLD-1 is an MSI-H cell line and this is, therefore, a recognised

route of immune escape (185).

658 interestingly had a significantly increased CIITA promoter occupancy by EZH2
(Chapter 5) following IFNy compared to the other three weakly-inducible lines and
was the only line to continue to only weakly express Class Il at 72 hours of IFNy
stimulation, potentially caused by a secondary RFX5 mutation. A small effect was
seen from EZH2 inhibition at the 72-hour timepoint, though less than 25% of cells
were able to express Class Il. It appears that the addition of entinostat to this
situation was able to rescue Class Il expression. This is consistent with the CIITA
MRNA expression data for 658 (Chapter 5), with 658 exhibiting both the smallest

relative increase in CIITA mRNA and the weakest absolute Ct value (28.6 compared
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to <25 for the other three weakly-inducible lines) for the detection of CITA mRNA
following IFNy. Conversely, 884 demonstrated no significant benefit for the addition
of GSK126 at either time point (though this was close to significance at 72 hours) and
also had the smallest relative increase in EZH2 promoter binding following IFNy.
Therefore a spectrum of EZH2 binding behaviour is likely to be observed and may
reflect different underlying mechanisms e.g. overexpression, mutation or loss of

competition from the SWI/SNF/BRG-1 complex.
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Chapter 7: General Discussion

7.1 Development of the organoid collection

Several outputs have been generated from this work. The first has been the
generation of a collection of colorectal cancer organoids from local patients.
Increasingly, organoid models are being utilised for many experiments that would
have traditionally been performed with 2D cell culture (11). Compared to 2D culture,
organoids allow recapitulation of precise organ biology, accurate prediction of
chemo- and radiotherapy sensitivity and additionally begin to encompass the
complexity of tumour heterogeneity. The expansion of this field has been rapid and it
is now possible to purchase organoids, produced under licence and intellectual
property rights of the Hubrecht Organoid Technology (HUB), from sources such as

OrganoidBase (see https://www.crownbio.com/ob-registration). Additionally, the

specialised media required for stem cell culture is being commercially produced and
this has certainly enabled this work and improved standards through having a
uniform quality-controlled media compared with the ‘lab-brewed’ versions that had
until recently been the standard. Through our work and collaboration with the Sanger
Institute, we are expanding our collection of organoids and the strength of this
collection over even commercially available lines, is the ability to annotate the lines
with clinicopathological data from the patients and the microenvironmental
characteristics of the tumours. This has enabled the data presented here on the
Class Il inducibility of each organoid line to be interpreted in the context of the Class
Il expression found in that patient’s tumour in situ. The addition of whole-genome and
total RNA sequencing of the organoids leaves a collection of fifteen lines that are

completely characterised, allowing future work on related projects to be carried out at
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a fraction of the cost and time. We continue to expand this collection and in addition
to these primary lines, a collection of liver and peritoneal metastasis-derived

organoids has also been produced.

7.2 Class Il is frequently inducible in CRC tumours and absence likely

represents IFNy deficiency within the TME

The main output of this work has been the detailed examination of the mechanisms
and dysregulation of Class Il expression in colorectal cancer, utilising both CRC cell
lines and organoids. Each line has been assessed for loss of IFNy signalling
response (STAT1/IRF1 western blotting), CIITA expression (RT-gPCR for mRNA)
and accessibility of CIITA (promoter CpG methylation, H3K9 acetylation, H3K9
methylation and EZH2 occupancy) and surface Class | and Il expression following
IFNy (flow cytometry) at 24 hours and 72 hours. Crucially, | have demonstrated that
some tumours with an absence of Class Il in the microenvironment are fully inducible
in vitro. The vast majority of organoid lines (eight strongly-inducible at 24 hours, three
further strongly inducible at 72 hours post-IFNy) are able to express Class Il without
any evidence of a cell-autonomous block on Class Il inducibility and in the absence
of epigenetic modifiers. The three non-inducible lines had evidence of IRF1/STAT1
pathway deficits, as has previously been reported in patients as a mechanism of
immune escape, with one of these lines MSI-H, suggesting that this very likely

represents an adaptive form of immune escape in an immunogenic tumour (182).

It is worth again considering the events that occur within the TME when analysing
these results. Approximately half of in situ MSS CRC tumours lack Class II

expression, with strong expression seen only in around 10% of samples (5). An early

220



hypothesis of this work was that these Class Il negative tumours represented the
approximately 50% of CRC cell lines that were non-inducible in vitro (196). These
results, however, disprove this hypothesis. The fact that many of the in situ tumours
are negative for Class Il and yet strongly induce in vitro instead points to IFNy

deficiency and an absence of functional CD4+ and CD8+ T cells within the TME.

Three out of the four weakly-inducible group of organoids, characterised by <50%
Class Il expression at 24 hours following IFNy stimulation, are strongly (>50%)
Class Il positive at 72 hours. Antigen recognition within the TME, with resultant IFNy
production, of course does not occur in an isolated time-constrained period. An
increase in immune surveillance and anti-tumour activity is likely to build over
months, as a pre-cancerous adenoma progresses to an increasingly invasive tumour,
with this response attenuated by various methods of immune escape evolved by the
tumour (94). This delayed IFNy response could, however, be relevant to the initiation
of any immune attack on tumour. IFNy has a dual role, both ramping up MHC
expression and inducing direct cytotoxic effects (103), but also leading to the
expression of PD-L1/2 and other immune checkpoints including IDO, on tumour cells
(278, 279). This induction of PD-L1 is known to be rapid, with in vitro experiments
demonstrating surface expression within 24 hours of IFNy treatment (280). It is
possible therefore that EZH2-mediated delayed IFNy Class Il responsiveness is
enough to tip the balance away from a feed-forward amplification of anti-tumour
response and instead lead to a tolerant TME with inactivated T cell population, with
these T cells known to be resistant to reactivation even following anti-PD-1
checkpoint blockade (121). Conceivably, this initial tumour-immune system

interaction could shape the future of that tumour, as we do not generally see
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evidence of established tumours being subsequently eradicated by the immune

system in absence of ICB or rare events such as abscopal reactions (281).

Antigen recognition within the TME, leading to IFNy production, is likely to resultin a
wave of activation across the tumour. For example, a mouse tumour model with an
IFNy reporter revealed that IFNy action could be detected at 800 uM (around 40 cell
depths) away from the initiator event (282). There is further evidence of the broad-
acting bystander effects of IFNy within tumours, with a second paper describing the
establishment of ‘cytokine fields,” comprised of the cumulative action of T cells across
antigen-presenting areas of tumour, with antigen-negative regions typically devoid of

T cell infiltrates (283).

We had hoped to perform an analysis of the primary tumour sections from the
patients we had derived organoids from using multispectral IHC. The hypothesis was
that in tumours with some Class Il expression (e.g. 10% of tumour cells), that the
expressing tumour cells would be in proximity to activated T cells in support of the
IFNy deficiency theory. A multispectral panel had been designed to include pan-
cytokeratin (identifying tumour), Class | and Class Il, along with an activated T cell
marker panel (CD3+, Ki67 and Granzyme B). This was adapted from a paper
describing nearest-neighbour analysis within tumours (284) and would have allowed
the relationship between the presence of co-localised activated T cells and the
expression of Class Il within the primary tumour to be assessed. Unfortunately, this
experiment was not possible, firstly because of technical malfunctions and delays in
the Vectra imaging facility, followed by the Covid-19 shutdown. This remains an area

of interest and is an area for potential future work.
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7.2.1 Therapeutic consequences of IFNy deficiency

A further extension of IFNy-deficiency is that in CRC tumours with immune-desert
microenvironments are unlikely to respond to ICB (285). Instead, increased focus is
likely needed to increase T cell trafficking into tumours. So far approaches in CRC
have looked to target adverse TME factors in combination with ICB, for example
through agents targeting VEGF (Bevacizumab/NCT02982694 and
Regorafenib/NCT03657641), Wnt-signalling (Porcupine inhibitors e.g.
CGX1321/NCT02675946 and LGK974/NCT01351103) and M2 macrophage
depletion (CSF-1R/Pexidartinib/NCT02777710) (286). Other immune checkpoints,
most notably TIM-3 and LAG-3, along with co-stimulatory molecules such as OX40
and ICOS are currently being assessed in a number of clinical trials. In the future,
this may provide a broad repertoire of agents to enable a more personalised
approach in refining the immune response to a given tumour with a given
microenvironment, however, doubts remain as to whether these could ever overcome
the complete absence of immune infiltration (287). It may also be possible to bypass
the need for immune production of anti-tumour cytokines by treating patients with
exogenous cytokines. Notably, these approaches provided some limited success in
renal cell carcinoma, with IFNa and IL-2 best characterised. These treatments,
however, are toxic, expensive and now almost entirely obsolete in the era of ICB.
Recent advances, including a novel pegylated IL-2 (NKTR-214), which has triggers
effector cell ingress and activation in tumour, with a favourable toxicity profile in an

initial phase | study, has renewed some interest in the approach (287, 288).

Other methods to bypass the need for immune infiltration are in continued

development, including bispecific antibodies, which bind to a target that is (relatively
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specifically) expressed on the tumour cell and which will potently attract effector T
cells to the antibody. Numerous such molecules are in development, including a
Carcino-Embryonic Antigen (CEA; a colorectal tumour marker) targeting antibody,
cibisatamab, which is currently in early phase clinical assessment (289). Chimeric
Antigen Receptor T cells (CAR-T) utilise a similar approach and like bispecific
antibodies, don’t require MHC-bound antigen offering advantages in MHC negative
tumours. CAR-T therapies have demonstrated tremendous efficacy in liquid tumours,
however, have considerable risks (75). A CAR-T directed against HER2 mutated
CRC, which led to a cytokine release storm, respiratory compromise and death of a
patient, was linked to low-level pulmonary expression of HER2 in the normal tissue
(290). Finally, approaches using oncolytic viral therapies have shown some promise,
albeit largely in immunogenic tumours including melanoma. Viral replication is
facilitated in malignant cells with disordered cell cycle control and oncolytic therapies

are likely to be further refined in the coming decade (291).

7.3Tumour-specific Class Il expression: a biomarker for ICB responsiveness?

The mere presence of effector T cells in the TME does not guarantee a response to
ICB. Tumours with markedly inflamed microenvironments may respond poorly if
effector cells are countered by large numbers of Treg and MDSC populations (287).
On the other hand, tumour-specific Class Il expression, in the context of colorectal
epithelium which is typically Class Il negative except for in the presence of IFNy,
implies that a functional and uninhibited immune response against tumour is ongoing.
Class Il expression is one of the last steps that would be expected in the chain of
events: the presence of adequately immunogenic mutation(s), MHC Class | or Il

presentation of that antigen, subsequent activation and priming of CD4/CD8 T cells
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through the direct or indirect presentation by tumour or APC, T cells activated to
produce IFNy, finally leading to MHC upregulation including Class Il (178). As
previously discussed, it is known that Class Il positive melanomas and Hodgkin
lymphoma have improved survival and better response rate to ICB than their Class Il
negative counterparts. Both PD-L1 and Class | expression were non-predictive (6,
161). There is potentially an issue of cause vs effect; if a tumour is highly
immunogenic it may well have high levels of Class Il expression non-specifically,
caused by the overspill of cytokine fields within the TME (283). These highly
immunogenic tumours would likely exhibit superior responses to ICB, even if the
Class Il expression itself was not the cause of this. Ultimately, whether causative or
not, tumour-specific Class Il expression has the potential to identify tumours with
favourable TME, and could therefore serve as a biomarker of ICB treatment selection

in typically non-responsive tumours, of which MSS CRC is an archetypical example.

This theory underpins the single-arm Phase Il clinical trial ANICCA (NCT03981146,
Prof G Middleton, Chief Investigator) which we have launched in parallel to this body
of work. This study builds on the premise that around 10% of MSS CRC has high
Class Il expression on IHC, with a further 40% exhibiting weak expression (5). The
study aims to establish the responses to anti-PD-1 (nivolumab) therapy in the high
Class Il group, to see if Class Il expression has merits as a biomarker. As of late
2020, the first patients have commenced treatment. An important observation has
already been generated from the study, requiring a substantial amendment of the
protocol to allow entry for any patient with >1% Class Il expression, rather than the
>50% originally planned. This follows the finding that over the first fifty patients

screened, none had greater than 50% Class Il expression, and far fewer had weak
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(1-49%) expression (personal communication, Prof G Middleton) than expected.
Importantly, the patients entering this study have metastatic (Stage 1V) CRC with
poor prognosis, whereas the data from Lovig et al above is comprised of resected
patients, generally with Stage Il or 11l disease (5). This observation potentially adds
weight to the prognostic impact of Class Il expression. The adapted protocol now

aims to treat 36 patients, with results likely over the next two years.

7.4 Tumour-specific Class Il expression: the in-situ vaccination approach?

Previous studies have demonstrated that mice injected with cancer cells with
constitutively expressed CIITA (and therefore high levels of surface Class I
expression) rapidly cleared the tumours. Furthermore, these animals generated
effective memory CD4 and CD8 T cell pools. These immune responses were highly
effective, with subsequent rechallenge of these animals with the same tumour, even
when lacking CIITA expression, also leading to rapid tumour clearance, as did the
transfer of CD4 and CD8 T cells into naive mice with established tumours. Switching
on CIITA expression in these tumours effectively caused delivery of an in situ,

tumour-specific vaccine in these mice (179, 180, 292).

Given the difficulties inducing expression of Class Il classically, via IFNy production in
proximity to the tumour, we have formed a collaboration with CRUK Therapeutic
Discovery Laboratories at the Babraham (Cambridge). This forms part of the
Functional Genomics Centre and the CRUK-ONO-LifeArc Immuno-oncology Alliance,
aiming to accelerate therapeutic development of new compounds, shortening
development times and bringing together specialist genomics services and pharma

industry expertise. We submitted our proposal in January 2020, with the subsequent
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approval of the project which would hope to identify genes that could upregulate
Class Il expression, independently of IFNy. We have identified several MSS CRC cell
lines without evidence of CIITA methylation. These cell lines will undergo whole
genome CRISPR screening to identify potential ‘hits,” with screening facilitated by
selection of Class Il positive cells by FACS. An advantage of the CRISPR screen
approach is the unbiased exploration of biology, without the requirement for pre-
requisite biological knowledge. Potential hits will be validated in CRC organoids to
confirm the effectiveness in restoring Class Il expression within our group. Any
discoveries will benefit from the input of the alliance into compound discovery and
rapid development into early phase clinical trials. This future work will provide an

additional direction for this work and even potentially lead to new drug discovery.

7.4 Epigenetics: the pitfalls of 2D cell culture and epigenetic modifiers

In the introduction chapter, the background literature on epigenetic control of CIITA
was explored in some detail. There have been some notable inconsistencies in the
literature, including the presence of CIITA CpG methylation in established trophoblast
cultures, but not in primary cells (208). Whilst mechanistically the cell line findings of
CIITA methylation have been convincingly demonstrated in a number of different
cancer types (196, 201, 203), there has been an absence of confirmation in primary
tissue. Indeed, one of the few papers studying primary MSI-H CRC tumours did not
find evidence of CIITA methylation in any of the Class Il negative tumours (185). This
work has assessed methylation across fifteen CRC organoids, with none
demonstrating evidence of CpG methylation of CIITA. Previously identified

methylated cell lines, by contrast, have been confirmed as methylated, validating
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both previously published findings and confirming that the underlying methodology

utilised here is reliable (196).

These results perhaps should not be surprising. It has been known for some time that
the majority of promoters identified as hypermethylated in cell lines are not
corroborated with primary tissue samples and that in CRC, CIMP is significantly
overrepresented in cell lines, again comparing to primary tissue (205, 206). By
contrast, organoids are increasingly recognised as high fidelity models for the study
of epigenetics (230, 231). When considering the role of epigenetic modifiers in CRC,
for example, the DNMT1 inhibitor 5-azacytidine in combination with pembrolizumab
immunotherapy, a trial failed to show any meaningful activity for this combination in
MSS disease (214). Furthermore, the addition of 5-azacytidine to immunotherapy in
lung cancer (an established effective treatment), led to worse outcomes in the
patients receiving 5-azacytidine (273). The rationale of ICB-DNMT1 combination is
not just to re-express Class I, but also to increase immunogenicity through other
means including re-expression of tumour suppressor genes, cancer-testis antigens
and endogenous retroviral species (194, 214). These few clinical examples, however,
show how difficult this approach is and these compounds are highly non-specific in

action.

The results from this work however add a clear caution to utilising 2D cell culture
epigenetic data, without prior corroboration with primary tissue samples or organoids,
to design clinical studies. This data convincingly demonstrates that CIITA methylation
is not a mechanism for Class Il loss in CRC. To our knowledge, this is the first side-

by-side analysis of a postulated epigenetic mechanism in cell lines vs organoids. We
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strongly suggest that in future in vitro epigenetic studies, organoids represent the

gold standard mechanistic disease model.

The non-specific nature of these epigenetic compounds is a concern, as these
studies demonstrate. Data presented here on EZH2 inhibition using GSK126 should
also be considered with caution prior to clinical assessment. It is known for example
that GSK126 can polarise the TME towards immune tolerance via the generation of
MDSCs, albeit with the potential to ameliorate this effect through combining
treatment with an anti-GR-1 antibody, neutralising this myeloid differentiation antigen
(293). There is also the functional impact on immune cells directly. Additionally, de-
repressing oncogenes can cause potential pro-oncogenic effects of and increase
stemness in cancer cells. The data here, in confirmation with the prior literature (238),
demonstrates that low doses of GSK126 enhance the growth of some CRC
organoids. Finally, the role of EZH2 inhibition with GSK126 has been explored here
in the weakly Class Il inducible group. Even in the absence of GSK126 however,
three out of these four lines were able to strongly express Class Il by 72 hours. The
biological relevance of 24 vs 72 hours IFNy stimulation in the lab is of course pure
conjecture to immune activity within the TME. The potent combination of an HDAC
inhibitor (entinostat) with GSK126 appeared to have a synergistic effect and further
enhanced Class Il expression significantly. This combination, however, was toxic,
with few viable cells remaining on flow cytometry and there is a high likelihood it

would be overly toxic in clinical practice.
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7.5 Summary

The work here has generated a collection of highly annotated CRC organoids, with
further expansion likely over the coming years, providing a hugely valuable resource
for future research efforts. Organoids remain a new methodology and have several
disadvantages compared to traditional 2D cell culture, not least the highly time-
consuming nature of experiments and prolonged culture times to generate enough
cells for experiments. The media remains prohibitively expensive to many groups.
However, the fidelity of the data that has been generated here and in the literature,
provides an opportunity to understand the true biology of cancers and other
diseases, and may lead to novel discoveries as a result. This work would support a
move away from 2D culture for epigenetics in future work. This is important not only
to generate ‘true’ scientific discoveries, but also more importantly to protect patients
from clinical trials of non-efficacious, toxic treatments based on inaccurate models of

disease.

The multiple mechanisms of Class Il loss displayed by CRC provide clinically
meaningful insight into the difficulties of expanding ICB into this disease site. The
dichotomy of MSI vs MSS CRC is likely to be hugely important in further dissecting
immunotherapy responses in many cancers. The importance of immune exclusion in
CRC has been outlined here, with IFNy deficiency a key obstacle to overcome. The
continuing work in ANICCA and the CRISPR screen collaboration offer two
opportunities to deliver a therapeutic benefit to patients with MSS CRC. Ultimately, |
hope this work offers further progress in expanding response rates to immunotherapy
across all cancers, bringing with it the hope of durable, long-lasting disease

remissions for increasing numbers of patients with metastatic disease.
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Gating conditions for all flow cytometry experiments is provided above in this
appendix. For each figure gating has occurred in the following order:
1. Singlet selection (FSC-A vs FSC-H)
2. Selection of cells (FSC-A vs SSC-A)
3. Live cell selection using viability dye selected on APC-Cy7 channel vs SSC-A
4. Selection of Class Il (PE-Cy7) using a Class Il FMO stain vs Class | (APC)
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