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Thesis abstract 

Gastric cancer (GC) patients are mainly asymptomatic and present at an advanced stage with a 

5-year survival rate of only 20-30% in most countries. It is crucial to gain greater insight into the 

process of gastric carcinogenesis in order to develop tools that will allow improved patient 

stratification and targeted surveillance. 

The relationship between intestinal metaplasia (IM), a key premalignant lesion in gastric 

carcinogenesis, and the diffuse type of gastric cancer (DGC) was investigated using data mining 

of GC patient pathology reports and existing gene expression data. IM and DGC were shown to 

be associated both histologically and molecularly in a proportion of cases suggesting that IM 

might be a precursor lesion to a subset of DGC cases. 

Complete and incomplete IM subtypes, the latter being associated with a greater risk of 

progression, were characterised at the molecular level using gene expression data acquired from 

macro-dissected IM tissue. Complete IM was associated with genes highly expressed in the small 

intestine whereas incomplete IM was associated with genes expressed both in the colon and in 

GC suggesting it is molecularly closer to a state of malignancy. 

Using OPAL™ multiplex immunohistochemistry, the macrophage and T cell landscape in IM was 

investigated. In addition to traditional “M1-like” (IRF8) and “M2-like” (CD163, CD206) 

macrophage populations, a novel hybrid subgroup “M1/2” containing macrophages expressing 

both M1 and M2 markers in different combinations was identified. Overall, complete IM was 

characterised by M2 macrophages and greater levels of T cell infiltration whereas incomplete 

IM was characterised by M1/2 macrophages and fewer CD8 and double negative (DN) T cells. 

Spatial cell analysis showed significantly fewer CD8 and DN T cells in the vicinity of incomplete 

IM epithelial cells suggesting reduced immune-surveillance may play a key role in progression 

to dysplasia. 

IM subtyping is affected by intra-observer and inter-observer variation. To address this, the 

potential of CD10 and Das1 as biomarkers for subtyping complete and incomplete IM was 

investigated. Overall CD10 was shown to be an outstanding biomarker for complete IM and Das1 

was shown to have potential as an additional risk associated biomarker. 

GC animal models are associated with long duration and high cost. Optimised protocols for 

growing and characterising gastrointestinal organoids from gastroscopy biopsies were 
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developed. IM organoid cultures were successfully established and characterised. Additionally a 

human gastrointestinal organoid biobank was created.  

In conclusion this thesis offers potential evidence of IM as a precursor lesion to DGC, 

characterises the molecular differences between complete and incomplete IM and shows key 

differences in the innate and adaptive immune system between IM subtypes and how these may 

play a role in progression to GC. It also identifies two biomarkers with potential clinical utility for 

subtyping IM and describes the methodology for growing IM organoids with future potential as 

a model for studying gastric carcinogenesis. Finally future studies are required to gain further 

insight into the cellular and molecular evolution of gastric carcinogenesis which should lead to 

better management of patients with premalignant lesions and ultimately to the prevention of 

GC. 
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Preface 
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tissue by myself. 

Chapter 8: The optimisation of protocols for setting up and characterising organoid cultures was 

done in collaboration with Dr Rita Busuttil. Dr Rita Busuttil assisted with maintaining the large 

number of concurrently growing organoid cultures at any given time point.  



vi 
 

Acknowledgements 

I would like to thank all the people that have contributed to this work, either directly or 

indirectly. Although this thesis describes the work I did during the last four years, it would not 

have been possible if I had not received the support of so many highly talented individuals at 

the Peter MacCallum Cancer Centre and the University of Melbourne. 

First I would like to thank my supervisors, Professor Alex Boussioutas, Dr Rita Busuttil and Dr 

David Goode and my mentor Associate Professor Nick Clemons. I still remember the Skype video 

call I had with Alex and Rita, one evening in October 2015, to discuss the possibility of doing a 

PhD with them. I was still living in London at the time and got really excited by the possibility of 

travelling to the other side of the planet to work with them. I managed to get my application in 

on time and by mid-December I was offered the Melbourne Research Scholarship that would 

allow me to commence. In July 2016, Ana and I arrived in Melbourne, Australia to start this epic 

journey that has lasted four whole years.    

Thank you Alex for your continuous support throughout my PhD. Your enthusiasm and incredible 

knowledge of the gastric premalignant field have really kept me going. You have given me the 

time and space to develop my own ideas and to try out new things. 

Thank you Rita for the remarkable effort you have put into helping me improve both my lab skills 

and my written skills. When I first arrived at the Peter Mac, I had grown cell lines before but only 

to a limited extent. Now I know how to grow and characterise human organoid cultures from 

upper endoscopy biopsies. 

Thank you David for sharing your enthusiasm and knowledge in bioinformatics with me. I have 

really appreciated your willingness to explain even simple concepts to me when I was struggling 

to grasp them. 

Thank you Nick for listening to me in difficult times and always guiding me to see things from a 

positive perspective. Thank you also for all the coffees during our meetings at Super 8!! 

I would like to thank all the members in the Gastric Group and in particular Natasha who is 

incredible at what she does as a research assistant and very supportive as a colleague (also bakes 

delicious cakes and does home delivery too!), Tony (Yu-Kuan) who was willing to share details 

of his OPAL™ multiplex immunohistochemistry macrophage panel with me as described in this 

thesis and answer an incredibly large number of macrophage related questions without losing 

his temper once, Minyu who shared details of her OPAL™ multiplex immunohistochemistry T 



vii 
 

cell panel with me as described in this thesis, Andrew for his great sense of humour and his 

willingness to write a review paper with me on intestinal metaplasia and finally Todd for his 

patience and excellent support during this last year of my PhD. 

I would like to thank Dr Catherine Mitchell and Dr Stephen Lade for their help with the 

pathological assessment of tissues including the subtyping of a large number of intestinal 

metaplasia samples. Thank you also Catherine for willing to sit with me and subtype individual 

intestinal metaplasia glands. Really appreciate it. 

For the bioinformatics part of my thesis, I would like to thank Dr Anna Trigos who opened my 

eyes to the joys of single sample gene set enrichment analysis, Dr Maria Doyle for always being 

there to discuss even the smallest issues regarding R and Dr Alan Hershtal for introducing me to 

generalised linear models in R and how to apply these for my work. 

For all work involving immunohistochemistry, I would like to thank Associate Professor Sarah 

Ellis and all the staff at the Centre for Advanced Histology and Microscopy without whose help, 

this thesis would not exist. Thank you Marné for all your support with optimising the OPAL™ 

method and Metta for your incredible support in microscopy! Everyone in histology has been 

amazing in satisfying my incessant need to know and understand details about everything, and 

always with a smile. 

For the organoid part of my thesis, I would like to thank Elhadi Iich and Dr Camilla Mitchell who 

were always willing to help me with reagents and advice. Thank you also to Dr Maree Faux and 

Dr Yumiko Hirokawa from the WEHI, Dr Rosie Millen and Dr Dustin Flanagan for all your support 

in helping me set up the project and supplying the required reagents at the beginning. I would 

also like to thank Dr Benjamin Blyth for his support on developing immunofluorescent methods 

for staining organoids. Additionally I would like to thank Viki Milovac and her support staff for 

helping me carry out the FACS part of the organoid project and for taking the time to explain to 

me the different aspects of what we were doing. 

I would like to thank Associate Professor Caroline Owen for her phenomenal administrative 

support throughout these last four years. You are always there, paying attention to detail and 

helping students find their way forward. Also thank you to Niranga and Erica without whose 

support I would have struggled to complete my PhD. 

All the projects described in this thesis are based on samples from patients that have been 

courageous enough to participate and share a part of themselves for the benefit of the rest. 



viii 
 

Thank you! Also I would like to thank the University of Melbourne as a whole for providing me 

with this opportunity to do a PhD. 

Finally I would like to thank Ana, my wife, who was willing to give up an excellent job in London 

and travel with me to Australia for a new adventure. Ana, thank you for your incredible patience 

and support throughout all these four years. I owe you more than just a coffee! Thank you also 

to all my family who have supported me and in particular my mother Irini, my father Athanasios, 

my sister Christina and my brother Nikos! Thank you also to my aunts Erato, Eleni and Sophia 

for their lifelong support. Also thank you to my niece Paraskevi who was willing to travel to 

Melbourne to come and visit us and to my cousin Joseph. Thank you to Andreas, Andrea and 

Guilherme for your support. Thank you also to my mother- and father-in-law Angela and Jorge 

and my brother-in-law Romulo. My last thank you goes to the Newport Baptist church and the 

wonderful people we have met there and who have now become our friends. These include the 

den Elzen family (Luna, David, Alex and Ashley), Kim and Jed, Bernie and Catherine, and Linda, 

our wedding celebrant among others. 

  



ix 
 

Publications and Presentations 

The following is a publication arising as a result of work in this thesis: 

Koulis A, Buckle A, Boussioutas, A. Premalignant lesions and gastric cancer: Current 

understanding. World J Gastrointest Oncol. 2019;11(9):665-678. (Appendix A) 

 

The following are presentations at national and international meetings as a result of work in 

this thesis: 

May 2019 Porto Cancer Meeting 2019 in Porto, Portugal. “Reduced immune-surveillance 

in intestinal metaplasia leads to increased risk of progression to gastric cancer” 

(oral presentation). 

Nov 2018 Biomed Link Conference 2018 in Melbourne. “Reduced immune-surveillance in 

intestinal metaplasia leads to increased risk of progression to gastric cancer” 

(oral presentation). 

Aug 2018 Comprehensive Student Cancer Symposium 2018 at the Peter MacCallum 

Cancer Centre, Melbourne. “Investigating the immune microenvironment in 

gastric intestinal metaplasia” (oral presentation). 

Aug 2017 Comprehensive Student Cancer Symposium 2017 at the Peter MacCallum 

Cancer Centre, Melbourne. “Identifying key genes and pathways dysregulated 

in the progression to gastric cancer” (poster presentation). 

 

  



x 
 

List of Abbreviations 

ACRG Asian Cancer Research Group 
AG Atrophic gastritis 
AJCC American Joint Committee on Cancer 
AUROC Area Under the Receiver Operating Characteristic 
bcIM-GC Bioinformatically subtyped complete intestinal metaplasia in patients without GC 
biIM-GC Bioinformatically subtyped incomplete intestinal metaplasia in patients without GC 
BM Basal medium 
bmIM-GC Bioinformatically subtyped mixed intestinal metaplasia in patients without GC 
CD4 T cell CD3+CD4+FOXP3-CD8- cell 
CD8 T cell CD3+CD4-FOXP3-CD8+ cell 
CG Chronic gastritis 
CG+GC Chronic gastritis in patients with  concurrent GC 
CG-GC Chronic gastritis in patients without GC 
CI Confidence interval 
CIBERSORT Cell-type Identification By Estimating Relative Subsets Of RNA Transcripts 
cIM Complete intestinal metaplasia 
cIM+GC Complete intestinal metaplasia in patients with concurrent GC 
cIM-GC Complete intestinal metaplasia in patients without GC 
CIN Chromosomally instability 
DAB 3,3’-Diaminobenzidine 
DGC Diffuse gastric cancer 
DGC+IM Diffuse gastric tumour with adjacent intestinal metaplasia 
DGC-IM Diffuse gastric tumour without adjacent intestinal metaplasia 
DN T cell Double negative T cell CD3+CD4-FOXP3-CD8- cell 
EBV Epstein Barr virus 
ECM Extracellular matrix 
EGC Early gastric cancer 
EGF Epidermal Growth Factor 
EMR Endoscopic mucosal resection 
EMT Epithelial Mesenchymal Transition 
ESD Endoscopic submucosal dissection 
FCS Foetal calf serum 
FFPE Formalin-fixed paraffin embedded 
FGF Fibroblast growth factor 
GC Gastric cancer 
GEO Gene Expression Omnibus 
GI Gastrointestinal 
glm Generalised linear model 
GO Gene Ontology 
GOJ Gastro-oesophageal junction 
GS Genomically stable 
H&E Haematoxylin and eosin 
H. felis Helicobacter felis 
H. pylori Helicobacter pylori 
HGD High grade dysplasia 
HR Hazard Ratio 
HRP Horseradish peroxidase 
IARC International Agency for Research and Cancer 
IC IntestiCult™  
IFNγ Interferon gamma 
IGC Intestinal gastric cancer 
IGC+IM Intestinal gastric tumour with adjacent intestinal metaplasia 
IGC-IM Intestinal gastric tumour without adjacent intestinal metaplasia 
IHC Immunohistochemistry 



xi 
 

iIM Incomplete intestinal metaplasia 
iIM+GC Incomplete intestinal metaplasia in patients with concurrent GC 
iIM-GC Incomplete intestinal metaplasia in patients without GC 
IM Intestinal metaplasia 
IM+GC intestinal metaplasia in patients with concurrent GC 
IM-GC intestinal metaplasia in patients without GC 
IRF8 Interferon Regulatory Factor 8 
KEGG Kyoto Encyclopedia of Genes and Genomes 
LGD Low grade dysplasia 
MAIT cell Mucosal Associated Invariant T cell 
MAUGIC Molecular Analysis of Upper Gastrointestinal Cancer 
MGC Mixed gastric cancer 
MHC Major Histocompatibility Complex 
mIHC Multiplex immunohistochemistry 
M-MLV Moloney murine leukaemia virus 
MNNG N-methyl-N-nitro-N-nitrosoguanidine 
MNU N-methyl-N-nitrosourea 
MSI Microsatellite instability 
MSigDB The Molecular Signatures Database 
NK cell Natural Killer cell 
NN Normal gastric 
OGM Organoid growth medium 
OLGA Operative Link for Gastritis Assessment 
OLGIM Operative Link for Intestinal Metaplasia Assessment 
OR Odds Ratio 
PDL1 Programmed death-ligand 1 
Progressors Patients that have progressed to high grade dysplasia 
qRT-PCR Quantitative Real Time Polymerase Chain Reaction 
ROI Region of interest 
ROS Reactive oxygen species 
RR Relative Risk 
SD Standard deviation 
SPEM Spasmolytic peptide expressing metaplasia 
ssGSEA Single sample gene set enrichment analysis 
TAM Tumour associated macrophage 
TCGA The Cancer Genome Atlas 
TCR T cell receptor 
Th Helper T cell 
Treg Regulatory T cell 
WHO World Health Organisation 
κ Kappa statistic 

  



xii 
 

List of Figures 

Figure 1.1 World map showing the estimated age-standardized incidence rates for gastric cancer 
in 2018 (obtained from http://globocan.iarc.fr/, accessed 01/06/2020) ..................................... 1 

Figure 1.2 Dual bar chart showing age-standardised incidence rates for gastric (stomach) cancer 
for each sex separately in 2018 (obtained from http://globocan.iarc.fr/) ................................... 3 

Figure 1.3 The histology based Lauren classification system groups gastric adenocarcinomas into 
two main types: the intestinal type and the diffuse type ............................................................. 4 

Figure 1.4 Schematic representation of molecular subtypes of gastric cancer by The Cancer 
Genome Atlas Research Network (adapted from TCGA 2014, [42]) ............................................. 5 

Figure 1.5 Visual representation of the histologically defined Correa model leading up to the 
intestinal type of gastric cancer (IGC) [65] .................................................................................... 7 

Figure 1.6 Schematic representation of the stomach and an oxyntic (body/corpus) gland ......... 8 

Figure 1.7 Forest plot showing gastric cancer risk among patients with intestinal metaplasia (IM) 
from multiple studies (adapted from Shao et al 2018 [94], random-effects model used) ......... 10 

Figure 1.8 Schematic representation showing the recommended biopsy sites from the updated 
Sydney protocol [102] and the Operative Link for Gastritis Assessment (OLGA) staging system
 ..................................................................................................................................................... 11 

Figure 1.9 Forest plot showing individual and pooled risk ratios and 95% confidence intervals in 
studies comparing gastric cancer risk in patients with H. pylori eradication and controls (adapted 
from [112]) .................................................................................................................................. 12 

Figure 1.10 Forest plot of subgroup of studies reporting gastric cancer after H. pylori eradication 
treatment in patients with differing baseline histology (adapted from [124])........................... 13 

Figure 1.11 Figure and table showing relative improvements in patients with IM following H. 
pylori eradication treatment (adapted from [121]) .................................................................... 14 

Figure 1.12 Examples of complete and incomplete intestinal metaplasia (IM) .......................... 15 

Figure 1.13 Schematic and tabular representation of CD4+ T cell function including regulatory T 
cells (Tregs) following Helicobacter pylori infection (adapted from [188]) ................................ 22 

Figure 1.14 Cross-talk communication between tumour cells and immune cells (adapted from 
[250]) ........................................................................................................................................... 24 

Figure 1.15 Diagram showing multiple roles of tumour-associated macrophages (TAMs) in 
supporting tumour cell biology (adapted from [196]) ................................................................ 25 

Figure 1.16 Schematic representation of the general workflow from tissue or 
embryonic/induced pluripotent stem cells to organoid culture (adapted from [362]) .............. 32 

Figure 1.17 Schematic representation showing the use of tumour tissue derived organoids 
grown in the presence of stromal and immune cells using an air-liquid interface method 
(adapted from [374]) ................................................................................................................... 33 

Figure 2.1 Patients from the Molecular Analysis for Upper Gastro Intestinal Cancer (MAUGIC), 
the IM-GC, the Progressors and the Normal gastric cohorts were used for this thesis ............. 39 

Figure 2.2 Schematic representation of the Siewert classification system (adapted from [378])
 ..................................................................................................................................................... 40 

Figure 2.3 Subtyping of intestinal metaplasia samples ............................................................... 43 



xiii 
 

Figure 2.4 Spatial location analyses showing the nearest neighbour, number of cells within a 
specific radius (distance) and touch cell pairs............................................................................. 47 

Figure 3.1 Diagram showing the sources of information available to characterise the histological 
association of premalignant lesions with gastric cancer Lauren subtypes ................................. 56 

Figure 3.2 Schematic representation showing the presence of premalignant lesions adjacent and 
distant from gastric cancer ......................................................................................................... 56 

Figure 3.3 Chronic gastritis and intestinal metaplasia adjacent and distant (at least 2cm away) of 
Lauren gastric cancer types ......................................................................................................... 59 

Figure 3.4 Clinico-epidemiological details of patients with intestinal and diffuse gastric cancer 
without (-IM) and with (+IM) intestinal metaplasia adjacent to tumour ................................... 62 

Figure 3.5 Pathology details of patients with intestinal and diffuse gastric cancer without (-IM) 
and with (+IM) intestinal metaplasia adjacent to tumour .......................................................... 63 

Figure 4.1 Top 10 over-represented GO terms for (a) Biological Process and (b) Cellular 
Component in intestinal metaplasia (IM+GC; n=23) samples compared to normal gastric (NN; 
n=7) samples ............................................................................................................................... 72 

Figure 4.2 Relative abundance of immune cells in chronic gastritis (CG+GC) and intestinal 
metaplasia (IM+GC) determined using CIBERSORT .................................................................... 74 

Figure 4.3 Four way differential expressed gene analysis between premalignant tissues (chronic 
gastritis and intestinal metaplasia) and malignant tissues (intestinal and diffuse gastric cancer)
 ..................................................................................................................................................... 76 

Figure 4.4 Gene set over-representation analysis with GO Biological Process comparing 
premalignant tissues (chronic gastritis and intestinal metaplasia) and malignant tissues 
(intestinal and diffuse gastric cancer) ......................................................................................... 77 

Figure 4.5 Top 5 most significantly enriched Hallmark gene sets using ssGSEA in intestinal (IGC) 
and diffuse gastric cancer (DGC) when compared to intestinal metaplasia (IM+GC) ................ 79 

Figure 4.6 Trends in enriched chromosomal location and frequency of chromosomal copy 
number variations in tissues representing the Correa model .................................................... 81 

Figure 4.7 Expression of MYC and SOX9 in IM-GC and in rIM+GC samples ................................ 83 

Figure 4.8 Gene set over-representation analysis with GO Biological Process using differentially 
overexpressed genes in rIM+GC compared to IM-GC samples .................................................. 84 

Figure 4.9 Gene expression correlation heatmap using Pearson’s correlation coefficient (r) to 
identify possible targets for subtyping intestinal metaplasia in IM-GC ...................................... 86 

Figure 4.10 Hierarchically clustered heatmap (unsupervised) using gene expression of six key 
intestinal genes on IM-GC samples (n=14) ................................................................................. 86 

Figure 4.11 Hierarchical clustering (unsupervised) of all IM-GC samples using differentially 
expressed gene list ...................................................................................................................... 90 

Figure 4.12 Expression of gastric cancer associated biomarkers CEACAM5 and CEACAM6 in bcIM-
GC and biIM-GC samples ............................................................................................................. 91 

Figure 4.13 Gene expression of key T cell markers in bcIM-GC and biIM-GC samples ............... 92 

Figure 4.14 Correlation network showing T cell activity groups from bcIM-GC and biIM-GC 
samples ....................................................................................................................................... 94 



xiv 
 

Figure 4.15 Relationship shown between gene expression of CD8α with MME and CDX1 genes 
and between KLRB1 gene signature and GO Cellular Component term Brush border 
(GO0005903) ............................................................................................................................... 95 

Figure 4.16 Unsupervised hierarchical clustering of IM-GC samples from the Companioni et al 
2017 study [388] ......................................................................................................................... 97 

Figure 4.17 Gene expression of key T cell markers in the IM-GC samples from the Companioni 
2017 study [388] ......................................................................................................................... 98 

Figure 4.18 Single sample GSEA using ImmPort immune related gene sets with the IM-GC 
samples from the Companioni et al 2017 study [388]) ............................................................... 99 

Figure 5.1 Use of inForm software to acquire multi-parameter single cell data from target tissue 
previously stained with OPAL™ reagents .................................................................................. 109 

Figure 5.2 Spectrally unmixed image and 3D scatter plot showing multiple macrophage subsets 
(CD68+ cells) present in gastric premalignant lesions based on cellular co-localisation of markers
 ................................................................................................................................................... 111 

Figure 5.3 Normalised mean expression of key markers on macrophage subsets ................... 112 

Figure 5.4 PDL1 staining on gastric epithelial cells but not on intestinal metaplastic glands .. 113 

Figure 5.5 Total macrophage (CD68+) density differs between complete and incomplete 
intestinal metaplasia ................................................................................................................. 114 

Figure 5.6 Macrophage subset density in premalignant tissues from the IM-GC cohort ......... 115 

Figure 5.7 Macrophage subset density in premalignant tissues from the IM+GC cohort ........ 117 

Figure 5.8 Differences in total macrophage density between IM-GC and IM+GC samples ...... 118 

Figure 5.9 Differences in macrophage subset content between IM-GC and IM+GC samples .. 119 

Figure 5.10 Total, M1, M1/2 and M2 macrophage density in samples with intestinal metaplasia 
and matched adjacent chronic gastritis tissue from the IM-GC cohort .................................... 120 

Figure 5.11 Macrophage subset density in samples with intestinal metaplasia and matched 
adjacent chronic gastritis tissue from the IM-GC cohort .......................................................... 121 

Figure 5.12 Total, M1, M1/2 and M2 macrophage density in samples with intestinal metaplasia 
and matched adjacent chronic gastritis tissue in IM+GC cohort .............................................. 122 

Figure 5.13 Macrophage subset density in samples with intestinal metaplasia and matched 
adjacent chronic gastritis tissue from the IM+GC cohort ......................................................... 123 

Figure 5.14 M2 to M1/2 macrophage ratio in the IM-GC and IM+GC cohorts ......................... 124 

Figure 5.15 Mean number of total macrophages within a distance of 40µm from epithelial cells 
in the IM-GC and IM+GC cohorts .............................................................................................. 126 

Figure 5.16 Mean number of M2 and M1/2 macrophages within a distance of 40µm from 
epithelial cells in the IM-GC and IM+GC cohorts ...................................................................... 126 

Figure 5.17 Significant reduction of touching cell pair density in incomplete IM+GC between 
epithelial cells and total macrophages ..................................................................................... 127 

Figure 5.18 Touch pair cell density between epithelial cells, CD68+CD163+CD206+ and 
CD68+CD163+CD206+IRF8+ macrophages in the IM-GC and IM+GC cohorts .......................... 129 

Figure 5.19 Touch cell pair density between CD68+CD163+CD206+ and 
CD68+CD163+CD206+IRF8+ macrophages in the IM-GC and IM+GC cohorts .......................... 130 



xv 
 

Figure 5.20 Diagram and images with insets showing high grade dysplasia (HGD) with adjacent 
chronic gastritis where present at different sites and time points in patient P1 ..................... 133 

Figure 5.21 Diagram and images with insets showing low grade (LGD) and high grade dysplasia 
(HGD) present at adjacent sites (A2a and A2b) in patient P2 ................................................... 133 

Figure 5.22 Pooled and single site/time point macrophage density in patient P1 ................... 135 

Figure 5.23 Pooled and single site/time point macrophage subset density in patient P1 ....... 136 

Figure 5.24 Macrophage content in complete and incomplete IM differs by site and time point
 ................................................................................................................................................... 137 

Figure 5.25 High grade dysplasia at t3 shows large numbers of cells with high levels of expression 
for CD68, CD163 and IRF8 compared to matched adjacent chronic gastritis tissue ................ 138 

Figure 5.26 Pooled and single site/time point macrophage density in patient P2 ................... 140 

Figure 5.27 Pooled and single site/time point macrophage subset density in patient P2 ....... 141 

Figure 5.28 Macrophage profile in low grade and high grade dysplasia varies considerably in 
patient P2 .................................................................................................................................. 142 

Figure 5.29 M1-M2 macrophage spectrum including M1/2 macrophage subsets ................... 144 

Figure 6.1 OPAL™ multiplexed fluorescent immunohistochemistry staining using the T cell panel 
on human gastric intestinal metaplasia .................................................................................... 152 

Figure 6.2 T cell subsets based on the co-localisation of specific T cell markers ...................... 153 

Figure 6.3 Total T cell density in chronic gastritis, in complete and in incomplete intestinal 
metaplasia in the IM-GC and IM+GC cohorts ........................................................................... 153 

Figure 6.4 Total T cell density increases in complete intestinal metaplasia and decreases in 
incomplete intestinal metaplasia with temporal progression .................................................. 154 

Figure 6.5 T cell subset density in the IM-GC and IM+GC cohorts ............................................ 155 

Figure 6.6 T cell subset densities plotted by tissue type comparing IM-GC (“early”) and IM+GC 
(“late”) gastric premalignant lesions ......................................................................................... 156 

Figure 6.7 Total, CD4 and CD8 T cell density of matched chronic gastritis adjacent to intestinal 
metaplasia in IM-GC and IM+GC samples for individual patients ............................................ 158 

Figure 6.8 T cell subset and epithelial cell ratios in IM-GC and IM+GC samples ...................... 160 

Figure 6.9 Mean number of T cells within a 40µm radius and touch cell pair density between T 
cell subsets in the IM-GC and IM+GC cohorts ........................................................................... 162 

Figure 6.10 Mean number of T cells within a 40µm radius and touch cell pair density between 
epithelial cells and T cell subsets in the IM-GC and IM+GC cohorts ......................................... 164 

Figure 6.11 Lymphoid aggregate adjacent to complete IM glands but absent in incomplete IM
 ................................................................................................................................................... 166 

Figure 6.12 Matched regions of interest rich in intestinal metaplastic glands showing the 
presence of both T cells and macrophages ............................................................................... 167 

Figure 6.13 Correlation analysis between total T cell (CD3+) and macrophage (CD68+) 
populations in matched regions of interest of the IM-GC and IM+GC cohorts ........................ 168 

Figure 6.14 Quantitative relationships between T cell (CD3+) and macrophage (CD68+) subsets 
shown using correlation heatmaps in the IM-GC and IM+GC cohorts ..................................... 171 



xvi 
 

Figure 6.15 Correlation networks of normalised touch cell pair densities in IM-GC and IM+GC 
cohorts show changing landscape of T cell and macrophage interaction and their relationship 
with the epithelium ................................................................................................................... 173 

Figure 6.16 Pooled and single site/time point T cell subset density in patient P1 ................... 175 

Figure 6.17 T cell infiltration in high grade dysplasia and adjacent chronic gastritis in patient P1 
at time point t3 including nearest neighbour spatial analysis .................................................. 177 

Figure 6.18 Multiplexed images showing the distance (length of intercellular lines) between each 
CD8 T cell and its nearest FOXP3 T cell in high grade dysplasia and adjacent chronic gastritis in 
patient P1 in site A3 at time point t3 ........................................................................................ 178 

Figure 6.19 Pooled and single site/time point T cell subset density in patient P2 ................... 180 

Figure 6.20 How reduced immune-surveillance in incomplete intestinal metaplasia may lead to 
dysplasia .................................................................................................................................... 183 

Figure 7.1 Representative staining of anti-CD10 and Das1 staining on small intestine and colon 
positive control tissues .............................................................................................................. 191 

Figure 7.2 Serial sections of biopsy tissue stained with haematoxylin and eosin and with the 
OPAL™ multiplex IHC T cell panel showing complete intestinal metaplasia with brush border and 
the presence of CD10 ................................................................................................................ 192 

Figure 7.3 Serial sections of biopsy tissue stained with haematoxylin and eosin and with Das1 
antibody showing incomplete intestinal metaplasia ................................................................ 193 

Figure 7.4 Receiver Operating Characteristic (ROC) curve and Area Under Receiver Operating 
Characteristic (AUROC) for CD10 and CD10 combined with Das1 staining using logistic regression
 ................................................................................................................................................... 196 

Figure 7.5 Das1 staining in the lower part of incomplete intestinal metaplasia glands ........... 197 

Figure 7.6 Digital quantification of Das1 staining on intestinal metaplasia glands using an overlay
 ................................................................................................................................................... 197 

Figure 7.7 Das1 staining by region of interest in the IM-GC samples ....................................... 198 

Figure 7.8 Das1 stains positive a case of intestinal metaplasia with differing diagnosis .......... 199 

Figure 7.9 Analysis of Das1 staining across whole section in IM-GC samples .......................... 200 

Figure 7.10 Das1 staining by region of interest in the IM+GC samples .................................... 201 

Figure 7.11 Analysis of Das1 staining across whole section in IM+GC samples ........................ 201 

Figure 7.12 Comparison of Das1 staining per section between IM-GC and IM+GC cohorts .... 202 

Figure 7.13 The relationship between Das1 staining and macrophage subset density in 
incomplete intestinal metaplasia of IM-GC samples ................................................................ 203 

Figure 8.1 Schematic representation including tissue details of workflow for establishing, 
growing and characterising gastrointestinal organoids ............................................................ 212 

Figure 8.2 Human tissue samples used to set up organoid cultures ........................................ 213 

Figure 8.3 Human organoids grow successfully from a single gastric biopsy but have limited 
longevity .................................................................................................................................... 213 

Figure 8.4 Gastric, small intestine and colon organoids grow from porcine tissue .................. 214 

Figure 8.5 Early porcine organoid cultures (day 6) grown from gastric and small intestinal tissue 
using both the enzyme digestion and the chelation buffer isolation methods ........................ 215 



xvii 
 

Figure 8.6 Early porcine organoid cultures (day 4) derived from gastric and small intestinal tissue 
in the presence and absence of FGF10 in the growth medium ................................................ 216 

Figure 8.7 Effect of starting amount of tissue in organoid colony formation and growth (day 6)
 ................................................................................................................................................... 217 

Figure 8.8 Porcine organoids grow from previously frozen small intestinal organoid cultures 217 

Figure 8.9 Chelation buffer method for organoid derivation from human pooled gastric biopsies
 ................................................................................................................................................... 219 

Figure 8.10 RNA yield is proportional to the starting number of actively growing porcine 
organoids ................................................................................................................................... 219 

Figure 8.11 Porcine small intestinal organoids stain positive with anti-CDX2 and anti-CD10 
antibodies .................................................................................................................................. 220 

Figure 8.12 Morphology does not allow differentiation between human gastric and small 
intestinal organoids ................................................................................................................... 221 

Figure 8.13 Optimised staining for MUC5C, MUC6, CDX2, TFF3 and CD10 antibodies on gastric 
and small intestinal tissue ......................................................................................................... 223 

Figure 8.14 MUC5AC and CDX2 staining of gastric and small intestinal organoids .................. 224 

Figure 8.15 Identification of gastric derived intestinal metaplasia organoids using CDX2 staining
 ................................................................................................................................................... 224 

Figure 8.16 Intestinal metaplastic organoids do not fully replicate expression pattern for 
MUC5AC, TFF3 and CD10 markers on tissue of origin in patient G25 ...................................... 225 

Figure 8.17 Antral, body and small intestinal (SI) organoids characterised for expression of TFF1, 
TFF2 and VIL1 using qRT-PCR .................................................................................................... 226 

Figure 8.18 Characterisation of clonal body, antral and small intestinal (SI) organoids for 
expression of TFF1, TFF2, VIL1 and CDX2 .................................................................................. 226 

Figure 8.19 Experiment 1: Investigating the effect of removing the niche factors Wnt3A, 
nicotinamide and p38 MAPK inhibitor SB202190 on antral and small intestinal organoid cultures 
(Table 8.3) ................................................................................................................................. 229 

Figure 8.20 Experiment 2: The contribution of different niche factors on antral, body and small 
intestine organoids (Table 8.3) ................................................................................................. 230 

Figure 8.21 Experiment 2: The effect of niche factors on gene expression of antral, body and 
small intestinal organoids ......................................................................................................... 233 

Figure 8.22 Experiment 3: The effect of IntestiCult™ with and without human component B on 
antral and small intestinal organoids ........................................................................................ 234 

Figure 8.23 OLFM4 staining of gastric, intestinal metaplastic and small intestinal tissue ....... 236 

Figure 8.24 FACS plots showing gating strategy to obtain single OLM4- and OLFM4+ cells from 
gastrointestinal organoids......................................................................................................... 237 

Figure 8.25 Fluorescence-activated cell sorting of gastrointestinal organoids using stem cell 
marker OLFM4 results in organoid formation mainly in the negatively sorted fraction .......... 238 

Figure 8.26 Intestinal metaplastic organoids from patients G10 and G25 show differing OLFM4 
staining ...................................................................................................................................... 239 

Figure 9.1 Histo-temporal model of increasing risk of progression using Correa premalignant 
lesions from patients with (IM+GC) and without concurrent gastric cancer (IM-GC) .............. 254 



xviii 
 

Figure 9.2 Schematic summary of the key findings described in this thesis with respect to 
intestinal metaplasia and progression to gastric cancer........................................................... 269 
 

  



xix 
 

List of Tables 

Table 1.1 Hazard Ratios (HR) and 95% confidence intervals (95% CI) for GC among patients with 
different premalignant lesions compared with the normal group (adapted from [85]) .............. 9 

Table 1.2 The Operative Link for Gastric Intestinal Metaplasia Assessment (OLGIM) staging 
system ......................................................................................................................................... 11 

Table 1.3 Combined use of chemical carcinogen and H. pylori to induce gastric cancer in rodent 
models (adapted from [291]) ...................................................................................................... 28 

Table 1.4 A summary of key genetic mouse models used to study gastric cancer (adapted from 
[289]) ........................................................................................................................................... 29 

Table 1.5 Mouse models of gastric premalignant lesions (adapted from [320]) ........................ 30 

Table 2.1 General materials and reagents .................................................................................. 35 

Table 2.2 Antibodies .................................................................................................................... 36 

Table 2.3 OPAL™ 7-color manual IHC kit ..................................................................................... 36 

Table 2.4 Primers used for quantitative Real Time PCR .............................................................. 37 

Table 2.5 Cell lines used to produce conditioned media ............................................................ 37 

Table 2.6  Equipment .................................................................................................................. 37 

Table 2.7 Software ...................................................................................................................... 37 

Table 2.8 R packages (R version 3.5.3 and online server R version 3.5.1) .................................. 38 

Table 2.9 OPAL panel staining details and fluorophores used .................................................... 44 

Table 2.10 Organoid growth media details ................................................................................. 50 

Table 2.11 Staining conditions of primary antibodies used with immunohistochemistry to 
characterise gastrointestinal organoids ...................................................................................... 53 

Table 3.1 Description of patient cohort used in this study ......................................................... 57 

Table 3.2 Frequency of premalignant lesions adjacent and distant (at least ≥ 2cm away) from 
Lauren gastric cancer subtypes ................................................................................................... 60 

Table 3.3 Frequency of premalignant lesions adjacent and distant (at least ≥ 2cm away) from 
Lauren gastric cancer subtypes focusing on “true gastric cancers” only (GOJ excluded)........... 60 

Table 4.1 Description of cohorts with Affymetrix microarray data (HG-U133 Plus 2.0) used in this 
study ............................................................................................................................................ 70 

Table 4.2 Top 10 differentially expressed genes ranked by log2 fold change between normal (NN) 
and intestinal metaplasia (IM+GC) tissue ................................................................................... 71 

Table 4.3 Top genes by log2 fold change overexpressed in macro-dissected IM-GC and rIM+GC 
samples ....................................................................................................................................... 83 

Table 4.4 Top 5 enriched Hallmark and Transcription Factor Target gene sets in rIM+GC ........ 84 

Table 4.5 Top enriched pathways/GO terms comparing bcIM-GC and biIM-GC using single 
sample gene set enrichment analysis ......................................................................................... 88 

Table 4.6 Differentially expressed genes in bcIM-GC and biIM-GC samples .............................. 89 

Table 4.7 Significantly enriched cytokines and chemokines in bcIM-GC and biIM-GC samples . 92 



xx 
 

Table 4.8 Differentially expressed genes in cIM-GC1 and iIM-GC1 samples from Companioni et al 
2017 [388] using GEO2R online tool ........................................................................................... 96 

Table 4.9 Top 10 genes by adjusted p value1 over-expressed in bcIM-GC compared to biIM-GC 
samples (Companioni et al 2017 study, [388])............................................................................ 97 

Table 4.10 Significantly enriched cytokines, chemokines and their associated receptors using the 
IM-GC samples from the Companioni et al 2017 study [388] ..................................................... 98 

Table 5.1 Clinical details of patients used for the OPAL™ multiplex immunohistochemistry 
macrophage study from the IM-GC, the Progressors and the IM+GC (MAUGIC) cohorts ........ 108 

Table 5.2 Normalised1 touch cell pair analysis showing targeted changes across tissues 
representing histological progression in the IM-GC and IM+GC cohorts ................................. 131 

Table 6.1 Normalised1 touch pair analysis showing changes in T cell targeting across tissues 
representing histological progression in the IM-GC and the IM+GC cohorts ........................... 165 

Table 6.2 Clinical parameters of patients with matched T cell and macrophage data ............. 168 

Table 7.1 Clinical details of IM-GC, Progressors and IM+GC patients with intestinal metaplastic 
tissue used to characterise CD10 and Das1 staining ................................................................. 190 

Table 7.2 Sensitivity and specificity of CD10 for individual complete intestinal metaplastic glands
 ................................................................................................................................................... 194 

Table 7.3 Sensitivity and specificity of Das1 for individual incomplete intestinal metaplastic 
glands ........................................................................................................................................ 195 

Table 7.4 Logistic regression models comparing CD10 with combined CD10 + Das1 staining for 
complete intestinal metaplastic glands .................................................................................... 196 

Table 8.1 Clinical details of patient cohort used for gastrointestinal organoid study .............. 211 

Table 8.2 Isolation methods and growth media used to identify optimal conditions for 
establishing and growing porcine organoids ............................................................................ 214 

Table 8.3 Experimental plan to investigate the effect of niche factors on the proliferation and 
differentiation of gastrointestinal organoids ............................................................................ 227 

Table 8.4 Immunohistochemistry using MUC5AC and CDX2 to characterise differentiation of 
gastrointestinal organoids grown in customised growth media (Experiment 2) ...................... 231 
  



xxi 
 

Table of Contents 

Thesis abstract ………………………………………………………………………………………………………………………….ii 

Declaration ……………………………………………………………………………………………………………………………..iv 

Preface …………………………………………………………………………………………………………………………………….v 

Acknowledgments ..…………………………………………………………………………………………………………………vi 

Publications and Presentations ………………………………………………………………………………………………ix 

List of Abbreviations ……………………………………………………………………………………………………………….x 

List of Figures …………………………………………………………………………………………………………………………xii 

List of Tables ………………………………………………………………………………………………………………………….xix 

Table of Contents …………………………………………………………………………………………………………………..xxi 

 
Chapter 1 Literature review .......................................................................................................... 1 

1.1 Gastric cancer ...................................................................................................................... 1 

1.1.1 Epidemiology ................................................................................................................ 1 

1.1.2 Risk factors ................................................................................................................... 2 

1.1.3 Histological classification of gastric cancer .................................................................. 3 

1.1.4 Molecular classification of gastric cancer .................................................................... 4 

1.1.5 Treatment options for patients with gastric cancer .................................................... 6 

1.2 Premalignant lesions and gastric cancer ............................................................................. 6 

1.2.1 The Correa model of progression ................................................................................. 6 

1.2.2 Clinical association between gastric premalignant lesions and gastric cancer ............ 9 

1.2.3 The Operative Link for Gastritis Assessment (OLGA) and the Operative Link for 

Intestinal Metaplasia Assessment (OLGIM) ........................................................................ 10 

1.3 Intestinal metaplasia ......................................................................................................... 12 

1.3.1 A point of no return? .................................................................................................. 12 

1.3.2 Intestinal metaplasia subtypes ................................................................................... 14 

1.3.3 Why and how does intestinal metaplasia occur? ...................................................... 16 

1.3.4 Risk factors in intestinal metaplasia ........................................................................... 17 

1.3.5 Spasmolytic peptide expressing metaplasia .............................................................. 18 

1.4 The role of the immune system in gastric carcinogenesis ................................................ 18 

1.4.1 The innate immune system in gastric premalignant lesions ...................................... 19 

1.4.2 The adaptive immune system in gastric premalignant lesions .................................. 21 

1.4.3 Gastric cancer and the immune system ..................................................................... 24 

1.5 Biomarkers of gastric carcinogenesis ................................................................................ 26 

1.5.1 Serum biomarkers ...................................................................................................... 26 

1.5.2 Tissue biomarkers based on intestinal metaplasia .................................................... 27 

1.6. Models of gastric carcinogenesis ..................................................................................... 27 



xxii 
 

1.6.1 Animal models of gastric cancer ................................................................................ 27 

1.6.2 Animal models of gastric precancerous lesions ......................................................... 29 

1.6.3 The lack of cell lines to model gastric carcinogenesis ................................................ 31 

1.6.4 Organoid models in carcinogenesis ........................................................................... 31 

1.7 Goals of this thesis ............................................................................................................ 34 

Chapter 2 Materials & Methods.................................................................................................. 35 

2.1 Materials ........................................................................................................................... 35 

2.2 Patient cohorts .................................................................................................................. 38 

2.2.1 The Molecular Analysis for Upper Gastro Intestinal Cancer cohort .......................... 38 

2.2.2 Screening and surveillance (S2P) cohorts .................................................................. 39 

2.3 Histological association of intestinal metaplasia with Lauren gastric cancer subtypes 

(Chapter 3) .............................................................................................................................. 40 

2.3.1 Patient selection criteria ............................................................................................ 40 

2.3.2 Statistical analysis ....................................................................................................... 41 

2.4 Gene expression profiling (Chapter 4) .............................................................................. 41 

2.4.1 Differential gene expression ...................................................................................... 41 

2.4.2 Gene set over-representation and single sample gene set enrichment analysis ...... 41 

2.4.3 Gene expression validation ........................................................................................ 42 

2.4.4 Cell-type Identification By Estimating Relative Subsets Of RNA Transcripts 

(CIBERSORT) ........................................................................................................................ 42 

2.5 OPAL™ multiplex immunohistochemistry (Chapters 5-7) ................................................. 42 

2.5.1 Sample selection and subtyping of intestinal metaplasia .......................................... 42 

2.5.1 Single slide library creation ........................................................................................ 43 

2.5.2 Multiplex immunohistochemistry staining ................................................................ 45 

2.5.3 Slide scanning and imaging using VECTRA microscope .............................................. 45 

2.5.4 inForm multispectral unmixing and cell phenotyping ............................................... 45 

2.5.5 Spatial location analysis of cell types ......................................................................... 46 

2.5.6 Statistical analysis ....................................................................................................... 47 

2.6 Biomarkers (Chapter 7) ..................................................................................................... 48 

2.6.1 Determining the presence of CD10 on individual IM glands ..................................... 48 

2.6.2 Determining the presence of Das1 on individual IM glands ...................................... 48 

2.6.3 Quantification of Das1 staining across whole section ............................................... 48 

2.6.4 Statistical analysis ....................................................................................................... 48 

2.7 Organoid model (Chapter 8) ............................................................................................. 49 

2.7.1 Tissue processing and establishing human gastrointestinal organoid cultures ......... 49 

2.7.2 Organoid growth media ............................................................................................. 50 



xxiii 
 

2.7.3 Establishing organoid cultures from fresh porcine tissue .......................................... 50 

2.7.4 Establishing porcine organoid cultures from previously cryopreserved tissue ......... 51 

2.7.5 Passaging/reseeding of organoid cultures ................................................................. 51 

2.7.6 Freezing down organoid cultures ............................................................................... 51 

2.7.7 Reanimating cryopreserved organoid cultures .......................................................... 51 

2.7.8 RNA isolation from organoid cultures ........................................................................ 52 

2.7.9 Reverse transcription ................................................................................................. 52 

2.7.10 Quantitative Real Time PCR (qRT-PCR) .................................................................... 52 

2.7.11 Fixing and embedding of organoids ......................................................................... 52 

2.7.12 Single stain immunohistochemistry ......................................................................... 53 

2.7.13 Production of conditioned media ............................................................................ 53 

2.7.14 Fluorescence-Activated Cell Sorting (FACS) ............................................................. 54 

Chapter 3 Investigating the relationship between intestinal metaplasia and Lauren gastric 

cancer subtypes........................................................................................................................... 55 

3.1 Introduction....................................................................................................................... 55 

3.2 Hypothesis and aims ......................................................................................................... 55 

3.3 Results ............................................................................................................................... 55 

3.3.1 Description of the study cohort ................................................................................. 55 

3.3.2 Prevalence of premalignant lesions adjacent and distant to tumour ........................ 58 

3.3.3 Clinico-epidemiological details of gastric cancer patients without and with adjacent 

intestinal metaplasia ........................................................................................................... 61 

3.3.4 Pathology details of gastric cancer patients without and with adjacent intestinal 

metaplasia ........................................................................................................................... 61 

3.4 Summary and discussion ................................................................................................... 64 

3.4.1 Discussion ................................................................................................................... 64 

3.4.2 Study limitations......................................................................................................... 67 

Chapter 4 Characterising the gene expression profile of tissues associated with gastric 

carcinogenesis ............................................................................................................................. 68 

4.1 Introduction....................................................................................................................... 68 

4.2 Aims ................................................................................................................................... 68 

4.3 Results ............................................................................................................................... 69 

4.3.1 Samples profiled using Affymetrix microarrays ......................................................... 69 

4.3.2 Intestinal metaplasia characterised using differential gene expression and gene set 

over-representation analysis............................................................................................... 69 

4.3.3 Characterising the immune landscape in chronic gastritis and intestinal metaplasia 

using CIBERSORT ................................................................................................................. 73 



xxiv 
 

4.3.4 Identifying shared differentially expressed genes between premalignant and 

malignant lesions ................................................................................................................ 75 

4.3.5 Single sample gene set enrichment analysis identifies shared enrichment in cancer 

hallmark pathways between intestinal metaplasia and gastric cancer subtypes ............... 78 

4.3.6 Trends in enriched chromosomal bands by gene expression correspond to copy 

number gains in gastric cancer............................................................................................ 80 

4.3.7 Molecular characterisation of intestinal metaplasia without and with concurrent 

gastric cancer reveals differences in levels of inflammation and transcription factors 

associated with gastric cancer ............................................................................................ 82 

4.3.8 Subtyping of intestinal metaplasia using gene expression profiles ........................... 85 

4.3.9 Single sample GSEA confirms metabolic and small intestinal character of bcIM-GC 

samples and suggests enriched immune activity ................................................................ 87 

4.3.10 Differential gene expression allows further characterisation of intestinal metaplasia 

subtypes .............................................................................................................................. 88 

4.3.11 Higher expression of gastric cancer associated biomarkers CEACAM5 and CEACAM6 

in biIM-GC samples ............................................................................................................. 91 

4.3.12 Single gene analysis of immune related genes identifies distinct immune profiles in 

intestinal metaplasia subtypes ............................................................................................ 91 

4.3.13 Immune gene correlation matrix suggests the presence of three main types of T 

cell activity ........................................................................................................................... 93 

4.3.14 T cell immune gene signature associated with complete intestinal metaplasia ..... 94 

4.3.15 Gene expression profiling of intestinal metaplasia validation cohort from 

Companioni et al 2017 study [388] ..................................................................................... 95 

4.3.16 Subtyping and characterisation of intestinal metaplasia samples from the 

Companioni cohort using 28 gene signature ...................................................................... 96 

4.4 Summary and discussion ................................................................................................... 99 

4.4.1 Discussion ................................................................................................................. 100 

4.4.2 Study limitations....................................................................................................... 105 

Chapter 5 Characterising the macrophage landscape in intestinal metaplasia ........................ 106 

5.1 Introduction..................................................................................................................... 106 

5.2 Hypothesis and aims ....................................................................................................... 107 

5.3 Results ............................................................................................................................. 107 

5.3.1 Description of cohorts used in this study ................................................................. 107 

5.3.2 OPAL™ multiplex immunohistochemistry for macrophage panel ........................... 108 

5.3.3 Macrophage immune profile in gastric premalignant lesions consists of six main 

subsets ............................................................................................................................... 110 

5.3.4 Level of expression of key markers differs between macrophage subsets ............. 110 

5.3.5 Total macrophage cell density highest in complete and lowest in incomplete 

intestinal metaplasia with differing subset distribution ................................................... 113 



xxv 
 

5.3.6 M2 macrophages dominate the macrophage profile of the microenvironment in 

intestinal metaplasia ......................................................................................................... 114 

5.3.7 Evolution of macrophage populations with time ..................................................... 117 

5.3.8 Matched chronic gastritis has similar macrophage content compared to adjacent 

intestinal metaplasia ......................................................................................................... 120 

5.3.9 Reduced M2 to M1/2 macrophage ratio along histological and temporal progression

 ........................................................................................................................................... 124 

5.3.10 The macrophage landscape within a distance of 40µm from the epithelium changes 

with histo-temporal progression ....................................................................................... 125 

5.3.11 Histo-temporal progression characterised by higher CD68+CD163+CD206+IRF8+ 

and lower CD68+CD163+CD206+ touch cell pair density with epithelial cells ................. 127 

5.3.12 Temporal progression in intestinal metaplasia characterised by lower touch cell 

pair density between CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8+ 

macrophages ..................................................................................................................... 130 

5.3.13 Decreased macrophage targeting of the epithelium in complete IM .................... 131 

5.3.14 Description of multi-site and time point tissue samples available from two case 

studies that have progressed to high grade dysplasia ...................................................... 132 

5.3.15 Macrophage profiling of patient P1 shows high M1 and M1/2 macrophage density 

in high grade dysplasia ...................................................................................................... 133 

5.3.16 Macrophage profile of patient P2 shows high M2 macrophage density in high grade 

dysplasia ............................................................................................................................ 139 

5.4 Summary and discussion ................................................................................................. 143 

5.4.1 Discussion ................................................................................................................. 143 

5.4.2 Technical limitations ................................................................................................ 147 

Chapter 6 Characterising the T cell landscape in intestinal metaplasia .................................... 150 

6.1 Introduction..................................................................................................................... 150 

6.2 Hypothesis and aims ....................................................................................................... 151 

6.3 Results ............................................................................................................................. 151 

6.3.1 Description of cohorts and OPAL™ multiplex immunohistochemistry used with the T 

cell panel ........................................................................................................................... 151 

6.3.2 T cell immune profile in gastric premalignant lesions consists of four main subsets

 ........................................................................................................................................... 152 

6.3.3. Higher total T cell density in the complete subtype of intestinal metaplasia in both 

the IM-GC and IM+GC cohorts .......................................................................................... 153 

6.3.4 Total T cell density increases in complete IM and decreases in incomplete IM with 

temporal progression ........................................................................................................ 154 

6.3.5 Complete intestinal metaplasia characterised by influx of CD4 and DN T cells 

whereas incomplete IM shows lower density of all T cell subsets except for FOXP3 T cells

 ........................................................................................................................................... 154 



xxvi 
 

6.3.6 Matched adjacent chronic gastritis has fewer CD4 T cells than complete intestinal 

metaplasia ......................................................................................................................... 157 

6.3.7 T cell subset ratios show recurrent pattern across tissue types with time ............. 159 

6.3.8 Epithelial cell to T cell subset ratios differ between complete and incomplete 

intestinal metaplasia ......................................................................................................... 159 

6.3.9 Lower levels of T cell-T cell interaction in incomplete intestinal metaplasia .......... 161 

6.3.10 Lower levels of epithelial cell-T cell interaction in incomplete intestinal metaplasia

 ........................................................................................................................................... 163 

6.3.11 CD8 T cells target the epithelium in incomplete intestinal metaplasia ................. 165 

6.3.12 Investigating the relationship between T cells and macrophages ......................... 166 

6.3.13 Quantitative relationships between T cell and macrophage subsets differ by tissue 

type and between cohorts ................................................................................................ 169 

6.3.14 Integrating the spatial relationships of T cells, macrophage and epithelial cells .. 172 

6.3.15 T cell profiling of Progressor patient P1 shows increased FOXP3 T cell density 

associated with progression to high grade dysplasia ........................................................ 174 

6.3.16 T cell profile in patient P2 shows only minor differences ...................................... 179 

6.4. Summary and discussion ................................................................................................ 181 

6.4.1 Discussion ................................................................................................................. 181 

6.4.2 Technical limitations ................................................................................................ 186 

Chapter 7 Characterising the potential of CD10 and Das1 as biomarkers for the complete and 

incomplete subtypes of intestinal metaplasia .......................................................................... 188 

7.1 Introduction..................................................................................................................... 188 

7.2 Hypothesis and aims ....................................................................................................... 189 

7.3 Results ............................................................................................................................. 189 

7.3.1 Validation of CD10 and Das1 as biomarkers of intestinal metaplasia subtypes ...... 189 

7.3.2 CD10 has very high sensitivity and specificity for identifying complete intestinal 

metaplasia glands .............................................................................................................. 193 

7.3.3 Das1 has low sensitivity but high specificity for identifying incomplete intestinal 

metaplasia glands .............................................................................................................. 194 

7.3.4 Logistic regression modelling of combined CD10 and Das1 staining ....................... 195 

7.3.5 Das1 staining is associated with incomplete intestinal metaplasia in the IM-GC 

cohort ................................................................................................................................ 196 

7.3.6 Whole section Das1 staining is higher in IM-GC patients with incomplete intestinal 

metaplasia ......................................................................................................................... 199 

7.3.7 Das1 staining is associated with incomplete intestinal metaplasia tissue in the 

IM+GC cohort .................................................................................................................... 200 

7.3.8 Das1 staining is higher in complete intestinal metaplasia tissues of IM+GC patients

 ........................................................................................................................................... 202 



xxvii 
 

7.3.9 Das1 staining associated with CD68+IRF8+ and CD68+CD163+IRF8+ macrophages in 

incomplete intestinal metaplasia in IM-GC patients ......................................................... 202 

7.4 Summary and discussion ................................................................................................. 204 

7.4.1 Discussion ................................................................................................................. 204 

7.4.2 Technical limitations ................................................................................................ 207 

Chapter 8 Developing an intestinal metaplasia organoid model .............................................. 209 

8.1 Introduction..................................................................................................................... 209 

8.2 Aims ................................................................................................................................. 210 

8.3 Results ............................................................................................................................. 210 

8.3.1 Clinical details of patient samples ............................................................................ 210 

8.3.2 Pilot study to determine feasibility of project ......................................................... 211 

8.3.3 Establishing parameters for growing organoids using a porcine model .................. 213 

8.3.4 Growing human gastrointestinal organoids ............................................................. 218 

8.3.5 Establishing parameters for characterising organoids using the porcine model ..... 218 

8.3.6 Characterising human gastrointestinal organoids by morphology and 

immunohistochemistry ..................................................................................................... 220 

8.3.7 Characterising gastrointestinal organoids using quantitative Real Time PCR ......... 225 

8.3.8 Investigating the role of niche factors in gastrointestinal organoid proliferation and 

differentiation ................................................................................................................... 227 

8.3.9 Growing organoids from cell sorted cells using the intestinal stem cell marker 

OLFM4 ............................................................................................................................... 235 

8.3.10 Creation of an organoid biobank ........................................................................... 240 

8.4 Summary and discussion ................................................................................................. 240 

8.4.1 Discussion ................................................................................................................. 240 

8.4.2 Technical limitations ................................................................................................ 245 

Chapter 9 Discussion and future directions .............................................................................. 247 

9.1 Intestinal metaplasia is associated with diffuse gastric cancer ...................................... 247 

9.2 The complete and incomplete subtypes of intestinal metaplasia differ at the molecular 

level ....................................................................................................................................... 250 

9.3 Macrophage and T cell landscapes differ between complete and incomplete intestinal 

metaplasia ............................................................................................................................. 253 

9.4 Determining the biomarker potential of anti-CD10 and Das1 antibodies for subtyping 

complete and incomplete intestinal metaplasia ................................................................... 259 

9.5 Intestinal metaplasia organoids can be grown from gastroscopy biopsies .................... 262 

9.6 Future directions ............................................................................................................. 264 

9.7 Conclusions...................................................................................................................... 267 

 



xxviii 
 

REFERENCES …………………………………………………………………………………………………………………………271 

APPENDICES …………………………………………………………………………………………………………………………318 

 



1 
 

Chapter 1 Literature review 

1.1 Gastric cancer 

1.1.1 Epidemiology 

The incidence of gastric cancer (GC) has been declining but it is still the fifth most common and 

third most lethal cancer in the world [1, 2]. Globocan data estimates that 1 034 000 new cases 

were diagnosed and 738 000 individuals died from this disease in 2018 (http://globocan.iarc.fr/ 

accessed 01/06/2020). Geographically, high risk areas include China (more than 40% of all new 

cases worldwide), Japan, South Korea, Eastern Europe, Central and South America [2] (Figure 

1.1). Low incidence areas are Australia and New Zealand, North America, Western Europe, South 

Central Asia and most parts of Africa ([3], http://globocan.iarc.fr/ accessed 01/06/2020).  

 
Figure 1.1 World map showing the estimated age-standardized incidence rates for gastric 
cancer in 2018 (obtained from http://globocan.iarc.fr/, accessed 01/06/2020) 

Although the incidence and mortality in Australia for GC are much lower compared to those for 

the main five cancer types (prostate, breast, bowel, melanoma and lung cancer), more than 2200 

new cases were diagnosed in 2015 and almost 1100 deaths occurred in 2016 due to this disease 

(https://www.cancer.org.au, accessed 05/06/2020). The five year survival rate is only 30%, 

much lower than that for prostate cancer (95%), breast cancer (91%) and bowel cancer (69%) 

but still higher than lung cancer (17%) (https://www.cancer.org.au, accessed 05/06/2020). GC 

tends to be asymptomatic and most GC patients present at an advanced stage of disease with 

no general population screening available [4, 5]. Given the low prevalence in this country it is 

difficult to make an economic argument for universal screening. However in high incidence 
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countries such as Japan and South Korea where population based screening is performed, the 

five year survival rate is much higher (61.6% and 76% respectively) [6, 7]. 

The vast majority of gastric cancers are sporadic gastric adenocarcinomas (>90%) and the 

premalignant conditions associated with these are the main focus of this thesis. Other less 

common types of GC include gastric lymphomas, hereditary diffuse gastric cancers or occur due 

to cancer predisposition syndromes such as Li-Fraumeni syndrome, Lynch syndrome and Peutz-

Jegers syndrome [8-12] that will not be discussed further. 

1.1.2 Risk factors 

Infection with Helicobacter pylori, a Gram-negative spiral shaped microaerophilic bacterium 

[13], is the major cause of GC worldwide [14-17]. In 1994, H. pylori was categorised as a class I 

carcinogen by the International Agency for Research on Cancer [18]. The global systematic 

review by Hooi et al 2017 estimated that approximately 4.4 billion individuals were infected with 

H. pylori in 2015 (~60% of the total population in 2015) with infection rates varying widely 

between UN regions: from 24.4% in Oceania to 79.1% in Africa [19]. Australia had relatively low 

infection rates (overall 24.4%) but with regional wide variation and particularly high rates in 

Indigenous communities including the Martu remote rural communities in Western Australia 

reaching a prevalence of 91% [20]. 

In addition to regional differences, prevalence of H. pylori worldwide has also been shown to 

increase considerably with age [16, 21]. In the USA prevalence ranged from 20% in 18-29 year 

olds to 47% in 60-69 year olds [22] and in Japan it was less than 20% in 20 year olds increasing 

to 70-80% in 40 year olds [23]. Additionally the recent systematic review with meta-analysis by 

Zamani et al 2018 showed that prevalence overall was significantly higher in adults (>18 years) 

than in children across all continents with available data (no data for Oceania) [24]. 

Males are twice as likely to develop GC compared to females, particularly those of more 

advanced age (>50 years old) (http://globocan.iarc.fr/ accessed 01/06/2020, Figure 1.2). 

Environmental and lifestyle choices such as smoking and alcohol have also been shown to be 

associated with increased risk [25-27]. Other risk factors for GC include a high salt diet, smoked 

or dried meat and fish, pickled food, low intake of fresh fruit and vegetables, low exercise levels, 

obesity, low socioeconomic status and ionising radiation (studies summarised in [28]). Blood 

group is also a potential risk factor as individuals with blood group A or AB are at a higher risk of 

developing GC [29].  
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Figure 1.2 Dual bar chart showing age-standardised incidence rates for gastric (stomach) 
cancer for each sex separately in 2018 (obtained from http://globocan.iarc.fr/) 

Race and ethnicity are also risk factors of developing GC. A US based study showed much higher 

rates of GC incidence in Hispanics/Asian/Pacific Islanders/American Indians/Alaskan Natives and 

African Americans compared to whites (multivariable-adjusted incidence rate ratios for non-

cardia GC were from 1.7 to 3.9 compared to non-Hispanic whites, [30]). In this study increased 

risk of non-cardia GC was also observed with decreasing socio-economic status for Blacks and 

Hispanics [30]. 

1.1.3 Histological classification of gastric cancer 

Several classification systems have been used to classify GC around the world including the 

Lauren, the Ming, the Goseki and the WHO classification systems [31-34]. The histology-based 

Lauren classification divides gastric adenocarcinoma into two main types: intestinal and diffuse 

[31]. Tumours that consist of both types are defined as mixed adenocarcinoma. The 

pathobiological Ming classification divides GC into the expanding and the infiltrative types with 

varying gross appearances and considerable overlap with the Lauren types (between intestinal 

and expanding and between diffuse and infiltrative, [32]). The histology based Goseki 

classification divides GC into four groups by combining the degree of glandular tubule 

differentiation (well and poor) and the intracellular mucus content (rich and poor): group I 

tubular differentiation – well, mucus in cytoplasm – poor; group II tubular differentiation – well, 
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mucus in cytoplasm – rich; group III tubular differentiation – poor, mucus in cytoplasm – poor; 

group IV tubular differentiation – poor, mucus in cytoplasm – rich [33]. Finally, the WHO 

classification divides GC into four major histology-based types (tubular, papillary, mucinous and 

poorly cohesive) with additional rare histological variants [35]. Although multiple studies have 

investigated the relationship between histopathological features in GC and patient 

characteristics, disease specific criteria and clinical outcome, the benefits of using one 

classification system over another remain disputed (as summarised and discussed in [34]). 

Overall the Lauren system is the most commonly used and studied GC classification system [34]. 

Here, the intestinal type of GC (IGC, Figure 1.3) is characterised by tumours that tend to be more 

differentiated with glandular formation [31]. IGC occurs typically in older male patients, it is 

mostly found in the distal stomach and has better 5-year overall survival [36-39]. In contrast, the 

diffuse type of GC (DGC, Figure 1.3) is characterised by scattered single or small groups of 

tumour cells infiltrating the gastric wall where tumours are generally termed undifferentiated 

or poorly differentiated [38]. A subgroup of tumours may also have signet ring morphology. DGC 

occurs more frequently in younger patients and females, it is mostly found in the middle part 

(body/corpus) of the stomach and has worse 5 year overall survival rate [36-39]. Although the 

clinicopathological characteristics of patients with mixed GC (MGC) sit in between those of IGC 

and DGC, overall survival and disease free survival follow a similar pattern to DGC and not IGC 

[38]. 

 
Figure 1.3 The histology based Lauren classification system groups gastric adenocarcinomas 
into two main types: the intestinal type and the diffuse type 
Images of intestinal and diffuse gastric tumours from in-house tissue. Scale bar: 100μm. 

1.1.4 Molecular classification of gastric cancer 

Recent studies have classified GC into molecular subtypes based on their genomic characteristics 

[40-44]. The Cancer Genome Atlas Research Network (TCGA) [42] profiled samples from 295 GC 
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patients and integrated data obtained using six molecular platforms (DNA exome sequencing, 

RNA sequencing, microRNA sequencing, methylation, RPPA and chromosomal copy number 

analysis). This study identified four subtypes: the Epstein-Barr virus positive subtype (EBV, 8.8% 

of patients), the microsatellite unstable subtype (MSI, 21.7% of patients), the genomically stable 

subtype (GS, 19.7% of patients) and the chromosomal instability subtype (CIN, 49.8% of patients) 

(Figure 1.4). EBV tumours occurred more in male patients (81%) and were characterised by 

recurrent PIK3CA mutations, very high levels of DNA methylation, amplification of JAK2 and 

overexpression of PDL1 (CD274) and PDL2 (PDCD1LG2). The MSI tumours occurred mainly in 

older patients (median age 72 years), more in females (56%) and were characterised by frequent 

MLH1 silencing and TP53 mutations. The GS tumours occurred mainly in relatively younger 

patients (median age 59 years), were enriched for the diffuse histological type (73%) and had 

frequent CDH1 and RHOA mutations. Finally, CIN tumours were commonly found in the gastro-

oesophageal junction/cardia of the stomach, were enriched for the intestinal histological type, 

with highly frequent chromosomal aberrations and TP53 mutations (highest). Overall having 

both a histological and a precise molecular description of GC subtypes has allowed greater 

insight into the possible evolution and different aspects of this disease. 

 
Figure 1.4 Schematic representation of molecular subtypes of gastric cancer by The Cancer 
Genome Atlas Research Network (adapted from TCGA 2014, [42]) 
Relative distribution of each molecular subtype shown by floating pie charts on stomach 
diagram. See text for more details of each molecular subtype. 
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1.1.5 Treatment options for patients with gastric cancer 

Patients with GC may be treated with a combination of surgery, radiation therapy, 

chemotherapy, targeted therapy and more recently immunotherapy ([45-47], 

https://www.cancer.org.au/ accessed 11/06/2020). For early GC (EGC) i.e. carcinoma in situ and 

tumour invading the lamina propria (Tis and T1a respectively, TNM staging of gastric cancer as 

per AJCC 7th edition [48]), endoscopic mucosal resection (EMR) and submucosal dissection (ESD) 

is used instead of surgery [47, 49, 50]. For patients with more advanced GC (>T1a stage) and 

dependent on the extent of the tumour, partial or total gastrectomy is recommended together 

with a combination of other available treatments (Smyth et al 2016). 

Radiation therapy may be used before surgery to reduce the size of the tumour and after surgery 

to kill any remaining tumour cells [45, 51, 52]. Neoadjuvant chemotherapy (prior to surgery) 

using a combination of drugs such as fluorouracil, cisplatin, capecitabine, oxaliplatine and 

epirubicin has been used to reduce tumour size and possibly local lymph node micrometastases 

[53-55]. Adjuvant chemotherapy (post-surgery) has also been used to eliminate remaining 

tumour cells, or at least slow down tumour growth [55, 56]. Targeted therapy is used to tackle 

specific cancers for example in the treatment of HER2-positive cancers with HER2-targeted 

therapy, and can be used in combination with chemotherapy agents as well (as reviewed in [57, 

58]). For patients with high PDL1 and microsatellite instability (MSI-H) cancers, which have not 

responded to chemotherapy, immunotherapy with pembrolizumab (high affinity anti-PD1 

monoclonal antibody) is currently being used [59, 60].  

Although GC treatment has changed in recent years from a standard approach to a more 

individually tailored multimodal approach, overall outcome is still relatively poor for GC patients, 

particularly for those with advanced GC (T3 and T4 stages) [39, 61]. By contrast EGC has been 

shown to have >90% 5 year survival rate [62, 63]. Unlike high incidence countries such as South 

Korea and Japan, it is not cost effective to carry out general population screening in a low 

incidence country such as Australia. Thus, it is essential that patients are stratified in risk groups 

at the earliest possible time point and their surveillance program is personalised according to 

their risk profile. 

1.2 Premalignant lesions and gastric cancer 

1.2.1 The Correa model of progression 

In 1975, Pelayo Correa described a histologically defined model with stepwise progression to GC 

[64]. This was further refined to include the key role that H. pylori has in gastric carcinogenesis 
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(Figure 1.5, [65]). Briefly H. pylori infection of the stomach leads to acute and then chronic 

gastritis (CG) [66, 67]. Persistent inflammation of the stomach can last several decades [68-70]) 

and although it is still unclear why, in some patients the chronic inflammation leads to atrophic 

gastritis (AG) [69, 71-73]. AG is characterised by the loss of the lower part of gastric glands, 

particularly in the fundus and the body (corpus) parts of the stomach, including the parietal 

(oxyntic) cells which normally generate hydrochloric acid and maintain the pH of gastric juice 

between 1.5 to 3.5 (Figures 1.5 and 1.6). The loss of parietal cells leads to an increase of gastric 

juice pH and long term AG is believed to progress to intestinal metaplasia (IM) in a subset of 

patients [74, 75].  

 
Figure 1.5 Visual representation of the histologically defined Correa model leading up to the 
intestinal type of gastric cancer (IGC) [65] 
Images from available in-house tissue depicting the sequential steps described by the Correa 
model. Normal gastric tissue is infected by H. pylori which results in long term gastritis. Over 
time loss of the lower part of gastric glands leads to atrophic gastritis, followed by intestinal 
metaplasia and then dysplasia. Finally further genomic and epigenomic changes result in gastric 
cancer, particularly the intestinal type. 

IM is characterised by the replacement of gastric epithelial cells by epithelial cell types found in 

the intestinal lining. The final precancerous stage in the Correa cascade is that of dysplasia, a 

neoplastic lesion which is characterised by abnormal looking cells and glandular structures. The 

international Padova classification system [76] divided dysplasia into five main categories: 

category 1, negative for dysplasia; category 2, indefinite for dysplasia; category 3, non-invasive 

neoplasia which includes both low grade and high grade neoplasia (LGD and HGD respectively); 

category 4, suspicious for invasive carcinoma; and category 5 for invasive adenocarcinoma. In a 

clinical setting, LGD and HGD are reported in particular as these have differing surveillance 



8 
 

follow up periods (12 months for LGD and 6 months for HGD) as described in the current 

Victorian upper gastrointestinal endoscopy categorisation guidelines for adults 

(https://www2.health.vic.gov.au/, accessed 08/06/2020). 

 
Figure 1.6 Schematic representation of the stomach and an oxyntic (body/corpus) gland 
The stomach consists of at least four main areas. The proximal stomach is made up of the cardia, 
which neighbours the gastro-oesophageal junction. The upper part of the stomach or “pouch” 
is called the fundus and the middle part is the body or corpus. The distal or lower part of the 
stomach is known as the antrum, with the antral part neighbouring the duodenum of the small 
intestine known as the pyloric part. A gastric gland from the upper or middle part of the stomach 
is typically made up of surface mucous secreting cells, the stem cell compartment, neck mucous 
secreting cells, acid-producing parietal cells, chief cells and endocrine cells. 

Generally the Correa model is thought to be particularly relevant in the development of the 

intestinal type of GC. However several studies have also shown an association between H. pylori 

infection and one or more premalignant lesions including IM with the diffuse subtype of GC [77-

80]. Overall this is an area where the current thesis will attempt to add insight (all of Chapter 3 

and Chapter 4 sections §4.3.3-6).  

Each of the premalignant stages described in the Correa cascade are said to persist long term 

including IM which is believed to require a median time of 6.1 years to progress to GC, with the 

possible exception of low and high grade dysplasia [81]. LGD has been reported to progress to 

malignancy in 0% to 23% of cases, within a period of 12 to 48 months [82]. By contrast HGD 

cases progressed to a malignant stage in 60% to 85% over a median interval of 4 to 48 months 

(multiple studies summarised in [82, 83]), with almost 25% of cases receiving a diagnosis of GC 

within of 1 year of initial HGD diagnosis (reported by de Vries et al 2008 in the Netherlands, 

using the definition of severe dysplasia [84]). Overall the long period of time associated with 

progression from IM makes it an excellent candidate for intervention.  



9 
 

1.2.2 Clinical association between gastric premalignant lesions and gastric cancer 

Numerous studies have investigated the relationship between gastric premalignant lesions and 

gastric cancer. A recent comprehensive population-based study was performed in Sweden using 

data from its national disease registers [85]. A total of 405 172 participants who were initially 

diagnosed with non-malignant pathologies were followed over a total period of 32 years (1979-

2011). Patients with progressive premalignant lesions along the Correa model were shown to be 

associated with increasing Hazard Ratio for GC (HR, Table 1.1). The HR among patients was lower 

for cardia GC than for non-cardia GC for each lesion. The observed incidence rates predicted 

that within 20 years after gastroscopy, GC will develop in approximately 1 in 256 individuals with 

normal mucosa, 1 in 85 with gastritis, 1 in 50 with atrophic gastritis, 1 in 39 with intestinal 

metaplasia and in 1 in 19 with dysplasia overall. Similar associations between premalignant 

lesions and GC have been repeatedly shown in several studies in both low incidence and high 

incidence regions as well as meta-analysis studies [81, 84, 86-95] (Figure 1.7). 

Table 1.1 Hazard Ratios (HR) and 95% confidence intervals (95% CI) for GC among patients 

with different premalignant lesions compared with the normal group (adapted from [85]) 

 Hazard Ratio (95% CI)b 

Mucosal status at 
baselinea 

Cardia gastric 
cancer 

Non-cardia gastric 
cancer 

All gastric 
cancer 

Normal Reference Reference Reference 
Minor mucosal change 1.1 (0.4-2.9) 1.9 (1.3-2.8) 1.8 (1.2-2.5) 
Gastritis 1.8 (1.2-2.9) 2.8 (2.3-3.5) 2.6 (2.2-3.2) 
Atrophic gastritis 2.4 (1.1-4.8) 5.0 (3.8-6.7) 4.5 (3.5-5.8) 
Intestinal metaplasia 4.7 (2.3-9.5) 6.5 (4.8-8.9) 6.2 (4.7-8.2) 
Dysplasia 6.0 (2.3-15.9) 12.1 (8.3-17.6) 10.9 (7.7-15.4) 

aInitial biopsy identified in database. When multiple diagnoses were present, the most histologically 
progressed one was selected; bUsing attained age as underlying time scale, estimated by Cox proportional 
hazards regression model and adjusted for sex. 

An additional risk factor associated with progression to GC is pernicious anaemia which is 

particularly prevalent in older patients [96-98]. It occurs as a result of chronic atrophic 

autoimmune gastritis where self-antibodies target and then destroy the acid producing parietal 

cells in the oxyntic part (body) of the stomach [99, 100]. The long-term loss of parietal cells and 

the concomitant loss of gastric intrinsic factor (produced by the parietal cells) required for 

vitamin B12 absorption leads to vitamin B12 deficiency. A large US study comparing 1 138 390 

cancer cases with 100 000 matched individuals without cancer (controls) showed that patients 

with pernicious anaemia were more than twice as likely to develop GC than those without (and 

more than eleven times to develop gastric carcinoids) [98]. 
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Figure 1.7 Forest plot showing gastric cancer risk among patients with intestinal metaplasia 
(IM) from multiple studies (adapted from Shao et al 2018 [94], random-effects model used) 
Data shown from multiple studies comparing individuals without IM and those with IM for risk 
of gastric cancer (pooled overall Odds Ratio (OR) = 3.58, 95% confidence intervals (CI) 2.71-4.73). 
Total number of participants= 402 636 and 4535 gastric cancer patients. 

1.2.3 The Operative Link for Gastritis Assessment (OLGA) and the Operative Link for 
Intestinal Metaplasia Assessment (OLGIM) 

Together with the well-defined biopsy sampling protocol known as the Sydney protocol and its 

updated version from 1996 ([101, 102], Figure 1.8), a system for grading gastritis was developed 

in order to help assess patient risk of progression. This grading system became known as the 

Operative Link for Gastritis Assessment (OLGA).  The integration of histological phenotypes 

(severity of atrophy) and topographical distribution (antrum versus body/corpus) allows an 

OLGA stage to be calculated with Stage 0 being equal to absence of atrophy, Stage I mild atrophy 

in the antrum or the body or both, Stage II moderate atrophy in the antrum or the body, or 

severe atrophy in the body in the absence of atrophy in the antrum, Stages III moderate atrophy 

in both the antrum and the body or at least severe atrophy in the antrum or the body separately 

and Stage IV severe atrophy in the antrum or body separately or together ([103], Figure 1.8).  
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Figure 1.8 Schematic representation showing the recommended biopsy sites from the updated 
Sydney protocol [102] and the Operative Link for Gastritis Assessment (OLGA) staging system 
Biopsy sites A1-A3 are categorised as antral (includes incisura) and sites A4-A5 as body (corpus); 
1Based on mean percentage of overall atrophy across all 3 antral biopsies; 2Based on mean 
percentage of overall atrophy across both biopsies from the body (corpus). 

Since the development of OLGA, a similar grading system was developed replacing AG with IM, 

the Operative Link for Intestinal Metaplasia Assessment (OLGIM) ([104], Table 1.2). The 

additional strength of OLGIM over OLGA was that IM is easier to detect and suffers from less 

inter-observer variability compared to AG (for AG, kappa value ranged from 0.41 to 0.57 and for 

IM from 0.80 to 0.82 among expert gastrointestinal pathologists in [105]).  

Table 1.2 The Operative Link for Gastric Intestinal Metaplasia Assessment (OLGIM) staging 

system 

IM Score 

Body (corpus)2 

No IM 
(score 0) 

Mild IM 
(score 1) 

Moderate IM 
(score 2) 

Severe 
IM (score 
3) 

A
n

tru
m

1 

No IM (score 0) 0 I II II 

Mild IM (score 1) I I II III 

Moderate IM (score 2) II II III IV 

Severe IM(score 3) III III IV IV 
1Based on mean percentage of overall intestinal metaplasia (IM) across all 3 antral biopsies as shown on 
Figure 1.8; 2Based on mean percentage of overall IM across both biopsies from the body (corpus) as shown 
on Figure 1.8. 
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Both OLGA and OLGIM stages III-IV have been repeatedly shown to be more associated with 

progression to GC compared to stages I-II and thus have considerable potential in patient 

management and risk stratification [106-111]. Interestingly the OLGA/OLGIM staging systems 

have been shown to have predictive value for both the intestinal and the diffuse type of GC [80]. 

In a recent Korean study multivariable analysis showed that OLGA and OLGIM stages III/IV were 

independent risk factors for GC, irrespective of histological type [80]. 

1.3 Intestinal metaplasia 

1.3.1 A point of no return? 

Multiple studies in patients with gastric premalignant lesions have shown that H. pylori 

eradication treatment to eliminate H. pylori leads to overall reduced risk of progression to GC 

(see meta-analysis in [112], Figure 1.9). Eradication of H. pylori results in reduced inflammation, 

improved gastric acid secretion, normalisation of the microbiome and reduced H. pylori-induced 

DNA damage at least in a proportion of treated patients [113-122]. 

 
Figure 1.9 Forest plot showing individual and pooled risk ratios and 95% confidence intervals 
in studies comparing gastric cancer risk in patients with H. pylori eradication and controls 
(adapted from [112]) 
 A total of 26 studies were used in this meta-analysis, with a total of 22619 patients and 29744 
controls. Pooled RR = 0.56 and 95% CI = 0.48-0.66. 
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However baseline histology at which eradication treatment is commenced plays an important 

role with regards to progression risk [123, 124]. Further stratification on the data based on 

baseline histology stage has shown that treatment in IM and dysplasia may not necessarily 

benefit all patients from the point of view of risk reduction ([124, 125], Figure 1.10). In fact 

eradication treatment did not seem to protect patients with IM or dysplasia in a recent study 

which spanned 16 years. Here, an equal number of patients (n=5) progressed to GC as those that 

received placebo (out of 795 starting participants, randomised for intervention or placebo and 

with 456 final participants as described in [109]). Patients with non-atrophic gastritis or 

multifocal atrophic gastritis did not progress to GC over the same period of time [109]. In 

contrast a prospective study with up to 10 years follow up did show histological improvement 

for IM patients in both the antrum and the body after H. pylori eradication, suggesting that 

regression may occur in some IM patients ([121], Figure 1.11). 

 
Figure 1.10 Forest plot of subgroup of studies reporting gastric cancer after H. pylori 
eradication treatment in patients with differing baseline histology (adapted from [124]) 
aParticipants were subgrouped and analysed based on their baseline diagnoses into ≥IM 
(includes intestinal metaplasia and dysplasia) and <IM (includes non-atrophic gastritis and 
atrophic gastritis); Relative risk = RR, 95% confidence interval  = 95% CI. Cochran’s Q statistic and 
I2 statistics used to assess heterogeneity among studies. Total participants = 6873, with 4211 
participants in the ≥IM subgroup and 2662 participants in the <IM subgroup. 
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Figure 1.11 Figure and table showing relative improvements in patients with IM following H. 
pylori eradication treatment (adapted from [121]) 
A) Shows consecutive changes of grades for IM in the antrum and the corpus at baseline and 
after 1, 2, 3-4 and ≥5 years depending on H. pylori status and H. pylori eradication. Grading 
follows that of OLGIM (0 = none, 1 = mild, 2 = moderate, and 3 = severe) for both antrum and 
corpus (use of updated Sydney protocol). Grades of IM in both antrum and corpus continuously 
decreased from the 1-year follow up compared to those at baseline (both P <0.001 for all time 
periods). Grades of IM improved to levels that showed no significant difference with those of 
the H. pylori-negative group ≥3 years and ≥5 years in the corpus and the antrum respectively. B) 
Shows number of patients (%) with improvement and no improvement in the H. pylori 
eradicated and non-eradicated groups. Bold font style indicates statistical significance. 

Overall these findings suggest that, for a subset of patients, the stage of IM represents a “point 

of no return”, where certain epigenetic, mutational or chromosomal events or a combination of 

these are irreversible and ultimately lead to GC [126, 127]. Further investigation into the 

characteristics of IM which harbours these molecular, cellular and histological distortions is 

required to identify patients at higher risk of progression  

1.3.2 Intestinal metaplasia subtypes 

Intestinal metaplasia does not cause clinical symptoms and is usually identified in patients 

undergoing upper endoscopy (gastroscopy) for other reasons. IM is detected in almost a quarter 

of all patients undergoing upper endoscopy, its prevalence is associated with H. pylori infection 

and increases with age, IM prevalence is also higher in first degree relatives of GC patients and 

heavy smokers (>20 cigarettes/day) [128, 129]. IM is heterogeneous and the most widely used 
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histology based and clinically useful classification was developed by Jass and Filipe [130]. 

Complete IM resembles the small intestine epithelium with goblet cells, Paneth cells, 

enterocytes and a brush border (Figure 1.12). It is associated with the loss of gastric mucin 

markers (MUC1, MUC5AC, MUC6) and the gain of the intestinal mucin MUC2 [131-133]. 

Complete IM is also described as Type I IM, with cells expressing sialomucins. Incomplete IM 

more closely resembles colonic epithelium with goblet cells, enterocytes and irregular sized 

mucin droplets but no Paneth cells nor a brush border. It is associated with maintenance of 

gastric mucin markers MUC1, MUC5AC and MUC6 together with the gain of the intestinal mucin 

MUC2 [131-133]. Incomplete IM is further subdivided into Type II IM, with cells expressing a 

mixture of neutral mucins and intestinal sialomucins and Type III IM, with cells expressing 

sulfomucins.  

In practice histological classification between complete and incomplete IM is often not mutually 

exclusive, with biopsy tissue containing features of both subtypes (mixed IM) [134, 135]. Also 

the differing patterns of mucin expression supports the hypothesis that IM subtypes are likely 

the result of two alternative pathways instead of a single pathway based on successive steps of 

phenotypic modification of the gastric mucosa [131, 136]. 

 
Figure 1.12 Examples of complete and incomplete intestinal metaplasia (IM) 
Images of in-house H&E stained sections from gastroscopy biopsies showing complete IM and 
incomplete IM. Both IM subtypes have goblet cells (black arrows) but only complete IM has a 
brush border (yellow arrow). Scale bars: 100μm (top images) and 20μm (bottom images). 
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Clinically, incomplete IM has been shown to be associated with a greater risk of progression to 

GC in comparison to complete IM [89, 91, 94, 137, 138] thus subtyping IM has clearly potential 

value for patient stratification. In a Portuguese cohort, patients with incomplete IM had more 

than four times greater risk of progressing to dysplasia than those with complete IM [139]. 

However, guidelines for including incomplete IM as a factor for patient follow up differ between 

countries. In the United Kingdom, the British Society of Gastroenterology did not consider 

incorporating histological subtyping of IM into their guidelines as “the traditional diagnosis of 

‘complete IM’ or ‘incomplete IM’ is made using enzyme-histochemical staining methods that are 

highly dependent on the person evaluating them and thus are not reproducible” [140]. By 

contrast the guidelines for the “management of epithelial precancerous conditions and lesions 

in the stomach (MAPS II)” produced by the European Society of Gastrointestinal Endoscopy 

(ESGE), the European Helicobacter and Microbiota Study Group (EHMSG), the European Society 

of Pathology (ESP) and the Sociedade Portuguesa de Endoscopia Digestiva (SPED) did 

recommend endoscopic surveillance within 3 years if incomplete IM was present in a single 

location as part of a multifactorial consideration that included family history of GC and persistent 

H. pylori  infection [141]). In the local setting specific to this study (state of Victoria, Australia) 

the recommended surveillance period for extensive atrophic gastritis and/or multi-focal 

intestinal metaplasia (IM present in both the antrum and the body) is 2 years but IM subtype is 

not taken into consideration (Upper gastrointestinal endoscopy categorisation guidelines for 

adults 2018, https://www2.health.vic.gov.au/). Understanding the cellular and molecular 

pathways that lead to IM could add further insight into why IM subtypes vary with regards to 

progression risk and how this could be applied in a clinical setting. 

1.3.3 Why and how does intestinal metaplasia occur? 

IM develops in the context of long-term H. pylori infection possibly as an adaptive and protective 

lesion against epithelial trauma [136, 142]. On infection, H. pylori adheres on gastric epithelial 

cells through multiple adhesins (cell surface components that facilitate bacterial adhesion) such 

as BabA/B, SabA, OipA, HopZ and AlpA/B and forms a type IV secretion system (T4SS) pilus-like 

syringe which is part of the  cag pathogenicity island (cagPAI) of approximately 30 genes [143, 

144]. The injection of cagA together with peptidoglycans and bacterial DNA via the T4SS 

structure has the capacity to lead to multiple host cell consequences including the degradation 

and inactivation of key transcription factors p53 and RUNX3 (through interaction with ASPP2 

and directly with RUNX3 respectively), deregulation of PI3K-AKT, Ras-ERK and Wnt pathways 

(through interaction with PI3K, SHP2 and c-Met respectively) as well as disruption of cell-cell 
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adherens junction (through interaction with E-cadherin). H. pylori has also been shown to lead 

to DNA hypermethylation in gastric epithelial cells [145, 146]. 

Long term gene dysregulation together with the toxic side effects of persistent inflammation, 

particularly of DNA damage-causing reactive oxygen and nitrogen free species (ROS and NOS 

respectively) results in oxyntic atrophy and consequently an increase in gastric pH but also 

reduction of H. pylori load. This environment seems to be perfect for duodeno-gastric reflux to 

induce the formation of IM similarly to gastroesophageal acid reflux in Barrett’s oesophagus, an 

intestinal metaplastic lesion associated with oesophageal adenocarcinoma [147, 148]. IM 

develops first in the antrum and then over a period of time in the body of the stomach [149]. A 

large-scale study with a total of 2283 patients showed an association of exposure to bile acids 

with an increased incidence in IM [150]. It is possible that IM is part of a natural mechanism that 

offers greater resistance to the effects of bile compared to normal gastric mucosa. 

An alternative, or more likely additional mechanism, to IM formation involves the inverse 

regulation by H. pylori of two key differentiation factors: SOX2 and CDX2 [151-153]. SOX2 is 

involved in gastric differentiation and negatively regulates intestinal differentiation whereas 

CDX2 plays an important role in intestinal differentiation as well as in establishing and 

maintaining IM [153-156]. H. pylori infection of gastric epithelial cells leads to decrease of SOX2 

and increase of CDX2 expression, possibly via a NF-κB dependent pathway [151, 152, 157]. 

Expression of SOX2 between IM subtypes differs substantially as complete IM is predominantly 

SOX2 negative (93%) and incomplete IM is mainly SOX2 positive (85%) [158]. Taken together 

with the partial gastric mucin profile of incomplete IM, this suggests that the incomplete subtype 

is best described by a hybrid intestinal metaplastic phenotype, part colonic - part gastric.  

1.3.4 Risk factors in intestinal metaplasia 

In a study on IM genomic and epigenomic profiling, Huang et al 2018 showed shortened 

telomeres and chromosomal alterations, particularly gain of chromosome arm 8q, were 

associated with progression to dysplasia and GC [127]. FBXW7 mutations in a small fractions of 

gastric/IM patients (4.7%) were also shown to be a candidate for progression. The FBXW7 gene 

product is responsible for MYC degradation, whose gene is found on 8q and is strongly linked 

with GC [42, 159-162]. Interestingly, IM samples with the lowest levels of DNA methylation and 

mutation burden were linked with regression. Overall the Huang study did not report IM 

subtype, thus it was not possible to directly assess whether the increased risk of progression 

associated with incomplete IM is due to increased epi-/genomic instability. 
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The presence of genetic instability in IM has been investigated in several other studies by 

addressing microsatellite stability. Overall, IM was characterised by low level MSI (MSI-L) in 16%-

39% cases and high level MSI (MSI-H) in 0%-9% cases [163-167]. IM patients with and without 

GC showed a similar percentage of MSI-L suggesting that MSI occurs at an early stage of IM 

development and in GC patients microsatellites had a higher frequency of alterations in IM 

coexisting with tumours that showed MSI [165]. In a single study where IM subtype was reported 

together with microsatellite status, only incomplete IM was positive for MSI (MSI-L in 4 out of 

six cases with incomplete IM and 0 out of 9 cases with complete IM) [163]. 

Thus far the following IM risk factors associated with progression to GC have been discussed: 

the extent and topography of IM including single and multifocal IM (OLGIM), family history of 

GC, histological subtype (complete and incomplete), alterations in chromosomal copy number, 

FBWX7 mutations, shortened telomere length and possibly levels of microsatellite instability. 

However other risk factors have also been shown to be associated with progression, including 

extensive IM in the corpus alone [94], IM located at the Maggenstrasse (a narrow area along the 

entire lesser curvature believed to represent the canal through which food passes from the 

oesophagus to the intestine along the lesser curve, Figure 1.8, [134]) but also precancerous 

gastric mucosal changes in first degree relatives [168] and ancestry, particularly East Asian as 

shown in a large US population study (as described in [169] with 810 821 unique participants). 

1.3.5 Spasmolytic peptide expressing metaplasia 

An alternative metaplastic lesion which has been associated with GC, but is not part of the 

Correa model, is known as spasmolytic peptide expressing metaplasia (SPEM) [134, 170, 171]. 

SPEM is only identified in the body of the stomach, in glands that stain positive for TFF2 [172, 

173]. TFF2 is said to be normally expressed in antral and Brunner’s glands (in the duodenum) 

but not normally at the base of body glands (reviewed in [174]). SPEM is believed to be a 

regenerative type of lesion and multiple studies in mice suggest it originates from the trans-

differentiation of mature chief cells following the loss of parietal cells in the context of chronic 

inflammatory injury [175-178]. Alternatively SPEM may arise from Mist1+ stem cells located at 

the isthmus of the gastric gland [179, 180]. However the significance of SPEM in the sequence 

of human gastric carcinogenesis remains to be elucidated. Either as a concurrent or even as a 

precursor lesion to IM, it is not clear how SPEM contributes to progression risk in patients.  

1.4 The role of the immune system in gastric carcinogenesis 

The importance of long-term inflammation in the process of gastric carcinogenesis cannot be 

underestimated. Without chronic inflammation and the accompanying genetic/epigenetic 



19 
 

mutations that occur likely in the stem cell compartment of gastric and/or IM glands, GC would 

likely not develop [181]. Multiple studies have shown an association between single nucleotide 

polymorphisms (SNPs) in cytokine genes and GC risk as well as with gastric premalignant lesions 

[182-185]. SNPs are believed to be responsible for variations in cytokine expression and may 

have an effect on specific immune responses thus also influencing a patient’s susceptibility to H. 

pylori infection and the development of GC. Generally cytokines are divided into pro-

inflammatory and anti-inflammatory groups or belonging to both. Pro-inflammatory cytokines 

include IL1β, IL1α, IL6, IL8, IL12, IL17, IL18, TNFα and IFNγ whereas anti-inflammatory cytokines 

include IL4, IL10 and IL13 but some seem to have a dual character: IL10, IL22, and TGFβ1 [186-

188]. Cytokines act both locally and systemically to initiate, maintain and then resolve an 

inflammatory response through the antagonistic role of members belonging to these groups. 

Dysregulation of this natural cycle can lead to autoimmune disease, chronic infection and 

inflammation as well as cancer [189, 190]. 

SNP association with GC has been shown for IFNγ, TNFα (only in a Chinese population), IL1β, 

IL1RN (also with IM), IL2, IL4, IL6, IL8 (also with AG and IM), IL10, IL17, IL18, IL22 (also with AG, 

IM and dysplasia) and IL32 [182-185]. Thus the host’s immune response to H. pylori infection is 

highly critical in the development of acute and chronic gastritis and most likely plays a key role 

in progressive premalignant lesions that result in GC.  

1.4.1 The innate immune system in gastric premalignant lesions 

The immune system can be broadly divided into two categories, the innate and the adaptive. 

The innate immune system is involved in the immediate response to pathogen and tends to be 

activated by chemical properties of the pathogen. By contrast the adaptive immune system is 

characterised by an antigen specific response, occurs over time after first exposure to antigen 

and has both “memory” and “effector” aspects. Multiple immune cell types make up the innate 

immune system including neutrophils, macrophages, dendritic cells, basophils, mast cells, 

eosinophils and natural killer (NK) cells. 

On infection of gastric tissues with H. pylori, there is a transient infiltration of neutrophils and 

macrophages within the first 2 days [191]. By day 10, neutrophil and macrophage numbers 

return back to baseline levels. However after 3 weeks of infection, an adaptive immune response 

is detected with increased local tissue infiltration of T cells, neutrophils and macrophages as well 

as increased numbers of T cells, macrophages and dendritic cells in the para-gastric lymph nodes 

[191]. The immune response is “initiated” by infected gastric epithelial cells which release 

multiple “danger signals” including interleukin 8 (IL8 or CXCL8) a powerful chemoattractant for 
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neutrophils [192]. Neutrophils enter the gastric tissues and can cross the epithelium to infiltrate 

the glandular lumen (both of gastric and IM glands). If infection is not resolved, their presence 

persists long term both in premalignant and GC lesions as up to 9 times more neutrophils were 

found in IM and 24 times more in GC compared to normal tissue [193]. 

Using the classic M1/M2 bipolar paradigm, macrophages are typically subdivided into “pro-

inflammatory” (M1) macrophages with particular importance at the beginning of an acute 

response to pathogen invasion (just after neutrophils) and “tissue repair/wound healing” (M2) 

macrophages which become more abundant in tissues towards the end of an immune response 

[194]. Generally, in the context of cancer,  M1 macrophages are thought to promote a Th1 T cell 

environment (IFNγ/IL12 high and IL10 low) and have tumour-cell killing activity whereas M2 

macrophages are believed to promote a Th2 T cell environment (IL4/IL13 high and IL10 high) 

and have tumour-promoting properties [195, 196]. Recent studies into macrophage phenotype 

plasticity suggest that the M1/M2 paradigm is likely an over-simplification of a more complex 

reality (as discussed in [197], [198]). 

During H. pylori infection of the gastric epithelium, macrophages are recruited to the site under 

attack and release multiple pro-inflammatory cytokines and chemokines [192, 199-201]. 

Together with neutrophils and dendritic cells, macrophages are vulnerable themselves to 

invasion by H. pylori which results in an altered cytokine secretion profile followed by apoptosis 

and bacterial release [202, 203]. Macrophages have been associated with severity of gastric 

immunopathology during H. pylori infection [204], their presence persists well into the chronic 

stage of inflammation and is characterised by mixed M1/M2 polarisation [202, 205, 206]. 

Interestingly AG was shown to be enriched in M1 macrophages whereas IM was shown to be 

enriched in M2 macrophages in another study using a single M2 marker (CD163) [205, 207].  

Other innate immune cells such as dendritic cells have been shown to play an important role in 

the response against H. pylori infection by influencing the type of downstream polarised T cell 

immunity that develops (Th1 vs Th2 vs Th17) [208]. Prolonged exposure to antigen leading to 

dendritic cell exhaustion has also been suggested as a mechanism that contributes to the long 

term duration of gastritis [209]. Significant infiltration of basophils, eosinophils and mast cells in 

gastric tissues following H. pylori infection has also been reported but their possible role in acute 

and then chronic gastritis remains to be elucidated [210-215]. 

NK cells in H. pylori infected individuals exhibit higher levels of TNFα and IFNγ production, 

possibly driving the initial T cell response towards a Th1 phenotype together with dendritic cells 
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[216, 217], although their cytotoxic ability may be compromised [218, 219]. NK cell infiltration 

of intra-tumoural GC tissue was shown to be associated with reduced numbers and decreased 

cytotoxicity suggesting that this innate immune cell type plays a vital role in protection against 

carcinogenesis and in GC progression [220-222].  

Overall the innate immune system responds quickly and aggressively upon H. pylori infection 

and continues to be relevant long term if resolution does not occur. It seems to play a critical 

role in setting up the phenotype of the ensuing adaptive immune response and to have both 

pro- and anti-carcinogenic aspects depending on context. 

1.4.2 The adaptive immune system in gastric premalignant lesions 

The adaptive immune system consists of two main cell types, T cells and B cells, each with a 

plethora of subsets with unique characteristics and function. T cells are lymphocytes that 

develop in the thymus and are unique compared to other lymphocytes in that they have a T-cell 

receptor (TCR) on the surface of the cell. All T cells express CD3 (cluster of differentiation 3) 

which is composed of the CD3γ, CD3δ and CD3ε chains (Alarcon 2003). All together these CD3 

chains associate with the TCR and a zeta chain homodimer to initiate an activation signal in T 

cells [223]. Once T cells (“naïve”) leave the thymus, they travel through the blood to secondary 

lymphoid organs where they differentiate after exposure to antigen by antigen presenting cells 

into memory and effector cells. Memory T cells are long-term antigen-experienced T cells that 

can quickly expand to large numbers of effector T cells upon re-exposure to the same antigen 

[224].  

T cells play a crucial role in the response to H. pylori infection. CD4+ T cells including both helper 

T cells and regulatory T cells (Tregs) are the predominant infiltrate following infection (Figure 

1.13) and likely drive gastritis through epithelial cell damage, as immunosuppressed (T cell 

deficient) RAG and SCID mice do not develop a response to H. pylori [188, 225-227]. The helper 

T cell response consists mainly of Th1 and Th17 cells with a smaller role for Th2 cells, strongly 

orchestrated by professional antigen presenting cells (macrophages, dendritic cells and B cells) 

through the release of various cytokines including IL1β, IL10, IL12, IL18, IL23 and TGFβ in 

response to H. pylori [188, 216, 227-230]. The wide range of cytokines produced by Th1 and 

Th17 cells and in particularly IFNγ and IL17 contribute to immunopathology observed during 

chronic gastritis. Indeed an increase in Tregs has been shown to be associated with reduced 

gastritis, although this may be Treg subset dependent [229, 231, 232]. Tregs seem to be able to 

immuno-regulate the highly inflammatory Th17 response both in adults and in children [233, 

234]. Although the role of Th2 cells in H. pylori infection remains controversial, there is some 
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evidence to suggest gastritis-associated immunopathology is the result of an unbalanced 

Th1/Th2 response [235] that is Th1 weighted.  

 
Figure 1.13 Schematic and tabular representation of CD4+ T cell function including regulatory 
T cells (Tregs) following Helicobacter pylori infection (adapted from [188]) 
Helicobacter pylori represented by green spiral shape with flagella on the surface and within the 
gastric glands, CD4+ cells represented by green cells, B cells represented by blue cells, dendritic 
cells and macrophages represented by purple cells and neutrophils represented by pink cells. 
Different CD4+ T cells produce different types of cytokines which leads to various responses by 
gastric epithelial cells. 

Only a limited number of studies have focussed on characterising more advanced premalignant 

lesions such as AG and IM. In one study, reduced numbers of CD4+ and FOXP3+ cells were 

observed in IM compared to gastritis suggesting lower levels of inflammation but also reduced 

immune-regulation in IM [236]. By contrast another study showed an association between high 

levels of IFNγ and IL12 with a higher degree of gastric inflammation and neutrophil activity but 

also the presence of IM [237]. In early premalignant lesions, CD8+ T cells were associated with 

severity of gastritis, however histological progression from chronic gastritis to atrophic gastritis 

to low grade then to high grade dysplasia and finally to GC was shown to be associated with a 

stepwise reduction of CD8+ cells [238, 239]. Interestingly the same study showed an inverse 

stepwise increase of negative costimulatory molecules PDL1, B7-H3 and B7-H4 on immune cells 

in the same tissues suggesting a possible role for checkpoint immune-regulation on CD8+ T cells 

in the process of gastric carcinogenesis [239]. A separate study investigating the relationship 

between CD8+ cells, FOXP3+ cells and PDL1 expression in gastric disease including normal gastric 

tissue and normal gastric tissue adjacent to tumour showed a highly significant decrease in both 

CD8+/FOXP3+ and CD8+/PDL1+ ratios between GC and normal adjacent tissues but only a 

decrease in CD8+/PDL1+ ratio compared to normal gastric tissue [240]. 

B cells have a wide range of immune functions from producing antibodies, modulating immune 

responses through cytokine secretion and presenting antigen [241]. They are characterised by 
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their remarkable ability to produce immunoglobulins/antibodies that remain on their cell 

surface or are secreted with an almost infinite type of antigen specificities aided through somatic 

hypermutation. B cell development begins in the foetal liver and continues in the bone marrow 

throughout adult life. Upon activation, B cells differentiate into plasmablasts, short lived 

proliferating and antibody secreting cells, then or concurrently into plasma cells, long lived non-

proliferating antibody secreting cells. Memory B cells also rise from differentiation and circulate 

through the body, ready for a rapid antibody response if a previously detected antigen is 

recognised. Finally the isotype of secreted and/or membrane-bound immunoglobulins (IgA, IgD, 

IgE, IgG and IgM) plays a key role with regards to tissue location and B cell state. IgA is typically 

found in mucosal areas such as the gut and the respiratory tract, IgD is mainly found on antigen-

unexperienced B cells but can also activate basophils and mast cells, IgE binds to allergen and 

induces histamine release from basophils and mast cells important in allergies and parasite 

response, IgG mainly provides antibody-based immunity against invading pathogens and IgM 

expressed both on the surface of B cells and in soluble form helps eliminate pathogens early on 

in an infection. 

In gastric tissues, H. pylori infection leads to the formation of tertiary lymphoid structures rich 

in T cells and B cells in the lamina propria and their presence has been recently associated with 

tumourigenesis in a mouse model of GC [242]. An increase of IgA and IgG was initially described 

in gastritis, particularly in atrophic gastritis followed by a decrease in intestinal metaplastic 

tissue [243, 244]. H. pylori phagocytosis and killing by polymorphonuclear leukocytes 

(neutrophils, eosinophils and basophils) through IgG binding has also been described [245]. 

Additionally H. pylori infection is highly associated with mucosa-associated lymphoid tissue 

(MALT) B cell lymphoma. Although concurrent neoplasms of gastric lymphoma and carcinoma 

(GC) have been reported, the role of B cells in the development of GC is less well understood 

[246]. 

A key role for subverted CD4+ T cell helper function has been suggested in the inefficiency of B 

cell associated immunity to eliminate H. pylori and both T cells and B cells have been shown to 

be involved in the development of autoimmune gastritis, a response to self-antigens on parietal 

and chief cells with increased risk of GC progression [247]. Although most intracellular bacteria 

activate a Th1 response and extracellular bacteria a Th2 response, H. pylori which is mainly 

extracellular is able to induce a Th1/Th17 response resulting in a suboptimal B cell antibody 

(humoral) response with a consequent failure of the immune system to clear the infection. 



24 
 

Overall the adaptive immune system seems to be negatively influenced by H. pylori leading to 

persistent inflammation that includes a marked innate immunity aspect. This encourages a long 

term environment high in ROS and NOS which results in increased DNA damage and leads to 

gastric cancer. Thus it is crucial to gain further insight in the role of the immune 

microenvironment as a potential risk factor in progression. 

1.4.3 Gastric cancer and the immune system 

To better understand the possible role of the immune system in gastric carcinogenesis, it is 

useful to look at its overall role in cancer development and progression. Tumour promoting 

inflammation and avoiding immune destruction are two of the four “emerging hallmarks” of 

cancer [248, 249]. Thus for a neoplastic tumour to grow and invade tissues, it needs to first avoid 

attack and elimination by immune cells and then harness the immune system’s capability to 

remodel its microenvironment to support tumour survival and progression ([250], Figure 1.14). 

So far, the role of the immune system in GC patients’ prognostic outcome has been investigated 

in multiple studies [198, 251-258].  

 
Figure 1.14 Cross-talk communication between tumour cells and immune cells (adapted from 
[250]) 
Different immune cell subsets are associated with either tumour-killing (A) or tumour-promoting 
activities (B), dependent on tumour type context. TC: tumour cells. In (A) NK1: Natural Killer cells 
type 1, M1: M1 macrophages (“classically activated”), ILC1: Innate Lymphoid Cell group 1, N1: 
N1 neutrophils; Th1: Helper T cells type 1, NKT1 and NKT3: Natural Killer T cells type 1 and type 
3, APC: Antigen Presenting Cell, DC1: Dendritic cell type 1. In (B) NK2: Natural Killer cells type 2, 
M2: M2 macrophages (“alternatively activated”), ILC1: Innate Lymphoid Cell group 2, N2: N2 
neutrophils; Th2: Helper T cells type 2, Treg: regulatory T cells, DC2: Dendritic cell type 2, NKT2: 
Natural Killer T cells type 2, MDSC: Myeloid-derived suppressor cells. 
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Tumour-associated macrophages (TAMs) have been shown to be one of the most abundant 

immune cells in the tumour microenvironment and to be associated with multiple tumour-

promoting activities ([196], Figure 1.15). In GC there have been conflicting evidence on the pro- 

and anti- cancerous influence of TAMs in the tumour microenvironment. In Busuttil et al 2014 

[259], a macrophage signature was associated with poor prognosis but in another study 

increased macrophage infiltration in the cancer cell nest had a beneficial impact on 5 year 

disease-free survival rate after curative resection [260] and a possible role for TAM distribution 

between cancer nest, invasive front and stroma has been suggested [261]. In a recent study by 

Huang et al [198], TAMs in GC were characterised both quantitatively and spatially and shown 

to consist of a highly heterogeneous population with up to seven predominant subsets. 

 
Figure 1.15 Diagram showing multiple roles of tumour-associated macrophages (TAMs) in 
supporting tumour cell biology (adapted from [196]) 

Tumour-infiltrating T cells (TILs) are another abundant immune cell type in the tumour micro-

environment. Tumour cells express antigens and thus can become targets of T cell-mediated 

adaptive immunity. Experiments in mice showed that cytotoxic T cells (CD8+) could prevent 

tumour development and inhibit tumour progression ([262], summarised in [263]). More recent 

studies in humans have shown a positive association between cytotoxic T cells and improved 

patient survival across multiple cancer types including GC [264-267].  

The role of Tregs, another type of TIL, has been shown to be associated with mixed outcomes in 

different cancer types [268-270]. Tregs are thought of suppressing anti-tumour cytotoxicity and 

thus promoting tumour survival [271]. Several studies have shown a negative association with 
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patient survival including GC patients but others have suggested that at least in a subgroup of 

patients, high Treg density may be beneficial [258, 269, 272]. 

Overall studies on the immune system in GC have produced valuable data with regards to the 

interaction between immune cells and tumour cells, as well as utility for patient prognosis and 

treatment. However they have provided only limited insight in its possible role in the process of 

gastric carcinogenesis. Investigating the immune microenvironment in gastric premalignant 

lesions could lead to improved patient stratification and possibly even help develop treatments 

that prevent the occurrence of this disease altogether. 

1.5 Biomarkers of gastric carcinogenesis 

In addition to furthering our understanding of the immune mechanisms involved in the process 

of gastric carcinogenesis, it is vital that reliable and accurate biomarkers are developed that will 

allow patient stratification based on personalised risk of progression. Such patient stratification 

is required to deliver targeted surveillance of patients at an increased risk of developing high 

grade dysplasia and/or EGC. The removal of neoplastic lesions and/or early malignant lesions 

using tools such as EMR and ESD will result in improved quality of life of patients and greatly 

reduce the costs associated with GC treatment, since the cost of an ESD to remove local HGD is 

less than 50% of that associated with a partial/total gastrectomy [273]. 

1.5.1 Serum biomarkers 

So far in this chapter multiple factors have been discussed which are associated with an 

increased risk of progression including age, gender, family history, smoking, alcohol, diet and 

other lifestyle choices as well as histological, topograpical and molecular characteristics of IM. 

All of these can and should be used for assessing a patient’s risk of progressing to GC. 

Additionally, pepsinogen levels have been shown to have potential utility in a clinical setting for 

patients with either AG or IM [274, 275]. Pepsinogens are proenzymes for pepsin with type I 

(PGI) secreted by chief and mucous neck cells in fundic glands, and type II (PGII) secreted by 

pyloric and Brunner’s glands (duodenum). Increasing severity of chronic gastritis results in 

increasing serum levels of PGI and PGII but AG results in reduction of PGI. Thus the PGI/PGII ratio 

changes significantly. More severe AG and IM leads to a greater reduction of this ratio. Although 

shown to be reliable, the PGI/II test can only be used as an addition to gastroscopy tissue 

diagnosis but not a replacement as it does not provide any histological information. 

Serum biomarkers for GC used in a clinical setting include carcinoembryonic antigens CEA, CA19-

9 and CA72-4 but they lack the sensitivity and specificity necessary for reliable EGC diagnosis 
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[276-278]. Therefore it is crucial to identify additional risk biomarkers that are associated with 

premalignant lesions that can reliably guide a clinician’s decision for surveillance on a patient by 

patient basis. 

1.5.2 Tissue biomarkers based on intestinal metaplasia 

Several studies have tried to identify markers in IM that are associated with greater progression 

risk but none have translated into clinical utility. Intestinal metaplastic biomarkers reported to 

be associated with progression include Schlafen 5 (SLFN5) and aquaporin 3 (AQP3) [279-281]. 

SLFN5 expression was inducible by IFNα and localised mainly in T cells in gastric mucosa with IM 

[279]. When compared to patients that did not progress to GC, IM in patients that progressed 

had significantly higher levels of SLFN5 (p<0.0001) and logistic regression analysis showed that 

stromal SLFN5 score was a significant risk factor for progression to GC (OR=18.1, 95% CI=4.14-

79.1, p=0.0001). AQP3 was expressed in goblet cells of IM and was significantly associated with 

severity of IM in GC tissues [280]. A further study showed an association between AQP3 and 

incomplete IM (type III) [281]. A candidate cancer stem cell marker CD24 was also shown to be 

positively correlated with severity of IM and incomplete IM (Type II) [281, 282]. 

A fundamental absence in the Australian and in the UK recommendation guidelines is a patient 

surveillance strategy according to IM subtype, although this is clearly associated with differing 

risk of progression. Currently most pathologists in Australia do not report on the subtype of IM 

in biopsy sections. However if highly sensitive and specific biomarker tests were developed for 

IM subtypes, they could be added to the above guidelines leading to better risk management of 

IM patients overall. 

1.6. Models of gastric carcinogenesis 

To elucidate the fundamental mechanisms that lead to GC it is vital to have a truly representative 

model to test possible molecular and cellular hypotheses. Such carcinogenesis models are 

necessary universally for all cancer types to allow greater insight into the early steps of 

malignancy. This knowledge can then be applied in human patients to identify those at high risk 

of progression.  

1.6.1 Animal models of gastric cancer 

It is clear that GC develops in a microenvironment with continuous chronic inflammation 

triggered by H. pylori infection, as well as other environmental factors [42, 283-285]. Initiation 

and progression involves multiple steps and although several mouse models have been 
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developed, none have managed to fully recapitulate all of the human premalignant lesions 

described by the Correa model leading to the intestinal or the diffuse histological subtype of GC. 

GC animal models can be broadly classified into three main types, chemically induced, infectious 

and genetic models, often combined to study different aspects of GC [286-289]. Both MNNG (N-

methyl-N-nitro-N-nitrosoguanidine) and MNU (N-methyl-N-nitrosourea) are carcinogens used 

to create cancer models with a single dose of either enough to induce GC in rodents [286, 287, 

290]. Combined models with various H. pylori strains have been used to study the role of H. 

pylori in carcinogenesis, both in Mongolian gerbils and mice (reviewed in [291], Table 1.3). 

Table 1.3 Combined use of chemical carcinogen and H. pylori to induce gastric cancer in rodent 

models (adapted from [291]) 

H. pylori 
strain 

Observation 
time 

Rodent 
species 

Chemical 
carcinogen 

Implications Refs 

H. pylori  50 wks Mongolian MNNG1 MNNG promotes GC formation in a concentration- [292] 
ATCC  gerbils  dependent manner. H pylori enhances the GC risk  
43504    of gerbils treated with MNNG.  
H. pylori 54 wks C57BL/6 MNU2 The incidences of polypoid lesions, differentiated [293] 
SS1  mice  adenocarcinomas, and adenomatous hyperplasias  
    in MUN-alone group were higher than in MNU +  
    H. pylori group.  
H. pylori  50 wks Mongolian MNU/ H. pylori promotes GC formation in gerbils treated [294] 
ATCC  gerbils MNNG with MNNG or MNU. Both MNNG and MNU  
43504    promote gastric carcinogenesis in H. pylori-infected  
    gerbils in a concentration-dependent manner.  
H. pylori 50 wks C57BL/6 MNU H. pylori greatly increases the GC incidence of mice [295] 
SS1  mice  treated with MNU.  
H. pylori 24 wks C57BL/6 MNNG GC was developed at 6 months. [296] 
SS1      

1MNNG (N-methyl-N-nitro-N-nitrosoguanidine); 2MNU (N-methyl-N-nitrosourea) 

Genetic models have focussed on investigating the role of a single or a small number of genes 

previously shown to be associated with GC including gastrin (ACT-GAS, Gas-/- and INS-GAS), CDH1 

(Cdh1+/- + MNU), KRAS (K19:Kras-(V12D), LGR5 in combination with APC (Lgr5CreERT2; APCFloxed), 

SMAD4 (Smad4+/-) and TFF1 (Tff1-/-) (as reviewed in [288, 289], Table 1.4). The role of 

inflammation in GC has been particularly studied using the gp130F/F mouse model in which 

tumorigenesis is dependent on hyperactive STAT3 signalling through the common IL-6 family 

signalling receptor gp130 [297]. This model was recently used to identify an association between 

a chemokine gene signature linked with tertiary lymphoid structures in gp130F/F mice and 

advanced GC in human patients [242]. The role of inflammation has also been investigated using 

the Nfkb1-/- mouse model which develops intestinal type GC within 18 months [298]. 

Mongolian gerbils have been used in the study of gastric carcinogenesis as they have the added 

advantage of being readily infected by H. pylori. Infection of Mongolian gerbils lead to severe 

gastritis and intestinal metaplastic-like lesions after 26 weeks and the development of 

adenocarcinoma in over 33% of animals after 62 weeks [299]. However these findings were not 
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reproducible by another group who observed severe gastric inflammation but an absence of 

adenocarcinomas in long term H. pylori-infected Mongolian gerbils (up to 18 months) [300]. 

Table 1.4 A summary of key genetic mouse models used to study gastric cancer (adapted from 

[289]) 

Model Onset Incidence (%) Location Type Inv. Met. Reference 

ACT-GAS 20 mths 100 Body WD - - [301] 
CA-AhR 12 mths 100 Body WD + + [302] 
CEA-SV40 7 wks 100 Antrum WD + - [303] 
AV4b-Cre; Cdh1loxP/loxP; p53loxP/loxP 12 mths 100 Body PD + + [304] 
Cdh1+/- + MNU 10 mths 46 Antrum PD - - [305] 
H/K-ATPase:Cdx2 3 mths 100 Body WD + - [306] 
Gas-/- 12 mths 60 Antrum WD - - [307] 
GB-Cre; Smad4Floxed 18 mths 100 Antrum WD - - [308] 
Gp130F/F 3 mths 100 Body/Antrum WD - - [297] 
INS-GAS 20 mths 75 Body WD + - [309] 
K19:Kras-(V12D) 16 mths 38 Body WD + - [310] 
H/K-ATPase:1L1ß  18 mths 30 Antrum WD  - - [284] 
Runx3-/- + MNU 1 yr 60 Body/Antrum WD - - [311] 
Lgr5CreERT2; APCFloxed 3 wks 100 Antrum WD - - [312] 
MMTV-Ad12 4 mths 56 SCJ WD + + [313] 
Mth1-/- 18 mths 13 Antrum WD - - [314] 
Smad3-/- 10 mths 100 SCJ WD + - [315] 
Smad4+/- 18 mths 100 Body/Antrum WD + - [316] 
Tff1-/- 5 mths 30 Antrum WD + - [317] 
K19-Wnt1:C2mE 5 mths 100 SCJ WD + - [318] 
Villin-Cre; KLF4Floxed 20 mths 29 Antrum WD - - [319] 

SJC: squamocolumnar junction (mouse equivalent of gastro-oesophageal junction), WD: well differentiated, PD: poorly 
differentiated, Inv.: invasion, Met.: metastasis, +: present, -: absent,  

1.6.2 Animal models of gastric precancerous lesions 

Several animal models of gastric premalignant lesions have been developed (summarised in 

[176, 320], Table 1.5) and in particular the Cdx1 and Cdx2 transgenic models have managed to 

recapitulate human IM histologically [154, 306, 321, 322]. Both CDX1 and CDX2 are normally 

expressed in epithelial cells of the small intestine and the colon, but both are also expressed in 

IM [323-325]. Using transgenic mice (TG) the differing roles of Cdx1 and Cdx2 expression in the 

gastric mucosa were evaluated with the help of the H+/K+-ATPase β subunit gene promoter, a 

gene normally expressed in parietal cells. In the Cdx1 TG mice, normal parietal cells were fully 

replaced by IM within 120 days but no Cdx2 expression was detected. Overall IM glands stained 

blue with Alcian blue and black with high-iron diamine Alcian-blue (pH 2.5) confirming the 

presence of sulphomucins. They were positive for markers of goblet cells (Tff3), enterocytes 

(villin and sucrose-isomaltase, SI), enteroendocrine cells (secretin/serotonin) and Paneth cells 

(lysozyme) suggesting a mixed IM subtype. Cdx2 TG mice were characterised by the absence of 

Cdx1 expression and the lack of Paneth cells. In addition to IM, these mice also showed 

pseudopyloric gland metaplasia (antral type glands in the body of the stomach) [326]. After 100 

weeks, all Cdx2 TG mice had developed gastric polyps, histopathologically similar to invasive 

gastric adenocarcinoma suggesting that gastric carcinogenesis in mice is a direct consequence 

of ectopic Cdx2 expression [306]. In the majority of mice, mutations were detected in the Apc 
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and p53 genes, both genes believed to play a key role in the process of human gastric 

carcinogenesis. 

Table 1.5 Mouse models of gastric premalignant lesions (adapted from [320]) 

Model Duration Phenotype Refs 
GAS-/- 4-5 mths atrophy, metaplasia, dysplasia1 [327] 
INS-GAS 20 mths atrophy, metaplasia, dysplasia [328] 
H/K-ATPase-α-/- 10 wks atrophy, metaplasia, dysplasia [329, 330] 
H/K-ATPase-β-/- 17 wks atrophy [331-333] 
H/K-ATPase/DT 28-80 days atrophy [334]  
Waved-2+DMP-777 1 wk SPEM [335] 
Car9-/- 4 wks atrophy [336] 
CCK2R-/- 18 wks atrophy [337, 338] 
NHE2-/- 17 days atrophy [339] 
K-ras 1-4 mths atrophy, metaplasia, dysplasia [310, 340, 341] 
IL-1β transgenic 12 mths atrophy, metaplasia, dysplasia [284, 342] 
Cdx1 transgenic 120 days IM [322] 
Cdx2 transgenic 12 wks IM [154, 306, 321, 322] 
MNU 9 wks atrophy, IM, dysplasia [295, 343, 344] 
MNU + H. pylori 12 mths atrophy, metaplasia, dysplasia [327] 
DMP-777 7-14 days atrophy, SPEM [175, 345] 
L-635 3-7 days atrophy, SPEM [175, 207] 

1susceptible to MNU 

The cellular and molecular aspects of metaplasia have been studied extensively using animal 

models of SPEM (Table 1.5, summarised in [176, 320]). Oral administration of the parietal cell 

specific protonophore drug DMP-777 leads to loss of parietal cells within 3 days followed by the 

appearance of SPEM if treatment is continued for 10-14 days [175]. This type of SPEM is 

reversible, occurs in a non-inflammatory environment and even long term drug administration 

(up to 2 years) does not lead to dysplasia or GC in mice or rats further confirming the vital role 

of inflammatory processes involved in gastric carcinogenesis. Oral administration of the L635 

protonophore drug leads to loss of parietal cells and appearance of SPEM within 3 days in a 

highly inflammatory environment [175]. Interestingly M2 macrophages have been shown to 

drive SPEM formation in this model [207]. 

SPEM can also be induced in mice through infection with Helicobacter felis, commonly used in 

mouse models of gastric carcinogenesis instead of H. pylori which infects mice with difficulty 

[346]. In H. felis-infected mice, SPEM developed over a period of several weeks in the presence 

of inflammation (lymphocytes and neutrophils) which may be naturally more similar to H. pylori-

induced human SPEM [172]. Interestingly H. felis, one of several non-pylori Helicobacter species 

that infect the human stomach [347], is estimated to be present in the stomach of approximately 

9% of the human population [348].  

H. pylori-infected Mongolian gerbils were shown to develop SPEM (20 weeks post-infection), 

which was followed by the formation of intestinal metaplasia (41 weeks post-infection) [349]. 

Although SPEM animal models have proven to be useful in gaining greater understanding of the 
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process of metaplasia, it remains to be validated how this knowledge can be used in the study 

of human IM and its role in gastric carcinogenesis. 

1.6.3 The lack of cell lines to model gastric carcinogenesis 

Two dimensional (2D) immortalised cell lines have been previously established and 

characterised from GC tumours [350-352] including the AGS, MKN28 and MKN45 cell lines which 

were recently used within our lab group [353] to develop an orthotopic mouse model. Up to 

four cell lines (CP-52731, CP-94251, CP-18821, and KR-42421) have also been developed from 

Barrett’s epithelium (both of metaplastic and dysplastic origin) and used to study ploidy 

abnormalities and the role of telomerase [354, 355]. However so far 2D cell lines for IM have 

not been developed, possibly because 2D culture conditions generally do not support growth of 

untransformed non-neoplastic cells. Although attempts were made by Chen et al 2017 [356] to 

revert the MKN45 cell line (derived from a poorly differentiated carcinoma; [357]) to an 

intestinal metaplasia cell line by transfecting with p65 and p50 (NF-κB) eukaryotic plasmid 

constructs this was not a bona fide IM model and is unsuitable for use to study the process of 

gastric carcinogenesis.  

1.6.4 Organoid models in carcinogenesis 

While animal cancer models are useful, there is an ethical tendency to avoid use of animals as 

models of disease. Also they tend to have inherent biological limitations with regards to how 

accurately they represent the carcinogenic processes in humans as well as certain technical 

limitations such as cost, labour and duration of experiments [358, 359]. In an effort to reduce 

the use of animal models, three dimensional cell culture models called organoids have gained 

considerable popularity in the last decade. Organoids mimic tissue architecture of the organ of 

origin, are relatively easy to manipulate and have long-term growth capacity but are often poorly 

validated as models with reproducibility being a major issue in current organoid systems  ([360-

363], Figure 1.16). 

Gastrointestinal organoids from normal tissue were first described by Sato et al 2009 (small 

intestine) [364] and Barker et al 2010 (gastric) [312] grown from single Lgr5+ stem cells in mice. 

Since then protocols for the establishment and maintenance of both normal and tumour human 

gastrointestinal organoids have been optimised and published [365, 366]. 
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Figure 1.16 Schematic representation of the general workflow from tissue or 
embryonic/induced pluripotent stem cells to organoid culture (adapted from [362]) 
a) tissue obtained from surgery or endoscopy, b) tissue treated enzymatically and/or physically 
to release functional tissue subunits eg gastric glands, c) stem cell population enriched using 
FACS if required and either tissue subunits or single cells mixed with matrigel and cultured in 
growth media supplemented with niche factors dependent on tissue origin, d) organoids derived 
from embryonic stem cells (ESCs) or induced pluripotent stem cells (iPSCs), undergo directed 
differentiation, e) resulting floating organoids are mixed with matrigel and plated as before, f) 
and h) commonly used niche and differentiation factors each with a unique role in colony 
formation efficiency, proliferation, long term growth and differentiation and g) different 
conditions result in different cell types, levels of differentiation and organoid shapes 

To study the process of carcinogenesis, sequential mutations were introduced in genes 

previously shown to be associated with colorectal cancer (APC, TP53, KRAS, PIK3CA, SMAD4) in 

human small intestinal [367] and colon [368] stem cell organoids by utilising CRISPR/Cas9-

mediated genome editing. By modulating culture conditions they were able to grow the multi-

mutant organoids without any of the niche factors required by normal intestinal organoids to 

grow. The tumourigenicity of these mutant organoids was then confirmed by transplantation 

into immune-deficient mice.  

Engineered mouse gastric cancer organoids with KrasG12D mutation or with p53flox/flox (p53 null) 

or both were shown to exhibit dysplasia [369]. Also double engineered gastric organoids showed 

significant increase in proliferation and invasion (invasion assay). Dissociated cells from all three 

types of organoids exhibited tumourigenicity (high-grade invasive carcinomas) within 30 days of 

subcutaneous transplantation in immune-deficient NOG mice, with cells from the double 

mutant organoids producing less glandular and higher grade carcinomas.  
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In addition to modelling key mutational changes in carcinogenesis, gastric organoids have also 

been used to model and recapitulate the human gastric epithelial pathophysiological response 

to H. pylori infection in vitro. Both normal tissue [366, 370-372] and induced pluripotent stem 

cells [373] were used as starting material to achieve this objective. Finally modelling the tumour 

immune microenvironment using patient-derived organoids has also been described using the 

air-liquid interface (ALI) method from a wide range of tissues including the stomach ([374], 

Figure 1.17). Using this method, organoids are grown in a gel and exposed directly to air instead 

of being submerged underneath a nutrient medium [369, 374, 375]. However ALI organoids 

cultures tend to be shorter-lived (> 60 days) compared to “traditional” organoid cultures (> 1 

year) but allow the integrative study of the relationship between stromal and immune cells and 

tissue derived-organoids [376, 377]. 

 
Figure 1.17 Schematic representation showing the use of tumour tissue derived organoids 
grown in the presence of stromal and immune cells using an air-liquid interface method 
(adapted from [374]) 
Human organoid cultures were established from a wide range of human tumour types together 
with cells from their natural microenvironment. Potential modelling of immunotherapy in 
human organoids + tumour infiltrating T cells was also investigated using anti-PD1 treatment in 
vitro over a period of 7 days. 
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Three dimensional organoids derived from intestinal metaplastic tissue have thus far not been 

described. Such an organoid model could be used to study the key genomic and epigenomic 

changes that cells undergo and progress to a dysplastic or a cancerous phenotype, gain further 

insight into the molecular differences between the complete and incomplete IM subtypes and 

characterise the role of immune cells in the overall process of gastric carcinogenesis.  

1.7 Goals of this thesis 

This literature review has highlighted the different aspects of gastric premalignant lesions, with 

particular emphasis on intestinal metaplasia, that are associated with progression to gastric 

cancer. Although a considerable volume of knowledge exists with regards to why certain 

patients with intestinal metaplasia progress to cancer, certain gaps still exist that need to be 

tackled in order to further improve patient stratification and targeted surveillance. This thesis 

set out to address five such gaps, and in particular: 

1. The relationship between intestinal metaplasia and the diffuse type of gastric cancer 

2. The molecular similarities and differences between the complete and the incomplete subtype 

of intestinal metaplasia 

3. The macrophage and T cell landscape in intestinal metaplasia 

4. The biomarker potential of CD10 and Das1 for subtyping complete and incomplete intestinal 

metaplasia 

5. The development of an intestinal metaplasia organoid model from gastroscopy biopsies 
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Chapter 2 Materials & Methods 

2.1 Materials 

General materials and reagents used for this thesis and their suppliers can be found in Table 2.1. 

Antibodies used including clone type where appropriate, species of origin, control tissue and 

supplier can be found in Table 2.2.  Specific details regarding the OPAL™ 7-color manual 

immunohistochemistry (IHC) kit used for Chapters 5, 6 and 7 can be found in Table 2.3. Primers 

for quantitative Real Time PCR (qRT-PCR) and cell lines used for Chapter 8 can be found in Tables 

2.4 and 2.5. Finally equipment, software and specific R packages used can be found in Tables 

2.6, 2.7 and 2.8 respectively. 

Table 2.1 General materials and reagents 

Reagent  Supplier  

Advanced Dulbecco’s Modified Eagle Medium Life Technologies 
Anti-Anti (penicillin, streptomycin, amphotericin B)  Life technologies  
B27 Life Technologies 
Bovine serum albumin Sigma Aldrich 
Cell Recovery Solution Corning 
Collagenase IV Sigma Aldrich 
Dispase Gibco 
DL-Dithiothreitol Sigma Aldrich 
DNAse I Sigma Aldrich 
dNTPs Promega 
D-sorbitol Sigma Aldrich 
EnVision+ System/HRP Mouse (DAB) Dako 
EnVision+ System/HRP Rabbit (DAB) Dako 
Foetal calf serum  Sigma-Aldrich  
Gastrin Sigma Aldrich 
GlutaMAX Life Technologies 
HEPES Life Technologies 
Histogel ThermoFisher Scientific 
Hyaluronidase Sigma Aldrich 
IntestiCult™ Organoid Growth Medium (Human) STEMCELL Technologies 
Matrigel Corning  
M-MLV 5X reaction buffer Promega 
M-MLV reverse transcriptase Promega 
N-Acetylcysteine Sigma Aldrich 
Nicotinamide Sigma Aldrich 
p38 MAPK inhibitor SB202190 In Vitro Technologies 
Potassium chloride Merck 
Potassium dihydrogen phosphate Merck 
Protein Block Serum-Free Dako 
Random Primers Promega 
Recombinant EGF Life Technologies 
Recombinant FGF10 Lonza Australia Pty 
RNeasy Mini Kit QIAGEN 
ROCK inhibitor Sigma Aldrich 
Series 3 adhesive microscope slides Trajan 
Sodium chloride Merck 
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Reagent  Supplier  

Sodium phosphate dibasic Astral Scientific 
Sucrose Merck 
SYBR Green PCR master mix Applied Biosystems 
TGFβ inhibitor A-83-01 Tocris 
TrypLE™ ThermoFisher Scientific 
Tween 20® Sigma-Aldrich 

Table 2.2 Antibodies 

Antibody (clone) Species Control tissue (human) Supplier 

AE1AE3 (AE1, AE3) Mouse Skin Novocastra  
APC-labelled anti-mouse IgG Goat na1 In Vitro Technologies 
CD10 (56C6) Mouse Small intestine Abcam  
CD163 (MRQ-26) Rabbit Liver Cell Marque 
CD206 (ab64693) Rabbit Liver Abcam 
CD3 (SP7) Rabbit Tonsil Spring Bioscience 
CD4 (4B12) Mouse Tonsil/stomach ThermoFisher Scientific 
CD68 (514H12) Rabbit Liver Leica 
CD8 (4B11) Mouse Tonsil ThermoFisher Scientific  
CDX2 (EPR2764Y) Rabbit Small intestine Cell marque 
Das1 (7E12H12) Mouse Colon Merck 
FOXP3 Rabbit Tonsil/stomach BioSB 
Intestinal Alkaline Phosphatase Rabbit Small intestine Sapphire Bioscience 
IRF8 (E-9) Rabbit Tonsil Santa Cruz 
MUC2 Rabbit Small intestine Santa Cruz 
MUC5AC (MRQ-19) Mouse Stomach Cell Marque 
MUC6 (CLH5) Mouse Stomach Novus Biologicals 
OLFM4 (GW112) Mouse Small intestine Sino Biological Inc. 
PDL1 (SP142) Rabbit Placenta Spring Bioscience 
TFF3 (415909) Mouse Small intestine BioScientific 

1not applicable 

Table 2.3 OPAL™ 7-color manual IHC kit 

Reagent Function 

10X AR6 buffer Antigen retrieval buffer 
HRP Mouse secondary antibody HRP labelled goat antibody, binds to mouse IgG primary antibodies 
HRP Rabbit secondary antibody HRP labelled goat antibody, binds to rabbit IgG primary antibodies 
DMSO Diluent for lyophilised fluorophores 
Fluorophores (OPAL reagents) 
520, 540, 570, 620, 650 and 690 

React with HRP labelled anti-mouse and anti-rabbit secondary 
antibodies 

1X Amplification diluent To dilute fluorophores 
Spectral DAPI Fluorescent stain, binds DNA allowing nuclear cell segmentation 
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Table 2.4 Primers used for quantitative Real Time PCR 

Gene Primer 5’-----3’ 

GAPDH forward AAGGTGAAGGTCGGAGTCAA 
GAPDH reverse AATGAAGGGGTCATTGATGG 
TFF1 forward GGAGAACAAGGTGATCTGCG 
TFF1 reverse AATTCTGTCTTTCACGGGGG 
TFF2 forward ATGGATGCTGTTTCGACTCC 
TFF2 reverse TCTGAGACCTCCATGACGC 
CDX2 forward GGAACCTGTGCGAGTGGAT 
CDX2 reverse TCCGTGTACACCACTCGATATT 
VIL1 forward CCTGGAGCAGCTAGTGAACA 
VIL1 reverse CCAAAGGCCTGAGTGAAATC 

Table 2.5 Cell lines used to produce conditioned media 

Reagent Supplier 

HEK293-mNoggin-Fc Noggin secreting cell line Hubrecht Institute  

HEK293T-hu-RSPO1-Fc R-Spondin 1 secreting 
cell line 

Dr Camilla Mitchell (Peter MacCallum Cancer 
Centre)  

L-cell Wnt3A secreting cell line Dr Dustin Flanagan (Peter Doherty Institute) 

Table 2.6  Equipment 

Equipment Company  

BD FACSAria™ Fusion BD Biosciences 
Jung Autostainer XL Leica 
LightCycler 480 Roche 
NanoDrop™ 1000 Spectrophotometer ThermoFisher Scientific 
Vectra® automated quantitative pathology imaging system PerkinElmer 
VS120 slide scanner Olympus 

Table 2.7 Software 

Software Version Company  

GraphPad Prism 8.1.0 GraphPad Software 
cellSens Dimension 1.16 Olympus 
Cytoscape 3.7.2 Open Source software provided by Cytoscape consortium 
FlowLogic 7.2.1 Inivai Technologies 
ImageJ 1.8.0_112 Open source 
inForm 2.3 PerkinElmer 
OlyVIA 3.12 Olympus 
Phenochart 1.0.7 PerkinElmer 
R 3.5.3 R Foundation 
RStudio 1.2.1578 Rstudio 
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Table 2.8 R packages (R version 3.5.3 and online server R version 3.5.1) 

Package Version Package Version 

affy 1.58.0 Limma 3.35.5 
annotate 1.58.0 Magrittr 1.5 
Biobase 2.40.0 pheatmap 1.0.12 
Bioconductor 3.7 phenoptr 0.2.3 
clinfun 1.0.15 phenoptrReports 0.2.4 
corrplot 0.84 Plotly 4.9.0 
corrr 0.4.0 RColorBrewer 1.1-2 
dplyr 0.8.3 reshape2 1.4.3 
ggplot2 3.2.1 ROCR 1.0-7 
ggpubr 0.2.3 Stringi 1.4.3 
ggrepel 0.8.1 tidyverse 1.2.1 
GSVA 1.28.0 VennDiagram 1.6.20 
hgu133plus2.db 3.2.3   

2.2 Patient cohorts  

2.2.1 The Molecular Analysis for Upper Gastro Intestinal Cancer cohort  

The Molecular Analysis for Upper Gastro Intestinal Cancer (MAUGIC) cohort consists of gastric 

and oesophageal cancer patients enrolled in an on-going tissue banking study from 1999-

present. From each study participant, written informed consent was obtained and ethical 

approval was acquired from the Institutional Review Boards of the individual hospitals that took 

part in the study (HREC ref 12/25 for both St Vincent’s Hospital and the Peter MacCallum Cancer 

Centre). Tissues and data from patients enrolled until 2009 were used for this thesis (Figure 2.1). 

In addition at the time of gastric resection, tumour and non-malignant tissue samples (at least 

2cm away from the tumour) were collected for research purposes and stored both as fresh 

frozen and as formalin-fixed paraffin embedded tissue (FFPE). Samples were reviewed and 

histologically characterised by the in-house research pathologist Dr Catherine Mitchell to 

evaluate tumour type and identify premalignant tissue changes. FFPE blocks containing non-

malignant tissue with evidence of chronic gastritis (CG+GC) or intestinal metaplasia (IM+GC) 

were identified for use in the OPAL™ multiplex immunohistochemistry (IHC) and Biomarker 

studies (Chapters 5, 6 and 7). 

Gene expression data (.CEL) was previously generated (GEO accession: GSE51105; [259]) using 

homogenised frozen tissue (both gastric cancer and premalignant tissue) and profiled with 

Affymetrix Human Genome U133 plus GeneChips™ (HG-U133 Plus 2.0). This data was used for 

gene expression profiling in Chapter 4. Gene expression data files were also available from a 

small group of samples with normal gastric histology (Normal gastric cohort) from pooled 

crushed frozen biopsy tissue acquired using Affymetrix HG-U133 Plus 2.0 arrays. All samples 

were validated for quality control at the time of the original experiments. 
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Figure 2.1 Patients from the Molecular Analysis for Upper Gastro Intestinal Cancer (MAUGIC), 
the IM-GC, the Progressors and the Normal gastric cohorts were used for this thesis 
The MAUGIC cohort was used to investigate the histological association between intestinal 
metaplasia (IM) and gastric cancer (GC) subtypes as described in Chapter 3 (n=250). Gene 
expression profiling from Affymetrix Human Genome U133 plus GeneChips™ was performed 
using data from a) GC tissue, intestinal metaplasia (IM+GC) and chronic gastritis (CG+GC) at least 
2cm away from tumour (all MAUGIC cohort), b) from patients with intestinal metaplasia tissue 
but without GC (IM-GC cohort, n=14) and c) normal gastric tissue from patients without IM nor 
GC (Normal gastric cohort, n=7) as described in Chapter 4. The immune microenvironment was 
characterised using OPAL™ multiplex immunohistochemistry in IM+GC (n=20), IM-GC (n=18) and 
patients that had progressed to high grade dysplasia/intramucosal GC (Progressors cohort, n=2) 
as described in Chapters 5 and 6. Tissue from the same patients were used to identify the 
biomarker potential of CD10 and Das1 for the complete and incomplete subtype of IM 
respectively as described in Chapter 7. Finally tissue samples from IM-GC patients (n=23) and 
Progressors patients (n=4) were used to set up gastrointestinal organoid cultures as described 
in Chapter 8. 

2.2.2 Screening and surveillance (S2P) cohorts 

A third cohort was collected as part of a screening and surveillance program which consisted of 

IM patients with no evidence of GC (IM-GC) (Figure 2.1). Gene expression data files from a 

representative group of samples was previously generated using Affymetrix arrays (HG-U133 

Plus 2.0) with RNA extracted from fresh frozen tissue which was macrodissected to enrich for 

IM epithelium.  

An additional cohort of patients, initially part of the screening and surveillance program but who 

ultimately progressed to dysplasia and/or intra-mucosal gastric cancer (“Progressors cohort”) 
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was utilised. For these patients samples were collected from multiple anatomical locations and 

at multiple time points/visits. 

All samples including those from the Normal gastric cohort were collected following the 

Institutional Review Boards of the individual hospitals (HREC ref 12/25 for St Vincent’s Hospital 

and the Peter MacCallum Cancer Centre and HREC ref 2005.075 for the Royal Melbourne 

Hospital). 

2.3 Histological association of intestinal metaplasia with Lauren gastric cancer 
subtypes (Chapter 3) 

2.3.1 Patient selection criteria 

Patients were selected from the MAUGIC cohort if they met the following criteria: i) gastric 

adenocarcinoma or ii) gastro-oesophageal junction adenocarcinoma with Siewert classification 

Type II or III (Figure 2.2). For each patient, information regarding the presence of premalignant 

tissue directly adjacent to tumour was extracted from the patient's pathology report which 

included pre- and post-surgery detailed described pathology. Details regarding the 

characteristics of the premalignant tissue 2cm distant from the tumour were generated through 

review of the research FFPE blocks by in-house research pathologist Dr Catherine Mitchell. 

 
Figure 2.2 Schematic representation of the Siewert classification system (adapted from [378]) 
Tumours at the gastro-oesophageal junction (GOJ) are subdivided into three types: Type I which 
are lower oesophageal adenocarcinomas, Type II which are “true cardia” adenocarcinomas and 
Type III which are gastric subcardial adenocarcinomas. For this study only Types II and III were 
included. 
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2.3.2 Statistical analysis 

Statistical analysis was carried out using GraphPad Prism. To determine possible significant 

associations between chronic gastritis (CG), intestinal metaplasia (IM) and Lauren GC types, a 

chi-squared test was used. To determine possible differences in CG/IM association between GC 

types, a Fisher’s exact test was used. To test for differences in clinicopathological details 

between groups of patients with and without IM adjacent to tumour of either GC type, Fisher’s 

exact test was used where two variables were present, and a chi-squared test where more than 

two variables were present. For all tests a p-value <0.05 was considered significant. 

2.4 Gene expression profiling (Chapter 4) 

2.4.1 Differential gene expression 

Differential gene expression was carried out using R with the affy and the limma packages from 

Bioconductor. Normalisation used the robust multi-array average (RMA) algorithm and 

probes/genes were said to be differentially expressed if the log2 fold change was >1.2 

(approximately equal to 2.3 fold change in real values) with a p-value <0.05 after Benjamini-

Hochberg correction for multiple testing [379-381]. When individual genes were investigated, 

the probe with the maximum expression was analysed and statistical significance for differential 

expression was determined using the unpaired t test (normal distribution of data) or the Mann 

Whitney test (data not normally distributed). The Jonckheere-Terpstra test in R was used to 

determine trends in gene expression from tissues representing the Correa cascade (normal -> 

chronic gastritis (CG+GC) -> intestinal metaplasia (IM+GC) -> intestinal gastric cancer) [382]. For 

visualisation purposes heatmaps were created with the pheatmap package in R.  

2.4.2 Gene set over-representation and single sample gene set enrichment analysis 

Gene set over-representation analysis (ORA) was carried out using the Gene Ontology domains 

Biological Process, Cellular Component and Molecular Function to interpret the biological and 

cellular functions of the available differentially expressed gene lists between two conditions. To 

do this both the online tool g:Profiler and the Cytoscape plugin ClueGO were used [383-385]. To 

correct for multiple tests, the g:SCS algorithm was used with the former and the Bonferroni step 

down method with the latter [386]. 

Single sample gene set enrichment analysis (ssGSEA, [387]) was performed using the GSVA 

package in R in conjunction with gene sets downloaded from the MSigDB and ImmPort websites 

(gsea-msigdb.org and import.org). To test for statistical significance, the Wilcoxon test was used 
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together with the Benjamini-Hochberg correction for multiple tests. A p-value <0.05 was 

considered significant. 

The gene sets used were: 

 H: hallmark (MSigDB) 

 C1: positional (MSigDB) 

 C2: KEGG (MSigDB) 

 C3: transcription factor targets (MSigDB) 

 C5: GO Biological Process (MSigDB) 

 C5: GO Cellular Component (MSigDB) 

 C5: GO Molecular Function (MSigDB) 

 GO Immune (ImmPort) 

2.4.3 Gene expression validation  

The Companioni et al 2017 data set was downloaded from the NCBI website (GEO accession: 

GSE78523; [388]). Differential gene expression was carried out online using the GEO2R tool and 

individual gene expression analysis was carried out on the normalised highest expressing probe 

data provided. Heatmaps were created with the pheatmap package in R. 

2.4.4 Cell-type Identification By Estimating Relative Subsets Of RNA Transcripts 
(CIBERSORT) 

CIBERSORT (cibersort.stanford.edu, [389]) allows the characterisation within a tissue of the 

relative numbers of immune cell subsets using gene expression data. In this study it was used to 

obtain an initial estimation of the main immune cells and cell subsets present in the CG+GC and 

the IM+GC samples. When comparing CG+GC with IM+GC immune cell subset values, the 

unpaired t test for normal distribution of data and the Mann Whitney test for data not normally 

distributed were used to test for possible differences, with a p-value <0.05 considered 

significant. These results together with the other gene expression data analyses laid the 

foundation for the types of immune cell subsets investigated in the OPAL™ multiplex IHC study 

that followed. 

2.5 OPAL™ multiplex immunohistochemistry (Chapters 5-7) 

2.5.1 Sample selection and subtyping of intestinal metaplasia 

Samples for OPAL™ multiplex IHC were selected using the following criteria. IM samples were 

subtyped independently using a 4μm thick FFPE section stained with haematoxylin and eosin by 

two in-house research pathologists (Dr Catherine Mitchell and Dr Stephen Lade) and further 
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discussion was held to reach a consensus if required. IM containing 0% to 40% glands with a 

brush border was classified as “incomplete IM”, IM containing 40% to 60% glands with a brush 

border was classified as “mixed IM” and IM containing 60% to 100% glands with a brush border 

as “complete IM”. For the purpose of this study, and in the absence of published guidelines, any 

sample with ≤60% of complete IM was assigned to the “predominantly incomplete IM” group 

thus merging “mixed IM” and “incomplete IM” (Figure 2.3). In the interest of simplifying 

terminology throughout this thesis, the “predominantly incomplete IM” group will be referred 

to as incomplete IM (iIM). 

 
Figure 2.3 Subtyping of intestinal metaplasia samples 
Samples were stratified into three groups based on the presence or absence of a brush border: 
“incomplete IM” with 0%-40% of glands having a brush border, “mixed IM” with 40%-60% of 
glands having a brush border and “complete IM” with 60%-100% of glands having a brush 
border. The incomplete and mixed groups were merged and defined as “predominantly 
incomplete IM”. In the interest of simplifying terminology throughout this thesis, the 
“predominantly incomplete IM” group will be referred to as incomplete IM (iIM). 

2.5.1 Single slide library creation 

OPAL™ multiplex IHC (PerkinElmer) is a cyclical process which uses several rounds of antibody-

stripping steps and tyramide signal amplification fluorophores (OPAL™ reagents) to achieve 

multiplexing of antibodies even from the same species together with Dapi (4′,6-diamidino-2-

phenylindole) as a nuclear marker [390]. In combination with the VECTRA Automated 

Quantitative Pathology Imaging System, the inForm software and R, high resolution images from 

multiplex IHC stained sections can be used to obtain quantitative and spatial information of 

multiple cell types based on the co-localisation of antibody markers. Specific tissue types can be 

targeted using tissue segmentation. 

To spectrally unmixed a high resolution scanned image of a multiplex IHC stained section, a 

single stain library is required. Such single stain libraries were created for both the Macrophage 

and the T cell panel using 4μm FFPE sections of control tissue (Tables 2.2 and 2.9). 
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Table 2.9 OPAL panel staining details and fluorophores used 

OPAL panel 1o Antibody 
1o Ab 

dilution1 

2o Ab 
dilution1 

OPAL 
reagent2 

Antigen retrieval 
buffer 

Macrophage      

 CD206 1 : 6000 1 : 1000 620 EDTA buffer3 

 CD68 1 :100 1 : 500 570 EDTA buffer 

 IRF8 1 : 500 1 : 1000 650 EDTA buffer 

 CD163 1 : 500 1 : 1000 540 EDTA buffer 

 PD-L1 1 : 1000 1 : 1000 520 EDTA buffer 

 AE1AE3 1 : 200 1 : 1000 690 EDTA buffer 

 Dapi 2 drops in 1 ml 0.1% TBST na4 EDTA buffer 

T cell      

 CD4 1:50 1:500 520 EDTA buffer 

 CD8 1:200 1:500 620 EDTA buffer 

 FOXP3 1:100 1:1000 540 EDTA buffer 

 CD3 1:500 1:1000 570 AR65 

 CD10 1:50 1:500 650 AR6 

 AE1AE3 1:200 1:1000 690 EDTA buffer 

 Dapi 2 drops in 1 ml 0.1% TBST na4 EDTA buffer 

1All antibody dilutions done in 0.1% BSA in 0.1% TBST; 2All OPAL reagents diluted 1:50 in 1X Amplification 
diluent; 3EDTA buffer= 1mM EDTA buffer, pH 8.0; 4not applicable; all washing steps done with 0.1% TBST; 
5Antigen retrieval buffer from the OPAL™ 7-color manual IHC kit 

Following an initial dewaxing step (overnight at 60°C) antigen retrieval was performed using 

either 1mM EDTA buffer solution (pH 8.0) or the AR6 buffer solution provided with the OPAL™ 

kit in a pressure cooker depending on the primary antibody to be used (see Tables 2.2 and 2.3). 

The slides were cooled on ice, washed with 0.1% TBST, and incubated with 3% (Macrophage 

panel, Table 2.9) or 0.3% (T cell panel, Table 2.9) hydrogen peroxide to block any endogenous 

peroxidase activity for 10min. Following washes with 0.1% TBST buffer, the slides were 

incubated with serum free protein blocking solution (Dako) for 10min to prevent non-specific 

binding of antibodies. After washing, the primary antibody (in 0.1% BSA solution/0.1% TBST 

buffer) was applied and incubated for 30min. Slides were washed with 0.1% TBST buffer and 

secondary HRP labelled antibody (Table 2.3) was applied for 10min. Slides were then washed, 

and incubated with the appropriate OPAL™ fluorophore (Table 2.3) prepared in amplification 

buffer for 10min. Following another round of washes, antigen retrieval was carried out using a 

microwave in 1mM EDTA buffer solution. Slides were mounted with VECTASHIELD, nail polish 

was applied to seal the cover slip and stored in the dark overnight prior to scanning on the 

VECTRA microscope. Single stains were visualised at x10 and x20 magnification and individual 
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fluorophore spectra were created from x20 images using inForm. The above protocol was also 

followed to create the Dapi stain spectrum but the primary/secondary antibody steps were 

replaced with incubations in 0.1% BSA solution/0.1% TBST buffer. 

2.5.2 Multiplex immunohistochemistry staining 

For each tissue to be characterised four FFPE serial sections (4μm thick each) were cut and 

mounted onto highly adhesive Trajan glass slides. Sections were used as follows: 1) 

haematoxylin and eosin staining (H&E), 2) the Macrophage panel, 3) the T cell panel and 4) Das1 

biomarker (Chapter 7). H&E staining was carried out first and scanned at x20/x40 magnification 

using the VS120 slide scanner to document the exact location of IM on the section. The protocol 

used for OPAL IHC staining was as described for the single stain library with additional, 

sequential staining steps using all the markers in a panel (Table 2.9). Following the last round of 

antigen retrieval, the slides were washed and incubated with Dapi for 2min. As before slides 

were mounted with VECTASHIELD, nail polish was applied to seal the cover slip and stored in the 

dark overnight prior to scanning on the VECTRA microscope.  

2.5.3 Slide scanning and imaging using VECTRA microscope 

Optimal scanning exposure times and focus settings for each stained section were determined 

at both low (x10) and high (x20) resolution for each filter cube of the VECTRA microscope. This 

was followed by whole slide low resolution scanning and imaging with the Phenochart software. 

Regions rich in IM glands and rich in gastric glands were identified using a 1x1 rectangular shape 

(669μm x 500µm in real size, field resolution=0.5µm). Regions containing tertiary lymphoid 

structures were excluded to avoid bias due to higher T cell numbers compared to local glandular 

tissue. The regions of interest were then scanned at high resolution and analysed using inForm. 

2.5.4 inForm multispectral unmixing and cell phenotyping 

High resolution image files were imported into inForm, spectrally unmixed using the previously 

prepared single stain library (§2.5.1) and tissue segmented where necessary. At least 3 tissue 

categories were created: CG (chronic gastric tissue), IM (intestinal metaplastic tissue) and Other 

(tissue that contained tertiary lymphoid structures or a mixture of gastric and IM glands or only 

a small amount of tissue making it unlikely to produce a reliable result). For the Progressors 

cohort a fourth tissue category was created: IMD (dysplastic tissue). Next cell segmentation was 

carried out using the Dapi stain to identify the cell nucleus, the appropriate cell markers to 

identify the cell membrane (CD163 and CD206 for the Macrophage panel and CD3, CD4 and CD8 

for the T cell panel) and the cytoplasm where possible (CD68 for Macrophage panel). Individual 



46 
 

cells were then phenotyped depending on the intensity and the co-localisation of fluorophores 

present. PDL1 expression was absent in the majority of premalignant tissues and was not used 

directly for phenotyping but analysed using fluorophore intensity values with R. Next, the 

classifier tool was trained to identify all cell types using 5-150 of positively phenotyped cells. 

This was further refined by repeated phenotyping and retraining of the cell classifier until a 

satisfactory level of cell classification was obtained. All image types including composite and 

pseudo-pathology views of each fluorophore as well as data files containing a full list of 

measured parameters (eg. cell type, x and y coordinates of each cell, fluorophore intensities on 

each cell segment for each cell including min, mean and max values) were exported and a 

summary file for each image was created that contained the total cell number and cell density 

of each cell type. 

2.5.5 Spatial location analysis of cell types 

To gain insight into the possible physical and paracrine interactions between the immune cells 

of interest but also with epithelial cells, the “phenoptr” package [391] in R was used to carry out 

three types of spatial location analyses:  a) nearest neighbour which calculates the mean 

distance in microns between two different cell types, b) number of cells within a specified radius 

in microns which calculates the mean number of a specific cell type around a reference cell and 

c) touch cell pair density which uses morphological analysis of nuclear and membrane 

segmentation maps to find touching cells of paired phenotypes, and together with the area of 

each region of interest (ROI) characterised, a touching cell pair density is calculated 

representative of the possible physical interaction between two different cell types (Figure 2.4). 

Although useful in describing intercellular distances, nearest neighbour analysis was only used 

in the Progressors part of the study (Chapters 5 and 6). Most spatial work in this study focussed 

on short to medium range cellular interactions [392, 393] and included quantitative analyses of 

both cells within a specified distance and touching cell pairs. 

Based on previous work by Feng et al 2017 [394] and Carstens et al 2017 [395], the mean number 

of cells within 40µm of a target cell population was chosen to be representative of both key 

physical and paracrine interactions, and this was termed the functional space around a specific 

reference cell type. In this analysis, if the mean number of cells was lower than 1 for example if 

the mean number of FOXP3 T cells in a radius of 40µm around CD8 T cells (CD840µmFOXP3) = 0.5, 

then that meant that half of the CD8 T cells had a single FOXP3 T cell within their surrounding 

functional space of r=40µm. 
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Figure 2.4 Spatial location analyses showing the nearest neighbour, number of cells within a 
specific radius (distance) and touch cell pairs 
a) mean distance between cell type X and the nearest neighbouring cell type Y; b) number of 
cells type Y within a specific radius (=40μm) of reference cell X; c) number of touch cell pairs 
between a small group of X and Y cells. All analyses carried out with phenoptr package in R. 

2.5.6 Statistical analysis 

A generalised linear model (glm function in R) was used to analyse the data. This took into 

account the differing number of ROIs per sample and the varying distribution types of data. 

Generalised linear models were used in both the cell density and spatial location parts of the 

OPAL study to identify significant differences between tissues and cohorts, and data 

visualisation was done using GraphPad Prism and R. Spearman’s rank correlation was used to 
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identify quantitative and spatial relationships between macrophage and T cell subsets. A p-value 

<0.05 was considered significant. 

2.6 Biomarkers (Chapter 7) 

2.6.1 Determining the presence of CD10 on individual IM glands 

The OPAL™ 650 fluorophore was used together with the anti-CD10 antibody as part of the 

OPAL™ T cell panel to determine the presence of this marker on IM tissue (Table 2.9). The OPAL™ 

650 pseudo-pathology view image files were produced with inForm by spectral unmixing the 

raw .im3 files obtained from scanning the multiplex stained sections as per section §2.5.4. These 

images were used to assess the CD10 status of individual IM glands.   

2.6.2 Determining the presence of Das1 on individual IM glands 

Das1 antibody staining was carried out on 4μm FFPE serial sections of IM-GC, Progressors and 

IM+GC tissue samples (§2.5.2). Briefly the primary antibody (1/200) was applied and incubated 

overnight at 40C, followed by an incubation step with the EnVision+ System/anti-mouse HRP 

reagent and visualised with DAB chromogen. Das1 stained slides were scanned on the VS120 

slide scanner microscope at x20/x40 magnification and the resulting high resolution images (.vsi 

files) were used to assess the Das1 status of individual IM glands. Image files were opened with 

the cellSens Dimension software, and IM glands were marked using the previously annotated 

H&E images of the same tissue as guide and scored blindly as positive or negative by two 

researchers (Prof Alex Boussioutas and Dr Rita Busuttil).  

2.6.3 Quantification of Das1 staining across whole section 

Digital quantification of Das1 staining was carried out on high resolution .vsi files using the 

cellSens Dimension software. The same regions of interest characterised using the OPAL™ T cell 

panel were investigated for Das1 staining using equivalent tissue segmentation carried out with 

the polygon tool. Fraction area of each ROI positive for Das1 staining was measured by using 

first the “threshold tool” with R-G-B threshold detection parameters kept constant for all images 

and second with the “Count and Measure on ROI” tool. All result files were exported in csv 

format for further analysis. 

2.6.4 Statistical analysis 

Confidence intervals for sensitivity and specificity were obtained using the Clopper-Pearson 

interval [396]. Area under the receiver operating characteristic (AUROC) for each biomarker was 

calculated using the ROCR package in R. Logistic regression modelling in R was used to compare 
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subtyping of complete IM glands with CD10 on its own versus CD10 combined with Das1 

staining. Regions positive for Das1 staining were compared between two conditions using a 

generalised linear model (glm function in R) with a quasibinomial distribution. Das1 staining of 

whole tissue sample comparing two conditions was carried out using an unpaired t test or a 

Mann Whitney test where appropriate. Pearson’s correlation coefficient was calculated to 

determine the relationship between Das1 staining, T cell and macrophage subset densities 

(GraphPad Prism). A p-value of <0.05 was considered significant. 

2.7 Organoid model (Chapter 8) 

2.7.1 Tissue processing and establishing human gastrointestinal organoid cultures 

Human gastroscopy biopsy samples were transferred directly from the patient into cold basal 

medium (BM; Advanced DMEM/F12, 1x Anti/Anti, 1x GlutaMAX, 10mM HEPES) and processed 

within 24 hours using the following techniques: 

a) Enzyme digestion method (described in [366]): tissue samples were minced using 2 scalpel 

blades and incubated in 5ml of preheated enzymatic cocktail solution containing 

Penicillin/Streptomycin (0.02ml/ml), Collagenase IV (75U/ml), Dispase (125µg/ml), 

Hyaluronidase (20µg/ml) and DNAse I (0.1µg/ml) for 40min at 37°C.  10ml of cold basal medium 

(Advanced DMEM/F12, 1x Anti/Anti, 1x GlutaMAX, 10mM HEPES) was added, the solution 

filtered through a 70µm filter and the filter washed with 5ml of basal media and centrifuged 

(200g for 5min at 4°C). The pellet was resuspended in matrigel.  20μl matrigel domes/per well 

of a 48 well plate were seeded and allowed to polymerise at 37°C for 30min. 200 µl of growth 

medium preheated to 37°C  was then added to each well. 

b) Chelation buffer method (described in [366]): tissue samples were washed with chelating 

buffer (5.6mM Na2HPO4, 8.0mM KH2PO4, 96.2mM NaCl, 1.6mM KCl, 43.4mM sucrose, 54.9mM 

D-sorbitol, 0.5mM DL-dithiothreitol, pH 7) and minced into small pieces. These were transferred 

to a 50ml Falcon tube, washed with chelating buffer until the remaining supernatant was clear 

and then incubated in chelating buffer supplemented with 10mM EDTA for 30min at 4°C. The 

supernatant was removed and remaining tissue fragments were transferred to 10cm cell culture 

plate and gently squeezed upon using a sterile glass slide to release the glands. The glands were 

collected in cold BM, centrifuged (200g for 5min at 4°C), resuspended in matrigel and plated as 

before. 

c) Vigorous pipetting method (as described in[397]): tissue samples were transferred onto a 

10cm cell culture plate followed by 3-5 washes in cold PBS buffer. They were then incubated in 
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PBS supplemented with 2.5mM EDTA for 40min at 4°C, transferred to fresh PBS and the 

intestinal crypts were released using repeated vigorous pipetting (at least 10 times) with a 10ml 

pipette. The supernatant containing the crypts was transferred to a new Falcon tube, 

centrifuged (200g for 5min at 4°C), mixed with matrigel and plated as before. 

2.7.2 Organoid growth media 

Organoids were grown in either an in-house customised organoid growth medium (OGM: 

WRNEFGSTNi as described in [365] and [366]) or the commercially available IntestiCult™ 

Organoid Growth Medium (STEMCELL Technologies) (Table 2.10). Growth medium was changed 

3x times per week. 

Table 2.10 Organoid growth media details 

Growth 
medium 

Compound/ 
component 

Amount/ 
concn 

Comment 

OGM Wnt3A CM 50% Induces canonical Wnt signalling 

(WRNEFGSTNi) R-Spondin 1 CM 20% Stimulates Wnt signalling 

 Noggin CM 10% BMP antagonist 

 Epidermal growth factor (EGF) 50ng/ml Organoid regeneration/mitogenic 

 Fibroblast growth factor 10 (FGF10) 200ng/ml Organoid survival/mitogenic 

 Gastrin 10nM Produced in antrum/small intestine 

 SB202190 10μM p38 MAPK inhibitor 

 A 83-01  500nM  ALK4/5/7 inhibitor  

 Nicotinamide 10mM Amide form of vitamin B3 

 Y27632 10μM ROCK inhibitor 

 N-Acetylcysteine 1mM Long term maintenance 

 B-27 supplement 1x Long term maintenance 

 Basal medium (BM)1 1x Base media 

IntestiCult™    

(IC) IntestiCult OGM Human Component A 50% No data available 

 IntestiCult OGM Human Component B 50% No data available 

1Basal medium: Advanced DMEM/F12, 1x Anti/Anti, 1x GlutaMAX, 10mM HEPES 

2.7.3 Establishing organoid cultures from fresh porcine tissue 

Whole pig stomach and parts of the small and the large intestine were obtained from the 

Diamond Valley Pork abattoir in Laverton. Organs were cut into 1-3cm2 pieces and washed 

repeatedly in PBS supplemented with 1x Anti-Anti to reduce the possibility of infection. Tissue 

was then cut into 0.5-1 cm2 pieces and washed 2x PBS with Anti-Anti in sterile conditions. Tissue 

pieces were either cryopreserved in freezing medium (FM: 90% foetal calf serum + 10% DMSO) 

or processed using both the Enzyme digestion and Chelation buffer methods. 
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2.7.4 Establishing porcine organoid cultures from previously cryopreserved tissue 

Cryopreserved tissue was thawed at 37°C and washed in cold PBS with 1x Anti-Anti. Samples 

were then placed on a 10cm cell culture plate, washed with chelation buffer, cut into smaller 

pieces (2-5 mm2) and transferred to a 50ml Falcon tube. Samples were washed again with 

chelation buffer until the supernatant was clear and then incubated in chelation buffer with 

either 10mM EDTA (stomach) or 2mM EDTA (small intestine) for 10min (stomach) or for 30min 

(small intestine) at room temperature (stomach) or 4°C (small intestine). Finally the supernatant 

was removed; the remaining tissue fragments were transferred to a new 10cm cell culture plate 

and squeezed using a sterile glass slide to release the glands as before (§2.7.1). The glands were 

collected in cold BM, centrifuged at 200g for 5min at 4°C and resuspended in the appropriate 

amount of matrigel. The rest of the protocol was the same as before (§2.7.1). 

2.7.5 Passaging/reseeding of organoid cultures 

During routine maintenance organoids were either reseeded to dilute high density cultures or 

passaged to propagate the organoid population. For both procedures organoids were released 

from the matrigel using 2x 0.5ml of cold BM and transferred into a 1.5ml Eppendorf tube or 

15ml Falcon tube if several wells were pooled together. Tubes were centrifuged at 500g for 5min 

at 4°C and the supernatant removed. For reseeding the organoid pellet was resuspended in the 

appropriate amount of matrigel and plated. The rest of the protocol was the same as before 

(§2.7.1). 

Passaging of organoids included an additional incubation step with TrypLE™ for 5min at 37°C 

after the centrifugation step. The reaction was stopped with the addition of 0.5ml cold BM and 

a second centrifugation step to retrieve the digested organoid fragments. The pellet was mixed 

with matrigel, plated and growth medium added as before (§2.7.1).  

2.7.6 Freezing down organoid cultures 

Starting with multiple wells of organoid cultures, organoids were released from the matrigel 

using cold BM and the resulting solutions were pooled together.  They were centrifuged at 500g 

for 5min at 4°C, the supernatant was removed and 1ml of FM was added. The samples were 

transferred to cryovials, placed in an insulated container and frozen at -80°C. 

2.7.7 Reanimating cryopreserved organoid cultures  

A cryovial containing frozen organoids was quickly thawed in a 37°C water bath and its contents 

were transferred to a 15ml FT containing 10ml of pre-warmed BM. This was spun down at 500g 
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for 5min at 8°C, the supernatant was removed and the organoid pellet was mixed with matrigel 

and plated as before (§2.7.1). 

2.7.8 RNA isolation from organoid cultures 

Starting with at least 2 wells, organoids were released from the matrigel using cold BM or Cell 

Recovery Solution and the resulting solutions were pooled together and incubated on ice for 25-

30min. The mixture was centrifuged at 500g for 5min at 4°C, the supernatant was removed and 

total RNA was isolated from the organoid pellet using the RNeasy Mini Kit (Qiagen) following the 

manufacturer's instructions. RNA concentration was determined using the NanoDrop™ 1000 

spectrophotometer. Isolated RNA samples were stored at -80°C. 

2.7.9 Reverse transcription  

1µg of total RNA was diluted in 18µl sterile water and mixed with 1µg of random primers 

(Promega). Samples were denatured at 70°C for 5min. A master mix containing 5μl of 2.5mM 

dNTPs (Promega), 6 µl of 5x M-MLV reaction buffer (Promega) and 1μl of 200U/μl M-MLV 

reverse transcriptase (Promega) were added and incubated at 42°C for 90min, followed by a 

deactivation step at 95°C for 5min. Samples were diluted with sterile water to 10ng/μl. 

2.7.10 Quantitative Real Time PCR (qRT-PCR) 

Quantitative Real Time PCR was performed in triplicate in a total volume of 10 µl using the SYBR 

green assay on the LightCycler 480 (Roche):  5ng of cDNA (0.5μl), 5µl of SYBR Green (Applied 

Biosystems), 1µM forward and reverse primers (0.5μl) and 4µl of sterile water (Table 2.4). The 

amplification conditions were 50°C for 2 minutes, 95°C for 10 minutes, 40 cycles of 95°C for 15 

seconds followed by 1 minute at 60°C. The threshold cycle numbers were exported from the 

LightCycler 480 software and relative gene expression levels calculated using the comparative 

threshold cycle method (ΔΔCT), normalised to GAPDH. 

2.7.11 Fixing and embedding of organoids 

Starting with at least two wells, organoids were released from the matrigel using cold BM and 

the resulting solutions were pooled together and incubated on ice for 10min. The organoids 

were then centrifuged at 500g for 5min at 4°C and the supernatant removed. A volume of 500 

µl of freshly prepared cold 4% paraformaldehyde was added and incubated for 30 min on ice to 

fix the organoids. The organoids were then centrifuged at 500g for 5min at 4°C, the supernatant 

removed and the remaining pellet washed with 500µl of cold PBS. Following another spin at 

500g for 5min at 4°C, the supernatant was removed and the remaining organoid pellet was 
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mixed with 20µl of pre-heated liquified histogel. The mixture was pipetted onto parafilm, 

allowed to cool, and then embedded into paraffin.   

2.7.12 Single stain immunohistochemistry 

Staining (H&E and immunohistochemistry) were performed on 4μm FFPE sections. Sections 

were first air dried, put in an oven at 60oC for at least 20min and dewaxing was completed using 

an automated stainer (Leica).  Antigen retrieval was done using either with 1mM EDTA buffer or 

the AR6 buffer from the OPAL™ kit (see Table 2.3) at 121°C in a pressure cooker. The slides were 

cooled down at room temperature and washed with Milli-Q water. They were then incubated in 

3% hydrogen peroxide solution for 20min, followed by washes with 0.05% TBST buffer and a 

blocking step of 30min in 10% BSA solution. Primary antibody prepared in 1% BSA solution (in 

0.05% TBST buffer) was added (see Table 2.11 for specific conditions). Slides were washed in 

0.05% TBST buffer and either the EnVision+ System/HRP Mouse or the EnVision+ System/HRP 

Rabbit together with DAB were used to visualise the staining. 

Table 2.11 Staining conditions of primary antibodies used with immunohistochemistry to 

characterise gastrointestinal organoids 

Primary antibody Antigen retrieval1 Dilution2 Temperature Incubation period 

CD10 AR6 1/50 4°C overnight 

CDX2 AR6 1/200 4°C overnight 

IAP3 EDTA 1/100 4°C overnight 

MUC2 AR6 1/4000 4°C overnight 

MUC5AC AR6 1/1000 4°C overnight 

MUC6 AR6 1/200 4°C overnight 

OLFM4 AR6 1/2000 4°C overnight 

TFF3 AR6 1/50 22°C 1hr 

1Antigen retrieval buffers: AR6 buffer from the OPAL™ kit and 1mM EDTA buffer; 2All antibody dilutions 
done in 1% BSA/0.05% TBST; 3Intestinal alkaline phosphatase 

2.7.13 Production of conditioned media 

The HEK293-mNoggin-Fc Noggin secreting cell line (Table 2.5) was cultured in DMEM + 10% FCS 

+ 1% Anti/Anti + G418 at 500 μg/ml). When confluent, cells were passaged 1:6 and placed in 

culture medium without G418. At day 4, harvest medium (ADMEM/F12 + 15 Anti-Anti + 10mM 

HEPES + 1x GlutaMAX) was added to the cells and the Noggin conditioned medium was 

harvested 8 days later centrifuged at 1200 rpm, filtered through a 0.22μm filter and stored at -

20°C for up to 1 year. 
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R-Spondin 1 and Wnt3A conditioned media were produced in-house using the HEK293T-hu-

RSPO1-Fc R-Spondin 1 and the L-cell Wnt3A secreting cell lines (Table 2.5) and the appropriate 

protocols as described in Appendix B. 

2.7.14 Fluorescence-Activated Cell Sorting (FACS) 

Starting with cultures from at least 8 wells, organoids were released from matrigel using cold 

BM and pooled together. The mixture was then spun down at 500g for 5min at 4°C, the 

supernatant was removed and the remaining organoid pellet was resuspended in previously pre-

warmed TrypLE™ and incubated at 37°C for 45min to obtain single cells. Cold BM was added and 

the sample was placed on ice for 10min. It was then spun at 600g for 5min at 4°C, the resulting 

cell pellet was resuspended in 75µl of FACS buffer (PBS + 2% foetal calf serum + 1mM EDTA) 

with anti-OLFM4 antibody (1/75) and incubated for 30min on ice. The cells were then washed 

with 750µl of cold FACS buffer, spun at 600g for 5min at 4°C, the supernatant removed, and the 

cell pellet was resuspended in 75µl of FACS buffer containing a rat anti-Mouse IgG1 antibody 

conjugated with APC (1/20). This was then followed by a 15min incubation on ice. Finally the 

cells were washed with 750µl of cold FACS buffer, spun down at 600g for 5min at 4°C, the 

supernatant removed, and the cell pellet was resuspended in 500µl of FACS buffer ready for cell 

sorting. Fluorescent-activated cell sorting was carried out on the BD FACSAria™ Fusion (BD 

Biosciences) at the Advanced Centre for Cancer Cell Isolation and Flow Cytometry. Cells were 

sorted into OLFM4 negative and OLFM4 positive fractions, spun down at 600g for 5min at 4°C, 

resuspended in matrigel and cultures set up as before using IntestiCult™ as growth medium. 

Digested but unstained/unsorted cells were included as controls. Further data analysis was 

carried out using the FlowLogic software. 
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Chapter 3 Investigating the relationship between intestinal metaplasia 
and Lauren gastric cancer subtypes 

3.1 Introduction 

Using specimens from 1344 patients, Lauren published a seminal paper in 1965 describing two 

main histological types of gastric cancer (GC): the intestinal-type gastric adenocarcinoma (IGC) 

and the diffuse gastric adenocarcinoma (DGC) [31]. In the remaining cases the structure of the 

carcinoma was heterogeneous in composition and generally poorly differentiated. A model 

describing the histological progression to the intestinal type of GC, via a series of premalignant 

stages was described by Pelayo Correa in 1975 [64] and was further refined in 1992 [65]. 

Subsequent research has failed to address the possible role that these same lesions may play in 

the process of diffuse gastric carcinogenesis. Therefore this current study aimed to examine the 

association of intestinal metaplasia (IM) with these two distinct histological types of GC. 

Research into the physical location of these lesions in relation to tumour is necessary to gain 

greater understanding of how GC types arise and this could lead to improved patient 

stratification in clinic. 

3.2 Hypothesis and aims 

Hypothesis: “Intestinal metaplasia is associated with the diffuse subtype of gastric cancer”. 

The main aims of this study were: 

1. To investigate the prevalence of chronic gastritis and intestinal metaplasia adjacent and 

distant to Lauren histological gastric cancer types 

2. To compare and contrast the clinicopathological features of intestinal and diffuse gastric 

cancer patients with and without adjacent intestinal metaplasia to tumour 

3.3 Results 

3.3.1 Description of the study cohort 

Pathology reports based on pre- and post-surgery specimens of 250 patients in the MAUGIC 

cohort (§2.2.1) were examined to identify cases with chronic gastritis (CG) or IM located 

adjacent to tumour (Figures 3.1 and 3.2, Table 3.1). Details of the Lauren tumour type were 

extracted from the pathology report where available. Where information for tumour type was 

lacking from the pathology report, tumour blocks taken for research purposes were reviewed 

by the in-house research pathologist Dr Catherine Mitchell to establish GC type. Tissue sections 

from blocks taken at least 2cm away (defined as distant) from the tumour for research purposes 

were also characterised. A small subset of patients (n=21) were classified as adenocarcinomas 
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without determined Lauren classification (ANOS) by both the hospital pathologist and where 

tissue was available by the in-house research pathologist Dr Catherine Mitchell. Most of the 

cases characterised here have been previously described in [39]. 

 
Figure 3.1 Diagram showing the sources of information available to characterise the 
histological association of premalignant lesions with gastric cancer Lauren subtypes 
Pathology reports and where necessary research reports (tumour block) were used to subtype 
gastric cancers from the MAUGIC cohort (n=250 patients). The presence of premalignant lesions 
(chronic gastritis and intestinal metaplasia) adjacent to tumour was identified from pathology 
reports whereas their presence distant (at least 2cm away) from tumour was identified using 
research reports (in-house research pathologist Dr Catherine Mitchell). 
 

 
Figure 3.2 Schematic representation showing the presence of premalignant lesions adjacent 
and distant from gastric cancer 
The presence of chronic gastritis and/or intestinal metaplasia adjacent and at least 2cm away 
from tumour (distant) was systematically documented using pre-/post-surgery and research 
reports. 
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Table 3.1 Description of patient cohort used in this study 

Parameter n 

Gender  

Male 166 

Female 84 

Age  

Male 66 (25-95)1 

Female 67 (20-86)1 

Pathology  

Intestinal (IGC) 119 

Diffuse (DGC) 74 

Mixed (MGC) 36 

Adenocarcinoma NOS2 (AdNOS) 21 

Tumour location (based on histology)  

Antrum (IGC/DGC/MGC/ AdNOS) 51 (28/11/8/4) 

Body (IGC/DGC/MGC/ AdNOS) 130 (54/49/24/3) 

GOJ/Cardia3 (IGC/DGC/MGC/AdNOS) 69 (37/14/4/14) 

Differentiation  

Undifferentiated 41 

Poorly differentiated 135 

Moderately differentiated 64 

Well differentiated 6 

Unspecified 4 

T stage  

T0/Tis/Tx 1/4/2 

T1 42 

T2 48 

T3 141 

T4 9 

Unspecified 3 

Lymph node status  

N0/Nx 99/8 

N1 89 

N2 38 

N3 13 

Unspecified 3 

AJCC stage  

0 5 

I 60 

II 65 

III 93 

IV 25 

Unspecified 2 
1Age median and range shown; 2classified as adenocarcinomas without determined Lauren classification 
by both the hospital pathologist and the in-house research pathologist; 3Included adenocarcinomas at the 
gastro-oesophageal junction with Siewert classification Type II (n=31) and Type III (n=38) (see section 
§2.3.1 and Figure 2.2).  
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Overall the majority of gastric cancers were found at the body of the stomach (130/250) (Table 

3.1). With regards to the relationship between GC tumour type and location, DGC and MGC were 

mainly found at the body (49/74=66.2% and 24/36=66.7% respectively) whereas IGC showed 

relatively better distribution between antrum (28/119=23.5%), body (54/119=45.4%) and GOJ 

(34/119=31.1%). Interestingly AdNOS were mainly located at the GOJ (14/21=66.7%). 

3.3.2 Prevalence of premalignant lesions adjacent and distant to tumour 

Analysis of samples collected distant and adjacent to IGC and DGC tumours showed evidence of 

both CG and IM (Table 3.2, Figure 3.3). To determine whether CG and IM were significantly 

associated with the diffuse and intestinal types of GC, their frequency adjacent to tumour was 

compared to that distant from tumour. Although highly prevalent adjacent to both IGC and DGC 

tumours (>80%), CG was significantly more present distant to tumour (p=0.024 and p=0.0082 

respectively, Chi-square test). In total more than 95% of GC patients had CG distant to tumour 

suggesting that pan-gastritis was highly prevalent in this cohort. 

Although a trend was observed of IM adjacent to DGC tumours (>40% of cases), this did not 

reach significance when compared to distant IM (p=0.21, Chi-square test). In contrast, IM was 

found adjacent to the majority of IGC tumours (67%), compared to distant IM (p<0.0001, Chi-

square test). The frequency of IM adjacent to IGC and MGC compared to DGC was significantly 

higher (p=0.0007 and p=0.0018 respectively, Fisher’s exact test). 

The same series of analyses were performed with “true gastric cancers” by excluding cases 

found at the GOJ (Table 3.3). Overall the results were similar with a couple of notable 

observations. The percentage of IGC cases with adjacent IM reached 88.5% suggesting an even 

tighter relationship between the presence of IM and the development of this Lauren GC type in 

the antrum and the body. Also IM distant to IGC was found in more than half of the cases and 

significantly more than in DGC and MGC cases (p=0.016 and p=0.031 respectively, Fisher’s exact 

test), suggesting that IGC evolves in a permissive environment which is already highly enriched 

in IM.  

Finally when analysed by location, both CG and IM adjacent to differing GC tumour type followed 

a similar distribution as described for the main tumour location (Table 3.1, Appendix C). CG and 

IM adjacent to both DGC and MGC were predominantly found in the body (for DGC, CG=73.2% 

and IM=71.4%; for MGC, CG=66.7% and IM=72.0%), whereas these two lesions adjacent to IGC 

followed a more equal distribution between antrum (CG=24.2% and IM=33.3%) and body 
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(CG=50.5% and IM=58.7%) but were marked by a reduced presence at the GOJ for IM lesions 

(CG=25.3% and IM=8.0%). 

 
Figure 3.3 Chronic gastritis and intestinal metaplasia adjacent and distant (at least 2cm away) 
of Lauren gastric cancer types 
In-house images showing A) overview and inset of tumour and adjacent premalignant lesions; 
scale bar for overview image: 500µm and for inset images: 100µm. B) overview and inset images 
of premalignant lesions at least 2cm away from tumour; scale bar for overview image: 200µm 
and for inset image: 100µm. 
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Table 3.2 Frequency of premalignant lesions adjacent and distant (at least ≥ 2cm away) from 

Lauren gastric cancer subtypes 

Parameter All GC 
n=250 (%) 

Intestinal 
n=119 (%) 

Diffuse 
n=74 (%) 

Mixed 
n=36 (%) 

AdNOS1 
n=21 (%) 

Chronic gastritis      
Adjacent 197/233  

(84.5) 
95/112 
(84.8) 

56/69 
(81.2)a 

33/34 
(97.1)a 

13/18 
(72.2) 

Distant 192/201  
(95.5) 

99/105 
(94.3) 

55/57 
(96.5) 

33/34 
(97.1) 

5/5 
(100.0) 

p value2 0.0002 0.024 0.0082 >0.99 0.18 

Intestinal metaplasia      
Adjacent 130/233  

(55.8) 
75/112 
(67.0)b 

28/69 
(40.6)b,c 

25/34 
(73.5)c 

2/18 
(11.1) 

Distant 68/201  
(33.8) 

41/105 
(39.0) 

17/57 
(29.8) 

10/34 
(29.4) 

0/5 
(0.0) 

p value2 <0.0001 <0.0001 0.21 0.0003 0.44 
Unreported 17/49 7/14 5/17 2/2 3/16 

1Adenocarcinoma without determined Lauren classification; 2Chi-square test of independence. Fisher’s 
exact test used to compare premalignant lesion frequency between Lauren GC subtypes: aDiffuse versus 
Mixed GC p=0.032; bIntestinal versus Diffuse GC p=0.0007; cDiffuse versus Mixed GC p=0.0018. 

 

Table 3.3 Frequency of premalignant lesions adjacent and distant (at least ≥ 2cm away) from 

Lauren gastric cancer subtypes focusing on “true gastric cancers” only (GOJ excluded) 

Parameter All GC 
n=181 (%) 

Intestinal 
n=82 (%) 

Diffuse 
n=60 (%) 

Mixed 
n=32 (%) 

AdNOS1 
n=7 (%) 

Chronic gastritis      
Adjacent 154/173  

(89.0) 
71/78 
(91.0) 

49/59 
(83.1) 

29/30 
(96.7) 

5/6 
(83.3) 

Distant 149/155  
(96.1) 

71/74 
(95.9) 

46/48 
(95.8) 

30/31 
(96.8) 

2/2 
(100.0) 

p value2 0.015 0.22 0.037 0.98 0.54 

Intestinal metaplasia      
Adjacent 118/173  

(68.2) 
69/78 
(88.5)a 

24/59 
(40.7)a,b 

24/30 
(80.0)b 

1/6 
(16.7) 

Distant 64/155  
(41.3) 

40/74 
(54.1)c,d 

15/48 
(31.3)c 

9/30 
(30.0)d 

0/2 
(0.0) 

p value2 <0.0001 <0.0001 0.31 <0.0001 0.54 
Unreported 8/26 4/8 1/12 2/2 1/5 

1Adenocarcinoma without determined Lauren classification; 2Chi-square test of independence. Fisher’s 
exact test used to compare premalignant lesion frequency between Lauren GC subtypes: aIntestinal versus 
Diffuse GC p<0.0001; bDiffuse versus Mixed GC p=0.0006; cIntestinal versus Diffuse GC p=0.016;dIntestinal 
versus Mixed GC p=0.031. 
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3.3.3 Clinico-epidemiological details of gastric cancer patients without and with 
adjacent intestinal metaplasia 

Clinico-epidemiological details of patients without and with IM adjacent to tumour for both 

intestinal and diffuse subtypes of GC (IGC-IM/IGC+IM and DGC-IM/DGC+IM) were collated to 

identify potential associations. Four key risk factors previously shown to be associated with IM 

and GC were studied including age, gender, smoking status (former and current) and H. pylori 

status (determined through histology and serology) (§1.1.2, §1.3.4, [169]). For both IGC and DGC 

patients, no significant difference was observed in gender nor in smoking status between 

patients without and with IM adjacent to tumour (Figure 3.4). However both IGC and DGC 

patients with adjacent IM were older in age (median age for IGC-IM versus IGC+IM: 61yrs vs 

67yrs with p=0.019 and for DGC-IM vs DGC+IM: 54yrs vs 73yrs with p<0.0001, Mann-Whitney 

test). DGC+IM patients also showed a strong trend (p=0.059, Fisher’s exact test) associated with 

H. pylori infection compared to DGC-IM patients which was absent when IGC+IM patients were 

compared to IGC-IM patients. 

3.3.4 Pathology details of gastric cancer patients without and with adjacent intestinal 
metaplasia 

Pathology details of GC patients including tumour location, T stage, N stage and AJCC stage were 

analysed to identify potential significant associations (Figure 3.5). IGC-IM tumours occurred 

predominantly in the GOJ whereas IGC+IM tumours were mainly found in the body and the 

antrum (p<0.0001, Chi-square test). More than 70% of IGC-IM tumours were of a N1 stage 

whereas more than 50% of IGC+IM tumours had no nodal involvement (N0) (p=0.0008, Chi-

square test). T stage and AJCC stage did not differ between IGC-IM and IGC+IM patients. 

Interestingly DGC-IM and DGC+IM patients did not show any difference in tumour location, T 

stage, N stage and AJCC stage. 
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Figure 3.4 Clinico-epidemiological details of patients with intestinal and diffuse gastric cancer 
without (-IM) and with (+IM) intestinal metaplasia adjacent to tumour 
A: gender distribution (intestinal GC: IGC-IM [n=37] and IGC+IM [n=75], and diffuse GC: DGC-IM 
[n=41] and DGC+IM [n=28]); B: smoking status of IGC-IM [n=37] and IGC+IM [n=73], and DGC-
IM [n=40] and DGC+IM [n=20] patients; C: age distribution of IGC-IM [n=37] and IGC+IM [n=75], 
and DGC-IM [n=41] and DGC+IM [n=28] patients; D:  H. pylori status of IGC-IM [n=29] and IGC+IM 
[n=67], and DGC-IM [n=33] and DGC+IM [n=22] patients. For A, B and D, statistical analysis 
carried out using Fisher’s exact test and for C using Mann-Whitney test on continuous age data. 
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Figure 3.5 Pathology details of patients with intestinal and diffuse gastric cancer without (-IM) 
and with (+IM) intestinal metaplasia adjacent to tumour 
A: Tumour location of gastric cancer (intestinal GC: IGC-IM [n=37] and IGC+IM [n=75], and 
diffuse GC: DGC-IM [n=41] and DGC+IM [n=28]); B: T stage of IGC-IM [n=37] and IGC+IM [n=75], 
and DGC-IM [n=39] and DGC+IM [n=27] patients; C: N stage of IGC-IM [n=37] and IGC+IM [n=74], 
and DGC-IM [n=39] and DGC+IM [n=27] patients; D:  AJCC stage of IGC-IM [n=37] and IGC+IM 
[n=75], and DGC-IM [n=39] and DGC+IM [n=28] patients. For all statistical analyses a Chi-square 
test was used. 
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3.4 Summary and discussion 

The following is a summary of the main outcomes of this study. 

1. A trend was observed between IM and diffuse GC but this did not reach significance 

2. IM was shown to be histologically associated with both intestinal and mixed GC  

3. Chronic gastritis was present distant from tumour in over 90% of GC patients 

4. Intestinal and diffuse GC patients with IM adjacent to tumour were older in age 

5. Diffuse GC patients with adjacent IM showed an association with H. pylori infection that 

did not reach significance and intestinal GC patients with adjacent IM had a lower N 

stage 

6. IM was less likely to be found associated with intestinal GC at the GOJ (Siewert type 

II/III) 

3.4.1 Discussion 

This study described the prevalence of CG and IM in the Australian based MAUGIC cohort. 

Clinicopathological details of patients with either Lauren GC subtype without and with IM 

adjacent to tumour were used to identify associations between tumour type, adjacent IM and 

patient characteristics. 

Compared to Lauren’s original observation in 1965, the current study showed a higher 

prevalence of CG in the mucosa surrounding DGC tumours but a very similar prevalence around 

IGC tumours: 81.2% (current study) vs 45% (Lauren) and 84.8% (current study) vs 88% (Lauren) 

respectively [31]. It is difficult to comment on why there is such a large difference in the 

percentage of DGC tumours with surrounding CG between the two studies, although it may be 

due to differences in cohort size (current study = 111 DGC patients, Lauren study = 271 DGC 

patients) and origin (multi-ethnic cohort from Australia versus Finland).  

The current study showed a slightly lower prevalence of IM in the mucosa surrounding both DGC 

and IGC tumours compared to the Lauren [34] and the Matsukura [398] studies, with DGC 

showing 40.6% (current study) vs  55% (Lauren) vs 50% (Matsukura) and IGC 67.0% (current 

study) vs 91% (Lauren) vs 95% (Matsukura) respectively. In part this may be explained by 

Lauren’s sub-grouping of the presence of IM into three groups: scanty, fairly profuse and 

profuse. As there are currently no guidelines in reporting the presence of IM adjacent to tumour 

in post-surgery pathology reports, it is most likely that tumour blocks in the current study with 

only very little IM were not regularly reported. The Matsukura study looked at the surrounding 

mucosa of minute GC (less than 5mm in largest diameter) and investigated a relatively small 

number of cases: 20 IGC and 6 DGC patients [398]. Interestingly of the patients positive for IM, 
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16/19 and 2/3 with minute IGC and DGC respectively were surrounded by the incomplete 

subtype of IM suggesting that this subtype most likely progresses to cancer, irrespective of 

Lauren subtype. 

It has been suggested that IM develops as a protective lesion over time due to the cumulative 

effects of various “irritants” such as bile acid, H. pylori infection, exposure to N-nitroso–

containing compounds and chronic inflammation by-products such as reactive oxygen and 

nitrogen free species [142, 150, 399]. It is likely that IM occurs more frequently with increasing 

age independently of intestinal or diffuse tumour development and that it acts as an indicator 

of local cellular and molecular damage [169].  However the observed trend of IM adjacent to 

DGC suggests that the origins of DGC tumours may follow at least two putative paths. One path 

may involve IM as a precancerous lesion and the other may be independent of IM. The high 

prevalence of IM adjacent to both IGC and MGC suggests that this premalignant lesion also plays 

a key role in intestinal/mixed gastric carcinogenesis. 

IM adjacent to DGC and IGC occurred with highest prevalence in older patients, and showed 

similar patterns with respect to gender, smoking and H. pylori status. As DGC is known to occur 

generally in younger patients [36, 38], the substantial difference in median age observed 

between DGC-IM and DGC+IM patients (54yrs and 73yrs respectively) adds particular 

significance to this finding.  When compared to a previous study that included a large number 

of DGC cases in a Taiwanese population (n=1000, [38]) and separated patients’ age into two 

groups of <65yrs (56.9%) and ≥65yrs (43.1%), the current study’s overall age findings were 

similar (<65yrs: 53.6% and ≥65yrs: 46.4%) but differed substantially when separated into DGC-

IM (<65yrs: 70.7% and ≥65yrs: 29.3%) and DGC+IM (<65yrs: 28.6% and ≥65yrs: 71.4%) 

subgroups. The additional trend observed in DGC+IM cases with H. pylori infection further 

supports the potential of two separate paths to diffuse gastric carcinogenesis, one associated 

with H. pylori infection, IM and older age and the other independent of H. pylori and IM and 

occurring at younger age. 

The analysis of clinicopathological details of IGC patients with and without adjacent IM showed 

that IGC-IM tumours were generally found in the gastro-oesophageal junction whereas IGC+IM 

tumours were mainly found in the body and the antrum suggesting that the process of 

carcinogenesis involved in the GOJ area may differ from that in the rest of the stomach. It is 

possible that IGC-IM tumours do not faithfully follow the Correa model and that H. pylori 

infection may not be the initiating step. Indeed previous studies in cardia GC, the area of the 

stomach near the oesophagus, have shown no or even a negative association with H. pylori 
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infection in Western countries [77, 78, 400]. In contrast, studies based on Eastern Asian 

populations including China and South Korea have shown a positive association between H. 

pylori infection and cardia GC [79, 401, 402]. The importance of geographic location and GC 

prevalence (low vs high) was further confirmed by a systematic review and meta-analysis of 

published studies addressing the association of H. pylori infection with cardia  and non-cardia 

GC [403] which showed a strong positive association with cardia GC only in high risk settings (RR 

= 1.98, 95% CI 1.38–2.83; I2 = 18.4%; data from China, Japan and South Korea included) but none 

in low risk settings (RR = 0.78, 95% CI 0.63–0.97; I2 = 11.6%; including data from Australia). In 

contrast a strong positive H. pylori association with non-cardia GC was seen in both low and high 

incidence countries (RR = 2.56, 95% CI 1.99–3.29; I2 = 46.6% and RR = 3.02, 95% CI 1.92–4.74; I2 

= 90.7%, respectively). For a subset of IGC at the GOJ/cardia area, it is possible that other 

processes such as gastro-oesophageal reflux may play a key additional role in the process of 

carcinogenesis, similar to oesophageal adenocarcinogenesis which has also been shown to be 

negatively associated with H. pylori infection [404].  

The presence of IM adjacent to IGC was shown to be associated with a lower N stage in these 

patients. More than 50% of IGC+IM patients were N0 whereas more than 70% of IGC-IM patients 

had N1 stage disease. The extent of nodal resection is at the discretion of the surgeon and has 

been shown to be associated with patient survival in patients with T1 tumours [405]. However, 

other than differences in aetiology and location, the difference in N stage suggests that the 

presence of IM may play a role in tissue stability and act as a brake to tumour 

progression/metastasis towards the lymph nodes. Alternatively IM related IGC may be slower 

growing or were by chance discovered earlier. 

Overall the findings of this study suggest that the process of gastric carcinogenesis towards each 

of the GC histological types may be heterogeneous. It is likely affected by a multitude of factors 

including age, gender, infection with H. pylori, host genetic factors and lifestyle choices such as 

smoking and diet (summarised in §1.1.2). The multiplicity of pathways in gastric carcinogenesis 

was clearly also suggested by the TCGA findings which classified GC into four molecular subtypes 

(§1.1.4, [42]). Approximately 73% of the GS molecular subtype were DGC tumours and the 

remaining DGC tumours consisted of the EBV, MSI and CIN subtypes. IGC tumours were mainly 

of the EBV, MSI and CIN molecular subtypes but also of the GS subtype. Interestingly CIN 

tumours occurred at a higher frequency in the GOJ/cardia area which correlates well with the 

high prevalence of IGC tumours without adjacent IM observed in the current study.  
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3.4.2 Study limitations 

This study consisted of a comprehensive multiple pathological review of 250 GC cases. It 

included a systematic analysis of all available data, with particular emphasis on the relationship 

between IM and diffuse GC. However the study did have a small number of potential limitations. 

First it was carried out retrospectively and thus may have suffered from selection bias and 

information bias. Second the number of cases characterised was smaller compared to other 

studies that had access to clinicopathological details of >1000 patients [31, 38]. Third the 

description of CG and IM adjacent to GC was up to the discretion of the hospital pathologist 

reporting, thus not systematic and could result in an underestimation of the true frequency of 

premalignant lesions adjacent to tumour. Finally the tissue taken at least 2cm away from tumour 

for research purposes was randomly selected, thus the data obtained was possibly subject to 

sampling error and may not have accurately represented the prevalence of CG and IM distant 

to tumour. 

Overall this study suggested a possible histological association between IM and the diffuse 

subtype of GC which supports the findings of previous studies into the relationship between H. 

pylori infection, atrophic gastritis and intestinal metaplasia with this subtype of GC [77-80, 107]. 

However the relatively low number of cases investigated does not allow a definitive conclusion. 

The current study also raises new questions with regards to the process of gastric carcinogenesis 

itself. Further insight into the four histological subgroups of GC described in this study (IGC-

IM/+IM and DGC-/+IM) could be gained from molecular profiling these tumours and their 

adjacent premalignant/IM lesions where present. 

  



68 
 

Chapter 4 Characterising the gene expression profile of tissues associated 
with gastric carcinogenesis 

4.1 Introduction 

Several studies have investigated the molecular process of carcinogenesis by characterising the 

relationship between premalignant and malignant gastric lesions and between intestinal 

metaplasia subtypes associated with varying risk of progression to cancer [127, 388, 406, 407]. 

However, to date, no study has concurrently investigated the relationship between 

premalignant lesions with gastric cancer, the differences between intestinal metaplasia in 

patients with and without gastric cancer and between intestinal metaplasia subtypes using a 

histo-molecular approach with the ultimate aim of gaining further insight into gastric 

carcinogenesis. The overall objective of this chapter was to identify genes and pathways 

associated with this process by investigating all three cellular compartments: the epithelium, 

the stroma and the immune infiltrate. 

4.2 Aims 

The aim of this study was to perform an in silico analysis of existing expression array  data 

representing multiple stages of the Correa cascade  to discover genes and pathways involved in 

gastric carcinogenesis. Three main approaches were used: 1) differential gene expression 

followed by pathway over-representation analysis, 2) single sample gene set enrichment 

analysis and 3) hierarchical clustering of samples into bioinformatically defined IM subtypes to 

molecularly characterise gastric carcinogenesis.  More specifically this study’s aims were: 

1. To characterise the gene expression profile of intestinal metaplasia and identify specific 

immune cell subsets enriched in chronic gastritis and intestinal metaplasia 

2. To identify shared differentially expressed genes between premalignant lesions (chronic 

gastritis/intestinal metaplasia) and gastric cancer subtypes (intestinal/diffuse) 

3. To characterise differences in gene expression profiles of macro-dissected intestinal 

metaplasia in patients with and without concurrent GC 

4. To subtype intestinal metaplasia using bioinformatics and identify differences between 

complete and incomplete intestinal metaplasia with regards to epithelial and immune 

infiltrate 
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4.3 Results 

4.3.1 Samples profiled using Affymetrix microarrays  

To address these aims Affymetrix microarray expression data previously generated in our 

laboratory derived from the MAUGIC, the IM-GC and the normal gastric patient cohorts was 

utilised (§2.2.1, GEO accession: GSE51105, [259]). Gastric cancer (GC) and premalignant samples 

were selected from the MAUGIC cohort and consisted of homogenised gastric tumour or 

matched non-tumour tissue collected at the time of gastrectomy. Data was available from 50 

intestinal gastric cancer (IGC), 38 diffuse gastric cancer (DGC) and 10 mixed gastric cancer (MGC) 

patients. In addition 22 matched chronic gastritis (CG+GC) and 23 matched intestinal metaplasia 

(IM+GC) tissues taken at least 2cm away from tumour mass were profiled. Clinical data for these 

patients is summarised in Table 4.1. Four of the IM+GC tissues were macro-dissected and the 

extracted RNA was rerun (rIM+GC) to allow for a technical comparison with the IM-GC cohort. 

The second cohort comprised samples from 14 IM-GC patients. These samples were prepared 

by macro-dissection to minimise stromal contamination and enrich for regions of IM epithelium 

before RNA extraction (§2.2.2). Finally Affymetrix data available from homogenised normal 

gastric biopsies (NN; n=7) was used as control (§2.2.1). Clinical data for these patients is given in 

Table 4.1. 

4.3.2 Intestinal metaplasia characterised using differential gene expression and gene 
set over-representation analysis 

To characterise the gene expression and pathway profile of intestinal metaplasia samples 

derived from patients with concurrent GC (IM+GC), differential gene expression and gene set 

over-representation with GO Biological Processes and GO Cellular Component were carried out 

using the normal gastric samples (NN) as a comparator. Probes with log2 normalised expression 

of less than 5 were excluded as this was assumed to be the lower limit of detection for the 

Affymetrix Human Genome U133 plus GeneChip™ arrays used (and thus potentially background 

noise). In total 159 genes were overexpressed in the NN samples and 596 genes in the IM+GC 

samples. The top 10 genes overexpressed in the NN samples included, as expected, stomach 

related genes such as GAST which codes for gastrin (Table 4.2). Gastrin is produced by 

neuroendocrine G cells in the antrum and plays a crucial role in gastric acid secretion by parietal 

cells. By contrast the IM+GC samples were characterised by highly overexpressed genes 

associated not only with the intestine such as DEFA5 as expressed by Paneth cells but also with 

inflammation such as S100A8 (neutrophils and macrophages). 
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Table 4.1 Description of cohorts with Affymetrix microarray data (HG-U133 Plus 2.0) used in 

this study 

Parameters MAUGIC (n=99) IM-GC1 (n=14) Normal (n=7) 

Gender    
Male 66 12 3 
Female 32 2 2 
Unspecified 0 0 2 

Age    
Male 66 (32-85)2 67 (32-84)2 72 (62-74)2 

Female 69.5 (33-86)2 80.5 (79-82)2 58.5 (53-64)2 

Pathology    
Intestinal 50 - - 
Diffuse 38 - - 
Mixed 10 - - 

Tumour location    
Antrum 22   
Body 58   
GOJ 18  - 

Differentiation    
Undifferentiated 28 - - 

Poorly differentiated 36 - - 
Moderately differentiated 30 - - 
Well differentiated 3 - - 
Carcinoma in situ 1 - - 

T stage    
Tis 1 - - 
T1 7 - - 
T2 22 - - 
T3 67 - - 
T4 1 - - 

Lymph node status  
N0 31 - - 
N1 35 - - 
N2 25 - - 
N3 7 - - 

AJCC stage  
0 1 - - 
IA 2 - - 
IB 14 - - 
II 26 - - 
IIIA 24 - - 
IIIB 20 - - 
IV 10 - - 

Premalignant tissue3  
Chronic gastritis (CG+GC) 22 - - 
Intestinal metaplasia (IM+GC)4 23 14 - 

1RNA extracted from macro-dissected intestinal metaplastic (IM) epithelial tissue; 2Age median (range) 
3Matched premalignant tissue in MAUGIC cohort obtained at least 2cm away from tumour; 4Four samples 
were rerun following macro-dissection of IM epithelial tissue (rIM+GC). 
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Table 4.2 Top 10 differentially expressed genes ranked by log2 fold change between normal 

(NN) and intestinal metaplasia (IM+GC) tissue 

Symbol Function logFC AveExpr adj.P.Val 

High in NN     
GAST Gastric acid secretion 3.64 8.10 6.50E-03 

PSD3 Guanine nucleotide exchange factor 2.67 6.66 6.77E-08 

IL1R2 Inhibits IL1α/β activity 2.54 8.25 4.23E-04 

UPK1B Cell development and growth 2.41 7.28 3.54E-04 

VSIG1 Maintenance of epithelium 2.41 7.76 2.87E-03 

MUCL3 Cell growth 2.22 10.46 6.10E-03 

CAPN9 Cysteine protease 2.19 7.86 1.79E-03 

FA2H Sphingolipid metabolism 2.18 6.24 2.26E-06 

GALNT5 Glycotransferase 2.14 6.58 2.51E-06 

ARHGEF28 Guanine nucleotide exchange factor 2.08 5.44 5.83E-05 

High in IM+GC     
RGS1 Signal transduction -5.28 7.98 2.67E-08 

GREM1 BMP antagonist  -4.97 7.91 5.36E-09 

SFRP2 Cell growth/differentiation  -4.85 7.57 1.01E-08 

CYR61 Cell proliferation/adhesion -4.58 8.53 1.65E-10 

S100A8 Immune response -4.11 7.77 1.25E-05 

OGN Bone formation -4.11 7.05 1.96E-07 

DEFA5 Antimicrobial activity (Paneth cells) -3.85 8.49 1.22E-02 

C7 Complement pathway -3.83 7.75 1.01E-07 

REG3A Antimicrobial activity -3.77 10.72 1.74E-03 

GPNMB Bone formation and cell adhesion -3.76 8.49 7.76E-09 

Affymetrix array data obtained from NN (n=7) and IM+GC (n=23) samples, normalised using the RMA 
algorithm and differential gene expression carried out using the limma package in R; differentially 
expressed genes were defined as log2 fold change >1.2 with adjusted p<0.05 using the Benjamini-
Hochberg method for multiple test correction; genes with log2 normalised average expression of less than 
5 were excluded. 

Gene set over-representation analysis with GO Biological Process confirmed this initial 

observation as the list of over-represented GO terms (564 GO terms with adjusted p<0.05, 

§2.4.2) was mainly populated by immune related processes including both higher and lower 

level terms such as Immune system process (GO:0002376, adj. p=1.31E-42), Immune response 

(GO:0006955, adj. p= 2.11E-38) but also T cell activation (GO:0042110, adj. p=2.81E-16) (Figure 

4.1). Over-representation analysis using GO Cellular Component (67 GO terms with adj. p<0.05) 

showed that IM+GC samples were particularly rich in extracellular matrix and other extracellular 

related activities including Collagen-containing extracellular matrix (GO:0062023, adj. p= 1.73E-

33) and Extracellular region (GO:0005576, adj. p= 1.73E-24) (Figure 4.1). 

Overall, this initial analysis comparing normal samples with intestinal metaplasia samples from 

GC patients showed that the latter were characterised not only by an intestinalisation of the 

gastric lining but also by an inflammation rich environment. 
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Figure 4.1 Top 10 over-represented GO terms for (a) Biological Process and (b) Cellular 
Component in intestinal metaplasia (IM+GC; n=23) samples compared to normal gastric (NN; 
n=7) samples 
The g:Profiler tool was used to carry out gene set over-representation analysis from the 
differentially expressed  genes in IM+GC samples compared to NN samples. All adjusted p values 
were obtained using the g:SCS method for multiple testing correction. A p value of 0.05 is 
equivalent to a negative log10 value of 1.30 (as shown by thick dashed line). 
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4.3.3 Characterising the immune landscape in chronic gastritis and intestinal 
metaplasia using CIBERSORT 

Having established that intestinal metaplasia is likely characterised by a highly inflammatory 

environment, the relative abundance of immune cells in chronic gastritis and intestinal 

metaplasia was further investigated using the CG+GC (n=22) and IM+GC samples (n=23) using 

the CIBERSORT online tool (https://cibersort.stanford.edu/index.php). The main aim of this 

analysis was to identify the prominent immune subsets and their quantitative distribution in 

chronic gastritis and intestinal metaplasia and determine whether there are any fundamental 

differences between these two histologically different tissue types. The advantage of CIBERSORT 

is that it allows the characterisation of cell composition of complex tissues from their gene 

expression profiles ([389], §2.4.4). 

Innate immune cell populations were mainly comprised of macrophages and mast cells 

(resting/activated) in both CG+GC and IM+GC samples (Figure 4.2). Interestingly M2 

macrophages made up the majority of the macrophage population in both tissue types. Minor 

innate immune cell populations included neutrophils, NK cells (resting/activated), monocytes, 

eosinophils and dendritic cells (resting/activated). Although only present in low abundance, 

resting dendritic cells were significantly more present in IM+GC than CG+GC samples (p=0.0033, 

Mann-Whitney test). 

Adaptive immune cell populations consisted mainly of plasma cells, resting CD4 memory T cells 

and CD8 T cells in both tissue types. Minor adaptive immune cell populations included B cells 

(naïve/memory), CD4 T cells (naïve/activated memory), follicular helper T cells, regulatory T cells 

and γδ T cells. For all adaptive immune cell subsets no statistical differences were observed 

between CG+GC and IM+GC samples. 

Overall, the use of the established CIBERSORT method for determining immune cell composition 

from gene expression profiles [389, 408] showed that M2 macrophages, mast cells, plasma cells 

(largest population), resting CD4 memory T cells and CD8 T cells are the major immune cell 

subsets present in both CG+GC and IM+GC. It also showed that these two tissue types have very 

similar immune cell profiles. 
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Figure 4.2 Relative abundance of immune cells in chronic gastritis (CG+GC) and intestinal 
metaplasia (IM+GC) determined using CIBERSORT 
a) Mean relative abundance of innate immune cell subsets and b) mean relative abundance of 
adaptive immune cell subsets in CG+GC (n=22) and IM+GC (n=23) samples. Data presented as 
mean + SEM. Statistical analysis done using Mann Whitney test. ** is equal to p<0.01. 
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4.3.4 Identifying shared differentially expressed genes between premalignant and 
malignant lesions 

To investigate further the possible role of chronic gastritis and intestinal metaplasia in both 

intestinal and diffuse gastric carcinogenesis, a four way differential gene expression analysis was 

carried out (CG+GC vs IGC, IM+GC vs IGC, CG+GC vs DGC and IM+GC vs DGC). The aim of this 

analysis was to identify differentially expressed genes common in both premalignant lesions and 

those common in both subtypes of malignant tumours. In total there were 306 and 241 

differentially overexpressed genes in CG+GC and IM+GC samples when compared to IGC 

respectively, with 175 genes shared (Figure 4.3). Highly overexpressed genes in premalignant 

lesions were mainly associated with normal gastrointestinal function such as ATP4A/B, GIF, 

GKN1/2, DEFA5/6 and SI as expected (Appendix D). Compared to DGC, there were 251 and 176 

genes differentially overexpressed in CG+GC and IM+GC samples respectively, with 108 genes 

shared. Overall the majority of overexpressed genes were similar to those obtained when 

compared to IGC (Appendix E) and in total 91 genes were commonly differentially overexpressed 

in both premalignant tissue types when compared to both malignant tissue types suggesting a 

possible common evolutionary process in intestinal and diffuse gastric carcinogenesis (Figure 

4.3). Further investigation of these genes using gene set over-representation with GO Biological 

Process confirmed that they were mainly associated with digestion, maintenance of the 

gastrointestinal epithelium and tissue homeostasis (Figure 4.4). 

A comparison of IGC samples with CG+GC and IM+GC samples showed 285 and 188 differentially 

overexpressed genes respectively of which 105 were shared (Figure 4.3). Top overexpressed 

genes included INHBA, SPP1 (with both CG+GC and IM+GC), OLFM4, CDH17 and CLDN1/3/7 

which have all been shown previously to be associated with GC (Appendix D). DGC samples 

showed differential overexpression of 349 and 154 genes compared to CG+GC and IM+GC 

samples respectively of which 145 genes were shared (Figure 4.3). As before, the top 

overexpressed genes showed similarity with those in IGC including INHBA and SFRP4 (Appendix 

E), with a total of 45 genes commonly differentially overexpressed in both malignant tissue types 

when compared to both premalignant tissue types. Further analysis showed that these genes 

were mainly associated with extracellular matrix and structure organisation (GO Biological 

Process terms GO:0030198 and GO:0043062) as well as various high level developmental and 

morphogenetic processes (Figure 4.4). 

Overall both chronic gastritis and intestinal metaplasia were shown to share sets of genes that 

were commonly differentially expressed with progression to either Lauren GC subtype 

suggesting a common path in gastric carcinogenesis. Activities lost with progression were mainly 
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associated with epithelial maintenance and function whereas those gained were associated with 

stromal changes. 

 
Figure 4.3 Four way differential expressed gene analysis between premalignant tissues 
(chronic gastritis and intestinal metaplasia) and malignant tissues (intestinal and diffuse 
gastric cancer) 
a) Venn diagram showing differentially overexpressed genes in chronic gastritis (CG+GC, n=22) 
and intestinal metaplasia (IM+GC, n=23) compared to intestinal and diffuse gastric samples (IGC, 
n=50 and DGC, n=38); The 91 genes listed in the table (dashed yellow circle in Venn diagram) 
were commonly overexpressed in both premalignant lesions compared to both malignant 
lesions; b) Venn diagram showing differentially overexpressed genes in IGC and DGC samples 
compared to CG+GC and IM+GC samples; The 45 genes listed in the table  (dashed yellow circle 
in Venn diagram) were commonly overexpressed in both malignant lesions compared to both 
premalignant lesions. Differentially expressed gene lists were produced using log2 fold change 
>1.2 with adjusted p<0.05 (Benjamini-Hochberg method) with the affy and limma packages in R.  
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Figure 4.4 Gene set over-representation analysis with GO Biological Process comparing 
premalignant tissues (chronic gastritis and intestinal metaplasia) and malignant tissues 
(intestinal and diffuse gastric cancer) 
a) Shared significantly over-represented GO Biological Process terms in both premalignant 
tissues obtained from gene list shown in Figure 4.3a; b) Shared significantly over-represented 
GO Biological Process terms in both malignant tissues obtained from gene list shown in Figure 
4.3b. The g:Profiler tool was used to identify over-represented gene sets (terms) from GO 
Biological Process. Adjusted p values were obtained using the g:SCS method for multiple testing 
correction. A p value of 0.05 is equivalent to a negative log10 value of 1.30 as shown by thick 
dashed line in c) and d). 
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4.3.5 Single sample gene set enrichment analysis identifies shared enrichment in 
cancer hallmark pathways between intestinal metaplasia and gastric cancer subtypes 

Having identified genes and general epithelial and stromal changes associated with progression 

to either GC subtype, single sample gene set enrichment analysis (ssGSEA) was carried out with 

the Hallmark gene sets (Molecular Signatures Database, https://www.gsea-msigdb.org, §2.4.2) 

to profile potential key shared pathways with the use of intestinal metaplasia (IM+GC) as a 

reference tissue.  The ssGSEA method has an advantage over both gene set over-representation 

and gene set enrichment analysis as it transforms a single sample’s gene expression profile into 

a gene set enrichment profile by calculating a separate enrichment score for each pairing of a 

sample and gene set ([387], GSVA package in R). Overall 25/50 and 22/50 gene sets were 

enriched in IGC (n=50) and DGC (n=38) samples respectively when compared to IM+GC (n=23) 

samples of which 18 sets were shared suggesting a considerable level of overlap in tumour 

hallmark pathway activity. As expected based on previous studies [406, 407], IGC was 

particularly enriched in DNA repair function, cell cycle and cell proliferation gene sets including 

DNA repair, E2F targets, G2M checkpoint, Mitotic spindle and MYC targets v1 (all at adjusted 

p=1.1E-05, Wilcoxon test with Benjamini-Hochberg multiple test correction) but these were also 

enriched in DGC samples, although at lower levels of significance (Figure 4.5). These latter 

samples were particularly enriched in gene sets associated with cell signalling and extracellular 

matrix remodelling including Notch signalling (at adj. p=1.0E-09), Epithelial Mesenchymal 

Transition (at adj. p=8.6E-09), TGFβ signalling (at adj. p=4.4E-09), Angiogenesis (at adj. p=8.6E-

09) and Apical junction (at adj. p=7.7E-06), although these same gene sets were also enriched in 

IGC samples at lower levels of significance. 

Overall the use of IM samples as a reference tissue showed there is considerable commonality 

in cancer-associated hallmark activities in Lauren GC subtypes. Levels of enrichment and not 

types of hallmark activities mainly separated IGC and DGC pointing towards a potential role of 

IM as a tissue of origin in the divergent process of gastric carcinogenesis that results in differing 

GC subtypes. 
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Figure 4.5 Top 5 most significantly enriched Hallmark gene sets using ssGSEA in intestinal (IGC) 
and diffuse gastric cancer (DGC) when compared to intestinal metaplasia (IM+GC) 
a) Five most significantly enriched Hallmark gene sets in IGC samples (n=50) compared to IM+GC 
(n=23) with DGC scores (n=38) shown for comparison; b) Five most significantly enriched 
Hallmark gene sets in DGC compared to IM+GC with IGC scores shown for comparison. Hallmark 
gene sets downloaded from https://www.gsea-msigdb.org. Single sample gene set enrichment 
analysis carried out using the GSVA package in R.  Wilcoxon test with Benjamini-Hochberg 
correction used to determine statistical significance.  
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4.3.6 Trends in enriched chromosomal bands by gene expression correspond to copy 
number gains in gastric cancer 

The previous analysis showed a highly significant enrichment of MYC targets v1 gene set in both 

IGC and DGC samples suggesting that MYC may play a pivotal role in both tumour types. The 

MYC gene is located on chromosome band 8q24 and previous studies have shown a higher risk 

of progression in IM patients with 8q gain [127] as well as an association with GC [159, 409, 410]. 

To determine whether gene expression profiles in tissues along the Correa model reflect 

changes in chromosomal copy numbers, ssGSEA with the Positional gene sets (MSigDB, 

https://www.gsea-msigdb.org) and the Jonckheere-Terpstra test for trends was carried out 

using the normal (n=7), chronic gastritis (CG+GC, n=22), intestinal metaplasia (IM+GC, n=23) and 

unmatched (to premalignant samples) IGC (n=29) samples. The findings of this analysis were 

then compared to previously obtained chromosomal copy number data of 16 MAUGIC patients 

(12 IGC and 4 DGC) as part of an ongoing whole exome sequencing study in our laboratory 

(Busuttil et al 2020 [411]) (Figure 4.6).  

Overall the three most significantly enriched chromosome arms/bands by gene expression were 

8q24, 7p15 and 7p14. Chromosomal copy number data showed that chromosome arms 6p, 7p, 

8p, 8q, 13q, 20p and 20q had a frequency of copy number gain of 0.5 or above. Except for 

chromosome arm 20p, all other high frequency gains were reflected in the gene expression 

positional analysis suggesting a strong correlation between increase in gene copy number in GC 

and gene expression.  
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Figure 4.6 Trends in enriched chromosomal location and frequency of chromosomal copy 
number variations in tissues representing the Correa model 
a) Bar chart showing trends in enriched Positional gene sets (MSigDB, https://www.gsea-
msigdb.org) obtained using Affymetrix microarray data from normal (n=7), chronic gastritis 
(n=22), intestinal metaplasia (n=23) and unmatched IGC (n=29) samples. Trends calculated using 
the Jonckheere-Terpstra test and adjusted for multiple tests using the Benjamini-Hochberg 
method. 
b) Frequency of chromosomal copy number variations from 16 MAUGIC patients (12 IGC and 4 
DGC) obtained using whole exome sequencing (Busuttil et al 2020 [411]). 
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4.3.7 Molecular characterisation of intestinal metaplasia without and with concurrent 
gastric cancer reveals differences in levels of inflammation and transcription factors 
associated with gastric cancer  

Having investigated the possible role of IM as a precursor lesion to both IGC and DGC, gene 

expression profiling was carried out on Affymetrix microarray data acquired using RNA extracted 

from macro-dissected intestinal metaplastic tissue from patients without (IM-GC, n=14) and 

with gastric cancer (rIM+GC, n=4). This analysis used tissue enriched in IM epithelium in order 

to study its role at a greater resolution but also to gain insight into immune cell activity in its 

direct proximity (local microenvironment). The ultimate aim was to identify whether rIM+GC 

samples differed to IM-GC samples due to a possible field cancerisation effect [412]. Due to the 

small number of samples available and in order to identify more subtle differentially expressed 

genes, differential expression criteria were reduced to log2 fold change >0.6 (overall value >1.5) 

but the adjusted p value after Benjamini-Hochberg correction was kept strictly at <0.05 to 

ensure only truly significant differentially expressed genes were filtered through.  

IM-GC samples showed only 8 differentially over-expressed genes whereas the rIM+GC samples 

showed 135 genes differentially over-expressed genes (Table 4.3). Top genes overexpressed in 

IM-GC were mainly associated with fatty acid/lipid activity whereas in rIM+GC they were mainly 

inflammation, ECM and wound healing, including two genes (SMOC2 and PDZK1IP1) associated 

with GC and other types of carcinomas. Two other genes closely associated with GC, MYC and 

SOX9, were also significantly overexpressed in rIM+GC (Figure 4.7). 

Gene set over-representation analysis with GO Biological Process using the differentially 

overexpressed gene list in rIM+GC showed five key terms that were enriched in intestinal 

metaplasia in patients with concurrent gastric cancer: T cell homeostasis (GO:0043029), 

regulation of protein export from nucleus (GO:0046825), ATP generation from ADP 

(GO:0006757), histone demethylase activity (GO:0032452) and mRNA stabilisation 

(GO:0048255) (Figure 4.8). Further investigation using ssGSEA with the Hallmark gene sets 

showed at least two inflammation related gene sets with a trend towards enrichment in rIM+GC 

(TNFα signalling via NF-Κβ and Interferon-γ response both at adjusted p=0.088 with Benjamini-

Hochberg correction) as well as higher KRAS signalling (adj. p=0.088) (Table 4.4). To identify 

potential subtle differences in activity of key transcription factors between IM-GC and rIM+GC, 

ssGSEA was carried out with the Transcription Factor Target gene sets (MSigDB, 

https://www.gsea-msigdb.org) which showed 5 gene sets that were enriched significantly in 

rIM+GC including “MYCMAX 03” and “E2F Q2” (both with adj. p=0.04) (Table 4.4). 
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Table 4.3 Top genes by log2 fold change overexpressed in macro-dissected IM-GC and rIM+GC 

samples 

Symbol Function logFC AveExpr adj.P.Val 

High in IM-GC     

LINC005201 Long non-coding RNA 1.97 7.61 4.24E-02 

GDPD3 Phosphatidylinositol metabolism 1.9 8.98 3.63E-02 

SULT1C2 Sulfotransferase activity 1.64 10.75 1.77E-02 

FABP5 Fatty acid uptake and transport 1.05 11.12 4.74E-02 

ELOVL6 Fatty acid metabolism 1.01 10.19 4.45E-02 

H3F3A Histone/nucleosome structure 0.99 7.09 4.59E-02 

MID1IP1 Lipid biosynthesis 0.82 8.23 4.03E-02 

PDZD3 Response to bacterial toxins 0.61 5.81 2.78E-02 

High in rIM+GC     

RGS1 Signal transduction -3.43 5.79 1.61E-02 

HLA-DQB1 MHC class II activity -2.58 6.93 2.20E-04 

C3 Complement activity -2.12 6.77 1.89E-02 

CYP4X1 Cytochrome P450 Family -2.11 5.93 4.01E-02 

TSC22D3 Anti-inflammatory/immunosuppressive -2.03 8.91 9.33E-03 

CTGF ECM -2.00 7.24 2.85E-02 

SMOC22 Wound healing -1.86 6.60 2.85E-02 

PDZK1IP13 Inflammation -1.80 7.79 3.66E-02 

IL7R Lymphocyte cell signalling -1.77 6.04 4.79E-02 

FCRL5 B cell differentiation -1.71 6.25 4.22E-02 

Differential gene expression carried out with Affymetrix microarray data obtained using mRNA extracted 

from macro-dissected intestinal metaplastic tissue from patients without (IM-GC, n=14) and with gastric 

cancer (rIM+GC, n=4); Differential expression set at log2 fold change >0.6 (overall value >1.5) and adjusted 

p value<0.05 after Benjamini-Hochberg correction; 1Associated with breast cancer; 2Associated with 

gastric cancer; 3Overexpressed in most carcinomas. 

 
Figure 4.7 Expression of MYC and SOX9 in IM-GC and in rIM+GC samples 
Gene expression of MYC and SOX9 in IM-GC (n=14) and rIM+GC (n=4) samples. Line shows 
median value; adjusted p values calculated using Benjamini-Hochberg method. 
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Figure 4.8 Gene set over-representation analysis with GO Biological Process using 
differentially overexpressed genes in rIM+GC compared to IM-GC samples 
The differentially overexpressed gene list for rIM+GC was used to identify over-represented GO 
Biological Process terms with the ClueGO app in Cytoscape (§2.4.2). The Bonferroni step down 
was used to correct for multiple testing and a group term p<0.05 was considered significant. 

Table 4.4 Top 5 enriched Hallmark and Transcription Factor Target gene sets in rIM+GC 

Gene set adj.P.Val 

Hallmark  

TNFα signalling via NF-Κβ 8.80E-02 

Interferon-γ response 8.80E-02 

Complement 8.80E-02 

KRAS signalling Up 8.80E-02 

Pancreas beta cells 8.80E-02 

Transcription Factor Target  

USF Q6 4.00E-02 

MYCMAX 03 4.00E-02 

HIF1 Q3 4.00E-02 

E2F Q2 4.00E-02 

YRTCANNRCGC unknown 4.00E-02 

ssGSEA carried out on IM-GC (n=14) and rIM+GC (n=4) samples with the Hallmark and Transcription Factor 
Target gene sets (MSigDB, https://www.gsea-msigdb.org) using the GSVA package in R. Wilcoxon test with 
Benjamini-Hochberg correction used to determine statistical significance.  

Overall gene expression profiles of targeted IM epithelium in patients with and without 

concurrent GC showed that the latter was enriched in inflammation and RNA/nuclear protein 

export regulatory associated processes as well as two key transcription factors, MYC and E2F, 

previously shown to be significantly enriched in both subtypes of GC. These findings suggest that 

IM tissue taken even 2cm or more away from tumour is under the influence of a possible field 

cancerisation effect and is of a “molecularly more advanced stage” than IM-GC tissue. 
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4.3.8 Subtyping of intestinal metaplasia using gene expression profiles 

Based on previous literature on the complete and incomplete subtype of IM that had shown 

differences in brush border markers such as CD10 (MME gene), SI and VIL1 [133, 398, 399, 413-

415] and a tissue enriched/specific search for colon markers on https://www.proteinatlas.org, 

a small set of genes (CDX1, CDX2, MME, SI, VIL1, TFF3, MUC2, and MUC12) was identified that 

could be  tentatively used to subgroup the epithelium enriched macro-dissected IM-GC (n=14) 

samples into complete or incomplete subtypes using a bioinformatics approach. A key 

assumption for this exploratory phase was that complete IM would theoretically have higher 

expression of small intestine related genes and incomplete IM would have higher expression of 

colon related genes. CDX1 and CDX2 mRNA is expressed in epithelial cells in both the small 

intestine and the colon, with the former showing increasing and the latter decreasing expression 

from the duodenum to the distal colon [323, 416]. Higher CDX2 protein expression has been 

shown in complete IM compared to incomplete IM [417].  MME, SI and VIL1 are genes expressed 

mainly in the brush border of the small intestine [418-420]. TFF3 mRNA is expressed in goblet 

cells of both the small intestine and the colon [421], MUC2 mRNA is differentially expressed in 

goblet cells of the small intestine (intermediate levels) and the colon (high levels) and MUC12 

mRNA is mainly expressed by enterocytes cells of the colon [422, 423].  

An exploratory gene expression correlation map using Pearson’s correlation coefficient (r) was 

created to identify potential relationships between these key intestinal genes in IM-GC (Figure 

4.9). SI had a significant positive correlation with CDX2 (r=0.57 at p=0.033) and MME (r=0.78 at 

p=0.001) as expected and a negative correlation with TFF3 (r=-0.62 at p=0.019). TFF3 also had a 

negative correlation with MME (r=-0.77 at p=0.0012) but positive correlations with CDX1 (r=0.83 

at p=0.0002) and MUC12 (r=0.55 at p=0.041). MUC12 had a negative correlation with MME (r=-

0.57 at p=0.034) and MUC2 showed a positive correlation with CDX1 (r=0.58 at p=0.030). 

Interestingly VIL1 did not show a significant correlation with any of the other genes.  

Using expression levels of SI, MME, CDX2, CDX1, TFF3 and MUC12, the IM-GC samples clustered 

(unsupervised) into two main clusters (Figure 4.10). The first cluster (C1) contained samples with 

high expression of the intestinal and brush border genes CDX2, MME and SI (samples S1, S12, 

S3, S9, S2, S4 and S6) whereas the second cluster (C2) contained samples with relatively higher 

expression of MUC12, TFF3 and CDX1 (samples S10, S5, S7, S8, S14, S11 and S14). C1 was 

selectively filtered by removing sample S12 as this had relatively high expression of all six target 

genes, and the remaining samples were defined as bioinformatically subtyped complete 

intestinal metaplasia (bcIM-GC: S1, S3, S9, S2, S4 and S6). C2 was also selectively filtered by 
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removing sample S8 as this had relatively high expression of CDX2, MME and SI and the 

remaining C2 samples were defined as bioinformatically subtyped incomplete intestinal 

metaplasia (biIM-GC: S10, S5, S7, S14, S11 and S14). Finally S8 and S12 were pooled together 

and defined as bioinformatically subtyped mixed intestinal metaplasia (bmIM-GC). 

 
Figure 4.9 Gene expression correlation heatmap using Pearson’s correlation coefficient (r) to 
identify possible targets for subtyping intestinal metaplasia in IM-GC 
Colour legend shows size and direction of correlation between genes; * p<0.05, ** p<0.01 and 
*** p<0.001. 

 
Figure 4.10 Hierarchically clustered heatmap (unsupervised) using gene expression of six key 
intestinal genes on IM-GC samples (n=14) 
Pheatmap package in R used. Expression levels have been standardised (centered and scaled) 
within rows for visualization. Legend shows z score. 
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4.3.9 Single sample GSEA confirms metabolic and small intestinal character of bcIM-
GC samples and suggests enriched immune activity 

To establish potential pathway differences between bcIM-GC and biIM-GC samples, ssGSEA was 

carried out with KEGG, GO Biological Process and GO Cellular Component. For all three 

databases containing pathways/GO terms, no enrichment was detected in biIM-GC, even with 

adjusted p value at <0.1. For KEGG, significantly enriched pathways (adjusted p<0.05, Benjamini 

Hochberg method) in bcIM-GC (31/186) were mainly metabolism related with the top 5 

consisting of “galactose metabolism”, “glycine serine and threonine metabolism”, “glycerolipid 

metabolism”, “arachidonic acid metabolism” and “linoleic acid metabolism” all with adjusted 

p=0.015 (Table 4.5). For GO Biological Process, significantly enriched terms in bcIM-GC 

(201/4436) were also mainly metabolism related with “digestion” being in the top 5 with 

adjusted p=0.043 (Table 4.5). For GO Cellular Component, close to significantly enriched terms 

in bcIM-GC included “brush border”, “brush border membrane” and “microvillus” all with 

adjusted p=0.063 (Table 4.5). Interestingly the terms “T cell receptor complex” and “MHC class 

II protein complex” showed a trend towards enrichment (both adj. p=0.063) suggesting an 

enriched immune cell response in bcIM-GC samples.  

To gain further insight into potential immunological differences between bcIM-GC and biIM-GC, 

ssGSEA was carried out using a list of immunologically relevant genes curated with functions and 

Gene Ontology terms from https://www.immport.org/. Enriched terms were only found in 

bcIM-GC and included “chemokine”, “cytokines” (both at p=0.0087) and “TCR signalling 

pathway” (p=0.04), further suggesting enriched immune activity in bcIM-GC (Table 4.5). 

Overall the bioinformatically subtyped complete IM-GC samples were shown to be enriched in 

pathways and cellular components associated with the small intestine. In addition these samples 

were characterised by an enrichment in immune associated processes including TCR signalling 

suggesting increased T cell presence/activity compared to the biIM-GC samples. 
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Table 4.5 Top enriched pathways/GO terms comparing bcIM-GC and biIM-GC using single 

sample gene set enrichment analysis 

Database Pathway/Term/Category Adj.P.Val 

High in bcIM-GC   

KEGG Galactose metabolism 1.50E-02 

KEGG Glycine serine and threonine metabolism 1.50E-02 

KEGG Glycerolipid metabolism 1.50E-02 

KEGG Arachidonic acid metabolism 1.50E-02 

KEGG Linoleic acid metabolism 1.50E-02 

High in biIM-GC   

KEGG None  

High in bcIM-GC   

GO:BP Acylglycerol homeostasis 4.30E-02 

GO:BP Digestion 4.30E-02 

GO:BP Oligosaccharide metabolic process 4.30E-02 

GO:BP Carbohydrate transport 4.30E-02 

GO:BP Antimicrobial humoral response 4.30E-02 

High in biIM-GC   

GO: BP None  

High in bcIM-GC   

GO:CC  T cell receptor complex 6.30E-02 

GO:CC  Brush border 6.30E-02 

GO:CC  MHC class II protein complex 6.30E-02 

GO:CC  Brush border membrane 6.30E-02 

GO:CC  Microvillus 6.60E-02 

High in biIM-GC   

GO: CC None  

High in bcIM-GC   

IP1 Chemokine 8.70E-03 

IP Cytokines 8.70E-03 

IP TCR Signalling pathway 4.00E-02 

IP Cytokines receptors 8.20E-02 

IP Interleukin receptors 2.10E-01 

High in biIM-GC   

IP None  
1Curated immune related gene lists downloaded from https://www.immport.org; ssGSEA carried out on 
bcIM-GC and biIM-GC samples (both n=6) with KEGG, GO Biological Process, GO Cellular Component and 
ImmPort gene sets using the GSVA package in R. Wilcoxon test with Benjamini-Hochberg correction used 
to determine statistical significance. 

4.3.10 Differential gene expression allows further characterisation of intestinal 
metaplasia subtypes 

To gain further insight into how bcIM-GC and biIM-GC might differ at the gene expression level, 

differential gene expression analysis was carried out. There were a total of 18 and 10 over-

expressed genes (inclusion criteria: average gene expression >5 and adj. p value<0.05 using 

Benjamini-Hochberg method) in bcIM-GC and biIM-GC respectively (Table 4.6). The bcIM-GC 

gene list was highly populated by small intestine specific genes (RBP2, MME, XPNPEP2) including 

many related to carbohydrate digestion (APOA4, SLC2A5, SLC2A2, MGAM and KHK) further 

confirming the strong small intestinal-like character of bcIM-GC. There was also a highly 
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enriched chemokine, CCL25 (logFC=3.88, adj. p=0.0092), which is normally selectively and 

constitutively expressed in the small intestine epithelium [424]. The biIM-GC gene list contained 

genes normally expressed in the colon (HOXA10 and HOXA13 at logFC=3.09 and 2.80 with adj. 

p=0.0025 and 0.015 respectively) and also a chemokine, CXCL5, known to be a powerful 

chemoattractant for neutrophils (logFC=2.49, adj. p=0.017) [425]. In addition to these three 

genes known to be associated with GC [426-428], two other GC associated genes were present 

in the biIM-GC list (CLDN1 and CDH3, [429, 430]) suggesting a higher level of oncogenic 

processes in the incomplete subtype of IM. 

Table 4.6 Differentially expressed genes in bcIM-GC and biIM-GC samples 

Symbol Name logFC AveExpr adj.P.Val 

High in bcIM-GC     

RBP2 Retinol Binding Protein 2 5.36 10.73 1.70E-02 

MME Membrane Metalloendopeptidase  4.08 7.22 3.90E-03 

APOA4 Apolipoprotein A4 3.96 9.34 4.60E-02 

CCL251 C-C Motif Chemokine Ligand 25 3.88 7.29 9.20E-03 

SLC2A52 Solute Carrier Family 2 Member 5 3.74 7.60 2.40E-02 

SLC2A23 Solute Carrier Family 2 Member 2 3.17 6.40 8.10E-03 

XPNPEP2 X-Prolyl Aminopeptidase 2 3.05 7.29 1.70E-02 

MGAM Maltase-Glucoamylase 3.00 7.69 2.40E-02 

SEMA6D Semaphorin 6D 2.36 5.89 1.90E-02 

SLC5A1 Solute Carrier Family 5 Member 1  2.16 8.87 3.70E-02 

KHK Ketohexokinase 1.98 8.93 4.70E-02 

PCK2 Phosphoenolpyruvate Carboxykinase 2,  1.73 10.09 4.70E-02 

KLK11 Kallikrein Related Peptidase 11 1.67 7.65 3.40E-02 

TTTY144 Testis-Specific Transcript, Y-Linked 14/CYorf14 1.49 5.55 4.60E-02 

SFRP5 Secreted Frizzled Related Protein 5 1.34 6.10 1.70E-02 

SLC37A4 Solute Carrier Family 37 Member 4 1.24 8.56 4.60E-02 

ADRB2 Adrenoceptor Beta 2 0.90 6.04 3.20E-02 

NUP210 Nucleoporin 210  0.85 7.12 1.70E-02 

High in biIM-GC     

HOXA10 Homeobox A10 -3.09 6.60 2.50E-03 

HOXA13 Homeobox A13 -2.80 5.74 1.50E-02 

CXCL55 C-X-C Motif Chemokine Ligand 5 -2.49 5.48 1.70E-02 

CLDN1 Claudin 1 -2.09 7.28 1.90E-02 

F5 Coagulation Factor V -1.89 7.25 3.20E-02 

CDH3 Cadherin 3 -1.69 7.62 5.60E-03 

CTSV Cathepsin V -1.61 7.44 1.90E-02 

CPD Carboxypeptidase D -1.26 8.01 4.50E-02 

RSPH1 Radial Spoke Head Component 1 -1.11 7.17 2.00E-02 

FAM3D Family With Sequence Similarity 3 Member D -0.69 10.16 3.00E-02 
1Contributes to small intestinal (not colon) homing of T cells; 2GLUT5; 3GLUT2; 4RNA gene; 5Stimulates 
chemotaxis of neutrophils. Differentially expressed genes were defined as log2 fold change >0.6 (overall 
value >1.5) with adjusted p<0.05 using the Benjamini-Hochberg method for multiple test correction; 
genes with log2 normalised average expression of less than 5 were excluded. 
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Using hierarchical clustering (unsupervised), all IM-GC samples were analysed together with the 

28 DEGs obtained to detect potential outliers and identify whether samples in bmIM-GC truly 

belonged to a separate group. All samples belonging to bcIM-GC and biIM-GC separated clearly 

from each other and there were no samples in either group with a “mixed” identity. The bmIM-

GC samples clustered in a separate group on their own but closer to biIM-GC than bcIM-GC 

having high expression levels of biIM-GC associated genes but also relatively high expression 

levels of some bcIM-GC associated genes (Figure 4.11). 

 
Figure 4.11 Hierarchical clustering (unsupervised) of all IM-GC samples using differentially 
expressed gene list 
Gene expression heatmap showing unsupervised clustering of all IM-GC samples based on 
previously obtained differentially expressed gene list. Pheatmap package in R used. Expression 
levels have been standardised (centered and scaled) within rows for visualization. Legend shows 
z score. 
 

Overall differential gene expression analysis showed that the bcIM-GC samples were highly 

enriched in genes associated with the small intestine whereas the biIM-GC samples showed 

differential overexpression of genes associated with the colon and gastric cancer. 
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4.3.11 Higher expression of gastric cancer associated biomarkers CEACAM5 and 
CEACAM6 in biIM-GC samples 

To further investigate the relationship between biIM-GC and cancer associated markers, the 

expression levels of CEACAM5 and CEACAM6 in bcIM-GC and biIM-GC samples were analysed. 

Both of these genes are cell adhesion molecules that have been associated with gastric cancer 

with the former being currently used as a biomarker (CEACAM5 encodes CEA, §1.5.1) for this 

disease [431-433]. Overall expression levels of both CEACAM5 and CEACAM6 were significantly 

higher in biIM-GC further suggesting that this subtype has a more oncogenic character and is 

more closely associated with GC than bcIM-GC (Figure 4.12). 

 
Figure 4.12 Expression of gastric cancer associated biomarkers CEACAM5 and CEACAM6 in 
bcIM-GC and biIM-GC samples 
Mid line shows median value. Statistical analysis carried out using unpaired t test.  

4.3.12 Single gene analysis of immune related genes identifies distinct immune 
profiles in intestinal metaplasia subtypes 

Earlier findings within the current study showed that inflammation and immune cell associated 

processes were highly enriched in intestinal metaplasia (§4.3.2, §4.3.3, §4.3.7, §4.3.9). To gain 

insight into potential differences in immune profiles between the bcIM-GC and the biIM-GC 

samples and their possible role in progression to GC, an extensive bioinformatics based analysis 

was carried out on all genes of the cluster of differentiation family (CD), the interleukin family 

(IL), the interferon family (IFN), the transforming growth factor family (TGF) and all chemokine 

related genes (CCL, CCR and CXCL and CXCR) as well as FOXP3 and KLRB1 (CD161) (Appendix F). 

The T cell specific markers CD2, CD3δ, CD3γ, CD8α and KLRB1 had significantly higher expression 

in bcIM-GC suggesting an increased T cell presence, particularly of CD8+ and CD161+ T cells 

(Figure 4.13). Significant differences were also observed in cytokine and chemokine profiles. For 
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cytokines, bcIM-GC was enriched in IL11RA (p=0.005), IL18RAP (p=0.049), IL27RA (p=0.036), 

IL2RB (p=0.026), IL37 (p=0.038), IL6R (p=0.0038), IL7R (p=0.012) and TGFBRAP1 (p=0.0029) 

(Table 4.7). In contrast only two cytokines had higher expression in biIM-GC, specifically IL18 

(p=0.031) and IL20RA (p=0.0087). In addition to high expression of CCL25, CXCL17 (p=0.022), 

CCL5 (p=0.00089), CCL2 (p=0.015), CXCL12 (p=0.015) and CCR5 (p=0.0087) had significantly 

higher expression in bcIM-GC compared to biIM-GC. Except for CXCL5, there was no other 

chemokine gene with higher expression in iIM-GC (Table 4.7). 

 
Figure 4.13 Gene expression of key T cell markers in bcIM-GC and biIM-GC samples 
For statistical analysis, unpaired t-test and Mann-Whitney test used for data with and without 
normal distribution respectively; *, **, *** is equal to p<0.05, p<0.01 and p<0.001. 

Table 4.7 Significantly enriched cytokines and chemokines in bcIM-GC and biIM-GC samples 

Cytokine logFC AveExpr p val.1 Chemokine logFC AveExpr p val.1 

High in bcIM-
GC 

   High in bcIM-GC    

IL6R 0.96 7.21 3.80E-03 CCL25 3.82 7.29 2.02E-05 
IL11RA 0.61 6.33 5.00E-03 CXCL17 1.68 9.24 2.20E-02 
IL7R 0.56 6.17 1.20E-02 CCL5 1.43 7.76 8.90E-04 
IL18RAP 0.44 5.93 4.90E-02 CCL2 1.06 5.39 1.50E-02 
IL27RA 0.41 5.59 3.60E-02 CXCL12 0.86 5.89 1.50E-02 
IL2RB 0.29 6.62 2.60E-02 CCR5 0.32 6.87 8.70E-03 
IL37 0.29 5.44 3.80E-02     
TGFBRAP1 0.27 7.00 2.90E-03      

High in biIM-GC     High in biIM-GC    
IL18 -0.91 7.31 4.10E-02 CXCL5 -2.46 5.65 6.47E-05 
IL20RA -0.84 6.55 8.70E-03      

1Statistical significance calculated for each gene separately using either unpaired t-test or Mann-Whitney 
test depending on data distribution. All genes of the interleukin family (IL), the interferon family (IFN), the 
transforming growth factor family (TGF) and all chemokine related genes (CCL, CCR and CXCL and CXCR) 
analysed for significant difference in gene expression (Appendix F). 
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4.3.13 Immune gene correlation matrix suggests the presence of three main types of 
T cell activity 

To further characterise the nature of differing T cell activity observed between bcIM-GC and 

biIM-GC samples, a correlation matrix was created using the five T cell associated genes 

previously shown to be enriched in bcIM-GC together with all the immune related genes 

investigated (Appendix F). Stringent inclusion criteria of Pearson’s correlation coefficient r<-0.8 

or r>0.8 with p<0.01 were used to create a network of highly correlated genes associated with 

these T cell markers (Figure 4.14). The overall result suggested there were three groups 

associated with T cell activity: TA1, TA2 and TA3. TA1 was primarily made up of CD2 and CD8α 

with very high correlations (CD8α/CCL5 r=0.97, CD8α/CD2 r=0.95, CD2/CCL5 r=0.93, CD2/IL7R 

r=0.91 and CD8α/IL18RAP r=0.90). TA2 consisted primarily of CD3δ and KLRB1, (CD3δ/KLRB1 

r=0.90 and CD3δ/CCL25 r=0.94), with CCL5 connecting TA1 and TA2. TA3 had CD3γ as a central 

node with relatively lower correlations and shared CD160 and IL11RA with KLRB1. 

Both CD2 and CD8α gene expression had a highly negative correlation with IL18 expression 

(CD2/IL18 r=-0.87 and CD8α/IL18 r=-0.85) suggesting a possible regulatory role of this cytokine 

on TA1. Both CD3δ and KLRB1 were highly negatively correlated with CXCL5 (CD3δ/CXCL5 r=-

0.85 and KLRB1/CXCL5 r=-0.87) suggesting also a possible regulatory of this chemokine in the 

function of TA2. Finally CD3γ had a highly negative correlation with CD24, IL20RA, IL1RN and 

IL1R2 (r=-0.86, r=-0.83, r=-0.82 and r=-0.81 respectively). 

Overall T cell activity in the bcIM-GC and biIM-GC samples was divided into three main groups 

by correlation: TA1 (CD2/CD8α), TA2 (CD3δ/KLRB1) and TA3 (CD3γ). Each T cell activity group 

was characterised by its own unique set of potential regulatory markers with the highly 

expressed IL18, CXCL5 and IL20RA genes in biIM-GC samples negatively correlated with TA1, TA2 

and TA3 respectively. 
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Figure 4.14 Correlation network showing T cell activity groups from bcIM-GC and biIM-GC 
samples 
Genes highly correlated (r<-0.80 or r>0.8 with p<0.01) with the five enriched T cell markers in 
bcIM-GC (n=6) were used to create a correlation network from bcIM-GC and biIM-GC (n=6) 
expression data. Three main T cell activity groups were identified: TA1 (key nodes CD2 and 
CD8α), TA2 (key nodes CD3δ and KLRB1) and TA3 (key node CD3γ). List of immune related genes 
used for correlation shown in Appendix F. 

4.3.14 T cell immune gene signature associated with complete intestinal metaplasia 

The relationship between T cell gene expression and intestinal metaplasia subtypes was further 

investigated a) by comparing gene expression levels of CD8α, MME (brush border, bcIM-GC 

epithelium) and CDX1 (mainly biIM-GC epithelium) and b) by comparing the ssGSEA scores of 

the KLRB1 gene signature first described by Fergusson et al 2014 [434] (Appendix G) with that 

of the GO Cellular Component Brush border term (GO:0005903). These authors showed that 

there is a core transcriptional signature enriched in KLRB1++ MAIT cells, which is also shared by 

other T cell lineages that express KLRB1 including CD8+, CD4+ and γδ T cells. 

Overall CD8α had a positive correlation with MME (r=0.73, p=0.0069) and a negative correlation 

(r=-0.70, p=0.011) with CDX1 (Figure 4.15) suggesting that bcIM-GC is enriched in CD8+ T cells 

of either αβ or γδ TCR origin. The KLRB1 gene signature was significantly enriched in bcIM-GC 

(p=0.049) and was highly positively correlated with the GO Cellular Component Brush border 
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term GO:0005903 (r=0.84, p=0.00068) suggesting that bcIM-GC is possibly enriched in innate 

like T cells (MAIT and γδ T cells) (Figure 4.15). 

 
Figure 4.15 Relationship shown between gene expression of CD8α with MME and CDX1 genes 
and between KLRB1 gene signature and GO Cellular Component term Brush border 
(GO0005903) 
Pearson’s correlation (r) used to investigate the relationship in gene expression between (a) 
CD8α vs MME and (b) CD8α  vs CDX1, and (c) between the ssGSEA scores of the KLRB1 gene 
signature described in Fergusson et al 2014 [434] (Appendix G) and the GO Cellular Component 
Brush border term. ssGSEA carried out using the GSVA package in R. Wilcoxon test used to 
determine statistical significance. 

4.3.15 Gene expression profiling of intestinal metaplasia validation cohort from 
Companioni et al 2017 study [388] 

In an attempt to validate the findings of the current study, the publically available data set 

(GSE78523) from Companioni et al 2017 was used [388]. In this study, Affymetrix Almac-Xcel 

arrays were used to profile total RNA from gastric mucosa. Normalised data was available from 

9 histologically subtyped cases of complete and 7 cases of incomplete IM in patients without GC 

(cIM-GC and iIM-GC). Differential gene expression analysis was performed with the GEO2R 

online tool and identified 8 genes overexpressed in cIM-GC and 2 genes overexpressed in iIM-

GC (inclusion criterium: adjusted p<0.05, Table 4.8). Interestingly 2 of the enriched genes in cIM-

GC were the transcription factors EBF1 (logFC=7.5, adj. p=0.025) and TAF10 (logFC=1.52, adj. 

p=0.032). EBF1 plays a crucial role in regulating expression of SLAM1 co-stimulatory receptor in 

B cells [435], and TAF10 is a transcription initiation factor for RNA polymerase II. However, 

overall there was no overlap of differentially expressed genes between the bioinformatically 
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subtyped IM-GC samples from our lab and the histologically subtyped IM-GC samples from the 

Companioni study. 

Table 4.8 Differentially expressed genes in cIM-GC1 and iIM-GC1 samples from Companioni et 

al 2017 [388] using GEO2R online tool 

Symbol Name logFC adj.P.Val 

High in cIM-GC    
EBF1 Early B-Cell Factor 1 7.50 2.50E-02 
ACTN4 Actinin Alpha 4 2.24 2.60E-02 
PRKCSH Protein Kinase C Substrate 80K-H 1.52 2.60E-02 
TAF10 Transcription initiation factor TFIID subunit 10 1.52 3.20E-02 
LINC00965  Long Intergenic Non-Protein Coding RNA 965 1.37 2.50E-02 
METTL22 Methyltransferase Like 22 1.12 2.70E-02 
UBE2G2 Ubiquitin-conjugating enzyme E2 G2 1.03 4.10E-02 
High in iIM-GC    
GOLGA1 Golgi Autoantigen, Golgin Subfamily A, 1 -1.59 3.10E-02 
C11orf57 NKAP Domain Containing 1 -1.41 4.10E-02 

1Histologically subtyped complete (n=9) and incomplete (n=7) intestinal metaplasia samples in patients 
without gastric cancer. 

4.3.16 Subtyping and characterisation of intestinal metaplasia samples from the 
Companioni cohort using 28 gene signature 

Using unsupervised hierarchical clustering with the same 28 gene signature previously used to 

subtype IM-GC samples from our lab (§4.3.10, Table 4.6), the histologically subtyped IM-GC 

samples from the Companioni study divided into two main clusters (Figure 4.16). Cluster 1 (C1) 

contained the samples with high expression of small intestinal specific genes such as MME, RBP2 

and MGAM whereas Cluster 2 (C2) contained the samples with low expression of these genes. 

As before, C1 was termed bioinformatically subtyped complete intestinal metaplasia (bcIM-GC) 

and C2 was termed bioinformatically subtyped incomplete metaplasia (biIM-GC). Overall, the 

histological and the bioinformatic subtyping of the Companioni samples differed substantially 

with only 5/8 and 4/8 samples showing overlap between cIM-GC/bcIM-GC and iIM-GC/biIM-GC 

(Figure 4.16). 

To further characterise the intestinal character of the bcIM-GC and biIM-GC samples, differential 

gene expression was carried out which showed over-expressed genes only in bcIM-GC (adjusted 

p<0.05, 61 genes), consisting mostly of small intestine specific genes (Table 4.9). Single gene 

analysis of T cell markers did not show significant differences between bcIM-GC and biIM-GC 

(Figure 4.17). However single gene analysis of cytokines and chemokines (§4.3.10, Appendix F) 

did show several overexpressed genes (IL32, IFNGR1, IL22RA, IFNAR1, IL18BP and TGFBR2) in 

bcIM-GC, with only IL36B overexpressed in biIM-GC (Table 4.10). Interestingly IL18BP which is 

an IL18 signalling inhibitor and downregulates Th1 responses was overexpressed in bcIM-GC 
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[436]. CCL25 was the only chemokine gene that overlapped with the findings from the IM-GC 

cohort in our lab further confirming the likely important role of this cytokine in complete IM. 

ssGSEA with the ImmPort gene sets showed significant enrichment of Interferon Receptors in 

bcIM-GC and also a trend towards enrichment in TCR Signalling Pathway (Figure 4.18). 

 
Figure 4.16 Unsupervised hierarchical clustering of IM-GC samples from the Companioni et al 
2017 study [388] 
Gene expression heatmap showing unsupervised clustering of histologically subtyped IM-GC 
samples from the Companioni et al 2017 study using 28 gene list from §4.3.10 and Table 4.6. 
Pheatmap package in R used. Expression levels have been standardised (centred and scaled) 
within rows for visualization. Legend shows z score. 

Table 4.9 Top 10 genes by adjusted p value1 over-expressed in bcIM-GC compared to biIM-GC 

samples (Companioni et al 2017 study, [388]) 

Symbol adj.P.Val  logFC 

High in bcIM-GC    
SFRP5 4.30E-05  -2.62 
XPNPEP2 2.30E-03  -2.70 
SLC15A1 2.30E-03  -2.40 
RBP2 2.30E-03  -2.24 
SLC5A1 2.30E-03  -2.01 
SLC46A1 3.50E-03  -2.03 
TMEM236 4.90E-03  -1.92 
CEACAM20 5.80E-03  -2.92 
MME 6.00E-03  -2.38 
SLC6A19 6.00E-03  -2.17 

1Sorted by adjusted p value and not logFC as several genes with high logFC did not reach significance 
(adjusted p value<0.05). Analysis carried out on bioinformatically subtyped samples of the Companioni et 
al 2017 study. 
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Figure 4.17 Gene expression of key T cell markers in the IM-GC samples from the Companioni 
2017 study [388] 
 Unpaired t-test and Mann-Whitney test used for statistical analysis, dependent on data 
distribution. Analysis carried out on bioinformatically subtyped samples from the Companioni 
et al 2017 study. 

Table 4.10 Significantly enriched cytokines, chemokines and their associated receptors using 

the IM-GC samples from the Companioni et al 2017 study [388] 

Cytokine logFC p val. Chemokine logFC p val. 

High in bcIM-GC   High in bcIM-GC   
IL32 1.77 1.50E-03 CCL25 1.69 2.50E-02 
IFNGR1 1.22 4.10E-02    
IL22RA 1.03 2.70E-03    
IFNAR1 0.63 2.00E-02    
IL18BP 0.97 3.40E-02    
TGFBR2 0.21 1.70E-03    

High in biIM-GC    High in biIM-GC   
IL36B -0.18 4.20E-02 None   

All genes of the interleukin family (IL), the interferon family (IFN), the transforming growth factor family 
(TGF) and all chemokine related genes (CCL, CCR and CXCL and CXCR) were analysed for significant 
difference in gene expression (Appendix F). Analysis carried out on bioinformatically subtyped samples 
from the Companioni et al 2017 study. 
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Figure 4.18 Single sample GSEA using ImmPort immune related gene sets with the IM-GC 
samples from the Companioni et al 2017 study [388]) 
ssGSEA carried out on bioinformatically subtyped samples from the Companioni et al 2017 study 
using the GSVA package in R. Wilcoxon test used to determine statistical significance. Curated 
immune related gene lists downloaded from https://www.immport.org.  

4.4 Summary and discussion 

The following is a summary of the main outcomes of this study. 

1. Chronic gastritis and intestinal metaplasia share similar immune cell profiles and are 

predominantly rich in plasma cells, CD4+ resting memory and CD8+ T cells, M2 

macrophages and mast cells. 

2. Progression to both intestinal and diffuse gastric cancer subtypes is characterised by a 

shared loss of gastro-intestinal epithelial processes and gain of stromal associated 

activity when compared to chronic gastritis and intestinal metaplasia. 

3. Intestinal and diffuse gastric cancer share common enriched cancer hallmark pathways 

but at differing levels of significance when compared to intestinal metaplasia as a 

potential unique precursor lesion. 

4. Intestinal metaplasia in patients with gastric cancer is associated with greater levels of 

inflammation and enriched MYC and E2F transcription factor activity when compared to 

intestinal metaplasia in patients without gastric cancer. 

5. Subtyping based on gene expression profiles shows high expression of small intestine 

associated genes in complete IM and of colon associated genes in incomplete IM.  

Several genes associated with gastric cancer were also upregulated in the latter. 

6. Bioinformatically subtyped complete IM is highly enriched in gene expression and 

pathways associated with T cell function. 
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4.4.1 Discussion 

In the current study, IM was initially shown to be enriched in immune system associated 

processes by comparison to normal tissue. Further investigation of the immune 

microenvironment in CG and IM using CIBERSORT showed not only an abundance of plasma cells 

but also CD4+ resting memory and CD8+ T cells confirming the chronic character of inflammation 

in these two lesion types. Interestingly both CG and IM had a high abundance of M2 

macrophages and also equal amounts of resting and activated mast cells. M1 macrophage 

abundance was relatively low, suggesting a prevalent Th2 presence in these samples. A previous 

study by Quiding-Jarbrink et al 2010 [205] showed a mixed M1/M2 macrophage profile in CG 

with enhanced M1 polarisation in AG. Four of the six AG patients in that study also had local 

intestinal metaplasia but no IM data was provided. By contrast Petersen et al 2014 [207] showed 

the presence of CD163 positive macrophages in IM suggesting a predominant M2 response. 

Overall in the current study no significant differences were detected between CG and IM in the 

context of immune cells except for an increased abundance of resting dendritic cells in the latter. 

Following on from the histology based findings in Chapter 3, the potential role of CG and IM as 

precursor lesions not only for the intestinal subtype but also for the diffuse subtype of GC was 

investigated by identifying a set of genes commonly differentially overexpressed in the 

premalignant lesions and a set of genes commonly differentially overexpressed in the malignant 

lesions. Overall the former was associated with digestion, loss of gastrointestinal epithelial 

function and tissue homeostasis. The latter was associated with ECM organisation and structural 

developmental processes.  

The possible role of IM as a unique precursor lesion to both IGC and DGC was further 

investigated by characterising commonly enriched pathways. Overall IGC and DGC showed 

shared enrichment in several cancer hallmark pathways with the former more associated with 

cell proliferation including MYC and E2F targets and the latter more associated with Notch/TGFβ 

signalling and EMT as would be expected from poorly differentiated morphology of this tumour 

type, as reported in previous studies [160, 406, 437-441]. The possibility of a shared precursor 

for both intestinal and diffuse gastric carcinogenesis was recently suggested by a study which 

described two mouse models with alterations in pathways that characterise the CIN and the GS 

subtypes of human GC [442].  Anxa10-CreERT2;Tp53R172H/+;KrasG12D/+; Smad4fl/fl mice produced 

intestinal type tumours with glandular structures whereas Anxa10-CreERT2; Cdh1fl/fl;KrasG12D/+; 

Smad4fl/fl mice produced poorly differentiated diffuse type tumours with signet ring cell  
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formation suggesting that mutations in just two key GC associated genes (TP53 and CDH1) may 

be enough for divergent carcinogenesis from a common precursor. 

Using available expression data from normal, CG, IM and unmatched IGC trends of enriched 

chromosomal bands were identified and compared to available in-house chromosomal copy 

number data (Busuttil et al 2020 [411]). The chromosomal locations 8q24, 7p15, 7p14, 7p and 

1p11 were the five most enriched by gene expression. Although a previous study showed that 

the correlation between copy number gains and upregulation of mRNA levels are gene-specific 

in GC [410], the chromosomal CN data in the current study showed good correlation with the 

expression data confirming that IGC is mainly a chromosomal instability disease, as shown in the 

TCGA study where ~49% of GC had CIN [42]. Although gene expression dysregulation through 

altered methylation levels has been shown to play an important role in gastric carcinogenesis, 

chromosomal instability is highly characteristic of many GC tumour cells [40, 42, 443, 444]. 

Chromosomal instability and in particular that of chromosome 8 seems to be one of the earliest 

destabilising events, as MYC (on 8q24) and chromosome arm 8q amplification both have been 

shown to occur in IM and are associated with increased risk of progression [127, 159]. MYC is a 

known oncogene with key roles in cell proliferation, cell growth, cell differentiation and 

apoptosis and MYC mRNA/protein expression levels have been previously shown to be 

significantly associated with chromosomal copy number in GC [160, 410, 445, 446]. Other 

chromosomal gains, particular of chromosome 7, 13 and 20 have also been shown to occur 

frequently in GC [447-450]. 

To characterise the role of IM as a premalignant lesion to GC, IM tissue from patients without 

(IM-GC) and with concurrent GC (IM+GC) were compared. Generally in cancer studies, 

histologically normal tissue adjacent to tumour is used as a control to identify aberrations. 

Although implied, histological normalcy does not equate to molecular normalcy. Indeed, normal 

tissue adjacent to tumour is reported to show allelic imbalance, altered telomere length, 

epigenetic and transcriptomic abnormalities [451, 452]. This may reflect an intermediate state 

between true healthy normal and tumour tissue, possibly until at least 1 cm away from tumour, 

with commonly over-expressed genes involved in inflammation and wound healing processes 

[451-453]. In the current study a small number of IM+GC samples taken at least 2cm away from 

tumour were macro-dissected to remove stromal contaminants and enrich for IM epithelium 

(rIM+GC) and their expression profiles compared to that of macro-dissected IM-GC samples. 

Interestingly the rIM+GC samples showed enrichment in gene expression and pathways 

associated with inflammation including T cell presence, ECM organisation and wound healing as 
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well as of two key GC associated genes, namely MYC and SOX9. Overall these results suggest 

that the “field cancerisation effect” persists even in tissue greater than 2cm away from tumour 

[412, 454]. The consequence of this is that molecular progression risk studies for IM patients are 

much more suitably carried out in IM patients without than in IM patients with concurrent GC. 

However IM samples from patients that have progressed to dysplasia and from patients with 

concurrent GC could still be used as comparators to study progressive intermediate IM stages 

towards malignancy. 

Using gene expression profiles of a small number of key intestinal genes, IM-GC samples were 

separated into three groups representative of histological subtypes of intestinal metaplasia, the 

complete, the incomplete and the mixed subtype. One of the main assumptions was that 

complete IM is similar to the small intestine and will express high levels of brush border 

associated genes such as MME (CD10), Villin and SI, all three of which have been previously 

shown to be present in IM [133, 413, 414]. Another key assumption was that incomplete IM is 

similar to the colon thus it will express colon specific mucins such as MUC12 and mixed IM 

samples will express a mixture of both types of intestinal markers. This is the first attempt to 

subtype intestinal metaplasia using a histo-molecular approach. 

Overall the gene expression profile of complete IM was shown to be similar to that of the small 

intestine with overexpression of multiple mature enterocyte related genes and enrichment of 

brush border, digestion and metabolism related processes. By contrast the incomplete subtype 

was enriched in expression of colon but also GC associated genes including CLDN1, CDH3 and 

the GC biomarker CEACAM5 [429, 430]. Of particular interest was the overexpression of the 

homeobox genes HOXA10 and HOXA13, both found on enriched chromosome band 7p15. Given 

that both HOXA10 and HOXA13 have transcription target binding sites for MYC and E2F1 (gene 

located on highly amplified chromosome arm 20q in GC samples), it is possible that synergy 

between key transcription factors on amplified chromosomes plays an important role in early 

progression from incomplete IM to dysplasia/gastric cancer (https://www.genecards.org/, 

[455]). 

As GC occurs in the context of long term chronic inflammation and considering little is known 

about the role of the immune microenvironment in progression, immune gene expression 

profiling was carried out using the bioinformatically subtyped IM-GC samples to identify 

potentially significant differences. Gene and pathway analysis showed higher expression of 

multiple T cell associated genes including CD3δ, CD3γ, CD8α and KLRB1 and overall enrichment 

in Chemokine, Cytokine and TCR signalling in complete IM. A biological explanation for increased 
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T cell gene expression and thus possibly of T cell infiltration was offered by the highly positive 

correlation with CCL5 and CCL25, two chemokines known to be chemotactic for T cells [456, 

457]. Interestingly the latter is selectively secreted by small intestinal epithelial cells suggesting 

that complete IM reproduces at least in part small intestinal immune functions (Campbell and 

Butcher 2002). Single gene cytokine and chemokine analysis further showed overexpression of 

multiple pro-inflammation related markers including IL6R and IL11RA in complete IM suggesting 

the presence of an inflammation-rich microenvironment. 

Incomplete IM had higher expression of IL18 whereas complete IM had higher expression of 

IL18RAP, a receptor accessory protein associated with IL18 activity but also of IL37, an anti-

inflammatory cytokine which inhibits IL18 signalling [458] suggesting that IL18 activity may form 

a fundamental immune difference between complete and incomplete IM. Gene correlation 

analysis showed that IL18 was highly negatively correlated with CD2 and also CD8α suggesting a 

possible immune-regulatory role for this cytokine. Generally IL18 is regarded as a pro-

inflammatory cytokine with the capacity to activate established Th1 cells to produce IFNγ in the 

presence of IL12 [459]. However in the absence of IL12 and presence of IL2, IL18 stimulates NK 

cells, NKT cells and established Th1 cells to produce IL3, IL9 and IL13 thus facilitating a Th2 

response [458]. In a mouse model with Helicobacter felis infection IL18 was shown to counteract 

excessive gastric immunopathology, possibly by regulating an excessive Th17 cell driven 

response [460]. In the intestine, intestinal epithelial cells were shown to produce large amounts 

of IL18 which regulated Th17 cell differentiation and was critical for FOXP3+ regulatory T cell-

mediated control of intestinal inflammation [461]. Incomplete IM also showed differential 

overexpression of CXCL5, a powerful chemoattractant for neutrophils [462, 463] suggesting that 

this immune cell type may have higher levels of infiltration in this subtype of IM. Previously Fu 

and colleagues showed a 9-fold and 24-fold increase in neutrophils when comparing intestinal 

metaplasia and gastric cancer tissues with normal gastric tissue controls [193]. 

Finally the T cell immune microenvironment was further investigated using the KLRB1 gene 

signature from Fergusson et al [434] and shown to be not only enriched in complete IM but also 

to be highly positively correlated with brush border genes. KLRB1 is expressed on most NK cells, 

Th17 cells, γδ T cells and with particular high expression on MAIT cells [434]. Thus complete IM 

may be rich in Th17/innate like T cell populations. 

Overall these data suggest that the immune response in intestinal metaplasia exists within a 

spectrum that has two distinct extremes. On the one side is a possible highly inflammatory 

environment rich in CD8+ and innate like T cells and most likely dependent on IL6 and IL11 
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signalling notably in complete IM; on the other side exists an IL18 immuno-regulatory 

environment with a reduced T cell immune response, possibly associated with neutrophil 

infiltration driven by CXCL5 recruitment, notably in incomplete IM. 

To validate the current study’s findings, gene expression profiling of a cohort [388] similar to the 

IM-GC cohort was carried out using the 28 differentially expressed gene list previously obtained 

(§4.3.8 and §4.3.14). Overall the validation cohort separated into two distinct clusters, one with 

high expression of small intestine specific genes such as SFRP5, RPB2, MME and also higher 

expression of CCL25 as observed in my study, and a second cluster with low expression of this 

type of genes. However these two clusters did not fully correlate with the histologically assigned 

subtypes in their study. Differences observed between the two data sets may be explained by 

the following:  

1) The Companioni data set [388] was obtained using the Affymetrix Almac Xcel array specifically 

optimized for use with degraded paraffin embedded formalin fixed tissue. Although RNA 

integrity was checked at the time of extraction, it does not necessarily translate to the same 

RNA quality obtained within our lab from snap frozen tissue. 

2) The Companioni study used RNA extracted from whole sections not from macro-dissected IM 

areas of sections, thus had possibly relatively lower IM epithelial content and was more likely 

contaminated with T cell rich tertiary lymphoid structures that occur near IM and can dilute 

potentially significant differences. 

3) Complete and incomplete IM glands are intermixed three-dimensionally within most samples 

and a different subtype may be predominantly present at different depths of a biopsy. As a result 

the histologically defined section may not be truly representative of the entire biopsy. 

4) The RNA extraction kits used differed between the Companioni study and our laboratory: 

Recover All Nucleic Acid for FFPE kit by Ambion versus mirVANA kit by Applied Biosystems. The 

microarray quantification platform used in our lab was the Affymetrix® Human Genome U133 

Plus 2.0 Array, which is 98% cross-mapped to the Almac Xcel™ Array. Although this played an 

important role in choosing this dataset for validation, potential differences are still possible. 

5) The ethnic origin of the patient cohorts used (multi-ethnic including eastern Asian patients 

living in Victoria for the Australian vs mainly Spanish patients in the Campanioni study) differed 

which may have contributed to different IM profiles. 
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4.4.2 Study limitations 

This study included a systematic analysis of gene expression profiles to characterise both gastric 

premalignant and malignant tissues. Also macro-dissected IM samples with an enriched 

epithelial component were subtyped using a novel histo-molecular approach. However the 

current study did have a small number of potential limitations including: 

a) The small number of normal and premalignant tissue samples from GC patients characterised; 

the effect of the latter was minimised by using pooled analysis of each premalignant lesion type 

(CG and IM) when comparing to malignant tissue types (IGC and DGC) instead of matched 

patient analysis. 

b) The small number of macro-dissected rerun IM+GC samples and IM-GC samples thus 

producing results with limited statistical power. 

c) The small number of samples available in the validation data set by Companioni et al 2014. 

d) Although highly informative, this in silico study does not reveal the cell type of origin for 

specific genes; targeted validation of some of this study’s key findings is described in Chapters 

5-7 using single and multiplex immunohistochemistry. 

Overall the current study investigated the immune microenvironment in CG and IM, provided 

possible gene expression evidence linking both these lesions with progression not only to the 

intestinal but also to the diffuse subtype of GC and showed that two molecular types of IM exist, 

one enriched in expression of small intestinal genes and pathways similar to histological 

complete IM and another type with high expression of colon related genes similar to histological 

incomplete IM. The bioinformatically subtyped complete IM seemed to have a T cell rich 

inflammatory signature whereas the incomplete IM was characterised by a relatively immuno-

suppressive environment with possibly reduced T cell infiltration.  The validation data set from 

Campanioni et al partially supported the findings from this bioinformatics approach to subtyping 

IM samples. Finally the difference in immune signatures between IM subtypes associated with 

differing risk of progression to GC may play a significant role and requires further 

characterisation using other methods such as immunohistochemistry.   
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Chapter 5 Characterising the macrophage landscape in intestinal 
metaplasia 

5.1 Introduction 

Gene expression analysis described in section §4.3.3 of this thesis suggested that M2 

macrophages were the predominant macrophage population in both chronic gastritis and 

intestinal metaplasia. Macrophages with M2 characteristics (“alternatively activated”, promote 

cell proliferation and tissue repair) are functionally highly heterogeneous and based on the 

applied stimuli and resulting transcriptional changes, M2 macrophages have been further 

subdivided into M2a, M2b and M2c states and in some instances into M2d as well [195, 464-

466]. The M2a state is created in an environment rich in IL4 and IL13, the M2b state as a 

response to immune complexes and LPS, the M2c in the presence of glucocorticoids and TGFβ 

and the M2d state as a response to IL6 and leukemia inhibitory factor. It is not obvious whether 

these states are fixed or in flux depending on the local in vivo microenvironment. Activated by 

intracellular pathogens, LPS, IFNγ and TNFα the M1 macrophage phenotype (“classically 

activated”, pro-inflammatory) seems to reside in a more stable state  and is associated with the 

ability to secrete inflammatory cytokines and produce nitric oxide (NO) which is cytotoxic to 

target cells [195]. 

Studies of the immune microenvironment associated with premalignant gastric lesions have 

primarily focussed on identifying and characterising the key immune changes in chronic gastritis 

(CG) [205, 213, 467-470]. Some studies have combined chronic with atrophic gastritis (AG) to 

identify changes associated with progression but only a limited number of studies have 

attempted to characterise the immune microenvironment in intestinal metaplasia (IM) [207, 

236, 471]. 

 So far no other study has studied the macrophage landscape in the complete and incomplete 

subtypes of IM with the aim to identify differences that may explain their differing risk 

associated with progression to gastric cancer (GC). As described in section §4.3.7 using gene 

expression profiling, in addition to histological progression there is an element of temporal 

progression in IM samples from patients without (IM-GC) to patients with concurrent GC 

(IM+GC) due to a possible “field cancerisation effect” extending at least 2cm away from the 

tumour. Thus using tissues from both the IM-GC and the IM+GC cohorts a histo-temporal model 

of gastric carcinogenesis can be constructed based on IM subtype together with IM-GC samples 

representing “early IM” and IM+GC samples representing “late IM”. 
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5.2 Hypothesis and aims 

Hypothesis: “The macrophage landscape differs between intestinal metaplasia subtypes and is 

associated with differing risk of progression”. 

The main aims of this study were: 

1. To identify and characterise total macrophage and macrophage subset density in 

CG, complete and incomplete IM in the IM-GC and IM+GC cohorts in both 

histological and temporal order of progression. 

2. To compare macrophage density in CG surrounding IM in the IM-GC and IM+GC 

cohorts and between cohorts. 

3. To determine quantitative relationships between macrophage subset densities and 

between macrophage subsets and epithelial cells by investigating their ratios in the 

IM-GC and the IM+GC cohorts. 

4. To characterise the spatial relationships between macrophage subsets and between 

macrophages and epithelial cells in the IM-GC and the IM+GC cohorts. 

5. To characterise the macrophage landscape in two patients that have progressed to 

high grade dysplasia (“Progressors”). 

5.3 Results 

5.3.1 Description of cohorts used in this study 

Samples representative of the IM-GC, IM+GC and Progressors cohorts were used as described 

in Table 5.1. Where available, CG areas surrounding IM and dysplastic areas on the same section 

were also characterised. For the IM-GC and the Progressors cohorts, tissue was obtained during 

gastroscopy and collected using the updated Sydney protocol as described in §1.2.3 and Figure 

1.8. Subtyping of IM was carried out as described in §2.5.1 and Figure 2.3. 
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Table 5.1 Clinical details of patients used for the OPAL™ multiplex immunohistochemistry 

macrophage study from the IM-GC, the Progressors and the IM+GC (MAUGIC) cohorts 

Parameters IM-GC (n)1 Progressors (n)2 IM+GC (n) 

Gender    
Male 12 2 13 
Female 6 0 7 

Age    
Male 69 (39-86)3 60-68 (64)3 68 (39-86)3 

Female 71.5 (44-79)3 - 66 (49-83)3 

Premalignant condition    
Chronic gastritis 12 15 15 
Intestinal metaplasia subtype4    

 complete 10 5 11 
incomplete 12 11 9 

Dysplasia 0 45 0 
Premalignant tissue site    

Antrum    
A1 10 6 nd 
A2 1 4 nd 
A3 7 6 nd 

Body    
A4 3 3 nd 
A5 2 1 nd 

Matched tumour pathology    
Intestinal - - 14 
Diffuse - - 6 

Matched tumour location    
Antrum - - 11 
Body - - 8 
GOJ - - 1 

T stage    
Tis - - 2 
T1 - - 3 
T2 - - 5 
T3 - - 9 
Unspecified - - 1 

Lymph node status     
N0 - - 14 
N1 - - 4 
N2 - - 1 
Unspecified - - 1 

1For some patients, more than 1 sample was characterised differing in either the site or the time point 
taken; 2Cohort consisted of two patients (P1 and P2) with tissue taken from multiple stomach sites across 
multiple time points; 3Median age and range; 4Subtyping of intestinal metaplasia described in §2.5 and 
Figure 2.3; 5P1 had 2 samples from the same site taken at different time points with high grade dysplasia 
and P2 had 1 sample with low grade and 1 sample with high grade dysplasia; 

5.3.2 OPAL™ multiplex immunohistochemistry for macrophage panel 

The OPAL™ multiplex immunohistochemistry (IHC) macrophage panel consisted of primary 

antibodies against the following antigens/cell markers: AE1AE3, CD68, CD163, CD206, IRF8 and 

PDL1 (§2.5.2, Table 2.9) as previously published by our laboratory [198]. Each OPAL™ antibody 

was optimised independently before multiplexing. Multiplex IHC was followed by low and high 
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resolution scanning on the VECTRA microscope and multi-parameter data was obtained using 

spectral unmixing with the previously created spectral library (§2.5.2, Appendix H), tissue 

segmentation and then cell segmentation with the inForm software (Figure 5.1). The number of 

regions of interest (ROIs) per sample differed dependent on size and CG and IM tissue 

abundance and this was taken into account by using a generalised linear model in R for statistical 

analysis (§2.5.7). 

 
Figure 5.1 Use of inForm software to acquire multi-parameter single cell data from target 
tissue previously stained with OPAL™ reagents 
a) High resolution images (x20) of target tissue were spectrally unmixed, tissue segmented, cell 
segmented and then cell phenotyped using the classifier tool in inForm; b) Pseudo-pathology 
images of each OPAL™ fluorophore (marker) shown. Scale bars: 100μm. 

Dapi was used as a nuclear counterstain for cell visualisation and segmentation. All CD68+ cells 

were considered to be macrophages.  CD163 (Haemoglobin-Haptoglobin Scavenger Receptor) 

and CD206 (C-Type Mannose Receptor 1) were considered M2 macrophage markers [472] and 

IRF8 (interferon regulatory factor 8) which is induced by IFNγ was considered an M1 marker 
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[473]. Epithelial cells (Ep) were identified as AE1AE3+ cells. Cells positive only for Dapi were 

assigned to a group named Other. PDL1, an immune checkpoint protein associated with T cell 

response regulation [474], was added to the panel to identify potential variations in its 

expression across premalignant lesions.  

5.3.3 Macrophage immune profile in gastric premalignant lesions consists of six main 
subsets 

Based on the cellular co-localisation of the markers used in the OPAL™ multiplex IHC 

macrophage panel (§2.5.2, Table 2.9), six main subsets (CD68+CD163+, CD68+CD163+IRF8+, 

CD68+CD163+CD206+, CD68+CD163+CD206+IRF8+, CD68+CD206+ and CD68+IRF8+) were 

identified in the gastric premalignant tissues characterised across all cohorts studied: (Figure 

5.2). The majority of macrophages were located near the epithelium, usually as individual cells 

although macrophage aggregates were occasionally observed. Overall, most samples 

characterised were rich in macrophages. 

The following became apparent while characterising the macrophage populations in these 

gastric premalignant tissues: 

- M1 macrophages (CD68+IRF8+) were rarely seen and often completely absent. 

-Three macrophage populations did not follow a strict M1/M2 paradigm as they displayed 

markers of both: CD68+CD163+CD206-IRF8+, CD68+CD163+CD206+IRF8+, and CD68+CD163-

CD206+IRF8+. To adjust for this, these three subsets were used to create a novel macrophage 

subgroup: M1/2 macrophages that may have properties of both traditional M1 and M2 

macrophages (M2 markers in the presence of IFNγ in the microenvironment as shown by IRF8 

expression) and most likely lie functionally somewhere in the middle of the M1 and M2 bipolar 

spectrum. 

5.3.4 Level of expression of key markers differs between macrophage subsets  

To detect possible differences in levels of marker expression between macrophage subsets, all 

macrophages in tissues belonging to all three cohorts (IM-GC, IM+GC and Progressors) were 

analysed by normalised mean marker intensity (Figure 5.3). CD68 was expressed less in the 

CD68+CD163+CD206+ subset compared to the other subsets. CD163 expression in  both 

CD68+CD163+ and CD68+CD163+CD206+ (both M2) subsets was lower than that observed in 

CD68+CD163+IRF8+ and CD68+CD163+CD206+IRF8+ macrophages (both M1/2). CD206 had 

lower expression in  CD68+CD163+CD206+ macrophages (M2) compared to the 

CD68+CD163+CD206+IRF8+ and CD68+CD206+IRF8+ macrophages (both M1/2). Finally 
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CD68+IRF8+ macrophages (M1) had higher IRF9 expression than CD68+CD163+IRF8+, 

CD68+CD163+CD206+IRF8+ and CD68+CD206+IRF8+ macrophages (all M1/2). 

 
Figure 5.2 Spectrally unmixed image and 3D scatter plot showing multiple macrophage subsets 
(CD68+ cells) present in gastric premalignant lesions based on cellular co-localisation of 
markers 
a) shows various macrophages between intestinal metaplastic glands as determined by the 
presence of goblet cells (black disks); b) shows the presence of six main types of macrophage 
subsets as shown by the combination of CD163, CD206 and IRF8 on CD68+ cells, first by 
normalised fluorophore intensity (bottom left, pooled total number of macrophages 
characterised=73250) and then on pseudo-pathology images produced by inForm from 
spectrally unmixed images (bottom right).  
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Figure 5.3 Normalised mean expression of key markers on macrophage subsets 
Violin plots showing log transformed normalised mean intensity for key macrophage markers a) 
CD68, b) CD163, c) CD206 and d) IRF8. Mean with +/- SD shown. Data shown from pooled total 
number of macrophages in all tissues across IM-GC, Progressors and IM+GC cohorts (n=73250). 
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PDL1 expression on macrophages was rarely seen. PDL1 expression was occasionally observed 

on epithelial cells located in regions of chronic gastritis (Figure 5.4) but was not further 

investigated. IRF8 was expressed by other cells in addition to macrophages, including some 

intestinal metaplastic epithelial cells and other non-macrophage cells (CD68-ve cells). 

 
Figure 5.4 PDL1 staining on gastric epithelial cells but not on intestinal metaplastic glands 
PDL1 staining (single light blue cells shown by white arrows, left image) was occasionally present 
on gastric epithelial cells in regions with chronic gastritis but was completely absent on intestinal 
metaplastic glands (right image). 

5.3.5 Total macrophage cell density highest in complete and lowest in incomplete 
intestinal metaplasia with differing subset distribution 

All macrophage (CD68+) subsets were quantified using inForm and combined to determine the 

total macrophage density for each tissue type studied in the IM-GC and IM+GC cohorts (Figure 

5.5). Analysis of the IM-GC cohort showed total macrophage density was higher in complete IM 

(cIM-GC) than in CG (CG-GC; p=0.0072) and incomplete IM (iIM-GC; p=0.050) tissue. In all three 

tissue types, CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8+ macrophages were the two 

predominant subsets, with a relatively larger component being CD68+CD163+CD206+IRF8+ in 

iIM-GC. 

In the IM+GC cohort, a lower density of macrophages was detected in incomplete IM (iIM+GC) 

when compared to both CG (CG+GC, p=0.001) and complete IM (cIM+GC, p=1.6e-05) (Figure 

5.5). Although the CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8+ macrophage subsets 

were again the two largest across all three tissue types studied, a substantial component of the 

macrophage population in the IM+GC cohort was made up also of CD68+CD163+ and 

CD68+CD206+IRF8+ macrophages. 
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When comparing total macrophage density between IM-GC and IM+GC cohorts, relatively 

similar patterns and numbers were observed across the premalignant lesions studied but the 

distribution of the subsets differed substantially (Figure 5.5). 

 
Figure 5.5 Total macrophage (CD68+) density differs between complete and incomplete 
intestinal metaplasia 
a) Total macrophage density in samples with chronic gastritis (CG-GC, n=14), complete intestinal 
metaplasia (cIM-GC, n=10) and incomplete intestinal metaplasia (iIM-GC, n=11) from patients 
without gastric cancer; b) Distribution of macrophage subsets in  CG-GC, cIM-GC and iIM-GC; c) 
Total macrophage density in samples with chronic gastritis (CG+GC, n=14), complete intestinal 
metaplasia (cIM+GC, n=9) and incomplete intestinal metaplasia (iIM+GC, n=7) from patients 
with gastric cancer (tissue samples taken at least 2cm away from tumour); d) Distribution of 
macrophage subsets in  CG+GC, cIM+GC and iIM+GC. Each symbol represents data from a single 
region of interest (ROI). Multiple ROIs per sample. Data presented as mean + S.D. in a) and c) 
and as mean in b) and d). *All statistical analysis done using glm function in R. 

5.3.6 M2 macrophages dominate the macrophage profile of the microenvironment in 
intestinal metaplasia 

To accurately identify the quantitative distribution of M1, M1/2 and M2 macrophage subgroups 

in the IM-GC cohort, each subgroup was analysed separately by tissue type (Figure 5.6). There 

were very few M1 (CD68+IRF8+) macrophages in all three premalignant lesions investigated in 

this cohort. Most samples showed some infiltration of M1/2 macrophages 

(CD68+CD163+CD206+IRF8+, CD68+CD163+IRF8+ and CD68+CD206+IRF8+) with iIM-GC having 

a significant higher density than CG-GC (p=0.014). However M2 macrophages 

(CD68+CD163+CD206+ and CD68+CD163+) were the predominant macrophage population 
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across all three tissue types with cIM-GC having a significantly higher density than both CG-GC 

and iIM-GC (p=0.028 and p=0.0014 respectively). 

 
Figure 5.6 Macrophage subset density in premalignant tissues from the IM-GC cohort 
a) Macrophage density of M1 (CD68+IRF8+), M1/2 (CD68+CD163+CD206+IRF8+, 
CD68+CD163+IRF8+ and CD68+CD206+IRF8+) and M2 (CD68+CD163+CD206+ and 
CD68+CD163+) macrophage subgroups, b) Macrophage density of M1/2 macrophage subsets 
and c) shows macrophage density of M2 subsets in CG-GC (n=14), cIM-GC (n=10) and iIM-GC 
(n=11) samples. Each symbol represents data from a single region of interest (ROI). Multiple ROIs 
per sample. Data presented as mean + S.D. *All statistical analysis done using glm function in R. 

CD68+CD163+CD206+IRF8+ macrophages were the predominant M1/2 subset in all three tissue 

types with an incremental increase from CG-GC to cIM-GC and then to iIM-GC (CG-GC vs iIM-GC: 

p=0.00036 and cIM-GC vs iIM-GC: p=0.038). Although absent in several tissue samples, no 

significant difference was observed in CD68+CD163+IRF8+ and CD68+CD206+IRF8+ macrophage 

populations between IM-GC tissue types. CD68+CD163+CD206+ macrophages were the 

predominant M2 subset with cIM-GC having a significantly higher density than CG-GC and iIM-
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GC (p=0.038 and p=0.0033 respectively). Although only a minor population, CD68+CD163+ 

macrophages were fewer in iIM-GC than in CG-GC and cIM-GC (CG-GC vs iIM-GC: p=0.012 and 

cIM-GC vs iIM-GC: p=0.015). 

Analysis of the IM+GC cohort showed there were again very few M1 macrophages (CD68+IRF8+) 

(Figure 5.7). Interestingly M1/2 and M2 macrophages were present in roughly equal amounts 

between all three tissue types investigated with iIM+GC showing a significant reduction in both 

macrophage subgroups compared to cIM+GC (p=0.0043 and p=0.0001 respectively). In more 

detail, iIM+GC had significantly lower cell density of CD68+CD163+CD206+IRF8+, 

CD68+CD163+IRF8+ (both M1/2, p=0.0082 and p=0.012 respectively), CD68+CD163+CD206+ 

and CD68+CD163+ (both M2, p=0.0082 and p=0.0045 respectively) macrophages compared to 

cIM+GC. 

Overall in the IM-GC cohort M2 macrophages were the main subgroup, with high density of 

CD68+CD163+CD206+ macrophages in cIM-GC suggesting a possible protective role for this 

subset. In contrast iIM-GC had relatively more CD68+CD163+CD206+IRF8+ macrophages 

suggesting an association between this subset and a higher risk of progression. In the IM+GC 

cohort, there was a general shift towards the M1/2 phenotype with approximately equal 

numbers of M1/2 and M2 macrophages. However iIM+GC was characterised by a reduction of 

the majority of macrophage subsets (5 out of 6) suggesting that both quantitative and qualitative 

differences may play a role in progression. 
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Figure 5.7 Macrophage subset density in premalignant tissues from the IM+GC cohort 
a) Macrophage density of M1 (CD68+IRF8+), M1/2 (CD68+CD163+CD206+IRF8+, 
CD68+CD163+IRF8+ and CD68+CD206+IRF8+) and M2 (CD68+CD163+CD206+ and 
CD68+CD163+) macrophage subgroups, b) Macrophage density of M1/2 macrophage subsets 
and c) Macrophage density of M2 subsets in CG+GC (n=14), cIM+GC (n=9) and iIM+GC (n=7) 
samples. Each symbol represents data from a single region of interest (ROI). Multiple ROIs per 
sample. Data presented as mean + S.D. *All statistical analysis done using glm function in R. 

5.3.7 Evolution of macrophage populations with time 

To gain further insight into how changes in macrophage numbers and phenotype may play a role 

over time, total macrophage and subset densities were analysed across the IM-GC (“early 

premalignant lesions”) and the IM+GC (“late premalignant lesions”) cohorts. Total macrophage 

density in chronic gastritis increased with time (p=0.028) but decreased in incomplete IM 

(p=0.0056). No significance change was observed in complete IM (Figure 5.8). 
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Figure 5.8 Differences in total macrophage density between IM-GC and IM+GC samples 
Total macrophage cell density was compared between the IM-GC (“early premalignant lesions”) 
and the IM+GC (“late premalignant lesions”) cohorts to identify changes with time (temporal 
progression) within individual tissue types. Each symbol represents data from a single region of 
interest (ROI). Multiple ROIs per sample. Data presented as mean + S.D. *All statistical analysis 
done using glm function in R. 

A more detailed analysis showed M1/2 macrophages were higher in CG+GC compared to CG-GC 

(p=6.1e-08). Both M1 and particularly M1/2 macrophages were significantly higher in cIM+GC 

compared to cIM-GC (p=0.043 and p=0.00018 respectively, Figure 5.9a). By contrast M2 

macrophages were lower in both cIM+GC and iIM+GC compared to cIM-GC and iIM-GC 

respectively (p=0.027 and p=0.0004 respectively). The largest change in M1/2 subsets was 

observed in the CD68+CD206+IRF8+ subset which showed an increase across all three tissue 

types (for chronic gastritis p=0.001, for complete IM p=1.7e-06 and for incomplete IM p=2.6e-

05, Figure 5.9b). Additionally an increase in CD68+CD163+CD206+IRF8+ was also detected in 

chronic gastritis (p=0.0028). M2 macrophage subsets showed opposing trends, with 

CD68+CD163+CD206+ macrophages decreasing (for chronic gastritis p=0.049, for complete IM 

p=3.0e-05 and for incomplete IM p=1.4e-05) and CD68+CD163+ macrophages increasing (for 

chronic gastritis p=0.045, for complete IM p=0.00012 and for incomplete IM p=0.00048) in 

density with time across all three tissues (Figure 5.9c). 

Overall, temporal progression was characterised by a dynamic change in macrophage subset 

densities in all three premalignant lesions studied and was associated mainly with a lower total 

macrophage population (incomplete IM), an overall increase of M1/2 macrophages particularly 

of the CD68+CD206+IRF8+ subset and a decrease in M2 macrophages particularly of the 

CD68+CD163+CD206+ subset (Figure 5.9). 
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Figure 5.9 Differences in macrophage subset content between IM-GC and IM+GC samples 
a) Macrophage subgroup (M1, M1/2 and M2), b) M1/2 subset and c) M2 subset densities were 
compared between IM-GC (“early premalignant lesions”) and the IM+GC (“late premalignant 
lesions”) samples to identify changes with time (temporal progression) within individual tissue 
types. Each symbol represents data from a single region of interest (ROI). Multiple ROIs per 
sample. Data presented as mean + S.D. *All statistical analysis done using glm function in R. 
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5.3.8 Matched chronic gastritis has similar macrophage content compared to adjacent 
intestinal metaplasia 

To identify possible local differences in macrophage content between IM and adjacent CG, a 

paired analysis was performed using cases where IM samples with matched CG were available. 

In IM-GC, no differences in total macrophage density were observed between matched samples 

(CG vs IM) and between CG adjacent to differing IM subtypes (Figure 5.10a). Further 

stratification of the samples into M1, M1/2 and M2 macrophage subgroups also showed no 

change in macrophage density between CG and IM (Figure 5.10b-d). However CG adjacent to 

incomplete IM had a greater representation of CD68+CD163+CD206+IRF8+ macrophage subsets 

compared to CG adjacent to complete IM (p=0.023, Figure 5.11).  

 
Figure 5.10 Total, M1, M1/2 and M2 macrophage density in samples with intestinal metaplasia 
and matched adjacent chronic gastritis tissue from the IM-GC cohort 
Matched colour floating bars (min, mean, and max value) showing macrophage data from 
multiple ROIs per tissue type of matched CG adjacent to IM tissue. Data shown for CG with 
matched complete IM (n=5) and for CG with matched incomplete IM (n=7) from the IM-GC 
cohort; a) total macrophage density, b) M1 macrophage density, c) M1/2 macrophage density 
and d) M2 macrophage density Statistical analysis carried out using the Wilcoxon test and the 
paired and unpaired t-tests where appropriate in GraphPad Prism. 
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Figure 5.11 Macrophage subset density in samples with intestinal metaplasia and matched 
adjacent chronic gastritis tissue from the IM-GC cohort 
Matched colour floating bars (min, mean, and max value) showing macrophage data from 
multiple ROIs per tissue type of matched CG adjacent to IM tissue samples. Data shown for CG 
with matched complete IM (n=5) and for CG with matched incomplete IM (n=7) from the IM-GC 
cohort; a) CD68+CD163+CD206+IRF8+, b) CD68+CD163+IRF8+, c) CD68+CD206+IRF8+, d) 
CD68+CD163+CD206+,  and e) CD68+CD163+. Statistical analysis carried out using the Wilcoxon 
test and the paired and unpaired t-tests where appropriate in GraphPad Prism. 
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A similar comparison was made using the IM+GC cohort. Matched samples (CG vs IM) did not 

show any difference in macrophage density irrespective of IM subtype but CG adjacent to 

incomplete IM had fewer macrophages than CG adjacent to complete IM (p=0.014, Figure 

5.12a). Further stratification of the samples showed that this lower macrophage density was 

mainly due to fewer M1 (CD68+IRF8+, p=0.0081, Figure 5.12b) and M1/2 macrophage subsets 

(p=0.028, Figure 5.12c) but not M2 macrophages (Figures 5.12 and 5.13). No significant 

differences in macrophage subset density were observed between matched CG and IM samples 

nor between CG adjacent to differing IM subtype (Figure 5.13). 

 
Figure 5.12 Total, M1, M1/2 and M2 macrophage density in samples with intestinal metaplasia 
and matched adjacent chronic gastritis tissue in IM+GC cohort 
Matched colour floating bars (min, mean, and max value) showing macrophage data from 
multiple ROIs per tissue type of matched CG adjacent to IM tissue. Data shown for CG with 
matched complete IM (n=8) and for CG with matched incomplete IM (n=4) from the IM+GC 
cohort; a) total macrophage density, b) M1 macrophage density, c) M1/2 macrophage density 
and d) M2 macrophage density Statistical analysis carried out using the Wilcoxon test and the 
paired and unpaired t-tests where appropriate in GraphPad Prism. 
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Figure 5.13 Macrophage subset density in samples with intestinal metaplasia and matched 
adjacent chronic gastritis tissue from the IM+GC cohort 
Matched colour floating bars (min, mean, and max value) showing macrophage data from 
multiple ROIs per tissue type of matched CG adjacent to IM tissue samples. Data shown for CG 
with matched complete IM (n=8) and for CG with matched incomplete IM (n=4) from the IM+GC 
cohort; a) CD68+CD163+CD206+IRF8+, b) CD68+CD163+IRF8+, c) CD68+CD206+IRF8+, d) 
CD68+CD163+CD206+,  and e) CD68+CD163+. Statistical analysis carried out using the Wilcoxon 
test and the paired and unpaired t-tests where appropriate in GraphPad Prism. 
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Overall this matched sample analysis showed that CG and adjacent IM had similar macrophage 

subset density profiles suggesting that the local macrophage landscape in adjacent tissues is 

relatively homogeneous. The differences observed between CG tissues adjacent to differing IM 

subtype suggest that CG next to incomplete IM is poorer in macrophages than CG next to 

complete IM, particularly in the IM+GC cohort.  

5.3.9 Reduced M2 to M1/2 macrophage ratio along histological and temporal 
progression 

Having characterised macrophage changes across histological and temporal progression, the 

next step was to determine whether there was a fundamental difference in quantitative 

relationships between M2 and M1/2 macrophages. In the IM-GC cohort, iIM-GC had significantly 

lower M2 to M1/2 ratio (median=1.8) compared to both CG-GC and cIM-GC (median=2.4; 

p=0.0496 and median=3.1; p=0.0027 respectively) (Figure 5.14). In the IM+GC cohort there were 

no significant differences in M2 to M1/2 ratios between CG+GC, cIM+GC and iIM+GC 

(median=0.76, 0.94 and 0.90 respectively). When comparing across cohorts from IM-GC to 

IM+GC, the M2 to M1/2 ratio was reduced in all three tissue types studied, with complete IM 

showing the most significant reduction (p=8.1e-07). 

Overall both histological and temporal progression were associated with a reduction of the M2 

to M1/2 macrophage ratio. This further suggested that M2 type macrophages may have a 

“protective” role in IM whereas M1/2 macrophages may be associated with “higher risk”. 

 
Figure 5.14 M2 to M1/2 macrophage ratio in the IM-GC and IM+GC cohorts 
Macrophage subsets where grouped into M1/2 (CD68+CD163+CD206+IRF8+, 
CD68+CD163+IRF8+ and CD68+CD206+IRF8+)  and M2 (CD68+CD163+CD206+ and 
CD68+CD163+) types to determine ratios per region of interest (ROI). Data presented as violin 
plot with 25% percentile, median and 75% percentile shown. All statistical analysis done using 
glm function in R. *, **, *** is equal to p<0.05, p<0.01 and p<0.001. 
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5.3.10 The macrophage landscape within a distance of 40µm from the epithelium 
changes with histo-temporal progression 

Having quantitatively characterised the macrophage landscape in IM, the next step was to 

characterise the spatial relationship between macrophages and the epithelium. Macrophages 

are able to phagocytose H. pylori infected cells as well as tumour cells, dead cells and debris 

[475]. The level of possible physical and paracrine interaction between macrophages and 

epithelial cells was investigated using the touch cell pair density and number cells within a 

specific distance of a reference cell methodology described in §2.5.5 and Figure 2.4. 

First the total number of macrophages within a functional space of 40µm around epithelial cells 

was analysed. In the IM-GC cohort, complete IM had significantly more macrophages located 

around epithelial cells compared to CG (CG-GC mean=1.8, cIM-GC mean 2.6, p=0.0064) (Figure 

5.15). In the IM+GC cohort, incomplete IM had fewer macrophages around epithelial cells when 

compared to CG+GC (CG+GC mean=2.3, iIM+GC mean=1.6, p=0.0014) (Figure 5.15). Temporal 

progression was characterised by an increase of total macrophages in CG (p=0.0056) and a 

decrease in incomplete IM (iIM-GC mean=1.9, p=0.0089). 

To gain further insight into how the relationship between the epithelium, M2 and M1/2 

macrophages may play a role in progression, a separate analysis was performed and the results 

analysed and plotted along temporal progression (Figure 5.16). Overall, the mean number of M2 

macrophages around epithelial cells was higher than that of M1/2 macrophages in the IM-GC 

cohort across tissues. This difference was not seen in the IM+GC cohort, with an M2:M1/2 ratio 

equal to ~1, similar to the ratios observed between M2 and M1/2 cell densities, suggesting that 

cell density is a key parameter with regards to M2 and M1/2 location around the epithelium. In 

CG, temporal progression was associated with an increase in M1/2 macrophages (from a mean 

of 0.5 to 1.2). In complete IM, temporal progression was associated with an increase in M1/2 

macrophages (from 0.6 to 1.3) but a decrease in M2 macrophages (from 2 to 1.1). Finally in 

incomplete IM, temporal progression was associated with only a decrease in M2 macrophages 

(from 1.2 to 0.7). 

Overall this data showed that histo-temporal progression is associated with a reduction in total 

macrophages within a distance of 40µm from epithelial cells. It is characterised by an increase 

of M1/2 macrophages and a decrease of M2 macrophages surrounding the epithelium. 
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Figure 5.15 Mean number of total macrophages within a distance of 40µm from epithelial cells 
in the IM-GC and IM+GC cohorts 
Mean number of all macrophages within a radius of 40µm around epithelial cells in the IM-GC 
and IM+GC cohorts. Mean + S.D. shown. All statistical analysis carried out in R using the glm 
function. *, **, *** is equal to p<0.05, p<0.01 and p<0.001. 
 

 
Figure 5.16 Mean number of M2 and M1/2 macrophages within a distance of 40µm from 
epithelial cells in the IM-GC and IM+GC cohorts 
Mean number (+ S.D.) of M2 (CD68+CD163+ and CD68+CD163+CD206+) and M1/2 
(CD68+CD163+CD206+IRF8+, CD68+CD163+IRF8+ and CD68+CD206+IRF8+) macrophages 
within a radius of 40µm around epithelial cells in the IM-GC and IM+GC cohorts. Mean + S.D. 
shown. All statistical analysis carried out in R using the glm function. *, **, *** is equal to p<0.05, 
p<0.01 and p<0.001. 
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5.3.11 Histo-temporal progression characterised by higher CD68+CD163+CD206+IRF8+ 
and lower CD68+CD163+CD206+ touch cell pair density with epithelial cells 

Touch cell pair density analysis focussed on the relationship between epithelial cells and the two 

main macrophages subsets (CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8+) that were 

abundantly present across all tissues in both the IM-GC and IM+GC cohorts. Although a 

macrophage may be deemed to be physically touching an epithelial cell by the method 

employed here, it is not possible to comment on whether macrophage pseudopodia actually 

extend through the epithelial basal membrane to carry out phagocytosis or other type of cell-

cell interaction. 

When comparing touch pair density between epithelial cells and all macrophages, no differences 

were observed between CG-GC, cIM-GC and iIM-GC suggesting that if macrophages do indeed 

play a role in progression it is likely to be qualitative rather than quantitative in these “early” 

lesions (Figure 5.17). In contrast in the IM+GC cohort, iIM+GC did show a reduced density of 

touching cell pairs compared to CG+GC (p=0.00065). When comparing across cohorts (temporal 

progression) there was a highly significant reduction in touch pair density only within the 

incomplete subtype of IM (p=1.1e-06) suggesting that a decrease in quantitative epithelial to 

macrophage physical interaction only becomes important at the most “advanced stage” of this 

premalignant lesion. 

 
Figure 5.17 Significant reduction of touching cell pair density in incomplete IM+GC between 
epithelial cells and total macrophages 
Touch cell pair density between epithelial cells and all macrophages was calculated by creating 
a single macrophage group consisting of all CD68+CD163+, CD68+CD163+IRF8+, 
CD68+CD163+CD206+, CD8+CD163+CD206+IRF8+, CD68+CD206+IRF8+ and CD68+IRF8+ 
macrophages per region of interest and using the phenoptr package in R. Mean + S.D. shown. 
All statistical analysis carried out in R using the glm function. *, **, *** is equal to p<0.05, p<0.01 
and p<0.001. 
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To determine whether specific macrophage subsets may have a more “protective” role than 

others, the touch cell pair densities between CD68+CD163+CD206+ and 

CD68+CD163+CD206+IRF8+ macrophages with epithelial cells were investigated (Figure 5.18). 

In CG-GC and cIM-GC, CD68+CD163+CD206+ macrophages had a higher touch cell pair density 

with epithelial cells than CD68+CD163+CD206+IRF8+ macrophages (p=1.1e-06 and p=5.8e-07, 

respectively) (Figure 5.18a). No such difference was observed in iIM-GC suggesting that 

CD68+CD163+CD206+ macrophages may have a more benevolent role in these “early” lesions 

than CD68+CD163+CD206+IRF8+ macrophages. When comparing across tissue types, iIM-GC 

showed a higher touch cell pair density of CD68+CD163+CD206+IRF8+ macrophages with 

epithelial cells compared to CG-GC (p=0.001). 

In the IM+GC cohort, no significant differences in touch cell pair density were observed between 

CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8+ macrophages with epithelial cells in all 

tissues investigated (Figure 5.18b). However when comparing across tissue types, both cIM+GC 

and iIM+GC had a lower CD68+CD163+CD206+ macrophage touch cell pair density compared to 

CG+GC (p=0.044 and p=0.016, respectively). Additionally iIM+GC had lower 

CD68+CD163+CD206+IRF8+ macrophage touch cell pair density compared also to CG+GC 

(p=0.012). 

Across cohorts, temporal progression was characterised by a lower touch cell pair density 

between CD68+CD163+CD206+ macrophages and epithelial cells across all three tissue types 

(for CG p=0.0057, for complete IM p=5.1e-07, and for incomplete IM p=2.4e-07). A reduction of 

touch pair cell density between CD68+CD163+CD206+IRF8+ macrophages and epithelial cells 

was only seen for incomplete IM (p=7.3e-05) with progression. 
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Figure 5.18 Touch pair cell density between epithelial cells, CD68+CD163+CD206+ and 
CD68+CD163+CD206+IRF8+ macrophages in the IM-GC and IM+GC cohorts 
Touch cell pair density of epithelial cells with CD68+CD163+CD206+ and with 
CD68+CD163+CD206+IRF8+ macrophages in a) IM-GC cohort and b) IM+GC cohort. Mean touch 
cell pair density + S.D. shown. Statistical analysis carried out using i) paired Wilcoxon test in 
GraphPad Prism for within tissue differences and ii) using glm function in R to compare tissue 
types. *, **, *** is equal to p<0.05, p<0.01 and p<0.001. 
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5.3.12 Temporal progression in intestinal metaplasia characterised by lower touch cell 
pair density between CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8+ 
macrophages 

The two most abundant macrophage subsets across tissue types and cohorts 

(CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8+) were analysed to describe their level of 

possible physical interaction (Figure 5.19). Histological progression in the IM-GC cohort showed 

a higher touch cell pair density in complete IM compared to CG, and in the IM+GC cohort a lower 

touch cell pair density in incomplete IM compared to complete IM. Temporal analysis across 

cohorts showed a lower touch cell pair density in both complete and incomplete IM going from 

the IM-GC to the IM+GC samples. Overall this data suggested that lower levels of physical 

interaction between the two main subsets of macrophages may be associated with a higher risk 

of progression. 

 
Figure 5.19 Touch cell pair density between CD68+CD163+CD206+ and 
CD68+CD163+CD206+IRF8+ macrophages in the IM-GC and IM+GC cohorts 
Touch cell pair density between CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8+ 
macrophages was compared across tissue types and cohorts. Mean + S.D. shown. All statistical 
analysis carried out in R using the glm function. *, **, *** is equal to p<0.05, p<0.01 and p<0.001. 
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5.3.13 Decreased macrophage targeting of the epithelium in complete IM 

Having quantified the overall cell to cell spatial relationships, the next step was to characterise 

the pattern of individual macrophages targeting epithelial cells or other macrophages among 

tissues representing histological progression. By normalising touch cell pair density using cell 

density as a factor, a higher normalised touch cell pair density would suggest that a specific cell 

type e.g. cell type B was better at physically targeting a reference cell type e.g. cell type A, thus 

reducing the potential influence of random distribution [395]. 

Equation to calculate normalised touch cell pair density: 
touch cell pair A//B density 

cell B density
 

Normalised spatial analysis was carried out to identify targeting patterns between total 

macrophages and epithelial cells and between the two main macrophage subsets 

(CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8+ macrophages). 

Progression from CG-GC to cIM-GC was characterised by a significant reduction of total 

macrophages  (p=0.0024) including both CD68+CD163+CD206+IRF8+ and CD68+CD163+CD206+ 

subsets targeting epithelial cells (p=0.03 and p=0.0053 respectively) (Table 5.2). By contrast 

progression from cIM-GC to iIM-GC showed a complete reversal in macrophage targeting 

patterns (p=0.00013, p=0.03 and p=0.0048 respectively) as well as a decrease in 

CD68+CD163+CD206+IRF8+ macrophages targeting CD68+CD163+CD206+ macrophages 

(p=0.026). 

Table 5.2 Normalised1 touch cell pair analysis showing targeted changes across tissues 

representing histological progression in the IM-GC and IM+GC cohorts 

Touch cell pairs CG -> cIM cIM -> iIM 
Cell A Cell B Change2 pval3 Change4 pval3 

IM-GC cohort      
Epithelial All macrophages ↓ 0.0024 ↑ 0.00013 
Epithelial CD68+CD163+CD206+IRF8+ ↓ 0.03 ↑ 0.03 
Epithelial CD68+CD163+CD206+ ↓ 0.0053 ↑ 0.0048 
CD68+CD163+CD206+ CD68+CD163+CD206+IRF8+ ↑ ns ↓ 0.026 
IM+GC cohort      
Epithelial All macrophages ↓ ns ↑ ns 
Epithelial CD68+CD163+CD206+IRF8+ ↓ ns ↓ ns 
Epithelial CD68+CD163+CD206+ ↓ 0.0017 ↑ ns 
CD68+CD163+CD206+ CD68+CD163+CD206+IRF8+ ↑ ns ↑ 0.045 

1Normalisation carried out by dividing touch pair cell density between cell A and cell B with the cell density 
of cell B; 2Direction of change in median value of normalised data in complete IM (cIM) when compared 
to CG; 3p value shown calculated using glm function in R; 4Direction of change in median value of 
normalised data in incomplete IM (iIM) when compared to cIM. 
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Progression from CG+GC to cIM+GC was characterised by a significant reduction only of 

CD68+CD163+CD206+ macrophages targeting epithelial cells (p=0.0017, Table 5.2). Interestingly 

progression from cIM+GC to iIM+GC showed an increase in CD68+CD163+CD206+IRF8+ 

macrophages targeting CD68+CD163+CD206+ macrophages (p=0.045). 

Overall this part of the macrophage study showed significant differences in the levels and type 

of macrophage targeting of epithelial cells in “early” premalignant lesions (IM-GC), most of 

which were absent in the more “advanced” lesions (IM+GC). Although present in much larger 

quantities, CD68+CD163+CD206+ macrophages do not target the epithelium in cIM-GC as 

effectively as they do in iIM-GC. This is in contrast with the CD68+CD163+CD206+IRF8+ subset 

which is more effective at targeting the epithelium in iIM-GC irrespective of numerical 

differences. 

5.3.14 Description of multi-site and time point tissue samples available from two case 
studies that have progressed to high grade dysplasia 

Samples from a small number of patients who comprised the Progressors cohort were analysed 

next. These patients had evidence of progressive disease with biopsies from multiple anatomical 

locations sampled at multiple time points thus allowing for a comprehensive temporal and 

topographical analysis. The use of these case studies could be particularly valuable in gaining 

insight into how the macrophage landscape varies by stomach site, across time and with 

progression from both complete and incomplete IM to dysplasia. Also characterising the IM 

tissue from these patients could be useful in understanding the immune landscape journey from 

“early” (IM-GC cohort) to “late” IM lesions (IM+GC cohort). 

Tissue samples from patient P1 were collected using the updated Sydney protocol over a period 

of 416 days across five time points (t1=d0, t2=d178, t3=d254, t4=d360 and t5= d416) which 

presented with high grade dysplasia (HGD) in the antrum (site A3) at t1, t2 and t3 surrounded 

by chronic gastritis and/or intestinal metaplasia and in the body (site A4) at t1 (Figure 5.20). P1 

received an endoscopic mucosal resection (EMR) during t3 to remove the HGD tissue. These 

samples shared common evolutionary genomic events but also unique ones that set them apart 

as identified from whole exome sequencing using fresh frozen tissue (Appendix I, Busuttil et al 

2020 [411]). For the OPAL study, HGD FFPE samples were available from site A3 at t2 and t3 

(Figure 5.20). 

Tissue samples from multiple stomach sites were also obtained from patient P2 over a period of 

249 days across four visits (t1=d0, t2=d62, t3=d164 and t4=d249). P2 presented with HGD in site 

A2 at t1 and t2 which was removed with an EMR at t2. Similarly to patient P1, IM and HGD in P2 
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showed common genomic evolutionary paths but also unique changes in each sample (Appendix 

J, Busuttil et al 2020 [411]). For the OPAL study, low grade dysplasia (LGD) and HGD FFPE samples 

were available from adjacent sites in A2 (A2a and A2b) at t2 (Figure 5.21). 

 
Figure 5.20 Diagram and images with insets showing high grade dysplasia (HGD) with adjacent 
chronic gastritis where present at different sites and time points in patient P1 
High grade dysplasia (red disks) was diagnosed on frozen tissue at stomach sites A3 (time points 
t1/2/3) and A4 (time point t1). Formalin fixed paraffin embedded tissue (biopsy and 
endomucosal resection) was available from A3 at t2 and t3 for characterisation with the 
macrophage OPAL™ panel. Scale bars: 1mm and 100μm (inset). 
 

 
Figure 5.21 Diagram and images with insets showing low grade (LGD) and high grade dysplasia 
(HGD) present at adjacent sites (A2a and A2b) in patient P2 
Low grade (light blue disk) and high grade dysplasia (red disk) were diagnosed in formalin fixed 
paraffin embedded tissue samples (biopsy and endomucosal resection) taken from adjacent 
sites (A2a and A2b) at time point t2 and made available for use with the macrophage OPAL™ 
panel. Scale bars: 1mm and 100μm (inset). 

5.3.15 Macrophage profiling of patient P1 shows high M1 and M1/2 macrophage 
density in high grade dysplasia 

To address the possible role of macrophages in progression to HGD, the macrophage OPAL™ 

panel was used on tissue samples from patient P1, selected to be rich in CG, complete and 

incomplete IM and HGD areas or a combination of these. Macrophage density was analysed first 
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by pooling all same tissue type data together and then individually per site and time point (Figure 

5.22). 

Overall pooled total macrophage density was significantly lower in HGD compared to complete 

and incomplete IM (Figure 5.22a). Separating total macrophage density into its component 

subgroups showed that CG, complete and incomplete IM were predominantly characterised by 

M2 macrophages. In contrast, HGD was predominantly rich in M1/2 macrophages and had a low 

density of M2 macrophages (Figure 5.22b). Analysis by site and time point showed considerable 

variation in total macrophage density in incomplete IM tissues but also a significant increase in 

HGD at t3 compared to adjacent CG and HGD at t2 (Figure 5.22c). HGD at t3 had a particularly 

high density of M1 but was also rich in M1/2 macrophages (Figure 5.22d-e).  

Pooled macrophage subset analysis showed that CD68+CD163+CD206+ macrophages were the 

predominant subset in CG, complete and incomplete IM but not in HGD (Figure 5.23a). HGD at 

t3 was particularly rich in CD68+CD163+IRF8+ macrophages, but also had more 

CD68+CD163+CD206+IRF8+ and CD68+CD206+IRF8+ macrophages than HGD at t2 (Figure 

5.23b-d). The same pattern was observed with matched adjacent CG except for the latter subset. 

Interestingly complete IM tissue in site A2 had significantly more CD68+CD163+CD206+IRF8+ 

and CD68+CD163+CD206+ macrophages than in site A3 at the same time point (t1) (Figure 5.23c 

and 5.23f). 

There were no differences in the main unique chromosomal and single nucleotide variants in 

this patient between the high grade dysplastic lesions at t2 and t3 in site A3 (Appendix I) 

suggesting that changes to the macrophage landscape in HGD from t2 to t3 were not likely 

associated with specific genomic events in the HGD glands. However such a conclusion could 

not be definite as the genomic data was obtained from whole exome sequencing of frozen tissue 

and the macrophage OPAL™ IHC was carried out on adjacent FFPE, thus the local dysplastic 

genomic profile might have differed.  

Overall multi-site and multi-time point analysis in patient P1 showed that macrophage 

populations in gastric premalignant lesions within a single patient vary considerably suggesting 

a highly dynamic flux of localised macrophage trafficking (Figure 5.24). Also HGD at a later time 

point showed a relatively high density of M1 macrophages, a predominant M1/2 population and 

relatively few M2 macrophages strongly suggesting an association between macrophages 

expressing IRF8 and an increased risk of progression (Figure 5.25).
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Figure 5.22 Pooled and single site/time point macrophage density in patient P1 

a) pooled total macrophage density and b) 
M1, M1/2 and M2 macrophage density 
shown by tissue type; macrophage density 
by site, tissue type and time point shown c) 
for all macrophages, d) for M1 
macrophages, e) for M1/2 macrophages 
and f) for M2 macrophages. Each symbol 
represents data from a single ROI. 
For pooled data (a, b) mean +S.D. shown 
and p values calculated using glm function 
in R and for individual samples (c, d, e, f) 
quartiles shown with t-test and Mann 
Whitney test used to calculate significance 
(minimum of 3 ROIs). *, **, *** is equal to 
p<0.05, p<0.01 and p<0.001. 
For c), d), e) and f) coloured dashed lines 
show significant same tissue differences by 
site and time point (orange for complete 
IM, blue for incomplete IM, purple for 
HGD). Black lines show significant 
differences between matched CG and 
adjacent IM/HGD lesion
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Figure 5.23 Pooled and single site/time point macrophage subset density in patient P1 

a) Pooled macrophage subset density by 
tissue type; macrophage density by site, 
tissue type and time point shown for b) 
CD163+IRF8+ macrophages, c)  
CD163+CD206+IRF8+ macrophages, d) 
CD206+IRF8+ macrophages, e) CD163+ 
macrophages and f) CD163+CD206+. 
 Each symbol represents data from a single 
ROI. For pooled data (a) mean +S.D. shown 
and p values calculated using glm function 
in R and for individual samples (b, c, d, e, f) 
quartiles shown with t-test and Mann 
Whitney test used to calculate significance 
(minimum of 3 ROIs). *, **, *** is equal to 
p<0.05, p<0.01 and p<0.001. 
For b), c), d), e) and f) coloured dashed lines 
show significant same tissue differences by 
site and time point (orange for complete 
IM, blue for incomplete IM, purple for 
HGD). Black lines show significant 
differences between matched CG and 
adjacent IM/HGD lesion. 
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Figure 5.24 Macrophage content in complete and incomplete IM differs by site and time point 
Spectrally unmixed composite images of incomplete IM at site A1 at three different time points 
(t1, t2 and t4) and of complete IM at time point t1 at two different sites (A2 and A3) show 
considerable variation in macrophage content. Scale bars: 100µm. 
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Figure 5.25 High grade dysplasia at t3 shows large numbers of cells with high levels of 
expression for CD68, CD163 and IRF8 compared to matched adjacent chronic gastritis tissue 
Spectrally unmixed composite image together with pseudo-pathology images (inForm) shown 
of CD68, CD163, CD206 and IRF8 markers from HGD with matched adjacent CG. Scale bars: 
100µm. 
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5.3.16 Macrophage profile of patient P2 shows high M2 macrophage density in high 
grade dysplasia 

Multi-site and multi-time point tissue samples from patient P2 were also characterised using the 

macrophage OPAL™ panel. Overall total macrophage density was significantly higher in dysplasia 

(LGD and HGD combined) with particularly high density in HGD (Figure 5.26a). When separated 

into component subgroups, all three tissues investigated were infiltrated by a predominantly 

M2 macrophage population with dysplasia showing an almost absolute M2 phenotype (Figure 

5.26b). There was no significant difference in M1 (CD68+IRF8+) macrophage content between 

CG, incomplete IM and dysplasia, although LGD did have significantly more M1 macrophages 

than HGD (Figure 5.26c-d). Overall dysplasia had fewer M1/2 macrophages than CG and 

incomplete IM, with LGD having again a greater density than HGD (Figure 5.26e).  

When the M1/2 and M2 macrophage subgroups were analysed by single component subsets, 

dysplasia overall showed a decrease only in the CD68+CD163+CD206+IRF8+ subset (Figure 

5.27a). However when comparing LGD with HGD, the latter had fewer 

CD68+CD163+CD206+IRF8+ as well as CD68+CD206+IRF8+ macrophages. In contrast, 

significantly more CD68+CD163+ macrophages were present around dysplastic regions when 

compared with CG and incomplete IM and also more CD68+CD163+CD206+ macrophages 

compared to the former. Although LGD had a higher density of CD68+CD163+ macrophages than 

adjacent CG tissue, this was still lower than HGD which had a remarkably high density of this 

macrophage subset. Interestingly incomplete IM had fewer CD68+CD163+CD206+IRF8+ 

macrophages than adjacent CG tissue in A3 (t4). Additionally CD68+CD206+IRF8+ macrophage 

density in CG fluctuated not only by site at t2 (A1 vs A4, higher in the latter) but also across time 

points in A1 (t2 vs t3, higher in the latter). 

Although no genomic data was available for the LGD lesion, the genomic profile obtained from 

HGD frozen tissue in site A2 at t2 included gains of chromosomes 8, 10 and 13 but was mainly 

characterised by the large number of chromosomal losses including that of 1p, 4, 5, 7, 11, 12, 

14, 15, 16, 17p, 19, 21 and 22 suggesting a possible relationship between multiple chromosomal 

loss and the highly M2 polarised macrophage landscape observed in this patient (Appendix J). 

Again the differing tissue of origin used for whole exome sequencing and OPAL™ multiplex IHC 

did not allow a definite conclusion to be made. 

Overall, progression to HGD in patient P2 was characterised by an almost complete loss of the 

M1/2 macrophage population and a highly significant increase in M2 macrophages (Figure 5.28).  
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Figure 5.26 Pooled and single site/time point macrophage density in patient P2 

a) pooled total macrophage density and b) 
M1, M1/2 and M2 macrophage density 
shown by tissue type; macrophage density 
by site, tissue type and time point shown c) 
for all macrophages, d) for M1 
macrophages, e) for M1/2 macrophages 
and f) for M2 macrophages. Each symbol 
represents data from a single ROI. 
For pooled data (a, b) mean +S.D. shown 
and p values calculated using glm function 
in R and for individual samples (c, d, e, f) 
quartiles shown with t-test and Mann 
Whitney test used to calculate significance 
(minimum of 3 ROIs). *, **, *** is equal to 
p<0.05, p<0.01 and p<0.001. 
For c), d), e) and f) coloured dashed lines 
show significant same tissue differences by 
site (green for chronic gastritis, purple for 
LGD/HGD). Black lines show significant 
differences between matched CG and 
adjacent IM/LGD/HGD lesion. 
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Figure 5.27 Pooled and single site/time point macrophage subset density in patient P2 

a) Pooled macrophage subset density by 
tissue type; macrophage density by site, 
tissue type and time point shown for b) 
CD163+IRF8+ macrophages, c)  
CD163+CD206+IRF8+ macrophages, d) 
CD206+IRF8+ macrophages, e) CD163+ 
macrophages and f) CD163+CD206+. 
Each symbol represents data from a single 
ROI. For pooled data (a) mean +S.D. shown 
and p values calculated using glm function 
in R and for individual samples (b, c, d, e, f) 
quartiles shown with t-test and Mann 
Whitney test used to calculate significance 
(minimum of 3 ROIs). *, **, *** is equal to 
p<0.05, p<0.01 and p<0.001. 
For b), c), d), e) and f) coloured dashed lines 
show significant same tissue differences by 
site and time point (green for chronic 
gastritis, purple for LGD/HGD). Black lines 
show significant differences between 
matched CG and adjacent IM/LGD/HGD 
lesion. 
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Figure 5.28 Macrophage profile in low grade and high grade dysplasia varies considerably in 
patient P2 
Spectrally unmixed composite image together with pseudo-pathology images (inForm) shown 
of CD68, CD163, CD206 and IRF8 markers from low and high grade dysplasia. Scale bars: 100µm. 
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5.4 Summary and discussion 

The following is a summary of the main outcomes of this study. 

1. Gastric premalignant lesions contained six main subsets of macrophages that did not 

strictly adhere to the M1-M2 bipolar paradigm; 

2. Complete intestinal metaplasia was characterised by greater total macrophage density 

compared to incomplete intestinal metaplasia. This was predominantly comprised of 

the M2 macrophage subtype  

3. Patient matched intestinal metaplasia and adjacent chronic gastritis exhibited similar 

macrophage content 

4. Temporal progression in chronic gastritis, complete and incomplete intestinal 

metaplasia was associated with an overall reduction of M2 to M1/2 ratio 

5. Spatial relationship between the two main macrophage subsets (CD68+CD163+CD206+ 

and CD68+CD163+CD206+IRF8+) and epithelial cells reflected quantitative differences 

but macrophages in complete intestinal metaplasia targeted less the epithelium 

6. Analysis of two case studies that had progressed to high grade dysplasia showed 

contrasting macrophage polarisation with considerable variation of macrophage 

content in intestinal metaplasia by site and by time point  

5.4.1 Discussion 

To characterise the macrophage landscape in IM four distinct macrophages markers were 

selected: CD68, CD163, CD206 and IRF8. CD68 was chosen as it is a pan monocyte-derived 

macrophage marker which localises mainly in lysosomes and endosomes with a smaller fraction 

on the cell surface [476, 477]. CD163 is an M2 macrophage marker whose expression is amplified 

by IL4, IL6, IL10 and macrophage colony stimulating factor (M-CSF) and downregulated in the 

presence of TNFα, IFNγ and bacterial lipopolysaccharides (LPS) [472, 478, 479]. It has particular 

relevance in tumour associated macrophages (TAMs), with likely a pro-tumoural role in GC [480, 

481]. However it has been shown that on its own, it is not a reliable M2 marker [482]. CD206 is 

an M2 macrophage marker expressed by tissue resident macrophages and its expression can be 

amplified by IL4, granulocyte macrophage colony stimulating factor (GM-CSF) and TGFβ among 

others [472, 479, 483, 484]. IRF8 is an IFNγ–inducible transcription factor closely involved in the 

differentiation and function of myeloid populations including macrophages [473, 485]. It is an 

M1 macrophage marker and has been shown to control an anti-metastatic program in TAMs 

[486]. 
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In this study IM was shown to contain six main macrophage populations based on marker co-

localisation with varying staining intensity (and thus likely expression). These six subsets did not 

fully adhere to the M1-M2 bipolar paradigm, although they did show some degree of similarity 

to those identified recently in GC by Huang et al 2019 [198] on which the current macrophage 

OPAL™ panel was based on. Huang et al used high IRF8 expression on macrophages that were 

CD68+CD163-CD206- to define M1-like macrophages. However in the current study the 

macrophage panel was further optimised to allow the detection of IRF8 expression at lower 

levels. Of the six macrophage subsets, one had a clear M1 phenotype (CD68+CD163-CD206-

IRF8+), two had a clear M2 phenotype (CD68+CD163+CD206-IRF8- and 

CD68+CD163+CD206+IRF8-) and three had a mixture of both (CD68+CD163+CD206+IRF8+, 

CD68+CD163+CD206-IRF8+ and CD68+CD163-CD206+IRF8+).  

The three macrophage subsets that expressed a mixture of both M1 and M2 markers were used 

to create a novel macrophage subgroup termed M1/2 based on the key cell fate determining 

role of IRF8 in macrophages. This new subgroup contained macrophages whose functional role 

most likely lies between “pure” M1 and M2 macrophages (Figure 5.29). 

 
Figure 5.29 M1-M2 macrophage spectrum including M1/2 macrophage subsets 
M1 macrophages: CD68+IRF8+, M1/2 macrophages: CD68+CD163+IRF8+, CD68+CD206+IRF8+ 
and CD68+CD163+CD206+IRF8+ and M2 macrophages: CD68+CD163+ and 
CD68+CD163+CD206+. Macrophages defined as being CD68+ cells. 

Several studies have characterised the M1 and M2 phenotypes in vitro but these do not 

necessarily translate to in vivo microenvironments where macrophages with different 

polarization and different activation markers coexist in tissues [487-489].  Also the level of 

plasticity observed in macrophages does not necessarily exclude the possibility of an M1 

macrophage transitioning to an M2 macrophage phenotype and vice versa. Nor does is it exclude 

the possibility of relatively stable macrophage phenotypes that have a mixture of M1 and M2 

associated functions as the M1 and M2 phenotypes are likely the two extremes of a continuum.  

This could explain the M1/2 macrophage subsets observed in the current study. 

Total macrophage cell density was shown to be highest in complete IM and lowest in incomplete 

IM. Overall M2 macrophages were the dominant subgroup in both IM subtypes in “early” IM 
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(IM-GC cohort) with very low numbers of M1 macrophages in most samples. However 

incomplete IM was relatively rich in M1/2 macrophages with the largest M1/2 subset consisting 

of CD68+CD163+CD206+IRF8+ macrophages and a significantly higher density compared to both 

CG and complete IM. The largest M2 subset consisted of CD68+CD163+CD206+ macrophages 

and these were significantly reduced in incomplete IM. 

In “late” IM (IM+GC cohort), incomplete IM was characterised by fewer M1, M1/2 (including 

both CD68+CD163+CD206+IRF8+ and CD68+CD163+IRF8+ subsets), and M2 macrophages 

(including both CD68+CD163+CD206+ and CD68+CD163+ subsets) when compared to complete 

IM. When analysed across cohorts from “early” IM to “late” IM, there was an overall reduction 

in total macrophage content in incomplete IM, an increase in M1 and M1/2 macrophages in 

complete IM and a decrease of M2 macrophages (CD68+CD163+CD206+) in both IM subtypes. 

Although not universally present across all samples, the CD68+CD206+IRF8+ subset was 

significantly increased across all three tissue types in IM+GC patients. 

Overall histo-temporal progression in IM was characterised by a progressively decreasing ratio 

of M2 to M1/2 macrophages and a lower macrophage density in the incomplete subtype 

suggesting that higher numbers of macrophages provided better protection against progression 

to dysplasia/cancer and that M1/2 macrophages are associated with higher risk. Fewer 

macrophages likely results in lower levels of antigen presentation to T cells in the local 

microenvironment.  

It is difficult to speculate on why M1/2 macrophages may be associated with higher risk of 

progression although similarly to more defined M1 macrophages [195], they may also express 

iNOS and produce NO that could have an adverse effect on DNA stability of IM epithelial cells. 

Altered peptide presentation due to microsatellite instability in incomplete IM may also play an 

important role [163-165, 167].  

Recent studies in GC have shown that local TAM populations do not adhere strictly to the 

M1/M2 paradigm [198, 490]. Additionally the spatial distribution of macrophage subsets was 

shown to differ between the tumour core, edge, margin and surrounding normal tissue 

suggesting that macrophage phenotype is likely to be significantly influenced by multiple local 

environmental stimuli [198]. This was also suggested in the current study as matched tissue 

analysis in a subset of the “early” and “late” IM patients showed that CG adjacent to IM tissue 

tended to have similar quantitative and qualitative macrophage populations. 
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Immune cells interact with target cells through both physical and paracrine communication via 

cytokine secretion. Cytokines are diffusible mediators and are responsible for promoting and 

regulating immune responses [491]. Spatial range of cytokine communication differs in scale 

considerably, ranging from very short range in narrow junctions between cells (the 

immunological synapse: ~15nm) to long range, equivalent to the diameter of multiple cells (up 

to or more than 50µm) in a dense multicellular environment [392]. Based on previous work by 

Feng et al 2017 [394] and Carstens et al 2017 [395], the mean number of cells within 40µm of a 

target cell population was chosen to be representative of both key physical and paracrine 

interactions. In the current study spatial analysis of macrophages within a distance of 40µm from 

epithelial cells showed histo-temporal progression was associated with an overall increase of 

M1/2 macrophages around the epithelium in CG and complete IM and a decrease of M2 

macrophages in both subtypes of IM.  

Overall the physical relationship of CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8 

macrophages with epithelial cells mirrored that of the quantitative differences observed 

between IM subtypes suggesting that their distribution was relatively uniform (homogeneous). 

However a more refined analysis showed that both macrophage subsets were actually much less 

efficient at targeting the epithelium in complete IM, particularly in “early” IM lesions, suggesting 

potential fundamental differences in macrophage movement adjacent to glands between IM 

subtypes.  

Two patients who had progressed to HGD and had multi-site and multi-time point tissue 

available for whole exome sequencing and OPAL™ multiplex IHC showed that macrophage 

populations fluctuated considerably across space and time. In some instances, these fluctuations 

were observed within a distance of 200-300μm in the same tissue type in adjacent regions of 

interests. However using the current methodology it was not possible to assess why this 

occurred. It may be that immune cells were responding to a highly localised immunogenic insult 

through chemokine release of an epithelial cell “under attack” or a chemokine/cytokine gradient 

created by macrophages or other immune cells leading to the loose formation of multicellular 

immune cell aggregates. 

In patient P1 two samples with HGD from the same site separated by only 78 days showed a 

significant influx of M1 and M1/2 macrophages and a reduction of M2 macrophages suggesting 

the rapid formation of a highly inflammatory IFNγ-driven microenvironment that may play a key 

role in at least a fraction of patients with HGD. In patient P2, LGD and HGD samples from the 
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same time point showed a difference in macrophage subgroups with the former having more 

M1 and M1/2 macrophages and the latter a much greater content of M2 macrophages. 

Overall these two case studies suggested that progression to HGD may be associated with 

differing local immune response. Although both patients were characterised by multiple 

chromosomal aberrations in the sequenced adjacent HGD tissue, patient P2 had clearly more 

chromosomal losses which may have had an important impact on the type of “danger signals” 

produced by the neoplastic cells/glands due to an accompanying massive gene loss/reduced 

expression. This may explain the contrasting macrophage profiles, although possible differences 

in infiltration of other immune cell types in the local microenvironment may also contribute to 

this. Quantitative and qualitative changes in peptide antigen presentation by macrophages may 

play key differentiating roles in the immune response to HGD with differing genomic profiles, as 

similarly observed in the EBV and MSI subtypes of GC which have been shown to be more 

immunogenic compared to the GS and CIN subtypes [42, 492].  

Previously Guo et al 2019 [239] showed a gradual increase of macrophages density during 

progression via the sequence from superficial chronic gastritis, atrophic gastritis, low and high 

grade dysplasia and then to GC. However this study lacked comprehensive macrophage 

phenotype data. A decrease of infiltrating CD8+ cells was however reported suggesting a 

possible link between macrophage and T cell function in the process of gastric carcinogenesis. 

5.4.2 Technical limitations 

The current study was a systematic and comprehensive characterisation of the main 

macrophage populations present in gastric premalignant lesions. It included both quantitative 

and spatial aspects of the macrophage landscape. However this study did have a small number 

of potential limitations including: 

a) The number of tissue samples characterised from patients with (IM+GC) and without (IM-GC) 

concurrent gastric cancer was relatively small. The former tissue samples tended to be larger in 

size as they were obtained following a partial or full gastrectomy. By contrast IM-GC samples 

were biopsies specimens and thus smaller pieces of tissue. One of the main criteria for inclusion 

in this study was the content of IM in the target tissue. Samples of either cohort with only one 

or a small number of IM glands were excluded, creating a possible bias towards patients with 

extensive local IM. It is most likely that these IM glands were clonally related as previous work 

by Guttierez-Gonzalez et al 2011 demonstrated the clonal origins of IM glands [493]. 
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b) The OPAL methodology which is based on tyramide signal amplification [390, 494] has certain 

inherent limitations. The 7 marker protocol used for the macrophage panel in this study had a 

duration of 3 days with multiple antigen retrieval steps which can give rise to tissue quality 

issues, although these were reduced by using the highly adhesive Trajan glass slides (Table 2.1, 

§2.5.2). Additional issues can arise because of fluorophore cross-interference. 

c) A limitation of the inForm software used for acquiring data is a requirement for a minimum 

number of cells (≥5 cells) to “train” the classifier to distinguish user defined cell phenotypes, 

usually centred on the co-localisation of cell markers. In this study rare macrophage subsets 

including CD68+CD163-CD206-IRF8- and CD68+CD163-CD206+IRF8- macrophages did not match 

this criteria thus it was not possible to quantitate them. Although unlikely to play an important 

role with regards to the overall immune microenvironment in gastric premalignant lesions, it is 

important to reflect on the limitations of the method used for data acquisition. 

d) The 20 tissue samples characterised from the Progressors’ cohort originated from 2 patients 

due to limited case studies being available. This introduced patient bias into the analysis. More 

patients which have progressed to high grade dysplasia will need to be characterised in future 

studies to validate the current study’s findings. 

e) The genomic profile of each dysplastic tissue was obtained through whole exome sequencing 

of frozen tissue. Although the FFPE tissue used for macrophage characterisation was acquired 

exactly adjacent, it does not necessarily translate to dysplastic cells having the same 

chromosomal and mutational profile. Due to localised tissue heterogeneity, the areas 

sequenced and the areas immune profiled may differ substantially thus any conclusions cannot 

be definite. 

Overall this study investigated the macrophage landscape in IM and showed the presence of six 

main macrophage subsets. Although both subtypes of IM were predominantly rich in M2 

macrophages, the incomplete subtype showed a higher density of M1/2 macrophages, a novel 

hybrid subgroup of macrophages based on macrophage subsets expressing both strict M1 and 

M2 associated markers. Temporal progression in IM as described between IM-GC and IM+GC 

patients was also characterised by fewer M2 and more M1/2 macrophages.  

In the majority of tissues investigated, irrespective of IM subtype, the two main subsets 

CD68+CD163+CD206+IRF8+ and CD68+CD163+CD206+ macrophages were found within relative 

proximity of each other and were most likely exposed to a similar mixture of chemokines, 

cytokines and other extracellular compounds present in the local intercellular spaces. In some 
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instances, these two macrophage subsets were physically touching. However only one of these 

two subsets expressed IRF8 most likely in response to IFNγ suggesting that they may differ in a 

fundamental way. 

Spatial distribution of the main macrophage subsets reflected overall quantitative differences 

but a more refined analysis showed significant differences in macrophage targeting of epithelial 

cells and of each other between IM subtypes. Further investigation of the immune 

microenvironment in IM is required to define its possible role in gastric carcinogenesis. 
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Chapter 6 Characterising the T cell landscape in intestinal metaplasia 

6.1 Introduction 

Gene expression profiling carried out in section §4.3.3 of this thesis suggested that both chronic 

gastritis (CG) and intestinal metaplasia (IM) were rich in CD8 T cells and resting memory CD4 T 

cells. Additional profiling (§4.3.12-14) showed that the complete subtype of IM was rich in gene 

expression of T cell associated markers. Also OPAL™ multiplex immunohistochemistry (IHC) in 

chapter 5 showed that complete IM had higher macrophage infiltration than incomplete IM 

further suggesting a greater level of inflammation.  

A limited number of previous T cell studies in IM have produced contrasting results. Using single 

IHC Cheng et al 2012 [236] showed IM had fewer CD4+ and FOXP3+ cells compared to 

surrounding gastritis and peptic ulcer but Liu et al 2017 [471] showed higher scores for both CD4 

and CD8 IHC staining compared to gastric ulcer and gastric carcinoma without reaching 

statistical significance. 

So far no other study has investigated the T cell landscape in the complete and incomplete 

subtypes of IM with the aim to identify differences that may explain their differing risk 

associated with progression to gastric cancer (GC). The main objective of this part of my thesis 

was to use multiplex IHC (OPAL™ platform) to identify and characterise the predominant T cell 

subsets in patients as they progress through the premalignant lesions of the Correa Cascade 

(§1.2.1, Figure 1.5). Additionally, I wanted to investigate the relationship between macrophages 

(Chapter 5) and T cells to examine their possible combined role in progression. These two 

immune cell types interact in a bidirectional way: 1) macrophages present antigen to T cells via 

MHC I (CD8) and MHC II (CD4) molecules [495] and 2) T cells direct macrophage differentiation 

within the M1 to M2 phenotype spectrum [496]. Thus, macrophages and T cells together are 

vital components of the innate and the adaptive immune response and likely an important role 

in eliminating virally/bacterially infected cells and early neoplastic cells. The same patient tissue 

samples previously described in chapter 5 were used for this chapter. 
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6.2 Hypothesis and aims 

Hypothesis: “The T cell landscape differs between intestinal metaplasia subtypes and is 

associated with differing risk of progression”. 

The main aims of this study were: 

1. To identify and characterise total T cell and T cell subset density in CG, complete and 

incomplete IM in the IM-GC and IM+GC cohorts in both histological and temporal order 

of progression 

2. To compare T cell density in CG surrounding IM in the IM-GC and IM+GC cohorts and 

across cohorts 

3. To determine quantitative relationships between T cell subset densities and between T 

cell subsets and epithelial cells by investigating ratios in the IM-GC and the IM+GC 

cohorts 

4. To characterise the spatial relationships between T cell subsets and between T cells and 

epithelial cells in the IM-GC and the IM+GC cohorts 

5. To evaluate the quantitative and spatial relationships between macrophage and T cell 

subsets  

6. To characterise the T cell landscape in two patients that have progressed to high grade 

dysplasia 

6.3 Results 

6.3.1 Description of cohorts and OPAL™ multiplex immunohistochemistry used with 
the T cell panel 

For this study the same patient cohorts were used as in Chapter 5 (Table 5.1). The OPAL™ 

multiplex IHC T cell panel (§2.5.1-2, Tables 2.2 and 2.9) was based on that used on gastric cancer 

(GC) tissue in Wang et al 2020 [258] with changes to two of the antibodies selected. To prevent 

background staining the anti-CD4 rabbit monoclonal antibody SP35 (Spring Bioscience) was 

replaced by the mouse monoclonal antibody 4B12 (ThermoFisher Scientific) and the anti-CD56 

mouse monoclonal antibody CD564 (Leica) was replaced by the anti-CD10 mouse monoclonal 

antibody 56C6 (Abcam). The remaining antibodies used were the anti-CD3 rabbit monoclonal 

antibody SP7 (Spring Bioscience), an anti-FOXP3 rabbit polyclonal antibody (Bio SB), the anti-

CD8 mouse monoclonal antibody 4B11 (ThermoFisher Scientific) and the multi anti-cytokeratin 

mouse antibodies AE1/AE3 (Novocastra). Serial sections were used for multiplex IHC staining 

followed by digital data acquirement and statistical analysis as described in §2.5.3-6 and §5.3.2 

(Appendix K, Figure 6.1, glm function in R). Anti-CD10 staining of the brush border in IM was not 
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quantified for this study but its findings will be discussed in Chapter 7. Subtyping of IM was 

carried out as described in detail in §2.5.1 and Figure 2.3. 

 
Figure 6.1 OPAL™ multiplexed fluorescent immunohistochemistry staining using the T cell 
panel on human gastric intestinal metaplasia 
Intestinal metaplastic (complete) tissue stained with the OPAL™ multiplex IHC T cell panel and 
scanned at high resolution followed by spectral unmixing in inForm. This image represents a 
single region of interest (ROI). 

6.3.2 T cell immune profile in gastric premalignant lesions consists of four main subsets 

Analysis of all premalignant conditions across all three cohorts studied identified four T cell 

subsets (Figure 6.2). 

1. CD3+CD4+FOXP3-CD8- (CD4 T cells) 

2. CD3+CD4+FOXP3+CD8- (FOXP3 T cells) 

3. CD3+CD4-FOXP3-CD8+ (CD8 T cells) 

4. CD3+CD4-FOXP3-CD8- (double negative or DN T cells)  

Subsets 1-3 were localised either (i) close to the epithelium or (ii) as small pockets highly rich in 

T cells containing a mixture of all three T cell subsets, defined as lymphoid aggregates. In some 

tissue samples, tertiary lymphoid structures were present in the lamina propria and these 

regions were excluded from the analysis to prevent inconsistencies with regards to overall T cell 

densities. Subset 4 (DN T cells) were distinct and were mainly found near epithelial cells and not 

in lymphoid aggregates. 
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Figure 6.2 T cell subsets based on the co-localisation of specific T cell markers 
T cell subsets were CD3+CD4+FOXP3-CD8- (CD4 T cells), CD3+CD4+FOXP3+CD8- (FOXP3 T cells), 
CD3+CD4-FOXP3-CD8+ (CD8 T cells) and CD3+CD4-FOXP3-CD8- (DN T cells).   

6.3.3. Higher total T cell density in the complete subtype of intestinal metaplasia in 
both the IM-GC and IM+GC cohorts 

The sum of all CD3 positive cells was calculated to determine the total T cell density in the IM-

GC and IM+GC cohorts (Figure 6.3).  Complete IM in both the IM-GC and the IM+GC cohorts 

(n=10 for both cIM-GC and cIM+GC) was characterised by a significantly higher total T cell 

density compared to CG (CG-GC, n=12 and CG+GC, n=14). Incomplete IM in both the IM-GC and 

the IM+GC cohorts (iIM-GC, n=12 and iIM+GC, n=8) had a lower total T cell density compared to 

both CG and complete IM. 

 
Figure 6.3 Total T cell density in chronic gastritis, in complete and in incomplete intestinal 
metaplasia in the IM-GC and IM+GC cohorts 
a) data shown from chronic gastritis (CG-GC, n=12), complete IM (cIM-GC, n=10) and incomplete 
IM (iIM-GC, n=12) samples from the IM-GC cohort and b) data shown from chronic gastritis 
(CG+GC, n=14), complete IM (cIM+GC, n=10) and incomplete IM (iIM+GC, n=8) samples from the 
IM+GC cohort. Each symbol represents data from a single region of interest (ROI). Multiple ROIs 
per sample. Data presented as mean + S.D. *All statistical analysis done using glm function in R 
(see section §2.5.6). 
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6.3.4 Total T cell density increases in complete IM and decreases in incomplete IM with 
temporal progression 

The same data was then analysed in a different way, this time looking at tissues of the same 

subtype and comparing the non-cancer (IM-GC, “early” lesions) and the cancer setting (IM+GC, 

“late” lesions). No significant difference was observed in in the CG tissues (Figure 6.4). However, 

for the complete IM tissues a significant increase in total T cell density was seen as this lesion 

type progressed temporally. By contrast a decrease in total T cell density was observed for 

incomplete IM as temporal progression occurred. 

 
Figure 6.4 Total T cell density increases in complete intestinal metaplasia and decreases in 
incomplete intestinal metaplasia with temporal progression 
Data shown from CG-GC (n=13) and CG+GC (n=14), cIM-GC and cIM+GC (both n=10) and iIM-GC 
(n=12) and iIM+GC (n=8) samples. Each symbol represents data from a single region of interest 
(ROI). Multiple ROIs per sample. Data presented as mean + S.D. *All statistical analysis done 
using glm function in R (see section §2.5.6). 

6.3.5 Complete intestinal metaplasia characterised by influx of CD4 and DN T cells 
whereas incomplete IM shows lower density of all T cell subsets except for FOXP3 T 
cells 

The abundance of T cells in different histological subtypes was further analysed by subset and 

setting. In the non-cancer setting (IM-GC cohort), CD4 and DN T cell densities were higher in 

cIM-GC compared to CG-GC. Also significantly lower CD8 and DN T cells densities were observed 

in iIM-GC compared to both CG-GC and cIM-GC (Figure 6.5a).  

In the context of cancer (IM+GC cohort) similar findings were observed in that cIM+GC had 

significantly higher T cell density of CD4 and DN T cells but also of FOXP3 T cells compared to 
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CG+GC (Figure 6.5b). Again iIM+GC had significantly lower CD8 and DN T cell densities compared 

to CG+GC but also of CD4 T cells compared to cIM+GC. 

 
Figure 6.5 T cell subset density in the IM-GC and IM+GC cohorts 
Individual T cell subset densities shown from samples described in Figures 6.3 and 6.4 with a) 
for the IM-GC cohort and b) for the IM+GC cohort. Each symbol represents data from a single 
ROI. Multiple ROIs per sample. Data presented as mean + S.D. *All statistical analysis done using 
glm function in R. 
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The same data was then reanalysed to compare T cell density by tissue type between the IM-GC 

(“early” lesions) and the IM+GC (“late” lesions) cohorts. Both CG and complete IM were 

characterised by a higher density of CD4 and DN T cells whereas incomplete IM was 

characterised by a lower density of CD8 T cells with temporal progression (Figure 6.6).  

Overall, complete IM was characterised by higher levels of T cell infiltration, suggesting a higher 

intensity of chronic inflammation and incomplete IM was characterised by a particularly low 

density of CD8 and also DN T cells. In the IM+GC cohort the same differences as in IM-GC were 

observed but even more pronounced, with an additional lower density of CD4 T cells in 

incomplete IM. 

 
Figure 6.6 T cell subset densities plotted by tissue type comparing IM-GC (“early”) and IM+GC 
(“late”) gastric premalignant lesions 
Reanalysis of data shown in Figure 6.5 to determine T cell subset density differences within the 
same tissue type between the IM-GC (“early” lesions) and the IM+GC (“late” lesions) cohorts. 
Each symbol represents data from a single region of interest (ROI). Multiple ROIs per sample. 
Data presented as mean + S.D. *All statistical analysis done using glm function in R. 
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6.3.6 Matched adjacent chronic gastritis has fewer CD4 T cells than complete intestinal 
metaplasia 

To further understand the possible association of different T cell subsets on IM 

initiation/progression, a paired analysis of complete IM and incomplete IM samples together 

with their matched adjacent CG was performed. This was done independently for the IM-GC and 

IM+GC cohorts (Figure 6.7). 

In IM-GC there were no significant differences observed in total T cell (Figure 6.7a) nor in CD4 T 

cell (Figure 6.7c) density between adjacent CG and matched IM tissue nor between CG adjacent 

to differing IM subtypes. However, a strong trend with respect to CD8 T cell density was 

observed with incomplete IM having a lower tissue infiltration than adjacent CG (p=0.056, Figure 

6.7e). In the IM+GC samples, complete IM had a greater total T cell (Figure 6.7b) and CD4 T cell 

(Figure 6.7d) density compared to adjacent CG (p=0.034 and p=0.0066, respectively). No 

differences were detected between incomplete IM and adjacent CG. 

Overall matched sample analysis showed that CG and adjacent IM tended to have similar T cell 

profiles irrespective of IM subtypes, although specific differences were detected particularly in 

the IM+GC samples. Additionally CG between differing IM subtypes seemed relatively similar 

with respect to T cell content. 
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Figure 6.7 Total, CD4 and CD8 T cell density of matched chronic gastritis adjacent to intestinal 
metaplasia in IM-GC and IM+GC samples for individual patients 
Matched colour floating bars (min/mean/max) showing T cell data from multiple ROIs per tissue 
type of matched CG adjacent to IM tissue. Data shown in a), c) and e) for CG with matched 
complete IM (n=5) and for CG with matched incomplete IM (n=7) from the IM-GC cohort and in 
b), d) and f) for CG with matched complete IM (n=9) and for CG with matched incomplete IM 
(n=5) from the IM+GC cohort. Statistical analysis carried out using Wilcoxon test and the paired 
and unpaired t-tests where appropriate in GraphPad Prism. 
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6.3.7 T cell subset ratios show recurrent pattern across tissue types with time 

Having identified possible differences in relationships between T cell subsets in these 

premalignant tissues representing different stages of histological and temporal progression, cell 

density ratios of CD4, CD8 and FOXP3 T cells were quantified and compared (Figure 6.8). In the 

IM-GC cohort, a significant increase of CD4 to CD8 T cell ratio was observed along histological 

progression from CG to incomplete IM (Figure 6.8a). In the IM+GC cohort, both CD4 to FOXP3 

and CD4 to CD8 T cell ratios were greater in cIM+GC compared to CG+GC (Figure 6.8c). 

Interestingly the CD8 to FOXP3 T cell ratio was characterised by a decrease along histological 

progression from CG to incomplete IM (Figure 6.8c). 

Overall the differences observed in the IM+GC cohort were more pronounced than in the IM-GC 

cohort with a recurrent pattern of a higher CD4:CD8 T cell ratio in complete IM. A lower 

CD8:FOXP3 T cell ratio in incomplete IM suggested a greater potential for T cell immune-

regulation in this tissue type. 

6.3.8 Epithelial cell to T cell subset ratios differ between complete and incomplete 
intestinal metaplasia 

T cells are capable of offering effective protection against virus/bacteria infected cells and early 

cancerous cells thus investigating the ratio between epithelial cell and T cell subsets could 

provide insight into the role of the latter in the battle between host and foreign agent 

invasion/cancer. In the IM-GC cohort, epithelial cell to total T cell ratios were characterised by a 

highly significant increase in iIM-GC thus the number of T cells involved in immune surveillance 

T cells in relation to the epithelium was much reduced in this tissue type. The difference was 

mainly due to the large number of epithelial cells per CD8 T cell present in this IM subtype. 

Interestingly although the epithelial to total T cell ratio did not differ between CG-GC and cIM-

GC tissues, the epithelial to CD4 and FOXP3 T cell ratios were significantly smaller in the latter. 

In the IM+GC cohort, the epithelial cell to total T cell ratio was lower in cIM+GC compared to 

CG+GC. This difference in quantitative relationship between epithelial cells and total T cell 

population was distributed among all three T cell subsets (CD4, FOXP3 and CD8 T cells) further 

confirming the highly T cell rich microenvironment in the complete subtype of IM. Epithelial cell 

to T cell subset ratios were higher in incomplete IM with the maximum difference observed in 

the epithelial to CD8 T cell ratio, further suggesting that this IM subtype is characterised by a 

relatively T cell poor microenvironment.  
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Figure 6.8 T cell subset and epithelial cell ratios in IM-GC and IM+GC samples 
a) shows T cell subset ratios and b) epithelial cell to T cell subset ratios in the IM-GC samples (CG-GC=13, cIM-GC=10 and iIM-GC=12); c) shows T cell 
subset ratios and d) epithelial cell to T cell subset ratios in the IM+GC samples (CG+GC=14, cIM+GC=10 and iIM+GC=8). Ep: epithelial cell. Each symbol 
represents data from a single ROI. Multiple ROIs per sample. *All statistical analysis done using glm function in R.
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6.3.9 Lower levels of T cell-T cell interaction in incomplete intestinal metaplasia 

To gain insight into the spatial relationship between T cell subsets and how this may relate to 

risk of progression associated with tissue type, the mean number of T cells within a 40µm 

distance of a reference cell’s was investigated. This would include both cells that are physically 

immediately adjacent (~10-15μm) thus possibly physically interacting and also cells with 

potential paracrine influence (~15-40μm) (§2.5.5 and Figure 2.4). 

In both IM-GC and IM+GC samples, CD8 T cells were the most prevalent T cell subset within a 

40µm radius of CD4 T cells and vice versa (Figure 6.9a-b). In IM-GC samples CD8 T cells were also 

the most prevalent T cell subset within a 40µm radius of FOXP3 T cells, whereas in IM+GC 

samples CD4 and CD8 T cells were roughly equal in abundance within a 40µm radius of this T 

cell subset. With respect to IM subtype, CD8 T cells were fewer around CD4 and FOXP3 T cells in 

incomplete IM of both cohorts. Incomplete IM was further characterised by a lower mean 

number of CD4 T cells around FOXP3 and CD8 T cells in IM+GC. 

Levels of physically touching T cell pairs were directly investigated by touch cell pair analysis 

which showed that CD4//CD8 T cell touch pairs had the greatest touch cell pair density in both 

the IM-GC and the IM+GC samples. CG and complete IM showed a similar T cell touch pair profile 

in IM-GC, whereas incomplete IM was characterised by a lower T cell-T cell touch pair density of 

all T cell subsets investigated (CD4//FOXP3, CD4//CD8, CD4//DN, FOXP3//CD8, FOXP3//DN, 

CD8//DN) compared to the latter. In the IM+GC samples, complete IM showed a higher touch 

cell pair density of all T cell subsets except for FOXP3//DN compared to CG, suggestive of a 

microenvironment rich in T cell interaction. Compared to the complete subtype, incomplete IM 

had a lower touch cell pair density of all T cell subsets with the sole exception being again the 

FOXP3//DN touch cell pair. 

Overall T cell-T cell spatial location analysis, which included both physically touching cell pairs 

and number of cells within a 40µm radius mirrored the previously observed quantitative 

differences with regards to T cell infiltration of IM subtypes. This analysis showed lower levels 

of physical/paracrine interaction between all three T cell subsets in incomplete IM, decreasing 

even further with temporal progression and suggestive of a reduced T cell immunity in this IM 

subtype. 
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Figure 6.9 Mean number of T cells within a 40µm radius and touch cell pair density between T 
cell subsets in the IM-GC and IM+GC cohorts 
Violin plots showing a) and b) the mean number of other T cells within a 40µm radius of 
individual CD4 (40µmFOXP3 and 40µmCD8), FOXP3 (40µmCD4 and 40µmCD8) and CD8 (40µmCD4 and 
40µmCD8) T cells for the IM-GC (CG-GC=13, cIM-GC=10, iIM-GC=12) and IM+GC (CG+GC=14, 
cIM+GC=10, iIM+GC=8) cohorts respectively, and c) and d) touch cell pair density between T cell 
subsets in IM-GC and IM+GC cohorts respectively. Median and quartile values shown. All 
statistical analysis done using glm function in R. *, **, *** is equal to p<0.05, p<0.01 and 
p<0.001.  
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6.3.10 Lower levels of epithelial cell-T cell interaction in incomplete intestinal 
metaplasia 

Having characterised the functional space between T cell subsets, the next logical step was to 

investigate the spatial relationship between epithelial cells and T cells. Specific T cell subsets 

require physical or proximally close interactions with their target cell in order to be functional 

eg cytotoxic T cells induce target-cell apoptosis by releasing granzyme-containing granules 

across the immune synapse [497]. Keeping in mind that the epithelium is believed to be the 

source of an early dysplastic cell that eventually leads to a tumour if it is not cleared up 

effectively by the immune system, the amount of T cell to epithelial cell interaction could be 

representative of the effectiveness of T cells in removing abnormal cells [498].  

Across both cohorts, the main T cell subsets within 40µm of epithelial cells were CD8 T cells, 

followed by CD4 T cells (Figure 6.10). The incomplete IM epithelium in both cohorts was 

characterised by a lower number of both CD8 and DN T cells within 40µm compared to the 

complete IM subtype. Additionally incomplete IM in the IM+GC samples had fewer CD4 T cells 

in the proximity of the epithelium. 

The level of potential physical interaction between epithelial cells and T cells was directly 

quantitated by touch cell pair analysis. Again incomplete IM was characterised by lower touch 

cell pair density between epithelial cells and CD8 and DN T cells in both cohorts. Additionally a 

lower touch cell pair density was also detected with CD4 T cells in incomplete IM of the IM+GC 

samples. 

Overall the spatial relationship between T cells and epithelial cells reflected the numerical 

differences observed previously (§6.3.5 and Figure 6.5) and showed incomplete IM had fewer T 

cells in the vicinity of the epithelium. In particular, lower levels of physical interaction with CD8 

and DN T cells suggest that the incomplete IM epithelium is less surveilled by T cells with 

cytotoxic capacity including both cytotoxic and innate-like (MAIT and γδ T cells) T cells. This could 

result in incomplete IM having a more permissive microenvironment for the potential outgrowth 

of unstable stem cell clones. 
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Figure 6.10 Mean number of T cells within a 40µm radius and touch cell pair density between 
epithelial cells and T cell subsets in the IM-GC and IM+GC cohorts 
Violin plots showing a) and b) the mean number of T cells within a 40µm radius of epithelial cells 
for the IM-GC (CG-GC=13, cIM-GC=10, iIM-GC=12) and IM+GC (CG+GC=14, cIM+GC=10, 
iIM+GC=8) cohorts respectively, and c) and d) touch cell pair density between epithelial cells and 
T cell subsets in the IM-GC and IM+GC cohorts respectively. Median and quartile values shown. 
All statistical analysis done using glm function in R. *, **, *** is equal to p<0.05, p<0.01 and 
p<0.001. 
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6.3.11 CD8 T cells target the epithelium in incomplete intestinal metaplasia 

Having quantified the overall cell to cell spatial relationships, the next step was to characterise 

the pattern of single T cells targeting epithelial cells or other T cells among tissues representing 

histological progression. The same normalisation method was used as described in §5.3.13 to 

identify whether T cell distribution was mainly random or more targeted towards specific cell 

types.  

All pair combinations of CD4, CD8, FOXP3 and epithelial cells were investigated (Table 6.1). In 

the IM-GC cohort, individual CD8 T cells targeted more the CD4 T cells in complete IM than in 

CG (p=0.0495). By contrast individual CD4 and CD8 T cells in incomplete IM targeted more the 

epithelial cells when compared to the complete IM subtype (p=0.047 and p=0.00078, 

respectively). 

Table 6.1 Normalised1 touch pair analysis showing changes in T cell targeting across tissues 

representing histological progression in the IM-GC and the IM+GC cohorts 

Touch cell pairs CG -> cIM cIM -> iIM 
Cell A Cell B Change2 pval3 Change4 pval3 

IM-GC cohort      
Epithelial CD4 T cell ↓ ns ↑ 0.047 
Epithelial FOXP3 T cell ↓ ns ↑ ns 
Epithelial CD8 T cell ↓ ns ↑ 0.00078 
CD4 T cell FOXP3 T cell ↑ ns ↓ ns 
CD4 T cell CD8 T cell ↑ 0.0495 ↓ ns 
FOXP3 T cell CD8 T cell ↓ ns ↑ ns 
IM+GC cohort      
Epithelial CD4 T cell ↓ 0.00015 ↑ 3.5e-09 
Epithelial FOXP3 T cell ↓ 0.0033 ↑ 0.002 
Epithelial CD8 T cell ↓ 0.00026 ↑ 2.7e-05 
CD4 T cell FOXP3 T cell ↑ 1.5e-05 ↓ 0.0037 
CD4 T cell CD8 T cell ↑ 2.6e-08 ↓ 0.0045 
FOXP3 T cell CD8 T cell ↑ 0.021 ↓ ns 

1Normalisation carried out by dividing touch pair cell density between cell A and cell B with the cell density 
of cell B; 2Direction of change in median value of normalised data in complete IM (cIM) when compared 
to CG; 3p value shown calculated using glm function in R; 4Direction of change in median value of 
normalised data in incomplete IM (iIM) when compared to cIM. 

In the IM+GC cohort, complete IM was characterised by a higher level of targeting of CD4 T cells 

by both FOXP3 and CD8 T cells (p=1.5e-05 and p=2.6e-08, respectively). The latter also targeted 

more FOXP3 T cells (p=0.021) suggesting overall a highly robust T cell-T cell interactive 

microenvironment in the complete subtype of IM. Interestingly targeting of epithelial cells by all 

three T cell subsets was reduced in this IM subtype compared not only to CG (CD4 T cells 

p=0.00015, FOXP3 T cells p=0.002 and CD8 T cells p=0.00026) but also to incomplete IM (CD4 T 

cells p=3.5e-09, FOXP3 T cells p=0.0033 and CD8 T cells p=2.7e-05), suggesting potential 

fundamental differences in the T cell response of these three premalignant lesions.   
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Having determined that T cell subsets targeted relatively less the epithelium but more each 

other in complete IM, ROIs were visually reassessed to identify possible cell spatial patterns that 

could explain this. Indeed what became apparent was that lymphoid aggregates, defined as an 

accumulation of lymphocytes (and plasma cells) without a fully formed germinal centre, tended 

to form in between IM glands in complete IM, but were relatively absent in incomplete IM 

(Figure 6.11). Thus the numerical advantage in T cell subsets other than FOXP3 T cells in 

complete IM compared to incomplete IM was shared between lymphoid aggregates and direct 

“epithelial surveillance”, resulting in reduced direct epithelial targeting by CD8 T cells but still an 

overall larger touch cell pair density (level of possible physical interaction) between CD8 T cells 

and epithelial cells in this IM subtype. 

 
Figure 6.11 Lymphoid aggregate adjacent to complete IM glands but absent in incomplete IM 
Lymphoid aggregates (white arrow) were present in complete IM and consisted mainly of CD4 T 
cells but were also rich in CD8 and FOXP3 T cells. Other non-CD3+ cells, possibly B cells/plasma 
were also present. Both images taken from samples belonging to the IM+GC cohort. 

6.3.12 Investigating the relationship between T cells and macrophages  

To investigate the relationship between T cells and macrophages within premalignant gastric 

lesions with variable risk of progression, a subset of available regions of interest from both the 

IM-GC and IM+GC T cell and macrophage (Chapter 5) studies were visually matched and 

analysed (Figure 6.12). Table 6.3 shows the clinical parameters of the patients and the details of 

the ROIs analysed for each tissue type. 
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Figure 6.12 Matched regions of interest rich in intestinal metaplastic glands showing the 
presence of both T cells and macrophages 
1) Haematoxylin and eosin stain with matched spectrally unmixed images obtained using 2) the 
T cell and 3) macrophage panels on tissue from a patient sample of the IM+GC cohort. 
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Table 6.2 Clinical parameters of patients with matched T cell and macrophage data 

Parameter IM-GC cohort IM+GC cohort 

Gender   
Male 12 11 
Female 6 5 

Age   
Male 69 (39-86)3 74 (63-95)3 

Female 71.5 (44-79)3 68 (49-83)3 

Tissue diagnosis   
Chronic gastritis1 (ROI)2 12 (36) 12 (32) 
Complete IM (ROI)2 10 (33) 9 (43) 
Incomplete IM (ROI)2 11 (36) 6 (28) 

1Chronic gastritis tissue adjacent to IM rich areas; 2Number of regions of interest with available data; 
3Median age value and range 

Total T cell and macrophage densities were positively correlated in CG and incomplete IM in 

both IM-GC and IM+GC cohorts (Figure 6.13). However complete IM showed only a weak 

correlation in the IM-GC cohort and none in the IM+GC suggesting that tissue infiltration of T 

cells and macrophages was not tightly coordinated. 

 
Figure 6.13 Correlation analysis between total T cell (CD3+) and macrophage (CD68+) 
populations in matched regions of interest of the IM-GC and IM+GC cohorts 
Total T cell and macrophage densities from matched ROIs were correlated using Spearman’s 
rank correlation. Each symbol represents data from a single ROI. Statistics done in GraphPad 
Prism and visualisation in R; p value <0.05 considered as significant. 
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6.3.13 Quantitative relationships between T cell and macrophage subsets differ by 
tissue type and between cohorts 

Having established the overall relationship between T cells and macrophages, a correlation 

heatmap matrix was created using Spearman’s rank correlation for each tissue type and cohort 

to evaluate the quantitative relationships among macrophage and T cell subsets and between 

these two immune cell types (Figure 6.14). Overall the pattern of correlations between subsets 

varied considerably across tissues and between cohorts.  

In the IM-GC cohort, CG was characterised mainly by positive correlations between 

CD68+CD163+ and CD68+CD163+IRF8+ macrophages (ρ=0.46 with p=0.0044), between 

CD68+CD163+CD206+ macrophages and CD4 T cells (ρ=0.78 with p=2.7e-08) and between CD4 

and CD8 T cells (ρ=0.46 with p=0.0047). A negative correlation between CD68+CD163+ 

macrophages and CD68+CD206+IRF8+ macrophages was also detected (ρ=-0.44 with p=0.0076). 

Complete IM in the IM-GC cohort was characterised mainly by positive correlations between 

CD68+CD163+CD206+IRF8+ macrophages and CD68+CD163+IRF8+ macrophages (ρ=0.58 with 

p=4.2e-04), between CD68+CD163+CD206+ macrophages and CD8 T cells (ρ=0.56 with 

p=0.00067) and between CD68+IRF8+ and CD8 T cells (ρ=0.47 with p=0.0055). Negative 

correlations were mainly detected between CD68+CD163+IRF8+ and DN T cells (ρ=-0.45 with 

p=0.0087) and between CD68+CD206+IRF8+ and FOXP3 T cells (ρ=-0.54 with p=0.0011). 

Incomplete IM in the IM-GC stood out compared to the two other premalignant lesions by the 

relatively large number of positive but also some negative correlations among macrophage and 

T cell subset populations. CD68+CD163+CD206+ macrophages had a positive correlation with 

DN T cells (ρ=0.60 with p=1.1e-04), CD68+CD163+CD206+IRF8+ macrophages had a positive 

correlation with both CD68+CD163+IRF8+ macrophages (ρ=0.58 with p=2.1e-04) and CD8 T cells 

(ρ=0.48 with p=0.0034), CD68+CD163+IRF8+ macrophages had a positive correlation with CD8 T 

cells (ρ=0.54 with p=0.00072) and CD68+CD206+IRF8+ macrophages had a positive correlation 

with CD4 (ρ=0.68 with p=4.1e-06), FOXP3 (ρ=0.66 with p=1.3e-05) and DN T cells (ρ=0.58 with 

p=2.3e-04). Finally CD4 T cells had a particularly strong correlation with FOXP3 T cells (ρ=0.80 

with p=3.6e-09). Significant negative correlations were observed only between CD68+CD163+ 

macrophages and CD68+CD206+IRF8+ macrophages (ρ=-0.58 with p=2.2e-04), CD4 (ρ=-0.63 

with p=4.1e-05) and FOXP3 T cells (ρ=-0.57 with p=3.1e-04). 

In the IM+GC cohort, CG was characterised by an increased number of positive correlations 

including between CD68+CD163+ macrophages and both CD68+CD206+IRF8+ macrophages 

(ρ=0.61 with p=2.0e-04) and CD4 T cells (ρ=0.69 with p=1.3e-05), between CD68+CD206+IRF8+ 
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macrophages and both CD68+IRF8+ macrophages (ρ=0.53 with p=0.0019) and CD4 T cells 

(ρ=0.47 with p=0.0067), between CD68+CD163+CD206+IRF8+ macrophages and FOXP3 T cells 

(ρ=0.55 with p=0.0011), and between CD8 T cells and both CD4 (ρ=0.66 with p=4.2e-05) and 

FOXP3 T cells (ρ=0.46 with p=0.0082). 

Complete IM was again characterised by a mixture of positive and negative correlative subset 

relationships, with a positive correlation between CD68+CD163+ macrophages and CD4 T cells 

(ρ=0.47 with p=0.0015), between CD68+CD163+IRF8+ macrophages and both 

CD68+CD163+CD206+ (ρ=0.40 with p=0.0077) and CD68+CD163+CD206+IRF8+ (ρ=0.71 with 

p=1.1e-07) macrophages, between CD68+CD206+IRF8+ and CD68+IRF8+ macrophages (ρ=0.39 

with p=0.0094), and between FOXP3 T cells and both CD4 (ρ=0.45 with p=0.0027) and CD8 

(ρ=0.42 with p=0.0053) T cells. Negative correlations were detected mainly between 

CD68+CD163+ macrophages and both CD68+CD163+CD206+IRF8+ (ρ=-0.58 with p=4.7e-05) and 

CD68+CD163+IRF8+ (ρ=-0.41 with p=0.0057) macrophages.  

As before, incomplete IM in the IM+GC cohort stood out by its large number of highly positive 

correlations between the majority of pairs of T cell subsets as well as between macrophage and 

T cell subsets. More specifically, a positive correlation was observed between CD68+CD163+ 

macrophages and CD68+CD163+CD206+IRF8+ macrophages (ρ=0.52 with p=0.0042), CD4 

(ρ=0.53 with p=0.0036) and DN (ρ=0.52 with p=0.0049) T cells, between 

CD68+CD163+CD206+IRF8+ macrophages and CD4 T cells (ρ=0.60 with p=0.00072), between 

CD68+IRF8+ macrophages and DN T cells (ρ=0.53 with p=0.0034), between DN T cells and CD4 

(ρ=0.80 with p=2.8e-07), FOXP3 (ρ=0.60 with p=0.00079) and CD8 (ρ=0.60 with p=0.00074) T 

cells and between CD8 T cells and both CD4 (ρ=0.67 with p=1.0e-04) and FOXP3 (ρ=0.62 with 

p=4.8e-04) T cells. A single negative correlation was observed between CD68+CD163+ and 

CD68+CD163+CD206+ macrophages (ρ=-057. with p=0.0017). 

Overall macrophage and T cell subsets were mostly positively correlated in CG and incomplete 

IM tissues in both the IM-GC and IM+GC cohorts, whereas a mixture of positive and negative 

correlations were observed in complete IM, irrespective of cohort. These patterns were in line 

with the correlation values observed by comparing total T cell and macrophages populations. 

Incomplete IM seemed to have the most “organised” and complete IM the most “disorganised” 

T cell-macrophage immune landscape based on overall correlation patterns. Also incomplete IM 

was characterised by particularly strong positive correlations between T cell subset pairs. 
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Figure 6.14 Quantitative relationships between T cell (CD3+) and macrophage (CD68+) subsets shown using correlation heatmaps in the IM-GC and 
IM+GC cohorts 
Correlation heatmap matrices of T cell and macrophage subset densities from matched ROIs using Spearman’s rank correlation. .*, **, *** is equal to 
p<0.05, p<0.01 and p<0.001.
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6.3.14 Integrating the spatial relationships of T cells, macrophage and epithelial cells 

Key aspects of macrophage and T cell function such as phagocytosis, antigen presentation, 

cytotoxic killing of a diseased cell depend on physical interaction between cells pairs. To obtain 

insight into the targeted spatial relationships between pairs of T cells, macrophages and 

epithelial cells, a correlation network was created using normalised touch cell pair density data 

between the most abundant T cell subsets (CD4, CD8 and FOXP3 T cells), the most consistent 

macrophage subsets (CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8+) and the epithelial 

cells for all tissue types and cohorts studied (§5.3.13, §6.3.11, Figure 6.15). By placing highly 

correlated touch cell pairs closer together, the proximity of the points being determined using 

multidimensional clustering (corrr package in R) and joining them with stronger paths using 

colour coding to describe the sign (direction) of the correlation, it was possible to visually 

discover which touching cell pairs are more or less closely associated with one another. 

In the CG and incomplete IM samples of the IM-GC cohort, epithelial//T cell touch pairs, 

including all three CD4, CD8 and FOXP3 T cell subsets, clustered closely together whereas in 

complete IM the epithelial cell//FOXP3 T cell touch pair was absent from this cluster. Negatively 

correlated with this cluster group was another cluster group composed of T cell-T cell touch pairs 

(CD4//FOXP3, CD4//CD8 and FOXP3//CD8), particularly in incomplete IM. This T cell-T cell pair 

cluster was more loosely present in the complete subtype of IM suggesting potential 

fundamental differences in the immune landscape away from the epithelium between IM 

subtypes in a non-cancer setting. Finally epithelial//macrophage touch pairs including both 

CD68+CD163+CD206+ and CD68+CD163+CD206+IRF8+ macrophages tended to cluster together 

across tissue types in this cohort. 

In the CG and complete IM samples of the IM+GC cohort, the epithelial//T cell touch pair cluster 

did not contain the epithelial//FOXP3 T cell touch pair. In both tissue types, it was replaced by 

the epithelial//CD68+CD163+CD206+IRF8+ macrophage touch pair. However in complete IM 

additional tight clustering with the  epithelial//CD68+CD163+CD206+ macrophage touch pair 

suggested that the vicinity of the epithelium in this tissue type is rich not only in T cell associated 

activity but also concurrent macrophage activity. The epithelial//CD68+CD163+CD206+ touch 

pair also clustered closely with the epithelial//T cell cluster in incomplete IM. Finally the T cell-T 

cell touch pair cluster was again negatively correlated with the epithelial//T cell touch pair 

cluster in incomplete IM whereas this was less so in CG and complete IM. 
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Figure 6.15 Correlation networks of normalised touch cell pair densities in IM-GC and IM+GC cohorts show changing landscape of T cell and 
macrophage interaction and their relationship with the epithelium 
Correlation networks based on normalised touch cell pair densities of T cells, macrophages and epithelial cells. More highly correlated touch cell pairs 
appear closer together and are joined by stronger paths. Paths are also coloured by their sign (red for positive and blue for negative).  The proximity of 
the points are determined using multidimensional clustering (corrr package in R). Correlations with -0.3<ρ<0.3 not plotted. 
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Overall the three types of tissues investigated showed similarities, but also some differences. All 

three tissues contained an epithelial cell//T cell touch pair and a separate T cell-T cell touch pair 

cluster which were mostly negatively correlated with each other. Incomplete IM showed the 

greatest level of polarisation with T cell-T cell activity occurring clearly away from epithelial-T 

cell activity. Temporal progression from the IM-GC to the IM+GC cohort was characterised by 

the introduction of macrophages in the epithelial-T cell touch pair cluster, first of the epithelial// 

CD68+CD163+CD206+IRF8+ touch pair and then by the epithelial// CD68+CD163CD206+ touch 

pair, suggesting a significant shift in the immune landscape immediately adjacent to the 

epithelium. 

6.3.15 T cell profiling of Progressor patient P1 shows increased FOXP3 T cell density 
associated with progression to high grade dysplasia 

To address the possible role of T cells in progression to high grade dysplasia, the OPAL™ IHC T 

cell panel was used on serial sections of those used to characterise the macrophage landscape 

in the two case studies of the Progressors cohort (Table 5.1, §5.3.14, Appendices H and I). 

Particular emphasis was given on characterising the CD8 and FOXP3 T cell subsets as these have 

previously been suggested to play key roles in GC [258, 499]. 

T cell density was analysed first by pooling all same tissue type data together and then 

individually per site and time point (Figure 6.16). Pooled T cell density showed a significant 

decrease in incomplete IM, similarly seen in the main part of the OPAL T cell study, but no 

significant change in HGD (Figure 6.16a). In more detail, IM samples tended to have similar T cell 

densities as the adjacent CG except at anatomical sites A2 (Transition zone) and A4 (Lesser 

curve) (both time point t1) where complete and incomplete IM had significantly lower T cell 

content respectively (Figure 6.16b). HGD showed an increased trend with temporal progression 

(t3 vs t2) but it did not reach significance. 

Pooled FOXP3 T cell density showed a significant increase in HGD compared to all three other 

tissue types (Figure 6.16c). As before there was no separation between CG, complete and 

incomplete IM. Interestingly HGD in t3 had a significantly higher FOXP3 T cell density compared 

to adjacent CG and showed an increasing trend compared to HGD in t2 (Figure 6.16d). When 

comparing tissues of different sites in t1, complete IM had a higher FOXP3 T cell density in A3 

than in A2 and CG had a higher FOXP3 T cell density in A4 than in A2.  
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Figure 6.16 Pooled and single site/time point T cell subset density in patient P1 
a) Pooled and b) individual total T cell density by sample, c) pooled and d) individual FOXP3 T 
cell density by sample and e) pooled and f) individual CD8 T cell density by sample. Each symbol 
represents data from a single ROI. For pooled data mean +S.D. shown with glm function in R 
used to calculate significance and for individual samples, quartiles shown with t-test and Mann 
Whitney test used to calculate significance (minimum of 3 ROIs). *, **, *** is equal to p<0.05, 
p<0.01 and p<0.001. 
For b), d) and f) coloured dashed lines show significant same tissue differences by site (green for 
CG, orange for complete IM, blue for incomplete IM). Black lines show significant differences 
between matched CG and adjacent IM/HGD lesion. 
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Pooled CD8 T cell density showed a stepwise decrease from CG to complete IM and then to 

incomplete IM (Figure 6.16e). HGD was characterised by similar levels to incomplete IM and had 

lower CD8 T cell density than CG and complete IM. With the lowest density across all sites and 

time points, HGD in t2 had significantly fewer CD8 T cells than HGD at t3 with median values for 

t2 HGD equal to 181 CD8 T cells/mm2 and for t3 HGD equal to 468 CD8 T cells/mm2 (Figure 6.16f). 

When comparing matched samples, complete IM in A2 had fewer CD8 T cells than surrounding 

CG in t1, the latter having also a greater density than CG in A4. Interestingly incomplete IM 

showed a highly significant increase across time (t1 vs t2) in site A1. 

Overall this part of the study showed that HGD at an early time point in patient 1 had a low CD8 

T cell density which increased progressively with time and the same trend was observed in 

FOXP3 content suggesting that latter HGD was characterised by a highly active but also immuno-

regulated T cell landscape (Figure 6.17a). Multi-site and multi-time point analysis showed that 

FOXP3 and CD8 T cell densities varied significantly a) between matched CG adjacent to 

IM/dysplasia, b) between the same tissue type across space from one site to another and c) 

across time in the same site and tissue subtype suggesting an overall highly dynamic flux of 

localised T cell trafficking. 

To gain insight into the spatial effect of the increased FOXP3 T cell infiltration in the HGD sample 

in site A3 at time point t3, nearest neighbour analysis was carried out (§2.5.5) with adjacent CG 

as control tissue (Figure 6.17b). This sample was particularly valuable for further analysis as 

there were no contaminating IM glands in between the HGD glands and gastric glands in areas 

with CG were clearly separate away from the HGD glands. For both CG and HGD tissue the spatial 

relationship of FOXP3 and CD8 T cells with neighbouring epithelial cells was relatively similar 

(median values from FOXP3/CD8 T cells to nearest epithelial cell in CG: 21.7µm/8.5µm and in 

HGD: 15.3µm/11.5µm respectively) (Figure 6.17b). Also very similar were the spatial 

relationships of FOXP3 and CD8 T cells with neighbouring CD8 T cells (median values from 

FOXP3/CD8 T cells to nearest CD8 T cell in CG: 16.2µm/8.1µm and in HGD: 13.5µm/7.8µm 

respectively). However the median distance between CD8 T cells and neighbouring FOXP3 T cells 

differed greatly in HGD compared to CG: 28.6µm vs 90.3µm. Calculating the percentage of CD8 

T cells with a neighbouring FOXP3 T cell within a range of 10-40µm further confirmed this 

difference between HGD and CG. In fact 66.2% of CD8 T cells in HGD had a neighbouring FOXP3 

T cell within a distance of 40µm, whereas only 15.2% of CD8 T cells in CG had a neighbouring 

FOXP3 T cell within the same distance (Figure 6.17c and Figure 6.18). 

 



177 
 

 

 
Figure 6.17 T cell infiltration in high grade dysplasia and adjacent chronic gastritis in patient P1 at time point t3 including nearest neighbour spatial 
analysis 
a) Spectrally unmixed composite together with pseudo-pathology images (inForm software) CD3, FOXP3 and CD8 markers from high grade dysplasia 
and adjacent chronic gastritic tissue, b) Heatmaps showing median distance of nearest neighbouring cells (From cell A To cell B) in HGD and adjacent 
CG and c) Percentage of CD8 T cells with a nearest neighbour FOXP3 T cell at a distance of 10µm, 20µm, 30µm and 40µm in HGD and adjacent CG. 
Phenoptr and phenoptrReports in R used to calculate all intercellular distances. 
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Figure 6.18 Multiplexed images showing the distance (length of intercellular lines) between 
each CD8 T cell and its nearest FOXP3 T cell in high grade dysplasia and adjacent chronic 
gastritis in patient P1 in site A3 at time point t3 
a) Chronic gastritis and b) High grade dysplasia. The large influx of FOXP3 T cells in HGD results 

in much shorter distances between CD8 T cells (red) and neighbouring FOXP3 T cells (blue), 

represented by white lines connecting red and blue dots. Analysis done and images created 

using phenoptr and phenoptrReports packages in R. X and Y coordinates of region of interest on 

slide shown. Scale bar: 200μm. 
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Overall nearest neighbour analysis showed that the median distance from CD8 T cells to FOXP3 

T cells in HGD was greatly reduced and that roughly two thirds of CD8 T cells had a neighbouring 

FOXP3 T cell within their functional space of 40µm suggesting that FOXP3 T cell mediated 

immune-regulation may play an important role in progression to gastric cancer. However given 

that whole exome sequencing of adjacent snap frozen tissue with HGD did not show major 

genomic alterations between t2 and t3 (Appendix I), it suggests that the observed changes to 

the T cell landscape in the HGD microenvironment are not likely associated with specific genomic 

events in the HGD glands. 

6.3.16 T cell profile in patient P2 shows only minor differences 

To establish the possible evolutionary trajectory of the T cell landscape between incomplete IM 

and HGD, a second patient with multi-site and multi-time point premalignant tissue available 

including LGD was characterised as before with the OPAL™ T cell panel. Unfortunately the anti-

FOXP3 staining on the HGD tissue failed and no data for this marker was available from this 

sample. 

Pooled total T cell, FOXP3 and CD8 T cell density did not show a significant difference between 

CG, incomplete IM and dysplasia (LGD+HGD) nor with HGD on its own (Figure 6.19). Single 

sample analysis showed total T cell content in incomplete IM varied by time point in A1 (t2 vs 

t3, lower in the latter), FOXP3 T cell content was greater in incomplete IM compared to adjacent 

CG in site A3 at t4 and CD8 T cell content was lower in incomplete IM compared to adjacent CG 

in site A1 at t3. 

Overall this patient’s T cell profile with respect to total T cell content, FOXP3 and CD8 T cells did 

not show any significant differences between all tissue types investigated. Also only a small 

number of site and time point variations were observed suggesting that the T cell landscape in 

this patient was relatively homogenous with few changes along histological progression. This is 

particularly interesting given that the HGD lesion sequenced from adjacent snap frozen tissue at 

time point t2 showed a large number of chromosomal aberrations (Appendix J) and that it is 

unlikely that all other FFPE tissues characterised in this case study would have similar genomic 

profiles. This would suggest that in this patient the genomic profile of the high grade dysplastic 

glands does not necessarily play a major role in the formation of the local T cell landscape. 
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Figure 6.19 Pooled and single site/time point T cell subset density in patient P2 
a) Pooled and b) individual total T cell density by sample, c) pooled and d) individual FOXP3 T 
cell density by sample and e) pooled and f) individual CD8 T cell density by sample. Each symbol 
represents data from a single ROI. For pooled data mean +S.D. shown with glm function in R 
used to calculate significance and for individual samples, quartiles shown with t-test and Mann 
Whitney test used to calculate significance (minimum of 3 ROIs). *, **, *** is equal to p<0.05, 
p<0.01 and p<0.001. 
For b), d) and f) coloured dashed lines show significant same tissue differences by site (blue for 
incomplete IM). Black lines show significant differences between matched CG and adjacent 
IM/HGD lesion. 
  



181 
 

6.4. Summary and discussion 

The following is a summary of the main outcomes of this study: 

1. Gastric premalignant lesions contained four main T cell subsets, namely CD3+CD4+ (CD4 

T cells), CD3+CD4+FOXP3+ (FOXP3 T cells), CD3+CD8+ (CD8 T cells) and CD3+CD4-CD8- 

(DN T cells). 

2. Complete intestinal metaplasia was particularly rich in CD4 and DN T cells whereas the 

incomplete subtype was particularly poor in CD8 and DN T cells. 

3. Chronic gastritis adjacent to intestinal metaplasia subtypes shared similar T cell profiles. 

4. Spatial location analysis showed that complete intestinal metaplasia was rich in T cell 

pairs in close proximity as seen in lymphoid aggregates as well as in T cells in the vicinity 

of the epithelium; by contrast incomplete IM was characterised by a reduced T cell 

presence adjacent to epithelial cells but a greater level of individual CD8 T cells targeting 

the epithelium.  

5. T cell and macrophage populations showed mainly positive correlations in chronic 

gastritis and in incomplete intestinal metaplasia but less so in complete intestinal 

metaplasia. 

6. Correlation network analysis of normalised touch cell pair densities showed clustering 

of T cell subsets with epithelial cells, clustering of T cell subsets away from the 

epithelium and increasing presence of macrophages in the former cluster with temporal 

progression from IM-GC to IM+GC patients. 

7. In one out of two multi-site and –time point case studies that had progressed to high 

grade dysplasia, a particularly large influx of FOXP3 T cells was detected with almost 66% 

of CD8 T cells having a neighbouring FOXP3 T cell within a distance of 40µm. 

6.4.1 Discussion 

The objective of this study was to characterise the T cell landscape in intestinal metaplasia and 

its possible role in progression. To achieve this, biopsy and gastrectomy tissue samples enriched 

for IM were selected from IM-GC and IM+GC cohorts. A third cohort of patients with progressive 

disease with multi-site and multi-time point samples were also used. These cohorts of patients 

were used to create a histo-temporal model of progression that could be used to identify step 

wise changes in T cell content. Using an optimised panel with key T cell markers on the OPAL™ 

platform, followed by digitalisation and then analysis with inForm, four main T cell subsets were 

identified. Additionally each cell within a region of interest was segmented and identified with 
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unique two dimensional attributes within a matrix that allowed cellular spatial location analysis 

using R. 

The four T cell subsets detected across all tissue types investigated were defined as CD4, CD8, 

FOXP3 and DN (double negative) T cells based on the presence or absence of co-localised 

markers. It was not possible to define these T cell subsets in more detail because the T cell 

markers used were not absolute in their ability to specify cell type. “Conventional” helper T cells 

and cytotoxic T cells express CD4 and CD8 respectively. However mucosa-associated invariant T 

cells (MAIT) and γδ T cells can also express CD4 and CD8, and both have been shown to be 

enriched in the gut [500, 501]. Indeed CD8+ and also CD4-CD8- (double negative) MAIT cells as 

well as γδ T cells have been shown to be present in human gastric tissue infected by H. pylori 

[502, 503] and may have opposing roles, the former increasing immunopathology and the latter 

being more protective [470, 504]. Also although the majority of FOXP3+ T cells are αβ regulatory 

T cells (αβ Tregs), FOXP3+ γδ regulatory T cells (γδ Tregs) have also been described [505]. These 

γδ Tregs were shown to suppress proliferation of anti-CD3/anti-CD28 stimulated peripheral 

blood mononuclear cells and likely have a similar function as αβ Tregs. Even though the T cell 

markers used in this current study cannot be used to separate conventional and innate like T cell 

populations in absolute terms, they do likely mirror functionally similar T cell subsets within the 

tissues investigated. 

In both IM-GC and IM+GC patients, complete IM was characterised by a T cell rich 

microenvironment which was reflected spatially in high levels of close proximity T cell-T cell pairs 

as described by the formation of lymphoid aggregates as well as T cell-epithelial cell pairs. By 

contrast the microenvironment in incomplete IM was particularly poor in CD8 and DN T cells, 

and was characterised by overall lower numbers of T cell-T cell pairs in close proximity as well 

as T cell-epithelial cell pairs. Thus this subtype of IM was shown to potentially have not only 

lower T cell-T cell immunity by quantitative and spatial analysis but also lower levels of T cell-

epithelial cell immunity. T cells that express CD8 as well as T cells that are negative for both CD4 

and CD8 have been shown to have cytotoxic capacity [502, 506-508] thus the ability to efficiently 

and effectively eliminate early abnormal cells within incomplete IM glands is likely 

compromised. Although the setting may differ, patients with overall T cell rich tumours have 

been associated with better prognosis [264], including CD4+ and CD8+ cells in GC [267]. It is 

possible that the complete and the incomplete subtype of IM share certain similarities with 

gastric tumours which are relatively rich and poor in T cell content with regards to outcome. 

High levels of T cell immunity in complete IM may provide protection against progression, similar 
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to patients with T cell rich gastric tumours where an effective T cell response provides protection 

against tumour growth and metastasis by eliminating efficiently tumour cells. By contrast, 

incomplete IM likely suffers from reduced immune-surveillance that results in a greater risk of 

progression to dysplasia through “immune escape” (Figure 6.20) similar to patients with T cell 

poor gastric tumours that suffer from greater tumour growth, metastasis and ultimately death 

due to an inability to effectively and efficiently remove tumour cells (loss of maintenance of 

“cancer-immune equilibrium” as described in [509]. Interestingly CD8 T cells in incomplete IM 

were shown to target individually the epithelium more than in complete IM but their overall 

lower numbers resulted in a reduced presence in the vicinity of epithelial cells which suggests a 

potentially suboptimal T cell immune response. 

 
Figure 6.20 How reduced immune-surveillance in incomplete intestinal metaplasia may lead 
to dysplasia 
The immune microenvironment in incomplete intestinal metaplasia (IM) is characterised by low 
numbers of macrophages and T cells. With time, genomic events such as mutations and 
chromosomal copy number changes occur in the stem cell compartment of IM glands leading to 
the formation of early abnormal cells [127]. In complete IM the robust presence of T cells and 
macrophages, particularly M2 macrophages, results in the rapid and efficient elimination of 
these early abnormal cells, mainly through cytotoxic activity of CD8 and DN T cells. In incomplete 
IM the lower levels of CD8 and DN T cells together with a predominant M1/2 macrophage 
presence results in a suboptimal capacity to eliminate early abnormal cells and ultimately leads 
to dysplasia which is associated with a greater risk of progression to gastric cancer. 

Interestingly the relatively constant levels of FOXP3 T cells, a lineage specific transcription factor 

in regulatory T cells [270, 510] suggest that immune-regulation in IM subtypes with differing 

progression risk does not play a major role in this event. This is in contrast to GC and other types 

of cancer which have mainly shown a negative association with outcome in patients with high 
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levels of regulatory T cells [267, 269, 499].  However a recent study by Wang et al 2020 [258] did 

actually show improved patient survival in GC patients with high levels of FOXP3+ T cells. 

The strength of this current study lies not only in its simultaneous use of multiple markers to 

quantify T cells subsets in IM tissues but also in its use of spatial metrics to define levels of 

possible paracrine and physical interaction between both T cell pairs and T cell-epithelial cell 

pairs. An intercellular distance of 40µm was chosen to represent the maximum effective range 

of cytokine penetration from a producing cell to a target cell based on previous work done by 

Thurley et al 2015 [392] and Oyler-Yaniv et al 2017 [393]. Previously Feng et al 2017 [394] 

investigated the spatial relationship between FOXP3 and CD8 T cells in HPV- oral squamous cell 

cancer at 20µm, 30µm and 45µm and identified a significant relationship with reduced overall 

survival, which was well within the cytokine range of 30-150µm shown by Oyler-Yaniv et al 2017 

[393]. However the exact intercellular distance is unlikely to be an absolute factor as cytokine 

diffusion and consumption as well as consumption cell cytokine receptor density are affected by 

the local niche cell density and the consumption cell activation state but relative quantitative 

differences between tissue types contain most likely vital information regarding 

physical/paracrine levels of cell-cell interaction. As multiple T cell functions such as activation, 

regulation and cytotoxic activity are also dependent on physical interaction, the exact levels of 

physically adjacent T cell pairs and T cell-epithelial pairs were also calculated based on 2D 

attributes and morphology within a region of interest. 

Both types of spatial cellular analysis showed overall levels of T cell proximal interactivity 

reflected T cell density within a tissue type. However single cell analysis showed that CD4, FOXP3 

and CD8 T cells targeted the epithelium significantly more in incomplete IM than in complete 

IM. The latter was richer in inter-glandular lymphoid aggregates whereas the former was 

characterised more by single T cells roaming the inter-glandular spaces. These lymphoid 

aggregates were quite different than the tertiary lymphoid structures which occur in the gastric 

lamina propria following H. pylori infection and have segregated T cell and B cell compartments 

[511, 512], as they were mainly composed of T cells and only a small number of other types of 

cells. This specific difference in T cell localisation between IM subtypes requires further 

investigation in order to fully comprehend its potential role with respect to progression risk. 

Macrophages have been shown to have the ability to influence the type of T cell response that 

occurs in CG following H. pylori infection through the release of BAFF driving a Th17 response 

[201]. However the current study is the first so far to investigate the relationship between 

macrophages and T cells in IM. Total T cell and macrophage density were positively correlated 
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in both CG and incomplete IM but less so in complete IM suggesting important differences in 

the relationship between these two immune cell types within these tissue types. T cell and 

macrophage subsets had mostly positive correlations although complete IM in the IM-GC cohort 

showed a negative correlations both between CD68+CD163+IRF8+ macrophages and DN T cells 

and between CD68+CD206+IRF8+ macrophages and FOXP3 T cells. Among same immune cell 

comparisons incomplete IM in IM+GC patients stood out by having positive correlations across 

all T cell subsets suggesting the presence of a highly coordinated T cell immune response.  

Correlation network analysis of normalised touch cell pair data confirmed the heterogeneous 

relationship between T cells and macrophages in gastric premalignant lesions and showed two 

clear patterns: 1) CD4, CD8 and FOXP3 T cells located physically adjacent to epithelial cells 

clustered away from T cell-T cell touch cell pairs with incomplete IM being the most polarised 

tissue type and 2) progression from IM-GC to IM+GC was accompanied with the introduction of 

epithelial cell-macrophage touch cell pairs clustering together with epithelial cell-T cell touch 

cell pairs suggesting that in this latter cohort, T cells interacting with epithelial cells, possibly 

through the epithelial basal membrane, are more exposed to macrophages and their associated 

chemokines/cytokines. Given the key role of macrophages as antigen presentation cells and 

potential drivers of inflammation within the context of H. pylori infection [204], it is difficult to 

comment on why their presence would be associated with the temporally most advanced IM 

tissues. However it is possible that the M2 CD68+CD163+CD206+ macrophages located directly 

adjacent to the epithelium are actually suppressing or preventing cytotoxic T cell activity. Such 

macrophage activity on CD8+ T cells has been previously described in a mouse model of lung 

squamous cell carcinoma [513]. 

In an attempt to gain greater insight into how T cell content varies between stomach sites and 

between points in time, two Progressors patients with available multi-site/time point samples 

were used as case studies. These two cases were also used to characterise the evolution of the 

T cell landscape from IM to HGD and to determine whether genomic changes are reflected in 

changes of the local T cell content. Overall contrasting findings were obtained from patents P1 

and P2. In the former T cell populations fluctuated considerably across space and time whereas 

in the latter relatively homogeneous T cell profiles were detected.  

In patient P1 two samples with HGD from the same site separated by only 78 days showed a 

significant increase in both FOXP3 and CD8 T cell content. Although CD8 T cells were similar in 

density with adjacent CG, FOXP3 were greatly increase in HGD at the latter time point. The 

importance of this was confirmed using nearest neighbour analysis which showed a remarkable 
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increase of FOXP3 T cells around CD8 T cells in the distance range of 10-40μm in HGD compared 

to adjacent CG. By contrast in patient P2 no difference was observed in total T cell nor in CD8 T 

cell content when compared to LGD nor to adjacent CG. It is difficult to explain the differences 

observed between patients P1 and P2 although histologically the latter contained IM glands 

interspersed through the HGD glands which may have influenced the overall T cell response.  

Overall these findings suggest that immune-regulation through the effect of regulatory T cells 

on CD8 T cells may play a key role in a fraction of patients that have already progressed to HGD. 

However the data acquired from these two patients has too few data points to derive general 

conclusions. Previously Guo et al 2019 [239] showed that LGD and particularly HGD was 

characterised by reduced levels of CD8+ cells but unfortunately this study did not investigate 

FOXP3 making a comparison with the current study not possible. 

A comparison of T cell data with available genomic data from patients P1 and P2 suggested that 

large scale genomic events are not necessary for direct changes in the T cell landscape to occur. 

HGD in patient P1 did not show any specific changes between the two time points characterised 

thus a similar genomic state resulted in two very different levels of T cell subset infiltration. Also 

HGD in patient P2 which was characterised by many chromosomal losses did not seem to show 

any differences in T cell content compared to CG, IM and LGD tissues that most likely did not 

have these losses. However these differences or indeed the lack of differences may be explained 

by the genomic data being derived from frozen tissue and the T cell data from adjacent FFPE 

tissue. Alternatively it is likely that there are multiple molecular subtypes of HGD that remain to 

be characterised, each with its own unique immune response, similar to the GC molecular 

subtypes as defined by the TCGA and also by the Asian Cancer Research Group [42, 43]. 

6.4.2 Technical limitations 

As the current study used the same samples and the same methodology as the macrophage 

study described in Chapter 5, it had similar potential limitations (§5.4.2) including: 

a) The samples characterised originated from a relatively small number of patients. 

b) Tissue degradation due to the use of the 3 day OPAL™ IHC method that involves multiple 

antigen retrieval steps. 

c) Limitations of the inForm software with regards to accurately cell phenotyping rare cell types 

(in this case mainly DN T cells). 
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d) Patient bias in the findings from the Progressors’ cohort as all 20 tissue samples originated 

from only 2 patients (case studies). 

e) T cell and genomic data comparison in the Progressors patients was carried out from adjacent 

and not the same tissue thus may have suffered from bias due to tissue heterogeneity. 

Overall this study showed that there are four main subsets of T cells in gastric premalignant 

lesions. It also showed that the complete subtype of IM is highly rich in T cell infiltrates, 

particularly of CD4 and DN T cells. By contrast incomplete IM is characterised by low T cell 

content and particularly low numbers of CD8 and DN T cells. Spatial analysis showed that the 

levels of T cells in proximity of epithelial cells and of each other mirrored the quantitative 

differences which suggested the possibility of reduced immune-surveillance in incomplete IM as 

a possible mechanism to explain the increased risk of progression associated with subtype. If 

early abnormal cells, particularly if these occur in the stem cell compartment which is 

continuously dividing in the IM gland [514], are not quickly and efficiently eliminated by T cells 

with cytotoxic capacity or other immune cells, then they may divide and form early dysplastic 

glands that could lead to future gastric tumours in the presence of additional 

mutational/chromosomal events. 

Single cell spatial analysis showed differences in T cell targeting of epithelial and other T cells 

between IM subtypes and integration with the macrophage data obtained from serial sections 

in Chapter 5 suggested fundamental differences in immune response. The seemingly well 

organised T cell and macrophage response in incomplete IM was dissimilar to the inflammation 

rich but rather more chaotic microenvironment in complete IM. Finally using two case studies, 

the local T cell content was shown to fluctuate considerably across time and space and HGD in 

at least one patient showed a large infiltration of FOXP3 T cells. This suggested that immune 

regulation through regulatory T cells may play an important role in HGD progression to GC, 

whereas this is not likely the case in IM progression to dysplasia as both IM subtypes showed 

similar levels of FOXP3 T cells to CG. Finally characterising the immunological status of 

premalignant lesions and gaining insight into the exact mechanisms of progression should lead 

to better patient stratification and ultimately the prevention of GC. 
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Chapter 7 Characterising the potential of CD10 and Das1 as biomarkers 
for the complete and incomplete subtypes of intestinal metaplasia 

7.1 Introduction 

The risk of progression from IM to GC has been previously described [85, 89-91, 93]. In 2003, 

Boussioutas et al published a landmark study [406] that showed premalignant lesions (CG and 

IM) can be distinguished from each other by their expression profiles. In 2017, Companioni et al 

showed that incomplete IM, which is associated with a higher risk of progression [89, 91], over-

expressed more oncogenic genes and molecular processes than complete IM [388]. More 

recently, Zhang et al 2019 [515] carried out a single cell transcriptomic study on a small number 

of chronic atrophic gastritis (AG), IM and early gastric cancer (EGC) tissues and identified a pre-

goblet cell marker (HES6) that defined early stage metaplasia and a panel of EGC-specific 

signatures. However there is still some dispute among pathologists regarding the patient’s 

benefit from subtyping IM, as shown by the absence of recommendation guidelines not only in 

Australia but also in the UK for IM subtype-dependent patient surveillance.  The subtyping of IM 

tissue can be affected from inter-pathologist variation [516] and can be quite tedious as IM 

glands of differing subtypes are interspersed in a two and three dimensional manner making it 

particularly difficult for the pathologist to arrive to a final diagnosis [105].  

The development of highly sensitive and specific biomarkers could lead to a reduced time 

burden for pathologists in subtyping IM from an H&E stained section or even completely remove 

the need for an experienced pathologist by developing a reliable combination of biomarkers that 

could be applied on an automated platform. Additionally such biomarkers could be used to 

facilitate subtyping in order to better assist with prediction to progression. 

Based on current literature and using the findings from chapter 4 as a guide, two markers were 

selected as candidates to distinguish complete and incomplete IM at a single gland level. The 

MME gene was previously shown to be highly differentially expressed in complete IM compared 

to incomplete IM (section §4.13.10) and encodes CD10, a membrane-associated neutral 

peptidase. CD10 is found on the brush border of the small intestine, it identifies normal small 

intestinal mucosa with 100% specificity and is absent in the colon [420]. Additionally, strong 

CD10 staining has been shown previously on a subset of IM glands including complete IM glands 

with only weak or absence of staining in incomplete IM [414, 415]. However, so far, no study 

has tried to determine the utility of CD10 as a biomarker selective for complete IM. 

Das-1 is a monoclonal antibody (7E12H12, IgM isotype) which binds colon epithelial protein 

(CEP). Previous work has shown that Das-1 reacts with Barrett’s epithelium (intestinal 
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metaplasia at the oesophagus) as well as gastric IM [517, 518] but not with normal stomach, 

duodenum, jejunum, ileum, liver or pancreas tissue [519]. In addition others have shown that 

this antibody has significantly higher reactivity (p<0.0001) to IM in IM+GC patients (IM patients 

with concurrent gastric cancer or “late” IM) than in IM-GC patients (IM patients without 

concurrent gastric cancer or “early” IM) and virtually no positive staining in chronic gastritis (CG-

GC, no concurrent gastric cancer) [518]. More in depth analysis by these authors showed that 

mixed and incomplete IM in the IM+GC cohort stained positive in 100% of cases whereas 

complete IM stained positive in 82% of cases. By contrast incomplete IM in the IM-GC cohort 

was positive in 75% cases but mixed and complete IM stained positive only in 43% and 10% of 

cases respectively [518]. Earlier findings in this current study (§4.3.7) showed the IM+GC 

samples were shown to be enriched in expression of genes associated with inflammation and 

GC including MYC and E2F1 due to a possible field cancerisation effect. Thus Das1 staining may 

provide useful information not only with regards to IM subtype but also with regards to possible 

risk of progression. 

7.2 Hypothesis and aims 

Hypothesis: “CD10 and Das1 have clinical utility as biomarkers to detect complete and 

incomplete intestinal metaplasia”. 

The main aims of this study were to: 

1. Determine the sensitivity and specificity of CD10 and Das1 for identifying complete 

and incomplete IM respectively at the single gland level. 

2. Assess whether using a combined model would improve the ability to detect either 

IM subtypes at the single gland level. 

3. Identify whether Das1 is associated with incomplete IM at the whole section level. 

4. Identify whether Das1 is associated with progression, irrespective of IM subtype.  

5. Characterise the relationship between Das1 and macrophage/T cell subsets. 

7.3 Results 

7.3.1 Validation of CD10 and Das1 as biomarkers of intestinal metaplasia subtypes  

When subtyping of IM is required for clinical diagnosis, pathologists will invariably assess the 

entire tissue section and report on the predominant subtype. However in order to improve on 

this, the ability of the anti-CD10 and Das1 antibodies to identify single complete and incomplete 

IM glands respectively was investigated in this study. A subset of the IM tissue samples used in 
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Chapters 5 and 6 and representing the IM-GC, IM+GC and Progressors cohorts were used for 

this (Table 7.1).  

Table 7.1 Clinical details of IM-GC, Progressors and IM+GC patients with intestinal metaplastic 

tissue used to characterise CD10 and Das1 staining 

Parameters IM-GC (n)1 Progressors (n)1,2 IM+GC (n)1 

Gender    
Male 43 2 4 
Female 3 0 3 

Age    
Male 69 (59-86)4 64 (60-68)4 72.5 (63-85)4 

Female 70 (44-77)4 - 75 (51-83)4 

Tumour Pathology    
Intestinal - - 3 
Diffuse - - 4 

T stage    
T1 - - 2 
T2 - - 2 
T3 - - 2 
Unspecified - - 1 

Total n0 of glands characterised    
CD10 study 96 75 44 
Das1 study 81 93 49 

1Samples were selected with the criteria that they contained the upper part of glands near the surface. 
Multiple areas per sample containing either complete or incomplete IM glands or both were characterised 
where possible; 2Cohort consisted of two patients (P1 and P2) with tissue taken from multiple stomach 
sites and characterised (for P1 n=11 and for P2 n=7) across multiple time points (multiple hospital visits, 
for P1 n=4 and P2 n=4); 3two biopsy samples acquired on different time points (hospital visits) were 
characterised from a single patient; 4Median value and range. 

The anti-CD10 monoclonal antibody (56C6) used in this study has been previously well 

characterised [420, 520] and was utilised as part of the OPAL™ T cell panel described in Table 

2.9. Das1 staining was carried out on serial sections to those used for the macrophage and T cell 

studies (Chapters 5 and 6) and to an additional section stained by H&E allowing direct 

comparison of the same glands (§2.6.2). Initial validation of CD10 and Das1 antibodies was 

accomplished using the appropriate positive controls, small intestine and colon tissue 

respectively (Table 2.2 and Figure 7.1). 

Subtyping of individual IM glands was carried out by in-house research pathologist Dr Catherine 

Mitchell after review of the H&E slides and was predominantly based on the assessment of the 

upper (luminal) region of the glands. This was because the lower regions often lack a brush 

border, which was the principal criterion together with gland morphology for classifying 

complete IM. Glands which lacked a brush border and with differing morphology such as 

irregular sized mucin droplets and variable degree of disorganised architecture were classified 

as incomplete [137].  
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Figure 7.1 Representative staining of anti-CD10 and Das1 staining on small intestine and colon 
positive control tissues 
CD10 staining on a) small intestine tissue and (b) colon tissue; Das1 staining on c) colon and d) 
small intestine tissues. Images a) and b) were kindly provided by in-house research pathologist 
Dr Catherine Mitchell and images c) and d) were obtained using the VS120 digital slide scanner. 

The single IM glands assessed by the in-house research pathologist were then located on 

matched scanned images of serial tissue sections which were stained  with CD10 and Das1 and 

scored blindly and independently by two experienced researchers (AB and RB)  (§2.6.2-3, Figures 

7.2 and 7.3). Data was then pooled and concordance between independent scoring of 

CD10/Das1 staining with the pathologist’s review of H&E stained glands was determined. 
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Figure 7.2 Serial sections of biopsy tissue stained with haematoxylin and eosin and with the 
OPAL™ multiplex IHC T cell panel showing complete intestinal metaplasia with brush border 
and the presence of CD10 
Serial FFPE sections at 4μm thickness were used for a) H&E staining and b) OPAL™ multiplex IHC 
T cell panel staining (Chapter 6); c) inset of H&E stained section showing IM, d) matched 
spectrally unmixed image using inForm from the multiplexed IHC scanned slide and e) pseudo-
pathology view for CD10 used for single gland scoring. Scale bars: 500µm for a) and b), 200µm 
for c) and d).  
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Figure 7.3 Serial sections of biopsy tissue stained with haematoxylin and eosin and with Das1 
antibody showing incomplete intestinal metaplasia 
Serial FFPE sections 4μm thick used for a) H&E staining and b) Das1 staining with DAB as 
chromogen; c) inset of H&E stained section with IM and d) inset of Das1 stained section. Scale 
bars: 500µm for a) and b), 200µm for c) and d). 

7.3.2 CD10 has very high sensitivity and specificity for identifying complete intestinal 
metaplasia glands 

Analysis at a single gland level which included all IM samples (IM-GC, the Progressors and the 

IM+GC cohorts showed that CD10 had both a high sensitivity of 91.06% and a high specificity of 

97.83% for detecting complete IM glands (Table 7.2).  

Further stratification of the samples based on cohorts which represented varying risk of 

progression to GC (where IM-GC is lowest risk, Progressors are potentially intermediate risk and 

IM+GC is highest risk), CD10 had an increasing sensitivity for detecting complete IM glands, from 

the IM-GC to the Progressors and then to the IM+GC patients with 87.5%, 91.9% and 100.0% 

respectively. The reverse trend was observed for specificity, with 100.0% in the IM-GC cohort, 

97.4% in the Progressors cohort and 95.5% in the IM+GC cohort. 
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Overall the high sensitivity, specificity and AUROC (range: 0.938 to 0.977) of CD10 for identifying 

complete IM glands observed across all three patient cohorts suggested that this anti-CD10 

monoclonal antibody is able to detect complete IM with high accuracy making it an ideal 

biomarker for this subtype (AUROC >0.9). 

Table 7.2 Sensitivity and specificity of CD10 for individual complete intestinal metaplastic 

glands 

Cohort IM gland 
subtype 

Total # 
glands 

CD10+ve 
glands 

CD10-ve 
glands 

Sensitivity 
(95% CI)1 

Specificity 
 (95% CI)1 

AUROC2 

All cohorts        
 Complete 123 112 11 91.1% 

(84.6%-95.5%) 
97.8% 
(92.4%-99.7%) 

0.944 
 Incomplete 92 2 90 
1.IM-GC        
 Complete 64 56 8 87.5%  

(76.9%-94.5%) 
100.0% 
(89.1%-100.0%) 

0.938 
 Incomplete 32 0 32 
2.Progressors        
 Complete 37 34 3 91.9% 

(78.1%-98.3%) 
97.4% 
(86.2%-99.9%) 

0.946 
 Incomplete 38 1 37 
3.IM+GC        
 Complete 22 22 0 100.0% 

(84.6%-100.0%) 
95.5% 
(77.2%-99.9%) 

0.977 
 Incomplete 22 1 21 

1Confidence intervals for sensitivity and specificity are Clopper-Pearson confidence intervals; 2Area Under 

Receiver Operating Characteristic. 

7.3.3 Das1 has low sensitivity but high specificity for identifying incomplete intestinal 
metaplasia glands 

To determine the suitability of Das1 as a biomarker to identify incomplete IM which has been 

associated with a higher risk of progression [89, 91], the overall sensitivity and specificity of Das1 

for single incomplete IM glands was first calculated using a pooled analysis of data collected 

across all three patient cohorts, similar to the CD10 analysis. In this instance Das1 had a low 

sensitivity of 29.2% but a high specificity of 91.3% for incomplete IM glands in all cohorts when 

combined (Table 7.3).  

After separation of the cohorts based on potential risk for progression to GC, Das1 had a similar 

low sensitivity across all three cohorts (between 28.0% and 32.0%) but high specificity (83.7% to 

98.3%). The high specificity of Das1 for incomplete IM glands suggested that this antibody would 

give few false positives but the low sensitivity would result in a large number of false negatives 

thus making it overall a low quality biomarker. This conclusion was further supported by the low 

AUROC values in all three cohorts (range: 0.559 to 0.635). 
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Table 7.3 Sensitivity and specificity of Das1 for individual incomplete intestinal metaplastic 

glands 

Cohort IM gland 
subtype 

Total # 
glands 

Das1+ve 
glands 

Das1-ve 
glands 

Sensitivity 
(95% CI)1 

Specificity 
 (95% CI)1 

AUROC2 

All cohorts        
 Complete 127 11 116 29.2% 

(20.3%-39.3%) 
91.3% 
(85.0%-95.6%) 

0.603 
 Incomplete 96 28 68 
1.IM-GC        
 Complete 60 1 59 28.6%  

(11.3%-52.2%) 
98.3% 
(91.1%-100.0%) 

0.635 
 Incomplete 21 6 15 
2.Progressors        
 Complete 43 7 36 28.0% 

(16.2%-42.5%) 
83.7% 
(69.3%-93.2%) 

0.559 
 Incomplete 50 14 36 
3.IM+GC        
 Complete 24 3 21 32.0% 

(15.0%-53.5%) 
87.5% 
(67.6%-97.3%) 

0.598 
 Incomplete 25 8 17 

1Confidence intervals for sensitivity and specificity are Clopper-Pearson confidence intervals; 2Area Under 

Receiver Operating Characteristic. 

7.3.4 Logistic regression modelling of combined CD10 and Das1 staining  

To further assess the biomarker potential of CD10 and to determine whether Das1 staining could 

be used in combination with CD10 to obtain an even better outcome for identifying single 

complete IM glands, logistic regression modelling was carried out with CD10 staining on its own 

and with CD10 + Das1 staining combined. All single subtyped glands which had both CD10 and 

Das1 staining status available (n=185) across all three cohorts were used together with the glm 

function in R.  

In the model with CD10 on its own, a highly significant positive association with complete IM 

glands was observed as expected (Table 7.4). In the combined model, CD10 again had a positive 

association but Das1 had a negative association with complete IM glands. Both associations 

were statistically significant but the much lower p value for CD10 suggested a much stronger 

association. Overall the Akaike information criterion (AIC), commonly used to assess relative 

quality of statistical methods [521], decreased only marginally when Das1 staining status was 

added to the model suggesting a small improvement to the model. This was further confirmed 

by the small increase in AUROC observed in the combined model (Figure 7.4). Overall the 

addition of Das1 offered a significant but limited improvement.  
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Table 7.4 Logistic regression models comparing CD10 with combined CD10 + Das1 staining for 

complete intestinal metaplastic glands 

Biomarker model Coefficient1 p value AIC 

CD10 +6.28 1.4e-14 71.1 

CD10 + 
Das1 

+6.72 
-3.09 

3.8e-10 
0.018 

65.7 

1Coefficient shows direction and relative change per unit increase. 

 
Figure 7.4 Receiver Operating Characteristic (ROC) curve and Area Under Receiver Operating 
Characteristic (AUROC) for CD10 and CD10 combined with Das1 staining using logistic 
regression 
Logistic regression carried out using all single IM glands with known CD10 and Das1 staining 
status (n=185) across all three cohorts (IM-GC, Progressors and IM+GC). Modelling and plotting 
carried out using glm function and pROC package in R. 

7.3.5 Das1 staining is associated with incomplete intestinal metaplasia in the IM-GC 
cohort 

Das1 staining was often observed in the lower parts of IM glands (Figure 7.5). Given that the 

single gland analysis was restricted to the top half of the glands this could explain to a certain 

degree the overall low number of IM glands with positive staining. Thus to determine whether 

Das1 staining across all parts of IM glands was associated with the incomplete IM subtype, 

regions of interest (ROIs) similar in size and location to those used for the OPAL™ IHC 

macrophage and T cell studies (Chapters 5 and 6) were digitally quantified for positive staining 
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(§2.6.3, cellSens Dimension software) for all patients in the IM-GC and IM+GC cohorts (Table 5.1 

for patient details, Figure 7.6). For each ROI, the fraction (percentage in pixels) of positive 

staining was calculated. Epithelial cells both in the upper and lower part of glands stained 

positive but no staining was observed on stromal and immune cells. 

 
Figure 7.5 Das1 staining in the lower part of incomplete intestinal metaplasia glands 
Das1 IHC staining with DAB used as chromogen. Scale bar: 200μm. 
 

 
Figure 7.6 Digital quantification of Das1 staining on intestinal metaplasia glands using an 
overlay 
Digital quantification carried out using the cellSens Dimension software (Olympus) as described 
in section §2.6.3. Scale bar: 50μm. 

IM subtyping of whole tissue sections was done as described in section §2.5.1 and Figure 2.3. 

Briefly IM containing 0% to 40% brush border was defined as “incomplete IM”, IM containing 

40% to 60% brush border was defined as “mixed IM” and IM containing 60% to 100% brush 

border as “complete IM”. For whole section analysis of Das1 staining the “mixed” and 

“incomplete” IM samples were pooled together and referred simply as incomplete IM similar to 

Chapters 5 and 6. Where appropriate (see analysis by ROI) Das1 staining was also analysed using 

all three predefined subtypes of IM (“complete”, “mixed” and “incomplete”) to remove any 

possible bias (§2.6.4). 
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In areas with chronic gastritis (CG-GC, control tissue) in the IM-GC cohort, there was little to no 

Das1 staining. In complete IM (cIM-GC) there was very occasional staining, but significantly more 

than in CG-GC (p=0.01, Figure 7.7). Incomplete IM (iIM-GC) was characterised by significantly 

more Das1 staining than complete IM (p=0.009) irrespective of percentage of incomplete IM 

glands (40%-60% iIM-GC vs cIM-GC: p=0.028 and >60% iIM-GC vs cIM-GC: p=0.0058). 

 
Figure 7.7 Das1 staining by region of interest in the IM-GC samples 

Das1 staining digitally quantified for all samples in the IM-GC cohort (CG-GC=14, cIM-GC=10, 

iIM-GC=11). Each symbol represents data from a single ROI and multiple ROIs were assessed per 

sample. 1Blue square data from tissue with >60% incomplete IM, red square data from tissue 

with 40%-60% incomplete IM (see section §2.5.1 for more details on IM subtyping). Data 

presented as mean + S.D. *All statistical analysis done using glm function in R (See section 

§2.6.5). 

There were three ROIs in the cIM-GC cohort, all belonging to the same tissue sample (Figure 

7.8), that stood out with particularly high Das1 staining fraction (2.87%-5.15%). All three ROIs 

were found to be outliers as determined using the ROUT method (GraphPad Prism). Interestingly 

this was the only cIM-GC sample that differed in subtype diagnosis between the original H&E 

section following patient gastroscopy (incomplete IM) and a second H&E section cut prior to the 

commencement of this current study (complete IM, consensus subtype obtained by in-house 

research pathologists Dr Catherine Mitchell and Dr Stephen Lade as described in §2.5.1 and used 

in Chapters 5 and 6). The most likely explanation is that the gland content of IM rich areas 

changes in a two and three dimensionally manner thus sections cut from a FFPE block may be 

rich in one subtype at one level but those cut at another level may be rich in the opposite 

subtype or contain a mixture of both IM subtype glands. 
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Figure 7.8 Das1 stains positive a case of intestinal metaplasia with differing diagnosis 

Das1 staining with inset of a case initially diagnosed with incomplete IM following gastroscopy 
but then diagnosed as complete IM by the in-house research pathologist Dr Catherine Mitchell 
prior to commencement of study. Two and three dimensional variation in IM gland subtype is 
the most likely explanation. 

Overall positive Das1 staining was specifically observed in IM when compared to CG in IM-GC 

samples. Among IM subtypes, Das1 stained significantly more incomplete IM regions. Also Das1 

stained positive the only complete IM tissue sample that originally had received an incomplete 

IM diagnosis. 

7.3.6 Whole section Das1 staining is higher in IM-GC patients with incomplete 
intestinal metaplasia 

Having established that Das1 is associated with regions rich in incomplete IM glands, the next 

logical step was to determine whether a single patient’s biopsy could provide useful information 

regarding IM status as this could have more clinical relevance. For this analysis the previous 

sample that showed differing IM subtype between sections was grouped with the incomplete 

IM tissues (most histologically advanced IM subtype analysis). Whole section Das1 staining 

(combined data from all ROIs within a single section) in complete IM was overall barely present 
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and did not show a significant difference with CG (Figure 7.9). By contrast incomplete IM at the 

whole section level had a significantly higher positive fraction for Das1 compared to both CG 

and complete IM (p=0.00014 and p=0.0018 respectively). Overall Das1 staining across a whole 

section showed a clear association with incomplete IM suggesting a possible utility for this 

antibody as a risk biomarker in a clinical setting. 

 
Figure 7.9 Analysis of Das1 staining across whole section in IM-GC samples 
Total section area containing either and/or CG (n=14), complete IM (n=9) and incomplete IM 

(n=12) were analysed for fraction positive for Das1 staining. Most histologically advanced IM 

subtype used as final subtype (see text for more details). Each symbol represents data from a 

single biopsy section originating from multiple ROIs. Statistical analysis carried out using 

unpaired t test and Mann-Whitney test where appropriate. 

7.3.7 Das1 staining is associated with incomplete intestinal metaplasia tissue in the 
IM+GC cohort 

To quantify Das1 staining in ROIs of premalignant tissues from IM+GC patients, the same method 

was used as above (§7.3.5). Complete IM showed significant more staining than CG (p=0.0028, 

Figure 7.10). Incomplete IM showed a higher percentage of stained area per ROI compared to 

both CG and complete IM (p=1.7e-05 and p=0.0016 respectively). 

Next, an analysis of Das1 staining across the entire tissue section was performed using the most 

histologically advanced IM subtype method as before. Minimal positive staining was observed 

in CG but there was an increasing trend in complete IM which did not reach significance (Figure 

7.11). Again, incomplete IM was characterised by a higher positive area for Das1 staining per 

section when compared to both CG and complete IM (p=5.7e-06 and p=0.0048 respectively). 
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Collectively the data presented in sections §7.3.5-§7.3.7 suggested a significant positive 

association between the Das1 monoclonal antibody and incomplete IM in both the IM-GC and 

IM+GC cohorts. 

 
Figure 7.10 Das1 staining by region of interest in the IM+GC samples 
Das1 staining digitally quantified for all samples in the IM+GC cohort (CG+GC=11, cIM+GC=10, 

iIM+GC=7). Each symbol represents data from a single ROI with multiple ROIs per sample. 1Blue 

square data from tissue with >60% incomplete IM, red square data from tissue with 40%-60% 

incomplete IM (see section §2.5.1 for more details on IM subtyping). Data presented as mean + 

S.D. *All statistical analysis done using glm function in R (See section §2.6.5). 

 
Figure 7.11 Analysis of Das1 staining across whole section in IM+GC samples 
Total section area containing either and/or CG (n=11), complete IM (n=6) and incomplete IM 

(n=11) were analysed for fraction positive for Das1 staining. Most histologically advanced IM 

subtype used as final subtype (see text for more details). Each symbol represents data from a 

single gastrectomy tissue section originating from multiple ROIs. Statistical analysis carried out 

using Mann-Whitney test. 
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7.3.8 Das1 staining is higher in complete intestinal metaplasia tissues of IM+GC 
patients 

To establish whether Das1 staining assessed on whole sections was associated with temporally 

more progressed premalignant lesions, tissues with CG and differing IM subtypes were 

compared between the IM-GC and the IM+GC cohorts. There was no significant difference 

between CG-GC and CG+GC and between iIM-GC and iIM+GC samples (Figure 7.12). However, 

complete IM tissues in IM+GC samples did show a significant increase in Das1 staining when 

compared to those in IM-GC samples. Overall these findings suggest that Das1 staining is more 

associated with “late” complete IM (IM+GC cohort) but does not change between “early” and 

“late” incomplete IM. 

 
Figure 7.12 Comparison of Das1 staining per section between IM-GC and IM+GC cohorts 
Total section area was analysed for fraction positive for Das1 staining as before. Most 
histologically advanced IM subtype used as final subtype. Each symbol represents data from a 
single tissue sample. Statistical analysis carried out using Mann-Whitney test. 

7.3.9 Das1 staining associated with CD68+IRF8+ and CD68+CD163+IRF8+ macrophages 
in incomplete intestinal metaplasia in IM-GC patients 

Given the previous findings in Chapters 5 and 6 which showed significant differences in both 

macrophage and T cell content between IM subtypes and the Das1 findings in this chapter, it 

was logical to compare immune cell subset density and Das1 positive staining to determine 

whether there was a relationship between epithelial Das1 status and immune response. For this 

analysis, only data from incomplete IM ROIs was used in order to identify potential relationships 

between macrophage, T cell and Das1 positive epithelium. The samples were grouped and 

analysed on the basis of the most advanced histology subtype as before. 

In the incomplete IM samples of the IM-GC cohort, a weak positive correlation was identified 

only between Das1 staining and CD4 T cell density (Pearson’s coefficient r=0.31, p=0.046).  By 
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contrast both CD68+IRF8+ (M1 macrophages) and CD68+CD163+IRF8+ macrophages (M1/2 

macrophages) were strongly correlated with Das1 staining in IM-GC (r=0.52 with p=0.0017 and 

r=0.79 with p=3.5e-08 respectively) (Figure 7.13). A similar analysis carried out for the 

incomplete IM subtype in the IM+GC samples, did not show a significant difference between any 

of the macrophage nor the T cell subsets and Das1 staining.  

 
Figure 7.13 The relationship between Das1 staining and macrophage subset density in 
incomplete intestinal metaplasia of IM-GC samples 
Scatter graphs showing the correlation between Das1 positive fraction per region of interest in 

incomplete IM tissue samples (n=11) and individual macrophage subset density, including a) 

CD68+IRF8+ macrophages, b) CD68+CD163+CD206+IRF8+ macrophages, c) CD68+CD163+IRF8+ 

macrophages, d) CD68+CD206+IRF8+ macrophages, e) CD68+CD163+CD206+ macrophages and 

f) CD68+CD163+ macrophages. Each symbol represents data from a single ROI. Multiple ROIs 

per tissue sample. Macrophage density data from Chapter 5. Most histologically advanced IM 

subtype used as final subtype. Pearson’s correlation coefficient r shown with statistical 

significance calculated in GraphPad Prism.  
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7.4 Summary and discussion 

The following is a summary of the main findings of this chapter into the potential suitability of 

two biomarkers for reliably and accurately subtyping intestinal metaplasia from tissue samples: 

1. The monoclonal anti-CD10 antibody (56C6) had very high sensitivity and specificity for 

single complete intestinal metaplasia glands in all three patients cohorts investigated 

(IM-GC, Progressors and IM+GC). 

2. The monoclonal antibody Das1 (7E12H12) that stains colon epithelial protein had a low 

sensitivity but high specificity for incomplete intestinal metaplasia glands in all three 

patients cohorts investigated (IM-GC, Progressors and IM+GC). 

3. A combined logistic regression model of CD10 with Das1 on pooled cohort data showed 

a significant but marginal improvement for identifying single complete intestinal 

metaplasia glands.  

4. Das1 staining was present both at the upper and lower part of intestinal metaplasia 

glands and was associated with incomplete intestinal metaplasia as analysed across 

regions rich in intestinal metaplasia and by whole section. 

5. Complete intestinal metaplasia in IM+GC samples showed a significant increase in Das1 

staining when compared to IM-GC samples. 

6. Das1 staining was associated with increasing density of CD68+IRF8+ and of 

CD68+CD163+IRF8+ macrophages in incomplete intestinal metaplasia of IM-GC 

patients. 

7.4.1 Discussion 

IM is a key premalignant lesion in the Correa model (§1.2.1, [64]) and is associated with 

progression to GC (§1.2.2, [85, 94]). It can be classified into two subtypes, the complete which 

is small intestinal-like and the incomplete which is more colon-like (§1.3.2, [130]). The latter 

subtype of IM has been associated with an increased risk of progression to GC in multiple studies 

[89, 91]. In the current study using tissue samples from patients belonging to three cohorts that 

likely represent different stages of temporal progression in IM, single glands were characterised 

for subtype and investigated for the expression of CD10 and CEP (Das1). CD10 showed increasing 

sensitivity for the detection of complete IM glands starting at 87.5% in IM-GC and reaching up 

to 100.0% in IM+GC patients. CD10 staining was also characterised by a decreasing specificity 

for complete IM glands starting at 100.0% in IM-GC down to 95.5% in IM+GC patients. The 

overall AUROC for CD10 diagnosis of complete IM glands across all three cohorts was 0.944, 

suggesting that CD10 is an outstanding biomarker (AUROC>0.9) for complete IM.  
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CEP detection by the Das1 antibody showed similar low sensitivity across all three cohorts (up 

to 32%) but did have high to very high specificity for incomplete IM glands, particularly in the 

IM-GC cohort (above 98%) which is clinically the most relevant. Its low sensitivity suggested that 

it is unlikely to be useful as a biomarker in a clinical setting on its own. Its overall AUROC across 

all three cohorts was relatively low at 0.603. However a logistic regression model combining 

CD10 and Das1 staining did show an overall improvement compared to CD10 on its own for 

complete IM glands. In this model Das1 was significantly associated in a negative manner with 

complete IM glands.  

The suitability of CD10 as a biomarker for complete IM needs to be discussed in the overall 

context of IM subtyping and biomarker development. Traditionally IM subtyping is done using 

ABPAS and HID-AB staining but more recently this has been replaced with H&E staining [138], 

making it relatively more difficult as IM glands tend to exist in a clear polarised state (complete 

and incomplete IM) but occasionally also in a hybrid state (half complete/half incomplete IM 

gland, half gastric/half IM gland). Although superior in combination with ABPAS staining [522], 

HID-AB staining is not carried out anymore in most modern labs as the diamine salt used is toxic 

[523]. 

Subtyping of IM is determined qualitatively by a pathologist and this process is affected by both 

intra-observer and inter-observer variation [516]. Generally inter-observer agreement tends to 

be lower between general pathologists than between experienced gastrointestinal pathologists 

[105]. To some extent a precise definition and refined criteria can also reduce both intra- and 

inter-observer variations, as was shown recently by Kim et al 2018 [524] when grading extent of 

intestinal metaplasia. In that study, inter-observer agreement was improved significantly 

through the process of definition and grading consensus between 5 pathologists (baseline versus 

final: κ=0.56 versus κ=0.68, p=0.006). Overall intra-observer agreement was between good and 

excellent with κ=0.64-0.86.  

Indeed this is where a simple IHC based biomarker such as CD10 can facilitate the process of IM 

subtyping and reduce intra- and inter-observer variability simultaneously. Its strength lies in its 

easy to assess negative versus positive staining status, its reproducibility and as  a result its 

relatively reduced requirements of expertise as a general pathologist is likely to give a similar 

subtype as an experienced gastrointestinal pathologist. Used in combination with a pan-IM 

marker such as MUC2 which stains goblet cells, CD10 could be further developed into an 

automated diagnostic test for subtyping IM. Overall the clinical use of CD10 as part of the 

management guidelines for gastric premalignant lesions could lead to better patient 
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stratification with improved targeted surveillance of IM patients. Ultimately detection of 

neoplasia at its earliest possible time point, either in the form of high grade dysplasia or early 

gastric cancer (EGC) could lead to better quality of life for patients and reduced cost associated 

with GC treatment. 

The relatively low AUROC of Das1 for incomplete IM glands in the current study suggests it would 

be only of limited use in a clinical setting. However a key inclusion criterion for this study was 

that subtyping would only involve the upper part of the IM gland which if positive for a brush 

border would be diagnosed as complete IM. This criterion was optimal for the CD10 part of the 

study. Subtyping of the lower part (base of) of the IM gland was not considered reliable as it is 

believed to contain the stem cell compartment and does not always express a brush border 

(personal discussion with in-house research pathologist Dr Catherine Mitchell prior to study, 

[514, 525]). Overall this inclusion criterion did not benefit the study of Das1 as a potential 

biomarker for incomplete IM glands as this antibody often stained the lower part of IM glands 

and less the upper part. 

To investigate the utility of Das1 for identifying incomplete IM in a more optimal setting, 

multiple regions of interest per tissue sample available from the IM-GC and IM+GC cohorts were 

characterised using a digitally computer-assisted method [526, 527] to quantify staining in both 

upper and lower part of IM glands. Indeed Das1 stained significantly larger areas of IM glands in 

ROIs subtyped as incomplete IM than as complete IM in both cohorts. When analysed by whole 

section, Das1 staining was again shown to be more associated with incomplete IM in both the 

IM-GC and IM+GC cohorts thus confirming the findings of others [518, 528]. Finally Das1 was 

shown to have potential as a progression risk biomarker as IM+GC patients with complete IM 

showed significant more staining than IM-GC patients.  

Previously, Forne et al 2009 [529] showed increased expression of Das1 in IM tissue from IM+GC 

patients compared to IM-GC patients (p=0.004) but concluded that its low presence in the latter 

excluded it from being useful in a clinical setting. Given that Das1 has been shown to stain both 

IM glands and adjacent matched gastric cancer tissues, this would suggest that IM glands with 

high Das1 staining are at the far end of the progression risk spectrum irrespective of subtype 

[518, 529, 530]. 

A biologically relevant question that arose during this study regarded the possible relationship 

between epithelial Das1 status and local immune cells. Das1 staining was mostly very low in 

complete IM but varied quantitatively in a highly localised manner in incomplete IM suggesting 
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that this marker was possibly identifying inter-glandular differences that could play an important 

role in the relationship between the epithelium and the immune microenvironment and its 

likelihood of progression to gastric cancer. In incomplete IM, Das1 positive staining had a weak 

positive correlation only with CD4 T cells in the IM-GC samples. By contrast when the 

relationship between macrophage subset densities and Das1 staining was analysed, a clear 

positive correlation with both CD68+IRF8+ (M1) and CD68+CD163+IRF8+ (M1/2) subsets was 

observed. 

In Chapter 5, detailed characterisation of the macrophage landscape had shown M2 subsets 

likely offer the highest level of protection against progression (higher in complete IM) and M1/2 

subsets likely offer the lowest level of protection (higher in incomplete IM). Interestingly 

macrophages positive for CD163 have been previously shown to promote progression to 

spasmolytic polypeptide expressing metaplasia (SPEM) [207]. Additionally IRF8 expression is 

induced by IFNγ, which was shown in a transgenic mouse model (expression of IFNγ under the 

control of the stomach specific H+/K+ ATPase β promoter) to have the capacity to also lead to 

SPEM and then to dysplasia [531]. Thus it is likely that a local intestinal metaplastic 

microenvironment with prominent inflammation due at least in part to IFNγ might lead to a 

higher risk of progression.  Further investigation will be required to determine proliferation and 

apoptosis rates as well as overall levels of genetic instability of epithelial cells positive for Das1. 

7.4.2 Technical limitations 

This study included a targeted single gland approach to determine the suitability of CD10 and 

Das1 as biomarkers for subtyping IM. A detailed analysis of Das1 staining on IM tissue from all 

IM-GC and IM+GC patients previously characterised in Chapters 5 and 6 was also carried out. 

However the current study did have a small number of potential limitations including: 

a) A limited number of tissue samples with appropriate gland orientation from patients across 

three different cohorts thus introducing patient bias when analysing data by cohort. However 

this “weakness” was counterbalanced to some extent by the similarity in sensitivity and 

specificity observed for both markers across cohorts. Overall the “all cohort” analyses provided 

the most likely accurate results, originating from a total of 18 tissue samples with 215 and 223 

individual glands subtyped and scored for CD10 and Das1 staining respectively. 

b) The use of the top part of IM glands for characterisation had an important effect on the Das1 

single gland assessment as a biomarker for incomplete IM. To adjust for this, analyses by ROI 

and by whole tissue section were carried out which also allowed for an expanded use of patient 
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samples. It is important to note that the identification of individual IM glands is much easier at 

the upper part than at the bottom part as these are often pushed together which makes it rather 

difficult to assess whether individual glands are being viewed or a single gland with multiple 

bases. 

Overall single gland analysis of CD10 staining showed it has the potential to be an outstanding 

biomarker for the complete subtype of IM. This biomarker could be used to facilitate patient 

stratification and improve targeted surveillance. By contrast the Das1 antibody did not seem to 

have a high enough sensitivity for incomplete IM on a single gland level to be considered a 

reliable biomarker, at least not in the current setting with the use of only the upper part of the 

gland as an inclusion criterion. However Das1 was shown to be significantly associated with 

incomplete IM on a whole section level with the added potential of detecting high risk IM lesions 

irrespective of subtype. 

 The Das1 antibody was recently cross-validated as a biomarker in a multi-centre study to 

identify high risk mucinous pancreatic cystic lesions with relatively high sensitivity and specificity 

(88% and 99% respectively with AUC=0.965, [532]) thus further investigation within the field of 

gastric precancerous IM lesions might help determine its optimal use in a clinical setting. An 

association between Das1 positive incomplete IM glands and IRF8+ macrophages was also 

reported, suggesting a possible role of epithelial-macrophage crosstalk in progression to GC. 
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Chapter 8 Developing an intestinal metaplasia organoid model 

8.1 Introduction 

Gastric carcinogenesis is a process that occurs in an environment of persistent inflammation, 

mainly triggered by H. pylori infection, over a long period of time. This may be driven by a 

number of initiating factors including EBV infection or other environmental factors such as 

smoking and high salt diet [42, 283-285, 533-535]. The previous chapters in this thesis provided 

evidence to suggest that changes not only to the genomic profile of epithelial cells but also to 

the immune microenvironment likely play a key role in progression to gastric cancer. In order to 

prove causality it is necessary to have appropriate systems in place to model the disease process. 

The GC animal models described in section §1.6 have been used to characterise multiple aspects 

of this but so far no animal model has managed to fully replicate human intestinal metaplasia 

(IM) and define its role in gastric carcinogenesis.  

The Cdx1 and Cdx2 transgenic mice previously described (§1.6.2, [154, 322]) replicate 

histologically human IM but showed a significant key molecular difference. The Cdx2 mice 

described by Mutoh et al 2002 [154] did not express Cdx1 and the Cdx1 mice described by Mutoh 

et al 2004 [322] did not express Cdx2, both of which are key markers of human IM [324, 536-

538].  However the Cdx2 mice did progress to GC over a period of 100 weeks [306]. Overall, 

animal models have greatly enriched our understanding of some of the molecular mechanisms 

in GC (critically reviewed in [287, 539]) but they are generally associated with long term duration 

and high cost.  

Since 2000, three dimensional (3D) cell culture models termed organoids have gained 

considerable popularity with the number of yearly publications indexed in Pubmed increasing 

from approximately 50 (2000) to over 1000 in 2015 [540]. Some of the advantages associated 

with organoids include their ability to replicate the cellular complexity and physiology of the 

tissue of origin, their genetic stability with time, the relatively ease of manipulation and their 

long-term growth capacity [360, 361, 363, 541]. However certain disadvantages have also been 

reported which are mainly associated with reproducibility, culture heterogeneity, the 

contamination of target cells for example tumour cells with normal cells and the absence of 

stromal and immune cells in culture such as fibroblasts and T cells [363, 542]. 

Although detailed protocols describing the derivation and growth of both normal and tumour 

gastrointestinal organoids from human tissue have been published [365, 370, 541, 543, 544] no 

defined methodology for growing organoids from gastric intestinal metaplastic tissue has been 



210 
 

described to date. The development of an IM organoid model is challenging and would have to 

address and overcome fundamental issues related to the isolation of intestinal-like glands/cells 

from gastric mucosal tissue, the growth of IM organoids in a background rich in contaminating 

normal gastric organoids and the identification of optimal growth and differentiation conditions. 

An IM organoid model could be used to study the key genomic and epigenetic changes required 

for gastric carcinogenesis, IM subtype transition from the complete to the incomplete subtype 

and its association with greater risk of progression as well as the role of immune cells in 

malignant transformation.  

8.2 Aims 

The overall objective of this study was to develop an IM organoid model. The study’s main aims 

were: 

1. To establish protocols for the derivation of gastrointestinal organoid cultures from 

human biopsies with long term growth capacity. 

2. To develop methods for the characterisation of IM organoids.  

3. To characterise gastrointestinal organoids, including IM organoids, using IHC and 

quantify expression levels of key gastrointestinal genes. 

4. To investigate the role of niche growth factors medium on gastrointestinal organoid 

proliferation and differentiation. 

5. To enrich for IM organoids by using an intestinal stem cell marker and Fluorescence-

Activated Cell Sorting (FACS).  

6. To create a human gastrointestinal organoid biobank. 

8.3 Results 

8.3.1 Clinical details of patient samples 

Patient samples were acquired as part of the ongoing screening and surveillance program (S2P) 

established by our laboratory (see §2.2.2) and used to set up organoid cultures as described in 

section §2.7.1. Overall, tissue samples from 27 consenting participants (15 males and 12 

females) were obtained for this study (Table 8.1). Figure 8.1 shows an overview of the key 

aspects of this project.  
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Table 8.1 Clinical details of patient cohort used for gastrointestinal organoid study 

Patient and biopsy characteristics Patients (n) 

Gender   
Male 15 

Female 12 

Age   
Male 70 (28-85)1 

Female 63 (41-82)1 

Fresh biopsies for organoids   
Pilot study2   
Gastric   

without IM 4 
targeting IM 8 
with dysplasia 4 

Small intestine 3 
Main study3   
Gastric   

unspecified targeting IM 10 
antrum without IM 6 
antrum targeting IM 15 
body targeting IM 10 

Small intestine 22 
1Median age and range; 2Pilot study used mainly single biopsies to try and establish organoid cultures; 
3Main study used pooled biopsies (3-5) to establish organoid cultures. Targeting of IM tissue was done 
during gastroscopy by gastroenterologist AB. 

8.3.2 Pilot study to determine feasibility of project 

The feasibility of gastroscopy biopsies to establish organoid cultures was first assessed by 

carrying out a pilot study. Sixteen gastric and 3 small intestinal samples from 6 patients were 

utilised, initially with single biopsies (first 4 patients) and then with pooled biopsies from the last 

2 patients as starting material. Tissue was collected in cold basal medium (section §2.7.1) and 

processed the same day or within 24hrs. To isolate the glands/stem cells from the gastric 

mucosa, the tissue was minced using 2 scalpel blades followed by use of the enzyme digestion 

method which consisted of an incubation step at 37oC in a solution containing Collagenase IV 

(75U/ml), Dispase (125µg/ml), Hyaluronidase (20µg/ml) and DNAse I (0.1µg/ml) as described in 

section §2.7.1. After filtration through a 70µm filter, single or clumps of cells were mixed with 

matrigel, plated and organoid growth medium (OGM) was added, to allow colony formation and 

growth. Based on growth media previously used to grow normal gastric and Barrett’s 

oesophagus epithelial organoids [365, 366], OGM was freshly made weekly and contained in-

house produced conditioned media of Noggin, Wnt3A and R-Spondin 1 (§2.7.12, Table 2.10). 
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Figure 8.1 Schematic representation including tissue details of workflow for establishing, 
growing and characterising gastrointestinal organoids 
1Defined by organoid formation and growth for more than 7 days; a) shows general workflow 
for gastric and small intestinal tissue used for establishing, growing and characterising organoids 
and b) shows patient numbers, tissue details with single  and pooled biopsies used as starting 
material for the pilot and main studies and outcome uses. Biopsies collected using the updated 
Sydney protocol with A1-A3 including the incisura considered as antrum and A4-A5 considered 
as body.  
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To assess overall tissue viability and colony formation/growth, a broad range of samples were 

used in these initial experiments including normal gastric tissue, targeted IM tissue, dysplastic 

tissue and duodenal tissue (Figure 8.2). Cultures were expanded using a mixture of physical and 

enzymatic (with recombinant TrypLE™ enzyme) passaging methods. Although organoids grew 

well in a small number of cases (Figure 8.3), overall the yield, size and longevity of the 

established cultures was low and numbers were insufficient for any downstream applications, 

including characterisation. This suggested that protocols were not optimal. 

 
Figure 8.2 Human tissue samples used to set up organoid cultures 
Examples of normal (a) and high grade dysplastic (b) tissue used from two separate patients in 
the pilot study to set up initial organoid cultures. 

 

 
Figure 8.3 Human organoids grow successfully from a single gastric biopsy but have limited 
longevity 
Organoid cultures established from a single patient biopsy (grew up to ~35 days). Scale bar: 
400µm. 

8.3.3 Establishing parameters for growing organoids using a porcine model 

In order to further optimise organoid establishment conditions a porcine model was employed. 

This had the advantage of providing significant amounts of starting material for troubleshooting 

issues that could not be solved with the highly valuable, but limited in availability, human tissue. 

Additionally the domestic pig shares many similarities genetically, anatomically and 

physiologically with humans thus making it an excellent model for study. Porcine tissue from 

stomach, small intestine and colon was obtained from the Diamond Valley Pork abattoir in 

Laverton and stored in freezing media at -80°C in 1cm2 sized pieces. 
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Porcine organoids grew from gastric, small intestine and colon tissue types although the latter 

was less efficient (only a small number of organoids grew long term) (Figure 8.4). The abundant 

amount of starting material allowed multiple combinations of isolation methods and growth 

media to be investigated so that optimal growth and culture conditions could be determined 

(Table 8.2). Two different isolation methods were trialled, the enzyme digestion method and the 

chelation buffer method that uses EDTA and physical pressure on the tissue to release 

glands/crypts (detailed description in §2.7.1, [366, 370]). Gastric and small intestine organoids 

successfully formed using either isolation method, but the latter in combination with the 

chelation buffer method were somewhat less efficient (Figures 8.5). Colon organoids did not 

grow well using either isolation method with only a small number of organoids growing long 

term. 

 
Figure 8.4 Gastric, small intestine and colon organoids grow from porcine tissue 
Images of porcine gastric organoid shown from day 18, small intestinal organoid from day 11 
and colon organoid from day 17. Scale bar: 400µm. 

Table 8.2 Isolation methods and growth media used to identify optimal conditions for 

establishing and growing porcine organoids 

Tissue Isolation method 
Growth medium 

WRNEFGSTNi1 WRNE_GSTNi2 

Stomach 
Enzyme digestion 

  
Chelation buffer 

  

Small intestine 
Enzyme digestion   
Chelation buffer   

Colon 
Enzyme digestion   

Chelation buffer   
1The organoid growth medium (OGM) used with in-house produced Wnt3A, RSpondin-1 and Noggin 
conditioned media as described in Table 2.5; 2OGM without FGF10, a gastric niche factor, but with N2 
supplement added, previously used to grow intestinal and Barrett’s epithelium organoids [365]. See text 
for more details. 
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Figure 8.5 Early porcine organoid cultures (day 6) grown from gastric and small intestinal tissue 
using both the enzyme digestion and the chelation buffer isolation methods 
Organoid cultures established from gastric and small intestine porcine tissue on day 6 using 
either the enzyme digestion method or the chelation buffer method. Scale bar: 200µm. 

The role of FGF10 in the organoid growth medium, a niche factor previously shown to play an 

important role in growing long term human gastric and Barrett’s epithelium organoids, [365, 

366] was also explored. Gastric and small intestine organoids successfully formed both in the 

presence and absence of FGF10 but overall, small intestine organoids were slower to form 

compared to gastric organoids (Figure 8.6). Colon organoids did not grow well using either 

growth media.  
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Figure 8.6 Early porcine organoid cultures (day 4) derived from gastric and small intestinal 
tissue in the presence and absence of FGF10 in the growth medium 
Organoid cultures grown from gastric and small intestine porcine tissue on day 4 in organoid 

growth medium (OGM) with FGF10 (WRNEFGSTNi) and without FGF10 (WRNE_GSTNi). OGM 

consisted of WRNEFGSTNi where W=Wnt3A, R=RSpondin-1, N=Noggin, E=human EGF, F=FGF10, 

G=gastrin, S=p38 MAPK inhibitor SB202190, T=TGFβ inhibitor A-83-01, Ni=nicotinamide. Scale 

bar: 200µm. 

Overall, these experiments suggested that with the use of adequate amount of starting material, 

porcine gastric and small intestine organoid cultures grew successfully, irrespective of isolation 

method and the presence or absence of FGF10. Thus to address the possible role of starting 

material on colony formation and growth, differing amounts of previously cryopreserved 

porcine small intestinal tissue were cut into biopsy size pieces (estimated size ~0.1cm2) and used 

to replicate the technical limitations associated with setting up organoid cultures from single 

human biopsies (Figure 8.7). The use of a single piece of tissue yielded limited success, the 

combining of 2-3 pieces of tissue produced small numbers of viable organoid cultures and four 

to five tissue pieces gave excellent organoid formation and growth. 

Lastly the viability of reanimating previously cryopreserved porcine organoids which were 

stored at -80°C (see sections §2.7.6-7 for complete details) was assessed using small intestinal 

organoids. Organoids cultures started to grow within 1-2 days after resuspension and fresh 

plating with matrigel (§2.7.1), and grew at least for 14 days after which the experiment was 

terminated (Figure 8.8). 
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Figure 8.7 Effect of starting amount of tissue in organoid colony formation and growth (day 6) 
Previously cryopreserved small intestinal tissue was used to set up organoid cultures with 
differing amount of starting material to replicate the amount of human tissue obtained during 
collection at endoscopy (1 piece, 2 pieces, 3 pieces, 4 pieces and 5 pieces). Scale bar: 200µm. 

 
Figure 8.8 Porcine organoids grow from previously frozen small intestinal organoid cultures 
Previously frozen small intestinal organoid cultures were thawed and used to established new 
cultures (day 2). Scale bar: 500µm.  
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8.3.4 Growing human gastrointestinal organoids 

Having determined the requirements for sufficient starting material, an adapted protocol was 

used to establish human organoid cultures. Multiple biopsies (2-4) from the whole stomach or 

from a single anatomical region of a patient (antrum or body) were pooled together and 

processed using the chelation buffer method for gastric tissue and a modified protocol that uses 

repeated vigorous pipetting to release crypts as described by Fujii et al 2015 [397] for small 

intestinal tissue (§2.7.1). The chelation buffer method, used to grow normal human gastric 

organoids [366, 370, 545] was preferred over the enzyme digestion method, which is often used 

to grow gastric tumour organoids [541, 543], as the latter could not be further optimised for use 

in this study with human non-malignant biopsies. For the small intestine a combination of 

vigorous pipetting together with a low concentration of EDTA (2.5mM) was used to release the 

intestinal crypts before plating (§2.7.1, [397, 546]. 

Gastrointestinal organoids began to form within hours of plating and were, in most cases, grown 

for a total of 3 to 4 months with a maximum of 6 months before being frozen down (Figure 8.9). 

Initially OGM was used but this was superseded by the commercially available IntestiCult™ 

organoid growth medium (STEMCELL Technologies) which gave better colony formation, growth 

and proliferation results.  

8.3.5 Establishing parameters for characterising organoids using the porcine model 

Having established working protocols for the establishment of human organoid cultures from 

both gastric and small intestinal biopsies, porcine tissue was used to establish methods for 

downstream characterisation. The relationship between organoid number input and RNA yield 

was investigated. Different numbers of actively growing small intestinal organoids (size range: 

200µm-400µm) were lysed and the amount of RNA extracted was quantified (NanoDrop™ 2000, 

Thermo Scientific™). The amount of RNA extracted was directly proportional to the number of 

actively growing organoids, and the numbers suggested that to extract sufficient RNA for 

downstream applications such as quantitative Real Time PCR (qRT-PCR; ~1µg) large numbers of 

organoids from multiple wells would be required (Figure 8.10). 
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Figure 8.9 Chelation buffer method for organoid derivation from human pooled gastric 
biopsies 
a) the biopsy tissue is washed repeatedly, incubated with a chelating buffer containing 10mM 
EDTA  and whole gastric glands are physically released by applying gentle pressure with a glass 
slide; b) and c) enclosed glandular structures and initiation of organoid formation occurs within 
hours of plating; organoids are expanded by trypsinisation using TrypLE™, shown at day 7 (d) 
and day 31 (e) post passage respectively; f) gastric organoids grow larger mostly with loss of 
spheroid shape with time (day 60). Scale bars: b) 400µm, c) 200µm, d), e) and f) 1000µm. 

 
Figure 8.10 RNA yield is proportional to the starting number of actively growing porcine 
organoids 
RNA extracted using Qiagen’s RNeasy Mini Kit and quantified using NanoDrop™ (Thermo 
Scientific™). Organoids were manually counted prior to extraction, all of which were in the size 
range of 200µm-400µm. 
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Next, a protocol was developed to prepare formalin fixed paraffin embedded blocks from 

organoids for downstream immunohistochemistry (IHC).  Organoids were liberated from 

matrigel, fixed in 4% paraformaldehyde and suspended in histogel to maintain structure. They 

were then embedded in paraffin (see §2.7.11 for complete description). The ability of the 

blocking method to retain structure and cellular integrity was tested by performing IHC for CDX2. 

Porcine CDX2 protein has a 96.2% homology to human CDX2 [547] and initial staining with anti-

CDX2 antibody showed high levels of expression in porcine small intestinal organoids (Figure 

8.11). CD10 expression at the luminal side of an organoid (inner side) was also detected, 

suggesting the presence of a brush border (Figure 8.11). However not all porcine derived small 

intestinal organoids expressed CD10.  

 
Figure 8.11 Porcine small intestinal organoids stain positive with anti-CDX2 and anti-CD10 
antibodies 
Images a) and b) show human small intestine and porcine small intestinal organoids stained with 
anti-CDX2 antibody. Images c) and d) show human small intestine and porcine small intestinal 
organoids stained with anti-CD10 antibody. Scale bars: *50 µm and 100µm.  

8.3.6 Characterising human gastrointestinal organoids by morphology and 
immunohistochemistry 

Despite the distinct appearances of porcine gastric (transparent spheroidal) and small intestinal 

(budding shapes) organoids, this phenomenon was not replicated in the human setting and the 
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two types were unable to be distinguished phenotypically. Although human gastric (both antral 

and body) organoids were predominantly transparent spheroids and human small intestinal 

tissues tended to have a more opaque and folded shape, there was too much morphological 

overlap to distinguish them (Figure 8.12). As a consequence using morphology alone would not 

allow the identification of intestinal metaplastic (“small intestinal-like”) organoids in an organoid 

culture grown from gastric tissue. 

 
Figure 8.12 Morphology does not allow differentiation between human gastric and small 
intestinal organoids 
Antral (a and b) and body (c and d) organoids tended to have translucent spheroidal shapes but 
folded opaque organoids were also present. Small intestinal (e and f) organoid populations were 
enriched for the latter but contained substantial numbers of the former as well. Occasionally, in 
a small number of patients, certain gastric organoids had “unusual” shapes (g and h). Scale bars 
for a, c, e and g: 1000µm and scale bars for b, d, f and h: 400µm. 



222 
 

Since morphology was not a suitable method of identifying IM organoids the next logical 

approach was to develop an IHC method that could be used to sample a population and reliably 

differentiate between organoids of gastric and intestinal metaplasia origin. A set of antibodies 

specific for certain gastrointestinal cell types were identified (MUC5AC for gastric surface 

mucous cells, MUC6 for gastric neck mucous cells, CDX2 for small intestinal epithelial cells, TFF3 

for goblet cells and CD10 for brush border) and optimised for IHC on human tissue and organoid 

FFPE sections (Appendix L and Figure 8.13). MUC5AC and CDX2 were defined as core markers 

for identifying and differentiating normal gastric (MUC5AC+ and CDX2-) and normal small 

intestine (MUC5AC- and CDX2+) organoids based on their known expression in tissue. 

Initial staining showed that normal gastric organoids expressed high levels of MUC5AC, 

particularly at the luminal surface (Figure 8.14). Interestingly some individual cells in small 

intestinal organoids also expressed this marker even though it is normally not found in the small 

intestine (Figure 8.14). Most but not all cells of small intestinal organoids were positive for CDX2 

and all cells of normal gastric organoids were negative for CDX2. 

Staining with MUC5AC and CDX2 on all available FFPE blocked gastric organoids from patients 

in the main study (n=20, Appendix M) revealed 6 cases with cultures that contained CDX2+ 

organoids (2x gastric unspecified location, 3x antral and 1x incisura). CDX2 staining was patchy 

but organoids with greater than 50% cells staining positive were considered to be of IM origin 

(Figure 8.15). Further characterisation using IHC showed that these IM organoids were also 

predominantly MUC5AC+ and TFF3+, lacked complete goblet cell formation (assessed visually 

on H&E and ABPAS stained sections) and were mainly CD10- (Figure 8.16). Their staining pattern 

was not always the same as matched IM tissue from the same patient (Figure 8.16). Overall 

these findings suggested that the current isolation and growth conditions allowed IM organoid 

growth, but only with limited differentiation. 
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Figure 8.13 Optimised staining for MUC5C, MUC6, CDX2, TFF3 and CD10 antibodies on gastric 
and small intestinal tissue 
Images of optimised antibody staining conditions for anti-MUC5AC (gastric surface mucous 
cells), anti-MUC6 (gastric neck mucous cells), anti-CDX2 (small intestinal epithelial cells), anti-
TFF3 (goblet cells) and anti-CD10 (brush border). Scale bar: 200µm. 
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Figure 8.14 MUC5AC and CDX2 staining of gastric and small intestinal organoids 
Gastric organoids were positive for MUC5AC but negative for CDX2. Small intestinal organoids 
were mainly CDX2 positive with occasional cells positive also for MUC5AC. Scale bar: 100µm. 
 

 
Figure 8.15 Identification of gastric derived intestinal metaplasia organoids using CDX2 
staining 
a) and b) CDX2 staining of organoids derived from gastric biopsies targeting IM from patients G4 
and G5 respectively; c), d) and e)  CDX2 staining of organoid cultures grown from antral biopsies 
targeting IM from patients  G10, G15 and G25 respectively; f) CDX2 staining of organoids grown 
from incisura biopsies targeting IM from patients G24. Overall levels of CDX2 expression varied 
between organoids from the same patient and between cells within a single organoid. See 
Appendix M for details of patient samples. Scale bar: 100µm. 
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Figure 8.16 Intestinal metaplastic organoids do not fully replicate expression pattern for 
MUC5AC, TFF3 and CD10 markers on tissue of origin in patient G25 
Matched tissue sample from patient G25 does not express MUC5AC unlike the majority of IM 
organoids, does express TFF3 which is only partially expressed on IM organoids without full 
formation of goblet cells and also expresses CD10 which is rarely present on IM organoids (top 
left organoid is positive for CD10). Scale bar: 200µm. 

8.3.7 Characterising gastrointestinal organoids using quantitative Real Time PCR 

To further characterise gastrointestinal organoids, RNA extraction followed by qRT-PCR was 

carried out on a subset of samples with available IHC data. Antral and body organoid populations 

grown in IntestiCult™, previously shown to be CDX2- by IHC and defined as normal gastric 

organoids, were screened for TFF1 (marker for gastric surface mucous cells), TFF2 (marker for 

gastric neck mucous cells) and VIL1 (marker for small intestinal brush border) expression (Figure 

8.17). As a control small intestinal organoids from the same patient were used. Both antral and 

body organoids expressed TFF1 and TFF2 but lacked VIL1 expression. By contrast, small intestinal 

organoids expressed no TFF1 and TFF2 but a considerable amount of VIL1 as expected. 

To determine whether IM organoids could be identified using qRT-PCR and validate the previous 

IHC findings, clonal body organoids and antral organoids both previously shown to be CDX2- 

(IHC) were compared with an antral organoid culture that predominantly contained CDX2+ 

organoids (IHC) (patient G15, Figure 8.15d) and a small intestine culture as a control (Figure 

8.18). The cloning of organoids involved physically picking a single organoid with a pipette tip 

within a sterile environment, breaking it into fragments and expanding the resulting fragments 

into long term organoid cultures and served here as an additional control for qRT-PCR. As an 

additional method organoid cloning was developed so that individual organoids of interest could 

be expanded and investigated, including possible IM organoids.  
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Overall the three body clonal populations derived from three independent organoids from 

patient G8 showed a very similar expression profile: low in TFF1, high in TFF2, no VIL1 or CDX2 

(Figure 8.18). The two antral populations from patients G9 and G23 also showed a high degree 

of similarity: high in TFF1 and TFF2, very low in VIL1 and CDX2 virtually absent. Finally the 

previously defined IM organoid culture using IHC from patient G15 differed considerably from 

the other antral cultures and was more similar to the small intestinal control: low in TFF1 and 

TFF2, high in VIL1 with some CDX2 expression (Figure 8.18). 

 
Figure 8.17 Antral, body and small intestinal (SI) organoids characterised for expression of 
TFF1, TFF2 and VIL1 using qRT-PCR 
Gastric markers (TFF1 and TFF2 were normalised to expression in gastric tissue control and SI 
marker (VIL1) was normalised to a small intestine tissue control. All organoid cultures were from 
the same patient and grown in IntestiCult™. Mean with + SD shown from three technical 
replicates of a single experiment. 

 
Figure 8.18 Characterisation of clonal body, antral and small intestinal (SI) organoids for 
expression of TFF1, TFF2, VIL1 and CDX2 
aOrganoid cultures grown in OGM; bOrganoid cultures grown in IntestiCult™; cCultures 
previously shown to contain CDX2+ organoids using IHC, all other cultures were CDX2- by IHC. 
Clonal organoid cultures were created by physically picking a single organoid with a pipette tip 
within a sterile environment, breaking it into fragments and expanding the resulting fragments 
into long term organoid cultures. Mean with + SD shown from three technical replicates of a 
single experiment. 
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8.3.8 Investigating the role of niche factors in gastrointestinal organoid proliferation 
and differentiation 

A series of three experimental approaches (Table 8.3) were taken to investigate the role of niche 

factors in (i) gastrointestinal organoid proliferation and differentiation and (ii) their ability to 

selectively enrich for IM organoids in a population derived from gastric tissue. These 

experiments involved manipulating the culture media and conditions under which the organoids 

were maintained and were based on published and optimised protocols which describe the 

differentiation of gastrointestinal epithelial organoids [365, 366].   

For all experiments small intestinal organoids were used as a positive control for IM organoids. 

This was based on the assumption that growth conditions giving small intestinal organoids a 

proliferative advantage over gastric organoids could be used to enrich cultures for IM organoids. 

In addition these experiments could provide additional insight into the optimal conditions for 

IM organoid differentiation (Table 8.3). 

Table 8.3 Experimental plan to investigate the effect of niche factors on the proliferation and 

differentiation of gastrointestinal organoids 

 Experiment 1 Experiment 2 Experiment 3 
Objective Short term effect of 

niche factors on 
differentiation 

Long term effect of niche 
factors on proliferation and 
differentiation 

Short term effect of changes 
to IC on differentiation 

Tissue of 
origin 

-Antrum 
-Small intestine 

-Antrum 
-Body 
-Small intestine 

-Antrum 
-Small intestine 

Growth 
media 

 IC1 

 WRNEFGSTNi2 

 _RNEFGSTNi 

 WRNEFGST_ 

 WRNEFG_TNi 

 WRNEFG_T_ 

 IC1 

 WRNEFGSTNi2 

 _RNEFGSTNi 

 WRNE_GSTNi 

 WRNEF_STNi 

 _RNE_GSTNi 

 _RNEF_STNi 

 WRNE__STNi 

 _RNE__STNi 

 IC1 

 IC[A]3 

Duration 6 days 34-45 days 11 days 
1IC: IntestiCult™ consisting of human components A and B; 2Organoid growth medium OGM was made up 
from WRNEFGSTNi where W=Wnt3A, R=R-Spondin 1, N=Noggin, E=human EGF, F=FGF10, G=gastrin, S= 
p38 MAPK inhibitor SB202190, T= TGFβ inhibitor A-83-01, Ni=nicotinamide; 3IntestiCult™ consisting of 
only human component A. 

The first set of experiments aimed to determine the effects of growth media components on 

organoid differentiation. Cultures were initially grown and expanded in IntestiCult™ (IC) and 

then transferred to OGM in the presence/absence of the three niche factors Wnt3A, 

nicotinamide and p38 MAPK inhibitor SB202190 for a period of 6 days (Table 8.3, Experiment 1). 

This duration was selected to allow enough time for differentiation to occur as described in Sato 
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et al 2011 [365]. A morphological comparison of the cultures at 6 days indicated no 

differentiation was observed between the basic IC and OGM conditions (Figure 8.19). 

Unexpectedly the removal of Wnt3A did not seem to drive organoid differentiation (as defined 

by smaller size, opaqueness and folded shape with budding structures) in antral nor in small 

intestinal organoids (Figure 8.19i and 8.19u respectively). The removal of nicotinamide and/or 

SB202190 resulted in larger translucent spheroidal organoids in both antral and small intestinal 

cultures which was in contrast to the expected greater level of differentiation (Figure 8.19j-l and 

8.19v-x respectively). 

The second experimental approach involved establishing long term cultures  of normal antral, 

body (all CDX2- as determined by IHC) and small intestinal organoids to identify niche factors 

that may be vital for normal proliferation/differentiation in normal gastric organoids but not for 

small intestinal organoids (Table 8.3, Experiment 2). As before, cultures were initially grown and 

expanded in IC and then transferred to customised growth media:  OGM (WRNEFGSTNi), 

_RNEFGSTNi, WRNE_GSTNi, WRNEF_STNi, _RNE_GSTNi, _RNEF_STNi, WRNE__STNi and 

_RNE__STNi. The niche factors FGF10 and gastrin were chosen as they have previously been 

shown to have little effect on small intestinal organoid growth [365] but are required for gastric 

organoid cultures to grow long term [366].  

The use of IC and OGM (WRNEFGSTNi) did not result in differences in growth, proliferation and 

morphological differentiation among all three organoid cultures with differing tissue origin 

(Figure 8.20). The removal of Wnt3A (_RNEFGSTNi) in antral cultures did not have a deleterious 

effect nor did it lead to differentiated organoid shapes. In contrast, removal of Wnt3A in body 

organoid cultures lead to smaller, opaque and folded like organoids and then to organoid death, 

irrespective of the presence or absence of FGF10 and gastrin (_RNEFGSTNi, _RNE_GSTNi, 

_RNEF_STNi and _RNE__STNi). Interestingly, small intestinal organoids reached large sizes 

(>3mm) in the absence of Wnt3A (_RNEFGSTNi, _RNE_GSTNi, _RNEF_STNi and _RNE__STNi) 

with the fusion of multiple organoids observed, possibly due to the restriction of space in the 

matrigel dome. The removal of FGF10 or gastrin or both (WRNE_GSTNi, WRNEF_STNi and 

WRNE__STNi) did not seem to affect antral and body organoid proliferation nor differentiation 

state. In contrast, removal of these two niche factors lead to very large spheroidal small 

intestinal organoids, suggesting a preference for proliferation over differentiation.  
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Figure 8.19 Experiment 1: Investigating the effect of removing the niche factors Wnt3A, nicotinamide and p38 MAPK inhibitor SB202190 on antral 
and small intestinal organoid cultures (Table 8.3) 
Organoid cultures from antral and small intestinal biopsies were initially cultured in IntestiCult™ (IC) and then exposed to different growth media to 
assess the effect of removing Wnt3A, nicotinamide (Ni), p38 MAPK inhibitor SB202190 (S) or a combination of both Ni and S on organoid differentiation 
state. Scale bar: 1000µm. 



230 
 

 
Figure 8.20 Experiment 2: The contribution of different niche factors on antral, body and small intestine organoids (Table 8.3) 
Organoid cultures from antral, body and small intestinal biopsies from the same patient were initially cultured in IntestiCult™ (IC) and then exposed 
long term (34-45 days) to customised growth media to assess the effect of niche factors. Images of body and small intestinal organoids taken after 
second round of passaging (P2) and for antrum taken after third round of passaging (P3). Note the small number of dark opaque body organoids present 
in growth media without Wnt3A and the large sized small intestinal organoids in all conditions except for IC and OGM (WRNEFGSTNi). Scale bar: 1000µm. 
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The possible effect of customised growth media on antral, body and small intestinal organoid 

differentiation was quantified using strength and pattern of MUC5AC and CDX2 IHC staining as 

metrics (Table 8.4). All antral and body organoid cultures showed high levels of MUC5AC staining 

with whole organoid staining pattern suggesting the presence of differentiated gastric surface 

mucous-like cells as found in the upper part of normal gastric glands. Additionally, all antral and 

body organoids were CDX2-. The absence of Wnt3A in small intestine organoid cultures resulted 

in patches of cells instead of single cells being positive for MUC5AC staining but with no 

difference observed overall in CDX2 staining.  

Table 8.4 Immunohistochemistry using MUC5AC and CDX2 to characterise differentiation of 

gastrointestinal organoids grown in customised growth media (Experiment 2) 

Organoids/ 
growth media 

MUC5AC CDX2 

Strength1 Pattern2 Strength1 Pattern2 

Antrum     

IC 3 3 0 0 

WRNEFGSTNi 3 3 0 0 

_RNEFGSTNi 3 3 0 0 

WRNE_GSTNi 3 3 0 0 

WRNEF_STNi 3 3 0 0 

_RNE_GSTNi 3 3 0 0 

_RNEF_STNi 3 3 0 0 

WRNE__STNi 3 3 0 0 

_RNE__STNi 3 3 0 0 

Body     

IC 3 3 0 0 

WRNEFGSTNi 3 3 0 0 

_RNEFGSTNi 3 3 0 0 

WRNE_GSTNi 3 3 0 0 

WRNEF_STNi 3 3 0 0 

_RNE_GSTNi 3 3 0 0 

_RNEF_STNi 3 3 0 0 

WRNE__STNi 3 3 0 0 

_RNE__STNi 3 3 0 0 

Small intestine     

IC 2 1 2 2 

WRNEFGSTNi 1 1 2 2 

_RNEFGSTNi 2 2 2 3 

WRNE_GSTNi 2 1 2 3 

WRNEF_STNi 2 1 2 2 

_RNE_GSTNi 3 2 3 3 

_RNEF_STNi 3 2 2 3 

WRNE__STNi 2 1 2 3 

_RNE__STNi 3 2 2 2 
1Strength of staining was quantified manually ranging from no staining (0), weakly positive (1), moderately 
positive (2) and highly positive (3). 2Pattern of staining was quantified manually from no staining (0), single 
cells (1), patches of positive cells (2) and whole organoid positive staining (3). 
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To gain further insight into differentiation states of organoid cultures grown in customised 

growth media, RNA was extracted and TFF1, TFF2 and VIL1 expression was quantified using qRT-

PCR as before. Previous IHC and qRT-PCR of antral and body cultures of this patient indicated a 

lack of IM organoids (CDX2- and VIL1- respectively). Antral organoids grown in IC medium 

expressed moderate levels of TFF1 and TFF2 but only low levels of VIL1 as before (Figure 8.21). 

However when grown in OGM in the absence of Wnt3A, VIL1 expression was greatly increased. 

Indeed the simultaneous removal of all three niche factors (Wnt3A, FGF10 and gastrin) resulted 

in lower levels of TFF1, TFF2 and higher VIL1 expression suggesting a certain degree of plasticity 

in gene expression under these conditions. 

Body organoids grown in IC expressed high to very high levels (even above the gastric reference 

tissue) of TFF1 and TFF2 but negligible amounts of VIL1 (Figure 8.21). Organoids grown in OGM 

(WRNEFGSTNi) produced similar levels of TFF1 but much less TFF2. The removal of FGF10 or 

gastrin led to a considerable increase in TFF1 expression and a minor increase in TFF2 

expression. The removal of both FGF10 and gastrin produced similar results as complete OGM. 

No data was available from body organoid cultures grown in the absence of Wnt3A as these 

quickly showed signs of morphological differentiation and could not be further expanded to 

acquire sufficient RNA for downstream applications. 

Small intestinal organoid populations showed virtually no TFF1 nor TFF2 expression under any 

growth medium condition (Figure 8.21). Organoids grown in IC expressed more than twice the 

amount of VIL1 when compared to OGM (WRNEFGSTNi). The absence of Wnt3A was associated 

with a trend of increased VIL1 expression suggesting a greater state of differentiation. Finally 

the selective removal of FGF10 and gastrin did not produced a clear pattern of change in VIL1 

expression. 

The third experimental approach explored the requirements for organoid differentiation of 

antral and small intestinal organoids by establishing cultures from the same patient. One set of 

cultures received IC and another set received IC[A] (IntestiCult™ containing only human 

component A) as recommended by the manufacturer’s protocol to achieve small intestinal 

differentiation (STEMCELL Technologies) (Table 8.3, Experiment 3). Over a period of 11 days and 

1 round of passaging, no effect was observed either on proliferation nor on morphological 

differentiation in small intestinal organoids with IC[A] medium (Figure 8.22). By contrast antral 

organoids, became more folded and opaque with reduced proliferation in the same amount of 

time suggesting partial organoid differentiation. 
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Figure 8.21 Experiment 2: The effect of niche factors on gene expression of antral, body and 
small intestinal organoids 
The expression levels of TFF1, TFF2 and VIL1 in antral, body and small intestinal organoids grown 
in customised growth media were quantified using qRT-PCR as before. No data available for 
body organoids grown in the absence of Wnt3A. Mean with + SD shown from three technical 
replicates of a single experiment. 
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Figure 8.22 Experiment 3: The effect of IntestiCult™ with and without human component B on antral and small intestinal organoids 
Organoids were initially grown and expanded using IntestiCult™ (IC) and then set up in parallel cultures without human component B (IC[A]). Dark 
opaque semi-folded organoids were observed after 11 days with reduced proliferation in the antral cultures with IC[A] medium. Scale bar: 1000µm. 
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Overall the customised growth media experiments showed that nicotinamide and SB202190 

may play a role in suppression of organoid growth/proliferation in antral and small intestinal 

cultures and that removal of Wnt3A results in a) no visible differences in antral organoids 

(morphology/IHC) but alteration of gene expression profiles, b) rapid body organoid 

differentiation (morphology) and cessation of proliferation and c) extreme growth of small 

intestinal organoids. Additionally when comparing body and small intestine organoids grown in 

IC and OGM, a substantial reduction in TFF2 and VIL1 expression was detected respectively 

suggesting a reduction in differentiation towards the lower part of the gastric gland in the former 

and the brush border in the latter. Finally removal of human component B from IntestiCult™ 

results in antral organoid undergoing differentiation-like changes morphologically but has no 

effect on small intestinal organoids. With respect to enriching IM organoids in gastric cultures, 

removing Wnt3A from expanded antral and body cultures followed by IHC for CDX2 could 

possibly be used to select and validate the presence of IM organoids. 

8.3.9 Growing organoids from cell sorted cells using the intestinal stem cell marker 
OLFM4 

In addition to experiments which involved modification of the growth media, a FACS based 

selection to enrich for IM organoids was explored. Based on a literature review of 

gastrointestinal stem cell markers, Olfactomedin 4 (OLFM4) was chosen as a candidate for use 

in FACS [548]. As a proof of principle, immunohistochemistry was used to show OLFM4 

expression was absent in gastric glands but present in IM glands and small intestinal crypts 

(Figure 8.23). In both IM glands and small intestinal crypts, OLFM4 was highly expressed in the 

lower part of the gland/crypt respectively.  

Using this cell surface marker, the ultimate aim was to cell sort single IM organoid stem cells and 

grow organoids from this enriched population. To achieve this and to determine whether 

organoids could actually grow from single OLFM4+ cells, small intestinal organoids were initially 

used to develop and optimise a FACS protocol. In this optimised protocol, pooled small intestinal 

biopsies were processed using the vigorous pipetting method to release crypts containing stem 

cells and organoid cultures were established. Pooled organoid cultures were liberated from 

matrigel and digested to single cells (45min incubation with TrypLE at 37oC), stained with an 

anti-OLFM4 antibody, cell sorted using FACS, and seeded in matrigel with IntestiCult™ media 

(Figure 8.24).  

FACS using OLFM4 was then carried out on small intestinal and gastric origin organoids (from 

antral/incisura and body biopsies with and without targeting of IM) to assess the ability of 
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organoids to grow from single cells and whether OLFM4+ cells contained exclusively a stem cell 

population in these organoid populations. 

 
Figure 8.23 OLFM4 staining of gastric, intestinal metaplastic and small intestinal tissue 
OLFM4 expression is absent in gastric glands but present in intestinal metaplasia and in small 
intestine. Scale bar: 500μm.  
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Figure 8.24 FACS plots showing gating strategy to obtain single OLM4- and OLFM4+ cells from 
gastrointestinal organoids 
Organoids were digested to single cells with TrypLE™ (45min at 37oC), stained with anti-OLFM4 
primary antibody (clone GW112) followed by staining with a rat anti-mouse IgG1 secondary 
antibody conjugated to APC and sorted with the BD FACSAria™ Fusion cell sorter. Debris, dead 
cells and doublets were removed based on physical characteristics (see forward and side scatter 
graphs, top row) and cells negative/positive for OLFM4 were selected based on fluorescence 
and sorted. Example shown from small intestinal organoid cells (patient G22). 
 

Overall the percentage of OLFM4+ cells differed considerably between patients and tissue types. 

For small intestinal organoids, OLFM4+ cells ranged from 20.1% to 77.0% and for gastric origin 

organoids, OLFM4+ cells ranged from 9.8% to 64.7%. Organoid growth was mainly observed 

from OLFM4- cells in all organoid cultures except in one patient where organoids grew from 

both OLFM4+ and OLFM4- cells from antral biopsies targeting IM (patient G19) (Figure 8.25). 

These grew at a similar rate. OLFM4 sorted single organoid cells grown from incisura tissue with 

targeted IM from patient G24 and previously shown to contain a small CDX2+ population (IHC) 

did not show any difference in their ability to form organoids when compared to other gastric 

origin organoid cultures (Figure 8.25). 
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Figure 8.25 Fluorescence-activated cell sorting of gastrointestinal organoids using stem cell 
marker OLFM4 results in organoid formation mainly in the negatively sorted fraction 
Tissue of origin, patient ID and number of days post-FACS shown. Rate of organoid formation 
and growth differed between tissues and patients. (-) represents biopsies of origin not targeting 
IM and (+) represents biopsies of origin targeting IM. The incisura (+) organoid culture from 
patient G24 had previously been shown to contain a small number of CDX2+ organoids (IM 
organoids). Scale bar: 1000µm. 
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To assess levels of OLFM4 in IM organoids, FFPE sections of organoid cultures previously shown 

to contain CDX2+ organoids (§8.3.6 and Figure 8.15) were stained using IHC for OLFM4. The 

staining pattern differed between patients (Figure 8.26) suggesting that this marker was 

inconclusive for detecting IM organoid stem cells. 

Overall, these findings showed that gastrointestinal organoids could grow after being digested 

to a single cell level and undergoing FACS sorting. In general the OLFM4- fraction was more likely 

to form organoids and not the OLFM4+ fraction. Also it remained unclear why organoids grew 

from targeted IM antral tissue organoids expressing OLFM4. This method was not able to 

discriminate enough between small intestinal/intestinal metaplastic and gastric stem cells 

suggesting this was not a feasible method for enrichment of IM organoids. 

 
Figure 8.26 Intestinal metaplastic organoids from patients G10 and G25 show differing OLFM4 
staining 
Scale bar: 100µm. 
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8.3.10 Creation of an organoid biobank 

To preserve human gastrointestinal organoids including IM organoids for future work including 

karyotyping, DNA sequencing, immune cell co-cultures and genomic manipulation using CRISPR-

Cas9, an organoid biobank was created from patients (n=25) of the main study (Appendix M). 

Where possible, once the organoid cultures from each patient were established, they were 

passaged and expanded over multiple wells. These were used to (i) generate FFPE blocks, (ii) 

extract RNA and (iii) cryopreserve and store in liquid nitrogen for long term storage (Figure 8.1). 

Although additional optimisation may be required the same methodology described in section 

§2.7.7 and used to produce viable porcine organoids from previously frozen cultures (§8.3.3) 

could be used to reanimate cryopreserved organoid cultures from the biobank for future 

experimentation. 

8.4 Summary and discussion 

The following is a summary of the main outcomes of this study: 

1. Human and porcine tissue was used to establish initial gastrointestinal organoid growth 

and characterisation parameters. 

2. Protocols were developed for establishing, expanding, freezing down and characterising 

antral, body, intestinal metaplastic and small intestinal organoid cultures from human 

gastroscopy biopsies. 

3. Gastrointestinal organoids including intestinal metaplastic organoids were 

characterised using immunohistochemistry and quantitative RT-PCR. 

4. The role of niche factors in organoid proliferation and differentiation was investigated. 

5. The utility of the intestinal specific stem cell marker OLFM4 to enrich for IM organoids 

was tested. 

6. A gastrointestinal organoid biobank was created from 25 patients. 

8.4.1 Discussion 

Initial experiments to grow organoid cultures from a variety of human gastric tissue presented 

multiple technical challenges. Challenging areas like the amount of starting tissue material, the 

best tissue treatment method to release gastric glands/stem cells, organoid culture expansion, 

and freezing and thawing tissue/organoids back into culture were investigated using porcine 

tissue that was easily amenable to multiple experiments. Downstream methods were also 

established for fixing and embedding organoids into paraffin blocks and RNA extraction.  
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Methodology was continuously optimised which led to the successful development of human 

gastrointestinal organoid cultures starting with as little as 2-3 pooled biopsies. Previous studies 

used 1cm2 of normal gastric tissue and 5 small intestinal biopsies to set up organoid cultures 

[365, 366, 370]. However gastric cancer organoid cultures have been successfully established 

from both gastroscopy biopsies and gastrectomy tissue [549]. The application of gentle pressure 

on gastroscopy biopsy tissue to release gastric glands containing stem cells (chelation buffer 

method) is more successful whereas enzymatic digestion of solid gastrectomy tumour tissue is 

more suitable to release cancer stem cells (see [549] for discussion, [550]). Efficient isolation of 

viable stem cells is of paramount importance for setting up organoid cultures, as EUS guided 

fine-needle biopsy sampling of a primary mass has been shown to provide enough starting 

material for setting up pancreatic cancer organoids [551]. 

Once the methodology for organoid plating, expanding and freezing organoids had reached an 

acceptable success rate, the focus of the project turned onto characterising  protein and gene 

expression levels of the organoid cultures which had been developed and stored within our 

biobank (n=25).  Using IHC, it was shown that the majority of patient samples produced 

organoids that were positive for MUC5AC, a marker associated with gastric surface mucous cells 

and negative for CDX2, a marker normally expressed by small intestine, colon and intestinal 

metaplasia epithelial cells. Only 6/25 patients yielded organoids populations which expressed 

CDX2+ (with mostly patchy staining) with small intestinal organoids used as a control for this 

marker. Interestingly most IM organoids and some small intestine organoids expressed 

MUC5AC. 

The relatively low frequency of IM positive organoid cultures derived from the 25 patients was 

rather surprising as 22 of these had evidence of IM in adjacently collected biopsies acquired at 

the same time for pathology/research purposes. This low frequency might have been due to one 

or a combination of the following reasons: 1) sampling issues between biopsies taken for 

organoid cultures and those taken adjacent and used for detecting the presence/absence of IM, 

2) the relative amount of IM glands in tissues used for diagnosis but also in biopsies used directly 

for setting up cultures (as established by taking a slice of the biopsy prior to setting up the 

culture) was often very small, 3) the isolation method for releasing IM glands from the gastric 

mucosa was suboptimal and 4) the growth conditions used for growing and expanding IM 

cultures were suboptimal. It is likely that the large number of contaminating normal gastric 

organoids in the sample resulted in lower levels of IM organoid detection. 
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IM organoids were further characterised using TFF3, a protein normally found in goblet cells of 

IM, the small intestine and the colon, and CD10, a protein found in the brush border of the small 

intestine (enterocytes, goblet cells and other epithelial cells) and the complete subtype of IM 

(Chapter 7). TFF3 expression was detected in some IM organoids and small intestinal organoids 

but fully differentiated goblet cells were absent (visually also assessed with ABPAS staining) 

suggesting a semi-differentiated pre-goblet state. Previously goblet formation in small intestinal 

and colon organoids was achieved through the use of the Notch γ-secretase inhibitors DAPT and 

DZP [365, 552]. Patchy CD10 expression was detected only in a small number of IM organoids, 

similar to organoids from small intestine origin. Overall these IHC findings suggested that IM 

organoids existed in culture in a semi-differentiated state and did not fully recapitulate the cell 

types observed in IM tissue. 

qRT-PCR was used to characterise  antral, body, IM and small intestine organoids for their 

expression of TFF1 (gastric surface mucous cells, similar to MUC5AC), TFF2 (gastric neck mucous 

cells), VIL1 (brush border of small intestine and IM) and CDX2 (epithelial cells in small intestine, 

colon and IM). Both antral and body organoids expressed TFF1 and TFF2 as expected with little 

or no VIL1 and CDX2 expression. IM and small intestinal organoids were low in TFF1 and TFF2 

expression but expressed higher levels of VIL1 and CDX2. Interestingly, small intestinal organoids 

expressed more than twice the amount of CDX2 mRNA compared to IM organoids. Overall these 

results suggested that this 4 gene panel could be used to differentiate between normal gastric 

and intestinal metaplastic organoids when cultured with the IntestiCult™ growth medium. 

The role of several niche factors was investigated in detail to identify potential conditions that 

could promote selective IM organoid enrichment. First the roles of nicotinamide, a molecule 

essential for ATP production, and the p38 MAPK inhibitor SB202190 (which prevents overall 

organoid differentiation, [553]) were assessed. Previously nicotinamide was shown to be 

essential for long term growth in small intestinal organoid cultures but together with SB202190 

to strongly inhibit goblet (shown by PAS staining) and enteroendocrine cell differentiation 

(defined by synaptophysin IHC staining) [365].  By contrast nicotinamide was shown to promote 

initial gastric body organoid formation but to limit the lifespan of cultures and prevent the 

differentiation of MUC5AC producing gastric mucous cells [366]. To a limited extent the latter 

was confirmed in this study by the qRT-PCR data that showed low TFF1 expression in three clonal 

body organoid cultures grown in OGM containing nicotinamide but not by IHC using an anti-

MUC5AC antibody (highly positive). Surprisingly removal of nicotinamide or SB202190 or both 

in antral and small intestinal cultures resulted in larger spheroidal organoids suggesting less 
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differentiation instead of more as organoid growth and proliferation are generally inversely 

proportional to organoid differentiation.  

The effect of removing Wnt3A was assessed first in short term and then in long term cultures. 

Wnt signalling plays a vital role in early development, maintenance and regeneration of stem 

cells [554, 555]. Although not crucial for the formation and growth of mouse small intestinal 

organoids to form and grow, Wnt3A has been shown to be vital for human organoids, both of 

small intestinal and gastric origin [365, 556]. In previous studies short term removal of Wnt3 in 

small intestinal cultures resulted in mature enterocyte differentiation (defined by alkaline 

phosphatase IHC staining) and in gastric body cultures to more cystic-like organoids and 

upregulation of MUC5AC, TFF1 and TFF2 [365, 366]. In this current study removal of Wnt3A for 

6 days did not result in substantial phenotypic changes in either antral or small intestinal 

organoids. 

Removal of Wnt3A over a prolonged period of time resulted in the formation of very large cyst-

like small intestinal organoids in conjunction with a doubling of VIL1 expression suggesting an 

increase in enterocyte maturation but no overall change in CDX2 staining intensity/pattern was 

observed using IHC. Interestingly IHC staining with MUC5AC, a protein not found normally in 

small intestinal tissue, showed an increase in intensity. Removal of Wnt3A in antral organoid 

cultures did not result in phenotypic changes nor in changes of MUC5AC staining intensity but 

an increase in TFF1, TFF2 and VIL1 gene expression (a gene not expressed in normal antrum) 

was detected. Interestingly this plasticity in the expression of a gene normally associated with 

the small intestine was not replicated at the protein level as CDX2 was not detected. In body 

organoids removal of Wnt3A quickly lead to a more differentiated morphological state (smaller, 

opaque and folded shaped) and a cessation of proliferation, a phenomenon previously described 

by Bartfeld et al 2015 [366]. However, no change was observed in MUC5AC (high positive) and 

CDX2 (negative) protein status. 

The role of FGF10, a multifunctional mesenchymal-epithelial signalling growth factor [557], and 

gastrin, a peptide hormone released in the antrum/duodenum which stimulates acid production 

by oxyntic parietal cells [558], in organoid proliferation and differentiation was next 

investigated. In antral organoids, removal of FGF10 lead to lower TFF1 and TFF2 expression but 

absence of gastrin did not seem to have an effect overall. When either was removed in the 

absence of Wnt3A, TFF1 and VIL1 expression increased but when all three factors were removed 

TFF1 expression decreased but VIL1 expression remained high suggesting a limited growth 

medium-induced intestinalisation, although all organoids did remain negative for CDX2 protein. 
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In body organoids, removal of either FGF10 or gastrin resulted in higher expression of TFF1 

suggesting greater differentiation towards the upper part of gastric glands but removal of both 

returned TFF1 expression back to baseline. In small intestinal organoids, removal of gastrin lead 

to doubling of VIL1 expression but removal of both FGF10 and gastrin resulted in baseline 

expression. However additional removal of Wnt3A resulted in increased VIL1 expression 

suggesting that Wnt3A is the main factor involved in VIL1 associated enterocyte differentiation. 

Overall the niche factor part of this study produced some interesting findings with regards to 

antral organoid plasticity at the gene expression level, but likely not at the protein level. 

Particularly important was the different response to variable growth media seen between antral 

and body organoids, suggesting that enriching IM organoids from biopsies of differing gastric 

origins may require tissue adapted strategies. Integrating all current findings and using small 

intestinal organoids as a model for IM organoids the following strategy could be used to obtain 

IM enriched cultures: a) expansion of antral derived organoids in IntestiCult™, b) test for the 

presence of VIL1/CDX2 mRNA and protein and c) if present even at low frequency, IM organoids 

could be enriched using Wnt3A free OGM for several rounds of expansion and then re-evaluated 

for CDX2 positivity with IHC and increased cyst-like morphology. For body biopsies believed to 

contain IM glands (less frequent), the same strategy could be used to eliminate body organoids 

through differentiation and lack of proliferation without the need for validation with IHC. 

However this tissue adapted strategy for selecting and expanding enriched IM organoid cultures 

was not carried out due to the time restrictions associated with completion of my PhD. 

As part of an effort to enrich for IM organoids without the need for multiple rounds of growth 

medium-induced enrichment, a protocol was developed that allowed single dissociated 

organoid cells to be cell sorted using an established intestinal stem cell marker, OLFM4. OLFM4 

has been previously shown to be a robust marker for intestinal Lgr5-positive stem cells for which 

currently no reliable commercial antibody exists for the human version [548]. OLFM4 was also 

shown to be both a target gene and a negative regulator of the Wnt/β-catenin pathway and to 

interact with Frizzled-7 and -10 [559]. In gastric cancer upregulation of OLFM4 was associated 

with the intestinal subtype but not the diffuse subtype [560]. Previously high levels of OLFM4 

were shown with IHC and RNA in situ hybridisation in IM glands but only occasionally with low 

levels in antral or body gastric glands [514, 560, 561]. 

In this current study OLFM4 was shown to strongly stain the bottom part of intestinal 

metaplastic and small intestinal glands/crypts thus the stem cell compartment but to be absent 

in antral tissue. Different patients exhibited considerable heterogeneity with respect to the 
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OLFM4+ fraction in organoid cultures between tissue types, from being only a minor population 

to being the predominant population in both small intestinal and gastric cultures. However 

successful organoid formation and growth was mainly seen in the OLFM4- fraction. In fact biopsy 

tissue from antral biopsies of a single patient produced organoids from both OLFM4- and 

OLFM4+ cells suggesting that this marker is not likely a strong differentiator in gastrointestinal 

organoids grown under this conditions in IntestiCult™ growth medium. This was further 

confirmed by differing levels of OLFM4 protein expression in IM organoids. It is currently difficult 

to speculate why an established intestinal stem cell marker did not select at least for small 

intestinal organoid stem cells grown in human small intestine optimised growth medium but as 

previously mentioned reproducibility of organoid research has been a rate limiting step in 

organoid modelling of disease [363]. 

8.4.2 Technical limitations 

The current study consisted of a systematic approach to identify the best possible conditions for 

isolating and growing human gastrointestinal organoids starting from as little as 2-3 gastroscopy 

biopsies. Its ultimate aim was to grow and characterise IM organoids. However this study did 

have a small number of potential limitations including: 

a) The relatively small amount of human starting material for optimising protocols. Patient 

heterogeneity combined with limited biopsies per patient did not allow for the direct 

comparison of multiple protocols in the same person.  

b) The relatively small amounts of IM glands per gastric biopsy, even in targeted IM tissue. From 

a pathology perspective, even a single IM gland is considered sufficient for a positive diagnosis. 

However for organoid experiments, selecting and enriching low frequency IM organoids from a 

majority of normal gastric glands remained highly challenging. 

c) The high cost associated with organoid culture reagents. To a certain extent these were 

resolved with optimised protocols and the in-house production of conditioned media for Wnt3A, 

R-Spondin 1 and Noggin.  

Overall this project produced a series of optimised protocols for successfully isolating and 

propagating gastric, IM and small intestinal organoids from gastroscopy biopsies. Also 

methodology was developed for characterising organoids in bulk populations. IM organoids 

were identified and characterised for the first time and several possible avenues for further 

enrichment were investigated. Customised growth media possibly in combination with FACS 

using a yet to be determined IM specific stem cell marker could lead in future studies to pure 
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IM organoid cultures. Finally an organoid biobank was created that will provide material for such 

future studies. 
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Chapter 9 Discussion and future directions 

Gastric cancer (GC) remains the fifth most common and third most lethal type of cancer globally 

[1, 2]. Patients with GC are usually asymptomatic and tend to present at an advanced stage [4, 

5]. As a consequence the 5 year overall survival rate is very low, between 20-30%, in most 

countries, with the exception of countries such as Japan and South Korea which have a general 

population screening program (~62% and ~76% respectively) [6, 7, 562, 563]. In Australia and 

New Zealand such a screening program is not economically viable due to the relatively low 

prevalence of GC (combined age standardised incidence rate of 6.4 and 2.9 per 100 000 

population for males and females, respectively in 2018, §1.1.2) [2]. To improve early detection 

and treatment, it is therefore important that patients at risk of progression are stratified and 

targeted surveillance is carried out. Patients with early GC (EGC) have a 5yr survival rate greater 

than 90% [62, 63]. 

Multiple risk factors have been associated with GC including H. pylori infection, male gender, 

older age, smoking and a high salt diet as well as others (summarised in [28]). For the intestinal 

type of GC (IGC) as classified by the Lauren classification system, the Correa model with defined 

premalignant stages has also been used to stratify patients at risk of progression [64, 103, 104]. 

For the other main Lauren type of GC, the diffuse type (DGC), the Correa model is not believed 

to play an important role although this has only been investigated in a limited number of studies 

so far [77-80]. One of the stages associated with the Correa model, intestinal metaplasia (IM), is 

believed to be a key breaking point for a subset of patients as H. pylori eradication treatment 

does not prevent them from progressing to GC [124]. IM, a lesion defined by the replacement 

of stomach epithelial cells by epithelial cells normally found in the intestine, has been repeatedly 

associated with an increased risk of GC [94]. 

9.1 Intestinal metaplasia is associated with diffuse gastric cancer 

The first aim of the current study was to address the gap in existing knowledge with respect to 

the relationship between IM and DGC. This was done by investigating both spatial histological 

relationships and molecular profiling with IGC as a baseline, and mixed GC (MGC), which are 

tumours consisting of roughly equal amounts of the intestinal and the diffuse type, as an 

additional comparator where possible.  

When evaluating GC cases and their adjacent non-tumour histology, and comparing this with 

tissue distant from the tumour (found at least 2cm away), a trend between DGC and adjacent 

IM was found but this did not reach significance, possibly because of the relatively small number 
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of cases investigated (§3.3.2). By comparison a highly significant association was identified 

between both IGC and MGC with adjacent IM. An earlier type of premalignant lesion, chronic 

gastritis (CG), was identified more frequently distant than adjacent to tumour for both DGC and 

IGC. In more than 90% of DGC, IGC and MGC patients, CG was present distant from tumour 

suggesting that the majority of these GC patients exhibited signs of pan-gastritis. 

The current IM findings are consistent with previous histological studies that have shown an 

association of IM with DGC, though consistently at lower levels than with IGC [31, 398]. In the 

current study, IM adjacent to DGC tumour was found in ~40% of cases compared with 55% in 

Lauren’s original study and 50% in Matsukura’s study [398].  

Analysis of clinicopathological details of DGC patients with and without adjacent IM showed an 

association between patients with IM and older age as well as a trend with H. pylori infection 

(§3.3.3). These findings suggest that DGC tumours that are directly associated with IM likely 

follow a unique path to reach malignancy within a greater time frame, comparable to that of the 

majority of IGC tumours which are associated with H. pylori infection and older age [38, 564, 

565]. A recent publication by Shin et al 2019 [566] also showed DGC tumours surrounded by 

either severe atrophic gastritis (AG) or IM occurred mostly in older patients. A hypothesis 

proposed by the authors was that with time a DGC tumour may grow progressively towards 

areas rich in IM. However this is unlikely to be the correct explanation as DGC tumours 

surrounded by IM were not associated with a more advanced T or N stage in the current study. 

Shin et al suggested that IM (and AG) may play a role in weakening the epithelial mechanical 

barrier against the sporadic spread of DGC cells and thus promoting local spreading. 

Interestingly the current study showed IM to be associated with a lower N stage in IGC patients, 

suggesting the role of surrounding IM on tumour spread may differ depending on tumour 

subtype. 

To further investigate the role of premalignant lesions in diffuse gastric carcinogenesis, the 

molecular relationship between both CG and IM and both DGC and IGC was investigated 

(§4.3.4). This part of the study was based on the seminal work by Boussioutas et al 2003 [406] 

which showed using DNA microarrays from a similar set of CG, IM, DGC and IGC samples that 

each premalignant and malignant lesion had a defined gene expression profile. In the current 

study, gene expression profiles from Affymetrix microarrays of CG and IM (both from tissue 

taken at least 2cm away from concurrent GC) were compared with those from IGC and DGC 

tissues. Overall a shared gene signature consisting of 91 genes and mainly associated with 

gastrointestinal epithelial function and tissue homeostasis was shown to be under-expressed in 
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the GC tissues. By contrast a gene signature consisting of genes associated mainly with stromal 

and developmental processes was shown to be commonly over-expressed in both GC types. 

These shared gene signatures suggest a potential common origin for both types of GC. If the 

majority of IGC tumours originate sequentially through each histological step described by the 

Correa model, then some DGC tumours may also travel through at least the same steps of CG 

and IM. 

Pathway analysis using ssGSEA with IM samples as a reference tissue showed some of the key 

differences but also some of the common features that separate and yet unite the intestinal and 

the diffuse subtypes of GC (§4.3.5). As previously described by Boussioutas et al [406], IGC 

tumours were much more enriched in pathways associated with cell division and proliferation 

whereas DGC tumours were more enriched in pathways associated with epithelial mesenchymal 

transition, Notch and TGFβ signalling. However pathways enriched in one GC type were mostly 

also enriched in another, the level of enrichment being the key difference (Figure 4.5). 

Interestingly both tumour types showed an enrichment in extracellular matrix related pathways, 

suggesting not only a potential common path to tumour initiation but also to tumour 

progression through remodelling of the microenvironment. There is some evidence to suggest 

that certain diffuse gastric cancers (signet ring cell carcinomas) exhibit histological plasticity with 

progression, as a greater degree of intestinalisation has been observed with increasing depth of 

invasion [567]. 

The exact mechanism of how DGC or IGC tumours form still remains to be elucidated but 

previous studies have suggested the following: a) IM is derived clonally from gastric mucosa 

[568], b) IM glands undergo fission to form clonal patches [493, 568], c) dysplastic glands are 

genetically related to IM glands, d) entire dysplastic fields can share a single foundation 

mutation [493] and e) high grade dysplastic lesions (HGD) share many key genomic changes with 

GC tissue [411, 450, 569, 570]. A recent study by Rokutan et al 2019 [570] showed that APC 

mutations were present in all low grade dysplastic (LGD) cases investigated (12/12) but only in 

just half of HGD cases (7/13) suggesting the likelihood of an alternative path to HGD other than 

linear evolution from LGD as previously thought. Furthermore APC and TP53 mutations tended 

to be mutually exclusive and the latter occurred only in HGD (4/13). Interestingly the majority 

of minute GC cases studied had TP53 mutations (11/15) suggesting this event to be a critical 

point in the process of irreversible carcinogenesis (see also [571]). Finally mixed gastric cancers 

have been shown to have similar chromosomal aberrations in both their diffuse and intestinal 

components suggesting clonal evolutionary divergence from a single abnormal  cell [572]. 
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Although histologically a single entity, it is likely that DGC tumours differ molecularly in their 

mechanism of carcinogenesis [407]. This heterogeneity in diffuse gastric carcinogenesis was 

suggested by the molecular classification of the TCGA study [42]where the genomically stable 

subtype (GS) was enriched in DGC (~74%) but histologically defined DGC tumours were also 

classified within the molecular subgroups of EBV, MSI and CIN.  

Overall IM may have a dual role in its relationship with DGC. In a subset of DGC cases, it may 

simply be a paramalignant lesion (“an indicator of tissue instability”) whereas in another subset 

of DGC tumours, it may act as a precursor lesion. Further molecular support of IM 

transformation leading to DGC has been shown by the expression of intestine and IM specific 

markers such as CDX1, CDX2, CDH17 and OLFM4 not only in IGC but also in a proportion of DGC 

cases [155, 573, 574]. 

Finally this study also set a question about the process of carcinogenesis in IGC at the gastro-

oesophageal junction (GOJ). Multiple studies have shown the absence of an association between 

GC and H. pylori infection at the GOJ in low incidence countries which mirrors the absence of IM 

adjacent to IGC at the GOJ shown in the current study [77, 78, 400, 403]. However several other 

studies have clearly shown the presence of IM in cardia tissue including in the mucosa adjacent 

to cardia gastric adenocarcinoma [575, 576] suggesting the possibility of multiple pathways 

leading to IGC formation at the cardia/GOJ, one of which may not follow all of the histological 

steps associated with the Correa model. 

9.2 The complete and incomplete subtypes of intestinal metaplasia differ at the 
molecular level 

IM is histologically classified into the complete (“small intestine-like”) and incomplete (“colon-

like”) subtypes [130]. An increasing number of studies have shown that the incomplete subtype 

is associated with a greater risk of progression to GC [89, 91, 94, 137, 138]. Additionally 

incomplete IM was found to be more prevalent in IM tissue from GC patients (IM+GC) than in 

IM tissue from non-cancer patients (IM-GC) [571] suggesting it is the more advanced subtype. 

Previous publications on characterising differences between complete and incomplete IM have 

mainly used immunohistochemistry (IHC) and focused on mucin profiles (MUC1, MUC2, MUC5 

and MUC6) [131, 158], the expression of defining gastrointestinal transcription factors such as 

CDX1, CDX2 and SOX2 [155, 158, 577] and the presence/absence of brush border enzymes [398, 

414, 415]. Furthermore a single molecular study based on Affymetrix microarray technology 

using a small number of samples has also been described [388]. 
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The second aim of my thesis was to address the existing knowledge gap with respect to 

molecular profiles of the complete and incomplete subtypes in order to try and elucidate the 

molecular changes that are conferring the greater degree of risk associated with the latter. To 

achieve this, existing in-lab Affymetrix microarray data obtained using RNA extracted from 

frozen macro-dissected IM tissue [259] in a non-cancer setting (IM-GC patients) was re-analysed 

(§4.3.8). The macro-dissected tissue lacked a histology defined subtype due to its origin, and a 

novel method based on the relative expression level of key small intestinal, particularly of the 

brush border, and colon genes was used to classify samples as complete and incomplete IM. The 

majority of the corresponding gene products such as CD10 and sucrase isomaltase have 

previously also been described in IM studies [398, 414, 415] and any samples that showed a 

mixed gene expression profile were classified as mixed IM.  

Molecular subtyping of IM samples into categories normally associated with histological 

subtypes has not been done before, but pathway analysis using ssGSEA with GO Cellular 

Component/Biological Processes confirmed its potential as the complete IM samples were 

enriched in brush border, digestion and metabolic pathways normally seen in the small intestine 

(§4.3.9). Furthermore differential gene expression showed complete IM to be highly enriched in 

expression not only of multiple genes associated with the small intestine brush border but also 

of several genes associated with glucose and fructose metabolic functions normally seen in 

mature small intestinal enterocytes (§4.3.10) [578]. Although mucosal tissue architecture differs 

between the stomach and the small intestine, complete IM glands seem to replicate functionally 

small intestinal crypts to a considerable degree. 

Molecular characterisation of incomplete IM samples showed little functional pathway 

enrichment but multiple overexpressed genes associated with both the colon and GC were 

detected including HOXA10 and HOXA13. Overexpressed in several cancer types including oral 

squamous cell carcinoma and prostate cancer, HOXA10 is a key regulator of embryonic 

morphogenesis and differentiation and has been shown to enhance cell proliferation and reduce 

apoptosis in GC possibly through interaction with BCL2 and activation of JAK1/STAT3 signalling, 

suggesting a potential key oncogenic role in incomplete IM [426, 579-582]. HOXA13 was shown 

to be upregulated in more advanced GC stages and associated with cell proliferation/invasion 

and an epithelial-mesenchymal transition phenotype suggesting it may play an important role 

in IM transformation to malignancy [583, 584]. The overall enrichment in GC associated genes 

including CLDN1, CDH3, CEACAM5 and CEACAM6 suggests that incomplete IM is “primed” for 
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transformation requiring only a small set of genomic changes to push it through to a dysplastic 

or even directly to a malignant neoplastic stage. 

An additional interesting finding of this study resulted from the molecular comparison of IM 

patients without (IM-GC) and with concurrent GC (IM+GC). Traditionally the characterisation 

and the search for molecular markers that can be used to differentiate between 

normal/premalignant and gastric tumour samples has been based on adjacent to tumour 

samples ([406, 407, 490, 585], reviewed in [454]). Although these adjacent to tumour samples 

may be free of tumour cells and histologically be similar to normal or premalignant lesions to 

those in non-cancer patients, they can harbour molecular alterations that cause them to be in 

an “intermediate state” towards malignancy [451-453, 586, 587]. This is a result of field 

cancerisation as first described by Slaughter et al 1953 [412, 588]. However these tissues 

adjacent to tumour samples provide an opportunity to assess the first steps of carcinogenesis, 

with respect to changes to the epithelium and the surrounding microenvironment, when 

compared to equivalent samples of non-cancer patients [589]. This process was described as 

“temporal progression” in the current study with IM+GC samples being a more “advanced” type 

of IM due to the possible accumulation of more “genomic events” and changes to the 

microenvironment compared to IM-GC samples. 

Gene expression profiling between macro-dissected IM-GC and IM+GC samples seemed to 

confirm this effect of temporal progression as processes associated with the epithelium but also 

with the immune microenvironment, particularly with regards to T cell activity, were enriched 

in the latter samples (§4.3.7). IM+GC samples showed high expression of two key transcription 

factors MYC and SOX9 that have been previously associated with gastric carcinogenesis. SOX9 is 

normally expressed in the intestine, in stem/progenitor cells and Paneth cells, and is a 

transcriptional target of the Wnt signalling pathway [590]. In normal gastric body mucosa, SOX9 

is weakly expressed around the neck/isthmus epithelium and in IM moderate expression has 

been detected at the bottom of the gland with increasing expression in dysplasia and then 

gastric carcinoma [591-593]. MYC overexpression may play an important role both in 

progression from IM to dysplasia as well as in GC progression [127, 162, 594, 595]. The present 

study showed a significant trend using the Jonckheere-Terpstra test [382] of increased 

expression of genes associated with 8q24 (chromosomal band of MYC gene) from normal tissue 

to IGC tissue which is in line with previous findings that show chromosomal copy gain of 8q in 

IM to be associated with higher risk of progression [127].  
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Overall the increased expression of SOX9 and MYC but also of other genes associated with 

cancer such as KMT2C (epigenetic regulator) [596], SMOC2 (wound healing) [597] and PDZK1IP1 

(inflammation) [598] in IM+GC samples seemed to confirm the potential of these samples to be 

used as a surrogate “temporal” model to identify cellular and molecular processes in IM 

associated with progression to dysplasia/cancer.  

9.3 Macrophage and T cell landscapes differ between complete and incomplete 
intestinal metaplasia 

The third aim of the current study was to address the existing gap in knowledge with respect to 

the immune landscape in IM and its possible role in progression. It is well established that IM 

arises in the setting of chronic inflammation (as shown also in §4.3.2). Therefore it was 

encouraging that the initial bioinformatic analysis, based on gene expression analysis of 

premalignant lesions in IM+GC patients, suggested that both CG and IM were enriched in M2 

macrophages, mast cells, plasma cells, CD8 T cells and CD4 resting memory T cells (§4.3.3). In 

addition, comparing gene expression profiles of complete and incomplete IM in IM-GC patients 

showed a significant difference in T cell markers and cytokine/chemokines suggesting higher 

levels of inflammation and greater infiltration of CD8 and innate like T cells (§4.3.12-14) in the 

former. These findings were further corroborated using multiplex immunohistochemistry (IHC). 

Tissue samples with CG, complete IM and incomplete IM from patient cohorts with (IM+GC) and 

without GC (IM-GC) were used to construct a putative histo-temporal model with increasing risk 

of progression based on histology and the presence/absence of concurrent GC in patients 

(Figure 9.1). 

In keeping with recent findings in GC from our laboratory and others [198, 490], the macrophage 

landscape in premalignant tissues was equally heterogeneous  in both the IM-GC and IM+GC 

cohorts and consisted mainly of six subsets (§5.3.3). These subsets were characterised according 

to the co-localisation of M1 (IRF8) and M2 (CD163 and CD206) markers into 3 subgroups: M1, 

M1/2 and M2. These 3 macrophage subgroups most likely form part of a spectrum (Figure 5.29), 

with the novel M1/2 subgroup functionally in between the M1 and M2 polarised states 

described using in vitro experiments [194, 472, 478, 479, 599]. Overall total macrophage density 

was reduced in incomplete IM, M2 macrophages and in particular CD163+CD206+ macrophages 

were the predominant subgroup in IM-GC samples and the transition from IM-GC to IM+GC was 

characterised by a decrease in M2 and an increase in M1/2 macrophages with a final overall 

ratio approaching 1:1.  
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Figure 9.1 Histo-temporal model of increasing risk of progression using Correa premalignant 
lesions from patients with (IM+GC) and without concurrent gastric cancer (IM-GC) 
Premalignant lesions in the IM-GC cohort defined as “early” and in the IM+GC cohort as “late”, 
likely with accumulated genomic/epigenomic alterations and other pro-malignancy changes in 
the surrounding microenvironment as described in more detail in §9.2. Intestinal metaplasia 
subtypes based on the Jass and Filipe classification [130]. 

Incomplete IM in IM-GC patients had particularly high levels of CD163+CD206+IRF8+ 

macrophages but lower numbers of CD163+CD206+ macrophages which suggested that 

expression of IRF8 was a key differentiator in macrophages between IM subtypes. IRF8 is known 

to be induced in the presence of IFNγ and regulates expression of IFNα and IFNβ thus the 

prevalent T cell response in incomplete IM is likely to be more Th1-like than in complete IM 

[600]. This was further supported by the over-expression of the IL18 gene in incomplete IM 

(§4.3.12) which is associated with a Th1 response [459].  

The transition from IM-GC to IM+GC showed a reduction in total macrophage population only 

in the incomplete subtype and this was due to a lower density of M2 macrophages suggesting 

that loss of macrophages and phenotype switching from M2 to M1/2 are the two most 

important macrophage factors associated with progression risk in IM. Cellular spatial analyses 

showed that the difference in macrophage densities was reflected in the number immediately 

adjacent and within a functional paracrine radius (40μm) between macrophage subsets but also 

between macrophages and epithelial cells (§5.3.10-12). 

Using the histo-temporal model described in Figure 9.1 and integrating both the quantitative 

and spatial findings of the current study, it becomes apparent that M2 macrophages provide the 

highest level of protection, M1/2 macrophages provide an intermediate level of protection and 

low numbers of total macrophages offer the lowest level of protection against progression. 
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Given that a key function of macrophages involves the phagocytosis of bacteria, dead cells but 

also of cancer cells, it suggests that lower numbers of macrophages in incomplete IM tissues 

result in reduced macrophage “patrolling” of the epithelium [601, 602]. Also, given that another 

key function of macrophages involves the presentation of antigen to T cells, it is most likely that 

fewer macrophages result in reduced effectiveness of the local T cell response [603, 604]. The 

reduced level of protection offered by M1/2 macrophages may be in part explained by the 

possible differences in amount of reactive nitrogen species (RNS) between IM subtypes. RNS are 

derived from nitric oxide and superoxide produced by the enzymatic activity of nitric oxide 

synthase 2 (NOS2) and NADPH oxidase (NOX1). NOS2 expression by macrophages is induced by 

IFNγ [605] thus based on the relative abundance of IRF8+ macrophages in incomplete IM tissues, 

it suggests that epithelial cells are more exposed to RNS leading to greater genomic and 

epigenomic instability in this tissue type.  

The analysis of total T cell population in both IM-GC and IM+GC cohorts reflected closely that of 

total macrophage population, including a reduction in the transition from IM-GC to IM+GC for 

incomplete IM. This suggested an overall coordinated reduced innate and adaptive immunity in 

this tissue type. Initially this reduction was due to lower levels in CD8 and DN T cells but in the 

IM+GC cohort CD4 T cells were also highly reduced in incomplete IM. For complete IM the 

transition of the T cell landscape from IM-GC to IM+GC tissues was characterised by an even 

greater density of CD4 and DN T cells suggesting that hyper T cell inflammation may be a risk 

factor in this subtype of IM (role of inflammation in gp130F/F mouse model of GC described in 

[242]). Spatial analyses showed that T cell targeting of the epithelium differed between tissue 

types (§6.3.11) but that overall differences in spatial characteristics reflected differences in T 

cell subset densities (§6.3.9-10). Finally spatial correlation network analysis showed that the 

distribution of macrophage subsets and T cells changes in the transition from IM-GC to IM+GC 

but that generally complete IM is characterised by the formation of lymphoid aggregates 

interspersed between glands whereas incomplete IM has clear polarised areas of glandular 

epithelium with T cell interaction separated from areas rich in T cell-T cell interaction (§6.3.12-

14). 

In an effort to dissect the role of topographical and temporal aspects of IM progression and to 

characterise the immune landscape in dysplasia, multiple samples of two Progressors case 

studies were characterised including low and high grade dysplasia (LGD and HGD respectively). 

The changes in macrophage and T cell populations between sites and between time points 

suggested that immune cell infiltration is highly dynamic and varies significantly by site, implying 
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that the immune system may play a role in site-associated risk of progression such as IM in the 

Maggenstrasse [134]. In one patient HGD was characterised by a strong increase in both FOXP3 

and CD8 T cells including a remarkable increase in FOXP3 T cells neighbouring CD8 T cells within 

their functional space. Interestingly the macrophage landscape in HGD between the two 

Progressors patients differed considerably. In one patient progression was associated with a 

sudden increase in M1 and M1/2 macrophages whereas M2 macrophage density plummeted. 

By contrast in the other patient a significant increase in M2 macrophages was associated with a 

complete collapse of M1 and M1/2 macrophage populations. However both patients showed a 

strong increase in CD163+IRF8-/+ macrophages in the absence of CD206 suggesting that CD163+ 

macrophages irrespective of IRF8 expression may play an important role in progression at that 

stage. 

It is difficult to compare the findings of such detailed characterisation of the innate and adaptive 

immune system in multiple gastric premalignant lesions as no such previous study has been 

carried out. However with respect to macrophage profile in human CG tissue, the current study’s 

findings showed some similarities but also some differences with those previously published 

[205, 469]. CG was characterised by a M1 but also M2 macrophage presence, and in the same 

study atrophic gastritis (AG) was characterised by an augmented M1 but stable M2 macrophage 

response as measured using real-time PCR with multiple markers including iNOS (NOS2) and 

CXCL11 (both M1 markers), and CCL17, CCL18 and CD206 (all M2 markers) [205]. Overall this 

would suggest that the long term process of gastric carcinogenesis is associated with a changing 

macrophage landscape and that AG may share certain similarities with the incomplete subtype 

of IM (a more pro-inflammatory M1-like environment). 

Modelling with SPEM mice has shown that macrophages play an important role in the process 

of metaplasia overall and that CD163+ cells are over-represented in IM [207]. However CD163 

as a marker on its own does not certify the presence of macrophages nor, as suggested, of the 

M2 subtype [482, 606]. The reduction of CD4+ and FOXP3+ cells has been described previously 

in IM but without any information on CD3 status and IM subtype [236]. 

By integrating immunological data acquired through both gene expression and 

immunohistochemistry, it is possible to form a picture of the immune landscape in IM and 

beyond. Incomplete IM is characterised by a reduction of CD8 T cells suggesting reduced 

cytotoxicity as both conventional cytotoxic T cells and innate like T cell subsets expressing CD8 

have cytolytic capabilities [502, 506-508, 607]. The reduced numbers of DN T cells in this tissue 

type further confirms the reduction of innate like T cell presence, possibly of MAIT cells and γδ 
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T cells in the microenvironment. This quantitative difference in T cell density was previously 

suggested by the over-expression of CCL25 (both in our samples and the validation cohort [388]) 

and CCL5 in complete IM tissues. The former finding was particularly significant as it is normally 

expressed in the epithelium of the small intestine and not the colon thus providing evidence of 

the ability of complete IM to replicate the immune microenvironment of the small intestine. 

Reduced inflammation in incomplete IM was also suggested by lower gene expression of 

multiple pro-inflammatory cytokine receptor molecules such as IL6R, IL7R and IL11RA. However 

other differences in cytokine profile between complete and incomplete IM are more difficult to 

assess. IL18 which has both pro-inflammatory (Th1 responses) and immune-regulatory 

properties was overexpressed in incomplete IM yet one of its receptor components IL18RAP was 

also overexpressed in complete IM [436]. Both pro- and anti-tumourgenic properties of IL18 

have been reported in previous studies including a possible role in GC tumour growth and the 

evasion of the anti-tumour immune response either directly or through the generation of 

myeloid derived suppressor cells (MDSC) [608-610]. However inhibition/modulation of IL18 

activity may be occurring as IL37 (this study) and IL18BP (validation cohort), both of which inhibit 

IL18 signalling [610, 611], were overexpressed in complete IM. Finally it is likely that the interplay 

between epithelial-derived IL18 and immune cell-derived IL6, IL7, IL11 and IL17 (by Th17, MAIT 

cells, γδ T cells) results in a polarised immune spectrum driving inflammation in complete IM 

and immune regulation in incomplete IM. The lack of quantitative FOXP3 T cell differences 

between IM subtypes suggests that this immune regulation is at least in part cytokine driven 

and not by regulatory T cell and it affects overall tissue infiltration of specific T cell and 

macrophage subsets. 

Having characterised the cytokine, the chemokine, the quantitative and the spatial immune 

profiles of complete and incomplete IM, it is also important to discuss the prevailing local 

context of the immune response in order to gain further insight into how these differences may 

be key in progression to dysplasia/cancer. The formation of both complete and incomplete IM 

occurs in an unnaturally high gastric pH due to loss of parietal cells that usually secrete 

hydrochloric acid (achlorhydria) [75, 612]. Following infection, H. pylori burden remains high 

during CG but starts to decrease with AG and continues to decrease throughout IM, dysplasia 

and then GC [613]. However other cellular insults may occur due to changes in the local 

microbiome as the sterilising effect of gastric acid has been weakened. Microbial dysbiosis has 

been described in GC including changes to bacterial richness and diversity, although its exact 

role in gastric carcinogenesis has not yet been established [613, 614]. H. pylori infection itself 

leads to changes in the gastric microbiota and gradual reduction of H. pylori burden results in 
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increasing dysbiosis [613, 615-617]. The exact effect of changes in abundance and types of 

microbial populations on the gastric mucosal immune system are not yet known but a positive 

correlation was shown between regulatory T cells and plasmacytoid dendritic cells with several 

bacterial taxa in GC patients [618]. Thus dysbiosis may play an important role in the formation 

of the immune landscape in IM. 

It is also crucial to keep in mind that dysbiosis most likely results in increased levels of cellular 

stress on IM epithelial cells as well as stem cells at the bottom of the gland. Stem cells replicate 

to produce progenitor cells which in turn replicate and differentiate into the varying cell 

populations that make up the IM glandular epithelium. In addition stem cells replicate to renew 

their own population and thus carry the long term accumulation of potentially deleterious 

genomic and epigenomic changes. Overall the incurred molecular and cellular instability due to 

H. pylori infection, long term inflammation with accompanying local release of multiple DNA 

damaging agents including reactive oxygen and nitrogen species (ROS and RNS) together with 

further stress produced by dysbiosis over a period of time spanning multiple decades likely 

results in early abnormal stem cells which have the potential to form LGD or directly HGD or 

even early cancerous cells, if they are not eliminated rapidly by the immune system. The rate of 

formation of early abnormal cells must be less or equal to the rate of elimination to prevent 

progression. Although the process of immune surveillance and evasion has been studied more 

extensively in the context of cancer [619, 620], few studies have looked at the immune changes 

that occur in premalignant lesions and their role in tumour initiation [621-623]. A recent key 

study using multiple stages of lung squamous cell carcinogenesis including metaplasia and 

dysplasia with increasing severity showed that immune activation and suppression occur at the 

pre-invasive stages of cancer development [624]. Thus it is likely that the high progression risk 

associated with gastric incomplete IM is not only due to stem cell genomic/epigenomic 

instability but also due to reduced immune-surveillance. It is reasonable to hypothesize that the 

reduction in CD8 and DN T cells together with macrophages known to act as antigen presenting 

cells may lead to reduced abnormal cell killing capacity which gradually becomes worse as 

incomplete IM develops over time. When lesions reach the more advanced stages of HGD, 

increased Treg infiltration leads to higher levels of immune-suppression together with a 

potential key role for macrophages expressing CD163 in the absence of CD206. The CD163 

marker has traditionally been a key marker in tumour-associated macrophage (TAM) studies and 

is normally associated with poor prognosis [481, 625].  
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In short, my findings suggest the Correa model is encapsulated by a long term dysregulated 

immune response to H. pylori infection, followed by epithelial changes that eventually lead to 

intestinalisation and a reduction of effective immune-surveillance in the incomplete subtype of 

IM (Figure 6.20) results in progression to low or high grade dysplasia, which in context of 

immune-suppression leaves the door open for abnormal cells to reach a malignant stage. 

9.4 Determining the biomarker potential of anti-CD10 and Das1 antibodies for 
subtyping complete and incomplete intestinal metaplasia 

Risk factors associated with progression to GC include gender, age, family history of GC, H. pylori 

status, diet, lifestyle choices and the presence of premalignant lesions such as AG and IM but 

also topography (IM at the body) and extent (multifocal IM). However as mentioned previously, 

multiple studies have also shown an association between incomplete IM and a higher risk of 

progression to GC, but this has not filtered through to the current Victoria “Upper 

gastrointestinal endoscopy categorisation guidelines for adults” (2018). The main reason for this 

is that the distinction between the complete and incomplete subtypes of IM is still considered a 

“subjective matter” by pathologists [140]. Overall inter-observer agreement has been shown to 

be lower between general pathologists than between experienced gastrointestinal pathologists 

[105]. 

The fourth aim of the current study was to address the existing gap in reliable biomarkers for 

subtyping IM with future potential for clinical use. Based on a combination of published 

literature and the gene expression findings described in section §4.3.10, CD10 and Das1 [518, 

626] were chosen as candidate biomarkers for defining complete and the incomplete subtypes 

of IM, respectively. Characterisation of staining at the single gland level was chosen as the most 

accurate metric to accomplish this objective. Gene expression profiling had shown that the MME 

gene that encodes CD10 was highly overexpressed in complete IM (§4.3.10). 

Immunohistochemistry of IM tissue with an anti-CD10 antibody was used to validate these initial 

findings. For this study the upper part of individual IM glands was used for subtyping as the 

brush border associated with the complete subtype of IM is more visible there. Across three 

different patient cohorts potentially representing separate stages of temporal progression in IM, 

CD10 was shown to have high to very high sensitivity and specificity for the identification of 

individual complete IM glands (§7.3.2).  An average AUROC value of above 0.94 makes this an 

outstanding biomarker [627, 628] for complete IM overall. Having a very high specificity for 

complete IM means lack of staining can also be used to identify incomplete IM thus making it a 

universal biomarker for IM subtyping. Furthermore in the presence of a general IM marker such 
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as MUC2 for goblet cells, precise quantification of IM subtype prevalence on a tissue section will 

be possible even for non-gastrointestinal pathologists. This could be particularly useful given 

that not all hospitals/institutes, including those that are part of rural and regional healthcare 

services ([629], https://www.betterhealth.vic.gov.au/ accessed 19/06/2020) have a specialised 

gastrointestinal pathologist at their disposal. 

The Das1 antibody was chosen for this study as it normally stains the colonic epithelial protein 

found in the colon and had previously been shown to be associated with the incomplete subtype 

of IM [518]. Studies investigating the relationship of Das1 staining with IM and dysplasia/gastric 

cancer in the same patient had also described a consistent positive correlation between IM 

glands positive for Das1 and distant dysplastic/tumour areas as well as increasing staining in 

both dysplasia and cancer compared to IM [518, 528-530]. Overall this data suggested that Das1 

may have dual biomarker potential: 1) as a biomarker for the incomplete subtype of IM and 2) 

as a biomarker delineating risk of progression irrespective of IM subtype. As a biomarker for 

incomplete IM glands, Das1 was shown to be of limited value, with a low sensitivity but a high 

specificity and an average AUROC of 0.60 across all three cohorts studied (§7.3.3). However 

across total biopsy area, Das1 staining was shown to be more associated with incomplete IM in 

both the IM-GC and IM+GC cohorts thus confirming previous findings (§7.3.5-7) [518, 528]. 

Finally Das1 was shown to have potential utility as a progression risk biomarker as IM+GC 

patients with complete IM showed significant more staining than IM-GC patients (§7.3.8). In 

combination with a serial anti-CD10 stained section, Das1 could thus be used to identify those 

patients with complete IM which are most likely to progress to the incomplete subtype or to 

neoplasia. The molecular mechanism for this possible subtype transition remains to be 

elucidated although it is commonly believed to be a required event for progression to dysplasia 

[630-632]. 

The combined use of CD10 and Das1 in a logistic regression model for subtyping complete IM 

glands showed a small increase in AUROC (0.955 vs 0.970) suggesting an additional added value 

of using Das1 in a clinical setting (§7.3.4). Thus if sufficient tissue is available, both markers could 

be used to subtype IM. First CD10 staining could be used to define areas with complete (+ve 

staining) and incomplete IM (-ve staining) glands and their relative abundance. A defined 

percentage of relative abundance of incomplete IM glands for a pathologist to diagnose IM 

tissue as incomplete IM does not exist currently ([134], personal discussion with in-house 

research pathologist Dr Catherine Mitchell), thus this is an area that would benefit additionally 

from the use of CD10. Then Das1 staining could be used first to eliminate any possible areas with 
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uncertain subtype, particularly for tissue sections rich in the lower part of IM glands (reduced 

presence of brush border) and second to determine whether the tissue contains complete IM 

glands at greater risk of progression (+ve staining). However further research is required into 

the mechanistic relationship between Das1 and IM gland progression to dysplasia to confirm its 

clinical utility. 

To facilitate the process of subtyping IM and assessing risk associated with progression, the 

combined use of CD10 and Das1 on an automated platform could be developed. Alternatively if 

relative abundance of subtype is shown to be key for assessing risk of progression, the combined 

use of CD10 and a pan IM marker such as MUC2 on an automated platform could also be 

developed. Furthermore, given there are established clinical algorithms of risk with OLGIM 

[104], future multifactorial risk assessment of patients with IM could include the integration of 

OLGIM stage with CD10/Das1 status to further improve patient stratification. 

Finally the use of any new biomarker needs to be assessed in the context of what is available to 

local pathologists before a final decision is taken with respect to its future use.  Currently most 

pathologists in the state of Victoria use haematoxylin and eosin stained sections to determine 

IM subtype, and as mentioned previously IM subtype is not part of the prevailing guidelines. The 

use of immunohistochemistry with an anti-CD10 antibody would initially lead to an increase of 

cost but ultimately its introduction in the guidelines would produce clinical benefits to patients 

as it would allow a greater level of precision with regards to targeted surveillance for those 

patients at greater risk of progression to GC. Costs associated with GC treatment would be 

reduced and patient quality of life would increase. 

Having previously determined a possible role for the immune microenvironment in progression 

to GC, the relationship between Das1 positive incomplete IM glands and macrophage subset 

infiltration was investigated using serial sections. Given that Das1 stains a colon epithelial 

protein, and previous gene expression profiling had shown that incomplete IM is associated with 

high expression of both colon and GC associated genes (§4.3.10), the aim of this investigation 

was to assess the potential crosstalk between high risk glands and macrophages. A significant 

positive correlation between Das1 staining and two IRF8 expressing macrophage subsets in IM-

GC patients was observed, suggesting that epithelial Das1 status may have an effect on the local 

attraction of specific macrophages. The presence of IRF8 on these macrophage subsets suggests 

that a pro-inflammatory microenvironment is associated with greater risk of progression which 

needs to be further investigated. 
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9.5 Intestinal metaplasia organoids can be grown from gastroscopy biopsies  

One of the major deficits in studying gastric carcinogenesis is a lack of human specific models. 

As mentioned in the Chapter 1 (§1.6.1-2) there are multiple animal models of GC but none fully 

recapitulate the human condition. Thus the fifth aim of the current study was to address this 

existing gap by developing appropriate methodology that would allow the growth of intestinal 

metaplastic organoids from human gastroscopy biopsies. To achieve this would require to go 

beyond the currently used protocols that invariably use gastrectomy tissue to grow normal 

gastric organoids [366, 633]. 

The first and most important technical issue addressed was that of limited starting material. By 

using first a porcine model and then multiple biopsies from individual patients, optimised 

protocols were developed for each stage of this study including gland isolation, initial organoid 

colony formation, growth, expansion, freezing and thawing of organoid cultures (§8.3.2-4). 

Published protocols for downstream characterisation of organoid cultures including 

blocking/immunohistochemistry and qRT-PCR were successfully modified for use in this setting 

(§8.3.5) [634, 635]. The key role of organoid growth medium was investigated by using a 

combination of the in-house customisable organoid growth medium and the commercially 

available IntestiCult™ growth medium. The latter gave better overall proliferation rates but the 

former allowed the gradual manipulation of niche factor content in the growth medium. 

Having established the essential protocols, human gastric and small intestine (as a positive 

control for IM) organoids were characterised using tissue specific immunohistochemistry 

markers. Normal gastric organoids were MUC5AC positive, irrespective of origin (antral or body), 

suggesting differentiation similar to the upper part of a gastric gland (§8.3.6). Most, but not all, 

small intestine organoids contained cells positive for CDX2 suggesting that although this marker 

was useful, it could in theory produce false negatives and miss true IM organoids (§8.3.6). In the 

small intestine, CDX2 is mostly expressed in the villi and in differentiated cells with only low 

levels of staining in the crypt [416, 636]. It is possible that small intestinal organoids contained 

a substantial number of stem cell-like cells which lacked CDX2 expression, likely as a result of 

the growth medium used that included Wnt3a. In intestinal crypts Wnt3A and Wnt agonist R-

Spondin 1 control crypt proliferation in vivo, and in organoid populations R-Spondin 1 and Wnt3 

maintain cell proliferation and keep the majority of cells in an undifferentiated semi-stem cell 

like state [364, 637-639]. 

Overall IM organoids defined as CDX2+ organoids by immunohistochemistry grown from gastric 

biopsies were successfully grown from six patients (§8.3.6). Further characterisation with 
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immunohistochemistry showed that they were mainly positive for MUC5AC, partially positive 

for TFF3 and mostly negative for CD10. Overall they did not fully recapitulate the characteristics 

of the parent tissue. This was also observed for small intestine organoids which on numerous 

occasions contained MUC5AC positive cells, a gastric marker not normally expressed in small 

intestine tissue. This suggested the possibility of suboptimal growth conditions or specific 

growth media effects that require further investigation. Finally qRT-PCR was used to validate the 

presence of CDX2 but also of VIL1 mRNA in both small intestinal and IM organoids (§8.3.7). 

This study confirmed some of the findings associated with previous studies on gastrointestinal 

organoids including body organoid differentiation following removal of Wnt3A (§8.3.8) [366]. 

However some unexpected results were also observed and in particular two sets of results in 

the growth media manipulation experiments stood out. Firstly after an initial few rounds of 

passaging/expansion grown in IntestiCult™ growth medium, antral organoids were able to grow 

and proliferate over an extended period of time without signs of morphological differentiation 

in Wnt3A-free growth medium. The removal of Wnt3A in human organoid growth media is 

generally associated with increased differentiation irrespective of organoid type and tissue of 

origin and levels of organoid differentiation are inversely proportional to their ability to 

proliferate [362, 365, 366, 640]. This novel finding suggests that human antral organoids may 

have the capacity to produce their own Wnt3A, similar to the Wnt niche-independent growth 

capacity in gastric cancer organoids [542]. Technically this could be tested by collecting the 

media and doing a TOP-flash assay, a luciferase reporter assay commonly used to monitor levels 

of Wnt activity in growth media [637, 641]. However due to time restrictions associated with 

completion of my PhD, I could not perform these experiments. 

The second surprising result observed was that of the unrestrained growth and proliferation rate 

in small intestinal organoids with Wnt3A-free media. Although Wnt-free media has been used 

to grow mouse small intestinal organoids as these constitutively express their own Wnt, no 

previous study to my knowledge has described human small intestinal growth in the absence of 

Wnt (and Notch) modulating compounds such as CHIR99021, a glycogen synthase kinase 3β, and 

valproic acid, a histone deacetylase inhibitor [640, 642].  

An additional interesting finding of the current study was the partial growth medium-associated 

plasticity observed in both antral and small intestinal organoid populations. Antral organoids 

grown in the absence of Wnt3A with or without FGF10 and gastrin showed an increasing hybrid 

gastric-intestinal gene expression profile (expression of TFF1 and TFF2 but also of VIL1) but not 

at the protein level as they remained CDX2 negative. Small intestinal organoids showed some 
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MUC5AC protein expression but no TFF1 or TFF2 expression in any combination of Wnt3A, 

FGF10 and gastrin suggesting a limited but stable gastric-intestinal phenotype. Tissue plasticity 

has been previously modelled using mouse Cdx2null small intestinal organoids. Such organoids 

were shown to depend on gastric culture conditions (requirement of Wnt3A, FGF10 and gastrin) 

and were associated with loss of intestinal (Olfm4, Villin, Cdx1, Muc13 and Lyz1) and gain of 

stomach markers (Muc6, Gli, and H+/K+ ATPase) [643]. Interestingly Cdx2+ expressing gastric 

organoids remained gastric-like with only very limited levels of intestinalisation (little expression 

of Tff3 and Muc2) suggesting ectopic expression of Cdx2 is not enough in mice to drive 

intestinalisation of the gastric epithelium. 

The use of a FACS based strategy with the intestinal specific stem cell marker OLFM4 designed 

to enrich for IM organoids in a mixed IM/gastric population did not produce the expected 

results. Although immunohistochemistry with the same OLFM4 antibody showed this marker 

was expressed in the lower part of the small intestinal crypt and IM glands where the stem cell 

compartment resides in these two tissue types, organoids grew mainly from OLFM4- cells. 

OLFM4 was absent in gastric glands and organoids grew from both antral and body OLFM4- cells 

as expected. Overall these results suggest that although OLFM4 is indeed a potential stem 

marker in the small intestine and IM, its expression increases in non-stem cells within 

gastrointestinal organoids and decreases in those cells with the capability to regrow into whole 

organoids from a single cell. Thus it does not seem to be optimal for selecting single cells from 

IM organoids with the ability to regrow in a background of normal gastric organoid cells. 

9.6 Future directions 

The work described in this thesis has provided a number of new areas that require investigation 

in the field of gastric carcinogenesis. In order to confirm the clonal origins of diffuse and 

intestinal gastric tumours and identify whether intestinal metaplasia has a premalignant role in 

either or both, whole genome sequencing of intestinal metaplasia immediately adjacent to both 

gastric tumour types should be carried out. This work could be extended to include mixed gastric 

tumours by sequencing intestinal metaplasia immediately adjacent of both the intestinal and 

diffuse areas of the tumour. Sequencing of adjacent chronic and atrophic gastritis as well as low 

and grade dysplastic tissue would complement such a study and allow the identification of the 

main genomic pathways to gastric cancer. A similar study using 23 paired samples provided 

insights in the clonal architecture of Barrett’s oesophagus and oesophageal adenocarcinoma 

[644]. 
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Additional single cell transcriptome and methylome studies could be used to develop a 

molecular classification system of gastric premalignant lesions. Already a single cell 

transcriptomic study based on a small number of chronic and atrophic gastritis, intestinal 

metaplasia and early gastric cancer tissues characterised the early stages of goblet cells and 

identified potential biomarkers of early gastric cancer cells [515]. Unfortunately this study only 

used samples representing the incomplete intestinal metaplasia subtype thus it is not possible 

to use the produced data to compare differences between intestinal metaplasia subtypes. 

However single cell transcriptome data could also be used to gain further insight into the 

immune cell landscape of intestinal metaplasia subtypes. Indeed an integrated multi-omics and 

immunity Pre Cancer Atlas for all cancer types with premalignant stages was recently proposed 

[645]. 

The immune microenvironment in intestinal metaplasia could be further investigated 

quantitatively and spatially by using multiplex immunohistochemistry with the aid of MAIT cell 

and γδ T cell specific antibodies to determine the prevalence of these T cell types in intestinal 

metaplasia. These antibodies together with equipment and reagents for 9-marker OPAL™ 

multiplex immunohistochemistry are already used at the Peter MacCallum Cancer Centre for 

similar projects. As intestinal metaplasia occurs in the context of chronic inflammation, levels of 

T cell activation and exhaustion should also be investigated. Additional characterisation of T cell 

and macrophage subsets could be carried out by using flow cytometry on fresh biopsy samples 

that would allow an even greater number of markers to be used. Other immune cell types 

present in intestinal metaplasia tissues could be identified and characterised using both 

multiplex immunohistochemistry and flow cytometry from biopsy tissue.  

To gain insight into the mechanistic role of T cells and macrophages in intestinal metaplasia, cells 

from fresh biopsies could be expanded in vitro and characterised. Such studies would also 

benefit from immune co-cultures with intestinal metaplasia-derived organoids to identify 

immune cell-epithelial cell interactions. In vitro manipulation of immune cell responses to 

intestinal metaplasia organoids could be modulated with the use of cytokines and other 

molecules known to play an important role in immune responses. The development of intestinal 

metaplasia subtype specific organoid cultures could be used to enhance our understanding of 

the role of the immune microenvironment in gastric carcinogenesis. 

Data from this thesis could be used to further develop optimal growth media for selective 

enrichment and characterisation of intestinal metaplasia organoids. For example the observed 

enrichment of glucose and fructose associated pathways in complete intestinal metaplasia could 
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be used to create a customised growth medium that would give a selective organoid growth 

advantage against normal gastric organoids. Other methods that could be used to enrich for 

intestinal metaplasia organoids include mass spectrometry of culture supernatants to detect 

metabolites and identify key metabolic differences between normal gastric and intestinal 

metaplasia organoids followed by customised growth conditions. Alternatively morphology 

based machine learning could be the used to identify intestinal metaplasia organoids in culture. 

Cultures with increased probability of containing intestinal organoids could be cloned either 

manually or using serial dilution.  

With the help of single cell transcriptomic data, novel stem cell markers in intestinal metaplasia 

could be identified that are absent in antral and body glands and used to grow intestinal 

metaplasia organoids from single cells. The use of intestinal metaplasia organoids to study 

gastric carcinogenesis could involve sequential genomic changes to gain greater understanding, 

similar to organoid modelling of colon carcinogenesis by Matano et al 2015 [368] and Drost et 

al 2015 [367]. Using lentiviral transduction and/or CRISPR-Cas9 editing the over-expression and 

knock out of key genes associated with gastric carcinogenesis such as MYC and TP53 could be 

achieved [646]. Such genetically engineered organoids could be inserted into mouse models in 

order to validate their carcinogenic potential [360, 368, 646]. In addition to the study of 

carcinogenesis, intestinal metaplasia organoids could be used as a model to test for potential 

drug treatments that prevent the development of gastric cancer altogether. 

To advance the field of intestinal metaplasia patient stratification and targeted surveillance, 

multi-centre prospective studies could be used to validate CD10 not only as a reliable biomarker 

for complete intestinal metaplasia but also as a potential low risk intestinal metaplasia marker. 

Conversely, CD10 negative intestinal metaplasia could then become an established marker for 

high risk without a need to discuss whether subtyping of IM is a subjective exercise and thus 

included in the management guidelines of gastric epithelial precancerous lesions. The 

development of an automated platform for CD10 staining together with a pan IM marker would 

allow the relative quantification of CD10 positive intestinal metaplasia tissue thus further 

facilitating the process of intestinal metaplasia subtype diagnosis. Prospective studies could also 

be used to assess the relationship between progression risk and Das1 staining. Such studies 

would also incorporate immune cell markers to determine the progression risk factor associated 

with the presence or absence of certain immune cells such as CD8 T cells in patients with 

intestinal metaplasia. Future biomarker studies could also include HOXA10, HOXA13 and CLDN1 

as potential candidates for incomplete intestinal metaplasia.  
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9.7 Conclusions 

The main objective of this thesis was to identify and characterise the cellular and molecular 

changes in intestinal metaplasia associated with progression to gastric cancer. The progress 

described by this thesis in this field is visually summarised in Figure 9.2 and includes the 

following: 

1) Both histologically and molecularly, diffuse gastric cancer was shown to be potentially 

associated with intestinal metaplasia, at least in a proportion of cases. This suggests that the 

process of gastric carcinogenesis is heterogeneous, as has been indicated by multiple molecular 

classification studies of gastric cancer and in particular the TCGA study [42-44].  

2) Gene expression profiling showed that the complete and the incomplete subtypes of 

intestinal metaplasia differ substantially in both epithelial and the immune cell components. 

Complete intestinal metaplasia was associated with genes highly expressed in the small 

intestine. Interestingly, incomplete intestinal metaplasia was shown to be associated not only 

with genes highly expressed in the colon but also in gastric cancer thus making it molecularly 

closer to a state of malignancy. 

3) The use of multiplex immunohistochemistry confirmed these initial findings and showed 

evidence suggesting that a suboptimal T cell and pro-inflammatory macrophage response leads 

to reduced immune-surveillance in incomplete intestinal metaplasia. This reduced immune-

surveillance may play a key role in further progression of this subtype of intestinal metaplasia to 

dysplasia and gastric cancer. 

4) Histologically similar tissues from patients with and without gastric cancer were shown to be 

significantly different using both gene expression profiling and multiplex immunohistochemistry 

confirming previous studies into the possible effect of field cancerisation [451-453]. 

5) CD10 was shown to be an outstanding biomarker for complete intestinal metaplasia and Das1 

was shown to have potential as an additional risk associated biomarker. A logistic regression 

model using both biomarkers showed an overall AUROC of 0.970 for the complete subtype of 

intestinal metaplasia. 

6) The logistics pathway for growing and characterising intestinal metaplasia organoids from 

patients using limited biopsy material was established. Differentiation conditions were 

investigated in detail and a protocol for selecting and growing organoids from single FACS sorted 

cells was developed using the small intestine stem cell marker OLFM4.  
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Overall future research in this field should aim to increase our core understanding of the 

mechanisms involved in gastric carcinogenesis thus enabling precision prevention of gastric 

cancer by improving patient stratification and targeted surveillance. The vision of a gastric 

cancer-free world would not only save a large amount of human suffering but also be financially 

a better place to live in as medical costs associated with treating this disease would substantially 

decrease. 
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Figure 9.2 Schematic summary of the key findings described in this thesis with respect to intestinal metaplasia and progression to gastric cancer 
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The process of gastric carcinogenesis is likely more heterogeneous than previously thought with increasing evidence of intestinal metaplasia as a 
possible premalignant lesion for a fraction of the diffuse subtype of gastric cancers and an unknown precursor at the gastro-oesophageal junction for 
the intestinal subtype in a low incidence setting such as Australia. Incomplete intestinal metaplasia (IM) is characterised by a significant decrease in 
inflammation associated cytokines and chemokines, T cell and macrophage subset populations suggesting that reduced immune-surveillance may play 
a key role in progression. M2 macrophages (CD68+CD163+ and CD68+CD163+CD206+) may have a protective role whereas M1/2 macrophages 
(CD68+CD163+IRF8+, CD68+CD206+IRF8+ and CD68+CD163+CD206+IRF8+) displaying a combination of M1 and M2 markers may be associated with 
higher risk. High grade dysplasia (HGD) is characterised by varying macrophage subset populations and immune-regulation by FOXP3 T cells may play a 
key role in progression to cancer in at least a subgroup of HGD patients. Complete intestinal metaplasia is highly positive for the brush border marker 
CD10 and incomplete intestinal metaplasia is associated with Das1 staining for the colon epithelial protein. To avoid confusion previously described 
Das1 staining in dysplastic and gastric cancer tissue is not shown [518, 528]. Finally optimised conditions for establishing and characterising intestinal 
metaplastic organoids from gastroscopy biopsies were developed. 
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Abstract
Over the last two decades there has been a broad paradigm shift in our
understanding of gastric cancer (GC) and its premalignant states from gross
histological models to increasingly precise molecular descriptions. In this review
we reflect upon the historic approaches to describing premalignant lesions and
GC, highlight the current molecular landscape and how this could inform future
risk assessment prevention strategies.
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countries). It is still not clear whether some or all of these lesions are directly involved in
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review, we attempt to shed some light into how our current understanding of
premalignant lesions may be used to improve patient stratification and lead to better
overall patient survival rates.
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INTRODUCTION
Gastric cancer (GC) is the fifth most common cancer worldwide and third highest
cause of cancer-related death. In 2012, 950000 individuals were diagnosed with the
disease and 723000 died. High incidence areas are Eastern Asia, particularly China,
Japan and South Korea, Eastern Europe, Central and South America. Low incidence
areas are Australia and New Zealand, North America, Western Europe, South Central
Asia and most parts of Africa[1]. Risk factors for GC include male sex, age, high salt
intake, including salt preserved foods, smoked or dried meat and fish, pickled food,
low intake of fresh fruit and vegetables, smoking, radiation exposure, low levels of
physical activity, obesity and low socioeconomic status[2-15].

HISTOLOGICAL AND MOLECULAR CLASSIFICATIONS OF
GC
The majority of GC are adenocarcinomas and these can be subdivided by the Lauren
histopathology system into intestinal and diffuse subtypes[16]. The intestinal subtype
of GC (IGC) is characterised by tumour cells that form gland-like structures whereas
the  diffuse  subtype  (DGC)  has  single  or  groups  of  tumour  cells  that  are  poorly
differentiated or undifferentiated infiltrating the gastric wall. GC with components of
both  DGC  and  IGC  are  referred  to  as  mixed.  Given  all  three  subtypes  are
adenocarcinomas this raises questions regarding the pre-malignant pathways and
aetiologies of each. Given they arise from the same gastric inflammatory milieu are
they a spectrum of the same disease with overlapping molecular identities or do they
represent unique entities with disparate causes and premalignant pathways?

The Cancer Genome Atlas (TCGA) Research Network published a landmark study
into  molecular  classification  of  established  GC  in  2014.  The  study  performed
integrative genomic and epigenomic analysis of 295 gastric adenocarcinomas and
reported on four major subclasses based on somatic copy number, mutation analysis,
methylation  and gene  expression  status.  These  were  named:  Epstein  Barr  virus
positive, microsatellite unstable (MSI), genomically stable (GS) and chromosomal
unstable subtypes[17]. While there was significant overlap regarding the molecular
signatures between the IGC, DGC and mixed types consistent with common aspects
of oncogenesis, 75% of the DGCs were of the GS subclass suggesting a divergent
pathway. The TCGA analysis also demonstrates the potential limitation of histological
systems such as the Lauren classification, with cellular phenotypes often not reflecting
the heterogeneous nature of complex underlying molecular changes.

There are a number of inherited genetic conditions that predispose to GC such as
somatic mismatch repair  mutations in Lynch Syndrome and CDH1 mutations in
Hereditary Diffuse GC. Although these are of interest in elucidating the molecular
pathways of oncogenesis, discussion of these conditions is largely outside the scope of
this review.

THE CORREA CASCADE

Chronic gastric inflammation
In 1975 Correa et  al[18]  described a stepwise progression of  conditions within the
stomach that were thought to result in GC. This was one of the first considerations of
premalignant conditions in this  disease and it  was later found to be initiated by
Helicobacter pylori (H. pylori). The initial step in the Correa cascade is the development
of Chronic gastritis (ChG). H. pylori  represents the archetypal cause of ChG, with
infected patients  in some studies having a greater  than 10-fold higher chance of
developing  GC[19].  The  effects  of  H.  pylori  on  the  gastric  epithelium  have  been
extensively  studied,  with  one  of  the  most  important  pathogenic  factors  being
cytotoxin-associated gene A protein (CagA) positive strains. Virtually all of East Asian
strains and 60% of Western strains of H. pylori strains are cagA+, with infected patients
developing more distinct inflammation, gastric ulceration and higher risk of GC[20-22].
Bacterial CagA protein interacts with a series of host epithelial proteins including
ASPP2,  RUNX3,  PI3K,  SHP2  and  E-cadherin,  resulting  in  the  degradation  and
inactivation of p53 and RUNX3, deregulation of the PI3K-AKT, Ras-ERK and Wnt
pathways and disruption of adherens junctions[23]. CagA has also been shown to alter
DNA methylation patterns further deregulating normal epithelial gene expression
patterns[24]. Intestinal metaplasia (IM) samples show higher levels of methylation than
Atrophic gastritis (AG) samples, suggesting that DNA methylation pattern changes
may play a vital role in the Correa model of IGC[24,25].
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Autoimmune gastritis and atrophic gastritis
Autoimmune gastritis is a common aetiology of ChG, which results in activation of
the adaptive immune system against parietal cells and intrinsic factor, leading to the
destruction  of  the  oxyntic  gastric  mucosa.  As  with  other  forms  of  chronic
inflammation, autoimmune gastritis is a risk factor for GC through progression to
intestinal metaplasia[26]. In a meta-analysis the overall relative risk of GC in patients
with autoimmune gastritis was 6.8 (95%CI: 2.6–18.1)[27].

ChG leads to AG which refers to the atrophy and loss of gastric mucosal glands.
Loss  of  specialised  cells  has  significant  implications  on  gastric  function,  with
hypochlorhyria being one of the most recognised. In this state the loss of peptic acid
production and raised gastric pH has implications on nutrient absorption (such as
iron) and has significant implications on the gastric microbiome[28]. There has been
considerable interest in the relationship between the gastric microbiome and GC, with
a recent study uncovering dysbiosis of bacterial taxa along the Correa cascade[29]. At
this  stage  it  is  uncertain  if  this  dysbiosis  represents  a  pre-malignant  factor
contributing to carcinogenesis in its own right, or simply a reflection of the change in
the gastric microenvironment.

A key risk factor of chronic inflammation is the release of large amounts of reactive
oxygen and nitrogen free species (ROS and NOS respectively), which are associated
with DNA damage and increased mutation rates. Previous studies have shown that
ROS and NOS released by inflammatory and epithelial cells can cause oxidative and
nitrative  DNA  damage  including  the  production  of  8-oxo-7,8-dihydro-2’-
deoxyguanosine (8-oxodG), a known mutagen and 8-nitroguanine[30,31]. The latter is
formed by inducible nitric oxide synthase iNOS. Gene expression of iNOS is regulated
by the NF-κB and STAT pathways among others[32]. These changes can result in DNA
mutations thus promoting cellular changes and carcinogenesis.

GASTRIC STEM CELLS AND IM
In normal gastric epithelium stem cell populations give rise to nascent epithelial cells
that mature and differentiate as they migrate to the apex of the gland[33]. Gastric and
intestinal stem cells share an endodermal lineage, and through the process of chronic
inflammation gastric stem cells may reprogram, producing metaplastic intestinal-type
epithelium  that  replaces  the  normal  gastric  mucosa[34].  The  continuing  chronic
inflammatory process results in further accumulation of genetic lesions in stem cells,
ultimately resulting in dysplasia  and cancer.  As such IM can be thought  of  as  a
marker  of  stem cell  stress  and damage,  with  multiple  inflammatory  aetiologies
converging to histologically identical metaplastic change. There have been multiple
gastric stem cell populations characterised including Lgr5+  stem cells in the adult
antrum and the neonatal corpus and antrum, Mist1+ stem cells found in the isthmus
region of the corpus glands and Troy+ stem cells that are thought to reside in the base
of the corpus glands[33,35,36]. The role each of these plays in oncogenesis is an area of
ongoing research. However, it is notable that different regions of the stomach have
different  stems  cells  and  based  on  epidemiological  evidence  histological  and
molecular  subgroups are  found in different  anatomic distributions suggesting a
possible  predetermined  pathway  for  conversion  to  specific  GC  subgroups.  For
instance, TCGA found different anatomic distribution of molecular subgroups of GC
with MSI being more likely to occur in the gastric corpus and antrum but rarely in the
cardia[17].

IM
IM is usually found incidentally in patients undergoing upper endoscopy and is
usually  asymptomatic.  While  IM  is  defined  by  intestinal  differentiation  it  is
molecularly  heterogeneous  but  can be  histologically  categorised as  complete  or
incomplete subtypes (Figure 1). Complete IM (type I) resembles the small intestine
epithelium with  goblet  cells,  Paneth  cells,  eosinophilic  enterocytes  and a  brush
border[37]. It is associated with loss of markers of gastric mucin (MUC1, MUC5AC,
MUC6) and expression of the intestinal sialic mucin, MUC2[38]. Incomplete IM more
closely resembles the large intestine epithelium, lacking absorptive cells, but with
columnar cells resembling gastric foveolar cells. It does not have a brush border and
maintains expression of gastric mucin markers (MUC1, MUC5AC, MUC6) usually
together with gain of MUC2[38]. Incomplete IM is further subdivided into Type II IM,
with cells expressing a mixture of neutral mucins and intestinal sialomucins and Type
III IM, with cells expressing sulfomucins[37]. In practice histopathological classification
between complete and incomplete IM is often not mutually exclusive, with segments
of tissue containing elements of both subtypes. The distinction between complete and
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incomplete IM is clinically important as it appears incomplete harbours a higher risk
of progression to cancer[39-42].

In the context of long-term H. pylori infection, IM possibly develops as an adaptive
and protective lesion[43]. There has been extensive work into determining how H. pylori
infection leads to IM with a number of genes implicated including SOX2 and CDX2.
SOX2 is a transcription factor involved in gastric differentiation which negatively
regulates intestinal differentiation, whereas CDX2 is a key intestinal transcription
factor involved in establishing and maintaining IM[44]. SOX2 and CDX2 seem to be
inversely regulated by H. pylori[45]. Complete IM has been shown to be predominantly
SOX2 negative (93%) and incomplete IM mainly SOX2 positive (85%)[46]. Moreover
CDX2 expression has  been shown to  be  also  induced in  part  through an NF-κB
dependent mechanism following H. pylori infection[47].

Duodeno-gastric reflux is another proposed gastric insult contributing to ChG and
IM formation, analogous to gastroesophageal acid reflux in Barrett’s oesophagus[48].
There has been an association of increased incidence of IM after exposure to bile acids
reported in a large-scale study involving a total of 2283 patients[49]. In this context the
development of IM may represent a protective mechanism, with a metaplasia to an
intestinal phenotype more capable of resisting the effects of bile than the normal
gastric mucosa.

Risk factors in IM
H. pylori is a significant risk factor in the establishment of IM, however there are other
clinical and environmental exposures that have been shown to be important risk
factors for IM progression to GC. In a large-scale US study (n = 810821 patients) IM
was more common in men, was more prevalent with increasing age and East Asian
ancestry. This suggests IM may occur due to environmental exposures but in the
context of hereditary risk[50]. Hereditary risk is relevant in GC even excluding major
genetic syndromes with several studies showing intestinal-type GC is associated with
a strong family history of GC[51-53]. With respect to premalignant lesions, it was shown
that among siblings with a family history of any precancerous change there is an
increase in risk of subsequent non-cardia GC with a hazard ratio of 2.5 compared with
siblings of index persons with “normal or minor mucosal changes”[54]. The availability
of siblings' precancerous data to the clinician could be useful in assessing a patient’s
risk of progressing to GC.

Once established, the degree of IM has been shown to be related to the risk of
progression to cancer. Extensive IM with IM in the corpus, incomplete IM and IM
located along the Maggenstrasse (along the lesser curve of the stomach) have been
shown to increase the risk of progression towards cancer[40,42,55,56].  In one study of
microsatellite  instability  (MSI),  this  molecular  finding  was  enriched  in  GC and
adjacent IM suggesting this may be an early event in MSI subtype GCs. It is notable
that microsatellite unstable IM was of incomplete type in this study[57] which provides
further  evidence  for  the  potential  unique  molecular  pathways  that  begin  in  the
premalignant context.

OLGA AND OLGIM
Both the Operative Link on Gastritis Assessment (OLGA) and on Gastric Intestinal
Metaplasia (OLGIM) are based on histological assessment of random biopsies taken
from designated areas of the stomach according to the Sydney protocol[58-60]. At least
four sites are sampled from the stomach during upper gastroscopy (two antral and
two corpus). Both OLGA and OLGIM are scoring standards used to grade and stage
chronic gastric inflammation, gastric atrophy and intestinal metaplasia. They provide
information with regards to topography and extent of atrophic gastritis and intestinal
metaplasia, the latter being easier to assess and more consistent. Initially reported by
Rugge et al[61,62] 2010 and 2011 for both OLGA and OLGIM and more recently by the
meta-analysis carried out by Yue et al[63] 2018 OLGA and OLGIM stages Type III/IV
are consistently associated with increased risk of progression to GC. These findings
suggest that high risk patients with OLGA/OLGIM stages type III/IV would benefit
from close and frequent monitoring to detect neoplastic lesions at the earliest possible
stage.

POINT OF NO RETURN
The  Correa  cascade  is  often  referred  to  as  a  linear  progression,  however  in  the
majority of patients there may be little to no change along the Cascade cascade over
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Figure 1

Figure 1  Complete or incomplete subtypes. A: Chronic gastritis with mucosal atrophy and lymphocytic infiltrate (asterix); B: Incomplete intestinal metaplasia
resembling the colonic-type epithelium with irregular mucin droplets (arrowheads) and absence of a brush border; C: Complete intestinal metaplasia resembling the
small intestinal epithelium with goblet cells alternating with eosinophilic enterocytes, brush border and Paneth cells; D: Low-grade dysplasia characterized by crowded
glands with columnar cells and preserved polarity and pseudostratified nuclei; E: High-grade dysplasia with cuboidal cells, mitotic activity, prominent nucleoi, and high
nuclear-cytoplasmia ratio.

many years. In other patients it can be a dynamic process with regression and/or
progression  of  lesions,  perhaps  even  rapid  progression  bypassing  some  of  the
putative stages. It is clearly evident that H. pylori infection and chronic inflammation
in selected individuals causes progression of the cascade and it has been observed
that successful eradication of H. pylori can lead to regression of histological features.
There has been speculation that there is a point at which eradication is less effective at
causing regression and indeed does not change the risk of progression in certain
individuals. This has been referred as the “point of no return”. H. pylori eradication
results in complete resolution of histological inflammation and regression of atrophy
in AG patients, with greater improvement seen in corpus AG compared to antral AG
patients[64]. Unfortunately, the same effect is not seen in IM patients[64-67]. Once IM is
established, eradication is only partially successful at reducing the risk of progression
to GC. This suggests that IM may be the “point of no return” where genetic damage to
gastric stem cells becomes irreversible. Although there is much evidence to support a
point of no return, there has been evidence of regression from IM to AG or ChG in
some cohorts[40,68]. A graphical summary of some of the larger IM progression studies
is shown in Figure 2[40,68-73].
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Figure 2

Figure 2  Graphical representation of selected large studies investigating progression/regression of premalignant gastric lesions across the stages of the
Correa cascade. Arrows represent the direction of effect findings, with the size of the arrow the strength of effect (not to scale between cohorts and only major
findings of trials represented). H. pylori Rx: Helicobacter pylori antibiotic therapy; CIM: Complete IM; IIM: Incomplete IM; LGD: Low-grade dysplasia; HGD: High-grade
dysplasia; IM: Intestinal metaplasia.

SPASMOLYTIC PEPTIDE EXPRESSING METAPLASIA
Work from animal models of GC has introduced the concept of Spasmolytic peptide
expressing metaplasia (SPEM). This is a cell lineage shown to be strongly associated
with chronic gastritis in the fundus and gastric adenocarcinoma in animals[74]. It is
often thought as an alternative metaplastic lineage to IM. SPEM is morphologically
similar to Brunner's glands of the duodenum and expresses the trefoil spasmolytic
polypeptide (SP or TFF2)[75].  It has been hypothesised that SPEM is an alternative
precursor to GC and is associated with increased risk compared to IM[76]. Although
SPEM is not a defined stage in the Correa cascade, it has been useful for studying the
process of metaplasia formation in mice. To avoid confusion, SPEM is identified in the
corpus and the fundus but not in the antrum as its characteristics are very similar to
those of the deep antral and pyloric glands which also express TFF2. In mice infected
with Helicobacter felis, SPEM develops after 6 to 12 mo of infection in the presence of
active inflammation. First parietal cells are lost (oxyntic atrophy) and then the normal
gastric lineages are replaced with metaplastic cells[77].  In two acute drug-induced
SPEM models,  with DMP-777 protonophore (abrogated inflammation)  and L635
(prominent  inflammation)  as  well  as  with  H.  felis  infection  in  mice  (chronic
inflammation),  it  is  suggested SPEM arises from the transdifferentiation of  chief
cells[77,78]. However more recently a study by Kinoshita et al[79] suggested that SPEM is
the result of a regenerative process initiated by neck progenitor cells after chief cell
loss. In another mouse model, SPEM in INS-GAS mice progressed to dysplasia after 1
year[80]. Following H. pylori-infection, Mongolian gerbils progressively develop ChG,
followed by loss of parietal cells and metaplasia[81]. After 1 year of infection, SPEM is
observed and mixed glands expressing both SPEM and IM are also seen. In humans
there  is  growing  evidence  that  suggests  SPEM  can  either  progress  directly  to
dysplasia or become IM in the presence of continuous chronic inflammation[82]. These
animal systems have been useful in studying the natural history of these lesions but it
remains to be seen whether they are reliable models of the human condition.

THE ROLE OF THE IMMUNE MICROENVIRONMENT
We have continually reiterated the role of chronic inflammation in the development of
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GC.  In  the  context  of  a  chronically  inflamed  microenvironment,  there  is  some
evidence that IM may arise due to the actions of specific immune cells. Using the
murine model of L635-induced SPEM and following administration of clodronate, it
was shown that macrophages are involved in the development of acute SPEM[83].
These macrophages were predominantly of the M2 subset (alternatively activated)
and in the same study M2 macrophages were also shown to be increased in human
SPEM and IM. Another prevalent immune cell in IM is neutrophils which were shown
to be approximately 9-fold enriched compared to normal gastric tissue[84]. GC tissues
were roughly 24 times enriched in neutrophils compared to normal gastric tissue.
Thus macrophages and neutrophils may be vital immune cells required in the gastric
microenvironment for SPEM and IM to develop and then to progress to GC. The role
of the immune system in the process of gastric carcinogenesis has not yet been fully
investigated.

CELLULAR AND MOLECULAR PATHWAYS OF
PROGRESSION
IM progression to dysplasia and subsequently cancer occurs infrequently and the
molecular mechanisms responsible for this progression are still not well understood.
There are a number of challenges with studying this paradigm in view of the long
duration over which these conditions progress, thus limiting prospective studies. This
is compounded by the low rates of progression from each of the Correa stages and the
potential confounder of tissue sampling when undertaking endoscopic follow up.
Although the exact genomic or epigenomic pathways for IM progression to dysplasia
are still being investigated, it is possible to postulate how certain events are necessary
for progression by combining available data from a small number of key studies. It is
known that: (1) IM is clonally derived from within the gastric mucosa[34,85]; (2) Gastric
and IM glands divide by fission to form clonal patches[34,85,86]; (3) Over time, different
gastric  stem  cells  with  accumulated  genomic  events  (somatic  mutations/
chromosomal copy number gains and/or losses) can give rise to unique IM glands; (4)
Further genomic changes may drive IM glands to proliferate or persist over a long
period of time; (5) Dysplastic glands are formed that are genetically related to IM
glands;  entire  dysplastic  fields  can  share  a  foundation  mutation[86]  from  which
multiple  subclones  can result;  and (6)  This  event  can happen simultaneously  in
multiple regions of the stomach leading to an increased risk of GC developing across
several locations and therefore providing a field cancerization effect.

To better understand how this process may unfold, studies on gastric adenoma
(GA)  and  Barrett’s  oesophagus  (BO)  progression  to  GC  and  oesophageal
adenocarcinoma (OAC), respectively, can be used as examples. In a recent study of
gastric adenoma and paired GC from the same patients were used to determine clonal
evolution. Clonal structure analyses showed that most GA/GC pairs exhibit parallel
evolution  with  early  divergence  instead  of  a  linear  sequence  of  GA  to  GC
progression[87].  Additionally, a small number of GC cases were clonally unrelated
from paired GA suggesting the synchronous evolution of multiple clones that may
progress  to  GC.  BO  is  a  premalignant  intestinal  metaplastic  lesion  that’s  often
associated with gastro-oesophageal  disease and predisposes patients  to  develop
OAC[88].  Although exact values differ between studies,  two population-based BO
follow-up  studies  showed  that  the  annual  risk  of  progression  of  BO  is  0.12%-
0.14%[89,90]. BO has a higher mutation load (6.76 SNVs/Mb) than gastric IM but still
lower than OAC (10.02 SNVs/Mb) and was shown to be polyclonal[91]. In one patient
with BO, high grade dysplasia was shown to arise from multiple clones suggesting
that the severity of intestinal metaplasia (a result of clonal expansion and cumulative
molecular aberrations) may also play a key role in synchronous progression to GC[91].

Overall a holistic molecular approach is needed to elucidate the crucial events of
how premalignant lesions actually cross the bridge to malignancy, a so-called "Pre-
Cancer Genome Atlas"[92]. Using whole genome MBD-seq and RRBS analyses Kim et al
showed that hypermethylation of gastrointestinal hormone receptors may play a key
role in early gastric  carcinogenesis[93].  Both gastrin and gastric  acid secretion are
thought to play important roles in cell differentiation and may play a part in creating
a permissive environment or even directly involved in the process of carcinogenesis.
A good summary review on the potential cellular and molecular pathways of gastric
carcinogenesis was written by Rivas-Ortiz which added useful insight to this area[94]. It
is very likely that GC is the result of multiple events co-occurring over time and space
leading to various subtypes of GC (see TCGA molecular subtypes). If this is true, then
it  is  also  likely  that  differing  sets  of  pre-cancerous  events  contribute  to  gastric
carcinogenesis.  Although some events  may overlap  across  all  GC subtypes  e.g.,
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chronic  gastritis,  others  may  be  specific  for  a  particular  GC  subtype  e.g.,  the
breakdown  of  cellular  mechanisms  that  keep  diploidy  intact  leading  to  the
chromosomal instability subtype.

HIGH RISK GENOMIC AND EPIGENOMIC ALTERATIONS IN
IM
The  median  time  for  gastric  intestinal  metaplasia  to  progress  to  GC  has  been
estimated to be 6.1 years, in contrast to low grade dysplasia which is only 2.6 years[95].
A recent study of genomic and epigenomic profiling of IM showed that IM has a low
mutational burden compared to non-hypermutated GC (2.6 vs 6.9 mutations/Mb) and
harbour recurrent mutations in certain tumour suppressor genes like FBXW7 (6/108
IM cases) but less in others,  specifically TP53 and ARID1A (2/108 and 3/108 IM
cases)[96]. However the presence of low frequency TP53 mutations in IM patients is in
contrast  to  previous  work  within  our  group  that  showed  an  absence  of  TP53
mutations in IM samples paired with GC samples from the same patients[97]. A second
finding  of  our  study  was  that  overexpression  of  p53  protein  using
immunohistochemistry has limited correlation to TP53 mutations. In the Huang et al[96]

2018 study, patients that progressed to dysplasia and GC had previously chromosome
8q amplifications  and shortened telomeres.  Interestingly,  patients  with  IM that
regressed had normal epigenomic patterns. DNA methylation profiling showed that
the  majority  of  IM  patients  in  the  high  methylation  group  had  relatively  high
mutational  load,  frequent  chromosomal  copy  number  variations  and  FBXW7
mutations and occurred mainly in the antrum.

LOW AND HIGH-GRADE DYSPLASIA DIFFER IN
MUTATIONAL PATTERNS
The Padova classification was developed in 2000 to standardise histopathological
reporting, which identifies five main categories for dysplastic lesions: (1) Negative for
dysplasia; (2) Indefinite for dysplasia; (3) Non-invasive neoplasia; (4) Suspicious for
invasive carcinoma; and (5) Invasive adenocarcinoma[98]. In practice, pathologists use
categories 1 and 2 and subdivide category 3 as low (LGD) and high grade (HGD), the
latter being associated with a higher risk of progression. A recent study using targeted
deep DNA sequencing of 67 GC-related genes detected APC mutations in all LGD
and also in some HGD cases[99]. However, APC and TP53 appeared to be mutually
exclusive, the latter being present only in HGD and diminutive intramucosal GC
(diameter  < 10 mm).  Analysis  of  tumor variant  allele  frequency suggested TP53
mutation is the initial event in TP53-mutated intramucosal GC. Importantly, this
study  suggested  that  linear  evolution  of  LGD  to  HGD  is  rare  and  that  early
mutational events determine the evolution of dysplastic lesions. Early APC mutations
lead to LGD whereas TP53 mutations lead to HGD which, following other genomic
aberrations, subsequently evolve into early GC.

THE CORREA CASCADE AND DIFFUSE GC
Although there is considerable evidence of IM progressing to dysplasia and then to
IGC, it is still debated whether any of the premalignant lesions that are part of the
Correa cascade actually play a role in diffuse gastric carcinogenesis. In a prospective
Japanese study, a proportion of patients that developed DGC had pangastritis (9/13),
moderate  to  severe  atrophy (9/13 and 1/13 respectively)  and IM (8/13)  at  base
line[100], suggesting a significant association between IM and DGC development[100]. A
more recent study in South Korea showed that OLGA and OLGIM may have clinical
utility  in  patients  at  risk of  developing DGC[101].  Multivariate  logistic  regression
analysis showed family history of GC, H. pylori infection, and OLGA/OLGIM stages
III/IV were independent risk factors for both IGC and DGC[101]. Thus, atrophy and
particularly IM likely play a dual role in gastric carcinogenesis dependent on context.
If the right conditions are met, cellular and molecular changes within the stem cell
compartment of these lesions lead to GC; if not, their presence creates a permissive
environment for progression to GC to occur, possibly through hypochlorhydria and
dysbiosis, and is also an indicator of increased patient progression risk. DGC may be
the result of an "alternative" route to carcinogenesis, where a CDH1 mutation within
the glandular stem cell compartment of a gastric gland or atrophic gland or even a
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metaplastic gland/crypt produces a parent tumour cell.

Neuroendocrine cell dedifferentiation: An alternative route to GC?
An alternative paradigm to the stem cell theory as the tumour cell of origin has been
gaining ground in recent years. In certain circumstances mature neuroendocrine cells
may dedifferentiate, accumulate mutations and other genomic events and become
tumour cells themselves[102]. Neuroendocrine tumours are the most likely results of
such an event but also gastric adenocarcinomas. The enterochromafin like cell (ECL)
is the main neuroendocrine cell  in the oxyntic stomach, it  produces and releases
histamine  and has  gastrin  receptors.  Although the  exact  molecular  and cellular
mechanisms of this pathway to GC are not known, it is thought that loss of parietal
cells and atrophy precedes cellular dedifferentiation of ECL cells. Thus, this pathway
to GC may not fully follow the Correa cascade, going directly from an atrophic state
to a hyperplastic, then dysplastic and then to either a neuroendocrine tumour or a
gastric adenocarcinoma.

CONCLUSION
Our understanding of  the molecular  basis  of  GC and its  premalignant lesions is
accumulating rapidly, providing useful insights into the natural history of the disease
(Figure 3).  Knowledge remains lacking in many domains however, including the
relationship between premalignant lesions and TCGA subtypes of GC. It could be the
molecular changes characterising the TCGA GC subtypes represent disparate insults
predisposing to initiation of the Correa cascade. Alternatively, the subtypes could
represent accumulated “hits” following initiation with H. pylori infection. Insights into
this pathway would stratify those at risk as well as inform prognosis and surveillance
guidelines.

The observation that IM appears a relative point of no return along the Correa
cascade, with only a small fraction of patients progressing to dysplasia and GC raises
questions of the molecular determinants of progression. In the first study of its type,
Huang et  al  laid the foundation for understanding this  process,  following an IM
cohort for a minimum of 5 years and describing the molecular changes associated
with progression in a large Chinese cohort. Validation of these findings in alternative
cohorts is required for its use clinically.

In high-risk populations screening and surveillance has been successful in the early
detection of GCs and improvements in 5-year survivals. However further work is
required in low-risk populations to make strong evidence-based decisions regarding
clinical screening or surveillance. In those known to have IM the risk factors discussed
above  should  prompt  the  clinician  to  carefully  consider  surveillance  including
incomplete IM, dysplasia, extensive IM involving the corpus, male gender and those
from high-risk ethnicities. The addition of molecular data such as TP53 mutation data,
methylation  patterns  and  chromosome  8  status  would  further  improve  risk-
assessment algorithms, however larger population-based data is required for this to
be accurate and practical.
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Figure 3

Figure 3  Summary of the cellular and molecular events associated with progression to cancer.H. pylori: Helicobacter pylori; EBV: Epstein Barr virus positive;
MSI: Microsatellite unstable; CagA: Cytotoxin-associated gene A protein; IM: Intestinal metaplasia; GS: Genomically stable.
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Appendix B 

Production of R-Spondin 1 and Wnt3A conditioned media (Dr Rita Busuttil) 

The HEK293T-hu-RSPO1-Fc R-Spondin 1 secreting cell line was cultured in DMEM + 10% FCS + 

1% Anti-Anti + Zeocin at 500µg/ml. Cells were seeded and when ~70% confluent, harvest 

medium (ADMEM/F12 + 1% Anti-Anti + 10mM HEPES + 1x GlutaMAX) was added to the flask. 

Conditioned media was collected after 7 days, centrifuged at 500g for 5min, filtered through a 

0.22μm filter and stored at -20°C for up to 6 months. 

The L-cell Wnt3A secreting cell line was cultured in DMEM + 10% FCS + 1% Anti/Anti and 

400μg/ml of G418. 1.5x106 cells were seeded per T175 flask in 20ml of media and when cells 

reached ~70% confluency, harvest medium (DMEM + 10% FCS + 1% Anti-Anti) was added to the 

flask. After 7 days conditioned media was collected, centrifuged at 500g for 5min, filtered 

through a 0.22μm filter and stored at 4°C for up to 6 months. 
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Appendix C 

Anatomical distribution of Lauren gastric cancer types with adjacent chronic gastritis (CG) and/or 

intestinal metaplasia (IM) 

CG/IM adjacent to 
Lauren GC type 

Anatomical location 
Antrum Body GOJ 

CG adjacent to    
IGC (n=95) 23 48 24 
DGC (n=56) 8 41 7 
MGC (n=33) 7 22 4 
AdNOS (n=13) 3 2 8 

IM adjacent to    
IGC (n=75) 25 44 6 
DGC (n=28) 4 20 4 
MGC (n=25) 6 18 1 
AdNOS (n=2) 1 0 1 

 

 

  



335 
 

Appendix D 

Top 10 genes by log2 fold change differentially expressed in CG+GC and in IM+GC samples compared to IGC samples  

Symbol Function logFC AveExpr adj.P.Val Symbol Function logFC AveExpr adj.P.Val 

High in CG+GC     High in IGC     

ATP4B Gastric acid secretion -5.49 8.69 3.30E-08 OLFM4 Anti-apoptotic 3.33 9.36 4.31E-04 
GIF Cobalamin binding -5.17 9.44 3.23E-07 INHBA Cell differentiation 3.31 7.61 1.51E-09 
ATP4A Gastric acid secretion -5.12 8.32 3.46E-09 SPP1 ECM 3.24 8.16 4.49E-07 
AQP4 Water channel activity -4.72 5.43 1.28E-09 CDH17 Cell adhesion 3.21 7.86 6.55E-06 
GKN2 Epithelial integrity -4.64 10.44 7.58E-07 CLDN1 Cell junction 3.03 6.75 7.90E-11 
CHIA Chitinase activity -4.46 6.96 1.00E-07 CLDN7 Cell adhesion 2.91 8.23 1.99E-11 
KCNJ16 Potassium channel activity -4.36 6.57 2.14E-10 CLDN3 Cell junction 2.85 6.41 1.68E-06 
ESRRG Nuclear hormone receptor -4.21 7.01 2.36E-09 IGF2BP3 RNA synthesis/metabolism 2.79 5.66 1.95E-07 
MFSD4A Glucose transporter activity -4.18 8.69 7.43E-09 DMBT1 Calcium-dependent protein binding 2.76 9.31 9.02E-05 
KCNE2 Potassium channel activity -4.12 8.28 8.90E-11 CHI3L1 Chitinase activity 2.76 6.80 1.26E-07 

High in IM+GC     High in IGC     

GKN2 Epithelial integrity 4.10 10.3 6.50E-05 INHBA Cell differentiation -3.30 7.64 2.69E-07 

CLCA1 Goblet cell mucin production 3.94 6.89 3.64E-06 SPP1 ECM -2.68 8.36 6.93E-05 

DEFA5 Antimicrobial activity 3.84 6.90 7.15E-05 COL11A1 ECM -2.48 5.3 2.64E-04 

GKN1 Epithelial integrity 3.67 11.3 1.85E-04 CST1 Cysteine Proteinase inhibitor -2.44 6.57 1.81E-04 

ALDOB Fructose metabolism 3.53 7.87 2.10E-05 CXCL8 Inflammation -2.40 7.17 2.94E-04 

KRT20 Epithelial integrity 3.34 9.00 9.90E-05 IGF2BP3 RNA synthesis/metabolism -2.37 5.81 9.06E-05 

TMPRSS15 Activation of proenzymes 3.29 5.12 5.81E-05 COL8A1 ECM -2.35 7.21 4.67E-05 

SST Reduces gastric acid secretion 3.10 7.50 5.23E-05 DUXAP10 Pseudogene -2.25 6.14 1.36E-04 

ADH1B Alcohol metabolism 3.06 7.32 6.03E-06 SULF1 Cell signalling -2.22 7.95 3.70E-05 

SOSTDC1 BMP antagonist 2.98 7.18 1.29E-05 CTHRC1 Tissue repair -2.20 8.99 2.43E-05 

Affymetrix array data of CG+GC (n=22) and IM+GC (n=23) samples compared with IGC samples (n=50), first by normalising using the RMA algorithm and then using 
differential gene expression with the limma package in R; differentially expressed genes were defined as log2 fold change >1.2 with adjusted p<0.05 using the 
Benjamini-Hochberg method for multiple test correction; genes with log2 normalised average expression of less than 5 were excluded. 
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Appendix E 

Top 10 genes by log2 fold change differentially expressed in CG+GC and in IM+GC samples compared to DGC samples 

Symbol Function logFC AveExpr adj.P.Val Symbol Function logFC AveExpr adj.P.Val 

High in CG+GC     High in DGC     

ATP4B Gastric acid secretion -5.47 9.03 9.60E-08 INHBA Cell differentiation 4.15 7.86 3.98E-16 

GIF Cobalamin binding -5.19 9.71 3.58E-07 COL8A1 ECM 4.02 7.81 7.33E-15 

ATP4A Gastric acid secretion -5.03 8.61 1.22E-08 SFRP4 Cell growth/differentiation 4.01 7.62 4.16E-11 

AQP4 Water channel activity -4.76 5.65 6.98E-10 THBS4 ECM 3.37 8.10 4.22E-09 

CHIA Chitinase activity -4.71 7.05 1.42E-08 FNDC1 ECM 3.23 5.46 8.80E-11 

KCNJ16 Potassium channel activity -4.38 6.80 6.67E-10 SPP1 ECM 3.18 7.78 6.00E-08 

ESRRG Nuclear hormone receptor -4.28 7.16 3.22E-09 THBS2 Cell adhesion 3.10 8.27 6.07E-12 

MFSD4A Glucose transporter activity -4.06 8.94 1.94E-08 WISP1 ECM/cell survival 3.09 5.59 5.43E-14 

KCNE2 Potassium channel activity -4.04 8.47 1.17E-09 SULF1 Cell signalling 3.07 8.07 7.01E-12 

GKN2 Epithelial integrity -3.78 11.25 6.72E-05 ANPEP Aminopeptidase activity 2.97 7.46 3.67E-05 

High in IM+GC     High in DGC     

REG3A Cell proliferation/antimicrobial 3.87 9.41 4.67E-05 INHBA Cell differentiation -4.14 7.93 2.25E-14 

ALDOB Fructose metabolism 3.64 7.99 3.42E-06 COL8A1 ECM -3.94 7.91 6.03E-13 

DEFA5 Antimicrobial activity 3.41 7.55 2.76E-04 SFRP4 Cell growth/differentiation -3.83 7.68 1.40E-09 

CLCA1 Goblet cell mucin production 3.38 7.63 3.56E-04 FNDC1 ECM -3.12 5.6 2.72E-09 

TMPRSS15 Activation of proenzymes 3.37 5.19 1.07E-04 THBS4 ECM -3.10 8.25 6.32E-07 

GKN2 Epithelial integrity 3.20 11.1 1.91E-03 ASPN ECM -3.02 7.13 8.32E-11 

SI Carbohydrate digestion 3.19 7.04 1.35E-03 SULF1 Cell signalling -2.97 8.20 1.72E-10 

APOB Chylomicron related activity 3.13 6.30 7.03E-05 CTHRC1 Tissue repair -2.86 9.24 6.39E-11 

C6orf58 Early liver development 2.96 7.83 2.46E-03 COL10A1 Extracellular matrix -2.84 5.61 8.59E-07 

ATP4B Gastric acid secretion 2.95 8.00 1.06E-02 WISP1 ECM/cell survival -2.83 5.79 6.54E-12 

Affymetrix array data of CG+GC (n=22) and IM+GC (n=23) samples compared with DGC samples (n=38), first by normalising using the RMA algorithm and then using 
differential gene expression with the limma package in R; differentially expressed genes were defined as log2 fold change >1.2 with adjusted p<0.05 using the 
Benjamini-Hochberg method for multiple test correction; genes with log2 normalised average expression of less than 5 were excluded. 
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Appendix F 

List of all immune related genes used to characterise bcIM-GC and biIM-GC samples 

Type/name of gene 

CD genes CD33 CD8B IL1A IL37 TFGβ genes CCR7 
CD101 CD34 CD9 IL1B IL3RA TGFA CCR8 
CD109 CD36 CD93 IL1F10 IL4 TGFB1 CCR9 
CD14 CD37 CD96 IL1R1 IL4I1 TGFB1I1 CCRL2 
CD151 CD38 CD99 IL1R2 IL4R TGFB2 CXCL genes 
CD160 CD3D CD99L2 IL1RAP IL5 TGFB3 CXCL1 
CD163 CD3E CD99P1 IL1RAPL1 IL5RA TGFBI CXCL10 
CD163L1 CD3EAP IL genes IL1RAPL2 IL6 TGFBR1 CXCL11 
CD164 CD3G IL10 IL1RL1 IL6R TGFBR2 CXCL12 
CD177 CD4 IL10RA IL1RL2 IL6R-AS1 TGFBR3 CXCL13 
CD180 CD40 IL10RB IL1RN IL6ST TGFBRAP1 CXCL14 
CD19 CD40LG IL10RB-DT IL2 IL7 CCL genes CXCL16 
CD1A CD44 IL11 IL20 IL7R CCL1 CXCL17 
CD1B CD46 IL11RA IL20RA IL9 CCL11 CXCL2 
CD1C CD47 IL12A IL20RB IL9R CCL13 CXCL3 
CD1D CD48 IL12A-AS1 IL21 IFN genes CCL16 CXCL5 
CD1E CD5 IL12B IL21R IFNA1 CCL17 CXCL6 
CD2 CD52 IL12RB1 IL21R-AS1 IFNA10 CCL18 CXCL8 
CD200 CD53 IL12RB2 IL22 IFNA14 CCL19 CXCL9 
CD200R1 CD55 IL13 IL22RA1 IFNA16 CCL2 CXCR genes 
CD207 CD58 IL13RA1 IL22RA2 IFNA17 CCL20 CXCR1 
CD209 CD59 IL13RA2 IL23A IFNA2 CCL21 CXCR2 
CD22 CD5L IL15 IL23R IFNA21 CCL22 CXCR3 
CD226 CD6 IL15RA IL24 IFNA4 CCL23 CXCR4 
CD24 CD63 IL16 IL25 IFNA5 CCL24 CXCR5 
CD244 CD69 IL17A IL26 IFNA7 CCL25 CXCR6 
CD247 CD7 IL17B IL27 IFNA8 CCL26 Other 
CD248 CD70 IL17C IL27RA IFNAR1 CCL27 FOXP3 
CD27 CD72 IL17D IL2RA IFNAR2 CCL28 KLRB1 
CD274 CD74 IL17F IL2RB IFNB1 CCL4  
CD276 CD79A IL17RA IL2RG IFNE CCL5  
CD28 CD79B IL17RB IL3 IFNG CCL7  
CD2AP CD80 IL17RC IL31RA IFNGR1 CCL8  
CD2BP2 CD81 IL17RD IL32 IFNGR2 CCR genes  
CD300A CD81-AS1 IL17RE IL33 IFNK CCR10  
CD300C CD82 IL18 IL34 IFNL1 CCR2  
CD300LB CD83 IL18BP IL36A IFNL2 CCR3  
CD300LF CD84 IL18R1 IL36B IFNLR1 CCR4  
CD300LG CD86 IL18RAP IL36G IFNW1 CCR5  
CD320 CD8A IL19 IL36RN  CCR6  
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Appendix G 

Core transcriptional signature of KLRB1 (CD161)-associated upregulated genes from 

Ferguson et al 2014 [434] 

ABCA2 COL5A1 GFPT2 LATS2 PIK3AP1 SLC7A5 
ABCB1 COL5A3 GPR65 LONRF3 PLCB1 SLCO3A1 
ACTN4 COLQ GPR68 LTB4R PLEKHG3 SMAD3 
ADCY9 CREB3L2 GTF3C1 LTK PLXNC1 SMAD7 
ADRB2 CTNNA1 GZMA MAFF PODXL SNAI3 
AGPAT4 CTSH GZMK MAP3K5 PRDM1 SYNE2 
ALCAM CXCR6 IFI44 MAP3K8 PRDM8 SYTL2 
ARNTL CXXC5 IFNGR1 MATK PRF1 THBS1 
AUTS2 CYB561 IGFBP4 ME1 PTGDS TLE1 
B4GALT1 CYFIP1 IL12RB2 METRNL PTPRM TNF 
CACNA2D2 DENND3 IL15 MICALCL RAB11FIP1 TNFRSF18 
CACNA2D4 DUSP5 IL18R1 MYO1D RASD1 TNFSF14 
CAMTA1 EIF2C4 IL18RAP MYO1F RHBDF2 TPM2 
CAPN12 ELOVL4 IL23R NADK RORA VCL 
CCR2 ELOVL6 IRAK2 NBEAL2 RORC VLDLR 
CD58 ERN1 JSRP1 NETO2 RPPH1 WNT1 
CD72 FAM43A KIAA1539 NPC1 SESN1 YPEL1 
CERK FAS KIF5C PBX4 SIPA1L2 ZBTB16 
CFH FOSL2 KLRB1 PERP SLAMF1 ZDHHC14 
CLCF1 GALM KLRG1 PHACTR2 SLC1A5  
CLIC5 GBP5 LAG3 PHLDA1 SLC2A8  
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Appendix H 

 
Spectral library used to unmix high resolution (x20) images of multiplexed OPAL™ IHC stained 
sections with the macrophage panel 
Spectral library created from high resolution images of single primary antibody stains on control 
tissue, each with a unique fluorophore (§2.5.2, Tables 2.2, 2.3 and 2.9). The spectral library was 
used in inForm to unmix high resolution multiplex images obtained using the VECTRA 
microscope. OPAL™ 520: PDL1, OPAL™ 540: CD163, OPAL™ 570: CD68, OPAL™ 620: CD206, 
OPAL™ 650: IRF8 and OPAL™ 690: AE1AE3. 
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Appendix I 

Main unique chromosomal changes and single nucleotide variants determined by whole 

exome sequencing in patient P1 from frozen intestinal metaplastic and high grade dysplastic 

tissue, obtained at different sites and time points (Busuttil et al 2020 [411]) 

Time point 
and site 

Main unique events 

Chromosomal 
gain 

Chromosomal 
loss 

Loss of 
heterozygosity 

Number of unique single 
nucleotide variants (genes) 

t1     
A3     

IM 7A, 8A, 18A - - 115 
(including in PHOX2B, KIT, IL6ST) 

HGD 7A, 8A - 6p - 
A4     

IM 7B, 8A, 8B, 13A - - 111+5 
HGD 7B, 8A, 8B, 13A - - 111+5 

t2     
A3     

HGD 7A, 8A, 8B1 13B 17 (TP53) 274 
(including in SYK, TP53) 

t3     
A3     

IM - - - 168 
HGD 7A, 8A, 8B1 13B 17 (TP53) 274  

(including in SYK, TP53) 

t4     
A1     

IM 8B 3q - 5+133  
(including EZH2, CDH11) 

A3     
IM1 - - - 109  

(including MAP2K1) 
IM2 - - - 174 

A4     
IM 9, 13B - - - 

1These samples had multiple other chromosomal events similar to the chromosomal instability gastric cancer subtype 
as described in the TCGA study (TCGA 2014 [42]). 
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Appendix J 

Main unique chromosomal changes and single nucleotide variants determined by whole 

exome sequencing in patient P2 from frozen intestinal metaplastic and high grade dysplastic 

tissue, obtained at different sites and time points (Busuttil et al 2020 [411]) 

Time point 
and site 

Main unique events 

Chromosomal 
gain 

Chromosomal 
loss 

Loss of 
heterozygosity 

Number of unique single 
nucleotide variants (genes) 

t1     
A2     

IM 7, 8, 10, 13 14, 17p, 19, 21 18, 20 11+88+45  
(including EBF1, TP53) 

HGD 8, 10, 13 1p, 5, 12, 14, 17p, 
19, 21 

10, 18, 20 79+88+45  
(including EBF1, TP53) 

A3     
IM1 8 - - 11+173 
IM2 - - - 55 

t2     
A1     

IM - - - 58 
A2     

IM 20 - - 35 
HGD 8, 10, 13 1p, 4, 5, 7, 11, 12, 14, 

15, 16, 17p, 19, 21, 22 
2, 10, 18, 20 79+88+45+41  

(including EBF1, TP53) 
A3     

IM 6 - - 37 
A4     

IM 2, 20 -  35 
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Appendix K 

 
Spectral library used to unmix high resolution (x20) images of multiplexed OPAL™ IHC stained 
sections with the T cell panel 
Spectral library created from high resolution images of single primary antibody stains on control 
tissue, each with a unique fluorophore (§2.5.1, Tables 2.2, 2.3 and 2.9). The spectral library was 
used in inForm to unmix high resolution multiplex images obtained using the VECTRA 
microscope. OPAL™ 520: CD4, OPAL™ 540: FOXP3, OPAL™ 570: CD3, OPAL™ 620: CD8, OPAL™ 
650: CD10 and OPAL™ 690: AE1AE3. 
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Appendix L 

Antibodies used for characterisation of human gastrointestinal organoids 

Antibody (clone) Species Dilution Control tissue Target Supplier 

CD10 (56C6) Mouse 1/50 Small intestine Brush border Abcam 
CDX2 (EPR2764Y) Rabbit 1/200 Small intestine Epithelial cells Cell Marque 
MUC5AC (MRQ-19) Mouse 1/1000 Stomach Surface mucous cells Cell Marque 
MUC6 (CLH5) Mouse 1/200 Stomach Neck mucous cells Novus Biologicals 
OLFM4 (GW112) Mouse 1/4000 Small intestine Stem cells Sino Biological Inc. 
TFF3 (415909) Mouse 1/50 Small intestine Goblet cells BioScientific 
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Appendix M 
Clinical and experimental details of all patients from main organoid study/organoid biobank 

PatientID Visit # Sex Age Tissue (target IM) # days in culture IHC block RNA extracted Frozen 

G1 1 F 41 G (+IM) 75  -  

    SI 9 - - - 

G2 1 M 85 G (+IM) 126  -  

    SI 7 - - - 

G3 1 M 57 G (+IM) 7 - - - 

    SI 7 - - - 

G4 1 F 62 G (+IM) 53  -  

    SI 7  - - 

G5 1 F 74 G (+IM) 137  - - 

    SI 7 - - - 

G6 1 F 50 G (+IM) 83 - -  

    SI 7 - - - 

G7 1 M 28 G (+IM) 14 - - - 

    SI 6 - - - 

G8 1 M 57 G (body+IM) 130  -  

    SI 7 - - - 

G9 1 F 83 G (+IM) 48 - - - 

 2  84 G (antrum+IM) 26 - - - 

    G (antrum-IM) 77    

G10 1 F 64 G (+IM) 68  -  

    SI 117    

G11 1 M 70 G (+IM) 97    

    SI 130    

G12 1 M 67 G (antrum+IM) 131   - 

    G (antral scar) 7 - - - 

    SI 131    

G13 1 M 71 G (antrum+IM) 141 - -  

    G (body+IM) 132    

    SI 111    

G14 1 F 80 G (antrum+IM) 90 - - - 

    G (body+IM) 7 - - - 

    SI 90  - - 

G15 1 F 77 G (antrum+IM) 104    

    G (body+IM) 26 - - - 

    SI 111    

G16 1 M 65 G (antrum+IM) 104    

    SI 102    

G17 1 F 57 G (antrum+IM) 91    

    G (body+IM) 110    

    SI1 130    

G18 1 M 66 G (antrum+IM) 104 - - - 

    SI1 91    

G19 1 F 73 G (antrum+IM)1 179    

    G (body+IM) 7 - - - 

    SI1 109    

G20 1 M 74 G (antrum+IM) 105    

    G (body+IM) 7 - - - 

G21 1 M 81 G (antrum+IM) 20 - - - 

    G (antrum-IM) 78 - - - 

    G (body+IM) 50  -  

    SI 42  -  

G22 1 F 61 G (antrum+IM) 50 - - - 

    G (antrum-IM) 43 - - - 

    G (body+IM)1 124 -   

    SI1 89    

G23 1 F 44 G (antrum-IM)1 124    

    G (body+IM) 71 -  - 

G24 1 M 76 G (antrum+IM) 36 - - - 

    G (incisura+IM)1 187  - - 

G25 1 M 57 G (antrum+IM) 53  - - 

    G (antrum-IM) 99    

    SI 110    

G=gastric, SI=small intestine; +IM: biopsies taken targeting IM tissue during gastroscopy; -IM: biopsies taken targeting tissue that 
did not contain IM during gastroscopy; 1Used in OLFM4 FACS experiments (Section §8.3.9) 
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