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Aims, background of study and plan of investigation 
Intestinal disease, in particular malignancy and inflammation, is the cause of substantial mortality and morbidity in the UK. The primary aim of my PhD project has been to create a platform for generating sections of personalised colonic tissue from induced pluripotent stem cells (IPSC). If successful, these sections could be used as colonic mucosal grafts to promote healing in patients with inflammatory bowel disease. Since they would be personalised, there would be no issue around graft rejection. During the first year of this project, I have been able to convert IPSCs into normal colonic epithelium which is stable in culture. This has led to the development of a 3D culture system which acts as an in vitro model of normal intestinal mucosa. In 3D culture conditions, these cells are capable of spontaneous crypt assembly (data presented at PathSoc Summer Meeting 2019/TERMIS-AM December 2019) and contain the differentiated cell types of the crypt. As well as intestinal epithelial cells, mesenchymal / fibroblast-like cells (expressing Vimentin / SMA) are present in proximity to the assembled crypts. It has recently been demonstrated by single-cell RNA sequencing that the intestinal mucosal stroma consists of at least five specialised cell types (Kinchen et al. 2018). To investigate the full heterogeneity of the generated cell types, more sophisticated sequencing are required (such as single-cell and spatial transcriptomics), enabling much more specific mapping of cell types against intestinal regions and microanatomical locations. Developing novel ways of characterising these in vitro generated tissues could a) validate the model, by demonstrating similarity to in vivo tissues, thereby permitting use as an in vitro disease model; b) improve the model by understanding the interaction between signalling pathways. 
Plan 1: characterise the region-specific molecular markers of adult intestinal mucosa and compare to in vitro IPSC-derived intestinal mucosal tissue by RNA-seq
Plan 2: develop a digital pathology platform for demonstrating the 3D growth of in vitro IPSC-derived intestinal mucosa tissue
Plan 3: demonstrate proof-of-principle that an IPSC-derived in vitro tissue system can model human intestinal adenomata by performing CRISPR/Cas9 knockout of APC

Results
Plan 1: IPSCs differentiated to intestinal mucosal cells using an existing described protocol were separated into epithelial and non-epithelial cells on the basis of EpCAM expression (Dalleywater et al., 2019). These cells were characterised by RNA sequencing (Fig. A). I compared cells to known site-specific markers of epithelial and stromal populations in the intestine from previous RNA sequencing analyses. This analysis allowed me to confirm the intestinal epithelial identity of the EpCAM+ cells and also to identify key signalling pathways which drive the bifurcation of endoderm and splanchnic mesoderm development at an early stage. Gene set enrichment analysis also allowed us to demonstrate that EpCAM+ cells were beginning to polarise towards a large intestinal identity over a small intestinal identity. RNA sequencing also permitted the characterisation of the EpCAM- population. This mapped onto established (COL1A1, Vimentin, ActA2) as well as novel (SOX6, Gli1) intestinal mesenchymal stromal markers (Kinchen et al. 2018). To date this work has enabled substantial progress in characterising the populations generated by my differentiation protocol as well as furthering understanding of the fundamental biological processes at play in driving the differentiation of intestinal epithelial and mesenchymal populations. I have recently submitted further samples for single-cell RNA sequencing (EpCAM+ vs. EpCAM-) and bulk RNA sequencing based on refined experimental protocols. I anticipate this will allow much more granular characterisation of the generated cell types and through bioinformatics tools specifically for single-cell RNA sequencing will generate valuable insights for targeting signalling pathways/environmental cues to refine the model further.
Plan 2: Our digital pathology platform in Nottingham is now well-optimised (eg. Fig. C). Using ImageJ software I have developed a system for registration and alignment of digital pathology images and have used this to produce reconstructions over a small number of serial sections. This system is still being refined and expanded to generate more sophisticated reconstructions over large numbers of serial sections. This will enable morphometric analyses of specific events such as crypt formation, polyp formation and stromal density.
Plan 3: CRISPR APC knockout was successfully performed in two IPSC lines (Fig. B). Compared with control IPSCs, after the differentiation protocol, IPSC ΔAPC expressed greater levels of the epithelial marker EpCAM. In 3D organotypic cultures (Fig. C), various growth factor conditions were tested with differentiated control and ΔAPC IPSC. Compared with control IPSC, ΔAPC epithelium was more stratified and retained viability even when Wnt ligand stimulation was withdrawn or suppressed (data not shown), except when β-catenin activity was challenged with ICG-001. Although IPSC-ΔAPC derived intestinal epithelium was more stratified under baseline growth factor conditions, no polyp formation was seen. However, when TGF-β was added to medium, multiple polypoid structures began to form (Fig. C right). In control (WT) conditions, the addition of TGF-β instead drove fibrosis which was not seen with IPSC ΔAPC derived cultures. Samples of differentiated cells derived from IPSC-ΔAPC cultures have recently been submitted for RNA sequencing to understand the observed phenomena further.
Conclusions: I have demonstrated that multiple intestinal mesenchymal stromal populations can be derived alongside epithelial populations from IPSCs. I anticipate deeper understanding of how these populations form once further RNA sequencing analyses are completed soon (sequencing currently being performed). Proof-of-concept CRISPR knockout of APC in IPSCs has demonstrated the importance of canonical Wnt in driving epithelial differentiation, which is also being further characterised by RNA sequencing. Organotypic modelling of cells differentiated following APC knockout has highlighted a possible role for TGF-β in promoting polyp formation, which would merit further investigation.
How closely have the original aims been met: At the time of application for the small grant, Covid-19 was unknown; I am grateful to the Society for understanding and flexibility in extending the grant to take account of my temporary return to NHS service. Despite the challenges of adapting to changes in laboratory working, the project has managed to continue successfully and meet the original aims albeit with some delays. The original aims have in fact been extended as I have been able to perform single cell RNA sequencing as well as the originally planned bulk RNA sequencing in order to gain much greater insight into heterogeneity of cell communities. 
Outputs: I was awarded an additional £7,250 grant from MRC-Impact to perform spatial transcriptomics on tissues from organotypic cultures. Data from my PhD including RNA-sequencing and image analyses enabled by this small grant is currently being prepared for submission. The Pathological Society will be duly acknowledged and a copy of the resulting manuscript forwarded. 
Further funding: I intend on applying for further funding to develop this model further for A) modelling of intestinal development and disease and B) application as a regenerative medicine platform.
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Figure: A) RNA sequencing analyses, heatmaps show relative changes in expression (log2 fold change) in EpCAM+ (left) and EpCAM- (right) cell populations. Gene set enrichment reveals upregulated and downregulated pathways in driving the formation of the two cell populations (right panel). B) Left: GFP fluorescence was observed in IPSCs confirming incorporation of the CRISPR plasmid. Middle/Right: representative flow cytometry histograms showing EpCAM expression in control (WT, black) and APC-knockout (ΔAPC,red) IPSCs following differentiation to intestinal mucosal populations. Graph is summary data of median fluorescent intensity readings (error bars = standard deviation, n=3, **=p<0.01). C) Representative images from organotypic cultures of intestinal mucosal cells derived from control or ΔAPC IPSCs, in baseline culture medium or addition of TGF-β.
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