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Abstract

Inflammatory bowel disease (IBD) is a significant and ever-growing problem in
developed countries, with recent increased prevalence throughout Eastern countries.
It is an idiopathic, progressive disease characterised by chronic Gl inflammation, the
aetiology of which remains largely unknown. Inflammatory phenotypes differ
between healthy & IBD patients with dysregulated immune responses suspected to

play a critical role in disease pathogenesis.

Toll-like receptors have been implicated in the pathogenesis of IBD, in particular
TLR4. TLR4 recognises lipopolysaccharides (LPS) present on the surface of Gram-
negative bacteria which appear to be in greater abundance in IBD patients. By
further understanding the implications of this signalling pathway, therapeutic

approaches with enhanced efficacy can be employed.

A primary 3D model generated from the colonic crypts was utilized to explore critical
differences in the response of healthy tissue and that derived from ulcerative colitis
patients. Once multiple patient lines were generated, a combination of analytical
techniques were employed to investigate any inflammatory & fibrotic alterations that
occur upon exposure to inflammatory agents, inclusive of bacterial antigens, and
whether these changes are reversed following treatment with existing and novel anti-

inflammatory agents.

In conclusion, a clear and substantial differential response was demonstrated
between healthy & UC-derived colonic organoids, displaying a significant disease
phenotype. The TLR4 inflammatory pathway, identified as being greatly responsible
for many of these differences, triggers an exaggerated response to the presence of
bacterial PAMPs in UC.



Page |vi

Table of Contents

DIECIAIALION. ...ttt e ettt e e et e e et e e e e e e ii
ACKNOWIEAGEMENTS .....eiiiiiii i e e e e e e s e e e e e e e e ettt s s e eaaeeeaattanaaaaeaeeeesnnes iii
CoVid IMPACT STALEIMENT ... iv
Y 013 1 = ox F PP PP PP PPPPPPPPPPPPP %
ADDIEVIATIONS ...ttt Xiii
TabIE OFf FIQUIES ... XVii
Table Of TADIES ... XXiii
BT L . 0
T[0T [0 [ox i o] o BT PP PP PPPPPPPPPPP 0
1.1 Gastrointestinal Tract PRYSIOIOQY ..........uuuuuuiumiiiiiiiiiiiiiiiiiiiiiiieeeee 0
1.1.1 Gl Cell TYPES & SHIUCIUIE ...coevviiiiiiiiiiiiiiiiieeeeeeeee ettt 0
1.1.2  Microbiota & Commensal Bacteria TOIEranCe ............cccuvvevveeeeiiiiiiiiiiiiieeeeeenns 4
1.1.3 LOSS Of Barrier INTEOIILY ......ovveieei e 5
L1.1.4  DYSDIOSIS ..ceeiiiiiii et 6

1.2  Inflammatory BOWEI DISEASE........uuuiiiiieieiiieiciee ettt e e 8
1.2.1 Background Of IBD .......cooooiiiiiiiie e 8
1.2.2  Aetiology & PathOgenesis ..........oooiiiniiiiiii e 10
1.2.3 Current Treatments for IBD .........oovvvvvviiiiiiiiiiiiiieeeeeeeeeeeeeeeeeee e 11
1.2.4  Emerging Technologies for the Treatment and Management of IBD............... 17

1.25 Bacterial Delivered Therapies for Intestinal Disease ............cccceevieeeeiiieeinnnnnnn. 18



Page |vi

1.3 IBD & ColOrectal CanCET .........cuiiiiiiiiiiiiiiiiie ettt 20
1.4  Pattern Recognition Receptors (PRRs)/Inflammatory Pathways ...............ccc........ 21
141 TNFAPAthWaY ..o e 21
1.4.2  NFKB PathWway ......ccceoiiiiiiiiiie ettt 23
1.4.3  Toll-like Receptors PathWays...........cceiiiieiiiiiiiiiiiis et 25
144  TLRS IN DISBASE ......uuiiiiiiiiieiiiiii ettt e e 27
1.45  Clostridium difficile INfECHON............oeiiiiiiii e 29
1.5 Colonic Organoids as a Model Of IBD ...........ccoiiiiiiiiiiiiicce e, 31
151  Colonic Stem Cell NIiCNE ......coeviiiiiiiiiiiiiiiiiiiieeeeeee e 31
1.5.2 Methods of Establishing Colonic Organoid LiNeS ............ccuevvviiiiiiiiiiiiiiieeiennn. 34
153 Prior Work on Organoids in COlitiS .........ccooeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee e 36
1.5.4  Use of Organoids for Disease Modelling, Drug Screening & Personalised
Y T=To (o] o = PP PPPPPPPPPPPPPP 38
1.6 AIMS & HYPOINESIS ... e 40
I BT 2 . 42
MaterialsS & METNOUS ........cooviiiiiiiiiiiiiiii ettt 42
2.1 Academic Methods .........coooiiiiiiiiiiii 42
211 Reagents & SOIULIONS ........uuuiiiiiieeci e 42
P2 A O Y/ o <o =1 1o o [ 44
213 Intestinal Organoid CUIUIE .........oooiiiii e 44
2.1.4 Intestinal Organoid Amplification and Passaging ...........ccccceevieeerriieiiiiinnneeeenn. 48
2.1.5 Organoid Treatment & Retrieval for Experimentation ...............ccccevvvicinneeenn. 49
2.1.6 Cryopreservation of Colonic Organoids............ccoiiieeiiiiiiiiiiie e 49



Page |vii

2.1.7 NN T F= 11 SR 50
2.1.8 Protein ANAIYSIS . ..o i 55
2.1.9 RNA-SEQ ProtOCOI ......ccoieeiiiicie e e e e ana s 60
2.1.10  StatistiCal ANAIYSIS ....cvvueiii e 71
2.2 Industrial Placement (Synthetic Biology) Methods ............coooviiiiiiiiiiiiiiiicee e, 71
221 1S3 A o =0 o ISP 71
222 Preparation of chemically competent cells — CaCl, method — heat shock....... 73
2.2.3  First TransforMation ..........coueeiiiiiiiiiiiii e 74
2.2.4  Inoculation of liquid LB Broth..................eeuueiiiiiiiiiiiiiiiiiiiiiiiiieeees 77

2.25 Preparation of E. coli cells containing vector with SPA4 & STM28 DNA

fragments for Sanger SEQUENCING ........oooeieiiiiee e 78
2.2.6 RESHNCHON DIGEST ... 80
2.2.7  SECONA LIGALION ...ttt ennnnnees 82
2.2.8  Second TranSfOMMALION. ..........uuuuueiiiiitiiiiiiiieiebieiee bbb eeeeeeeenenene 83
229 Plasmid purifiCatiON.........oooeeeeeeeeee e 85

2.2.10 Preparation of E. coli cells containing vector with SPA4 & STM28 DNA

fragments for Sanger SEQUENCING ......uuiiiiei it e e e e e araaa s 85
2.2.11  TranSCONJUQALION ......cuuuuiiiii e et e et e e e e e e e et s e e e e e e e e er e e e eaaeas 86
2.2.12 Bacterial Growth EXPEeriment ..........ciiiiiiiiiiiceie e 91

(O =T o] =] PSS 93
Isolation & Characterisation of Patient-Derived Colonic Organoids .............cccevvviaiieeeeeeennns 93
3.1 INITOAUCTION ... 93

311 Intestinal Organoid DevelopmeNnt ............coi i 93



3.1.2 AIMS & HYPOINESIS....cviiiiii et 95
3.2 RESUIES. ..ttt e e e e e 96
3.2.1  Generation of Patient-Derived Colonic Organoids..............cceevvevvvviiinieeeeeennnnns 96
3.2.2  Transferring Patient-Derived Organoids From 3D to 2D Culture .................. 103

3.2.3  Testing Response of Patient-Derived Organoids to Commonly Prescribed IBD
[ L=To [0 i o] o K F PRSP P PP PPPPPPPPPPPPPP 108

3.2.4  Testing Response of Patient-Derived Colonic Organoids to Bacterial

(L] = Lo To |1 =T PP PP P PPPPPPPPPPPP 116
3.25 Banking of Patient-Derived Colonic Organoid LiNes...........cccoeeeeeeeiieeeeeeeeenn. 119
3.2.6  Comparison of Dissociation Methods............ccoooeeiiieeii e, 120
3.3 DISCUSSION ...t 121
3.3.1  Current DiSease MOAEIS ......cccooiiiiieieeeeee e 121
3.3.2  Characterisation of Patient-Derived Colonic Organoids ...............cceeeeeeeeennn. 122
3.3.3  Transferring Patient-Derived Organoids From 3D to 2D Culture .................. 123

3.3.4  Testing Response of Patient-Derived Organoids to Commonly Prescribed IBD
VLT T 1o o TP 124

3.3.5  Testing Response of Patient-Derived Colonic Organoids to Bacterial

Y= =1 o Yo ][ (=TT 125
3.3.6 (0de] o (o1 (V1] o] o U 128
(O =T o] =T PP 130

Investigating the effects of inflammatory mediators on Patient-Derived Colonic Organoids130
4.1 INEFOOUCTION ...ttt 130
41.1 Inflammatory PathWaysS........ oo 130

41.2 Prior RESEArCh iNtO IBD ....eeieiiii et e e 133



4.1.3  AIM & HYPOLNESIS ..eueiiieiiieeeee e e e et e e e e e aanees 134
I (= T U | T PR 135
4.2.1 Response of Patient-Derived Colonic Organoids to TNFa ..............ccccevveeen. 135

4.2.2 Response of Healthy Patient-Derived Colonic Epithelium to
[T oTo] o o] 1Y AT= Todod 1 F= Vg o [= 73U 136

4.2.3 Response of Healthy Patient-Derived Colonic Epithelium to Flagellin........... 150

4.2.4  Infection of Healthy Patient-Derived Colonic Organoids with Clostridium difficile
Toxins 155

4.3 DISCUSSION ..ttettttetteeeetteeeeeee ettt 163
43.1 Response of Patient-Derived Colonic Organoids to TNFa ................ccooo. 163

4.3.2 Response of Healthy Patient-Derived Colonic Epithelium to
LipOPOIYSACCNANTAES ......oeviiiiiiiiiiiiiiieeeeeeeeee ettt 165

4.3.3  Response of Healthy Patient-Derived Colonic Epithelium to Flagellin.......... 168

4.3.4  Infection of Healthy Patient-Derived Colonic Organoids with Clostridium difficile
Toxins 169

4,35 (001 0 [¢ 11 1T Lo ] o TP 171
I BT B e 172

UC Derived Colonoids Display Exaggerated Inflammatory Responses to Inflammatory

] 11111 PO P PP PPPPPPPI 172
5.1 INFOTUCTION ..ot e e e e e e e e e e e e e e 172
51.1 Effect of TNFa on UC colonic epithelium ..., 172
5.1.2 Differential Response to Lipopolysaccharides............ocoovveeiiiiiiiieeeiieeiiin. 173
5.1.3 AN LY=o [ = o od o T PSS 174
51.4  AIM & HYPOLNESIS ..o e 176

5.2 [ ST U] TR 177



Page |xi

5.2.1 Differential Response of Healthy & UC-Derived Colonic Organoids to TNFa 177
5.2.2 Differential Response to Lipopolysaccharides............ccoovvvviiiiiiiceeciieiiiinnnn, 183
5.2.3  Confirmation of Differential Response in Healthy & UC Patient-Derived
Organoids by Immunohistochemistry and Immunofluorescence..............ccccceeenee. 193
5.2.4  The Relationship between Ulcerative Colitis & Colorectal Cancer................ 214
5.2.5  Analysis of Transcriptomics Obtained from RNA-Sequencing...................... 219
5.3 DISCUSSION ..eeiiiiiiiiiiit ettt ettt e e e e e e e e e e e e e e e e r e e e e e e e 272
5.3.1 Differential Response of Healthy & UC-Derived Colonic Organoids to TNFa272
5.3.2  Differential Response to Lipopolysaccharides..............ccccuvviiiiiiiiiiniiiiiiiinnnnns 276
5.3.3  CRC Markers Increased in LPS-treated UC Organoids....................eevveeennns 288
5.3.4  Analysis of Transcriptomics Data Obtained from RNA-Sequencing ............. 292
5.3.5  CONCIUSION ...ttt 295
TR B .. 297

Applying Synthetic Biology Technigues for the Generation of a Novel Anti-Inflammatory

=Y o] 1o = PRSPPIt 297
6.1  INrOAUCTION ....ccoiiiiiiiiii e 297
6.1.1 INNIDILION Of TLRA ... 297
6.1.2 Novel TLR4 Inhibiting Peptides...........iieiiiiieiiiicee e 298
6.1.3  CHAIN Biotech’s Clostridia-based Drug Delivery System.............ccccceeeeene... 301
6.1.4  AIM & HYPOLNESIS ..o 302

6.2 RESUILS ... 303
6.3 DISCUSSION ... 312
6.3.1  TLR4 signalling pathway: (& how SPA4 & STM28 acts on this pathway)..... 312



Page |xi

6.3.2 Production of Small Peptide...........ooevviiiiiiiieciecee e 313
6.3.3  Conclusion & FUture DIr€CIONS...........euiiiiiiiiiiiiiiiiiie e 315

(O T o] =1 AU 317
DUSCUSSION ...ttt ettt ettt e e e 4o e ekttt e e e e e e s e bbb s e et e e e e e e e e r e e e e e e e e e e 317
7.1  Inflammatory BOWEl DISEASE........ccccceuuiiiiii e 317
7.2 Profiling Organoid MOEL.............cooiiiiiiiiiiii e 319
7.3  Colitis-associated Colorectal CaNCET ..........c..uueiiiiieeiiiiiiiiiiiee e 326
7.4  GENOMIC SEUUENCING......ccutiiuieieeeeeieeiitiaa e e e e e e e e eett e s e e e eeeesartaa e e eaeeessarraaaaaaas 330
7.5 Manufacturing a Novel TLR4 INNIDITON ........coovviiiiiiiiii 332
7.6 Study LIMITAIONS ...ocoeiiiiiiiiiiiiiieeeeeee e 334
7.6.1 Limitations of MOAEL ........ccooeeeeeeeeee 334
7.6.2 Limitations Of STUAY.......ccooeeeeeeeeeeeee e 335

7.7  Conclusion & Future DIreCHIONS...........ccoiiiiiiiiiiiiiiiie 336
RETEIEINCES ...ttt 338

Y o] 0 1= o [ PP PP PPPPPPPPPPPPPPP 359



Abbreviations

AOM

BSA

CAC

CD

CDI

cDNA

COPD

CRC

DMEM

DNA

dNTP

DSS

DTT

ECM

EHS

EMT

eNOS

FBS

FFA

FMT

FZDs

GAPDH

GLP1

GO

HBSS

Azoxymethane

Bovine serum albumin
Colitis-Associated Cancer

Crohn’s Disease

Clostridia difficile Infection
Complementary DNA

Chronic Obstructive Pulmonary Disease
Colorectal Cancer

Dulbecco’s Modified Eagle’s Medium
Deoxyribonucleic Aacid
Deoxynucleoside Triphosphate
Dextran Sulphate Sodium
Dithiothreitol

Extracellular Matrix
Engelbreth-Holm-Swarm

Epithelial to Mesenchymal Transition
Endothelial Nitric Oxide Synthase
Foetal Bovine Serum

Free Fatty Acids

Faecal Microbiota Transplantation
Frizzled Receptors
Glyceraldehyde-3-phosphate dehydrogenase
Glucagon Like Peptide 1

Gene Ontology

Hanks’ Balanced Salt Solution

Page |xii


https://www.bing.com/work/search?msbd=%257B%2522intent%2522%253A%2522None%2522%252C%2522triggeringMode%2522%253A%2522Explicit%2522%257D&q=Glucagon%20Like%20Peptide%201
https://www.bing.com/work/search?msbd=%257B%2522intent%2522%253A%2522None%2522%252C%2522triggeringMode%2522%253A%2522Explicit%2522%257D&q=Glucagon%20Like%20Peptide%201

Page |xiv

HCC Hepatocellular Carcinoma

HCECs Human Corneal Epithelial Cells

Hck Hematopoietic Cell Kinase

HDACI Histone Deacetylase Inhibitor

hIPSCs Human Induced Pluripotent Stem Cells
HRP Horseradish Peroxidase

HSP Heat Shock Proteins

IAP Intestinal Alkaline Phosphatase

IBD Inflammatory Bowel Disease

IEC Intestinal Epithelial Cell

IF Immunofluorescence

IFN Interferon

IHC Immunohistochemistry

IL Interleukin

IRAK Interleukin-1 Receptor-Associated Kinase
IRF IFN-Regulatory Factor

ISC Intestinal Stem Cell

JAK Janus-Kinase

KSR Knock-out Serum Replacement

LGR5 Leucine-Rich Repeat-Containing G-Protein Coupled Receptor 5
LPS Lipopolysaccharide

LRR Leucine Rich Repeat

MAMP Microbial-Associated Molecular Pattern
MEK Mitogen-Activated Protein Kinase Kinase
MPO Myeloperoxidase

MUC2 Mucin-2

MyD88 Myeloid Differentiation Primary Response Protein 88

NCBI National Center for Biotechnology Information



NETs
NFkB
NIK

NO
NOD2
oD
OLFM4
PAMP
PBS
Pen/Strep
PFA
PRR
qPCR
RIN
RNA
ROS
RT
SCFA
SDS-PAGE
SiRNA
SP-A
SRB
STAT
TA
TBS
TBS-T
TcdA

TcdB

Neutrophil Extracellular Traps

Nuclear Factor kappa-light-chain-enhancer of activated B cells
NFkB-Inducing Kinase

Nitric Oxide

Nucleotide-binding Oligomerization Domain-containing protein 2
Optical Density

Olfactomedin 4

Pathogen-Associated Molecular Pattern

Phosphate Buffered Saline

Penicillin/Streptomycin

Paraformaldehyde

Pattern Recognition Receptor

Quantitative Polymerase Chain Reaction

RNA Integrity Value

Ribonucleic Acid

Reactive Oxygen Species

Reverse Transcription

Short Chain Fatty Acids

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis
Small Interfering RNA

Surfactant Protein A

Sulphate-Reducing Bacteria

Signal Transducer and activator of Transcription

Transit Amplifying

Tris-Buffered Saline

Tris-buffered saline with Tween

Clostridium difficile Toxin A

Clostridium difficile Toxin B

Page |xv



TGF-B
TICAM
TIR
TIRAP
TLR
TNFa
TRAF6
TRIF
uc
VIL

WB

Page |xvi

Transforming Growth Factor Beta

Toll/IL-1R Homology Domain-Containing Adaptor Molecule

Toll/IL-1 Receptor

Toll-Interleukin-1 Receptor (TIR) Domain-Containing Adaptor Protein
Toll-Like Receptor

Tumour Necrosis Factor alpha

TNF Receptor-Associated Factor 6

TIR-domain-containing adapter-inducing Interferon beta

Ulcerative Colitis

Villin

Western Blot



Page |xvii

Table of Figures

Figure 1.1: Schematic displaying tissue layers and cell types of the colon. ..........cccccevvveeeeen. 1
Figure 1.2: Schematic of LPS/TLR4 signalling pathway *. ...........cccooeeiiiiiiiie e 26
Figure 1.3: Regulation of stemness in the intestinal stem-cell niche 2...............ccccccovvevnneee. 34
Figure 1.4: Schematic of human intestinal organoid generation 2.............cccceeevevieeieesnnenn 35

Figure 2.1: Calculation of Amount of Matrigel™ and Media for Resuspension of the Cell
o T o] g (o I d = 1 o T SRR 48

Figure 2.2: Nanodrop Data to Determine the Concentration and Purity of RNA in a Sample.

........................................................................................................................................... 52
Figure 3.1. Schematic of an intestinal organoid 3.................coovvviiieiiciiee e 94
Figure 3.2: Balancing signals in the intestinal niche, . ...........cccoooiiiiiee e 97
Figure 3.3: From Crypt Biopsy to Organoid: Step-by-Step of Organoid Development
Following Washing & Embedding of Crypts into Matrigel™. The same process can be
observed for healthy and UC-derived organoids alike. ............ccccoeeeiiieiiiiiiiiiiiie e, 99

Figure 3.4: Success Rate of Long-Term Culture of Organoids Isolated from Healthy Tissue.

......................................................................................................................................... 101
Figure 3.6. Success Rate of Inflammation-Adjacent Tissue in Culture. N=5...................... 102
Figure 3.7: Comparison of 2D culture methods in 48-well plates. ...........ccccccovvvvvviiiiiininnnnn. 104
Figure 3.8: Cells from dissociated organoids were plated onto transwells coated with

Y LT 1= KSR PRSP 106

Figure 3.9: Transcriptional data demonstrating the effects of both 2D & 3D culture conditions

on patient-derived colonic epithelial 0rganoids ..o 107



Page |xvii

Figure 3.10: Morphology images of healthy organoids comparing the effects of several

commonly used anti-inflammatory drugs with those untreated. ..., 109

Figure 3.11: Transcriptional data depicting the response of healthy patient-derived colonic
organoids to treatment with clinical IBD medications; CP Citrate (100 uM) & Sulfasalazine
(100 uM) following exposure to TNFa (40 NG/MI) .....eviiiiiiiiiiiiiiiiiiiee 111

Figure 3.12: Transcriptional data depicting the response of healthy patient-derived colonic
organoids to treatment with clinical IBD medications; Budesonide (10 uM), Methotrexate
(100 uM) & Azathioprine (10 uM) following exposure to TNFa (40 ng/ml). .......cccoeeeeeeeenne, 115

Figure 3.13: Healthy Colonic Organoids were treated with short chain fatty acid (SCFA),
butyrate (1 mM), and it’s derivative 3-hydroxybutyrate (3HB) (1mM) over a period of 48

hours in the presence of absence of TNFa (40 Nng/MI).....coiiiiiiiiiiiiiiiii e 118

Figure 4.1: Effect of TNFa (40 ng/ml) on the inflammatory profile & intestinal cell expression

of healthy COIONIC OrgaNOIAS.........coiiiiiiie e e e e e e e e ar s 135

Figure 4.2: Healthy organoids infected with LPS isolated from S. typhimurium in a dose

response experiment at concentrations 0-1 PG/MI. ..o e 138

Figure 4.3 gPCR dose response data from infection of healthy organoids with S.
typhimurium LPS (0-1 HG/MI) oo 139

Figure 4.4: Healthy organoids infected with LPS isolated from S. typhimurium in a dose
response experiment at concentrations 0-100 PG/ML. ......ooiiiiiiiiiiiiiie e 142

Figure 4.5: gPCR dose response data from infection of COL2 with Salmonella typhimurium
LPS at concentrations between 0-100 pg/ml over a 48-hour period ............ccoevvvvieviieeennnn. 143

Figure 4.6: gPCR dose response data from infection of COL2 with Escherichia coli LPS at
concentrations between 0-100 pg/ml over a 48-hour period..........ccoooveeiiieeiiiiieee, 147

Figure 4.7: Morphology images of healthy organoids infected with flagellin at a range of

concentrations between 0-200 ng/ml over a 48-hour period. ...........ccooveeeiiiiiii e, 153

Figure 4.8. gPCR dose response data from infection of healthy organoids with flagellin at a

range of concentrations between 0-200 ng/ml over a 48-hour period..........cccccceiieieeenneenne. 154



Page |xix

Figure 4.9: Morphology images of healthy organoids infected with Clostridium difficile toxins
A, B and A+B at a range of concentrations between 0-100ng/ml in a dose response
experiment oVer a 48-NOUN PEIHOA ........cooiiiei e 157

Figure 4.10: Morphology images of healthy organoids infected with Clostridium difficile toxins
A, B and A+B at a range of concentrations between 0-10 ng/ml in a dose response

experiment over a 48-hour PEHOA ..........uuiii i e 159

Figure 4.11: qPCR dose response data from a 48-hour infection of healthy organoids with C.

difficile toxins at a range of concentrations between 0-10ng/Ml............ccccoceeieie i, 160
Figure 5.1: Workflow of sample preparation for RNA-Sequencing...........cccccvvvveeeieeeeeeeeennns 175

Figure 5.2: Effect of TNFa (40 ng/ml) on the inflammatory profile & intestinal cell expression

of healthy & UC patient-derived colonic organoids ..............ccuuiiieiiiieeiiceiiiiiiie e, 180

Figure 5.3: TNFa (40 ng/ml) induction of TLRs in healthy & UC organoids shows clear
(o [SY T Ty =l o] g =T 0 (0] o L= USSP 182

Figure 5.4: Schematic outlining the TLR4/LPS signalling pathway and the effects of TLR4
1] 11 o1 ) o USRS 183

Figure 5.5: Morphology images of healthy & UC-derived organoids infected with LPS at a
concentration of 100 pg/ml over a 48-hour Period ...........covvveeiiiiiiiii e 184

Figure 5.6: Effect of LPS isolated from E. coli 0127:B8 (100 pg/ml) on the inflammatory
profile & intestinal cell expression of healthy & UC patient-derived colonic organoids....... 185

Figure 5.7: Morphology images of healthy & UC-derived organoids infected with LPS only
(200 pg/ml) or LPS combined with TLR4 inhibitor (40 uM) over a 48-hour period ............. 188

Figure 5.8: E. coli LPS (100 pg/ml) induces inflammatory response, altering expression of

key inflammatory and intestinal Cell MArKers ................uuiiiiiiiiiiiiiiii s 190

Figure 5.9: Images obtained via immunohistochemistry representing intestinal and

inflammatory proteins expressed in healthy organoids following 48-hour treatment .......... 196

Figure 5.10: LPS (100 pg/ml) triggers a strong change in expression across both intestinal

and inflammatory proteins in UC patient-derived organoids .............cccciiiiinieeieieeiiinnnnnn. 197



Page |xx

Figure 5.11: Detection of Villin and CDX2 protein in healthy and UC patient-derived colonic
organoids in the absence and presence of LPS (100 pg/ml) over a 48-hour period........... 200

Figure 5.12: Detection of MUC2 and receptor, TLR4, via immunofluorescence staining in the
absence and presence of LPS (100 HG/MI) ..o 201

Figure 5.13: Co-staining of villin and TLR4 in healthy and UC epithelial tissue-derived colonic
organoids in the absence and presence of LPS (100 pg/ml) .....eeeriiiiiiiiiiiiiiiie e, 202

Figure 5.14: Co-staining of E-cadherin and MD2 under basal and inflamed conditions ..... 203

villin and CDX2 protein in healthy and UC epithelial tissue-derived colonic organoids in the

presence of LPS and LPS following 48-hour pre-treatment with TLR4 inhibitor................. 203

Figure 5.15: Cytokine Array data reveals substantial differential response in UC as

supported by transcriptomic datasets after treatment with LPS (100 pg/ml) over a 48-hour

Figure 5.16: NFkB inhibitor expression plays a critical role in the establishment of

downstream pro-inflammatory response in UC coloNiC tiSSUE ........cccevvvvviiiiiiieeeeecceiiiiinnn, 207

Figure 5.17: Relative expression of important kinases (and interacting proteins)
demonstrated opposing responses to acute exposure to LPS (100 pg/ml) (1 hour)........... 209

Figure 5.18: TLR3 & -4 expression in healthy v UC organoids post-treatment with LPS (100

Figure 5.20: Colorectal cancer markers show differential expression between healthy & UC
(o] o F= 1 [0 [0 K3 P TP 214

Figure 5.21: Heat shock proteins may play a role in UC pathogenesis and potential
ESCAlALION OF CAC ..o e e e e e et e e e e et e e e et e e e e et s 217

Figure 5.22: TapeStation electrophoretic gel images and subsequent RIN values. RIN values

signal purity level of RNA present within the samples prior to library prep.........ccccccvvveeenn. 223

Figure 5.23: Broad Range TapeStation electrophoretic traces with key peaks indicated. The

guantity of the RNA at each size is represented by the area of each peak. ....................... 225



Page |xxi

Figure 5.24: High Sensitivity TapeStation electrophoretic traces with key peaks indicated for

each sample following ribodepletion..........ccoo oo 227

Figure 5.25: High Sensitivity TapeStation electrophoretic traces for two samples following
repeat ribodepletion step due to substandard trace results in previous figure. .................. 228

Figure 5.26: DNA D1000 TapeStation electrophoretic trace data for each sample following
1o = YA o1 (=] 7= = L1 o] o PSSP 230

Figure 5.27: Snapshot of raw sequencing data to determine any obvious differences among

STz 101 0] L= USSP 233
Figure 5.28: Raw RNA-Seq QC PlOL. .....cciieiiicie e e e e e e e e eaeees 235

Figure 5.29: Heatmap comparing the data from basal, LPS-treated and LPS + TLR4 inhibitor

samples isolated from healthy colonic 0rganoids. .............cccciiiiiii e, 261

Figure 5.30: Heatmap comparing the data from basal, LPS-treated and LPS + TLR4 inhibitor

samples isolated from UC-derived colonic organoids. ............cccceeevieeeiiiiiiiiiiiee e, 263

Figure 5.31: Inflammatory genes - Heatmap comparing the differential responses of samples
under basal & LPS-treated conditions isolated from both Healthy & UC-derived colonic
(o] o F= g o] [0 £ 3TTTPTTTTTTTUP PP 266

Figure 5.32 Secretory genes - Heatmap comparing the differential responses of samples
under basal & LPS-treated conditions isolated from both Healthy & UC-derived colonic
(o] o F= g o] [0 £ 3TTTPTTTTTTTUP PP 268

Table 5.33: Top hits with greatest Log2 fold change between healthy and UC-derived lines
under basal and LPS-induced CONAItIONS. ......ccoiieiiiiiiiiiiie e e e e e e e eeaeees 270

Figure 6.1: SPA4/STM28 DNA Sequences with inserted promoter, replicon sequences and
Nhel & NAel reStriCliON SItES. ....cuui e e et e e e rb e e e eaaans 303

Figure 6.2: Colony PCR results displaying all 8 positive colonies containing SPA4 & 6 out of
8 colonies positive for STM28 DNA fragments contained within pCR-Blunt vector. ........... 304

Figure 6.3: Forward & Reverse Chromatogram Sequences of SPA4-Colony A. Sanger
sequencing results displayed by Chromas software showing forward and reverse sequences
0f SPA4 pCR-BIUNE PlaSMId. ... ..o 305



Page |xxii

Figure 6.4: Sequence alignment of SPA4 colony A confirmed by Multalign....................... 306
Figure 6.5: Gel electrophoresis using 1% agaroSe gel ..........ccuuvvvvviiiiiiiiiiiiiiiiiiiiiiiieeeeeeeee 307

Figure 6.6: Colony 1% gel electrophoresis shows initial Top10 competent E. coli colonies
picked are negative for either DNA fragment (top panel). While 7 of the 8 colonies picked
(lower left panel) contain SPA4 & all 8 colonies picked (lower right panel) contain STM28

L= | 1 1=] 0| SR 308

Figure 6.7: The resultant transconjugant DNA was then measured by PCR to determine

which of the 3 colonies were positive. Colonies 2 & 3 were positive for this plasmid. ........ 309
Figure 6.8: The resultant transconjugant DNA was then measured by PCR...................... 309

Figure 6.9: Bacterial growth curve from Clostridia growth experiment over a 24-hour period

Figure 6.10: Western blot membrane of final growth experiment. A seemingly positive result

is observed in the STM28-encoding Clostridia strain after 24 hours growth. ..................... 311



Page |xxii

Table of Tables

Table 2.1:

Table 2.2:

Table 2.3:

Table 2.4:

Table 2.5:

Table 2.6:

Table 2.7:

Table 2.8:

Table 2.9:

Table 2.10

Table 2.11:

Table 2.12:

Table 2.13:

Table 2.14:

Table 2.15:

Table 2.16:

Table 2.17:

Table 2.18:

Table 2.19:

Table 2.20:

Components of Basal Intestinal Media. ..............cccccoiiiiiiiiiiiiiie 42
Small Molecules and Growth Factors Added to Basal Intestinal Media............... 43
Healthy Cell Lines Currently in CUtUre. ..........ooovviiiiiiiiiiiiiieeeeeeee 45
Cell Lines Currently in Culture with an IBD Background. ..............ccccccuvviveiinnnnne 46
Banked Healthy Colonoid Cell LiNES..........cccovvviiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeee 47
Reagents required in Master MiX L. .......cooiiiiiiiiiiiiii e e e e e e e e eeeees 53
Reagents Required in Master MiX 2..........ooouuiiiiiiiieeeeeeeiie e e e e e eeaees 53

Schedule for Incubation in Reverse Transcription Reaction for Synthesis of cDNA.

........................................................................................................................... 54
Reagents Required for Each gPCR Reaction. ............cccccceeiiii i 55
: Reagents Comprising Sodium Citrate Buffer. ..........ccccovveeiiiiiiiiiie e, 57
List of Primary Antibodies Used for Immunofluorescence Staining. .................. 59
List of Secondary Antibodies Used for Immunofluorescence Staining. ............. 60
Components of Probe Hybridisation Master MiX. .......ccccoooiiiiiiiiiiinncennceiinnn, 62
Thermocycler Program for Probe Hybridisation. ...........cccccccciiiiiiiiviiciiciiee e, 62
Components of Master Mix for RNase H Digestion...............ccccuvveiiiiiiiiiiiinnnnnns 63
Components of DNase | MaSster MiX. ...........uuuuuuuuummmmmiiiiiiiiiiiiiiiiiiniiieiinneenennannnes 63
Components of Priming MaSter MiX. ............uuuuuuuuummmiiiiiiiiiiiiiiiiiiiieeiieeieeeeniennnnens 65
Components of Master Mix for First Strand Synthesis Reaction. ...................... 65
Thermocycler Program Required for First Strand Synthesis. ..........cccccceeeeeeenn. 66

Components of Master Mix for Second Strand Synthesis Reaction. ................. 66


file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470757
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470758
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470759
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470760
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470761
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470762
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470763
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470764
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470764
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470765
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470766
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470767
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470768
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470769
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470770
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470771
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470772
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470773
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470774
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470775
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470776

Page |xxiv

Table 2.21: Master Mix for Purification of Second Strand Synthesis Product. ..................... 67
Table 2.22: Thermocycler Program Required for Final Product Purification. ....................... 67
Table 2.23: Instructions for Dilution of NEBNext Adapter. ..., 68
Table 2.24: Components for Adaptor LiIgation. ...........oooooeiiiiiiieeeee e 68
Table 2.25: Components Required for PCR Enrichment of Adaptor Ligated DNA. .............. 69
Table 2.26: Thermocycler Program Settings for PCR Enrichment of Adaptor Ligated DNA. 70
Table 2.27: Number of Preferred PCR Cycles Depending on Quantity of rRNA-Depleted

L N TP P P U PP UPPPPP 70
Table 2.28: Components for Blunt PCR Vector Containing Desired DNA Fragments. ......... 72
Table 2.29: Components 0f PCR MaSter MiX. ......ucoiiiiiiiiiiiiiiiin e 75
Table 2.30: Components Required for Ligating Desired DNA Fragment into Final Vector. .. 82
Table 2.31: GreenTag PCR MaSLEr MiX. .....ccoovuiiiiiiiiiiee et e e eaaae e 84
Table 2.32: Optical Density Absorbance for Each Chosen Strain. .........cccoooeeeeiiiiiiiiiieeneene.. 87
Table 2.33: Optical Density Absorbance for Final Selected Strains Following Incubation with
ANTDIOTIC. «eiiiiiiiiiii e 88
Table 2.34: Optical Density Absorbance Following Serial Dilution of Clostridia Strain. ........ 88
Table 2.35: DreamTaqg PCR Master Mix Including Forward & Reverse Backbone Primers. 89
Table 2.36: DreamTaqg PCR Program STEPS. .....ccooviviiiiiieeeeeeeeeeeeee e 90
Table 2.37: Concentrations of Colony DNA Following Purification..............ccccooeeeiiiiieeennn. 90
Table 3.1: Patient Details at Time Of BIOPSY. .....cooveeiiiiieieeeeeeeeeeeeee e 103
Table 5.1: Sample details and corresponding iNdeX SEQUENCES. .........coevvveieeeeeeeeeeeeeeeeeen, 221

Table 5.2 displays the readings recorded from Qubit and TapeStation for all samples at each

stage of sample preparation for RNA-Seq. Two samples needed to be repeated at the

ribodepletion stage due to unfavourable trace readouts. The results for these are present in

the centre of the table folloWINg rePEAL. ........ooeiiiiiii e


file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470777
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470778
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470779
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470780
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470781
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470782
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470783
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470783
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470784
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470785
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470786
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470787
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470788
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470789
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470789
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470790
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470791
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470792
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470793
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470794
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470795
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470796
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470796
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470796
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470796

Page | xxv

Table 5.3: GO database name and code with number of genes contained within group.... 231

Table 5.4: Log2 fold change of genes contained within the Intrinsic Apoptotic Signalling
Pathway GO database between basal and LPS-treated samples in healthy colonic
(o] fo T= g o] [0 LS P PP PTPTTTTTPTTTP 237

Table 5.5: Log2 fold change of genes contained within the Intestinal Epithelial Structure
Maintenance GO database between basal and LPS-treated samples in healthy colonic

Lo T F= 1 T o £ EUPPPP 239

Table 5.6: Log?2 fold change of genes contained within the Epithelial to Mesenchymal
Transition GO database between basal and LPS-treated samples in healthy colonic

(o7 T T o £ USSP 240

Table 5.7: Log?2 fold change of genes contained within the Regulation of Inflammatory
Response GO database between basal and LPS-treated samples in healthy colonic

(o7 F= 1 T o £ SUPPPRPPR 241

Table 5.8: Log?2 fold change of genes contained within the Response to Endoplasmic
Reticulum Stress GO database between basal and LPS-treated samples in healthy colonic
(o] fo F= g o] [0 K- PT T TTTUPP PP 243

Table 5.9: Log?2 fold change of genes contained within the Cellular Response to Reactive
Oxygen Species GO database between basal and LPS-treated samples in healthy colonic
(o] o F= g o] [0 £ 3TTTPTTTTTTTUP PP 245

Table 5.10: Log2 fold change of genes contained within the Toll-like Receptor 4 Signalling
Pathway GO database between basal and LPS-treated samples in healthy colonic
(o] o F= g o] [0 £ 3TTTPTTTTTTTUP PP 247

Table 5.11: Log?2 fold change of genes contained within the Heat Shock Protein Binding GO

database between basal and LPS-treated samples in healthy colonic organoids............... 249

Table 5.12: Log?2 fold change of genes contained within the Positive Regulation of
Endothelial Cell Apoptotic Process GO database between basal and LPS-treated samples in

W@ [=1¢1V7=To WoTo] (o] o1 (o3 o] o =5 o] [ - TSRS 251

Table 5.13: Log?2 fold change of genes contained within the Epithelial to Mesenchymal
Transition GO database between basal and LPS-treated samples in UC-derived colonic

(o] 70 = o] o S 252


file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470797
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470798
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470798
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470798
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470799
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470799
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470799
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470800
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470800
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470800
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470801
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470801
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470801
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470802
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470802
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470802
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470803
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470803
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470803
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470804
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470804
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470804
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470805
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470805
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470806
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470806
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470806
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470807
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470807
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470807

Page |xxvi

Table 5.14: Log?2 fold change of genes contained within the Regulation of Inflammatory
Response GO database between basal and LPS-treated samples in UC-derived colonic
(o] fo F= g o] [0 KPP P PP PP PTTTRRPTP 253

Table 5.15: Log?2 fold change of genes contained within the Response to Endoplasmic
Reticulum Stress GO database between basal and LPS-treated samples in UC-derived

(o70] (o] a1 o3 ] o = 1 [0 T £ USSP 255

Table 5.16: Log?2 fold change of genes contained within the Cellular Response to Reactive
Oxygen Species GO database between basal and LPS-treated samples in UC-derived

(o70] (o] a1 o3 ] o = 1 [0 T £ USSP 257

Table 5.17: Log?2 fold change of genes contained within the Toll-like Receptor 4 Signalling
Pathway GO database between basal and LPS-treated samples in UC-derived colonic

(o7 = T o £ URUPPPPR 259

Table 5.18: Log?2 fold change of genes contained within the Heat Shock Protein Binding GO

database between basal and LPS-treated samples in UC-derived colonic organoids........ 260

Table 5.19: Selection of genes reversed by pre-treatment with TLR4 inhibitor. ................. 265


file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470808
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470808
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470808
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470809
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470809
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470809
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470810
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470810
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470810
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470811
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470811
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470811
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470812
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470812
file:///C:/Users/Kathryn/Documents/THESIS/FINAL%20DRAFT%20CHAPTERS/Kathryn_Fair_stxklf_PhD_Thesis_2023.docx%23_Toc156470813

Page | xxvii



Chapter 1

Introduction

1.1 Gastrointestinal Tract Physiology
1.1.1 Gl Cell Types & Structure

The gastrointestinal (Gl) tract comprises all the major organs of the digestive system,
including the oesophagus, stomach, small intestine, colon, and rectum. The small and
large intestines are further divided into different sections which possess differing
functions in the digestive process. These consist of the duodenum, jejunum and ileum
of the small intestine and the cecum, ascending colon, transverse colon, descending

colon, sigmoid colon, and the rectum of the large intestine.

While the GI can be divided into distinct sections it also possesses multiple layers,
each with discrete structures and functions. These layers are known as the mucosa,

submucosa, muscularis externa, and serosa.

The serosa is a smooth tissue membrane at the outermost layer of the Gl tube.
Travelling inwards, the next layer, the muscularis externa, performs the crucial role of
propelling contents along the digestive tract. The 2 layers of smooth muscle that
comprise the muscularis externa are the inner circular layer that works to constrict the
lumen, thereby compressing the contents. While the outer layer, being longitudinal in
nature, shortens the tube, hence propelling the contents down the digestive tract. The
submucosa lies inwards of this muscular layer and is made up of connective tissue
containing nerves, blood and lymph vessels. Finally, the mucosa is a highly
specialised tissue that covers the lumen of the Gl tract. It consists primarily of the
epithelium and the loose connective tissue of the lamina propria. The epithelium is the
focus of this study due to the complex host-microorganism interactions that aid in the
control of mucosal immunity. Currently, damage to the epithelial membrane in the
colon has been implicated in the development of IBD. However, the role that each

epithelial cell type plays in this process remains unknown °.



Page |1

Intraepithelial

leukocyte ‘\d_ 2
Colonocytes &~ 1 ' ] !
Goblet cells « % g “ =ii| E MUCOSA
ib : o - G
LGR5+”stem i il S " g/
cells :\_// MUSCULARIS MUCOSAE
Paneth cells

SUBMUCOSA

MUSCULARIS EXTERNA
SEROSA

Figure 1.1: Schematic displaying tissue layers and cell types of the colon.

In this project, we shall develop a representative primary human model enabling us to
more accurately explore the response of the colonic epithelium to inflammatory
stressors and in particular the role of the epithelium in ulcerative colitis. Ulcerative
colitis is one of the main forms of IBD, usually affecting the colon, in particular the
epithelial layer. The epithelium consists of numerous cell types with specialised

functions in digestion and defence.

All differentiated cell types originate from the colonic stem cells at the base of colonic
crypts. These are known as the crypts of Lieberkiihn which are approximately 75-110
cells deep in the human colon and 23 cells in circumference 8. Colonic stem cells
reside at the base of these crypts 7. This stem cell population produces pluripotent
daughter cells while also maintaining the population of stem cells at a steady rate 8. In
2010, Clevers group identified a G-protein-coupled receptor, LGR5, as a specific
marker for these cells °. A gradient between BMP and Wnt signalling pathways in the
crypt determine at what stage of differentiation the cells are as they move up the crypt
10 As the cells migrate up the walls of the crypt, they differentiate into all epithelial cell
types. Cells are continually produced by this method, allowing for the continual

regeneration of the epithelium, occurring in full every 5-7 days. At the end of their
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cycle, differentiated epithelial cells undergo anoikis before shedding into the colonic

lumen.

Located alongside these LGR5+ colonic stem cells are the Paneth cells. These are a
secretory cell type that produce dense granules containing antimicrobial compounds,
offering the next line of defence and regulation of the microbiota composition . These
granules are released into the crypt lumen upon stimulation *!. The antimicrobial
peptides released by Paneth cells include sPLA2, a-defensins and angiogenin 4 1.
Concentrations of defensins are high within the crypt to offer increased protection

towards the stem cells at the base of the crypts.

Additionally, lysozymes are secreted, however these are known to be largely effective
against Gram positive bacteria, while Gram negative bacteria possess an outer
membrane that protects the bacterial cell wall, rendering them comparatively resistant

to breakdown by lysozyme 1.

Interestingly, there are varying numbers of Paneth cells throughout the colon with very
few observed in the distal colon of healthy individuals 2. This was not the case,
however, in UC patients with Paneth cells detected in the distal colon of 85% of these
patients, as well as increased numbers present in the caecum, ascending, traverse
and descending colon *2. This finding is indicative of the increased priority towards

protection of stem cells during chronic inflammatory disease.

Colonocytes, comprising much of the colonic epithelium, provide absorptive functions
in digestion in addition to providing a physical barrier between the luminal bacteria and
systemic circulation. The cells are firmly connected by cell-cell junction proteins.
Expression of these proteins has been found to be downregulated in IBD '3, thereby
compromising barrier integrity. This finding was further supported by Prasad et al who
reported reduced staining intensity for several claudins on the surface epithelium in
UC patients 4. This increase in permeability is further exacerbated by apoptosis of

epithelial cells as well as ulceration 2.

Another key cell type yielded from colonic stem cells are enteroendocrine cells. Their
main function is to produce a multitude of gut hormones, providing important roles in
digestion and absorption, with enteroendocrine cells responding to detection of

glucose, amino acids and short chain fatty acids (products of microbial fermentation)
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15 Detection then triggers activation and regulation of numerous signalling pathways,
informing downstream nutrient transporters and ion channels of the required functions
and hence aiding in digestion. Gut hormones are then released by these cells such as
glucagon-like peptide 1 (GLP1) and insulin, exerting essential roles in metabolism 16,
GLP1 has also been found to exert effects during periods of inflammation, in particular
in response to LPS in triggered via the TLR4 pathway with rapid increases in plasma
GLP1 reported in mice . This report suggests GLP1 as an inflammatory suppressor
and promoter of mucosal integrity 6. This demonstrates colonic enteroendocrine cells

as displaying great involvement in mucosal defence.

An essential differentiated cell type of the colonic epithelium, goblet cells, play a critical
role in the protection of the membrane from both commensal and pathogenic
microbes. Goblet cells produce multiple constituents of mucin, forming a thick mucus
layer lining the GI epithelium. This mucus layer is crucial in preventing the direct
contact of commensal bacteria with the epithelial surface, thereby averting passage
across the membrane and ensuing unnecessary immune responses. Goblet cells in
the intestine predominantly secrete MUC2. It has been found that mice lacking this
mucin component developed spontaneous colitis 7. This is due to commensal bacteria
being in direct contact with the epithelium. Furthermore, ulcerative colitis patients have
been reported to have thinner mucus layers than healthy individuals . The distal
colon is comprised of two distinct mucus layers due to the greater quantity of bacteria
present. The outer layer is less dense and provides a habitat and food source for the
microbiota, while the inner layer is impenetrable to commensal bacteria *°. If this layer
becomes compromised, then even the interaction of these commensal
microorganisms with the epithelium can trigger an inflammatory response. Certain
bacterial species have developed methods for bypassing this dense mucus layer via
degradation or propelling directly through it 2°. Therefore, to offer further protection
against these invading bacterial species, goblet cells also secrete antimicrobial agents
to reside within this inner mucus layer. These are for the purpose of killing both
commensal and pathogenic bacteria that manage to penetrate into the layer, thereby
limiting microbial interaction with the epithelial cells.
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The combination of cells involved in this immunoregulatory process are affected
differently by each pro-inflammatory trigger. Therefore, the interaction of our model to

multiple triggers shall be analysed to more effectively characterise the platform.
1.1.2 Microbiota & Commensal Bacteria Tolerance

The commensal microbiota colonises the host colon early in life, having great influence
over multiple structural, functional and immune-based characteristics of the colonic
epithelium. Studies have shown the impact the microbiota exhibits upon barrier
integrity, PRR expression and production of antimicrobial peptides ?1. Germ-free mice
have been used to confirm this hypothesis, which were found to be deficient in the
production of defensin and other antimicrobial proteins 2% Addition of certain
commensal microbes have been found to induce expression of an antimicrobial
peptide produced by Paneth cells, ReglllY" 2L, Furthermore, barrier integrity itself
appears to be affected by the absence of a microbiota, with germ-free mice displaying
reduced rates of epithelial cell turnover 2. In addition to this, germ-free mice have
proven more susceptible to bacterial, viral and parasitic infection due to the lack of

competition against pathogens by commensal bacteria 2.

The commensal microbiota establishes tolerance to avoid activation of the immune
system by multiple methods. They are thought to actively suppress epithelial pro-
inflammatory signalling, with one example of this being Bacteroides thetaiotaomicron,
known to induce the export of the NFkB p65 subunit, RelA out of the nucleus ?2. This
decreases the transcription of NFKB downstream signalling genes. Interestingly, other
mechanisms suggested have included the enzyme, alkaline phosphatase present in
the brush border of the intestinal epithelium, possessing the ability to dephosphorylate,
and hence detoxify, the lipid A compound in LPS within the lumen 23. A mechanism
such as this would likely play a further role in immune tolerance in the healthy
individual. Furthermore, animal models deficient in the intestinal alkaline phosphatase
(IAP) isoform appear to exhibit excessive neutrophil influx, analogous to wild-type
animals upon exposure to LPS 23, This effect was observed in zebrafish, and
specifically within the segment most closely resembling the small intestine, however it

is possible that this effect can be translated to the human colon.
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Other important elements enhance this tolerogenic process including mucus
production. The thick dual layer of mucus present in the colon act to separate the
commensal bacteria from making direct contact with the epithelial surface. As
commensal bacteria don’t usually possess the ability to penetrate this mucus layer it
avoids recognition by the innate immune system. This also acts as the first line of
defence against pathogenic bacteria, many of which lack the capacity to cross the
thick mucus layer when fully intact. Under less favourable conditions, the denser, inner
mucus layer becomes more permeable; the luminal bacteria can then migrate from the

outer to the inner layer 24.

Furthermore, specific mechanisms contributing to tolerance of the microbiota in the
healthy epithelium are more immunological in nature. Some studies have shown that
certain PRRs and their corresponding co-factors, including TLR4 and MD2, are
expressed at very low levels in the healthy colonic epithelial cells which are, in turn,
weakly responsive to LPS 2526, Low levels of TLR2 expression were also noted. This
limited expression of integral PRRs in the healthy colonic epithelium would naturally
reduce the number of PAMPs detected, thereby restricting the responsiveness to the
prolific bacteria within the luminal microbiota. The findings noted in these studies were
obtained from intestinal cell lines and should be researched in primary human cells for

confirmation.

Additionally, a key component of microbiota tolerance in the colon is location of PRRs
that detect commensal bacterial PAMPs. With non-pathogenic bacteria located in the
lumen, the PRRs of the healthy colonic epithelium are orienteered on the basolateral
surface of epithelial cells ?7. This is an integral factor in ensuring PRRs are not
continually activated by the persistently present luminal bacteria. Hence, these PRRs
will only be activated by bacteria that has managed to breach the epithelial barrier,
thus preventing an overactive immune response under homeostatic conditions. This
can occur for multiple reasons, including a loss of barrier integrity and a thinning of the

protective mucus layer.
1.1.3 Loss of Barrier Integrity

The mechanisms driving barrier integrity in the colonic epithelium are not well

understood. Given that this is a critical factor in maintaining intestinal homeostasis,
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more research is required to enhance this understanding. The diversity and
composition of the microbiota are suspected to heavily influence permeability of the
epithelium. Certain bacterial strains promote health of the mucosa by strengthening
barrier integrity and increasing mucin production 28, Furthermore, they act to suppress
pro-inflammatory responses, as well as apoptosis, to favour homeostatic conditions.
Over 1000 different species appear to largely originate from five distinct phyla in the
faecal microbiota of the healthy individual, with these being Bacteroidetes, Firmicutes,

Actinobacteria, Proteobacteria, and Verrucomicrobia 2°.

Conversely, pathogenic bacterial strains have the opposing effects upon the
epithelium. Their presence in the intestinal lumen suppresses expression of tight
junction proteins, increases pro-inflammatory signalling and contributes to
dysregulated apoptotic and proliferative signals. This combination perturbs the host-
microbiota tolerogenic crosstalk triggering an overactive immune response, resulting
in substantial damage to the intestinal epithelium over time. Interestingly, this altered
microbiome has also been found to be less biodiverse in nature, with a 25% decrease
in the number of microbial genes present within the mucosa of IBD patients compared
to healthy controls 2. A specific reduction has also been observed in the prevalence
of Bacteroidetes as well as Firmicutes phyla 3!. Moreover, a microbe typically present
within the healthy microbiome, Bacteroides fragilis, has been linked to IBD, having
been detected within a biofilm adhering to the epithelium of IBD patients 32. Several
phyla that are diminished in the microbiota of IBD patients are butyrate-producing.
Butyrate is a necessary energy source for colonic epithelial cells, hence a lack of these

bacterial species within this environment may also negatively impact barrier integrity.

Therefore, it is clear that alterations within the intestinal microbiome leading to
dysbiosis strongly contribute to a loss of epithelial barrier integrity which is a major
step in the development of a dysregulated immune response and, ultimately, IBD.

1.1.4 Dysbiosis

While the presence of certain bacterial strains has previously been linked with the
pathogenesis of IBD, no direct evidence has been found that the presence of any of

these strains is the primary cause of IBD. Instead, focus has shifted to an imbalance
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in the microbiota and its subsequent interactions with the host as being more relevant
as a contributory factor in the onset of IBD 33. This imbalance is known as dysbiosis.

As mentioned in the previous section, a reduction in butyrate-producing bacteria, such
as F. prausnitzii, has been linked with IBD pathogenesis, along with an increase in
sulphate-reducing bacteria (SRB) 34%. SRB’s are suspected to have deleterious
effects upon the epithelium due to their ability to metabolise sulphate into hydrogen
sulphides. This is a toxic molecule that acts to impair the oxidation of butyrate in
colonocytes 6. Hydrogen sulphide is found in excess in the faeces of ulcerative colitis
patients 3’. The increase in these strains, amongst others, can lead to declining
epithelial health, and hence, reduced barrier integrity. In genetically predisposed
individuals, phagocytosis is impaired, preventing the killing of bacteria that passes
through this permeable epithelium and into the lamina propria 8. These factors lead

to excessive stimulation of PRR including the TLRs.

Due to the link between dysbiosis and the loss of intestinal barrier integrity, bacterial
PAMPs that are usually restricted to the intestinal lumen, such as LPS, are then able
to translocate across the epithelium. LPS is known to be an endotoxin present in the
outer membrane of gram-negative bacteria, with the role of providing protection from
bile salts and certain antibiotics 3. If LPS translocates to the bloodstream, this can

lead to chronic inflammation and septic shock.

Dysbiosis has been found in conjunction with increased oxygen levels in the colonic
lumen 3. This may be a result of increased epithelial permeability or increased
mucosal inflammation or a combination of both. This change naturally leads to further
variations within the microbiome with a distinct reduction in the obligate anaerobe
population typically present within the colon. This occurs in conjunction with an
increase in facultative anaerobes such as Enterobacteriaceae 3¢. This change can also
lead to an increase in reactive oxygen species (ROS) within the colon. The increased
presence of ROS can cause substantial damage including direct damage to the cells,
DNA mutations and inflammation, all of which promote the initiation and subsequent
development of cancer #°. ROS can also play a role in the tumour microenvironment

and drug resistance “°.
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1.2 Inflammatory Bowel Disease

1.2.1 Background of IBD

Inflammatory bowel disease (IBD) is an idiopathic progressive, relapsing disease
characterised by chronic inflammation of the mucosa occurring in the gastrointestinal
tract 1. The aetiology of IBD remains largely unknown, however several contributing
factors have been identified. The pathogenesis of IBD has been linked to dysregulation
of the innate and adaptive immune responses against PAMPs present in the Gl tract,

as a result of genetic susceptibilities 42

Inflammatory bowel disease affects more than 5 million people worldwide with
increasing prevalence each year. It has a substantial burden on the NHS with the

economic impact estimated to exceed £1 billion 43

The patient can experience a range of symptoms including severe abdominal pain,
fatigue and anaemia, as well as extra-intestinal manifestations such as inflammatory
arthritis and, in some cases, liver disease “*. IBD has also been linked with an

increased risk of developing colorectal cancer if inflammation is present in the colon
45

Despite recent improvements in treatments, nearly half of Crohn’s patients will require
surgery within 10 years of diagnosis. Following invasive surgery, often involving
resection of a large proportion of the bowel, over 1/3 of these patients will require

further surgical intervention 4.

IBD is categorized into two main subtypes: ulcerative colitis (UC), which is restricted
to the colon, and Crohn's disease (CD), which can affect any area of the digestive
tract. During active IBD, the intestine can become highly inflamed, leading to
destruction of the epithelium, deterioration in digestive functioning and chronic pain or

discomfort for the sufferer.

As a multifactorial disease, IBD has a range of potential environmental and genetic
factors. One of the factors implicated in the pathogenesis of IBD is dysbiosis of the gut
microbiome, often affected by diet or overuse of antibiotics 47. This is suspected to

lead to disruption of immune homeostasis within the gut, resulting in chronic
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inflammation. This project, therefore, focusses on the differences in the inflammatory
profile, comparing inflamed and non-inflamed tissue obtained from endoscopic biopsy
to determine how they respond differently to inflammatory stimuli and anti-

inflammatory substances.

One of the key differences between CD and UC is the variation in the distribution of
inflammation. In CD, inflammation can be present discontinuously throughout any
region of the Gl tract, although most commonly affecting the ileum and colon, whereas
in UC inflammation is continuous and confined to the colon. Furthermore, inflammation
in CD is often referred to as transmural, affecting all layers of the intestinal wall, while
UC affects only the superficial mucosa. Moreover, the presence of strictures is

common in CD, which is not typically the case for UC.

Here, we will be focussing on UC specifically, which we will model using a patient-
derived colonic epithelial organoid platform. As UC expressly targets the colonic
epithelium this model is apt for in vitro research to further our understanding of this

disease.
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1.2.2 Aetiology & Pathogenesis

A complex blend of environmental factors combined with host susceptibility are
suspected to be crucial to the development of UC. Once these factors increase
disease susceptibility, the onset of disease can be triggered by alterations to the gut
microbiota, disruption of the mucosal barrier and overstimulation of the GI immune
system 48, These factors may be closely interlinked, therefore further research is
required to determine the degree to which these issues contribute to disease initiation

and progression.

Environmental factors include the use of antibiotics, well known for the impact they
exert upon the gut microbiome. Alongside this, cessation of smoking has also been
implicated in the increasing incidence of UC. This is suspected to be relevant due to

the immunosuppressive nature of nicotine #°.

Depletion of ‘protective’ bacteria typically present within a healthy microbiome has
been noted in UC patients, with faecal microbial transplantation (FMT) shown to

improve inflammation in UC patients .

Furthermore, an abnormal innate and adaptive immune response has importantly
been implicated in UC pathogenesis due to the predominant inflammatory presence
responsible for the substantial damage inflicted upon the colon. There has been
evidence of increased neutrophil infiltration in the intestinal tissue of UC patients.
These have been found to be one of the first inflammatory cell types to be recruited in
active disease °1. They release cross-linked structures that protrude from the cellular
membrane known as neutrophil extracellular traps (NETS). The role of these NETs is
to trap pathogens and have been found to be overexpressed in UC 2. Production of
NETs was found to be stimulated by TNFa, IL8 and LPS 2. Furthermore, neutrophils
release myeloperoxidase (MPO), involved in catalysing hypochlorous acid (HCIO)
synthesis, which, in turn, can trigger formation of ROS. In healthy individuals, ROS is
an important aspect of inactivating pathogens, however, with ROS production
increased in UC patients, this can lead to damage of epithelial tissue and ultimately

formation of ulcers 52,
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Additionally, antigen-presenting cells including macrophages and dendritic cells shift
their activity in UC. Dendritic cells, in particular, demonstrate increased expression of
both TLR2 and TLR4, previously confirmed in biopsy samples obtained from UC
patients 53, While macrophages, typically divided into M1 (classically activated) and
M2 (alternatively activated) subgroups, are activated by cytokines secreted during
inflammation 3. M1 macrophages are activated by IFN-y, GM-CSF and LPS, which
trigger them to produce and secrete a range of pro-inflammatory cytokines, including
TNF-a, IL-1B, IL-12, IL-18 and IL-23, as well as ROS 3. M2 macrophages, however,
are activated by alternative cytokines such as IL4 and IL10 and, in turn, exhibit anti-
inflammatory functions. During IBD, the balance between M1 and M2 macrophages
appears to shift to favour the pro-inflammatory M1 type °3. M1 macrophages also
prompt the activation of Thl cells that further enhance the pro-inflammatory

environment.

While progress is being made into uncovering the processes involved in the
development of UC, further research is required to give a more rounded view of the
complete pathways implicated as well as the interplay of factors leading to UC
pathogenesis. This can differ between patients which is evidenced by the varying
presentations of the disease in addition to the fluctuating response to current

treatments available.
1.2.3 Current Treatments for IBD

Treatment options available for IBD have seen an expansion in recent years, with the
emergence of biologics adding to the more conventional treatments of
aminosalicylates, corticosteroids and immunomodulators 54. In cases where
medication has lost its efficacy or when damage is extensive at the time of diagnosis,
surgical resection is performed. Aminosalicylates including sulfasalazine acts as a
prodrug, which is then metabolised by colonic bacteria to produce its active
constituent, 5-ASA 55. The exact mechanism of action is yet to be fully elucidated;
however, it has been suggested to exhibit multiple immunomodulatory effects,
including inhibition of NFkB 56. This would also have inhibitory effects upon
downstream cytokines in the NFkB pathway, including TNFa. No evidence has been

presented as to its ability in the induction of mucosal healing.
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Immunomodulators

Oral corticosteroids have long been used as a treatment for IBD and has been found
to effectively induce remission once a flare-up has occurred 57. They are specifically
used for this purpose, having not displayed any efficacy in maintaining remission in
IBD. The side effects of systemic oral corticosteroids are numerous, inclusive of

hypertension, venous thromboembolism and osteoporosis 58.

More recently, a second generation of oral corticosteroids have become available.
These have been stated to possess a more enhanced safety profile than conventional
corticosteroids. Budesonide is an example of a second generation of oral
corticosteroid, used as a treatment for mild to moderate IBD. Budesonide is
administered as a pH-dependent capsule which acts to restrict the release of
budesonide to the colon 59. This both increases efficacy within the colon and improves

tolerability.

Alternatively, immunomodulators including methotrexate and thiopurines, such as
azathioprine, which acts via suppression of mitogen-activated protein kinase kinase
(MEK) and NF-kB via Rac1 60. Azathioprine has proved effective for many patients in
maintaining remission with a 7-year remission rate of 43.9% observed in a study by
Yamada et al 61. While these are favourable results in comparison to other IBD
treatments that are currently available, this leaves over 50% of patients who are not
benefitted to a great extent by this medication. Furthermore, side effects can be quite
severe, including bone marrow suppression, liver injury and gastrointestinal
intolerance 62-64. These adverse effects often occur within the first 3 months of
treatment 63.

Methotrexate, however, presents a different mode of action, with low doses found to
inhibit DNA synthesis, thereby downregulating various pro-inflammatory cytokines 65.
This, in turn, inhibits proliferation of T-cells and the downstream inflammatory
response 66. While treatment with methotrexate has shown a 65% higher remission
rate when compared to control in Crohn’s disease, the same cannot be said for UC
67. Furthermore, treatment with methotrexate has been found to result in fatigue,

hypoalbuminemia and atypical pneumonia 67.
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Table 1.1: Mode of Action of Selected Anti-Inflammatory Drugs Tested on Patient-Derived Organoid Model.

DRUG MODE OF ACTION
A 2" generation selective JAK1 & JAK3
inhibitor, thereby restricting the JAK-STAT
pathway.
TOFACITINIB Inhibited proliferation in CD4 + and CD8 + T

SULFASALAZINE

BUDESONIDE

METHOTREXATE

cells.

Corrects barrier disruption in Human

Intestinal Epithelial Cells and Colonoids **.

Pro-drug of 5-aminosalicylic acid, which in
turn inhibits NFKB by inhibiting IkB
phosphorylation.

Typically acts on B cells.

Also found to act on LPS & TNFa-induced

rat colon cells 5.

Binds & activates glucocorticoid receptors
in cell cytoplasm to allow translocation to
the nucleus. This complex activates
HDAC2, which in turn reducing formation of
several ILs & TNFa.

Exerts anti-inflammatory effect directly upon

intestinal epithelial cells.

An anti-folate, anti-metabolite — acts to

hinder adenosine and guanine metabolism



AZATHIOPRINE
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& represses T-cell activation in addition to
inhibition of IL1B3 binding.

Particularly targets T-cells & macrophages.

Converts to its active metabolites 6-MP &
thioguanine, which are then incorporated
into replicating DNA, thereby halting

division.

Co-stimulates with CD28 to induce T-cell

apoptosis.
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Recent advances in this field include the production of specific TNFa inhibitors which
prove to be effective for a larger proportion of patients than previous conventional
medications 68. Despite the increased efficacy of anti-TNFa drugs in comparison to
other existing therapies, approximately 20% of patients did not respond to treatment,
with a further 20-40% of patients becoming unresponsive to the drug following 1 year
of treatment 69.

Furthermore, there are numerous advanced therapies that are established in the field
of IBD treatment. A few to mention are anti-integrins, anti-p19/40, JAK inhibitors and
S1P. | shall give a brief overview of these therapies including the mode of action in
IBD.

Anti-Inteqgrins

Anti-integrins are a class of medications that have shown promise in the treatment of
IBD. Integrins are cell surface proteins that play a crucial role in the adhesion and
migration of immune cells to the gut lining, contributing to the chronic inflammation
seen in IBD %8, Anti-integrin drugs work by specifically targeting and inhibiting these
integrins, preventing immune cells from entering the intestinal tissue and reducing the
inflammatory response °6. Medications like vedolizumab and natalizumab have been
developed to selectively block these integrins, offering a more targeted and potentially
safer approach to IBD treatment, with the aim of reducing symptoms and inducing
remission 6. This targeted therapy has provided new hope for individuals living with

IBD, as it helps to manage the disease and improve their quality of life.

Anti-p19/40

Anti-p19/40 therapies are a relatively newer class of medications used in the treatment
of IBD. These therapies target the pl9 subunit of IL-23, a cytokine involved in
regulating the immune system and inflammation. By inhibiting the p19 subunit, these
medications can interrupt the inflammatory processes that contribute to IBD °’. One
notable example of an anti-p19/40 therapy is ustekinumab, which is approved for IBD
treatment %/, This targeted approach provides an additional option for individuals with
IBD, offering a potential alternative or complement to anti-integrin drugs and other IBD

treatments, with the goal of reducing symptoms and promoting disease remission.
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While the long-term efficacy and safety of anti-p19/40 therapies continue to be studied,
they represent a significant advancement in the management of IBD, potentially

improving the lives of those affected by these conditions.

JAK Inhibitors

Janus kinase (JAK) inhibitors are another class of medications that show promise as
an IBD therapy. JAK inhibitors work by targeting specific enzymes involved in key
inflammatory pathways, helping to reduce the overactive immune response seen in
IBD. Medications like tofacitinib and upadacitinib are examples of JAK inhibitors used

in IBD treatment 8.

JAK inhibitors offer an alternative mechanism of action compared to traditional IBD
medications, such as corticosteroids or immunosuppressants. They can be effective
in inducing and maintaining remission, as well as managing symptoms in patients who
have not responded well to other treatments. However, their use may come with
certain risks and side effects, such as increased susceptibility to infections, so careful

monitoring is necessary during treatment 59,

The development of JAK inhibitors has expanded the therapeutic options for
individuals with IBD, offering the potential for improved quality of life and greater

control over the disease.

S1P receptor modulators

Sphingosine-1-phosphate (S1P) receptor modulators are a class of medications that
have been explored for the treatment of IBD. These medications, such as fingolimod,
target the S1P receptors, which are involved in regulating immune cell trafficking and

inflammation 69,

S1P receptor modulators work by sequestering lymphocytes, thereby preventing their
migration into the gut tissues, thus reducing the inflammatory response associated
with IBD €0, This targeted approach can help reduce symptoms and induce remission

in some IBD patients.
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While S1P receptor modulators show promise in IBD treatment, their use is still under
investigation, and more research is needed to determine their long-term efficacy and
safety. These medications may offer an alternative treatment option for individuals with

IBD, especially those who have not responded well to other therapies.

However, it is critical that research continues to be carried out in the hopes of
discovering alternative treatments with greater efficacy and increased reliability.

1.2.4 Emerging Technologies for the Treatment and

Management of IBD

Additionally, to the medications above, there are numerous emerging therapies with

varying degrees of efficacy.

Apheresis therapy is a novel IBD treatment that has been developed in Japan within
the past few years. It works by isolating granulocytes, monocytes and activated
lymphocytes from the peripheral blood . The aim of this is to reduce the local
inflammatory response. This techniqgue has demonstrated a level of efficacy for
inducing remission in both UC and Crohn’s patients. The efficacy rate has been
established as residing between 46% and 70% as determined by multiple studies 6262,
Therefore, there are still a significant number of patients that are unresponsive to this

treatment.

Efforts to alter intestinal microecology and reduce the degree of dysbiosis continue to
be made. The methods applied thus far include the use of antibiotics, probiotics and
FMT.

While antibiotic use has, naturally, been found to reduce the incidence of incisional
infection in Crohn’s patients 64, and has effectively treated patients with septic
complications %°, a systemic review has found the efficacy of antibiotics in inducing
remission to not be clinically meaningful . Furthermore, antibiotics have been
implicated as a risk factor for the development of IBD, with cumulative exposure
associated with an increased risk of new-onset IBD 9. This risk is greater when broad
spectrum antibiotics are used. Moreover, antibiotic use within 30 days of IBD diagnosis

was linked to an increased risk of Clostridia difficile infection (CDI) 8. Therefore, the
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application of antibiotics as a management approach for IBD may have some serious
drawbacks in the long-term.

Probiotics are being utilised for the similar reason of shifting the microbial balance in
the intestine, however they are instead used to deliver live microorganisms to the
target site. A study by Yan et al found that administering probiotics to mice ameliorated
intestinal inflammation and reduced epithelial cell apoptosis ©°. Additionally, the
combination of probiotics and conventional drugs proved to be more effective than
conventional drugs alone in inducing remission in UC 7°, Results however are varied
with some studies demonstrating probiotics as exhibiting no benefit in inducing

remission over a placebo L.

An alternative route that has been explored over recent years for improvement in the
condition of IBD patients is FMT. This therapy transplants the microbiota from the
faeces of healthy donors to patients suffering from intestinal microbiome disorders
such as IBD. Thus far, FMT has proved 90% effective in the treatment of CDI 72. A
study by Haifer et al published in 2020 notes the efficacy of FMT in inducing remission
in UC patients with mild to moderate disease ‘3. The advantage of FMT is the
microbiota of patients is restored to that within healthy margins. This can aid in
reversing dysbiosis to an extent. FMT has been revealed to be more effective than
placebo at achieving remission in active UC 7. This remission rate was demonstrated
at 33% in UC patients receiving FMT ’>. As the microbial diversity shows great
similarity to the donor, the choice of donor is very important as this will substantially
affect the efficacy of the FMT. However, the fact that FMT is a time-consuming and
complex process, in addition to the unknown safety profile of repeated transplants, it
has not yet been advised as a routine therapy for the treatment of IBD. Encapsulation
into an oral treatment may make this a more viable option in the future. Long-term
studies are needed to confirm the safety and efficacy of FMT in patients with IBD as

studies thus far have not exceeded a 1-year period.
1.2.5 Bacterial Delivered Therapies for Intestinal Disease

Bacterial delivery systems have gained attention as a potential therapeutic approach for
ulcerative colitis by harnessing the unique properties of certain bacteria to deliver therapeutic

agents directly to the inflamed gut tissue. These systems aim to enhance drug targeting,
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reduce side effects, and improve treatment outcomes. Some examples of those currently in

use and those being developed are outlined here.
1.2.5.1 Synthetic Biology Approaches

Probiotics are known for their importance in Gl health as well as their efficacy in the treatment
of Gl diseases. However, in their native form they lack the stability to bypass the upper
digestive tract in order to reach the site of interest (i.e., the colon). Using a genetic engineering
approach, these bacterial strains can be modified to withstand these biological pressures.

Furthermore, these probiotic bacteria, including Lactobacillus and Bifidobacterium strains,
have been engineered to express additional therapeutic proteins or peptides. These modified
probiotics are administered orally and can deliver therapeutic agents to the gut mucosa,
potentially reducing inflammation in ulcerative colitis. Certain biocontainment strategies have
also been incorporated by some groups in an effort to prevent bacterial overgrowth. One
approach used is to restrict bacterial replication in the absence of a particular metabolite

produced.

An example of a long-used probiotic strain is Escherichia coli Nissle 1917 (EcN). Even in its
unengineered form, it has been found to impede growth of pathogens including Salmonella. It
has also been thought to stimulate anti-inflammatory activities ’® and aid in restoring intestinal
barrier function ”’. A further benefit to using EcN in engineered biotherapeutics is the extensive
knowledge and understanding of transcriptional and translational gene expression control in

E. coli 8.

Mouse studies have demonstrated the development of chronic colitis in IL10-deficient mice as
well as being implicated in IBD 7. IL10 is suspected to be relevant in downregulating the Thl
response. To counteract this loss, systemic IL10 has been tested as a treatment in multicentre
trials 88! with disappointing results. The lack of efficacy was suspected to be due to the low
final concentrations of IL10 in the intestine 2. Using this foundational knowledge, Lactobacillus
lactis was engineered to secrete IL10 . A study by Steidler et al, demonstrated a 50%
reduction in colitis in a chronic DSS mouse model as well as preventing colitis onset
in an IL-10-deficient mouse model 3. More recently, a comprehensive study by Martin
et al found oral administration of IL-10-secreting L. lactis to result in significant
protective effects in DNBS-treated mice 8. This was determined by measurement of

colonic permeability, immune activation (in terms of cytokine generation: namely
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TNFa, IL-4, IL-6 and IL-22) and gut-function parameters 8. These results display clear
potential for use of bioengineered bacteria in the treatment of gut diseases.

Smart Microbes

Additionally, some studies are focussed on generating "smart" bacteria that sense and
respond to specific signals or conditions within the gut, releasing therapeutic agents when and
where they are needed most. This approach, therefore, considerably minimises off-target
effects. In the case of continuous expression of effector proteins, bacterial growth rate can
consequently be reduced, however, this is not observed in the case of drug delivery utilising
smart microbes #. The two sense-and-respond systems in place, typically include engineered
bacteria that respond to physiological cues to determine the therapeutic is released at the
desired anatomical site, while the other responds to disease-specific signals. These disease-
specific signals can include quorum sensing molecules produced by pathogens as well as
biomarkers. Due to the species-specific nature of quorum sensing molecules, these prove
preferable for pathogen detection. Unlike antibiotics, which are a broad spectrum therapeutic,
these engineered bacteria can more precisely target the pathogenic species of interest without
inflicting harm upon the microbiome. An example of this system application is engineered EcN
for the detection of N-acyl-homoserine lactone (AHL) produced by Pseudomonas aeruginosa.
This is made possible by the expression of the LasR transcription factor known to bind AHL;
in turn activating the PluxR promoter. Activation of this promoter would then lead to the
expression of anti-biofilm enzyme, DspB, and E7 lysis protein, enabling self-lysis of EcN, and

hence release of the therapeutic proteins .

An additional use of L. lactis is the specific targeting of Enterococcus faecalis, which has been
implicated in IBD. L. lactis was, therefore, engineered to produce bacteriocins against this

pathogen in the presence of the pheromone cCF10 it secretes °.
1.31BD & Colorectal Cancer

Chronic inflammation is known to promote tumour growth and progression, with IBD
increasing the risk of a patient developing colorectal cancer (CRC) by 2 to 6 times in
comparison to healthy individuals 8’. As a result, CRC is responsible for 10-15% of
deaths in IBD patients annually . When CRC develops as a result of IBD it is known
as colitis-associated CRC (CAC). Colitis-associated CRC displays many similarities to
sporadic CRC, however some distinct molecular differences are present that are yet
to be elucidated in terms of their role in CAC pathogenesis 8.
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Prolonged inflammation has been shown to generate oxidative stress-induced DNA
damage. Markers of oxidative damage and DNA damage have been observed to
increase in the inflammation-dysplasia-carcinogenesis progression 8°. One of the key
discrepancies observed endoscopically between sporadic CRC and CAC is the pattern
in which the dysplastic polyps form. In CRC, these polyps typically form as clear,
discrete lesions, while in CAC much larger areas of the inflamed mucosa become

clearly transformed into neoplastic tissue .

Oxidative stress is suspected to activate tumour-promoting genes while concurrently
repressing transcription of tumour-suppressor genes °. Some of these genes are
presentin both CRC and CAC, including APC, KRAS, P53, PIK3CA, SMAD4 and MYC
91, Despite these similarities in genetic alterations, the timing of these alterations differs
between sporadic CRC and CAC. For example, P53 mutations occur early in cancer
development, occurring before dysplasia is observable, while loss of APC function
occurs late in tumour development °2. This is the opposite of what we see in sporadic
CRC.

1.4 Pattern Recognition Receptors
(PRRs)/Inflammatory Pathways
1.4.1TNFa Pathway

Tumour necrosis factor (TNFa) has long been linked with the pathophysiology of IBD.
It is a cytokine involved in the onset of systemic inflammation and is one of the key
cytokines involved in the acute phase reaction. Expression of TNFa is significantly
upregulated in response to various inflammatory mediators including TNFa itself,

bacterial lipopolysaccharides and other bacterial products 3.

TNFa, expressed in T, B, NK, mast, endothelial and epithelial cells, is renowned for
being a master cytokine significantly involved in key inflammatory pathways and the
pathogenesis of IBD. This has been shown by the upregulation of TNFa mRNA in the
inflamed colonic tissue of patients with CD °4, as well as inflamed and non-inflamed
colonic tissue of UC patients, when compared to colonic tissue isolated from healthy

individuals 5.
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Expression of TNFa is dramatically increased in response to a variety of pro-
inflammatory mediators, including bacterial PAMPs such as lipopolysaccharides and
pro-inflammatory cytokines, IL1B. It was found that TNFa concentration was highly
correlated with the level of disease activity in both the blood serum and intestinal
lamina propria of CD and UC patients, in addition to the intestinal submucosa of CD

patients .

Additionally, TNFa has been found to have effects on the intestinal epithelial barrier
via mechanisms other than inducing inflammation. These are by means of disrupting
the permeability of the °. This, in turn, can lead to the ability of many bacterial species
to cross this usually intact barrier, thereby exposing the basolateral membrane and
localised receptors to antigens which they do not usually encounter. This can, in turn,
activate receptors involved in pro-inflammatory pathways, such as TLR4, that has
been shown using immunofluorescence to be located on the basolateral surface of the

colonic epithelium %,

It has been found, using the Caco-2 cell line, that exposure of these cells to TNFa
resulted in the downregulation of ZO-1 proteins, as well as altering their localisation to
the basolateral membranes of intestinal epithelial cells °’. In addition to these
observations, it was found that TNFa exposure resulted in shedding of whole epithelial
cells from the intestinal epithelium. The suggested mechanism in which this occurred
was due to the activation of the NFkB-dependent signalling pathway by TNFa,
subsequently leading to the activation of caspase-3 and other pro-apoptotic pathways
97, This apoptosis and shedding of epithelial cells would also explain the reduced
integrity of the epithelial barrier. TNF signalling also upregulated inducible nitric oxide
synthase (iNOS), resulting in the increased expression of another pro-apoptotic

protein, p53 9,

A range of other pro-inflammatory cytokines involved in this pathway have functions
in promoting and maintaining chronic inflammation in IBD. | have outlined some of the

markers we’ll be looking into below.

IL1pB is a pro-inflammatory cytokine, present in various autoimmune diseases including
rheumatoid arthritis and has been found to be one of the key cytokines involved in the

pathogenesis of IBD. Expression levels are very high in the intestinal mucosa of
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patients suffering with IBD. It is thought to promote differentiation and accumulation of
Th17 and innate lymphoid cells in the intestine .

IL8 is a chemokine, upregulated by TNFa, produced by epithelial cells and
macrophages. It primarily activates and recruits neutrophils to the site of inflammation
from peripheral blood. Expression levels are significantly greater in the inflamed
mucosa of CD and UC patients compared to healthy controls 192, It is regulated at the

transcriptional level by multiple transcription factors, including NFkB.

IL18 is a member of the IL1 family of cytokines, which is found to be increased in the
inflamed mucosa of a subgroup of CD patients. Furthermore, polymorphisms in the
IL18 gene as well as the IL18 receptor and activator genes have been found in patients
with IBD 102, It acts to promote the differentiation of T cell to the pro-inflammatory Thl
and Th17 phenotypes, in addition to stimulating expression of TNFa, IL-18 and IL8 12,
However, it is also found to exert protective effects such as regeneration of the
epithelial barrier, which offers protection against prolific microbial components.

IL23 is a cytokine known to act on immune cells of both the innate and adaptive
immune system. It primarily promotes expansion of Th17 cells, which in turn secretes
IL-17, a pro-inflammatory cytokine and enhances production of other pro-inflammatory
cytokines, such as TNFR, IL1B and IL8 192, |L23 has been shown to play a key role in
the pathogenesis of many autoimmune diseases, including IBD. It has been found
using a mouse model that inhibition of IL23 protects from IBD. Therefore, IL23 can be
utilised as a key marker for the main inflammatory pathways prominent in IBD. 1L23
was included on our panel of markers during this project to assess the role of epithelial
cells in recruitment of leukocytes, including Th17 cells. While IL23 is typically found to
be produced by macrophages and APCs, investigating the contribution of human
colonic epithelial cells to the cytokine profile in the patient colon would further yield

insight into their relevance and role in disease development.
1.4.2 NFkB Pathway

NFkB has been identified as one of the key regulators in the pro-inflammatory
responses in IBD. Once activated by a range of stimuli, including TNFa, IL13 and LPS,

it translocates to the nucleus, where it binds to DNA promoters or enhancers for its
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target genes, including TNF-a, IL-1B, and COX-2 103104 |ts activation has been found
to be highly induced in IBD patients, resulting in prolonged exposure of the gut to

inflammation, causing destruction to the epithelium 194,

The activation of NFkB involves two main signalling pathways, known as canonical
and non-canonical %4, It has been established that the canonical pathway is involved
in the rapid, transient inflammatory response, whereas the non-canonical pathway is
more tightly controlled and is associated with a delayed and irreversible response
involved in more chronic inflammation %4, Both pathways are usually triggered by the

same stimuli, namely via TNFR 104,

When unstimulated, the IKK complex: IKKg, IKKb, and IKKa and the NFkB
heterodimer is inactive and located in the cytoplasm. The binding of a ligand to the
TNF receptor, leads to the recruitment of adaptor proteins, i.e., TAK1. This, then, leads
to the phosphorylation and activation of NEMO (a regulatory subunit in the IKK
complex) which leads to the phosphorylation of 1kBa, marking it for proteasomal
degradation. This then allows for translocation of the NFkB heterodimer, i.e.,
RelA/p50, to the nucleus, allowing for the transcription of a range of pro-inflammatory

cytokines 104,

The non-canonical NFkB pathway acts via the same TNF receptor, activating different
adaptor protein complexes, composed of TRAF3, TRAF2, clAP1 and clAP2. This
complex is then ubiquitinated and degraded, allowing NFkB-inducing kinase (NIK) to
phosphorylate IKKa. This, in turn, phosphorylates P100, an inhibitory protein, cleaving
it to form the active P52 subunit of NFkB. The RelB/P52 heterodimer is then able to
form and translocate to the nucleus to initiate transcription of target genes, including
CXCL12 and CXCL13 194,

A role of the non-canonical pathway in the pathogenesis of IBD has been speculated.
This is due to the canonical NFkB pathway being involved in the rapid, acute phase of
pro-inflammatory cytokine production, whereas IBD is a chronic condition. The non-
canonical pathway is required for the differentiation of T cells. Therefore, more

research is being carried out to determine the role of this alternative pathway 4.
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1.4.3 Toll-like Receptors Pathways

Toll-like receptors (TLRs) are a family of pattern-recognition receptors (PRRs) which
recognise microbial-associated molecular patterns (MAMPS) from pathogenic and
non-pathogenic bacteria. They are present in immune cells, including macrophages,
neutrophils & B lymphocytes, as well as being expressed in the epithelial cells of
various cell types. Stimulation of TLRs activates the innate immune response. This
activation results in the increased production of various anti-microbial substances, in
addition to pro-inflammatory cytokines. Activation triggers dimerization of TLRs,
resulting in the activation of signal transduction pathways responsible for regulating
the production of inflammatory cytokine and chemokines. This occurs via two main
pathways: the canonical and non-canonical pathways. The most common mechanism
for pro-inflammatory cytokine production is the and the subsequent activation of NFkKB
105 In the intestine, TLRs play a crucial role in the maintenance of homeostasis,
ensuring the response to the ever-present microbiota is controlled. The exact
mechanism in which TLRs perform these roles is unknown. It has been demonstrated
that TLR signalling in the intestine may influence the composition of the microbial
community 19, This has been demonstrated in MyD88-knockout mice whereas the
lack of MyD88 signalling notably changes the composition of the microbiota.
Furthermore, the altered composition of commensal bacterial species within the gut
was found to predispose the host to disease 6. Since this class of receptors play a
critical role in mediating immune responses to bacterial invasion, as well as
maintaining immune tolerance from commensal bacteria in the intestinal tract,
potential receptor mutations or expression changes can lead to varying levels of
dysregulation in the immune response, with the potential to therefore lead to the

development of IBD.
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Figure 1.2: Schematic of LPS/TLR4 signalling pathway 4.
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1.4.4 TLRs in Disease

In fact, TLRs have been linked to the pathogenesis of IBD. In a DSS-induced colitis
mouse model, absence of TLR4, TLR2 or MyD88 was found to result in higher colitis-

associated mortality than in wild-type mice 107,

TLR4 is activated by lipopolysaccharides. Lipopolysaccharides (LPS) are a major
component of the outer cellular membrane of Gram-negative bacteria. LPS can be
recognised by the immune system as an PAMP, and therefore induce local and
systemic inflammatory responses 198, LPS are recognised by a receptor complex,
comprising the LPS-binding protein, CD14, TLR4 and MD-2 in myeloid cells as well as
in intestinal epithelial cells. Recognition of LPS by this complex results in a pro-
inflammatory response and subsequent inflammatory cytokine production and
secretion, mediated via the IL1 signalling pathway 1. Multiple research groups have
found that intestinal epithelial cells are unresponsive to purified LPS in vitro. The
reason for this was investigated and found to be due to the low levels of TLR4 and
MD-2 expression in IECs. Immunohistochemical staining and gPCR techniques on
human colonic biopsies and various intestinal epithelial cell lines were all found to
express low levels of TLR4 5. This could be due to the substantially greater number
of bacterial cells compared to the small intestine. The lower expression of TLRs
reduces the inflammatory response initiated in the presence of innocuous bacterial
cells within the microbiota. This is further supported by the lack of other TLRs present

in the distal colon, with only TLR4 expressed 1°°.

Several years later, Vamadevan et al used T84, HT-29 and Caco-2 cell lines to model
the response of IECs to LPS exposure at a concentration of 50ng/ml 9, Using
transient gene expression assays, they transfected the T84 cell line with the NFkB
reporter gene, ELAM-NF-kB luciferase, co-transfected with the domains of the LPS
receptor complex, TLR4 and MD-2. These cells were then grown in transwells to form
an impermeable polarised monolayer. Using this method, they exposed either the
apical or basolateral surface to the LPS with the aim of determining if there was a
difference in response. Findings showed that only cells expressing both TLR4 and
MD-2 resulted in significant NFkB activation, which was approximately 4-fold above

untreated cells, when treated with LPS, on the basolateral membrane. The same effect
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was not seen when the apical membrane was exposed to LPS 10, The conclusions
drawn from this data was that TLR4 and MD-2 are expressed on the polarised
basolateral membrane in IECs. Since the basolateral surface of IECs is not usually
exposed to the commensal bacteria, typically residing in the lumen, the location of
these LPS receptor proteins would act as an appropriate mechanism to reduce the
immune response to commensal bacteria and instead mount an immune response to
pathogenic bacteria that is capable of crossing the epithelial barrier. Therefore, a
change in the location of these receptors could be a contributing factor of IBD
pathogenesis. Alternatively, if the intestinal epithelial integrity has been compromised,
this would allow the crossing of both non-pathogenic and pathogenic bacteria across
the epithelial membrane, therefore triggering an immune response. Previous injury or
existing inflammation could result in a more permeable intestinal epithelium, further
triggering immune responses, potentially leading to a destructive cycle of
inflammation. It has previously been suggested that cytokines such as IFN-y and TNFa
upregulate TLR4 expression in IECs in vitro. IFN-y has been stated to regulate
expression of MD-2, the TLR4 co-receptor, through the JAK-STAT pathway 1.

TLR4 expression has previously been implicated in the pathogenesis of IBD, with
expression levels of TLR4 being elevated in both IECs and lamina propria cells of both
active and non-active IBD patient tissue 0. While expression of TLR3 in IECs is
reduced in CD, levels remain within a normal range in UC, as demonstrated using
patient tissue sample immunohistochemistry, 112, further highlighting the vast
differences in the pathogenesis of CD and UC. However, the exact mechanism in
which TLR3 interacts with other proteins and its role in the regulation of pro-
inflammatory cytokines is still largely unknown. Furthermore, Lu et al have found that
TLR4 expression in the intestinal epithelium of UC patients was upregulated 0.
Therefore, increased TLR4 receptor expression could contribute to the uncontrolled

inflammatory response and resultant ulceration in UC.

It has been shown, using the Caco-2 intestinal cell line that the presence of LPS results
in an increase in intestinal epithelial permeability via a TLR4-dependent process 113,
Guo et al found that LPS caused cell death in both intestinal and immune cells, at a

concentration of 50ug/ml, while the lower concentrations tested, between 0.1-1ng/ml
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triggered an increase in intestinal tight junction permeability. This demonstrates that a
greater presence of LPS at the TLR4 receptor is required to initiate pathogenic effects.

Furthermore, bacterial flagellin has also been found to elicit the most common
antigenic response in patients with Crohn’s disease. Flagellin is a protein that is the
principal component of the bacterial flagellum. Bacteria require the flagellum to propel
themselves in a directed manner. Bacteria readily shed flagellin monomers into their
environment and as such it is a relatively ubiquitous protein found in the intestinal
lumen. Flagellin is thought to contribute to dysfunction of the intestinal epithelial
barrier, allowing the bacteria to pass across the epithelial barrier into systemic

circulation.

It has been found that flagellin can initiate a complete pro-inflammatory response
determined by pro-inflammatory gene upregulation typically induced by pathogens 4.
Likewise, the deletion of these flagellin genes abolished the ability of the bacteria to
activate this gene expression. The flagellin monomers remain highly conserved across
bacterial species, therefore, multiple species of bacteria, including Salmonella, are

capable of inducing such a response in the gut.

Flagellin is a ligand for another of the TLR family, TLR5. TLR5 is highly expressed on
colonic epithelial cells 5. The location of this receptor also acts to control the
homeostatic response to commensal bacteria, with polarisation noted on the
basolateral surface, thereby only triggering an immune response when bacteria have
translocated across the epithelial membrane 1!°. Salmonella is capable to
translocating across the epithelium due to its pathogenic nature, however most
commensal bacteria is unable to breach this barrier when it is intact. In IBD, however,
the epithelial membrane loses its integrity as a result of the loss of tight junction
proteins, therefore, commensal bacteria are also exposed to the basolateral surface

of the epithelium, triggering, an otherwise low-level, elevated inflammatory response.

1.4.5 Clostridium difficile Infection

Patients with IBD have been shown to be at greater risk of developing Clostridium
difficile infection (CDI). The risk factors for developing CDI are largely unknown.

Prevalence in both CD and UC patients has seen an increase in recent years, with
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double the rate of CDI cases in CD patients and triple of that seen in UC over a 7-year
period 116,

In a large US study, it was found that IBD patients admitted into hospital with CDI
infection had a 4 times greater chance of mortality than those with either IBD or CDI
alone 7. CDI is usually hospital acquired, however for IBD patients it is often

community-acquired.

The risk factors of acquiring CDI appear to be slightly different between IBD patients
and non-IBD patients. Antibiotic use was shown to be a risk factor in both groups 2,
however, recent antibiotic use within a 3-month period prior to CDI was seen in 69%
of non-IBD patients, compared to just 40% for those with IBD 1°.

Immunosuppression is suspected to increase an individual’s risk of developing CDI.
Immunosuppressive drugs, such as methotrexate are used as a treatment option for
IBD to reduce the immune response and therefore reduce the levels of inflammation
within the GI tract. However, studies have found conflicting evidence for the role

immunosuppressive drugs play in the contraction of CDI in IBD patients 17,

Patients with UC appear to be at higher risk than CD patients, while CD patients with
colonic disease seem to exhibit a 3-fold increased risk when compared to those with

small bowel involvement 129,

CDI in IBD patients seem to have a variety of negative implications for the patient,
such as symptomatic relapse, longer periods of hospitalisation and increased
mortality. Even resection of large parts of the bowel does not seem to reduce the
occurrence of CDI in IBD patients, where CDI will simply occur in the remaining areas
of bowel, including the small intestine and ileal pouch 7. It has also been found that
IBD patients with CDI are more likely to develop extra-intestinal manifestations than
those without infection, including rheumatoid arthritis, osteoporosis and chronic
pancreatitis 1?1. Furthermore, patients with both CDI and IBD had higher rates of both

morbidity and mortality than patients with CDI alone 122,
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1.5 Colonic Organoids as a Model of IBD
1.5.1 Colonic Stem Cell Niche

Due to the lack of information regarding IBD aetiology and pathogenesis alongside the
severity of the disease and the critical effect it exhibits upon sufferers, further research
in this field is imperative. There are multiple drawbacks to previous models of IBD

including immortalised cell lines and mouse models.

The most common cell lines used as intestinal models are Caco-2 and HT-29. These
were both developed in the 1970s from human colorectal adenocarcinoma 22, The
Caco-2 cell line comprises a monolayer of absorptive enterocyte cells that lack goblet-
like cells 123, While, HT-29 does in fact express mucus-secreting subpopulations, this
cell line is comprised of undifferentiated cells lacking polarised organisation 124, Both
cell lines are derived from a colonic cancer and are, therefore, not representative of
healthy, homeostatic tissue. HT-29 overproduces the tumour antigen p53. This could
certainly skew results in a study looking into genetic changes under differing
conditions. Furthermore, neither cell line contains all colonic cell types present in vivo,
thereby preventing truly representative data to be gathered regarding the entire

epithelial layer.

Mouse models are another very popular pre-clinical option for the investigation of
intestinal development, disease and drug discovery. The C57BL/6J mouse model is
usually subjected to external damage inflicted upon the intestine to mimic intestinal
damage observed in disease. The compound, dextran sulphate sodium (DSS) is a
favourite for mimicking the effects of colitis. Administration of DSS exerts very rapid
effects resulting in bloody diarrhoea and weight loss over a period of several days 2.
While an acute inflammatory response is observed in this model following DSS
exposure, this reaction is solely due to the non-specific damage exacted upon the
colonic epithelium, as opposed to the complex interplay of factors present during the
development of ulcerative colitis. The exact mechanism that DSS induces this damage
is unknown, yet it is known that luminal bacteria may play a protective role for the
model. Therefore, while the DSS mouse model of colitis does reveal certain responses
of the colonic epithelium under times of stress, it is not a wholly accurate portrayal of

the development and pathogenesis of UC. Additionally, the mouse colonic epithelium
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more closely resembles that of human foetal intestine and is, consequently, less
representative as a model of adult intestinal disease *26.

In recent years, the work of the Hans Clevers laboratory group has led to the
production of a favourable model of Gl diseases: intestinal organoids or ‘miniguts’ 127,
Initially, these organoids were generated from mice which display different Gl anatomy
to humans and, therefore, were still limited in the accuracy of the information they
provided. However, this protocol has since been applied to generate human-derived
intestinal organoids. These self-organising 3D structures are highly representative of
the human intestinal epithelium, with structural and functional characteristics exhibited

in vivo maintained in culture 128,

The continued culture of this model in vivo is possible due to the stem cell niche. The
stem cell niche comprises LGR5+ stem cells present at the colonic crypt base. These
stem cells continually renew as well as giving rise to all epithelial cell types. As the
stem cells migrate up the sides of the crypts of Lieberkihn, they progress to become
a pluripotent cell type, known as transit amplifying (TA) cells. TA cells then continue
to migrate upwards while differentiating into all subsequent adult intestinal cell types
129 Numerous niche factors allow for this balance of stem cell to differentiated cell ratio
to be maintained, with the canonical Wnt and BMP pathways playing critical roles. A
gradient exists along the colonic crypt axis between Wnt and BMP signals, with
canonical Wnt signals existing in high concentrations at the crypt base 30, Hence, the
Whnt target gene, Igr5, has been found to be enriched in intestinal stem cells 7. LGR5
acts as a receptor for R-Spondin-1, which, in turn, activates further Wnt signal
enhancers. Conversely, BMP signals are predominant at the top of the colonic crypts.
This is thought to strongly influence cellular differentiation and anoikis 3. The shifting
gradient throughout the length of the basal crypt is responsible for maintaining the
hierarchy and process of tissue renewal that occurs in an orderly fashion along the
crypt-axis. When this discovery is applied, it can lead to the continual culture and

expansion of colonic epithelium ex vivo in the form of intestinal organoids.

Intestinal organoids can be generated within a culture environment favouring the Wnt
signalling pathway and inhibiting BMP signals in order to support ISCs. It has been
reported that addition of Wnt-3A and R-Spondin-1 was not sufficient to maintain ex

vivo human colonic crypts for a period longer than 4 days 2. However, when a BMP
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antagonist, Noggin, and TGFf inhibitor, A83-01, was added in conjunction, crypts
were able to be maintained for a minimum of 7 days in culture 132, At this point, the 3D
matrix that supports the 3D organoid structure becomes unstable and is required to
be replenished during passage. Furthermore, addition of the growth factor, EGF, was
shown to promote budding in the organoid which preserves the crypt-like structure

observed in vivo 132,
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Figure 1.3: Regulation of stemness in the intestinal stem-cell niche 2.

1.5.2 Methods of Establishing Colonic Organoid Lines

There are two main approaches applied for the generation of intestinal organoids:
isolation of intestinal crypts directly via surgical resection/endoscopy or via

differentiation of human induced pluripotent stem cells (hIPSCs) 2.

Both methods have advantages that make them preferable in specific areas of
research. The former method has certain benefits over the latter; namely the fact that
biopsies can be extracted from each patient ensuring a true representation of their
phenotype due to the genetic code of the patient, in conjunction with epigenetic
changes, being present within the specimen. This is a useful trait as the cells are likely
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to respond in the same manner as they would in vivo upon exposure to different

treatment regimes.

Alternatively, organoids can be generated from hIPSCs derived from reprogrammed
keratinocytes. Hence, the genetic background of the patient would be the same,
however any variations caused by long-term inflammation or stress would not be
present as the keratinocytes have not previously been exposed to an intestinal
environment. Using tissue that has previously been exposed to the relevant healthy or
diseased environment, means the environmental impacts upon the gene expression,
including epigenetic changes, would be present, making it a more representative and
relevant model. As human tissue differs in terms of response to therapies, using
patient’s tissue to derive organoids for use in drug and toxicity testing is desirable to

allow these differences to be accounted for and studied in vitro.

The latter method takes longer to obtain as the differentiation process takes an
additional 9 days prior to the transference of the differentiated hIPSCs into 3D culture.
This method of differentiation from hIPSCs to intestinal organoids begins with the
formation of the definitive endoderm induced by Activin-A. This is followed by
FGF/Wnt3a to develop the posterior endoderm patterning and hindgut specification.
The cells at this stage are then cultured in a pro-intestinal environment to encourage
the development of specialised intestinal cells, demonstrating physiological and

morphological characteristics of the intestine 133,

Figure 1.4: Schematic of human intestinal organoid generation 2.
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The subsequent differentiated organoids have additional elements of mesenchyme.
Due to the growth factors produced by the mesenchyme in the induced intestinal
organoid model, this prevents differentiation, instead promoting proliferation, resulting
in a less mature model than intestinal organoids derived from primary tissue.
Conversely, primary-derived intestinal organoids taken either surgically or via
endoscopy develop into fully mature organoids since they are isolated directly from

adult epithelial tissue.

1.5.3 Prior Work on Organoids in Colitis

There have been considerable developments in the field of organoid research in colitis over
the last 4 years. Stem cell-derived organoids, and to a lesser extent patient-derived primary
organoids, are now widely used for the study of various scientific problems. These have
replaced many studies that previously utilised animals and tumour cell lines. The ability of
organoids to retain genetic alterations of the native tissue is especially useful when
researching genetic-phenotypic relationships in IBD.

1.5.3.1 CRISPR-Cas9 Technology

CRISPR-Cas9 technology has become a valuable tool in colitis research, enabling scientists
to explore the genetic and molecular mechanisms underlying the disease, as well as
potential therapeutic approaches. There are multiple ways that CRISPR-Cas9 technology is
being applied including, discovery of genes involved in cancer. Michels et al identified TGF-f3
receptor 2 as a tumour suppressor gene in CRC using this technique 34. The histone lysine
methyltransferase 2 A oncoprotein, KMT2A, was also revealed by CRISPR/Cas screens as
a potential target of wnt/B-catenin signalling in CRC, regulating transcriptional output of -

catenin 3%, Both of these groups utilised human-derived organoids in their investigations.

Largely, CRISPR-Cas technology has been employed for the study of tumorigenesis, cystic
fibrosis and refining differentiation from stem cells, with very little mention of a focus on
colitis. Studies on the use of CRIPR technology on organoids to further our understanding of
colitis have focused particularly on transplantation into colitis mouse models. During
experimentation epithelial injury is instigated at the distal part of the colon by the

administration of DSS, after which the organoids are rectally infused into the luminal space.
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This assay has yielded successful results which the infused organoids binding to the injured

region of intestine thereby rebuilding the epithelium 3¢,

There are certainly new ways that CRISPR-Cas9 can be utilised in the future of colitis
research. It can be a useful tool to enhance our understanding into the genetic components
at play during pathogenesis, as well as shining a light upon the root causes of variability and

drug resistance in this disease.
1.5.3.2 Host-Microbe Interactions

Due to the relevance of the microbiota in IBD pathogenesis and maintenance of remission,
intestinal organoids have been an important feature in researching host-microbiota

interactions.

Organoid systems have been manipulated for the exploration of different aspects of IBD,
including 2D culture platforms, co-culture and microfluidic-based systems.

2D culturing offers access to both the apical and basolateral membrane as well as the ability
to explore diffusion of molecules and interaction of pathogens with the intestinal barrier in a
more standardised fashion. Moon et al are one group who developed a 2D culture
methodology from mouse colonic organoids *’. This procedure utilised transwells that
possess a permeable membrane at the bottom of the well to allow for transport of nutrients.
This process requires a large quantity of cells isolated from approximately 1500 spheroids to
create a monolayer in a single transwell **7. This group confirmed, using H&E staining, that a
single layer of cells had formed upon the transwell membrane. The orientation of cells was
also assessed, revealing the basolateral marker, CD138, to be present on the lower surface
of the well, as expected **’. This is a very useful technique for the testing of different
components and host-pathogen interactions, as the effects can easily be tested on either
membrane orientation. However, a major drawback is the additional time required for the

formation of a monolayer following transfer to 2D culture.

Likewise, co-culture of intestinal organoids with immunological cells has become

increasingly popular in this field.

Interepithelial lymphocytes are one of the cell types previously co-cultured by Nozaki et al
138 Previously the interaction of interepithelial lymphocytes and intestinal epithelial cells has
been limited by the lack of an appropriate model. Hence, recently, intestinal organoids
provide a valuable opportunity to investigate this interaction relevant to inflammatory events

in the intestinal environment. The above study by Nozaki et al reported successful co-



Page |38

culture, with the interepithelial lymphocytes being highly motile on and around intestinal

organoids %,
1.5.3.3 Gut-on-a-Chip

Gut-on-a-chip is an alternative approach to recreating an organ-like structure and
environment with its own benefits and drawbacks. It is a microfluidic in vitro model that
replicates the physiological and mechanical properties of the human Gl tract, making it a
valuable tool for studying Gl diseases such as ulcerative colitis. "Gut-on-a-chip" systems can
be used to investigate the interactions between immune cells, gut tissue, and microbiota.
This allows researchers to better understand the inflammatory response in ulcerative colitis

and explore potential interventions.

The monolayer structure of this platform allows simpler access to both membrane
orientations removing the need for microinjection or relying on diffusion of drugs across the
organoid outer cell layer. As this monolayer is cultured to cover the microfluidic surfaces of a
tubular structure, this exposes the lumen enabling its exposure to bacteria, cytokines or
drugs with ease. While this method has been employed for recapitulating gut function, a
literature search revealed this technique only started to be utilised for the study of IBD in the
past 4 years 1*. However, a key drawback to gut-on-a-chip platforms is the inherent issues
with scalability and therefore rule them out for use in high-throughput experiments including

drug screening.

1.5.4 Use of Organoids for Disease Modelling, Drug

Screening & Personalised Medicine

Organoid technology can be utilised for the modelling of a variety of diseases. Some
examples of the use of organoids in the study of disease include Short Bowel
Syndrome, diverticular disease and colorectal cancer. In this project, we employ this

platform as a model of IBD.

Due to the physiological similarities between organoids and the tissue from which they
were derived, along with their longevity in culture, they are a desirable option for
developmental and disease modelling, as well as drug screening. Furthermore,

organoids provide the possibility for application into a personalised medicine
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approach. This approach could include the testing of drugs on the patient’s organoids
prior to administering the drug directly to the patient. This will provide accurate
information regarding any toxic effects the medication could exhibit, in addition to the

level of efficacy for that individual.

There have been considerable developments in the field of organoid research in colitis
over the last 4 years. Stem cell-derived organoids, and to a lesser extent patient-
derived primary organoids, are now widely used for the study of various scientific
problems. These have replaced many studies that previously utilised animals and
tumour cell lines. The ability of organoids to retain genetic alterations of the native
tissue is especially useful when researching genetic-phenotypic relationships in IBD.

1.5.4.1 Use of Organoids for Drug Screening

Organoids act as a more physiologically relevant platform for drug discovery than
current cell lines used for this purpose, such as Caco-2. The utilisation of a more
reliable cell model can aid in reducing the number of animals required for drug
screening experiments. Use of an organoid system that is specific to a disease
phenotype, or even a specific patient, could prove to be invaluable in the field of
precision medicine 14°. This platform can then provide an accurate indication of clinical
prognostic outcome without subjecting the patient to unnecessary and ineffective

treatments and their subsequent side effects.
1.5.4.2 Use of Organoids in Transplantation

Furthermore, patient-derived organoids can be isolated and expanded in culture prior
to being prepared for transplantation to the site of disease or tissue injury. As the
organoids are immunologically compatible, this bypasses the issue of immunological

rejection which is a common and serious complication of transplantation 41,

Some success has been recorded thus far with intestinal organoid transplantation in
mice. Munera et al reported morphogenesis and maturation of organoids to form tissue
closely resembling that of the human intestine. The transplanted organoids also
maintained regional identity, forming mature tissues that resembled either the small or

large intestine, depending on in vitro patterning 42,
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Jee et al also found that engrafted colonic organoids successfully induced
regeneration in the colon of mice following damage by irradiation 43. The grafted area
was larger in mice that had received two doses of organoids at 6- and 10-days post-
irradiation 43, Cross-sections of the rectal mucosa displayed epithelial regeneration,
demonstrated by crypt and villus structures at the transplant site 4 weeks post-
transplantation 43. Prior to transplantation, organoids were labelled with EGFP which
enabled the final location of the grafted organoids to be determined. EGFP+ crypts
were found to form in the irradiated areas 3. A marker for proliferative cells, Ki67,
was found to be expressed at the base of these crypts, whereas markers of intestinal
differentiation, including villin and chromogranin A, were expressed in the upper parts
of the crypts 143. This confirms the crypt structures formed in the graft function as

expected in vivo.
1.5.4.3 Future of Personalised Medicine

For use in the future of personalised medicine, certain elements of organoid
generation must be considered. The use of retroviruses to induce pluripotency in
hIPSC-derived organoids can lead to foreign DNA being integrated into the patient’s
genome. Furthermore, the use of oncogenes, such as Kilf4, c-myc and Oct4 can lead
to the formation of tumours within patients following transplant. Therefore, tissue
obtained directly from intestinal epithelium could be preferable in circumventing this

complication.

In this project, we generate human organoids derived directly from the colonic
epithelium. This is the most relevant tissue to model in vitro due to this being the
location strongly effected by ulcerative colitis. Ulcerative colitis is known to primarily
affect the epithelial layer greater than any of the deeper tissue layers, hence this
platform is highly applicable in the study of this disease.

1.6 Aims & Hypothesis

The main aims of this project are to validate primary colonic organoids as a model for
inflammation and, specifically, IBD. Once this has been validated, the downstream
pathways shall be investigated for abnormalities in the disease line compared to

healthy tissue. These pathways shall then be halted with the use of synthetic inhibitors



Page |41

to determine the degree of involvement of these pathways in the inflammatory
response of IBD. In the final stage of the project, a novel inhibitor of a selected

inflammatory pathway shall be generated using bioengineered Clostridia.
Aims:

» To generate an ex vivo colonic organoid model in long-term culture.

» To validate this platform as a model for IBD.

> To identify differential responses between healthy & UC patient-derived colonic
organoids.

» To generate a novel anti-inflammatory peptide using bioengineered Clostridia.

Hypothesis:

» The hypothesis of this project is that an ulcerative colitis model can be
successfully generated from patient-derived colonic crypts and established in
culture. The response of this model to various pro-inflammatory mediators will

differ from that of a healthy model.
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Chapter 2
Materials & Methods

2.1 Academic Methods
2.1.1 Reagents & Solutions

Table 2.1: Components of Basal Intestinal Media.
Media component Details Supplier Catalogue #

Reduced Serum Medium (1:1)

+ Non-Essential Amino Acids
Advancedll)D(M EM/F-12 Gibco 12634-010
(1X) +110mg/L Sodium Pyruvate
- L-Glutamine
HSEEEI?)EL(J{I\(/IE)I‘ Maintains physiological pH Gibco 15630-56
GlutaMAX™-| (100X) Supplement containing L-glutamine Gibco 35050-038
Nicotinamide Derivative of vitamin B3 Sigma N3376
N2 Contains iron-rich human transferrin Ul (st 17502-048

Scientific

Supplement required for proliferation of = Thermo Fisher

o2t stem cells Scientific 17504-044
N-acetyl-cysteine Amino acid — Precursor of L-cysteine Sigma A7250
Pen-Strep Penicillin Streptomycin Gibco 15140-122

Anti-Anti (100X) Antibiotic-Antimycotic Gibco 15240-062
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Table 2.2: Small Molecules and Growth Factors Added to Basal Intestinal Media.

Product Details Supplier Catalogue #
SB202190 p38 MAPK inhibitor Selleckchem S1077
A83-01 Inhibitor of TGF Sigma SMLO788

receptor, Alk5,4 & 7

Gastrin Gastrin stimulates Sigma G9145
proliferation and
differentiation

Noggin BMP antagonist R&D 6057-NG-100
EGF Potent mitogenic R&D 236-EG
factor
R-Spondinl Maintains R&D 4645-RS

proliferation of
organoid stem cells

CHIR 99021 Inhibitor of GSK-3 Selleckchem S1263

ROCKIi Prevents Myc- Cayman 10005583
induced apoptosis



Page |44

2.1.2 Crypt Isolation

Crypts were isolated from both healthy patients and those with a background of either
active or inactive IBD. Between 4-6 crypts were taken, via biopsy during an endoscopy
procedure, from the colon epithelium of the patient under local ethics approval
(17/EM/0126). These were then transferred to pre-cooled Hanks' Balanced Salt
Solution (HBSS) (Gibco, 14175-053) prior to culture. Each of these crypts were then
further dissected using a needle and scalpel in HBSS. These smaller fragments were
then transferred to a 15ml falcon tube and washed in 10ml HBSS 3 times, to remove
any remaining blood and tissue debris that could interfere with the culture once in
Matrigel™ (Corning, 356237). Complete medium was then prepared using the formula
as above. This was added in the proportion of 0.33:0.66 with Matrigel™. 30ul of this
cell suspension was then carefully pipetted into the centre of each well of a 48 well
Nunclon plate (Thermo Scientific, 150687). The plate was then placed at 37°C for
approximately 5 minutes to allow for the polymerisation process of the Matrigel™ to
occur. Once the semi-solid spheres had set, 300 pl of complete medium containing all
intestinal growth factors including ROCK inhibitor was added to each well. The cells
were then incubated at 37°C and 5% CO2.

2.1.3 Intestinal Organoid Culture

Primary colonic organoids require a media change every 2-3 days to replenish
nutrients for growth and proliferation. Organoids were cultured in intestinal basal
media as outlined in table 2.1, supplemented with the small molecules and growth
factors in table 2.2, in the absence of ROCK inhibitor (ROCK:i).

The primary organoid lines successfully generated using this approach can be found
in table 2.3, 2.4 and 2.5.



Table 2.3: Healthy Cell Lines Currently in Culture.

Cell line

COL1

COL2

COL3

Sex of patient

Age of patient (at
time of biopsy)

76

71

53
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Prognosis of patient

(at time of biopsy)

Healthy

Healthy

Healthy



Table 2.4: Cell Lines Currently in Culture with an IBD Background.

Cell Line

MGO015

MGO020

MGO022

MGO025

Sex of
Patient

Age of Patient (at
time of biopsy)

24

22

61

36

Prognosis of Patient
(at time of biopsy)

Inactive UC

Inactive CD

Stricture present

Inactive UC

Active UC
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Further
Information

Diagnosed 13
years prior -

Asacol 800 mg
daily

Diagnosed 7
years prior -

Humira 40mg
fortnightly

ICV was
stenosed

Diagnosed 4
years prior -

Mesalazine 3.2
grams

Diagnosed 15
years prior -

Golimumab
started October
2016

Azathioprine
started 2003

Colazide started
2003

Ursodeoxycholic
Acid started
2012
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Organoid lines were derived from the biopsies of unrelated patients with either healthy,
uninflamed colons derived from surgical biopsy or from those diagnosed with IBD via
endoscopy. Healthy biopsies grew favourably in culture, whereas those taken from
IBD patients differed in terms of survivability and growth rate. The most successful
biopsies in vitro were those taken from patients with inactive disease (in a period of

remission) taken from a non-inflamed section of the colon.

Table 2.5: Banked Healthy Colonoid Cell Lines.

Age (when tissue

Cell Line Passage No. Sex sample obtained)
MG005 7 M 212
MGO006 7 F 69
MG007 7 M 7
MG008 7 M 66
MG009 7 F 28
MGO010 6 F 67
coL4 7 M &

Additional healthy cell lines were derived from colonic crypt biopsies of healthy

individuals. These cell lines were expanded and cryopreserved in liquid nitrogen.
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2.1.4 Intestinal Organoid Amplification and Passaging

Following 7 days of culture, colonic organoids were passaged to allow for continual
expansion. Firstly, the cells in the Matrigel™ sphere were mechanically detached
using the tip of a 5ml stripette. These cells were then transferred to a 15ml falcon tube
(CELLSTAR®, 188261) and centrifuged at 400 g for 1 minute to pellet the cells. The
supernatant was then aspirated. The pellet was resuspended in 10ml of cold HBSS to
help break down the remaining Matrigel™. This washing process was then repeated
3 times until all Matrigel™ had been removed and only organoids remained. The cells
were then resuspended in 1ml HBSS and mechanically disrupted with a p200 pipette
to break the organoids into smaller fragments. These were observed under the light
microscope to determine whether they required further dissociation. This suspension

was then centrifuged as before and the supernatant aspirated.

The subsequent cell pellet was resuspended in the calculated volume of media,
complete with intestinal growth factors, in table 2.1, in the presence of ROCKi. The
appropriate amount of Matrigel™ (as calculated by the method below) was added to
the cell suspension and mixed by pipetting. 30 ul of this final suspension was then
pipetted into each well of a pre-heated 48-well plate. The plate was then returned to
the incubator for approximately 5 minutes to allow for polymerisation of the Matrigel ™.
Once the Matrigel™ had set, 300ul of complete medium was then added into each
well to cover the Matrigel™ sphere. The organoids were returned to the incubator
(37°C and 5% CO2).

[1] Total volume of Matrigel™ & media (ul): 30ul * no. of

wells of 48-well plate to seed into.
[2] Required volume of Matrigel™ (ul): Answer from [1] * 2/3

[3] Required volume of media (ul) = Answer from [1] * 1/3

Figure 2.1: Calculation of Amount of Matrigel™ and Media for Resuspension of the Cell Pellet Prior to Plating.
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2.1.5 Organoid Treatment & Retrieval for Experimentation

Treatment was performed on the organoids in the 48-well plate in which they were cultured
prior to experimentation. Initially, the growth medium was removed from each well and a
formulation of basal media containing the relevant substance as per the experiment was
added, at a volume of 300 pl per well. The treatments were added to triplicate wells to
ensure a suitable quantity of cell material for harvesting, thereby yielding sufficient
RNA/protein for later assays. The organoids were then cultured in this new media/treatment

for the appropriate duration.

Upon completion of this incubation period, the organoids were mechanically detached from
the surface of the wells with the use of a pipette tip. Once the organoids were detached, they
were collected from the wells in triplicate into individual 15 ml falcon tubes and pelleted in a
centrifuge set to 400 g for 5 minutes. The supernatant was aspirated, and the pellet

resuspended in the appropriate lysis buffer before continuing with the selected assay.
2.1.6 Cryopreservation of Colonic Organoids

Colonic organoids were harvested from a 48-well plate and transferred to a 15 ml
falcon tube. These were then washed three times, by centrifuging at 400 g and
resuspending in 10 ml HBSS. The cell pellet was then resuspended in 1 ml 90% FBS:
10% DMSO (Sigma Aldrich). This cell suspension was transferred to cryovials
(Thermo Fisher Scientific, 377267). Cells were stored in a Nalgene Cryogenic
Freezing Container (Thermo Fisher Scientific, UY-44400-00) containing 100%
isopropyl alcohol at -80°C for a minimum of 24 hours, to allow for a gradual freezing

process, before being transferred to liquid nitrogen for long-term storage.
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2.1.7 RNA analysis
2.1.7.1 Primer Design

Genomic sequences were found using the National Center for Biotechnology
Information (NCBI) website. The FASTA format of the sequence was input into the
PrimerQuest Tool sequence search box. This search produces multiple results of
potential primer sequences from which to choose the most suitable. These forward
and reverse primer sequences were then be input into NCBI BLAST. Following
selection of the appropriate options chosen to refine the search, this search gave the
MRNA sequence that could be targeted by these primer sequences. This allows for
any non-specific targets to be identified, along with further information, including the
melting temperature and length of the primers, necessary to select the most suitable
primer for the PCR reaction.

Table 2.6: List of primer sequences used throughout the project.

Sequence (5'-3')
Forwward GGEAGCCATGETCTGETAACGG ACTGTCOGAATTGACATCATGE
PEGD — — OLFMA — —
Reverse CCACGCGAATCACTCTCATCT TTCTGAGCTTCCACCAAAACTC
Forward GCTECACTTTGRAGTGATCG CAGAGTEAATEETECCATTATGAAC
; < EYErse oL I [ AL~/ (I JlrL AT TULRAR AR
THEa GCTTGAGGGTTTGCTACAACA TR T TEGECCATTCCARATAAGTC
Forward CAACAGATEROCCCATACCTTC GAALGCTOCCAGCAGGAACATC
mﬂ’g Reverse GCTCTTTTTCOCGATCTCOCA TLR2 GAATGAAGTCCCACTTATGAAGALCA
Forward CCAGCTACGAATCTCCGALCT GRACTTTGAGGECEGGETGETT
iLib Rewerse AGAACACCACTTGTTECTOCA TLR3 TETTGAACTGCATEATGTACCTTGA
L Forward CTETETGAAGGETECAG TEC TLR4 GACAACCAGCCTAMAGTATT
Rewerse CAACCCTCTGCACCCAGTTT TECCATTGAAAGCAACTCTE
Forward AAAACCTERAATCAGATTACTTTGEGE TECCACTETTGAGTECAAGTC
IL13 Rewerse GTCCGGGEETECATTATCTCT TLRS ACCTEEAGAAGCCEGAAGRTALAG
L33 Forward GCAACAGTCAGTTCTGEGCTTGC EGFR CCCGCACGRTETEAGC
Rewerse TEGEAGGCTEOGAAGGAT TORTGCCTTEECAAACTTTC
Forwward CTCCCAGETCTEGGTETETTG CAARTTGCTGGECAGGGETTEC
LGRS Rewerse GAGETCTAGETAGGAGETGAASG COx2 AGGECTTCAGCATAAAGCET
Forward GAGEECAGAACCCEALACT GACCCCACCCAAGTTTCCTC
MLCZ — — H5P25 — — —
Rewerse GEOGAAGTTGTAGTCECAGAG TEEGATGGTGATCTOSTTGGE
Forwward CTGAGCGCCCAAGTCAAAG AGCTEGAGCAGGTGTGTAAL
ViL Rewerse AGCAGTCACCATOGAAGARAGC H5PT2 CAGCAATCTTGGAAAGGECOC
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2.1.7.2 RNA Extraction

Following experimental treatment, cells were harvested by mechanical detachment
from a 48-well plate. 10 ml HBSS was then added, along with the detached cells to a
15 ml falcon tube. The suspension was centrifuged (Eppendorf centrifuge 5702) at
approximately 400 g for 1 minute to pellet the cells. The supernatant and remaining
Matrigel™ was then aspirated, leaving only the cell pellet. This was then resuspended
in 350 pl RLT buffer from the RNeasy Mini Kit supplied by QIAGEN (Qiagen, 74106).
The suspension was pipetted several times, using a p1000, until all cells were lysed

and, hence, no longer visible.

350 pl of 70% ethanol was then added to the lysed cells to precipitate the RNA present.
The lysed cell suspension was then transferred to a RNeasy MinElute spin column.
The column was then centrifuged at 8000 g for 15 seconds to remove the supernatant,
allowing for the binding of RNA to the spin column membrane. The supernatant was
discarded, 350 ul Buffer RW1 was added, then centrifuged again at 8000 g for 15
seconds. 70 pl of DNase buffer was added to 10 pl DNase, supplied by Sigma Aldrich
(DNASE70-1SET), for each sample. 80 pl of this solution was then added directly to

the spin column membrane and incubated for 15 minutes at room temperature.

350 ul of wash buffer, RW1, was then added and the spin column centrifuged at 8000

g for 15 seconds to wash off the remaining enzyme.

500 ul Buffer RPE was then added to each spin column and centrifuged at 8000 g for
15 seconds. A further 500 ul Buffer RPE was added before centrifuging at 8000 g for

2 minutes, discarding the supernatant after each spin.

The spin columns were then centrifuged at full speed for 1 minute to dry the membrane
after the previous washes. The spin columns were then transferred to 1.5 ml
Eppendorf tubes. 40 pl of nuclease-free water was then added directly to the column
membrane and centrifuged at 8000 g for 1 minute to elute the attached RNA into the

collection tube. The RNA yield was then quantified, as below.
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2.1.7.3 RNA Quantification

The RNA yield was quantified using a NanoDrop™ 1000 spectrophotometer (Thermo
Fisher Scientific). Following calibration with nuclease-free water, 2 pl of the RNA
suspension was added to the NanoDrop ™. To calculate the amount and purity of RNA
present, the absorbance is measured at both 260 nm and 280 nm. 260 nm detects the
concentration of RNA present, while other contaminants are detected at 280 nm
absorbance. Therefore, the ratio of 260 over 280 determines the purity of the RNA
sample. A ratio of 1.8 or greater represents a pure RNA sample, with very few or no

contaminating proteins.
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Figure 2.2: Nanodrop Data to Determine the Concentration and Purity of RNA in a Sample.

2.1.7.4 Reverse Transcription

The RNA was then converted into complementary DNA (cDNA) required for
guantitative PCR (qPCR) using random primers. 500 ng of RNA from the previous step
was transcribed into cDNA. A master mix of random primer and deoxyribonucleotide
triphosphate (ANTPS) (taken from SuperScript ™ Il kit, Thermo Fisher Scientific,
18064022) and nuclease free water was combined and 1.5 pl was added to a fresh

PCR tube for each sample.
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Table 2.6: Reagents required in master mix 1.

REAGENT VOLUME REQUIRED PER REACTION (ul)
Random primer 0.5
dNTP 1

500 ng of RNA was then added to the PCR tubes. This was then incubated at 65°C
for 5 minutes. Following this incubation period, the suspension was snap cooled on
ice to prevent the random primers and any secondary RNA structures from being

formed after this denaturing step.

Table 2.7: Reagents Required in Master Mix 2.

REAGENT VOLUME REQUIRED PER REACTION
(ml)
5X 1%t Strand Buffer 4
0.1M DTT 2
RNase out 0.5
Superscript Il 0.125

6.625 pl of the above mastermix (taken from SuperScript ™ II kit) was then added to
each tube, creating a final reaction volume of 20 pl. This was then spun down to ensure

all reagents were combined, before being incubated to the below schedule.
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Table 2.8: Schedule for Incubation in Reverse Transcription Reaction for Synthesis of cDNA.

Time (minutes) Temperature (°C) Function
10 25 Primer annealing
50 42 Extension
15 70 Inactivation of enzyme

The final cDNA product was then diluted 1:30 in nuclease-free water to a final volume
of 600 pl.

2.1.7.5 Quantitative PCR

The cDNA created in the reverse transcription stage was then used in a gPCR reaction
using SYBR green (Thermo Fisher Scientific, 4334973). The SYBR green emits a
fluorescent signal once combined with the double stranded cDNA.

Therefore, the relative increase in this fluorescent signal can be directly correlated with
the amplification of cDNA product. In the real-time qPCR process this signal is
measured after each round of amplification. The threshold value is then determined,
taken as the first cycle that is significantly detected above the background signal. This
is known as the Ct value. The lower the Ct value, the higher the initial concentration
of RNA present in the original sample. This process can thus determine the relative

differences in the expression of particular genes in the sample.
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Table 2.9: Reagents Required for Each qPCR Reaction.

REAGENT VOLUME REQUIRED
FOR 1 X REACTION (pl)

Forward Primer 0.6
Reverse Primer 0.6
Sensi Mix (2x) 7.5
Nuclease Free Water 1.3
cDNA 5

2.1.8 Protein Analysis
2.1.8.1 Organoid Fixing

Cells were collected from a 48-well plate and transferred into a 15 ml falcon tube. The
cells were then washed in 10 ml PBS (Gibco, 14190-094) and pelleted, prior to being
resuspended in 4% paraformaldehyde and left to incubate at 40C for 20 minutes. The
paraformaldehyde was then removed, and the cells washed 3 times with 10 ml PBS
to eliminate any residual paraformaldehyde; completely halting the fixation process.
300 ul of PBS was then added to prevent the cells from drying and the falcon tube
stored at 40C ready for the embedding step.

2.1.8.2 Embedding & Sectioning

After fixation, the organoids are transferred to the centre of a plastic rectangular mold.
2% agarose was then heated in a Duran bottle for approximately 1 minute in the
microwave (until fully melted). The liquid agarose was then added dropwise around
the outside of the mold before gradually being filled until the top was reached. This
was then left on ice to allow the agarose to set and, hence, hold the fixed organoids in
place at the centre of the agarose block. Once the agarose was set, it was then placed



Page |56

in a plastic cassette with lid, ready for embedding in paraffin wax. This step was
performed by the Histopathology department. The cassette was incubated in 10%
formalin for a minimum of 24 hour prior to wax embedding. Following this, the sections
were cut using a microtome into 4 pum sections. These sections were then placed in
the correct orientation on glass slides and left to air dry for several hours. Following
the drying process, they are secured onto the glass slides by heating at 550C for 45

minutes, ensuring the wax melts.
2.1.8.3 Antigen Retrieval

These sections, once orientated on the glass slides and secured, underwent antigen
retrieval to enable accurate antibody binding. These steps must be performed in a

fume cabinet.

Initially the sectioned organoids had to be dewaxed and rehydrated. This was
achieved by incubating them in xylene for approximately 5 minutes. They were then

transferred to fresh xylene a remaining 2 times for the same duration.

Note: Xylene solubilises and removes the paraffin, thereby dewaxing and
revealing hidden epitopes prior to staining.

The slides were then transferred to a bath of IMS for a further 5 minutes before

exchanging with fresh IMS for a further 5 minutes.

Note: Incubation in IMS removes residual xylene, which does not mix well with

water.

All slides were then rinsed under cold water for 5 minutes to remove IMS and prevent

them from drying out, which is essential once rehydration has taken place.

Next, 1L 10mM Sodium Citrate buffer (pH6.0) was prepared according to the following

instructions.
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Table 2.10: Reagents Comprising Sodium Citrate Buffer.

Reagent Quantity/L
0.1M Sodium Citrate 29.41¢
0.1M Citric Acid 21.01g¢g

The pH was adjusted to 6.0.

This buffer was then heated by microwaving at full power until boiling. The slides were
then placed in the contained containing the buffer and heated at 30% power for 20
minutes. They were then placed in slide holders for efficient washing and staining to
be conducted with minimal waste of buffers and antibodies. The staining protocol was

then initiated.

2.1.8.4 Staining

Immunohistochemistry Staining

The sections were washed in PBS containing 1% Donkey serum & 0.01% Triton-X.
100 pl primary antibody was added to desired concentration & incubated overnight.
Following incubation, the sections were washed twice before the HRP-conjugated
secondary antibody was added for 1 hour at RT. The sections were then washed twice
prior to a 5-minute incubation in DAPI at RT. Upon further washing, approximately 20
pl DPX mounting medium was added to cover the section and the glass cover slip
placed carefully over the section, avoiding bubbles. Once the mounting medium was

set, the slides could then be imaged using the Zeiss Axio Z1 Slide Scanner.
Immunofluorescence Staining

Cells were seeded into multiple wells of a 48-well plate for each staining condition.
The media was then removed from each well and the cells were then fixed with 4%

paraformaldehyde for 20 minutes at 40C. The paraformaldehyde was then removed,
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and the wells washed 3 times with 300 ul PBS (Gibco, 14190-094) to remove any
remaining paraformaldehyde and therefore completely halt the fixation process. 300
pul PBS was then added per well to prevent the cells from drying out. When needed,
the cells were then permeabilised for 5 minutes with 0.1% Triton X-100 (Thermo Fisher
Scientific, 9002-93-1) dissolved in PBS and 10% Donkey serum (Biorad, CO6SB). This
process is to disrupt the cellular membranes, thereby allowing for antibodies to freely
enter the cell cytoplasm and nucleus to bind internally expressed proteins. The
blocking and permeabilisation solution was then further diluted to 10% concentration
of the original solution with 90% PBS. The desired primary antibody was then diluted
in wash solution to the required concentration, to allow for maximal staining while
avoiding background noise generation. This concentration varies between primary
antibodies used. 100 pl of diluted primary antibody was then added to each relevant
well and incubated at 4°C overnight. Following this incubation period, the wells were
washed with 300 pl of wash solution for 5 minutes. This was repeated 3 times, to

ensure no excess primary antibody remained.

100 pl of the relevant secondary antibody was then added at a ratio of 1:1000 in
Antibody/Wash solution. This was then incubated for 1 hour at room temperature, in
the absence of light, to prevent deterioration of the fluorescence signal emitted from
the secondary Alexa Fluor antibody. The washing process was repeated 3 times at 5

minutes each.

The primary and secondary antibody staining steps were repeated to stain for two
proteins per well, preferably one internal and one external to prevent interruption of

signal.

The cells were then stained with 1:1000 DAPI (Abcam, ab228549) at room

temperature for 5 minutes to visibly stain the nucleus for spatial reference.

The wells were then washed twice in wash solution. 300 pl PBS was then added to

each well and the plate stored at 40C until imaging.

Images were taken using the Operetta High-Content Imaging System (Perkin Elmer,
HH12000000).
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Table 2.11: List of Primary Antibodies Used for Immunofluorescence Staining.

Primary Host
Manuf | Marker T I #
Antibody anufacturer species sotype arker Target Catalogue
Cytoskeletal protein
VILLN Abcam Rabbit IgG el AB130751
intestinal epithelial
cells

Constituent of inner
Muc2 Abcam Rabbit fo[€] and outer mucus AB134119
layers of the colon

Intestinal epithelial

CDX2-88 Abcam Mouse Monoclonal transcription factor AB157524
CK-18 R&D Mouse Mo?ggf”a' Type 1 cytokeratin MAB7619
20-1 Abcam Rabbit Polyclonal Tight junction protein AB59720

E-Cadherin R&D Goat PO'}’QC(';”&' elE Ee AF748

The primary antibodies in the above table were used to bind proteins of interest in our
organoid model. These were then bound by secondary antibodies conjugated to a
fluorescent dye to enable imaging on a confocal microscope. The microscope use was
the Operetta High-Content Imaging System (Perkin ElImer, HH12000000).
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Table 2.12: List of Secondary Antibodies Used for Immunofluorescence Staining.

Secondary Manufacturer  Host species Isotype Catalogue #
Antibody

488 Donkey Alexa Fluor® Donkey IgG A11055
Anti-Goat

488 donkey Alexa Fluor® Donkey IgG A21202

anti-mouse

488 donkey Alexa Fluor® Donkey IgG A21206
anti-rabbit

647 donkey Alexa Fluor® Donkey IgG A21447
anti-goat

647 donkey Alexa Fluor® Donkey IgG A21447

anti-mouse

647 donkey Alexa Fluor® Donkey IgG A31573
anti-rabbit

The secondary antibodies used the immunofluorescence protocol are outlined in table
2.13. The secondary antibodies are conjugated to an Alexa Fluor® dye, designed to

emit a signal at different wavelengths.

2.1.9 RNA-Seq Protocol

2.1.9.1 Qubit Fluorometric Quantitation

Initially, the level of RNA in each sample must be accurately measured to ensure the
correct amount of sample is used in the ribodepletion step. For this purpose, a Qubit®

is used.



Page |61

Qubit® working solution is prepared in a 1:200 ratio for each sample/standard by
diluting 1pl Qubit® RNA BR/RNA HS/DNA HS reagent in 199 pl of the relevant Qubit®
buffer. 1 ul of the RNA sample was then diluted in 199 ul of the above prepared

solution. The standards were diluted at a ratio of 1:190.

The resultant samples/standards were then vortexed for 2-3 seconds & incubated at
RT for 2 minutes. They were then run in the Qubit® Fluorometer with the appropriate

setting selected.

2.1.9.2 TapeStation

The integrity of the samples was also assessed prior to ribodepletion using the
TapeStation.

Note: All reagents used must be at room temperature (allow 30 minutes to warm

up from 4°C).
All reagents were vortexed and spun down before use.

For each sample, 1 pl of RNA Broad-Range (or 2 pl of sample for RNA High-Sensitivity
TS) was diluted in 5 pl of RNA BR sample buffer (or 1 pl RNA HS buffer) in a tube
strip.

The samples were then vortexed using an IKA vortex for 1 min and spun down in a

tabletop centrifuge.

Samples were heated at 72°C for 3 minutes to denature them, before being incubated
on ice for 2 minutes. The samples were then loaded into the Agilent 4200 TapeStation
instrument. The caps were removed from the tubes before inserting the RNA
ScreenTape device & inputting the set-up into the Agilent TapeStation Analysis

Software.

2.1.9.3 Ribodepletion

For the ribodepletion step, between 5 ng—1 pg total RNA (DNA-free) can be used

made up to a total volume of 12 pl.



2.1.9.4 Hybridize the Probes to the RNA

Table 2.13: Components of Probe Hybridisation Master Mix.

Component Volume
(ul)
NEBNext 1
rRNA
Depletion
Solution
Probe 2
Hybridisation
Buffer
Total Volume 3
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To hybridize the probes to the RNA, the above master mix is added to the 12 ul volume

of RNA. This is then mixed by pipetting up and down at least 10 times & spun down in

a tabletop centrifuge.

The samples were then placed in a thermocycler with a heated lid set to approximately

105°C. The following program was then run:

Table 2.14: Thermocycler Program for Probe Hybridisation.
Temp Time

95°C 2 min
95-22°C 0.1°C/sec

22°C 5 min
hold

The samples were then spun down and transferred immediately to ice.



2.1.9.5 RNase H Digestion

Table 2.15: Components of Master Mix for RNase H Digestion.

Component Volume (ul)
NEBNext 2
RNase H
RNase H 2
Reaction

Buffer
Nuclease-free 1
Water
Total Volume 5
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The above master mix was prepared on ice & mixed thoroughly, before being added

to the RNA sample & again mixed thoroughly.

The sample was then spun down & incubated at 370C for 30 minutes in a thermocycler

(with heated lid off). The samples were finally spun down & transferred immediately to

ice.

2.1.9.6 DNase | Digestion

On ice, the following DNase | Digestion master mix was prepared & mixed 10 times

with a pipette.

Table 2.16: Components of DNase | Master Mix.

Component

DNase 1
Reaction
Buffer
DNase I
(RNase-free)
Nuclease-
free Water

Volume (pl)
5

2.5

22.5

Total Volume

30
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This master mix was added to the RNA sample from the previous step & mixed
thoroughly, prior to being spun down on a tabletop centrifuge & incubated at 37°C for

30 minutes.

Samples were then spun down & transferred immediately to ice.

2.1.9.7 RNA Purification after rRNA Depletion using NEBNext RNA

Sample Purification Beads

NEBNext RNA Sample Purification Beads were vortexed thoroughly to resuspend. 110
Ml (2.2X) beads were added to each RNA sample & mixed thoroughly by pipetting.

Samples were incubated on ice for 15 minutes.

1.5 ml RNase-free tubes containing the samples & purification beads were transferred
to a magnetic stand to separate the beads (attached to the RNA) from the supernatant.
After 5 minutes, the supernatant was removed. 200 pl of 80% ethanol was added to

each tube whilst in the magnetic stand. After 30 seconds the ethanol was removed.
The above step was repeated once more for a total of 2 washes.

Any traces of ethanol were removed & the beads were air-dried for 5 minutes whilst in
the magnetic stand with the lid open.

The tubes were removed from the magnetic stand and the RNA eluted in 8 pl of
nuclease-free water, mixed thoroughly & incubated for 2 minutes at RT. The tubes
were then placed back in the magnetic stand. After 5 minutes, 7 ul was transferred to
a new PCR tube.

Note: Samples can be stored at -80C until needed.

Following ribodepletion, the sample concentration & integrity were again measured on
the Qubit & RNA High-Sensitivity TapeStation. A RIN (RNA Integrity) value of >7 is

required for the next step.
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10 ng—-1 pg of DNA-free total RNA quantified by Qubit® Fluorometer and quality
checked on a Bioanalyzer were then used in the library prep protocol.

The protocol is optimized for approximately 200 bp RNA inserts.

2.1.9.8 NEBNext® Ultra Il Directional RNA Library Prep Kit for

Hlumina®

RNA Fragmentation & Priming

The following master mix was assembled on ice & mixed thoroughly:

Table 2.17: Components of Priming Master Mix.

Component Volume (pl)
Purified mRNA or 5
rRNA
NEBNext 1st 4

Strand Synthesis
Reaction Buffer
Random Primers 1

Total Volume 10

The samples were then placed in a thermocycler & incubated at 94°C for 15 minutes.
First Strand Synthesis Reaction

Table 2.18: Components of Master Mix for First Strand Synthesis Reaction.

Component Volume (ul)
Fragmented & 10
Primed RNA
NEBNext Strand 8
Specificity Reagent
NEBNext 1st Strand 2
Synthesis Enzyme
Mix
Total Volume 20

The above master mix was prepared using the RNA samples from the previous step

& mixed thoroughly.
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The samples were incubated in a preheated thermocycler (with heated lid set to
100°C) as follows:

Table 2.19: Thermocycler Program Required for First Strand Synthesis.

Incubation Time Temp (°C)
10 minutes 25
15 minutes 42
15 minutes 70
Hold 4

Second Strand cDNA Synthesis

The following master mix was assembled on ice:

Table 2.20: Components of Master Mix for Second Strand Synthesis Reaction.

Component Volume (pl)
First Strand Synthesis 20
Product
NEBNext 2" Strand 8

Synthesis Reaction Buffer
with dUTP Mix (10X)

NEBNext 2" Strand 4
Synthesis Enzyme Mix

Nuclease-free Water 48

Total Volume 80

The samples were then incubated in a thermocycler for 1 hour at 16°C without heated
lid.

Purification of Double-stranded cDNA Using NEBNext Sample Purification Beads

NEBNext Sample Purification Beads were vortexed thoroughly to resuspend. 144 pl
(1.8X) beads were added to the 2nd strand synthesis reaction (~80 ul) & mixed
thoroughly. The samples were then incubated for 5 minutes at RT. The samples were

transferred to 1.5 ml tubes, spun down & placed in a magnetic rack.
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200 pl of 80% ethanol was added to each tube whilst in the magnetic stand. After 30
seconds the ethanol was removed. This step was repeated once more for a total of 2
washes. The beads were then air-dried in the magnetic rack for 5 minutes with the lid

open.

The tubes were then removed from the magnetic rack and the beads eluted in 53 pl
0.1X TE Buffer & mixed well. The samples were then incubated for 2 minutes at RT,

before being replaced in the magnetic rack.

Once the solution was clear, 50 ul of the supernatant was then transferred to a clean

nuclease-free PCR tube.

End Prep of cDNA Library

The following master mix was prepared on ice & mixed thoroughly:

Table 2.21: Master Mix for Purification of Second Strand Synthesis Product.

Component Volume (pl)
Second Strand Synthesis 50
Product

NEBNext Ultra II End 7

Prep Reaction Buffer
NEBNext Ultra II End 3

Prep Enzyme Mix

Total Volume 60

The samples were then incubated in a thermocycler with the lid heated to 100°C for

the following program:

Table 2.22: Thermocycler Program Required for Final Product Purification.

Incubation Time Temp (°C)
30 minutes 20
30 minutes 65

Hold 4
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Adaptor Ligation

The NEBNext Adaptor was diluted in Adaptor Dilution Buffer on ice. The dilution

depended on the amount of RNA added at the beginning of the ribodepletion process.

Table 2.23: Instructions for Dilution of NEBNext Adapter.
Purified RNA Dilution Required

11ng-100ng 5-fold dilution

ing-10ng 25-fold dilution

The following master mix was assembled on ice:

Table 2.24: Components for Adaptor Ligation.

Component Volume (ul)
End Prepped DNA 60
Diluted Adaptor 2.5
NEBNext Ligation 1
Enhancer
NEBNext Ultra II Ligation 30
Master Mix
Total Volume 93.5

The entire volume was mixed thoroughly.

The samples were incubated for 15 minutes at 20°C. 3 ul USER Enzyme was added
to the ligation mixture, resulting in a total volume of 96.5 pl. The samples were mixed
thoroughly and incubated for 15 minutes at 37°C with lid heated to 100°C.

Purification of the Ligation Reaction Using NEBNext Sample Purification Beads

87 ul (0.9X) resuspended beads were added to the sample from the previous step and
mixed well. The samples were then incubated for 10 minutes at RT, before being spun

down & placed in the magnetic rack.
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After 5 minutes, 200 pl of 80% ethanol was added to each tube whilst in the magnetic
stand. After 30 seconds the ethanol was removed. This step was repeated once more

for a total of 2 washes.

The beads were then air-dried in the magnetic rack for 5 minutes with the lid open.
Following this drying process, the tubes were removed from the magnetic rack. The
DNA was then eluted from the beads by addition of 17 yl 0.1X TE. The suspensions

were then mixed well & incubated for 2 minutes at RT.

The tubes were returned to the magnetic rack. Once the solution was clear, 16 ul of

the supernatant was transferred to a clean PCR tube.

PCR Enrichment of Adaptor Ligated DNA

A PCR reaction with the Adaptor Ligated DNA was set up according to the instructions

below:

Table 2.25: Components Required for PCR Enrichment of Adaptor Ligated DNA.

Component Volume per one
library (ul)
Adaptor Ligated DNA 15
NEBNext Ultra II Q5 25
Master Mix

Universal PCR Primer 5
Index (X) Primer 5
Total Volume 50

Note: Half reactions can also be performed.

The resultant suspensions were mixed thoroughly & quickly spun down in a tabletop

centrifuge.

PCR amplification was performed using the following PCR cycling conditions:
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Table 2.26: Thermocycler Program Settings for PCR Enrichment of Adaptor Ligated DNA.

Cycle Step Temp (°C) Time Cycles
Initial Denaturation 98 30 seconds 1
Denaturation 98 10 seconds 6-13%*
Annealing/Extension 65 75 seconds 1
Final Extension 65 5 minutes
Hold 4 oo

* = The number of PCR cycles varied based on the RNA input. Refer to table below.

Table 2.27: Number of Preferred PCR Cycles Depending on Quantity of rRNA-Depleted RNA.

rRNA Depleted RNA (ng) Recommended PCR
Cycles
100 6-7
50 7-8
10 9-10
1 12-13

Purification of the PCR Reaction Using NEBNext Sample Purification Beads

45 pl (0.9X) resuspended beads were added to the PCR reaction (~50 pl) & mixed
well. The samples were then incubated for 5 minutes at RT, before being spun down

& placed in the magnetic rack.

After 5 minutes, 200 ul of 80% ethanol was added to each tube whilst in the magnetic
stand. After 30 seconds the ethanol was removed. This step was repeated once more
for a total of 2 washes. The beads were then air-dried in the magnetic rack for 5

minutes with the lid open.

The DNA was then eluted from the beads by addition of 23 upl 0.1X TE. The
suspensions were then mixed well & incubated for 2 minutes at RT. The tubes were

returned to the magnetic rack until the solution was clear.

Once clear, 22 ul of the supernatant was transferred to a clean PCR tube & stored at
-20°C. The concentration & integrity of the samples was then tested using a DNA
D1000 TapeStation chip.

Note: The electropherogram should show a main peak at approximately 300bp

& peaks showing the upper and lower markers.
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An example of RNA library size distribution on a Bioanalyser is shown below.

15 S0 100 150 200 300 400 500 700 1500 (bo)

Figure 2.3: Example RNA Library Sample Distribution Plot.

2.1.10 Statistical Analysis

Statistical analyses were carried out using a two-tailed, unpaired t-test. A Bonferroni
corrected p-value threshold of <0.05 divided by the number of comparisons, was used

to determine significance.

2.2 Industrial Placement (Synthetic Biology)
Methods
2.2.1 First Ligation

The GeneArtTM StringsTM DNA Fragments were reconstituted in ddH20 (as per

instructions.

SPA4 STM28
Length: 159bp Length: 150bp
Quantity: 400ng Quantity: 200ng

Concentration: 20ug/ul Concentration: 20ug/ul
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Following reconstitution of DNA strands, they were incubated at RT for 1 hour.

The strands were then ligated into a pCR®-Blunt vector (Zero Blunt PCR Cloning Kit

— Thermo Fisher Scientific).

Calculating amount of PCR product needed in reaction mix

To ensure a sufficient amount of reconstituted DNA fragments were added to the

reaction mix, the concentration required was calculated by the following formula:

X ng insert = (20) (y by PCR product) (25 ng

linearized pCR-Blunt)

A reaction mix was prepared:

Table 2.28: Components for Blunt PCR Vector Containing Desired DNA Fragments.

Component Volume (ul)
pCR®-Blunt (25ng) 1
Blunt PCR Product* 2
5X ExpressLinkTM T4 DNA Ligase Buffer 2
Sterile water 4
ExpressLinkTM T4 DNA Ligase (5U/ul) 1

* = DNA fragments ordered from GeneArtTM StringsTM DNA Fragments (gene of

interest to express desired protein)
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The above ligation reaction mix was then incubated at RT for a minimum of 1 hour to
ensure high efficiency of ligation into the blunt-end vector.

2.2.2 Preparation of chemically competent cells — CaClz

method — heat shock

Following ligation, the competent Top10 E. coli cells were prepared.

Primarily, 5 ml LB media was inoculated with a single colony & incubated overnight (at
370C). The overnight culture was then used to inoculate 50 ml LB media at OD600 of
0.1. The culture was then grown in a baffled flask with a minimum volume of 250 ml to
allow for proper aeration. This was then incubated at 37°C, until a density of 0.3-0.6 at
OD600 had been reached, whilst shaking at 250 rpm on an orbital shaking heated
platform.

In the meantime, 50 ml 0.1M CaCl2 with 15% glycerol was prepared & sterilised by

membrane filtration. Note: This must be kept ice-cold.

5 ml of the above solution was then separated from the original solution & kept on ice.
The centrifuge was pre-cooled to 4°C. Once desired optical density had been reached,
cells were placed on ice for 10 minutes.

Cells were removed from ice & centrifuged for 10 minutes at 900 g (4°C). The
supernatant was aseptically removed & cells resuspended by pipetting 45 ml ice-cold
0.1M CaCl2/15% glycerol. This cell suspension was incubated on ice for 30-60
minutes, before being centrifuged for 10 minutes at 900 g (4°C).

The supernatant was aseptically removed & cells resuspended into 2-4 ml ice-cold,
filter sterilised 0.1M CaCl2/15% glycerol. (The amount resuspended in would generally

be 10% of growth volume).

Note: To transform ligation mix — 50 pl cells needed to transform 5 pl ligation

mix.
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2.2.3 First Transformation

5 pl of ligated DNA mix was added to 50 pl competent Top10 E. coli cells. The cells in
this suspension were then heat shocked using a water bath for 30 seconds at 42°C.

The cell suspension was then snap cooled & incubated on ice for 2 minutes.

200 pl S.0.C medium was added to the cell/ligated vector mix (to ensure optimal
conditions for cell recovery), before being incubated at 37°C for 1 hour on an orbital
shaker. 100 pl of this competent cell/vector mix was then added to a LB plate
(containing antibiotic Kanamycin to select for competent cells containing the vector) &

spread evenly. They were then incubated at 37°C overnight until colonies formed.

PCR & DNA Gel Electrophoresis

Note: This step is performed to amplify colony DNA & to separate & detect the
colony containing the DNA strand of interest.

Primers for the M13 marker were used for the PCR as the DNA fragment was inserted

into the pCR-Blunt in the centre of the M13 gene.

Note: The DNA gel electrophoresis determines whether selected colonies have

taken up the vector containing the DNA insert.
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Following overnight culture, the PCR master mix was prepared:

Table 2.29: Components of PCR Master Mix.

Component Volume for 1 reaction (i.e.,

1 colony in 1 tube) (pl)

Green Taq PCR master Mix (2X) 10
Forward primer (M13) 1
Reverse primer (M13) 1

RNAse-free water 8
Total 20

Note: Primers used for the PCR step are listed as CH478 (forward) & CH479
(reverse) in the CHAIN Biotech database.

18 pl (of the 20 pl prepared) of the above master mix was added to each PCR tube.

8 colonies were selected & labelled from each strain. Using a p200 tip, these selected
8 colonies were picked from each strain & streaked onto another LB plate as 1cm

horizontal lines labelled with the corresponding colony number & plate.

E.g., 8 colonies were picked per DNA construct (8x SPA4 & 8x STM28 = 16 colonies
picked). Picking more colonies increases the chance of identifying the minimum of 2
positive colonies that are required for future experimentation. These newly streaked

colonies were then incubated at 37°C overnight.
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Following incubation, a small quantity of each newly streaked colony was picked using
a p200 tip. This tip was then transferred to individual PCR tubes for several minutes

before being resuspended using a p200 pipette.

The PCR tubes were placed in the PCR machine (Analytikjena Biometra Tone) & lid
tightened. The PCR program named ‘DreamTaq’ was selected & ran for approx. 1

hour.

Note: Adjust length of annealing step depending on length of vector + inserted

construct.

An agarose gel for electrophoresis was then prepared:

A 1.25% gel was prepared by dissolving 1.25g agarose in 100 ml 1X TAE buffer &
microwaved until dissolved (approx. 2 minutes), before being left at RT until cooled to

approx. 50°C.

10 pl SYBR Safe DNA Gel Stain was added to the bottom of the gel mould. The gel
was poured into the mold & a p200 pipette tip was used to mix until the red stain was

evenly spread throughout the gel. The comb was then inserted.

Once the gel had set (approx. 15 minutes) the comb was removed & the gel (contained
within the mold) was placed in a horizontal gel tank. 1X TAE buffer was then poured

into the tank until the gel was covered.
10 pl of ladder & 15 pul of each sample was loaded into the wells.
The gel was then run at 100V for 30 minutes.

Gel template example

Ladder |A |B |C |D |E |F |G |H |Ladder|A |B |C |D |E |F |G |H

SPA4 STM28
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Once the gel had finished running, the gel was removed & placed on a blue light screen
(fisherbrand).

The gel was then covered with a black box & imaged with a camera through the

aperture.

Note: Positive bands should appear bright yellow.
2.2.4 Inoculation of liquid LB broth

In a 50 ml falcon tube, LB liquid media was prepared by adding 5 pl Kanamycin

antibiotic to 10 ml LB stock media.
Note: Prepare as many tubes as there are colonies to be picked & sequenced.

Using a p200 pipette, 2 positive colonies from each strain with different DNA inserts
were picked by puncturing solid medium and resuspending the plug containing

medium & colony into relevant tubes.

The falcon tubes containing LB broth & colony suspensions were placed into a 37°C

orbital shaker overnight.

DNA strands can be stored at -20°C until needed.

LB plates with remaining colonies can be stored at 4°C until needed.

Culture stocks were prepared from long-term storage at -80C

1.5 ml Nalgene tubes were labelled using white cryo-labels with construct/gene name,
colony letter, initials, date, strain (i.e., Topl0 E. coli) & letters NCH (Nottingham

CHAIN) followed by allocated numerical identifier corresponding to the database.

250 pl 60% glycerol was added to each tube. 750 pl suspended Topl0 E. coli cells
were added to each relevant Nalgene tube. These tubes were then stored at -80°C.
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2.2.5 Preparation of E. coli cells containing vector with
SPA4 & STM28 DNA fragments for Sanger sequencing

Note: Sanger sequencing is a slower technique that is required due to the A-T
rich sequence of the E. coli DNA sequence. The slower speed enables the DNA
polymerase to bind more steadily to the DNA strand, hence allowing more

effective & accurate sequencing.

Sequencing of the colony is required to ensure that the desired DNA insert is present
& orientated in the correct position within the blunt end vector.

Extraction of plasmid for Sanger sequencing

10 ml inoculated cell suspensions were centrifuged at 1200 g for 5 minutes
(Fisherbrand GT1R Benchtop Centrifuge). Using Promega Wizard(R) Plus SV
Minipreps DNA Purification System (Cat# A1465; Lot#0000346122), the plasmid was

extracted from the Top10 E. coli strains.
This protocol is listed below:

Production of cleared lysate

The cell pellet was resuspended in 250 ml Cell Resuspension Solution, then
transferred to a 1.5 ml Eppendorf tube. 250 pl Cell Lysis Solution was added to each
sample & inverted 4 times to mix thoroughly. 10 ul Alkaline Protease Solution was then
added & inverted 4 times, then incubated for 5 minutes at RT. Following this, 350 pl

Neutralization Solution was added, and again, inverted 4 times.
These samples were then centrifuged at top speed (21,000 g) for 10 minutes at RT.

Binding of plasmid DNA

The cleared lysate was transferred into a spin column with collection tube &

centrifuged at top speed for 1 minute at RT. Flow-through was discarded.

Washing
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750 pl Wash Solution (with EtoH) was added to the spin column & centrifuged at top
speed for 1 minute at RT. Flow-through was discarded.

250 ul Wash Solution was added & columns were centrifuged at top speed for 1 minute
at RT. The columns were then centrifuged again at top speed for 2 minutes at RT to

dry the membrane.
Elution

The spin column was transferred to a sterile 1.5 ml Eppendorf tube for each sample.
50 pl NFW was added to each spin column membrane, which was then incubated at
RT for 2 minutes. The tubes were then centrifuged at top speed for 1 minute to elute
the plasmid contained within the membrane.

Note: DNA can be stored at -20°C for several months.

Plasmid concentration measured

Using an Eppendorf Biophotometer D30 with compatible 1mm cuvette, the
concentration of the isolated plasmid DNA was determined. DNA was then diluted to

50 pg/ml to be sent off for sequencing.

Sanger Sequencing Results Analysis

In Chromas, each sequencing file was opened & copied as a FASTA sequence into a
word document. Next, the sequences were aligned with the designed gene sequence
for each DNA fragment. For this, the online service Clustal Omega was used. To
confirm these results and to create a clear graphic, the sequences were copied into

another online tool, Multalin, giving you a colour coded alignment of the sequences.

Inoculation of Top10 E. coli containing desired vector backbone

Upon confirmation of the results, LB broth was inoculated with the desired vector
backbone (pMTL82123) containing an unwanted DNA fragment(s) & cultured at 37°C
overnight. The cell suspension was then centrifuged at 1200 g for 5 minutes to pellet
cell debris. The supernatant was discarded.

Plasmid extraction
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This step was performed using the Promega Wizard(R) Plus SV Minipreps DNA
Purification System with the same protocol used above.

Plasmid concentration measured

Using an Eppendorf Biophotometer D30 with compatible 1mm cuvette, the

concentration of the isolated plasmid DNA was determined.
2.2.6 Restriction Digest

The desired DNA fragment(s) contained in the pCR-Blunt vector(s) & the DNA
fragment contained in the desired vector backbone was cut out of the plasmid using
restriction enzymes to target the Ndel & Nhel restriction sites present in the plasmid(s).

Note: Desired pCR-Blunt vector + DNA fragment samples & restriction enzymes
should be stored at -20°C.

Note: A maximum of 10% enzyme can be used per overall reaction for effective

activity.

500 ng of vector backbone in total was used for the reaction.
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For pCR-Blunt vector containing For pMTL82123 vector containing
desired DNA fragments: desired DNA fragments:
35 ul of each DNA vector 5 ul of each DNA vector
5 pl of CutSmart(R) (NEB; Cat# B7204S) 2.5 pl of CutSmart(R) (NEB; Cat#
enzyme buffer B7204S) enzyme buffer
2.5 pl Nhel restriction enzyme 1 pl Nhel restriction enzyme
2.5 pl Ndel restriction enzyme 1 pl Ndel restriction enzyme
5 pl NFW 15.5 pl NFW
Total = 50 pl Total = 25 pl

Different concentrations were used for the pCR-Blunt & pMTL82123 vector as a
surplus of the desired DNA fragment is beneficial. The tubes containing these master
mixes were then incubated at 37°C for 4 hours to ensure effective binding of the

restriction enzymes.

Gel electrophoresis

Gel electrophoresis was performed to isolate the desired DNA fragment and
pMTL82123 vector backbone.

10% loading dye was added to each sample and mixed. 10 ul MW ladder was loaded
in the 2nd column, while half of each sample was loaded in subsequent wells. The

samples were run in duplicate. The gel was run at 80V for 40 minutes.

The desired gel bands were then cut out using a scalpel. These bands contained the
excised DNA fragments (SPA4/STM28) & the pMTL82123 vector with the previous

gene fragments removed.

Using a MinElute Gel Extraction kit (Qiagen), the DNA was purified from the

surrounding agarose gel. Upon purification, the concentration of DNA in each sample
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was measured using an Eppendorf Biophotometer. This gave readings for the SPA4
A, STM28 B, NCH716A & NCH716B samples.

2.2.7 Second Ligation

Desired vector pMTL82123 size = 4992 bp
SPA4 size =159 bp STM28 size = 150 bp

Example calculation of amount of insert & vector required to combine:

10 ng insert =5 x 10 ng vector x 160 bp insert = 1.6 ng insert required

4992

A master mix was prepared for the ligation reaction to occur:

Table 2.30: Components Required for Ligating Desired DNA Fragment into Final Vector.

Reagent Volume
pMTL82123 vector 1l
T4 buffer 2 ul
DNA insert 3ul
T4 ligase 1ul
Water 13 ul

Total 20 pl
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This master mix was incubated for 1-2 hours at RT. These ligated samples were then

streaked onto a Kanamycin-containing plate.

2.2.8 Second Transformation

1 ul SPA4/STM28 + pMTL82123 plasmid was added to 10 pl competent CA434 E. coli
cells (conjugation species). The cells were heat shocked using water bath for 30

seconds at 42°C, before being snap cooled & incubated on ice for 2 minutes.

150 pl S.0.C medium was added to the cell suspension (to ensure optimal conditions
for cell recovery). They were then incubated at 37°C for 1 hour on an orbital shaker.
100 ul of this competent cell/vector mix was then added to a LB plate (containing
antibiotic Kanamycin & Chloramphenicol to select for competent cells that have taken
up the plasmid) & spread evenly. The plate was then incubated at 37°C overnight until

colonies formed.
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Re-streaking colonies & Colony PCR

The following master mix was prepared (for 18 samples):

Table 2.31: GreenTag PCR Master Mix.

Volume for 1 reaction (i.e.,
Component

1 colony in 1 tube) (pl)

Green Taq PCR master

10
mix (2X)
Forward primer (CH22) 1
Reverse primer (CH54) 1
RNAse-free water 8
Total 20

After adding 18 pl of the above master mix to each PCR tube, selected colonies were
picked using a p200 tip and re-streaked onto a new Kanamycin-containing plate.
These plates were then incubated overnight at 37°C.

The tip was then placed into the PCR tubes containing the above master mix for
several minutes. The master mix was resuspended, using this tip, to detach any
remaining cells present.
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The PCR tubes were then run on a PCR machine using the ‘DreamTaq’ program, with
the annealing step set to ~15 seconds (As the PCR cycle anneals the primers at
around 1000 bp/ 1 minute).

Gel electrophoresis

A 1% agarose gel was prepared as described earlier.

Gel template

Ladder |1 |2 |3 (4 |5 |6 |7 |8 |Ladder|1 |2 |3 |4 |5 |6

I |

SPA4 A + STM28 B +

Once the gel had finished running, the gel was removed and placed on a blue light
screen (fisherbrand) & an image was taken through the aperture.

2.2.9 Plasmid purification

Following confirmation of positive colonies, 4 colonies from each plate were picked by
puncturing the LB agar gel with a p200 pipette tip. This gel plug was then resuspended
in 10 ml LB broth containing 10 ul Chloramphenicol antibiotic to ensure growth of
bacterial cells containing the pMTL82123 plasmid only. These 50 ml falcon tubes were

then incubated at 37°C on a shaking platform overnight.

Culture stocks were then prepared from long-term storage at -80°C.

2.2.10  Preparation of E. coli cells containing vector with
SPA4 & STM28 DNA fragments for Sanger sequencing

Extraction of plasmid for Sanger sequencing
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The remaining cell suspensions were centrifuged at 1200 g for 5 minutes (Fisherbrand
GT1R Benchtop Centrifuge).

Using Promega Wizard(R) Plus SV Minipreps DNA Purification System (Cat# A1465;
Lot#0000346122), the plasmid was then extracted from the Top10 E. coli strains.

The concentration of the extracted DNA was measured using an Eppendorf
Biophotometer D30. The samples were then diluted to 30 ng-100 ng/ul (i.e., 10 pl of
DNA samples & 10 pl dH20).

Note: The remaining DNA samples were stored at -20°C until sequencing

confirmation.

These were then labelled with corresponding barcode following online registration with

GeneWiz. The samples were then boxed & sent to GeneWiz for Sanger sequencing.

Preparation of antibiotic-containing RC plates

400 ml RC agar was melted at 30% power for 20 mins in microwave. When agar
cooled down to ~55°C, 25ml 40% glucose was added to a final concentration of 2%.
500 pl thiamphenicol (1:1000) & 2.5 ml D-cycloserine (1:200) was added. 72 ml H20
was added to bring the final volume to 500 ml. This mixture was then poured into agar

plate & left to cool, prior to drying in a flow cabinet & being stored at 4°C until needed.
2.2.11  Transconjugation

Both the CA434 transconjugant E. coli strain & the Clostridia NCH390 strain were
inoculated in preparation for the transconjugation step. 10 ml RC broth was added to
4 x 50 ml falcon tubes. This was repeated with another 3 x 50 ml falcon tubes required

later in the protocol.

In an anaerobic cabinet, 1 colony of CHAIN’s NCH390 strain was added to 1 ml RC
medium. 100 pl of this cell suspension was added to the first tube containing 10 ml
RC broth (10-?). This was gently mixed before 100 pl being added to the subsequent
tube. This was repeated until a dilution of 10-® was reached.
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3 x 50 ml tubes containing 30 ml RC broth each were taken into the anaerobic cabinet
overnight.

In conjunction with the above, 10 ml LB broth + 5 ul chloramphenicol + 5 pul Kanamycin
was prepared in a 50 ml tube. A culture stock in a Nalgene tube of CA434 strain

containing our engineered plasmid was taken from -80°C.

Without defrosting, a 10 pl inoculation loop was used to collect a small amount of cell
material, which was then resuspended into the LB broth containing antibiotics. These

tubes were then incubated on a shaking platform at 37°C overnight.

Note: 4 colonies were inoculated in total: 2 containing SPA4 (SPA4 2/1 & SPA4
2/2) and 2 containing the STM28 gene fragment (STM28 1/1 & STM28 1/2).

Following overnight incubation, the absorbance (OD600) of each bacterial species

was measured to an OD 0.1.

Table 2.32: Optical Density Absorbance for Each Chosen Strain.

Bacterial Strain Absorbance (ODsoo)
SPA4 2/2 repeat 1 0.391
SPA4 2/2 repeat 2 0.420
STM28 1/2 repeat 1 0.427
STM28 1/2 repeat 2 0.416

250 pl of the highlighted CA434 E. coli strains were taken & added to 10 ml LB broth
+ 5 ul Chloramphenicol + 5 pl Kanamycin. This was then incubated on a shaking
platform at 37°C for 1 hour.

The OD of the strains was checked after this incubation period.
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Table 2.33: Optical Density Absorbance for Final Selected Strains Following Incubation with Antibiotic.

Bacterial Strain Absorbance (ODeoo)
(with 1:2 dilution for
measurement)
SPA4 2/2 repeat 1 0.640 (0.341)
STM28 1/2 repeat 2 0.668 (0.363)

For the NCH390 Clostridia strain, 50 pl of the cell suspension from the serial dilution
displaying the least visible bacterial growth was taken and incubated at the following
dilutions: 1:50 (200 pl) & 1:100 (100 pl).

The OD of these strains can be found below:

Table 2.34: Optical Density Absorbance Following Serial Dilution of Clostridia Strain.

Bacterial Strain Absorbance (ODeoo)
(with 1:2 dilution for
measurement)
NCH390 1:50 0.722 (0.431)
NCH390 1:100 0.240

1 ml E. coli CA434 strain was taken & centrifuged at 500 g for 3 minutes. The
supernatant was then discarded. 1.23 ml NCH390 (from the 1:50 dilution) was used
to resuspend this E. coli pellet in an anaerobic cabinet. 20 pl of this cell suspension
was then spotted onto an RC only plate until all the cell suspension was used up. This

was then incubated in an anaerobic cabinet at 37°C overnight.

Following overnight incubation, a 10 pl inoculation loop was used to collect all cell

material from all spots on the RC plate, before being resuspended in 500 ul RC
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medium. This cell suspension was then added over 4 RC plates + thiamphenicol + D-
cycloserine at volumes of 100, 100, 75 & 50 pul. A cell spreader was then used to
evenly disperse the cell suspension over the plates. The plates were then incubated

in an anaerobic cabinet overnight at 37°C.

The following morning, a small inoculation loop was used to collect a collect from each
plate, which was then spread over 1/8th of an RC + thiamphenicol + D-cycloserine
plate. This was repeated for 7 other colonies prior to incubating the plate in an

anaerobic cabinet for 37°C.

DreamTaqg PCR

Some cell material from each section of the plate was added to 30 mM NaOH in PCR

tubes. These tubes were then boiled at 98°C for 15 minutes.

A master mix was prepared as below:

Table 2.35: DreamTag PCR Master Mix Including Forward & Reverse Backbone Primers.

Component Volume (pl)
DreamTaq 110
polymerase
CH22/8X1XX 11
LF/CH150
CH54/8X1XX 11
RR/CH151
H20 77
Total 209

1 pl boiled DNA from each colony was added to the relevant tubes.
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19 ul master mix + 1 pl boiled DNA (or positive/negative control) was added to each
PCR tube.

The PCR program ran was listed as DreamTaq (run time ~ 1 hr 40 mins).

Table 2.36: DreamTaqg PCR Program Steps.

Cycle step Temp (°C) Time

Denaturation 95 30 sec
Annealing 50 30 sec
Extension 72 1 min

DNA Purification

Following PCR, the amplified DNA was purified using a Qiagen PCR Purification kit
following the manufacturer’s instructions. The purified plasmid was eluted in 35 pl

elution buffer.

The concentration was then measured using the Biophotometer. The readings are

below:

Table 2.37: Concentrations of Colony DNA Following Purification.

Sample Concentration (ug/ml)
STM28 1/2 colony 1 27.6
STM28 1/2 colony 2 29.4
STM28 1/2 colony 3 26.6
SPA4 2/2 colony 2 22.1

SPA4 2/2 colony 3 12.8
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20 pl of each sample was sent off for Sanger sequencing along with 20 pul CH22 gene-
specific primer. 5 pl of the remaining purified plasmid was ran on a 1% agarose DNA

gel to confirm.

Note: All colonies came back positive.
2.2.12 Bacterial Growth Experiment

10 ml CGM media in 50 ml falcon tubes were taken into the anaerobic cabinet the
night prior to inoculation to allow for the oxygen levels in the media to deplete.

Immediately prior to inoculation 10 ul of Thiamphenicol was added to each falcon tube.

The cell material from the CGM plate was collected using a large inoculation loop
before being resuspended in 10 ml CGM media with added antibiotic (1:1000). When
each of the 5 strains (3x STM28 & 2x SPA4) were inoculated in broth, a dilution series

was then performed from the initial suspension (10 to 10°®).

This was achieved by transferring 100 pl from 102 to the next tube 10 & so on until
108 was reached. The cell suspensions were then left to incubate in the anaerobic
cabinet overnight at 37°C. 3x 50 ml falcon tubes per strain (e.g., 15 tubes for 5 strains)
containing 30 ml CGM without antibiotic were taken into the cabinet to equilibrate

overnight.

The following morning 30 pl of Thiamphenicol was added to each 30 ml CGM broth.
The last tube with visible bacterial cell growth from the dilution series was used to
inoculate the 30 ml broth in triplicate. The ratio used was 1:20 to enable quicker
bacterial growth as the strains grow slowly due to the p15a low copy humber replicon

in their plasmid.

The pH & optical density was recorded at O hours. Readings were then taken every
subsequent hour for the following 8 hours & a final reading was taken at 24 hours.
From this dataset, a bacterial growth curve was generated to determine the optimal

time of bacterial growth to obtain a suitable concentration of peptide.

At each time point extra cell material was also pelleted & frozen at -20°C to preserve

any peptide produced.
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In conjunction with the 5 strains; 3 containing STM28 gene & 2 containing SPA4 gene;
the NCH390 Clostridia parental bacterial strain was grown to enable naturally
expressed Clostridia proteins to be discounted when identifying the novel proteins

expressed by the engineered strain.

An E. coli growth experiment was run simultaneously to determine whether the TOP10
E. coli strains engineered at earlier stages in the project could also produce the novel

peptides. As a control a parental TOP10 E. coli was used.

Western blot

Upon completing this bacterial growth experiment, selected samples from time point
8 & 24 hours were ran on a gel via electrophoresis (100V for 1 hour) to confirm whether
a detectable amount of small peptide at the relevant size could be identified. Samples
collected from time point O would act as a negative control for comparison. Upon
transfer of the protein from the gel to the cellulose membrane, the addition of
SIGMAFAST™ p-Nitrophenyl phosphate Tablets (Sigma) were used to visualise the

bands without the need of a Chemiluminescent imager.

In addition to this control, an E. coli lysate expressing both Flag & His tags was used

to confirm whether the western blot had worked.
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Chapter 3
Isolation & Characterisation of

Patient-Derived Colonic Organoids

3.1 Introduction

3.1.1 Intestinal Organoid Development

The identification of LGR5+ stem cells and the characterization of the intestinal stem-
cell niche has led to the development of three-dimensional (3D) organoid cultures and
the ability to amplify intestinal epithelium in vitro 27, These primary tissue cultures can

be maintained long term without any substantial changes to genetic integrity or tissue

physiology.

An organoid is defined as ‘an in vitro 3D cellular cluster derived exclusively from
primary tissue, ESCs or IPSCs, capable of self-renewal and self-organization, and

exhibiting similar organ functionality as the tissue of origin' 144,

Intestinal organoids are clusters of cells that self-organize in 3D structures that
recapitulate major features of their native tissue, including a highly folded epithelium
structure consisting of crypts and villi similar to native intestinal epithelium (Figure 3.1).
Once embedded into Matrigel™, they self-assemble so that the luminal surface of the
epithelium is directed towards the centre of the organoid and the basolateral side is in
contact with the Matrigel™ and surrounding medium 27, Analysis of the different cell
types present within intestinal organoids has shown that all cell types usually found in
vivo are present and are therefore useful for studying the complex interplay between

cell types during homeostasis and disease states.

Intestinal organoids have been shown to exhibit the same absorptive and secretory
functions as those that occur in vivo, including mucus production %28, Intestinal

organoids mimic in vivo epithelial regenerative capacity, with apoptotic cells being
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continually released into the lumen of the organoid as new cells are differentiated from
the LGR5+ cells within the crypts to replenish the epithelium 2.
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Figure 3.1. Schematic of an intestinal organoid 3.

Intestinal organoids offer an opportunity to further our understanding into the
pathogenesis of IBD by investigating the effects of inflammation on the intestinal
epithelium isolated from healthy patients. These results can then be used to identify
differences present in the responses of intestinal organoids derived from patients with
an IBD background. In this project, we aim to utilise a range of inflammatory mediators
suspected to be involved in the initiation and progression of IBD and to determine the
severity of the immune response. This will then be further investigated by testing the
response of these organoids to common treatments. We shall then analyse key
information from the patients’ medical records, including age of patient, severity,
location and duration of disease, as well as treatments received thus far and their
response to these treatments. Patterns can then be identified between this patient
information and the responses of the intestinal organoids derived from these patients.
This may aid in identifying the efficacy of different IBD treatments on these patients

and can contribute to a establishing a personalised medicine approach.
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As described in Chapter 1, organoids are an increasingly popular platform for
modelling human development and disease as well as drug testing. Organoids are
also highly relevant in the field of personalised medicine. Throughout this project we
focus on the use of colonic organoids for the investigation into the pathophysiology of
IBD and monitor the response of existing and novel compounds aimed at the treatment
of IBD. In this Chapter we demonstrate the process of the isolation and establishment
of our patient-derived colonic organoid model. Once sufficient lines were established
and expanded, the initial characterisation of the healthy and IBD-derived lines was
performed and analysed, as will be described later. Our observations display
substantial differences between healthy and IBD organoids derived from patient
colonic tissue. These notable differences give crucial insight into the pathological basis
for the development of IBD. This enhanced understanding of a disease that is very
poorly understood and characterised can aid in the search for effective treatments and
management options that can vastly improve the lives of the sufferers of this
debilitating disease. This approach can be personalised to each individual patient
where numerous therapeutic options can be tested for efficacy prior to being
prescribed to the patient. This tactic can help prevent the patient from experiencing
the many unpleasant and unnecessary side effects of the medications that would later
prove ineffective. Here we have demonstrated how this method could be applied to
personalised medicine by testing 5 commonly administered drugs in the treatment of

IBD on 3 organoid lines.
3.1.2 Aims & Hypothesis

Aim: To isolate colonic epithelial biopsies for the purpose of generating primary

colonic organoids.

Hypothesis: Multiple organoid lines will be generated from IBD patients and healthy

individuals for comparison of any potential differences.
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3.2 Results

3.2.1 Generation of Patient-Derived Colonic Organoids

Colonic organoids were generated from crypts via surgical resection and endoscopy
procedures. For the successful establishment of sufficient organoids to expand into a
patient line, between 4-6 crypt biopsies were required. To amplify the chances of
viability, the isolated crypts were washed and stored in a balanced salt solution (HBSS)
until prepared for culture. The crypts were sectioned into multiple fragments prior to
being transitioned into Matrigel and decanted into a multi-well plate as drops. The
crypts then develop into organoids over a period of several days before being
passaged and continually expanded. Once established, we generated a biobank of 10
healthy lines, in addition to 3 UC and 3 Crohn’s disease lines for future use and data
comparisons. Additionally, we established 2 lines isolated from adenocarcinoma

patients.

Upon embedding isolated crypts in culture, the crypts grow and expand to form
spheroids. Within 48 hours the epithelium thickens. A few days later they fully develop
into organoid structures. These structures become more complex when left for longer
in culture, resulting in multiple crypt-like protrusions orientated outwards towards the
surrounding Matrigel™ complex. This displayed orientation demonstrates the interior
of the organoid corresponding to the apical domain present in the gut lumen in vivo
145 These crypt-like structures have been found to contain LGR5+ cells, responsible
for continued proliferation and differentiation into all other intestinal cell types present

in vivo. including colonocytes, goblet cells, Paneth cells, and enteroendocrine cells.

The process of epithelial renewal is continuous, as can be observed in vivo, the
apoptotic cells are sloughed off into the lumen of the organoids. Here the cells collect
and remain until the structures are manually dissociated in the passaging process 4.
These structures exhibit proliferation and multilineage differentiation that can continue
these functions for years when cultured in the presence of GFs favouring Wnt & Notch

Signals 146,
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We noted that organoids generated from UC & Crohn’s tissue developed and grow
slower, perhaps due to a slower rate of epithelial renewal (data not shown).
Conversely, those generated from adenocarcinoma grew very quickly and displayed
a much lower degree of sensitivity in respect to the conditions in which they were being
cultured. While healthy & IBD organoid lines required CHIR99021 to maintain intestinal
stem cells in a self-renewing and undifferentiated state, adenocarcinoma lines showed
no reliance of CHIR in the culture environment. This is due to the adenocarcinoma
being able to produce its own wnt, thereby enabling it to thrive in the absence of
exogenous input from the rest of the system. It has been reported that CHIR can even
restrict the growth of adenocarcinoma organoids due to an overall excess of wnt being
present 147, This excess of wnt would result in the imbalance of the wnt gradient

present in the intestinal stem cell niche.
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Figure 3.2: Balancing signals in the intestinal niche, 1.
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3.2.1.1Development of Healthy & IBD Organoid Lines from Biopsy

to Establishment.

The below figures demonstrate the stages from biopsy to establishment of healthy &
UC organoid lines. Crypts begin to form spheroids with a thin epithelium and simple
round structure. This process typically occurs during the first 24 hours in culture. Over
the course of several days, the spheroids then begin to expand, and the epithelium
thickens. 48-72 hours later budding occurs, resembling the crypt-like structure
observed in vivo. The lumen of the organoids begun to contain apoptotic cells due to
regeneration of the epithelium. These remain in the lumen until they are released when

the organoids are passaged (figure 3.3).
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Figure 3.3: From Crypt Biopsy to Organoid: Step-by-Step of Organoid

Development Following Washing & Embedding of Crypts into Matrigel™. The

same process can be observed for healthy and UC-derived organoids alike.
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Once the organoids had fully developed, after 7-10 days, they were passaged. During
the passaging process, the organoids were manually dissociated to break each
organoid to release the trapped apoptotic cells and to encourage expansion of the line.
Following dissociation, each organoid is broken into approximately 2-3 fragments
which then form individual organoid structures. This leads to expansion of the line over
time. Due to this process and the slow growth rate of patient-derived colonic
organoids, the expansion of the organoid cultures occurs at a much slower rate than

that of monolayer cell lines.

3.2.1.2 Patient-Derived Colonic Epithelium Isolated Distal from

Inflammation Increased Culture Success

We reported a significant discrepancy in the survivability between crypts isolated from
healthy, IBD & adenocarcinoma colonic tissue. The establishment of healthy intestinal
organoid lines from samples extracted via endoscopy demonstrated a high success
rate. This can be observed in figure 3.4 displaying 83% of those samples received via
endoscopy survived and thrived in 3D in vitro culture. Loss was defined by the
appearance of necrosis in the tissue samples within 48 hours of plating. Organoid
integrity and viability were assessed visually by brightfield microscopy; however other
methods available include a trypan blue dye exclusion assay; ATP or LDH release
detection and CellTox™ Green Assays to allow for a more accurate, less subjective

approach.
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Figure 3.4: Success Rate of Long-Term Culture of Organoids Isolated from
Healthy Tissue. N=14 (Biological replicates)
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Conversely, tissue taken from areas of high inflammation in the UC colon showed very
minimal survivability (figure 3.5), often unviable within an hour of extraction via
endoscopy. Following the culture of healthy organoids from surgical resected tissue,
as outlined in the materials & methods section, organoid models were generated from
tissue isolated from patients with UC & Crohn’s disease. Initially over 80% of IBD
samples isolated from inflamed regions of the colon failed to survive the transition into
3D culture, with complete necrosis observed after 1-3 days. This hastened tissue

necrosis could be as a result of the heightened state of inflammation.

While we observed loss of cell viability morphologically, with necrosis being very clear
under a confocal microscope, further analysis could be performed using an LDH

colorimetric assay or propidium iodide staining via flow cytometry.
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Figure 3.5 Success Rate of Long-Term Culture of Organoids Isolated from IBD

tissue. N=27 (Biological replicates)

Different methods were attempted to improve crypt survival, including transferring
crypts immediately to cold HBSS to slow degradation of the tissue. The tissue was
transported from Queens Medical Centre to Biodiscovery Institute in the cold HBSS,
helping maintain neutral pH and osmotic pressure on the sample as HBSS mimics the
salinity of the human body. The time between sample extraction from the body and
processing for culture was also reduced to improve chances. These changes did
confer some improvement although the majority of samples received were still
unviable. This was discussed between the lab and clinical teams where it was decided

that future samples would be taken from a section more distal to the observable
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inflammation within the patient’s colon. This had a much more favourable effect on the
rate of sample survival of UC patients’ tissue, with this method of acquiring samples

was shown to increase survivability of IBD tissue resections by 10%.

This is a successful but modest increase in tissue survival upon extraction and
embedding into 3D culture (figure 3.6). Therefore, the genetic background of the
numerous IBD patients that have donated tissue to this project confer effects on to the
chances of survival even when the tissue is not visibly inflamed. Despite there being
no visible inflammation, the minimal improvement in survival of samples suggests that
LGR5+ stem cells are likely affected leading to failure of the crypts to grow and thrive
in culture. This gives an important insight to the remaining, seemingly viable, gut tissue
in IBD sufferers. The substantially muted success of tissue survival points to a very
dominant genetic or epigenetic factor presenting a prominent and immediate
difference between healthy and IBD colonic tissue prior to appearance of phenotypic
changes.
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Figure 3.6. Success Rate of Inflammation-Adjacent Tissue in Culture. N=5

(Biological replicates)

Those samples that survived the transfer into 3D culture displayed differing rates of
growth, and thus ability to establish into an ongoing organoid line. These differences
depended on the condition of the patient, location sampled within the colon and current
level of inflammation. Age appeared to exert little difference on crypt survival ex vivo
(table 3.1).
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Table 3.1: Patient Details at Time of Biopsy from first 3 successfully generated lines from healthy & UC samples.

Sample ID Age At Time Of Diagnosis
Blopsy

coL1 F No intestinal issues

coL2 M 71 No intestinal issues

coL3 M 53 No intestinal issues
MGO015 M 24 Inactive UC
MG020 M 61 Inactive UC
MG022 M 36 Active UC

3.2.2 Transferring Patient-Derived Organoids From 3D to
2D Culture

3D culture offers many great benefits for intestinal organoid culture as it recapitulates
in vivo tissue architecture contributing to increased maturity of intestinal cell types and
is therefore a more favourable model for intestinal disease research. As this 3D culture
environment more closely resembles in vivo physiology it is a more useful tool for
understanding disease progression, drug discovery and personalised medicine. While
3D culture has greatly improved the reliability and impact of the in vitro study of the
intestinal epithelium, this culture system still lacks features required to fully mimic the
in vivo gastrointestinal environment. As a result of this, other methods have been
investigated to support this 3D method. One of the most prominent methods utilised
over the past few years has been transferring 3D organoids to a 2D environment with
an air-liquid interface. A primary issue encountered in 3D culture during
experimentation is the lack of convenient access to the lumen of the organoid. When
drugs are tested using this model, on some occasions these therapies are
preferentially tested on the luminal space as this is the location of in vivo exposure
when the treatment is given to the patient via the oral route. Likewise, pathogenic
interactions within the gut are required to be tested on the luminal membrane as this
is the location of these interactions in their native environment. In an attempt to
overcome some of these limitations, the 2D culture method of dissociated organoids

has been established.

In this 2D culture method, Matrigel™ is still required to aid in the formation of an

adherent monolayer, as well as to act as a feeder layer for the cells (figure 3.7). The
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Matrigel is coated to the surface of well inserts (Thermo Fisher Scientific, cat no. #
140620) which possess varying pore sizes to allow transportation of nutrients and
drugs between the growth medium in the well and the cultured cells. The inserts
utilised in our experiments had a pore size of 4um and were added to the wells of a
48-well plate. Media was then added to the base well. This creates the air-liquid

interface more reminiscent of the in vivo intestinal environment.

Traditional 2D Culture Air Liquid Interface Culture

Mucus Layer

wasswe | [T T TTTT]

Basal Surface - l ;.

- Cilia

- o Tight Junctions

Millicell’ Insert

Figure 3.7: Comparison of 2D culture methods in 48-well plates.

Once plated onto this set-up, the basal surface of the cells then orientates to media
below and the apical surface to the air. To effectively recapitulate the in vivo intestinal
epithelium, a complete monolayer must be formed on the insert. We found during our
experimentation that a large number of cells, isolated from a minimum of 6-8 wells,
was required to form a monolayer (figure 3.8). If multiple conditions are required, this
could require an entire 48-well plate of organoids. Due to the time taken to culture and
expand this model, this method was neither efficient nor sustainable. Furthermore, we
recorded a substantial amount of cell death, due to a lack of attachment upon seeding.
This meant an even greater number of organoids were required for this process.
Another significant drawback of 2D culturing of the intestinal epithelium as a
monolayer is the inability to culture using this method for a prolonged period of time.
This is due to the loss of ISCs and increased apoptosis that has been observed.
Hence, each time 2D culture is required it is necessary to transfer organoids from 3D.
It was therefore decided that compounds tested throughout the project would be tested
on the basal surface of the organoids in 3D culture. This technique would still be

representative of the conditions we are attempting to recapitulate since the
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compounds being tested are produced by bacteria present in the colon. In IBD
patients, the integrity of the colonic epithelium has been compromised, and hence, the
basolateral membrane would also be exposed to these compounds in vivo, which has

been suggested as one of the triggers for the pathogenesis of IBD.
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Figure 3.8: Cells from dissociated organoids were plated onto transwells coated with
Matrigel™. (A) 30,000 cells plated initially attached to the 2D surface before spreading out. Prior
to a monolayer being formed, cells began to die and detach. (B) 60,000 cells were plated onto
transwells. Cells promptly attached to the surface, before proliferating and spreading out. Too
few cells were plated to form a monolayer prior to senescence. (C) Over the course of 5 days,
90,000 cells successfully formed a monolayer on the surface of 2D transwells. (D) 120,000 cells
initially attached to the 2D surface prior to spreading out. Before a monolayer could be formed,
cells began to die and detach suggesting too many cells were plated. Imaged on Zeiss Axio light

microscope at 10X magnification.
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As can be observed in the above graphs, intestinal stem cells are, as expected,
negatively impacted following transfer to a 2D culture environment (figure 3.9). This is
evidenced by the substantial drop in the reliable ISC marker, LGR5. The second
marker tested for in this context was OLFM4. These results, while similar with regards
to the drop in expression between 3D and 2C culture, this effect can only be found in
the A/L interface condition, Conversely, an increase occurs in the non-A/L interface.
As OLFM4 has also been proven to be a marker for inflammation 48, it is likely that
this increase is indicative of a rise in inflammation in this platform. However, since no
other markers of inflammation were examined, as this was not the aim of in this
experiment, accurate conclusions cannot be drawn in this regard. Moreover, an
increase in differentiated cell marker expression can clearly be noted across the board.
This is expected due to the lack of stem cell niche structures in the 2D environment.
This fact results in the inability of intestinal organoids, when cultured as a 2D

monolayer, to continually regenerate as they can in the 3D environment.

3.2.3 Testing Response of Patient-Derived Organoids to

Commonly Prescribed IBD Medications

Once our 3D culture system and healthy patient-derived colonic organoid lines were
established and expanded sufficiently, we used the platform to test the efficacy of a
range of medications used regularly in the treatment of IBD.

Upon testing 5 commonly used IBD medications in the presence of TNFaq, it was
evident that necrosis was still observed to a great extent in the azathioprine-treated
condition. While the other drugs tested had some necrosis occur, however to a lesser
extent (figure 3.10).
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CP Citrate 690550 (Tofacitinib), known to inhibit the JAK pathway, was the first to be
tested on the model. It is commonly used to treat autoimmune diseases including
rheumatoid arthritis and ulcerative colitis. As this therapy targets the family of JAKs, it
can dampen immune cell function, thereby reducing the overactive inflammatory
response that occurs in UC. Since this drug targets immune function in ulcerative
colitis, a condition primarily affecting intestinal epithelium, testing the response on our
model would reveal relevant data. However, as can be seen from the below graphs
the effects of CP Citrate on this organoid model demonstrated this compound having
undesirable effects on the colonic epithelium in conjunction with TNFa. In fact, the
effects of TNFa seem to be worsened by the addition of CP Citrate as are shown by
the exaggerated increase in IL8 expression and reduction in MUC2. If these combined
effects are translated to the protein level this could cause substantial adverse effects
on the epithelium. The less mucin produced by the goblet cells the less protective
mechanisms in place to counteract the effects of the increased inflammatory response
(figure 3.11).

Sulfasalazine was also on the panel of drugs tested on our epithelial-based platform.
This treatment, however, is often used to relieve symptoms in Crohn’s patients. Its
mode of action is suspected to lie in its alteration of metabolic breakdown of 5-
aminosalicyclic acid (5-ASA) in the colon. While it has been stated to also be used as
the treatment for ulcerative colitis, it has been reported to have a higher affinity for
connective tissue. This may mean that Sulfasalazine has a greater therapeutic effect
in Crohn’s disease as a disease that affects the connective tissue to a greater extent.
The true effects of Sulfasalazine in vivo may not be transferable to an in vitro model
due to the lack of connective tissue present to act upon. Furthermore, this platform is
unable to metabolise the parent drug into 5-ASA, therefore it is likely that the desired
effects of the drug were not realised in this experiment. This can be seen in the results
below which demonstrate a muted response. A more exaggerated response to these
drugs may be observed in our IBD patient-derived model, whereas in this experiment
the drugs were tested on our healthy lines as these had been established primarily
(figure 3.11).
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Figure 3.11: Transcriptional data depicting the response of healthy patient-derived colonic organoids

to treatment with clinical IBD medications; CP Citrate (100 uM) & Sulfasalazine (100 pM) following

exposure to TNFa (40 ng/ml). A-F Effects of CP Citrate & Sulfasalazine on pro-inflammatory marker

expression after 48-hour treatment. G-J Neither drug successfully resolved the negative impact upon intestinal

gene expression. 4 wells were collated from each treatment condition into individual Eppendorf tubes. The

RNA concentration was then assessed prior to gPCR sample preparation. Statistical analyses were performed

by two-sided students t-test. Data are expressed as mean + SD of each group. *P < .05; **P < .001; ***P

<.0001. N=1 (Technical replicates)
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Budesonide is a glucocorticosteroid drug, typically used for the long-term management
of autoimmune disorders such as asthma and chronic obstructive pulmonary disease
(COPD). It has also recently been utilised as a treatment for mild to moderate Crohn’s
disease and ulcerative colitis. For the treatment of these intestinal inflammatory
disorders, Budesonide is typically administered as an extended-release capsule, or as
a rectal foam for distal colitis *4°. There are various effects of corticosteroids in the
reduction of inflammation. A notable effect they exert at a systemic level is to decrease
vasodilation and reduce permeability of capillaries. This decreases leukocyte
migration to the sites of inflammation. As you can see from the results, budesonide
causes a minor decrease in the pro-inflammatory cytokines, TNFa, IL8 & IL23 (figure
3.12). This could have an important impact in vivo as it would indeed decrease
vasodilation as stated in what is understood of the mode of action. A decrease in
vasodilation would prevent the migration of inflammatory cells involved in the
progression of IBD including Th2 cells. While these effects weren’t statistically
significant, we could expect to see an exaggerated effect in one of our IBD lines due
to the differential response we have noted between healthy and IBD lines, both in the

absence and presence of inflammatory triggers.

Methotrexate is typically used for the treatment of a variety of cancers, in addition to
severe psoriasis and rheumatoid arthritis. Its mode of action focusses on inhibition of
multiple enzymes involved in nucleotide synthesis. This action leads to both prevention
of cell division which therefore inhibits tumour growth and suppression of inflammation,
useful in the treatment of autoimmune disorders. Due to the severity of methotrexate’s
toxicity and subsequent side effects including mouth sores, seizures and skin
blistering, it is often only used once all first line treatments have failed. This experiment
yielded some interesting results with Methotrexate exhibiting the most overall positive
and significant results. A reduction in the critical pro-inflammatory cytokines, TNFa
and IL23 would substantially reduce overall inflammation in the gut. Furthermore, there
was no recorded reduction in the ISC marker, LGR5, conversely to what was observed
following Azathioprine treatment. We also observed an increase in MUC2 expression
following the deleterious effects exhibited by TNFa. TNFa alone inhibited MUC2
expression by 60% which would cause significant damage to the in vivo epithelium as
MUC?2 is a major component of Mucin (figure 3.12). Mucin is a vital factor in the first

line defence against both pathogenic and native bacteria in the gastrointestinal tract.
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In the colon, a thick mucin layer is paramount to protect from the high concentration
of bacteria translocating across the epithelium resulting in a sudden increase in
surrounding inflammation, potentially leading to systemic infection and sepsis. It
appears that Methotrexate is the only drug tested that reverses the detrimental effect
of TNFa. This is an important finding that helps us learn more of the beneficial impact

of Methotrexate on Crohn’s & UC patients.

The final drug tested was Azathioprine, a prodrug of 6-mercaptopurine. It functions
through suppression of Racl target gene activation. Racl target genes include
mitogen-activated protein kinase kinase (MEK) and NF-kB. This results in apoptotic
stimulation of T cells and hence a reduction in downstream inflammation. As can be
seen in the morphological images above, Azathioprine causes noteworthy substantial
damage to the epithelium. This data is supported by the transcriptomic data below.
While treatment appears to cause a reduction in IL23 expression following the initial
increase from TNFa exposure, the finding is not significant. The visible epithelial
damage, evident in figure 3.10, is supported by the substantial reduction in LGR5
expression. It is clear this reduction is not as a result of the TNFa alone, as a further
drop was observed in the Azathioprine-treated + TNFa condition, that was measured

as statistically significant (figure 3.12).

However, one positive effect that Azathioprine exhibits is a reduction in TNFa, that has
found to be significant. As TNFa is a prominent cytokine in various critical pro-
inflammatory pathways, a reduction in this cytokine in vivo could have widespread
effects, reducing overall inflammation and therefore improving the patient’s condition.
It is yet unclear whether this beneficial effect of Azathioprine treatment would
counteract the numerous adverse effects we observe from the data. In addition,
Azathioprine reversed the effects on OLFM4 expression to below control. OLFM4 is
another marker of ISC’s and has been found to be highly expressed in crypt base
columnar cells in both the human small intestine and colon **°. Therefore, decreasing
the expression of this marker may seem detrimental to the health and integrity of the
epithelium. However, OLFM4 has also been closely linked with the early stages of
neoplastic formation in this subset of cells and thus the development of CRC 1, High
levels of OLFM4 have also been found in ex vivo colonic biopsies from patients with

UC 5%, In these biopsies, it was also found that while LGR5 expression would fall in
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response to an inflammatory stimulus, OLFM4 would rise accordingly *°'. This
corroborates our data, indicating that while TNFa would trigger an inflammatory
response observed in a chronic inflammatory condition such as UC, Azathioprine
reverses this effect. This reversal could prevent the development of CRC in UC

patients, who's risk is significantly increased.
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Figure 3.12: Transcriptional data depicting the response of healthy patient-derived colonic

organoids to treatment with clinical IBD medications; Budesonide (10 pM), Methotrexate (100 uM) &

Azathioprine (10 pM) following exposure to TNFa (40 ng/ml). A-F Inconsistent effects were observed

between Budesonide, Methotrexate & Azathioprine on pro-inflammatory marker expression after 48-hour

treatment. G-J IBD medications tested had mixed effects upon intestinal gene expression. Cell material

collected from 4 wells per condition. Statistical analyses were performed by two-sided students t-test. Data

are expressed as mean = SD of each group. N=1 (Technical replicates) *P < .05; **P < .001; ***P < .0001.
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3.2.4 Testing Response of Patient-Derived Colonic

Organoids to Bacterial Metabolites

Butyrate & its derivate 3-hydroxybutyrate have notable substantial anti-inflammatory
effects on the colonic epithelium, with the expression of multiple genetic markers being
significantly altered following treatment. Conditions were tested in the presence and
absence of TNFa. As TNFa is a key pro-inflammatory mediator that is also present in
autoimmune diseases, such as UC, it is essential to determine the effects of SCFAs
in an inflammatory environment. NFkB rose suddenly upon exposure to TNFa alone
(Figure 3.13A). This initial increase dropped substantially to 50% below control with
butyrate treatment. While a drop in expression was observed with 3HB treatment, this
drop was muted and hence not statistically significant. The combination of both
butyrate and 3HB produced similar results to butyrate only which points to butyrate

being the active ingredient in this mix.

As can be seen in figure 3.13B, TNFa triggered a considerable reaction on the
expression of IL8. Both butyrate and 3HB alone did not trigger any change to IL8
expression. In conjunction with TNFa, butyrate reduced IL8 gene expression with a
greater than 50% reduction which would drastically reduce the abundant inflammation
triggered by TNFa. It's also clear that it's derivative 3HB, conversely, has no positive

effect on this marker.

The IL18 expression profile appears to be atypical in comparison to the other
inflammatory marker profiles (Figure 3.13C). As is evident in this figure, TNFa shows

no effect, while butyrate alone triggered a three-fold increase.

As with IL8, IL23 expression also displayed favourable effects to butyrate treatment
(Figure 3.13D). Following a 25-fold increase triggered by TNFa, the most substantial
effect observed on any of the markers thus far, the addition of butyrate in conjunction
with TNF yielded very promising results. Under these conditions, IL23 expression had
dropped from 25-fold to 2-fold above control. This is a substantial effect that further

demonstrates the efficacy of butyrate as an anti-inflammatory treatment option.

Furthermore, butyrate exhibited effects upon the colonic epithelium. The markers

measured in this instance were the stem cell marker, LGR5; goblet cell marker, MUC2
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& cytoskeletal marker Villin. The impact of butyrate upon LGR5 was surprisingly
negative in this experiment with the result being a greater reduction in expression than
elicited by TNFa itself (Figure 3.13E). This reduction lowered LGR5 expression by
80% below control. Incidentally, 3HB had the same effects to a similar extent.
Interestingly, when butyrate is combined with TNFa, the impact on the stem cell niche
is significantly less severe. Intriguingly, the combination of TNFa with 3HB halted the
detrimental effects on the ISCs. The results on OLFM4, another marker of ISCs, are
identical, thereby confirming that the effects seen are a genuine effect on the ISCs
themselves (Figure 3.13F). In addition to reducing inflammation, this suggests that the
SCFAs tested here are effective in protecting the regenerative capacity of the colonic

epithelium, when in a pro-inflammatory environment.

Villin is an important marker in determining the condition of the intestinal epithelium.
Here we found no detrimental effects exhibited by neither butyrate nor 3HB (Figure
3.13G). This is an important finding to affirm the possibility of using SCFAs for the
treatment of UC. MUC2 displayed similar positive results, ensuring protection of the

mucus layer (Figure 3.13H).
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Figure 3.13: Healthy Colonic Organoids were treated with short chain fatty acid (SCFA), butyrate (1
mM), and it’s derivative 3-hydroxybutyrate (3HB) (ImM) over a period of 48 hours in the presence of
absence of TNFa (40 ng/ml). A-D Butyrate appeared to have a greater anti-inflammatory effect as made
evident by the response of pro-inflammatory markers; NFkB, IL8 and IL18 and IL23. E-H Butyrate and 3HB
appear to have a less consistent effect directly upon the epithelium itself. Statistical analyses were
performed by two-sided students t-test. Data are expressed as mean + SD of each group. *P < .05; **P
<.001; **P < .0001. N=2 (Technical replicates)
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3.2.5 Banking of Patient-Derived Colonic Organoid Lines

Our established patient-derived colonic organoid platform was initially stored long-
term in liquid nitrogen. Over the course of the project each line has been banked for
future use. This banking process involved multiple washing steps to remove any
residual MatrigelTM that could interfere with the freezing of the organoids. For the first
year of the project, KSR media was used as a freezing medium for all organoid lines.
To prepare this media, 10% DMSO was added to defined Knock-out Serum
Replacement (KSR) solution. DMSO is used as a cytoprotectant to lower the freezing
point of the medium thereby protecting the cells. This process, in the absence of a
cytoprotectant, can be lethal to the cells due to the formation of crystals, leading to
irreparable cell damage and subsequent death. Once this solution was prepared the
washed and pelleted organoids were resuspended thoroughly in the KSR+DMSO
solution and aliquoted into a cryovial. The vial was then transferred to a Mr. Frosty
freezing container (Thermo Fisher Scientific, # 5100-0001) before being stored at -
800C overnight. The use of the Mr. Frosty further aids in the gradual cooling process
at a rate of -1°C/minute. After overnight storage at -80°C, the vials could then be

transferred into long-term storage in a liquid nitrogen dewer.

After the first year of the project, the lab group changed freezing medium to Foetal
Bovine Serum (FBS) (Thermo Fisher Scientific, #10437-028). This was prepared in
the same way as the previous KSR medium. FBS is a more enriched medium that

improves the chances of cell survival during long-term storage.

There was a high percentage of survival for organoids frozen in the KSR media in this
first year after having been stored for a short period of time. However, we have
observed a lower survival rate of organoids in the latter stages of the project with 25%
of those thawed surviving past the first 48 hours of thawing into continuous culture.
There are various reasons that this could have occurred including fluctuations in the
temperature of the liquid nitrogen dewers over time. The vials had changed dewers
multiple times prior to issues in the thawing process being encountered. Other factors
that have varied in this time include a decrease in the size of the cryovials for storage

from 1.7 ml to 0.7 ml in addition to the freezing medium used. These latter factors are
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unlikely to have caused an issue in the wellbeing of the organoids during long-term

storage however it is worth noting to determine the cause of any future issues.
3.2.6 Comparison of Dissociation Methods

In the initial stages of organoid model establishment, multiple methods of dissociation
were trialled during the passaging and expansion of each of the lines. Initially, the
organoids were incubated for 5 minutes in TrypLE™ Select Enzyme (Gibco™
12563029) to cleave the peptide bonds present between the individual cells
comprising the organoid complex. After this incubation, the organoids were gently
agitated to ensure fragmentation prior to removal of the TrypLE™ and subsequent
washes. The results of this were effective in dissociating the organoid. However,
incubating organoids for the recommended time in TrypLE™ led to a significant degree
on fragmentation, with some being disintegrated into single cells. The very small
fragments produced by this enzymatic dissociation method would often fail to thrive
after passage, increasing the amount of cell death. This finding is likely due to the lack
of LGR5+ ISCs remaining in the smaller fragments, halting the ability of these
fragments to survive for more than a few days prior to cell renewal occurring. As the
differentiated cells perish in the renewal process there are no ISCs present to replace

those that are removed.

Once the increased amount of cell death was noted, an alternative method of
dissociation was attempted. This involved resuspension of the organoid pellet in 1ml
HBSS and manual dissociation with a P200 pipette. The organoids were first aspirated
up into the tip and ejected against the bottom of the 15 ml falcon tube. This shear force
was sufficient to fragment the larger organoids into 2-3 pieces. Each of these larger
pieces is more likely to possess at least one ISC allowing for regeneration of the
organoid. We observed this to be the case, with the frequency of cell death much lower
after alternating to this method of dissociation during passaging. Therefore, manual
dissociation has been the method consistently used for the duration of the project.
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3.3 Discussion

In this chapter, | have described our method for the establishment and banking of
patient-derived colonic epithelial organoids. The process of acquiring the colonic
crypts has been explained and each stage leading to the generation of mature
organoids has been described.

3.3.1 Current Disease Models

Immortalized cells and animal models have delivered important but limited insight into
the mechanisms that initiate and propagate these diseases. Human-specific models
of intestinal development and disease are more relevant and representative when
investigating the mechanisms involved in the pathogenesis of IBD, as these can more
closely recapitulate the structure and function of the human gut in vitro. Advances in
pluripotent stem cells and primary tissue culture techniques have made it possible to
culture intestinal epithelial cells in three dimensions, such cells will self-assemble to
form ‘intestinal organoids'. These organoids allow for new, human-specific models that
can be used to gain insight into IBD and potentially deliver new and more effective

therapies 2.

Colonic organoids, also referred to as ‘miniguts’, have become increasingly popular
for use in the investigation of various intestinal diseases in addition to furthering our
understanding of Gl epithelial development and function. This system is suitable for
developmental research due to the focussed platform it provides with the absence of
extraneous variables such as the surrounding microbiome. This enables a more
directed approach which offers a clearer picture of the events that occur during healthy
development and ongoing functioning of the GI tract. The microbiome has been
suspected to play an extensive role in the healthy development and functioning of the
intestinal tract. Intestinal organoids can also be used to model these interactions and
further understand the necessity of the microbiome for normal homeostasis and how
dysbiosis can lead to substantial damage to the epithelium and connecting tissues as
well as the patient’s overall health. To study this, bacteria can be added directly to the

model and the subsequent effects observed, or alternatively, specific compounds
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isolated from commensal and pathogenic bacteria can be added to determine a more
exact cause for these observations.

A further benefit of utilising ‘miniguts’ in developmental and disease research is the
ability to link findings to the genetic background of the donor. This is of increased
importance in IBD due to the vast array of genes associated with the onset of this
disease, with 163 loci suggested to contribute to susceptibility. Many of these genes
are not fully understood therefore patient-derived organoids offer a chance to further
understand the function these genes play in IBD, as well as the interplay between
them. The differences between patient presentations and severity of disease can be
further understood by assessing and comparing organoids donated by a variety of

patients.

The comparison of morphology, structure, growth patterns and response to drug
testing can provide insight into the differential features and responses that are
essential to enhance our understanding into the characteristics of diseased tissue in
different environments. This could then be compared to tissue isolated from visibly
healthy colonic epithelium in patients without inflammatory disease. Our 3D patient-
derived colonic organoid model is able to highlight some of these characteristics and
differences and hence further investigate the root causes of these differences as well
as methods to target them for the benefit of IBD sufferers. This model effectively
recapitulates in vivo functionality and structural organisation and possession of all
intestinal epithelial cell types. This accurate model therefore preserves the whole
genetic, transcriptomic and proteomic profile of the patient’s tissue even after long-
term culture. This is of great importance to enable the data acquired from this research

to yield reliable, relevant and translatable findings on a broad, as well as specific, case.

3.3.2 Characterisation of Patient-Derived Colonic

Organoids

In this chapter, you will find evidence of the generation of these patient-derived
colonoids from 9 healthy donors in addition to 4 Crohn’s & 3 UC patients. The process
is outlined from retrieval of 5-6 crypts to embedding into 3D Matrigelrm domes and
subsequent expansion. This method is in contrast to the alternative way of 3D colonic

organoid generation. This approach utilises iPSCs generated from patient skin
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fibroblasts which undergo retroviral reprogramming in vitro. This method of 'minigut’
generation is more time-consuming to obtain as the differentiation protocol can take
several weeks until an established organoid culture is obtained. It has also been found
that ‘miniguts’ developed via this method can be maintained in culture for a limited
number of passages in contrast to patient-derived colonic organoids, which have been
found to be passaged and maintained in culture for many years without genotypic
changes observed 2. Furthermore, they have been found to possess a more
immature, foetal phenotype, that, while being applicable in the research of gut
development, is detrimental to the validity of adult chronic disease research such as
IBD %52, Maturity of iPSC-derived organoids can be improved by transplantation into
immunocompromised mice. This evidently further lengthens the process of obtaining
mature organoids and requires use of animal models which should be avoided at all
costs as our research follows the 3R’s principal. Hence, use of patient-derived
organoid models bypasses these additional steps and complexity in the generation of

a relevant and applicable platform for the study of IBD.

3.3.3 Transferring Patient-Derived Organoids From 3D to
2D Culture

Multiple groups have preferred to use the complex and well differentiated model of 3D
intestinal organoids while attempting to mimic the transfusion of nutrients and
compounds via an air-liquid interface. A further advantage to this method is improved
access to the apical membrane for the purpose of host-pathogen interactions. Initially,
the 3D structures must be lysed into single cells to be able to form a complete, intact
monolayer on the transwell surface. Once added to the transwell pre-coated in
MatrigelTM, the single cells reorientate with the apical surface orientated to the air and
the basolateral surface towards the liquid interface (i.e., growth medium). This self-
orientation means a range of compounds and pathogens that would typically be
exposed to the apical intestinal membrane can easily be administered to the desired
location, negating the need for microinjection which proves to be a time-consuming

and intricate process.

Here, we look at the major intestinal markers of regeneration as well as differentiation.

The results from this study display the favourable environment for the LGR5+ stem
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cell niche in the 3D environment when compared to 2D culture. This is as expected as
outlined in the previous section. MUC2 expression was also lower in 3D conditions.
This finding alone is ambiguous due to an increase in this key mucin constituent being
both beneficial in certain situations, such as to enhance the protective effects during
periods of infection. Conversely, this increase in 2D culture could be representative of
a strain put upon the epithelial cells following complete dissociation and removal from
their natural structure. The same conclusions can also be drawn from the villin results,
which demonstrate no change in expression between 3D and 2D A/L interface
conditions, while being doubled in non-A/L. This doubling is suggestive of a substantial
boost in epithelial differentiation. Coupled with the reduction in LGR5+ in like
conditions, this further substantiates this finding. This is beneficial if interests lie only
in the response of the differentiated adult epithelium to future experimental conditions,
whereas it is much less relevant if a more representative picture of the regenerative
epithelium is required. An enrichment for differentiation in this 2D system is further
supported by the 6-fold increase observed in CDX2 expression: a nuclear marker for
differentiated adult intestinal epithelial cells. Findings that are further validated by the

expression patterns of HNF4a and KRT20.

As touched upon previously in this report there are several disadvantages to
transferring organoids from 3D to 2D culture. One of these issues being the inability
to maintain this 2D culture monolayer while avoiding stem cell loss and subsequent
rapid apoptosis. Stem cell loss occurs due to the lack of the intestinal crypt structures
within the 2D environment. This crypt structure ensures the correct Noggin and Wnt
gradient to control the maintenance and gradual differentiation of LGR5+ stem cells.
Therefore, the process of transfer from 3D to 2D is required each time an experiment
is conducted. It was therefore decided against in this case due to the drawbacks of

this system and its time-consuming nature in a project where time is limited.

3.3.4 Testing Response of Patient-Derived Organoids to

Commonly Prescribed IBD Medications

The 3D culture method was used in our next experimental investigation testing current

clinically relevant IBD medications that are widely prescribed to patients. Colonic
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organoids were treated with 5 major medications in the presence and absence of
TNFa.

The results as shown in this chapter, demonstrate varied responses on this model
which is very much expected as each of the drugs tested all have different
mechanisms of action. This isolated platform has given insight into the effects the
drugs play directly on the epithelium and less so in a systemic capacity. For example,
Methotrexate exhibited the most profound effect on our model as it typically acts by
inhibition of enzymes in the process of nucleotide synthesis. This evidently has a

strong effect that we measured on our ex vivo colonic epithelial cell platform.

Conversely, Sulfasalazine has very limited observable effects on this platform which
could be due to the nature of action being on a more systemic level. Interestingly,
Azathioprine has a significant detrimental effect on this epithelial model which is an

important observation that could inform clinical decisions for IBD patients.

A study by Khare et al has reported the response of T-84 cells and primary human
colon epithelial cells HCEC-1CT cells to azathioprine, confirming our cultures to be an
appropriate platform for the testing of this drug. However, differences were found
between the epithelial response in the study by Khare and the results observed in this
experiment. Khare et al reports a decrease in paracellular permeability via the
rearrangement of various junctional proteins including E-cadherin 153, Interestingly,
this group further reported the inhibitor effect of azathioprine on cell proliferation,
putting a limitation on wound healing. The proposed mechanism resulting in this effect
is the inhibition of Rho-GTPases and DNA synthesis in S phase (via suppression of
the RR1 enzyme and stabilisation of cyclin D1) 53, This halting of cell proliferation
would undoubtedly result in the eventual necrosis of our primary colonic organoid

model due to the inability to replenish lost cells following anoikis.

3.3.5 Testing Response of Patient-Derived Colonic

Organoids to Bacterial Metabolites

As evidenced by our data, SCFAs produced by colonic bacteria in the microbiome

confer protective effects against the pro-inflammatory response. This was
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demonstrated by both the reduction of TNFa expression by butyrate and 3HB
individually, while this finding was further enhanced with combined treatment.

As is further revealed by the results of this experiment, multiple central markers of
inflammation dropped considerably, to a significant degree, following treatment with

butyrate. The effects of 3HB were much more variable.

Butyrate, when added alone, had a striking effect upon IL18 expression, commencing
a 3-fold increase. This finding is supported by Kalina et al following experimentation
upon the HT-29 cell line'>*. While mixed results have been reported with respect to
the role IL18 plays in inflammation, the contribution of IL18 in colon cancer is much
less ambiguous. Loss of IL18 synthesis has been previously linked with colon
adenocarcinoma when compared to healthy colon mucosa '°°. Hence, it's possible
that this increase in IL18 expression is indicative of protection being conferred by

butyrate against colitis-associated cancer development.

Another key aspect worth investigating was the impact of butyrate upon the epithelium
itself. This has been indicated by the effects it has upon goblet cells and mucus
production, demonstrated by MUC2 activity, as well as colonocytes and regenerative
cells in the stem cell niche, VIL & LGR5, respectively. The overall effect observed, as
outlined in the previous section shows no negative effect upon the differentiated
epithelium. Conversely, detrimental effects were exerted on the stem cell niche when
exposed to both butyrate & 3HB in isolation. On the contrary, when treated in
conjunction with TNFa, these damaging effects were no longer evident. 3HB appeared
to rectify the initial drop instigated by TNFa. This is a very intriguing and relevant result
due to the nature of the condition. As patients will have profuse inflammation present
in their lower Gl tracts, the destructive effects presented by butyrate alone, are unlikely
to occur when inflammation is prolific. These are promising findings that would require
further exploration to determine the future of butyrate as a restorative compound in the

treatment of UC.

A recent paper has corroborated this finding, demonstrating the butyrate metabolic
pathway to be key in improving symptomatic UC. This group explored the hypothesis
by inducing a colitis-like condition in mouse models using Dextran Sulphate Sodium

(DSS). They found, via bioinformatic analysis, butyrate metabolism to be the
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exclusively down-regulated pathway present in both adult and paediatric models of
DSS-induced UC in mice. To further confirm this finding, Zhou et al reintroduced
butyrate into the models, where they found it suppressed inflammation 6. As of yet,
this group has done no further work to carry up on this finding. Our study has added
to this research by demonstrating that the reported effects of butyrate translate to
human tissue and its effects during periods of inflammation. This is a promising area
of investigation in which more research should be conducted into harnessing the

advantageous impact of butyrate on the inflamed colon.

Furthermore, relevant data has been reported on the efficacy of butyrate inhibiting the
development of colorectal cancer. Due to the relationship between UC and prevalence
of CRC, this result is unsurprising. Interestingly, these effects are suspected to be as
a result of butyrate’s role as a histone deacetylase inhibitor (HDACI). However, the
molecular mechanisms and pathways triggered by the treatment of butyrate in an
inflammatory environment need to be more deeply explored to better facilitate the

development of more highly effective therapeutics for both UC and CRC %7,

A recent clinical trial exploring the effects that butyrate exhibits upon the microbiota of
IBD patients has been conducted to determine the underlying mechanism by which
butyrate acts to alleviate symptoms in the individual. Researchers administered a
microcapsule containing sodium butyrate, which facilitates slow release of its contents.
Sodium butyrate was demonstrated to alter the composition of microbiota in IBD
patients over a period of 12 weeks. In particular, an increase in the growth of SCFA-
producing bacteria (Lachnospiraceae spp.) was revealed in UC patients %8, Fecal
calprotectin levels, used to measure the extent of intestinal inflammation, were
decreased in line with these alterations to the microbiota 8. Further investigations are

next to be conducted into the clinical impact of this treatment.

In conclusion, the use of SCFAs in the treatment of UC is a very promising field to
study further. The use of our model confirms the positive effects two of these

compounds bestow upon the inflamed epithelium.
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3.3.6 Conclusion

In conclusion, we have outlined the generation, characterisation and banking of
patient-derived colonic organoids and methods to overcome common challenges
arising during these stages. In addition to using this as a physiologically relevant
platform for studying the fundamental effects of well-known commonly used IBD
medications, the beneficial effects of SCFAs have been validated, further directing the
future of IBD therapeutics. These studies gave insightful findings that help us further
understand the interactions between the colonic epithelium and surrounding

microbiome in addition to the efficacy of drug compounds.

Due to time constraints during this project, exacerbated by limited laboratory access
and delays in reagent shipping throughout the Covid-19 pandemic, additional
investigations including assessment of epithelial permeability were not able to be
performed. If the project were to be continued this would be an important aspect to
explore, both at the 3D organoid and 2D monolayer level. A FITC-dextran assay could
be applied for this purpose, with the addition of 4 kDa FITC-dextran. The permeability

could then be monitored using luminal absorption under a fluorescent microscope.

Further investigations to ensure all cell types present were, in fact, epithelial would
also offer confirmation that the findings recorded here are solely due to the effects
upon the epithelium, without the input of influence of mesenchymal cell types. Flow
cytometry could be performed for this purpose to identify mesenchymal markers,
including CD44, CD90, CD166 and fibroblast marker, FSP1. Moreover, gqPCR could
determine the possible presence of myofibroblast marker, a-SMA (typically

upregulated in response to inflammation).

Furthermore, while changes to mucin production were determined indirectly by
measurement of its primary constituent, MUC2, at a transcriptomic level, direct
measurement of mucin production was not performed during this experimental time
frame. One method that could have been employed in determining the thickness of
mucin in the organoid lumen is histological analysis of snap frozen organoid tissue
after treatment. Another would be the use of a mucin-specific ELISA which would offer
more accurate quantification of histology alone. These methods were not utilised due

to time constraints; however, this is an important next step for clarification in the
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differential response we have observed here between healthy and UC organoid lines
that would be highly relevant if the project was to continue.
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Chapter 4
Investigating the effects of
inflammatory mediators on Patient-

Derived Colonic Organoids

4.1 Introduction

4.1.1 Inflammatory Pathways

4.1.1.1 TNFa Pathway

TNFa is a cytokine implicated in many inflammatory pathways and has been proven
to be prolific in IBD 1%°. Increased TNFa levels were found in serum, stool and mucosal
biopsies taken from IBD patients 169-162, However, the contributory factor to these
persistently elevated TNFa levels was not known. This link between TNFa and IBD
was further strengthened by demonstration of the efficacy of anti-TNF drugs, such as
infliximab, in the treatment of Crohn’s disease 3. Once such a strong link was
established, further research was performed into the role of TNFa in IBD. More
recently, a TNFAARE/AARE mouse model was generated to shed light onto this
connection. This mouse model was produced to chronically overexpress TNFa
specifically within the intestinal epithelium 164, These mice were found to have
increased mucosal, as well as, systemic, TNFa levels, in addition to severe chronic
ileitis aggravated by increased neutrophil infiltration 14, There was also a greater
presence of CD69™) and CD4*CD62L") lymphocytes 164, However, these effects were
isolated to the intestine, demonstrating that the persistent presence of TNFa in the
intestine is sufficient to induce severe Crohn’s-like ileitis. While this demonstrates the
importance of TNFa in intestinal disease development, ulcerative colitis is a complex
disease that demonstrates other factors to be dysregulated that should also be taken
into consideration. This is supported by the variable response of patients to anti-TNF
medication in clinical practise, with 30% of IBD patients displaying no clinical benefit
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165 These findings suggest that other factors contribute to UC pathogenesis and each
patient has a different inflammatory phenotype that leads to disease development.

4.1.1.2Lipopolysaccharides

Therefore, we went then went on to explore another largely implicated factor in IBD
pathogenesis and tested the response of our model. Lipopolysaccharides are a main
constituent of Gram-negative bacterial membranes, and therefore inevitably have an
impact upon the epithelium of the colon which contains approximately 10*/ml of
colonic content %6, with the proportion of these being Gram-negative bacteria varying
between individuals. This proportion varies widely due to factors such as diet, smoking
and antibiotic use. LPS has been linked with systemic inflammation and sepsis when

entered into circulation 167,

Research has been conducted into the response of various immune cells, including
monocytes, to LPS. van der Bruggen et al found that such cells secreted 3 times
greater levels of TNFa in response to LPS as determined by ELISA 168, While 10 ng/ml
of LPS was added in this experiment, we shall be adding a range of doses starting at
1 ng/ml and reaching 1 pg/ml. This will inform whether the responses we observe are,
in fact, due to the addition of the LPS alone, as well as identifying the concentration
that elicits the greatest inflammatory effect for characterisation and future comparison

with other cell lines.

IL8 secretion has also been reported to be upregulated in response to LPS, induced
by IFNY 189, This effect proved to be more prevalent in immature crypt cells than
mature villous cells 18, Our model encompasses all colonic epithelial cell types that
can be studied for their response to LPS. Therefore, we could measure crypt cell and
colonocyte-specific markers to determine the cell type that exhibited the greatest effect

in a dose response experiment.

While LPS triggers a greater inflammatory response in immune cells, intestinal
epithelial cells are typically considered hyporesponsive to LPS 189, This is to ensure
careful regulation of the immune response to the ubiquitous bacteria present in the
colonic tract throughout an individual's life. This is essential in maintaining

homeostasis under normal conditions. This careful regulation, however, is suspected
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to be lacking in IBD. While TLR4 has been implicated in this increased response to
LPS, the exact role it plays, and other mechanisms involved, are not fully understood.

4.1.1.3Flagellin

A component of motile bacteria, flagellin, also triggers the sensitised immune system
via another TLR receptor, TLR5. TLR5 is also expressed in epithelial cells, as well as
monocytes and immature dendritic cells of the innate immune system 7%, While TLR5
has been found to be expressed on the apical surface of respiratory epithelium,
expression can be found specifically on the basolateral surface of intestinal epithelium
cells 171, This basolateral location is to ensure an immune response is only initiated
following activation by pathogenic bacteria that has successfully crossed the epithelial
membrane. However, this mechanism does not confer the intended regulatory effect
when membrane permeability is increased, allowing a much higher proportion of
bacteria to cross this barrier and, thereby, trigger this widespread immune response.
This exaggerated response of TLR5 can lead to a further change in the composition
of the gut microbiota 1’2, Once the immune response targets commensal bacteria in
the colon, pathogenic bacteria are better able to colonise, becoming more prominent

than the non-pathogenic bacteria of the microbiota.

Interestingly, when activated, TLR5 relies on MyD88, an adaptor protein which has
also been found to be required in the canonical TLR4 response to LPS 173, This has
been further demonstrated in MyD88 -/- mice, who possess wild-type levels of TLRS5.

These mice proved to be unable to eliminate P. aeruginosa upon exposure 74,

During this chapter, we shall explore the downstream effects of TLR5/MyD88
activation in healthy organoids in a dose dependent manner. This can aid in
characterising our platform in terms of its inflammatory profile. This will inform us to
the relevance of the platform, demonstrating whether this ex vivo primary model is

representative of the in vivo effects we see under pathogenic conditions.
4.1.1.4Clostridium difficile Infection

C. difficile Infection (CDI) is found more commonly in IBD patients than in the general
population and can exert severe effects, which can, in turn, lead to hospitalisation. CDI

is known to trigger flare-ups in these patients 7. Contraction of CDI can also lower
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the efficacy of certain drugs, such as metronidazole, in addition to increasing the
duration of hospitalisation, colectomy rates and mortality 1’>. Therefore, it is a very
serious disease, that should be further explored to improve current therapeutic
options. Present treatment consists of immunosuppressive agents and antibiotic use.
However, both immunosuppressive drugs and prior use of antibiotics contribute to an
individual’s risk of acquiring CDI. Therefore, further understanding as to the increased
propensity of IBD patients to contract this disease could aid in preventing initial

infection and improving therapeutics.

In this project, toxins isolated from C. difficile would be added to our platform in a dose
dependent manner and the subsequent inflammatory and epithelial response
monitored. This experiment allows us to further characterise the inflammatory
response of the model in addition to providing further information as the effects that C.
difficile toxins exert on the healthy epithelium. Once this data is obtained, the findings
can be extrapolated to CDI infection in the healthy individual allowing the differential

characteristics of the UC colonic epithelium to be identified in further research.
4.1.2 Prior Research into IBD

Mouse models have, thus far, being used to investigate the roles of theses pathway in
IBD, however, this is an insufficient method to accurately portray this disease in
humans due to the biological discrepancies in cell expression and colonic architecture.
Numerous differences exist between the colon of a human and mouse. Human colon
consists of a series of small pockets, known as haustra. This macroscopic
characteristic is not present in the mouse colon which gives the possibility of altering
function. These differences extend to the cellular level, with goblet cells differential
distributed along the colonic epithelium 76, Furthermore, Paneth cells, essential for
the production of anti-microbial peptides, are wholly absent in the colonic mucosa 17°.
These difference signal differences in the mucosal immune system that can result in
profound discrepancies in the colonic response to infection, and hence, the

pathogenesis of IBD.

Due to these discrepancies between the mouse and human colon, this limits the

relevance of data acquired from host-pathogen interaction studies and the study of
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mucosal immune response. We have, therefore, utilised a platform derived from

human samples as a more representative model of the colonic involvement in IBD.
4.1.3 Aim & Hypothesis

Aim: We aim to determine the response of primary colonic organoids to various pro-

inflammatory stimuli.

Hypothesis: We hypothesise that primary human-derived colonic organoids will
respond to inflammatory and anti-inflammatory stimuli in a predictable way that can be

guantified.
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4.2 Results

4.2.1 Response of Patient-Derived Colonic Organoids to
TNFa
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Figure 4.1: Effect of TNFa (40 ng/ml) on the inflammatory profile & intestinal cell expression of healthy
colonic organoids. (A-C) Inflammatory profile of healthy colonic organoids following 48-hour treatment with
TNFa measured by gPCR. Pro-inflammatory markers, TNFa, IL8 & IL23, were elevated across all 3 healthy
lines. (D-F) Expression of intestinal stem cell marker, LGRS5, decreased upon TNFa treatment. Component of
mucin & goblet cell marker, MUC2, had variable expression between cell lines, although all showed a downward
trend. Structural protein, Villin, decreased evenly across all 3 lines. Statistical analyses were performed by two-
sided students t-test. Data are expressed as mean * SD of each group. *P <.05; **P < .001; ***P < .0001. N=3

(Technical replicates)
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To begin this work, we were interested to assess how our intestinal organoids would
respond to a variety of extracellular inflammatory signals. The overall capacity for an
inflammatory response in our healthy model was initially determined by incubating
three healthy patient-derived colonic organoid lines with 40 ng/ml TNFa over a 48-

hour period.

In this experiment, TNFa stimulation resulted in increased TNFa mRNA expression in
a positive feedback mechanism with a considerable rise in production with 40-80 times
that produced at baseline (Figure 4.1). Similar inflated responses to chronic TNFa
exposure can be seen in IL8 and IL23 expression profiles. We have clearly
demonstrated in this study that IL23 is produced significantly by colonic epithelial cells
in response to TNFa, with expression of between 12-22-fold higher than unstimulated

control.

After examining the effect of TNFa on expression of other inflammatory cytokines we
next decided to assess how this might affect expression for genes responsible for
controlling stem cell behaviour and defining the stem cell niche. TNFa appeared to
have an effect on the stem cell compartment as well as epithelial cell function by
decreasing LGRS, villin and MUC5a mRNA levels. Suggesting that TNFa may reduce
the stemness of LGR5+ cells or potentially cause their depletion from the crypt.

Overall, the response of this model to TNFa is very strong across all lines tested.
However, COL2 appears to have a more consistent response when considering both
inflammatory and epithelial changes to expression. Therefore, COL2 was selected as
the most reliable line to carry forward to future experimentation to give a profound, yet
consistent and representative response inclusive of all the major measures considered

in our inflammatory and epithelial panel.

4.2.2 Response of Healthy Patient-Derived Colonic

Epithelium to Lipopolysaccharides

After determining the effects of pro-inflammatory stimulation by the prolific cytokine
TNFa, the next aim of this study was to explore the effects of TLR ligands. This
avenue of investigation would help garner further information into the widespread

effects that receptor activation by an antigen can trigger. Antigenic exposure typically
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results in an activation cascade encompassing multiple pathways. To determine the
specific effects of bacterial dysbiosis in the colon, we exposed each line to bacterial
LPS, acquired commercially, from 2 different species of gram-negative bacteria,
Salmonella enterica serotype typhimurium (cat. no. # L6143) & Escherichia coli
0127:B8 (cat. no. # L5024). These are both non-spore-forming, rod-shaped bacteria
belonging to the Enterobacteriaceae family 7°.

4.2.2.1 Effects of S. typhimurium-isolated LPS

A recent study has reported that chronic infection with Salmonella enterica serotype
typhimurium leads to severe and enduring intestinal fibrosis in 129Sv/J mice ’7. Upon
further analysis, similarities in site-specific protease staining profiles were identified
between intestinal fibrotic tissue obtained from infected mice and tissue from human
IBD patients 17, This was determined by immunohistochemical staining. Interestingly,
it was confirmed that this onset of fibrosis was a result of overall increased protease
expression in macrophages and epithelial cells, whereas no enhanced activity was
found in fibroblasts. This result clearly demonstrates the potential role for this bacterial
species to initiate chronic disease in the colon. This effect peaked at 21 days post
infection 177, Therefore, it would be interesting to examine the inflammatory process
that occurred on the lead up to visible fibrosis in the colon. They reported that the crypt
architecture was severely damaged and large numbers of inflammatory cells were
observed in the underlying tissues of the mucosa and submucosa '’’. However, the
inflammatory profile was not measured in this study, therefore, further work into this
area would add substantially to knowledge of the earlier pathophysiological stages of
intestinal fibrosis and IBD. Hence, with prior reports on its impact upon the colon, as
well as further knowledge into the mechanisms of the preceding inflammatory

response being needed, this is one of the main LPS species include in this project.
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Figure 4.3 gPCR dose response data
from infection of healthy organoids
with S. typhimurium LPS (0-1 pg/ml). A
dose-dependent response was observed
in the expression of pro-inflammatory
markers: TNFa, IL1B3, IL8 and IL18. This
pattern was also evident in the
expression of stem cell marker, OLFM4
and goblet cell marker, MUC2. Statistical
analyses were performed by two-sided
students t-test. Data are expressed as
mean + SD of each group. *P < .05; **P
< .001; **P < .0001. N=2 (Technical

replicates)
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To assess the response of our primary intestinal organoids to LPS we chose a dose
range of between 0-1 pg. Morphological analysis suggested that the organoids did not
respond to the LPS, with no detectible change in organoid morphology or cytotoxic
effects over the dose range chosen (figure 4.2). To confirm this, we assessed the
response of numerous pro-inflammatory and epithelial genes via qPCR (figure 4.3).
There is a definite dose response demonstrated by significant dose-dependent
increases in TNFa, IL1B3, IL8 and IL18 expression. However, this response was muted,
with minimal alterations to epithelial marker expression. This combined with the
morphological images displaying healthy, intact organoids present in all conditions,
including the maximal dose administered, it was decided to increase the upper
concentration used from 1 pg/ml to 100 pg/ml. This dramatic increase would be sure
to reach the upper limit of epithelial organoid tolerance. The effects of this heightened
concentration are reflected in both morphological and genetic data seen in figures 4.4
and 4.5.

Initially, inflammatory markers were investigated to determine the pro-inflammatory
effects we expected to find upon exposure to LPS. This experiment was performed on
healthy organoids to establish the baseline response to this inflammatory mediator
which can then be used as a reliable comparison to our disease line response. As can
clearly be seen in this data, TNFa and IL18 present an obvious dose-dependent
response indicating that it is the factor being controlled for that is causing this effect.
IL1B also demonstrates this trend, however to a lesser extent, although significant at
100 ng/ml.

To confirm this outcome could also translate to the epithelium directly, further analysis
was performed on a range of intestinal cell markers. The intestinal stem cell markers,
LGR5 and OLFM4, can be seen steadily decreasing in conjunction with rising S.
typhimurium LPS concentration. While a promising result showing LPS does, in fact,
exhibit a deleterious effect upon the epithelium itself in addition to the increase in gut
inflammation it initiates, the decrease at 1 pg/ml still only demonstrates a reduction of
25% below control. This finding can be corroborated by Li et al, who found the same
response in mouse intestine 178. As greater reductions in stem cell expression have
been observed previously with TNFa exposure alone, it was worth verifying whether a

greater effect would be exhibited by exposure to an increased LPS concentration.
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Expression of mucin constituent, MUC2, was increased 2.5-fold above untreated
control at the upper treatment range. This significant increase reveals the response of
goblet cells to the increased presence of LPS, which provides one of the most

important protective mechanisms in the colon.

Villin expression appeared to remain stable throughout this dose response, suggesting
that while the stem cell niche suffers damage under these conditions, the differentiated

colonocytes remain relatively unaffected.

This data, therefore, reveals that LPS has the greatest impact upon the renewability
of the epithelium. Since the colonic epithelium must renew every 3-5 days to retain its
integrity and function, 179, this effect would have considerable consequences for the
gut health of the patient. During acute flares of inflammation in the colon, this effect
can be compensated for by reprogramming differentiated cells into stem cells with the
aid of R-spondin-3 &, This research was conducted following data indicating that stem
cells in the niche are selectively lost during a bout of colitis 8. This report supports
the data obtained in our experiment, whereas a bout of inflammation appears to most
greatly affect that stem cell compartment, demonstrated by a great reduction to LGR5
& OLFM4 markers.

In this absence of R-Spondin-3 however, this regeneration is no longer possible,
despite the injury being severe or mild. While this is an important finding to note, this
paper goes on to demonstrate that this innate protective mechanism that occurs upon
injury is only beneficial in response to acute injury. Under conditions of severe chronic
colitis, however, these differentiated cells also perished resulting in collapse of

epithelial crypts and, hence, reduced to epithelial integrity 1,

Expression of these key inflammatory cytokines continued to trend upwards in this
initial dose response experiment, while stem cell marker expression continued
downwards. It was decided to further assess whether this trend would resume with
higher concentrations. It would then be possible to establish which concentration
would exhibit the most heightened response by this model prior to toxicity occurring.
Therefore, the experiment was repeated using a greater concentration span, ranging

from 1-100 pg/ml.
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Figure 4.5: gPCR dose response data from infection of COL2 with Salmonella typhimurium LPS at
concentrations between 0-100 pg/ml over a 48-hour period. TNFa expression continued to rise in a dose-
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As we can see in these morphological images, the higher concentration range yielded
a much stronger reaction to LPS with widespread toxicity being apparent at 100 pg/mi
(figure 4.4). Once this had been determined, RT-PCR analysis was performed to

establish if these results were concurrent with what could be visually evaluated.

It was made evident by the following data that 100 pg/ml of S. typhimurium-derived
LPS caused a substantially greater level of inflammation that the highest
concentration, of 1 ug/ml, previously used. TNFa expression was increased
dramatically by 8-fold above both untreated and 1 pg/ml, in this experimental repeat
(Figure 4.5).

NFkB had a rather muted response across all concentrations tested. TLR4 does, in
fact, activate NFkB via both MyD88- and TRIF-dependent pathways, 8. It is clear that
this is a key transcription factor playing an important role in the activation of the
inflammatory response we observe in this experiment. However, as the levels of
MRNA expression do not change throughout the dose response, it is likely the
changes initiated in this pathway are a result of changes to translocation from

cytoplasm to nucleus rather than to expression itself.

The pro-inflammatory cytokine, IL8, increased in expression 4-fold above control,
while IL23 raised 2.5-fold. These are crucial cytokines in the TNFa pathway and
therefore this further demonstrates the increased activity we have already seen by the
significant boost in TNFa expression directly. IL18, however, begun rising steadily,
doubling expression in response to stimulation with 10 ng/ml, before dropping at higher
concentrations. IL18 is not mentioned in the literature in terms of its role in the TLR4
pathway upon activation by LPS, therefore the response of this cytokine is less

relevant to be considered in respect to this experiment.

Alterations to intestinal epithelial integrity following exposure is, however, relevant as
this can have a vast impact on the progress and advancement of this disease,

amplifying symptoms in the patient over time.

Figure 4.5 shows a gradual decline in LGR5 expression as LPS concentration
increased, culminating in expression reaching 70% below control following simulation
with 100 pg/ml. A 70% drop in stem cell presence in the intestinal niche is critical and

can result in severe damage to the ability of the epithelium to regenerate in response
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to further damage. The effects of this would be evident very quickly due to high cell

turnover in colonic regeneration.

Conversely to the last dose response experiment performed, Villin expression dropped
at 10 pg/ml, continuing to the maximum dose. As this response was not observed at
the lower concentrations, this likely indicates the increased toxic effect of LPS on
colonocytes as concentrations increase. This data confirms observations made from
morphological changes (Figure 4.5). These findings combined, point to the detrimental
effects that high concentrations of LPS have upon epithelial integrity and regenerative

capacity.

This experiment was repeated in another healthy line generated from another patient
to confirm whether these findings were, in fact, consistent and representative of other

healthy tissue. This experiment confirmed this to be the case (data not shown).
4.2.2.2Effects of E. coli O127:B8 on colonic organoids

Secondly, it was decided that E. coli O127:B8 would be appropriate to test alongside
this, with reports suggesting that LPS isolated from this species induces inflammation
in the ileum. This experimental repeat could help confirm whether the species
expressing the LPS has a distinguishable effect on epithelial response. Differences
have previously been reported on the response of rabbit ileum to different serotypes
182 In this specific study, E. coli 0127:B8 was found to induce inflammatory response
and changes to contractility more effectively than the E. coli serotype, O111:B4. The
former is therefore the serotype being investigated in this project.

Once the serotype most relevant for use in our study had been determined, we went
on to perform an experiment to investigate its downstream effects. Unlike the study
published by Grasa et al, LPS was added for a 48-hour period. This method would
more closely emulate chronic exposure that is found in the colon during times of
dysbiosis, thereby giving a clearer indication of the inflammatory profile present after
prolonged contact. As this approach had not previously been reported using our

model, it was necessary to generate an initial dose response curve.

As can be seen in figure 4.6, an upward trend can be observed across all markers,

with the exception of IL18. This upward trend, in line with rising concentration, is the
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expected response to stimulation by LPS. While IL18 is also a pro-inflammatory
cytokine involved in numerous inflammatory pathways, interestingly, it is also linked
with tumour suppression 183, It can therefore be speculated that a reduction in IL18
expression, in response to LPS, could be increasing the risk of tumour development
in these patients. As IBD has been very closely linked with CRC development, this
finding could point to another factor directing this outcome in IBD patients. This would

be an interesting field to explore further.
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Response of this representative healthy line to E. coli LPS generated an almost
identical intestinal marker expression profile to that observed following stimulation with

LPS isolated from S. typhimurium.

This was made evident in the continuous decline of LGR5 and increase in OLFM4,
consistent with the rise in LPS concentration. Slight differences can be seen in MUC2
expression, with a drop of 40% marked at the highest concentration. As this marks a
reduction in goblet cell prolificacy in the epithelium, it is possible that E. coli LPS
triggers a greater effect upon the epithelium itself. This effect is supported by data
showing increased Villin; a response that wasn’t present in the previous experiment.
An increase in Villin, under these conditions, suggests a compensatory mechanism to
increase differentiation in the epithelium in response to a perceived bacterial threat.
This would assist in enhancing epithelial integrity. However, this is likely to be a short-
term correction prior to worsening toxicity resulting in widespread cell death. The
beginnings of this can potentially be seen at 100 pg/ml with a drop from 3-fold above
control at 10 pug/ml to 2.5-fold (figure 4.6).

Treatment with E. coli O127:B8 LPS appeared to yield a much more consistent
response across all other major inflammatory cytokines tested. Therefore, it was
decided that LPS isolated from E. coli would generate the most reliable data for

interpretation of future experiments.

To further explore the varied effects LPS initiates upon this model, it's influence on the
fibrotic response in healthy epithelium was measured. Collagen-1, in particular, is
strongly associated with inflammation 184, Collagen-1 is produced by mesenchymal
fibroblasts, however the lung epithelial cell line, BEAS-2B, has also been reported as
expressing COL1A1 8, Therefore, it was deemed applicable to add this marker to the
panel profile. To further assess the role the epithelium might play in ECM remodelling,
these investigations could have been followed up by transferring the organoids to a
3D hydrogel to limit the influence ECM proteins, present in Matrigel™, exhibit upon

this fibrotic response.
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Two critical markers of fibrosis, TGF3 & Collagen-1, produced a clear dose response
curve displaying increased expression in conjunction with increase LPS-mediated

inflammation.

This evident increase in expression reveals the early stages of fibrosis are initiated
promptly after the commencement of severe inflammation triggered by the overgrowth
of gram-negative bacteria in the colon. With such an obvious and sudden increase of
pro-fibrotic cytokines during a chronic illness such as UC, it is easy to see how fibrosis
is occurring at a fast pace from the very beginnings of the disease. Hence, it is
important to ensure that the progression of fibrosis is carefully monitored from early
disease development and preferably a treatment regime is introduced prior to any
macroscopic fibrotic presence to prevent uncontrolled collagen deposition and

reduced colonic function as a resullt.
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4.2.3 Response of Healthy Patient-Derived Colonic
Epithelium to Flagellin

After testing LPS, a commonly known bacterial PAMP, this model was used to test
another antigen, flagellin. Flagellin, beneficial for bacterial motility, are largely
expressed by gram-negative bacteria. It has, in recent years, emerged as a potent
immune activator 8, It operates via TLR5, which has been shown earlier in this thesis
to be increased significantly in expression upon the addition of TNFa. As TLRS is
expressed on intestinal epithelial cells in vivo, it can be triggered by the presence of
flagellin in this model %5, Following this TLR5 activation, the downstream inflammatory

and epithelial effects were then assessed.

The flagellin used in this experiment was isolated from Salmonella typhimurium (cat.
no SRP8029). A representative healthy line was utilised to model a dose-dependent
response with a concentration range of 0-200 ng/ml. The highest concentration, 200
ng/ml, resulted in a high degree of necrotic cell death originating from the organoid
lumen (figure 4.7). This impact could be observed from 24 hours onwards. For all other
concentrations in this dose response experiment, there was some degree of cell death,
however, there was a great deal of viable cell material remaining. This was isolated,

prepared and analysed. The data from which can be seen in figure 4.8.

Many of the inflammatory cytokine markers responded in a dose-dependent manner,
including TNFa, which peaked at 11-fold above untreated control at the 48-hour time
point. Interestingly, NFKB expression also increased by 40%, however this response
was only measured at 25 ng/ml. Since other inflammatory effects continue to present
at higher doses of flagellin, despite the lack of NFkB response, it is possible that there
are also NFkB-independent inflammatory mechanisms at play. Gao et al suggest an
NFkB-independent protective mechanism when human corneal epithelial cells
(HCECs) were primed with low-dose flagellin aiding in wound healing 87, Therefore, it
is also likely this NFkB-independent mechanism can occur at higher pro-inflammatory

doses.

IL18 had a similar pattern of expression, with the peak occurring at 25 ng/ml,
suggesting IL1B to be involved in this NFkB-mediated response.
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Following TNFa, the next most notable response was recorded from IL8, with
expression peaking 6 times greater than control at 200 ng/ml flagellin. This steady

dose-dependent increase is consistent and comparable to TNFa (figure 4.8).

Kinnebrew et al found IL23 subunits to be maximally expressed within 60 minutes of
flagellin exposure in mouse intestine 8. We did not test at such an early time point in
this experiment as we are interested in more chronic effects. However, it is evident
that IL23 expression remained high even after 48 hours of flagellin administration
(figure 4.8).

Once this clear inflammatory profile had been established, the impact of flagellin upon
intestinal cell expression was evaluated. Both differentiated and stem cell markers
showed an overall decline in expression. LGR5+ positive cells appear to have reduced
considerably, by 50%, at both 25 and 50 ng/ml which would elicit serious
consequences for cell turnover within the crypt and subsequently the entire epithelium.
The effect appears to be less severe upon administration of 100 and 200 ng/ml over
the 48-hour period. This seems to be in line with the trend evident in both NFkB and
IL1B expression. As expression of these inflammatory markers reduces, the effect
upon the LGR5+ stem cells lessen. This occurrence is worth further exploring to
determine whether there is a divergence of pathways following flagellin exposure in

the colonic epithelium.

Differentiated colonocyte marker, Villin, drops expression below 50% across all
concentrations in this range, signalling critical consequences for the integrity of the
epithelium. A similar response is apparent by MUC2, with an initial increase at 25
ng/ml, expression is substantially reduced by approximately 50% below untreated
control. This initial resurgence is indicative of the compensatory response initiated by
goblet cells in response to bacterial invasion, in an effort to prevent further increase in
microbial load. This occurs at the lowest tested concentration, indicating that sufficient
viable goblet cells remained in order to commence this response. However, with rising
concentrations the goblet cells would sustain increased damage which appears to

have resulted in overall mucin reduction.

OLFM4, a dual marker, represents the expression of both ISCs in some instances,

while highlighting the increase in prevalent inflammation in others. Due to the opposing
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trend of OLFM4 with LGR5; a specific ISC marker; it is likely that OLFM4 is
representative of the substantial inflammatory reaction of colonic organoids to flagellin.
Interestingly, an almost identical pattern of expression is apparent between OLFM4
and IL8 (figure 4.8).

To further establish the response of this patient-derived model to flagellin, major
fibrotic markers, TGFB1 and Collagen-1, were measured. The findings show a
reduction in fibrotic response upon exposure to flagellin (Figure 4.8). Inflammation-
mediated fibrosis in UC is TLR4 pathways 8. However, less literature is available on
the initiation of fibrotic response via TLRS5 in the colon, therefore it may be a less of an
issue when this pathway alone is activated. Likewise, a fibrotic response could indeed

be triggered at a later time point.
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4.2.4 Infection of Healthy Patient-Derived Colonic

Organoids with Clostridium difficile Toxins

To further validate this platform, toxins isolated from Clostridium difficile, were added

at increasing concentrations in a time course experiment.

Unlike LPS, C. difficile is a gram-positive bacterial species that, alone, does not cause
any adverse effects in the colon. However, it does produce two toxins that cause a
range of symptoms including diarrhoea accompanied with a fever, loss of appetite and
abdominal pain %, In severe cases, serious damage to the colon can arise, resulting

in partial or complete removal.

C. difficile infection (CDI) often colonises the colon of patients following antibiotic use,

causing dysbiosis in the gut, allowing this pathogenic species to take a stronghold °2,

CDI has been linked with worsening of UC and has been found in between 2-6% of
UC patients admitted to hospital 1°. In these patients, CDI infection increases the risk
for colectomy as well as increasing the likelihood of fatality. A combination of treatment
with antibiotics and immunosuppressants have also been associated with a fatal
outcome in 12% of cases after just a 3-month period 2. This is, therefore, a serious
connection to UC that deserves further attention in an attempt to limit or mitigate these

risks.

Due to the relevance and severity of CDI in combination with UC in the colon, we
further explored the effects on our patient-derived colonic platform.

As is evident in figure 4.9, widespread toxicity was observed at all concentrations
tested at both the 24- and 48-hour time points. While exposure to toxin A (TcdA) (cat
no. # SML1154) and toxin B (TcdB) (cat no. # SML1153) independently, resulted in
the development of necrosis originating from the centre of the organoids, there was
some viable tissue remaining around the crypt region. It is likely these organoids would
largely not have recovered from this extensive damage anyway, however, if passaged
and dissociated it is possible that some new organoids could be generated from any

remaining healthy crypts. In vivo this would be promising if the prompt removal of
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toxins from the patient’s system could allow for some level of regeneration in the

epithelium.

Conversely, a combination of both toxins resulted in global necrosis with exposure to
TcdA at 50 ng/ml in addition to TcdB at 50 ng/ml.

This concentration range was selected as reports have suggested a wide range of
sensitivity of different tissue types, ranging from 1-5 ng/ml to 500 ng/ml on a range of

cell lines including those taken from pancreatic and colon carcinomas 1.

Another study reported the results of a dose response experiment using TcdA only.
They tested concentrations of 10, 100 and 1000 ng/ml on colonic lamina propria cells.
While 10 ng/ml had minimal effect upon this cell line, 100 ng/ml exhibited a significant
effect upon the inflammatory response; measured by the proportion of CD25+ T-cells;
and subsequently the cell viability 194, Viability begun to drop at 24 hours, however no
significant response was determined until 72 hours. The cellular inflammatory
response did, however, demonstrate an increase at 24 hours a 3.5% increase above
control, with a significant spike to 12% above control at 48 hours 1%, As a result, the
experiment conducted in this project used a spread of concentrations within the ranges
seen in this study. The concentrations being 25 ng/ml, 50 ng/ml and 100 ng/ml all

tested as individual toxins or in combination over a 48-hour period.
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This severe effect upon the epithelium was too great to obtain accurate measurements
as to the inflammatory profile in response to either toxin (Figure 4.9). This
demonstrates evidence that primary cells are much more sensitive than carcinoma cell
lines previously tested. Therefore, the results of this study yield a more accurate

representation as to the response of colonic epithelium in vivo.

This experiment was then repeated at concentrations substantially lower; 1, 5 and 10
ng/ml, with the aim of initiating a measurable and significant inflammatory profile in
response to exposure without inducing overwhelming toxicity within the organoids. The

morphological data from this experiment can be found in figure 4.10.
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It is clear that TcdA and TcdB combined induced necrosis at both 5 and 10 ng/mi
(figure 4.10). This demonstrates the potency of these toxins and the subsequent
deleterious effects they exert on the colonic epithelium. Even at low concentrations
such as these, the epithelial layer can be irreparably damaged. This would lead to loss
of digestive function in addition to increased bacterial translocation out of the colon

and into circulation.

Despite this reaction at the upper limit of those tested, organoids in all other conditions
remained largely viable. This allowed for material to be gathered and analysed.

Samples were prepared and RT-PCR was performed. Data shown above.

NFkB expression increased considerably compared to treatment with previous
inflammatory inducers, signifying NFkB is heavily involved in this toxin-induced
inflammatory response compared to effects seen in previous experiments following
exposure to specific pro-inflammatory cytokines or bacterial PAMPs. This response
occurs following treatment in all conditions across all concentrations tested with a

significant rise at 10 ng/ml of TcdB.

IL18 follows a similar trend of expression to that of NFkB. This is another interesting
difference in comparison to responses noted previously as IL18 had very limited
involvement in previous inflammatory responses (figure 4.11). These findings suggest
that a different set of signalling pathways are triggered by gram-positive bacterial
toxins than gram-negative bacteria in colonic epithelial cells. This is an interesting
result that, with further research, could inform a preferential treatment plan in patients
with combined UC flare-ups and CDI.

It appears TcdB and a combination of toxins were associated with the most substantial
cellular response. IL1B & IL8 expression increased ~2-fold upon exposure to toxin B
& A+B.

A combination of TcdA and TcdB at 1 ng/ml generated a similar level response to
those triggered by the individual toxins alone at 10 ng/ml. As stated earlier, it was not
possible to obtain data on combined toxin exposure at 5 and 10 ng/ml due to

substantial necrosis (figure 4.11).
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TcdB also had the most severe effect on intestinal stem cells, with LGR5 & OLFM4
expression dropping ~50%. Meanwhile, Villin and MUC2 expression increased
considerably, potentially in response to the greater cell death, with increased
differentiation into mature epithelial cell types to reinforce the epithelial integrity (figure
4.11). This is important to note the distinction in the response to each toxin separately
as TcdB generates an all-round more severe response and subsequent damage to

the epithelium.
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4.3 Discussion

The data described in this chapter demonstrates the varied response of patient-
derived colonic organoids to a range of inflammatory mediators commonly found in
the colon in vivo, under normal conditions. These cytokines, bacterial PAMPs and
toxins are present in greater quantities when dysbiosis is present. While these are kept
in check by a healthy functioning immune system, in individuals with heightened
susceptibility to UC this can cause a continual, uncontrolled inflammatory response

leading to potentially serious systemic effects.

The inflammatory mediators tested on this platform either initiate an inflammatory and
fibrotic response via an individual toll-like receptor or a combination of receptors. We
have also reported in this chapter, the impact upon the epithelium directly. This is
important to analyse to determine the overall severity of exposure to these agents,
which will reveal the origin for patient symptoms, aiding in improving treatment based

on the level of a patients dysbiosis and the pathways most greatly affected.

Once the inflammatory profiles of healthy lines can be ascertained, this leads to a
greater understanding of this representative platform. This serves as a good
foundation for the comparison of differential responses between healthy tissue and
tissue predisposed to UC in a pro-inflammatory environment.

4.3.1 Response of Patient-Derived Colonic Organoids to
TNFa

TNFa was the first inflammatory agent to be tested on this platform as it is well-known
that TNFa plays a critical role in the induction of inflammation in many different
diseases and disorders and has been closely linked to UC 1%, This response can be
produced by both immune cells and epithelial cells. It has been reported that epithelial
TNFa overexpression leads to early activation of intestinal myofibroblasts which
confound the inflammatory cascade '°. While TNFa is heavily involved in many
downstream pathways, the relationship and interactions of many are incompletely

understood. Hence, TNFa gives a robust foundational response of our model,
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triggering substantial inflammatory reactions in the epithelium which would offer a
suitable comparison to other pro-inflammatory agents.

In this study, TNFa was found to initiate the most significantly heightened response
observed on this platform with an increase in expression of over 40-times expression
across all 3 lines tested. This demonstrates the sensitivity of healthy patient-derived
colonic organoids to TNFa exposure, which was tested over a 48-hour period at 40
ng/ml. These results all proved to be highly significant with a threshold of p<0.0001.
The remaining cytokines, prevalent in the TNFa pathway; IL8 and IL23, also elicited a
substantial response significantly above the corresponding untreated control. These
cytokines are closely linked with TNFa, activated downstream in this pathway 1%7. IL23
has also been linked with multiple autoimmune diseases and has been suggested to
also initiate an auto- and paracrine response resulting in production of IL-1, TNFa and
IL23 itself 198, Schmidt et al found IL23 to be present in large numbers in Crohn's
disease tissue, reporting main expression by macrophages and dendritic cells 1%,

While variability was observed between the response of each line, even the smallest
increase measured would have profound effects on the activation of the immune
system and recruitment of macrophages and T-cells to the epithelium. Due to the
positive feedback observed, this inflammatory response could certainly lead to
substantial and ongoing tissue damage if measures are not in place to mute this
response when required. In healthy tissue, this response is closely regulated, however
in autoimmune diseases such as UC, these regulatory mechanisms can be

dysfunctional or muted.

Furthermore, intestinal cell markers were analysed to determine the effect TNFa had
directly upon the epithelium. The response of LGR5 was severe in response to TNFaq,
with an 80% reduction in expression, indicating an overwhelming loss of viable LGR5+
stem cells in the stem cell niche. This data combined with the drop in differentiated
epithelial cell expression is indicative of the critical impairment of the colonic epithelium
in an inflammatory environment, initiated within just 48 hours of initial exposure. This
effect was substantiated by Lee et al, stating that a similar concentration of TNFa (30
ng/ml) increased necrosis of differentiated intestinal cells and caused stem cell

dysfunction 29°, While this group conducted their study on enteroids isolated from
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Crohn’s disease patients, the data published in this thesis clearly displays a similar

response in UC.

This significant upregulation of TNFa, upon TNFa exposure, gives insight into a
positive feedback mechanism. This dysregulated response in vivo would lead to an
excessive, uncontrolled inflammatory reaction within the intestinal epithelium. Over a
prolonged period, this chronically exaggerated inflammatory response would result in
the destruction of the epithelium and loss of function. This increased sensitivity in
conjunction with positive feedback mechanisms would certainly play a role in the

continual progression of disease.

Once this foundational response had been analysed, the differential responses
between healthy and UC could be investigated. This will be addressed in the upcoming

thesis chapter.

4.3.2 Response of Healthy Patient-Derived Colonic

Epithelium to Lipopolysaccharides

LPS, a bacterial PAMP, expressed by gram-negative bacteria, is abundant in the colon
under normal conditions. In patients with a healthy functioning immune system and
intact epithelial barrier, LPS, prolific in the gut lumen, do not penetrate across the
intestinal epithelium 2%, However, in instances of increased epithelial permeability,
LPS can translocate to the basolateral membrane of the epithelium and trigger an
intensified immune response 113, In healthy individuals this effect is suspected to be
short-term and resolve once the initial cause has been determined and treated.
Conversely, in patients with UC, this inflammation transcends into an ongoing cyclical
response that is difficult to control even with the intervention of medications.
Disturbances in the TLR4 receptor pathway, activated by LPS, are proposed to be one
of the potential mechanisms responsible for UC development. Therefore, LPS is an
important focus of this project, to better understand the differences in UC and further

elucidate the mechanisms and pathways involved.

In this chapter, we explore the effects of LPS on healthy patient-derived colonic
organoids, first conducting a dose-response experiment to determine the dose which

initiates the most significant response prior to toxicity. LPS isolated from two species
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were investigated, both of which can be found in abundance in the colon. While the
initial dose-response yielded significant results across numerous inflammatory and
intestinal cell markers, there was no evidence of a reaching a maximally effective dose
in the range 0-1 pg/ml. Therefore, this experiment was repeated using a broader range
of LPS concentrations, reaching 100 ug/ml. Here, an increase in necrosis was evident
morphologically following exposure to 100 pg/ml, indicating the maximum dose this
healthy model can endure had been reached. The data showed a notable

inflammatory response and decline in health of ISCs and goblet cells.

NFkB, although largely involved in the TLR4 pathway, exhibited a muted response at
all concentrations across the board. The lack of change to expression can be
explained and corroborated by literature in this area of study. A key explanation that
has been reported is that the translocation of NFkB from the cytoplasm to the nucleus
is responsible for the instigation of inflammation via either one of the TLR4-dependent
pathways. This occurs following activation of NFkB via degradation of its inhibitor, IkB
via ubiquitination. A study by Sakai et al, confirms this finding using reporter
macrophages expressing EGFP-tagged p65 and a TNFa promoter-driven mCherry
combined with live-cell imaging 2°2. This group reported that NFkB translocation
occurred following stimulation with LPS, (isolated from E. coli serotype O55:B5
supplied by Enzo Life Sciences), despite cells lacking TRIF 2°2, However, in cells
lacking MyD88, there was strongly reduced translocation of NFkB to the nucleus
following LPS stimulation. This study confirms the findings reported in this project that,
while NFkB expression remains stable this pathway requires the translocation of NFkB
to initiate downstream responses. This data is backed by a study by Pang et al
published in 2018 2°2, This would be confirmed by immunostaining that shall be

outlined in upcoming chapters.

Additionally, direct changes to the epithelium proved evident with decreases to stem
cell expression and elevated production of mucin. This increased production has also
been reported by Li et al, who described a similar effect in mice following
administration of a low dose of LPS, increasing the thickness of the whole mucus layer.
While a small number of gram-negative bacteria still manage to successfully cross this
barrier to interact with the epithelium itself, a significant number are kept at bay.

Furthermore, after prolonged exposure of this mouse model to a high dose of LPS, a
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substantial number of lysosomes in goblet cells exhibited reduced function, and hence,
the mucus layer thickness was significantly decreased. However, this response was
recorded after a very protracted period of exposure; 32 days 78 It is, therefore,
interesting to note that despite the initial increase in protective mechanisms
successfully initiated by the intestinal epithelium, these begin to fail after a more
extended period of time. As prolonged inflammatory presence is a key characteristic
of UC, it is relevant to note this decline in mucus barrier protection over time can result

in a sudden increase of bacterial translocation and systemic inflammation.

In response to these findings, the concentration that would be used in future
experimentation is 100 pg/ml as this elicited a significant and notable response without

compromising organoid viability beyond what is required for analysis.

As touched upon earlier, this dose response experiment was repeated with LPS
isolated from a second species, E. coli 0127:B8. Grasa et al aimed at assessing these
effects on TLR4 18, They then measured the subsequent changes to mRNA
expression and localisation of TLR4 in the muscular and mucosal tissues of the ileum
following addition of E. coli LPS over a 2-hour period. Their findings showed a
decrease in MRNA expression of TLR4, increased inflammatory presence and altered
the normal contractile functioning of the ileum 82 Though the group made this claim,
they have not made clear the results displaying increased inflammation. As this study
utilised a rabbit model and focussed their research on the ileum, it was relevant to

conduct investigation into these effects on the human colon.

Treatment with LPS isolated from E. coli 0127:B8 appeared to generate a much more
consistent response across all major inflammatory cytokines tested. This was,
therefore, the species of LPS that would be carried forward in this study due to the

greater level of reliability of the data for interpretation and comparison.

These investigations brought important aspects to light of the colonic response to LPS

which can inform future experiments and comparisons made within this project.
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4.3.3 Response of Healthy Patient-Derived Colonic
Epithelium to Flagellin

After testing LPS, a commonly known bacterial PAMP, this model was used to test
another PAMP, flagellin. This, too, is often expressed by commensal and invasive

gram-negative bacteria and is prolific in the human colon.

Flagellin, which activates TLR5, instigated a significant and considerable reaction, with

the greatest response observed in TNFa and IL8 expression.

NFkB displayed a change in expression at the lowest concentration of 25 ng/ml. Since
other inflammatory effects continue to present at higher doses of flagellin, despite the
lack of NFkB response, it is possible that there are also NFkB-independent
inflammatory mechanisms at play. Gao et al suggest an NFkB-independent protective
mechanism when human corneal epithelial cells (HCECs) were primed with low-dose
flagellin aiding in wound healing 8’. Therefore, it is also likely this NFkB-independent

mechanism can occur at higher pro-inflammatory doses.

IL1B displayed a similar trend in response to flagellin at this concentration, suggesting
a link between the pathways driving this reaction. Datta De et al report a link between
IL1B and NFkB affecting acid secretion in the gut 2°3, They claim IL1 is the initiator of
NFkB-mediated downregulation of gastrin. Therefore, this initial increase in IL13
expression could have driven the rise in NFKB we observe here. It seems this
mechanism occurs at a 1:1 ratio, with expression of both increasing by 50% above

control.

Flagellin has been found to stimulate production of IL8 in human colonic mucosa
samples in addition to worsening colonic inflammation in DSS-treated mice *°. This
effect occurred only when inflammation was already present, and the epithelial
integrity was compromised. It was established that this finding was due to basolateral
exposure to flagellin instigating this response, a phenomenon that does not occur upon
apical stimulation alone 1>, Rhee et al exposed colonic mucosa samples to 100 ng/ml
flagellin for 2 and 4 hours. They reported an increase in IL8 expression of 3-fold and
4-fold, respectively. While this was a significant increase, we noted a much larger

response with an increase of 6-fold that above control (P<0.001) at 200 ng/ml.
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As stated in this chapter, in addition to the extensive inflammatory effects outlined,
flagellin also had a profound detrimental impact upon the epithelium with significant
effects observed across all cell markers. Limited research has been conducted into
the more direct impact flagellin has upon the colonic epithelium itself, therefore this
data is of significance to increase the awareness of these isolated effects, distinct from

the wider cellular inflammatory response in vivo.

4.3.4 Infection of Healthy Patient-Derived Colonic

Organoids with Clostridium difficile Toxins

To further validate the inflammatory profile of this platform, the response to Clostridium
difficile toxins were determined. This experiment was conducted as a dose response
experiment to best determine the concentration at which the toxins had the greatest
effect while maintaining viability.

C. difficile is a gram-positive anaerobe linked with a range of disorders ranging in
severity 294, C. difficile typically colonises a patient’s Gl tract following disruption of the
microbiota 2%4. This could be due to antibiotic use or in patients with pre-existing
dysbiosis and disease including UC.

While C. difficile itself doesn’t directly cause inflammation in the colon, the two toxins
it produces, TcdA and TcdB, trigger a severe inflammatory response. These toxins are
glucosyltransferases, which are known to play a role in the inactivation of Rho, Rac,
and Cdc4z2 in its target cells 1%, This mechanism of action has been found to disrupt
the cytoskeleton, thereby expediting epithelial barrier loss of function 2°4. TcdA is
reported to primarily effect the intestinal epithelium, while TcdB has broader cell

targets 192,

During this experiment, patient-derived colonic organoids were found to be highly
sensitive to both C. difficile toxins A and B. In the first dose response conducted
necrosis could be observed across all conditions and time points. This was evident
morphologically with no viable tissue remaining for analysis. This experiment was
therefore repeated with a much more conservative dose range; 10% of those tested
previously. Upon repeating, the outcome was much more favourable with the majority

of conditions remaining viable, with the exception of combined toxin exposure at 5 and
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10 ng/ml. This highlights the potency of these toxins and the considerable damage
that can be done to the colon, even at low concentrations. A previous study by Lyerly
et al reported TcdB caused death in hamsters only if intestinal damage was already
present or if TcdA was co-administered 2°°. This suggests that both toxins may act in
a coordinated fashion to elicit a much stronger and more lethal response. It has been
proposed that TcdA acts initially to disrupt epithelial integrity enabling TcdB to enter
epithelial cells and instigate a toxic inflammatory response 2%, This would explain why
toxin A and B combined exhibited toxic effects at relatively low doses. Furthermore,
TcdB alone provoked the strongest immune response which could be due to it acting

more significantly when access has been gained within the cell, as suggested.

The rest of the conditions yielded interesting data, with increased expression found
across all markers, especially after exposure to TcdB. The primary effects observed
were as changes to NFkB and IL18 production. This is an interesting finding, indicating
that toxins, while exerting a highly inflammatory response on the epithelium, target
distinct pathways than previous PAMPs tested.

As evident in figure 4.10, TcdB also exerts the most severe effects upon the
epithelium, with a critical drop in ISC markers and an indisputable increase in
differentiated cell markers. MUC2 increased to a greater extent than in any other
experiment performed previously, with a rise of 12-fold above control upon exposure
to 10 ng/ml TcdB. This would result in considerable thickening of the mucus layer
offering protection to the underlying epithelium. This enhanced level of protection
would slow down the progression of this infection by preventing the binding of C.

difficile to epithelial cells and subsequent invasion.

Research is still being undertaken into how these toxins enter host cells. One group
investigating these mechanisms is looking further into Frizzed proteins (FZDs) and
chondroitin sulphate proteoglycan 4 (CSPG4) as two major host receptors involved.
Hence, once the bacteria have penetrated the mucus barrier, C. difficile can easily
enter epithelial cells via this mechanism exposing the epithelium to a much greater
bacterial load. More research is needed into these mechanisms so improved targeted
therapeutics could be discovered rather than use of broad-spectrum antibiotics which,

in some cases, exacerbate the issue further and lead to continued dysbiosis in the gut.
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4.3.5 Conclusion

In conclusion, this chapter covers the differential responses of healthy patient-derived
colonic organoids to a range of inflammatory mediators, commonly implicated or linked
with UC. This has given us a clear foundational understanding of the similarities this
model has to in vivo colonic epithelium. It is evident that these responses are largely
representative of those reported in vivo, confirming the benefit of using this platform in
the investigation of UC pathogenesis. A further benefit of a reductionist approach is
that this allows the impact upon the epithelium to be better understood as well as the
critical role the epithelium alone plays in the initiation of the early inflammatory and
fibrotic response to be more accurately studied. The results of these experiments have
informed future directions this project would take and areas that are most relevant to

focus further research upon.



Page |172

Chapter 5

UC Derived Colonoids Display
Exaggerated Inflammatory

Responses to Inflammatory Stimuli

5.1 Introduction
5.1.1 Effect of TNFa on UC colonic epithelium

TNFa is a critical pro-inflammatory mediator that has been implicated in the
pathogenesis of IBD 2%, TNF is also a key cytokine produced in response to stimuli
with numerous different inflammatory mediators. These include stimulation with
bacteria, viruses and tumours 22, In turn, TNFa then circulates, activating several
other downstream pathways, including NFKkB and MAPK 207208 |njtiation of these
pathways can then cause further production of TNFa in a positive feedback response
208 Hence, TNFa acts upstream and downstream of these pathways, increasing the
importance of research into the response of this primary cell line to TNFa and how this

differs in disease.

It was therefore of great interest that our patient-derived UC colonic organoids are
treated with TNFa in the same manner as the healthy counterpart as reported in the
previous chapter. In line with the literature, we would expect to find greater feedback
from our UC line due to the link between TNFa and IBD 2°°. Our primary model derived
directly from human colonic epithelial samples can provide a relevant and accurate
insight into the effect of pro-inflammatory mediators directly upon the epithelium.
Performing this experiment in isolation from additional factors, such as the
mesenchyme and immune cells, gives a clearer understanding as to the role of each

element in the pathogenesis of disease and the degree to which each contributes.
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5.1.2 Differential Response to Lipopolysaccharides

Lipopolysaccharides act on a member of the TLR family; TLR4. Stimulation of TLR4
instigates receptor dimerisation and subsequent triggering of a signalling cascade
promoting activation of NFkB, MAPKs and promotion of pro-inflammatory responses.
This typically occurs in response to invading pathogens in the immune cells and
mucosal tissue of healthy individuals. MD2 is a crucial adaptor protein required for the
TLR4 response to LPS. MD2 is also known to associate with TLR2, however the bond
is weaker. The TLR4 pathway diverges into 2 distinct signalling cascades; these
involving separate adaptor proteins: TRIF and MyD88. These mutually exclusive
pathways are known as are MyD88-dependent (TLR4/MyD88/NF-kB) and MyD88-
independent or TRIF-dependent (TLR4/TRIF/IRF3).

As stated in the previous chapter, prolific LPS has been associated with the
pathogenesis of IBD. Increased TLR4 expression in the intestinal epithelium of UC
patients has also been reported which would have profound effects in the magnitude

of the downstream immune response *1°,

The differences in receptor expression, in addition to receptor localisation, are crucial
to further confirm and investigate in our model. This will also provide insight into
whether these differences remain following removal and ongoing culture of this tissue
in a non-inflammatory environment prior to experimentation. Using this set-up, we can
explore whether receptor upregulation and a shift in receptor location are present
under homeostatic conditions or whether LPS alone triggers these changes. This is
harder to explore in a typical ex vivo tissue resection as a clear picture cannot be
acquired as to the state of the tissue prior to initiation of inflammation.

In this chapter we shall explore the response of UC patient-derived colonic organoids
to TNFa and LPS, before drawing comparisons to that of their healthy counterparts.
The alterations to downstream cytokine production shall first be investigated. The
impact of pre-treatment with a TLR4 inhibitor shall then be studied to confirm that any
LPS-mediated effects are instigated via the TLR4 receptor and not another
independent mechanism. The localisation of the TLR4 receptor, and related proteins
in this signalling pathway, shall then be determined using immunohistochemistry and

immunofluorescence. To further measure the effects of LPS on this system, the
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expression in the absence or presence of LPS shall then be studied to determine
whether any notable differences exist which are contributing to the characteristics of

UC we see both in vitro and in the patient.
5.1.3 RNA-Sequencing

RNA-Sequencing (RNA-Seq) is a high-throughput sequencing method that has
become increasingly popular in recent years, largely replacing microarray techniques.
RNA-Seq gives a large amount of information into the transcriptome of the cell. This
technique can, therefore, provide a greater range of detail when comparing different
treatment regimens or culture conditions. For this reason, it is considered a type of
deep sequencing that is rapidly becoming the preferred tool for gene expression
studies.

RNA-sequencing gives a sizable output with many gigabytes of data. This can be
analysed using different methods. The sequences detected by this technique are then
able to be recognised by pairing RNA-Seq output to gene databases that have
previously been gathered from thousands of transcriptomics studies. This can
generate an accurate list of the genes measured and determine whether the levels
expressed are considered significant. A popular method of initial analysis includes the
grouping of related genes that are reported to be linked through involvement in the
same pathway or are found to be highly expressed in the same stage of development
of disease. This is known as Gene Ontology (GO) analysis 21°. This type of analysis
aids in focussing the analysis of such a large dataset by highlighting biological
processes relevant to the experimental project. This can concentrate research on the
categories with the known biology.

While, we have focussed on a distinct profile of inflammatory and intestinal markers to
indicate critical differences between healthy and UC-derived colonic organoids, it was
decided to utilise RNA-seq in this project to enable the identification of any other
proteins and pathways potentially involved in UC development affecting the

epithelium.

For the purpose of this study, focus was on multiple groups containing genes involved

in important pathways of interest. These groups included genes involved in regulation
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of inflammation, which are the main interest in this study for investigating the
development of UC and TLR4/LPS signalling pathways. Additional groups included in

this analysis comprised of those involving stress response pathways.

Y

Figure 5.1: Workflow of sample preparation for RNA-Sequencing.
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5.1.4 Aim & Hypothesis

Aim: We aim to investigate differences in the response between healthy and UC
patient-derived colonic organoids upon stimulation with pro-inflammatory mediators,
TNFa and bacterial PAMP, LPS.

Hypothesis: We hypothesise that a significant differential response will be observed
between healthy and UC human-derived colonic organoids, when subjected to TNFa

and LPS, that can be quantified.
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5.2 Results

5.2.1 Differential Response of Healthy & UC-Derived
Colonic Organoids to TNFa

Data in Chapter 4 demonstrated that exposure to TNFa elicits a strong inflammatory
response in healthy colonoids, while simultaneously resulting in the loss of colonic
stem and differentiated cell types. Once data had been acquired with regards to the
response of healthy colonic organoids to universal pro-inflammatory mediator, TNFaq,
the experiment was then repeated on UC organoids. Once the healthy response to
TNFa had been ascertained, the inflammatory and intestinal profiles could then be

compared to UC and any differences indicated.

Hence, both healthy & UC-derived lines were treated with 40 ng/ml TNFa over a 48-
hour period via addition directly to the media. All cell material was gathered, lysed and
analysed. In healthy organoids TNFa was previously found to initiate a significant rise
in TNFa expression of 40-80-fold, however the effects upon our UC organoids were
much more considerable. An average increase of approximately 500-fold above the
untreated UC control was recorded (Figure 5.2A). This is highly indicative of UC

organoids being hyper-sensitive to stimulation with TNFa.

This result suggests that, like the clinical observation, UC derived colonoids initiate an
exaggerated inflammatory response when exposed to inflammatory mediators, with
TNFa being such a critical cytokine, essential for mounting an immune response
across multiple pathways. This increased TNFa mRNA expression in UC organoids to
TNFa itself, suggest our platform could provide important insight into the pathological
effects we observe in UC. Despite UC patient-derived organoids being cultured long-
term in favourable non-inflammatory conditions, it appears there is an underlying
genetic predisposition exhibiting a tremendous effect on their response when
transferred to a pro-inflammatory environment. This is despite having been removed
from the inflamed in vivo environment months prior. Due to time constraints, the
samples were not sent for whole sequence or SNP genotyping, therefore it is of course
not possible to resolutely conclude the response observed in our lines is due to a
genetic predisposition. However, it's well known that polymorphisms in genes relating

to TNFa expression are present in IBD patients 2!1. Hence, while it is reasonable to
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assume these differences between our organoid lines are a result of these mutations,
further genomic analysis would be required to make firm conclusions based on these

findings.

This inflammatory profile pattern was then observed in several other genes implicated
in the inflammatory response. UC organoids further showed a muted response of both
NFkB (Figure 5.2B) and IL8 (Figure 5.2D) mRNA expression and a tremendously
heightened response from the UC line. While similarities to this trend can be observed
in IL1B and IL23 expression (Figure 5.2C & E), the response of healthy organoids was
more intensified than in other markers, demonstrating a significant difference between
TNFa-treated and control. Despite this, a clear differential response remained evident
between healthy and UC-derived samples. IL1B displayed a 2.5 times greater UC
response when compared to the healthy treated control and a 10 times increase was

measured in IL23 expression.

The data demonstrates the response of colonic epithelial cells to be more variable. As
can be observed in figure 5.2, both healthy and UC organoids exhibit opposing
reactions to TNFa exposure, with a sudden drop of 80% below control observed in our
healthy condition while UC-derived organoids present a 4-fold rise in crypt stem cell
marker expression, LGR5 (Figure 5.2F). To further support this finding, OLFM4 also
displayed a relatively muted response in our healthy organoids, while an increase of
150 times was measured in our UC-derived line. This is likely a projection of the
increased inflammation, in line with the pattern of expression observed in TNFa, NFkB
and IL8. These responses differ entirely, affecting the overall quantity of ISCs present

within the epithelium and is therefore an important differential response to consider.

Considering the interesting results observed so far, we decided to extend our
characterisation of genes into those that are important for epithelium
maintenance/homeostasis and functionality. Interestingly, very little change in villin
MRNA expression was observed in either organoid line (Figure 5.2H), with any shift in
expression proving insignificant. This data suggests that the main effect of TNFa on
the colonic epithelium is to induce an inflammatory response and influence colonic
stem cell activity. Conversely, significant alteration was displayed in MUC2 expression
(Figure 5.2G). This could be indicative of a change to the overall number of goblet

cells or to mucin expression specifically. The data shows the negative impact TNFa
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inflicts upon the healthy colonic epithelium’s ability to produce a defensive layer of
mucus, essential for protection against bacterial invasion. Reduced mRNA expression
of mucus constituent, MUC2, was observed with a considerable drop of 50%.
Undoubtedly, this reduction could potentially halve the protective benefits of the dual-
layered mucus barrier. However, the impact upon organoids derived from UC patients
was much greater, dropping to below 10% that of control. This fall in mRNA
expression, if translated to the proteomic level, could affect the barrier functionality of
the epithelium and may result in additional exposure of epithelial cells to inflammatory
stimuli such as bacteria and bacterial PAMPs. The fact that a disease such as UC is
compounded by prolonged and exaggerated inflammation, this finding would result in
serious detrimental effects to colonic health and the ability to regenerate in periods of

reduced inflammatory presence.
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The effect on mucin expression was an interesting observation and suggests a
potential mechanism whereby an initial inflammatory stimulus may expose the colonic
epithelium to pathogens in the colon. The main receptors responsible for sensing viral
and bacterial PAMPs in the body are the Toll-like receptors (TLRs). Therefore, we
were interested in assessing expression of TLR mRNA in colonic epithelium following

exposure to TNFa.

Further qPCR analysis was performed to assess baseline and inflammation induced

expression of prolific PPRs, TLRs 1-5.

There was a clear differential response to TNFa in UC across all TLRs measured, with
very different TLR expression compared to control (Figure 5.3). Expression of TLRs
1, 2, 4, & 5 were elevated in TNFa-treated UC organoids (Figure 5.3 A, B, D & E),
responsible for sensing TNFa, lipopeptides, LPS & flagellin, respectively. However,
TLR3 expression, responsible for viral recognition, was decreased (Figure 5.3C). The
MRNA expression levels of several TLRs are significantly higher in UC with the largest
increases in expression recorded for TLR2 & TLR4 (Figure 5.3B & D), with a 28-fold

and 9-fold increase, respectively.



Page |182

(sereoldai
[e21uyd3]1) €=N "T000 > dxxx :TO0" > dxx 'GO° > dx "dN0I6 Yoea Jo gS F Ueaw se passaldxa ale ereq '1Sa1-1 SIUSPNIS PapIS-0M)
Aq pawuopad alam sasAfeur [eansnelS "4Odb Aq parensuowap se ‘pouad Juswieal) JNoy-g{ e Jaye spiouebio Ayiesy pajeall
anoge Ajlenuelisgns Buisu e G % ¢ ‘Z ‘1YL Jo uoissaidxa yum uononpul n4NL 0} aaibap Jajealb Apueoiiubis e 0} puodsal

splouebio DN ~adAlouayd aseasip 1ea|d smoys spiouebio DN ¥ Ayleay ul syl Jo uonanpul (Jw/bu o) P4NL :€'G 24nbBI4

uonIpuod
O 4NL ZZ0DIN INIISNN 220D 0¥ ANL1 2102 WILSNN 210D O ANL ZZ09IN IISNN 2209 0¥ dNL1 210D WILSNN 210D
’ | m
H n m |
L F .
. ¢
¥
> S
9
v L
S 8
6
|
9 oy oL
a
SY1L 3 YL M AyyeaH
I LI | 1
O ANL ZZ0OIN INILSNN 220D 0F ANL 270D WILSNN 2100 O ANL 209N WILISNN Z209W 0F ANL 210D WILSNN 2700 OF ANL 220D WILISNN 2209 0¥ AN1 210D INILSNN 270D
. 0 — . —— 0
z0 g
v0
ol
90
sl
80 .
0z
b
zl &
s P 0]
| _ ’
9l e
€Y1L 0 YL d YL Y

Y

—

R

Sy

S|aA9T YNYW dANR[9Y



Page |183

5.2.2 Differential Response to Lipopolysaccharides
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Figure 5.4: Schematic outlining the TLR4/LPS signalling pathway and the effects of TLR4 inhibition.
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Our results suggest an inflammatory stimulus not only induces increased expression
of pro-inflammatory cytokines in UC organoids compared to healthy, but also induces
up-regulation of TLRs. To test if this increased expression in TLR mRNA levels
translates to an increased sensitivity to pathogens found in the colon, intestinal

organoids were exposed to flagellum and LPS.

The morphological images below reveal the visible changes that are apparent
following treatment with LPS (Figure 5.5). The highest concentration found to exhibit
a reaction in the previous experiment, 100 pg/ml was utilised in future experiments, as
this was found to elicit the most significant effect in the absence of toxicity. As figure
5.5 displays, chronic exposure of organoids to 100 pg/ml LPS triggered a necrotic
response that generated visible changes to the epithelial organoids signalling
destruction (5.5B & D). Enough viable material remained for each condition to be
isolated and prepared for RNA extraction, cDNA synthesis and RT-PCR. This data
would reveal whether this effect could be extrapolated to the cellular level in terms of

an inflammatory outcome. These results are presented in figure 5.5.

LPS 100ug/mi

Basal

CoL2

juawieal; Jygy Suimo|jod

MG022

Figure 5.5: Morphology images of healthy & UC-derived organoids infected with LPS at a concentration
of 100 pg/ml over a 48-hour period. Both lines appear to be substantially affected by this prolonged exposure
with necrosis visible, suggesting a detrimental impact that was to be further investigated later in depth. Imaged

on Zeiss Axio light microscope at 20X magnification.
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This experiment was inclusive of 4 conditions: untreated healthy; treated healthy;
untreated disease and treated disease. All treated were performed in conjunction over
a 48-hour period. Initial treatment involved exposure to 100 ug/ml LPS, isolated from
E. coli, in the absence of any inhibitor. This would highlight the fundamental
differences between the healthy and UC epithelial response to the most prolific PAMP
in the colon.

A significant discrepancy between the response of healthy and UC lines is clearly
visible and considerable across all inflammatory markers. The most marked
differences were observed in TNFa and IL13 production (Figure 5.6A & B), with a 30-
fold increase in expression of the former, in our UC-treated condition and a 15-fold
increase of the latter. This response is even more remarkable due to the stark contrast
to the muted healthy response to LPS, seen here and in the previous dose response

experiments reported in Chapter 4.

Furthermore, IL18 expression displayed a significant rise of 2.5 times greater than the
equivalent untreated control in our UC line only (Figure 5.6C). Interestingly, we found
in the healthy line a slight drop in IL18 expression of approximately 20%. This result
shows a distinct similarity to the changes observed to IL18 expression in the initial
dose response experiment. However, the decrease in expression was more
prominent, with a drop of 70%, following exposure to 100 pg/ml LPS. This replicable
result suggests the healthy colonic epithelium possesses a negative feedback
response at high concentrations of LPS, possibly inclusive of IL18. This effect appears
not to be present in UC tissue.

The effects of LPS extend to the epithelium, with LGR5 significantly affected in both
healthy and UC organoid lines (Figure 5.6D). However, the data depicts opposing
influences between the two. LGR5 expression was increased 2.5-fold above untreated
control in healthy tissue-derived organoids, whereas a detrimental decrease was
measured in our UC line, displaying a 70% decrease. This data suggests that while
healthy tissue retains the ability to increase stem cells in an attempt to counteract the
damage inflicted by pathogenic bacteria, this initial protective measure is not present
in UC. The immediate drop detected in ISC expression in UC would have a notably

disadvantageous effect, even in the occurrence of a short-term infection.
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This differential response also extended to villin, with virtually no alteration in
expression following addition of LPS in COL2 (Figure 5.6F). Conversely, a significant
3-fold increase was observed in the UC line, MG022. This data displays the vast
disparity in the sensitivity of healthy- and UC-derived epithelial tissue to LPS. This
disparity wasn’t observed in MUC2 expression as both patient-derived lines displayed
the same reduction of approximately 20% (Figure 5.6E). However, this change in
expression proved to be insignificant, signifying LPS as having a greater effect on

colonic stem cells and colonocytes than goblet cells.

Once this differential response had been established, the experiment was then
repeated, inclusive of a commercial TLR4 inhibitor (Figure 5.7 & 5.8). Addition of a
TLR4 inhibitor would primarily confirm whether the response we have previously
reported, (Figure 5.6), was generated as a result of LPS activating the TLR4 signalling
pathway via the TLR4 receptor. If this was the primary pathway activated, then addition
of a specific inhibitor would prevent many of the extreme effects observed.
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E.coli LPS only E.coli LPS + TLR4
100ug/ml inhibitor 40uM

UNSTIM

Figure 5.7: Morphology images of healthy & UC-derived organoids infected with LPS only (100
pg/ml) or LPS combined with TLR4 inhibitor (40 uM) over a 48-hour period. These images reveal little
as to the effects of these conditions upon the patient-derived organoids, therefore more experimentation
was required. Imaged on Zeiss Axio light microscope at 20X magnification.
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Images were taken prior to a treatment, displaying a healthy intact folded epithelium.
A commercial TLR4 inhibitor (cat no. # SML0832) was then added to the culture
medium for 48 hours to maximise the competitive binding time of the inhibitor to the
TLR4 receptors. After this treatment period, E. coli LPS was administered in

conjunction with the TLR4 inhibitor for a further 48 hours.

Figure 5.7 displays the morphological state of the organoids prior to any treatment
which can then be compared to the effects following 48 hours of LPS + TLR4 inhibitor
treatment. 48 hours labelled in this figure represents 48 hours of combined treatment,
however this is 96 hours after the first images were taken due to the additional 48-

hour pre-treatment period.

While there was some debris build-up in the lumen of the organoids following
completion of the experiment, this is likely due to the natural sloughing of cells during

epithelial turnover as a result of the prolonged experimental period.

Organoids remained viable during this period across all conditions therefore cell
material could be gathered and analysed. No other visible changes could be identified
following incubation with TLR4 (Figure 5.7). The effects were further investigated to

determine whether any fluctuations would be evident at a genetic level.
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As observed in the initial experiment, exposure of healthy organoids to LPS, in the
absence of a TLR4 inhibitor, elicited a very muted response. While in our UC organoid
line the same increase of 30-fold expression is evident. This was a highly significant
finding, with a clear differential response between tissue isolated from healthy and UC-
diagnosed individuals. However, pre-treatment with a TLR4 inhibitor, instigated a very
notable reduction in TNFa expression, with a drop of 70% measured below those
exposed to LPS alone (Figure 5.8A). This is a very strong indication that LPS is acting
via the TLR4 pathway specifically.

Furthermore, we find that TLR4 inhibition reduces IL13 expression, in healthy
organoids, even dropping below baseline levels. Following a 15-fold increase in IL1(3
in the UC-derived line, TLR4 inhibition displayed a similar effect to that observed on
TNFa, with a reduction of 60% below the LPS-only-treated condition (Figure 5.8B).

In healthy tissue, when LPS elicits no or minimal response, such as is the case with
IL18, TLR4 inhibitor has no significant effect upon expression. This signifies that TLR4
inhibitor only yields a measurable response when inflammation is present, further
substantiating that it is acting to inhibit LPS only. Therefore, if no inflammatory
response is elicited by LPS then, while TLR4 inhibitor is still bound to its relevant
receptors, no change is detected. Although LPS raised IL18 expression in our UC line
by 2.5-times basal levels, TLR4 inhibition had a rather subdued effect under these
conditions, with a minimal reduction in expression (Figure 5.8C). This result implies
that the IL18 response under inflammatory conditions may be partially driven via the
TLR4 pathway and possibly another inflammatory pathway.

We then turned our focus to the intestinal profile, to determine whether the TLR4
inhibitor can mitigate some of the effects we had reported earlier in the chapter. As
previously mentioned, LPS appears to have a stimulatory effect on ISC proliferation in
healthy organoids, with an increase of 2.5-fold above control. TLR4 inhibitor reversed
this effect to some extent, however this reduction didn’t appear to be significant. While
the opposing effect was observed in UC, with a 70% drop in expression caused by
LPS exposure. This negative impact upon LGR5+ cell expression was entirely
reversed by pre-treatment with the TLR4 inhibitor (Figure 5.8D). This is a very
promising result as reversal of this effect could limit the damage inflicted upon the

epithelium and its ability to regenerate following a dysregulated response to LPS.
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As we observed earlier, MUC2 expression was similarly affected by chronic LPS
exposure, with a 25% dip in expression compared to each untreated control.
Interestingly, TLR4 inhibitor also exhibited similar effects upon each line, however this
resulted in a further 50% decrease (Figure 5.8E). While, this result is consistent across

healthy and UC organoids, the further reduction is an unexpected finding.

According to the trend we observed in the other pro-inflammatory marker profile, villin
remained relatively unaffected in the healthy line following addition of LPS alone. Due
to the lack of effect by LPS, addition of TLR4 inhibitor had little effect on the expression
of villin when added in combination. Conversely, LPS initiated a 3-fold increase in villin
production in UC-derived organoids, which was entirely reversed by the pre-treatment
with TLR4 inhibitor competitively binding to LPS receptors (Figure 5.8F). This is a
noticeably strong effect exhibited by the TLR4 inhibitor, signifying that any change to
villin transcriptomic expression, in addition to the other intestinal markers, is due to
LPS binding to and activating TLR4 receptors and its subsequent downstream

pathway.
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5.2.3 Confirmation of Differential Response in Healthy &
UC Patient-Derived Organoids by

Immunohistochemistry and Immunofluorescence

Once an initial expression profile had been ascertained, the next step was to establish
whether these differential responses are, in fact, translated to the proteomic level.
Primarily, immunohistochemistry and immunofluorescence techniques were applied
for this purpose. Immunohistochemical staining, as displayed in figure 5.9,
demonstrates is clear expression of both pro-inflammatory and intestine-specific
markers. The expression of CDX2 demonstrates the presence of differentiated
colonocytes within these organoids. Other proteins present displayed positive
expression and correct localisation, with MUC2 expressing selective intermittent
expression, thereby depicting the spread of goblet cells throughout the epithelium.
Additionally, villin displays specific apical localisation as is present in the in vivo colonic
epithelium. This data, therefore, demonstrates that the tissue-derived organoids
generated in this project have retained their intestine-specific structural features and

functional properties ex vivo.

Once expression of structural, functional and inflammatory proteins had been
accounted for, thereby confirming the validity of this platform for disease modelling,
the differences between these healthy and UC tissue-derived organoids, could then
be established. Initial findings show CDX2 to remain largely stable in the healthy
organoid model, in response to LPS, with all nuclei displaying comparable strength
staining between conditions. E-cadherin, a protein expressed on the cell surface of
most epithelial cells; vital in maintaining cell-cell adhesion and epithelial integrity;
appears to be unaffected by LPS exposure in the healthy epithelium. This result was
also observed in another protein responsible for structural integrity of the epithelium,
villin. Conversely, the presence of MUC2 showed a distinct increase in an
inflammatory environment, while being essentially restored to an extent upon culture
with a TLR4 inhibitor. Still, greater levels of MUC2 protein remained in comparison to

basal conditions.

Changes to levels of inflammatory-related proteins were greater as demonstrated by

TLR4 expression, in conjunction with that of MD2, increasing in response to LPS.
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TLR4 is clearly restricted to the basolateral membrane under basal conditions in
healthy organoids, whereas this appears to differ upon induction of inflammation with
both basolateral and apical expression present. This effect is reversed with TLR4

inhibition.

As expected, under basal conditions, NFkB is diffuse within the cytoplasm due to it
being in its inactive state. While there is some potential nuclei-based expression upon
induction of inflammation, NFkB remains largely located in the cytoplasm of healthy

epithelial cells.

These findings diverge widely from those depicting the UC inflammatory response at
the proteomic level. LPS exposure appears to exhibit a much more substantial effect
on both intestinal and inflammatory proteins alike. While all intestinal proteins were
present in UC organoids with the correct localisation, changes to their expression

levels were noted (Figure 5.10).

One instance of this was a drop in homeobox transcription factor, CDX2, upon LPS
induction. This is observed concurrently with a dramatic increase in Vvillin, in
concordance with previous findings from transcriptomic data. Furthermore, TLR4
inhibition reversed this effect. TLR4 and MD2 staining can disclose whether the
numerous changes recorded are due to alterations in the quantity of receptors
expressed or the orientation of these receptors within the cell. The staining reveals a
noticeable change in TLR4 presence within the organoids upon 48-hour LPS
exposure. Of note, the majority of these TLR4 receptors appears to be localised on
the apical membrane in all treatment conditions, while the expression returns to basal
levels with the addition of a TLR4 inhibitor. Similar findings were uncovered for MD2,
with a rise observed under inflammatory conditions, followed by a return to normal
expression following inhibition. The initial rise was, however, to a lesser extent to that
seen in TLR4 staining. The expression profile matched that of TLR4 with largely apical
expression. Interestingly, TLR4 expression in unstimulated UC organoids was lower
than that of our healthy line, followed by an excessive increase upon LPS stimulus,

thereby corresponding with our later RT-PCR data.

Contrary to healthy data, NFkB localisation did differ under inflammatory conditions,

with widespread translocation to the nucleus, signalling its activation. It is this
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translocation that then enables transcription of various pro-inflammatory genes and
the initiation of subsequent events.
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Figure 5.9: Images obtained via immunohistochemistry representing intestinal and inflammatory
proteins expressed in healthy organoids following 48-hour treatment. These images present clear
differences in the same line upon exposure to LPS (100 pg/ml) at the protein level, which appears to be
rectified by the 48-hour pre-treatment of a TLR4 inhibitor (40 pM). Imaged on Zeiss Slide Scanner
microscope at 20X magnification. Resolution = 2240 x 1600 pixels
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Figure 5.10: LPS (100 pg/ml) triggers a strong change in expression across both intestinal and
inflammatory proteins in UC patient-derived organoids. These images support previous transcriptomic
data with regards to the fluctuations we see in each protein in the panel. Imaged on Zeiss Slide Scanner
microscope at 20X magnification. Resolution = 2240 x 1600 pixels
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Whilst immunohistochemistry revealed important information into the relative
expression of various proteins-of-interest, immunofluorescence was then performed
to garner insight into their relative locations to one another. Proteins stained for in this
experiment capture both structural and inflammatory elements, revealing differences

between lines, as well as between conditions.

Epithelial-specific proteins, villin and CDX2, were initially co-stained to give a clear
indication as to their relative location within the 3D structure (figure 5.11). Further to
providing insight into the apical-basolateral orientation of the organoid, any changes
to the structural and functional dynamic can be ascertained upon exposure to LPS.
Structural protein, villin, is distinctly expressed in these organoid lines, however, there
appeared to be a lower level of baseline expression in healthy organoids. LPS-treated
UC organoids clearly display the highest level of expression amongst the sample
conditions, consistent with transcriptomic findings. Moreover, the same pattern of
expression was observed in CDX2 with LPS-treated UC organoids exhibiting the
greatest level of expression. Levels of adhesion protein, ECAD, however, are highly
expressed in inflamed healthy organoids and remain constant in those incubated in
the presence of LPS. On the other hand, ECAD levels appear to drop in UC organoids
upon LPS exposure.

TLR4 staining does not present as clear as in immunohistochemistry, with staining
appearing diffuse and non-specific. While, a precise idea of location is not provided,
the overall expression levels of TLR4 does differ between conditions. Changes to
Mucin-2 are also evident between basal and LPS-treated conditions with mucin

production greater in an inflamed environment (figure 5.12).

Co-staining of villin and TLR4 was performed to determine whether the localisation of
TLRA4 could be ascertained as being apical or basolateral. Very clear and specific villin
staining can be seen in figure 5.13. In healthy organoids, the levels of villin expression
appears to be comparable between basal LPS conditions, consistent with previous
findings. Alternatively, the signal is substantially stronger for LPS-treated UC
organoids. TLR4 receptor expression remains low level in our healthy organoid model
with apparent basolateral orientation evident. Expression is greater in LPS-treated UC

organoids, which supports our transcriptomic data. The localisation, however, is much
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less specific and appears to be diffuse, with neither apical nor basolateral positioning

obvious.

MD?2 staining gives a clearer picture with noticeable basolateral orientation in healthy
organoids, while appearing lowly expressed. This positioning acts to minimise
exposure to bacteria present in the colonic lumen in vivo. On the contrary, UC-derived
organoids express MD2 to a much higher degree, with both apical and basolateral

expression evident (figure 5.14).

Densitometry was performed on these images using ImageJ for relative quantifiable
comparison between protein expression changes. This data is provided in Appendix
3.
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Figure 5.11: Detection of Villin and CDX2 protein in healthy and UC patient-derived colonic
organoids in the absence and presence of LPS (100 pug/ml) over a 48-hour period. Healthy organoids
display a muted response to LPS, while UC organoids display an increase the presence of both proteins.
Imaged on Zeiss Elyra Super Resolution Microscope at 20X magnification. Resolution = 2049 x 2049 pixels
(72 DPI)
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Figure 5.12: Detection of MUC2 and receptor, TLR4, via immunofluorescence staining in the
absence and presence of LPS (100 pg/ml). Mucin production is higher in UC organoids under
inflammatory conditions in comparison to inflamed healthy organoids. Imaged on Zeiss Elyra Super
Resolution Microscope at 20X magnification. Resolution = 2049 x 2049 pixels (72 DPI)
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Figure 5.13: Co-staining of villin and TLR4 in healthy and UC epithelial tissue-derived colonic
organoids in the absence and presence of LPS (100 pg/ml). Villin remained consistently expressed in
healthy organoids with fluctuations noted in UC organoids. Basolateral expression of TLR4 can be seen in
healthy organoids, while UC tissue appears to be located apically. Imaged on Zeiss Elyra Super Resolution

Microscope at 20X magnification. Resolution = 2049 x 2049 pixels (72 DPI)
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Figure 5.14: Co-staining of E-cadherin and MD2 under basal and inflamed conditions. ECAD
expression remained stable in healthy organoids with basolateral MD2 expression greater than in the basal
condition. Conversely, UC organoids display lesser ECAD availability upon LPS exposure and greater
MD2 expression located at both the apical and basolateral surface. Imaged on Zeiss Elyra Super

Resolution Microscope at 20X magnification. Resolution = 2049 x 2049 pixels (72 DPI)
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Proteomic Arrays Further Confirm the Differential Response Observed in
Patient-Derived Colonic Organoids

To supplement all other datasets obtained during this project, proteomic arrays were
performed (Methods in Appendix 1). These arrays offer a more accurate quantification
of marker expression than immunostaining techniques which provide more information
regarding localisation of proteins within the cell (Raw data found in Appendix 2). A
wider range of markers can also be easily measured across numerous signalling
pathways. Here, we report numerous hits revealed by these arrays that demonstrate
the highest significance and are part of relevant inflammatory response signalling

pathways.

Primarily, a secretome assay was performed (Biotechne Proteome Profiler Human XL
Cytokine Array Kit; cat no. # ARY022B) to inform as to whether the trend observed at
the transcriptomic level could be translated to the proteomic level. Some of the top hits

can be seen in figure 5.15.

Initially, levels of TNFa protein demonstrated a lack of significant change in the LPS-
treated sample of healthy organoids compared to untreated. This muted response is
in line with literature, in addition to previous findings acquired in this project. In
contrast, a highly exaggerated response was measured in UC-derived organoids with
a 40-fold increase in expression levels determined by relative signal intensity
(measured using a chemiluminescence imaging system). This intense differential
response in TNFa levels is, therefore, clear at both the transcriptomic and proteomic

level.

This differential response is further evidenced by changes to CD14 expression. Again,
no notable differences occurred in healthy organoids upon exposure to LPS at the 48-
hour time point, while CD14 expression doubles in our UC model upon stimulation with
LPS. Interestingly, these levels continue to increase in conjunction with TLR4

inhibition, suggesting that CD14 expression may be influenced by multiple pathways.

IL23 is a major cytokine implicated in IBD that we have found to be disproportionately
upregulated in our UC-derived model at the transcriptomic level. LPS exposure
instigates a significant increase in IL23 expression in UC organoids, while an opposing

response is exhibited in healthy organoids (Figure 5.15).
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Furthermore, Complement Factor D was significantly differentially expressed between
organoid lines, with a notable increase in expression of approximately 25% in treated
disease organoids compared to the slight drop observed in our corresponding healthy
line. Interestingly, inhibition of TLR4 appears to have a drastic effect upon
Complement Factor D expression in UC, with a sharp drop in expression below

untreated control.

An additional pro-inflammatory cytokine investigated in this array, TGFa, displayed
interesting results, with a 50% drop in expression occurring in LPS-stimulated healthy
organoids. This drop was rectified by the presence of a TLR4 inhibitor, which raised
levels substantially, even rising above basal levels. In our UC model, however, TGFa
expression increased by 40% upon addition of LPS over the 48-hour period. This
suggests an increase in inflammation that was not present in the healthy tissue-
derived line. However, TLR4 inhibition demonstrated little influence in reversing this
effect. Therefore, perhaps the sensitivity of the TGFa response is great enough that
the dose of TLR4 inhibitor was too low to effectively halt this LPS-mediated effect.
Alternatively, this effect could have occurred as a result of multiple pathway activation,

possibly amplified downstream of TLRA4.

These findings confirm the trends observed previously in this project, further
implicating LPS and the TLR4 pathway in the pathogenesis of UC. The results
obtained from our healthy model clearly display the negative feedback response to
LPS stimulation, designed to prevent a sudden and exaggerated inflammatory
response in the healthy individual, protecting from unnecessary inflammatory-induced

damage.
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Further to the initial investigations conducted into the upstream differential responses
to LPS, additional analyses were performed on these samples for the identification of

alterations further upstream in the signalling pathway.

An important factor in the TLR4 signalling pathway is the transcription factor, NFkB.
TLR4 is known to be a significant inducer of the NFkB pathway, influencing the
subsequent inflammatory reaction. Hence, a NFkB pathway array was utilised to
identify some of the key proteins that may be of interest in this pathway (Biotechne
Proteome Profiler Human NFkB Pathway Array; cat no. # ARY029).

Initial analysis strengthened transcriptomic findings showing comparable expression
levels of NFKB components, p50 and p51, between lines. While NFkB is known to be
overexpressed in IBD, 2*?, we have shown conclusively that this is not an occurrence
in our representative UC patient-derived line. This demonstrates the variations
occurring in the pathogenesis of UC between individual patients, thereby supporting
the relevance of a personalised approach for the treatment of this disease. Despite
analogous NFkB levels between healthy and UC samples, a differential response in
this pathway was still measured. In UC organoids, expression of an important inhibitor
of NFkB, IkBa, was half that measured in our healthy lines (figure 5.16). This is a
crucial difference between healthy and UC colonic models, displaying differences
present even in the unstimulated state. This result was further compounded by the
80% disparity in the expression levels of inhibitor, IkBe. Together, this data confirms
the downstream responses we observe are largely due to key differences at the NFkB

inhibitor level.
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Once the above datasets confirmed our existing findings, and uncovered new findings,
in regard to the upstream and downstream pathway responses, intermediary proteins
within this pathway were then analysed. Samples were measured using a phospho-
kinase array (Biotechne Proteome Profiler Human Phospho-Kinase Array Kit; cat no.
# ARY003C). A selection of the top hits are displayed in figure 5.17. These are
inclusive of several members of the Src kinase family: Hck, Fyn and Src.

The expression of Hck and Fyn follow the same expression profile in response to LPS
with highly significant increases recorded in UC organoids only. This response is
completely absent in healthy organoids, revealing a crucial differential response
capable of far-reaching effects into downstream inflammatory signalling. These
kinases are further implicated in the TLR4 signalling pathway due to the successful
reversal of these effects by TLR4 inhibition. The final member of this family
demonstrating a response to LPS treatment is Src, with a substantial 25% increase in
Src protein production upon exposure to LPS.

Another critical protein which typically functions to regulate endothelial homeostasis
was observed to be downregulated in UC organoids in response to LPS treatment.
Furthermore, expression was doubled in healthy organoids, occurring prior to a
subsequent return to basal levels following 48-hour pre-treatment with a TLR4
inhibitor. These opposing responses establish a role for eNOS in LPS-mediated TLR4

signalling.
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The expression of the PPR responsible for the detection of LPS was measured for
potential differences occurring upon exposure to this PAMP. LPS, demonstrated a

typical response with a definite disease phenotype present in UC.

We then set about investigating the reasons for this discrepancy in response to TNFa
and LPS. Initially, we explored whether the expression of the TLR4 receptor could be
attributed to the changes we are measuring in this clear differential response. As figure
5.18 clearly shows, the level of TLR4 receptor expression is significantly altered by
exposure to LPS over this time period, with distinct divergences in the response of
healthy & UC organoids. The effects we can see are completely opposing with TLR4
receptor expression dropping 45% after 48 hours. This is in contrast to the substantial
3-fold increase measured in our UC-derived organoids. The evident differences in
TLR4 expression, alongside the degree of significance, highlight this avenue of

research as especially relevant and important to explore.

TLR3 is another receptor shown to exhibit a potential cross-talk with TLR4, hence
TLR3 expression was also measured and analysed. Interestingly, the same profile
was recorded as found in TLR4, with a prominent drop of 70% in healthy organoids,

compared to a major rise in expression of 4.2-fold in UC (figure 5.18).

Therefore, while the expression of both TLR3 & TLR4 were downregulated in a
negative feedback mechanism in response to LPS in healthy tissue, these receptors
underwent significant upregulation in the UC-derived organoids. This insinuates a
dysregulated response of UC epithelial cells to the presence of bacterial LPS is, at

least partially, responsible for the substantial inflammatory presence in this disease.
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Figure 5.19: Basal TLR4 expression is lower UC organoids. Raw baseline values demonstrate
baseline TLR4 expression is substantially lower in disease epithelium compared to healthy epithelium.
Data acquired by RT-PCR; expressed as mean + SD of each group. *P < .05; **P <.001; ***P < .0001;
**xP < 00001. N=3 (Technical replicates)

Once the differential response between patient-derived healthy & UC organoids had
been established at both the inflammatory level and that of receptor expression, we
then set out to determine whether there were any discrepancies in basal expression.
To determine this, TLR4 expression was measured in a basal, untreated state. This
would inform us as to whether the exaggerated rise in TLR4 expression in UC
observed previously was accompanied by a greater basal expression. We expected
that this basal expression might be higher when compared to healthy tissue.
Interestingly, the data shows a large discrepancy of 95%, in the basal expression
levels of healthy and UC-derived lines. However, it is our UC line that exhibited
substantially lower basal TLR4 levels which was found to be highly significant
(P<0.0001). This data confirms that there are considerable differences between
healthy and UC epithelial tissue even under basal, non-inflammatory conditions when

no morphological discrepancies are present (figure 5.19).

We can conclude from this data that colonic epithelial tissue isolated from UC patients
does not continually express high levels of TLR4 prior to stimulation. It does, however,
upregulate TLR4 expression by approximately 60 times upon LPS stimulation,
whereas healthy tissue downregulates TLR4 by ~50%. This provides supporting

evidence of TLR4 involvement in the elevated immune response of UC.
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5.2.4 The Relationship between Ulcerative Colitis &

Colorectal Cancer
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It has previously been reported that prolonged UC can lead to the development of
colorectal cancer, known as colitis-associated cancer (CAC) when diagnosed in UC
patients. As we had established LPS to have such an amplified and significant pro-
inflammatory and epithelial response when compared to our healthy organoids, it was
decided that our model would be relevant and suitable for the study of LPS and its link
with CAC.

To do this we first examined two major markers reported to be upregulated in CRC:
EGFR and COX2. If a differential response in the way these two markers responded

to treatment, this is very indicative of the connection between LPS, UC and CAC.

EGFR plays a regulatory role in the TLR4 signalling pathway, with activation of EGFR
participating in TLR4 activation. Therefore, the role of EGFR in the TLR4 pathway and
regulation was investigated. This experiment compared the effects and differential
responses of both healthy & UC-derived organoids. As the data shows, LPS instigates
opposing effects on both EGFR and COX2 expression between the healthy & UC
organoid lines. Upon administering LPS to each line, expression had dropped by 70%
and 55%, respectively. This trend was further exacerbated by combining TLR4
inhibitor (figure 5.20).

Furthermore, the activation of TLR4, in this manner, also results in an increase in
EGFR, which is dampened by TLR4 inhibition. TLR4 inhibition has such a profound
effect as to reduce the initial increase back to within unstimulated levels. This is an
optimal response demonstrating the efficacy of TLR4 inhibition and hence the impact
LPS has upon EGFR expression via the TLR4 pathway. EGFR is found to be
upregulated in CRC. This response is, therefore, significant in linking EGFR with

inflammatory-related cancer development (figure 5.20).

A similar expression profile is evident in the COX2 response to LPS, with a drop in
COX2 expression in healthy organoids following 48-hour incubation. Expression was
then further reduced by inhibition of TLR4. COX2 expression was also significantly
raised by E. coli derived LPS, despite being to a lesser degree. This impact was further
determined to be directly related to LPS acting via the TLR4 pathway. This was
confirmed by the reduction of COX2 following the pre-treatment with TLR4 inhibitor. In

fact, expression dropped below unstimulated levels, suggesting there may have been
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a degree of background inflammation that was additionally blocked by this inhibition
method (figure 5.20).

While UC is more receptive to LPS-induced inflammatory changes, we also find that
CAC markers closely associated with CAC are highly induced in this this inflammatory
model. Raised COX2 expression is also found in most CRC tissue and is associated
with poor survival in CRC patients. Reduction of COX2 expression, by treatment with
NSAIDs, has been found to reduce the risk of the patient developing tumours 2%3. Here,
we found that TLR4 inhibition did, in fact, have this same effect of reducing COX2

expression, therefore exhibiting anti-inflammatory, anti-tumour effects.
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The next step in the study of the UC/LPS/CAC connection was to investigate the
response of heat shock proteins (HSPs). HSPs have been reported to play a decisive
role in the progression and metastasis of CRC and have very recently been proposed

as a therapeutic target in cancers such as CRC.

It was decided, therefore, that these important proteins; typically involved in protection
of cells against oxidative stress; were a good avenue to explore using this platform
and experimental set-up. As a potential contributor to UC pathogenesis, it is possible
that LPS can also trigger changes in HSP expression along with other colorectal

cancer-related markers and increase the risk of CAC development.

Two HSPs, in particular, were selected to focus this initial experiment on as they have
both been previously reported to be expressed in higher levels in tissue isolated from

CRC, when comparing with normal mucosa or of that adjacent to the tumour.

As is shown by figure 5.21, an expression profile was recorded that is remarkably
similar to that of EGFR and COX2. Due to the reputation of all these proteins to be

involved in the pathogenesis of CRC, this is a very interesting finding to note.

This initial drop in expression of approximately 50%, for both HSP25 and HSP72 was
observed in COL2 which further declined in response to TLR4 inhibition. On the
contrary, HSP expression rose considerably in the UC line upon stimulation with LPS
to 5-fold and 3-fold, respectively. The difference occurs between HSP25 and HSP72
when the former demonstrates a substantial reduction in expression upon co-culture
with TLR4 inhibitor, by 50%, while the latter appears to be largely unaffected by the

presence of this inhibitor.

This data combined suggests that chronically LPS-stimulated UC tissue is more
susceptible to CAC progression. TLR4 inhibition did prevent this increase of HSP25,

conferring a potential protective effect, while HSP72 was largely unaffected.
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5.2.5 Analysis of Transcriptomics Obtained from RNA-

Sequencing

Once initial experiments had been conducted and the preferred dose and treatment
time had been established, the experiment was repeated using these parameters.
Previous experiments reported here had concentrated on a focussed marker profile
for both inflammatory and epithelial proteins most relevant to UC. Following this
focussed approach, we set about performing RNA-sequencing on a larger scale to
identify any potential markers of interest. These markers could then expand our area
of research to involve other proteins also related to UC progression and/or CAC

development.

Once, the LPS + TLR4 inhibitor experiment had been optimised; yielding promising
and statistically significant data; it was decided that samples from this experiment

would be sent off for RNA-Seq analysis.

As in RT-PCR, RNA was initially isolated from the samples. As samples used for RNA-
Seq must be generated from high quality, pure RNA, the samples were analysed using
a Qubit fluorometer to confirm this was the case. Once these accurate results had
been obtained, the samples were further analysed on the TapeStation. The results
can be found in figures 5.22 and 5.23. The samples then underwent further steps, as
follows: ribodepletion; probe hybridisation; RNase H digestion, followed by DNase |
digestion. Once the rRNA depletion steps had been performed RNA purification was
conducted using NEBNext RNA sample purification beads (cat no. # E7767S). These
purified samples were then prepared using the NEBNext® Ultra Il Directional RNA
Library Prep Kit for lllumina® (cat no. # E7775).

Initially, samples were prepared in the same manner as before with a basal,
unstimulated acting as a negative control; an LPS-only treated condition with 48-hour
exposure at 100 pg/ml and lastly a condition that underwent pre-treatment with TLR4
inhibitor over a 48-hour period prior to the addition of LPS for a further 48 hours. In
this latter 48-hour treatment period, fresh TLR4 inhibitor was added to the media to

ensure the concentration didn’t wane at this timepoint. The samples from both healthy



Page | 220

& UC-derived organoids were then isolated and lysed as previously mentioned using
the Qiagen RNA Extraction Kit.

However, during this experiment, the method for RNA measurement had to be more
accurate for the purposes of RNA-sequencing. Hence, the samples were measured
using a Qubit. The steps for this protocol are outlined in the Materials & Methods
section. This is to ensure the correct amount of sample is used at the ribodepletion

step.

Once the RNA concentration had been ascertained, the integrity of the samples was
analysed using a TapeStation. This system uses an electrophoresis that gives an
output in both a gel image and a Trace format. The Trace shows different peaks as
can be seenin figure 5.23. This demonstrates the presence of any contaminants within

the RNA sample that would interfere with the latter stages of cDNA library preparation.

As can be seen in this figure, the upper and lower limits are marked. The expected
library range is then determined, with any peaks present outside the expected range,
likely due to primer dimers or adapter dimers. A DNA Integrity Number is then assigned
to determine the level of DNA degradation. A DIN of 10 is indicative of a high level of
DNA Integrity while a value of 1 indicates severe degradation. The samples prepared
for this project had a very good level of integrity and were therefore sent off for RNA-

sequencing at the Babraham Institute.

Samples from the 6 conditions were prepared in duplicate, each with a different index
added to the end of the sequence. The index added to each RNA sample generated
from each condition is outlined in table 5.1. This index acts as a type of barcode to
enable accurate identification of the condition the sample originated from following
amplification and sequencing. This step of indexing is required due to the process of

RNA sequencing often involving the pooling of samples to the same flow cell.



Table 5.1: Sample details and corresponding index sequences.

Sample

coL2
UNSTIM
COL2 LPS

COL2 LPS +
TLR4i
MGO022
UNSTIM
MGO022 LPS

MGO022 LPS
+ TLR4i
CcoL2
UNSTIM
COL2 LPS

COL2 LPS +
TLR4i
MG022
UNSTIM
MGO22 LPS

MGO22 LPS
+ TLR4i

Description

Healthy intestinal organoids (basal media only)

Healthy intestinal organocids treated with 100ug/ml
lipopolysaccharides

Healthy intestinal organoids treated with 100ug/ml
lipopolysaccharides in the presence of TLR4 inhibitor
Ulcerative colitis organoids (basal media only)

Ulcerative colitis organoids treated with 100ug/ml
lipopolysaccharides

Ulcerative colitis organoids treated with 100ug/ml
lipopolysaccharides in the presence of TLR4 inhibitor
Healthy intestinal organoids (basal media only)

Healthy intestinal organoids treated with 100ug/m|
lipopolysaccharides

Healthy intestinal organoids treated with 100ug/ml
lipopolysaccharides in the presence of TLR4 inhibitor
Ulcerative colitis organoids (basal media only)

Ulcerative colitis organoids treated with 100ug/m|
lipopolysaccharides

Ulcerative colitis organoids treated with 100ug/ml
lipopolysaccharides in the presence of TLR4 inhibitor
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Index
ATCACG

CGATGT
TTAGGC
TGACCA
ACAGTG
GCCAAT
CAGATC
ACTTGA
GATCAG
TAGCTT
GGCTAC

CTTGTA
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The electrophoresis data above demonstrates the results of the TapeStation following
the initial RNA isolation. TapeStation can reliably perform electrophoretic separation
of RNA in a sample down to 5 ng/ul. The RIN values are displayed beneath the gel
images for each sample, all of which are representative of excellent quality RNA with
the exception of the last sample. After seeking advice on this from employees at
Babraham, the integrity of this sample was deemed sufficient to continue with the next

steps of sequencing preparation.
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The TapeStation also provides this data in the form of a trace for each sample
displaying the size of the fragments in nucleotides across the X axis. The quantity of

the RNA at each size is represented by the area of each peak.

The trace also demonstrates the existence of any primer dimers or adapter dimers

that could interfere with the sequencing output.

Following ribodepletion, the samples were then run on the RNA High Sensitivity
TapeStation. This step was to confirm rRNA had been successfully removed during
the ribodepletion process. The trace data from the RNA High Sensitivity TapeStation
can be seen in figure 5.24 (below). The RIN values were lower, as expected, as a
result of the rRNA being effectively removed in the ribodepletion stage of sample

preparation.
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Two of the samples demonstrated an unfavourable trace and were therefore repeated.
The peaks were much smaller and distinguishable from the lower marker which wasn’t

evident previously.

Following the repeat, it appeared that the ribodepletion was much more effective than
the initial attempt. These samples were then combined with the previous and further
prepared for sequencing.
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The concentration & integrity of the samples was then tested again using a D1000
TapeStation chip. The traces for these are displayed in figure 5.26. These peaks are
preferable, and the concentrations are within acceptable ranges. The
electropherogram should reveal a main peak at approximately 300 bp in addition to
the upper and lower peaks. As we can see in this figure, this is the case for all 12
samples. This indicated that the samples were ready to be sent off for RNA-

Sequencing.

After several weeks, we received the raw data that was then analysed with the help of
the team at Babraham Institute. The analysis was focussed by the parameters of the
project to ensure any analysis completed was most relevant to the hypothesis we were

intending to answer. The process for analysis is outlined below.

From a GO database, a list of genes of interest was compiled and sent to Babraham
to assist with this analysis. These genes were stored in groups within the database;
therefore, we would include the entire group to determine if any genes we had not

yet considered were, in fact, relevant. These groups can be found in the table below:

Table 5.3: GO database name and code with number of genes contained within group.

Gene List from GO Datahase GO Code Number of genes
Inflammatory Regulatory Genes GO0:0050727 538
TLR4 Signalling Pathway G0:0034142 52
Intestinal Eplthellal Structure GO:0060729 6
Maintenance
Response to ER Stress G0:0034976 667
Cellular Response to ROS G0:0034614 156
Epithelial to Mesenchymal ,
Transition (EMT) G0:0060231 215
Apoptotic Signalling Pathway G0:0097193 433

Heat Shock Protein Binding G0:0031072 240
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All these gene ontology groups had potential relevance in this study and highlight new
areas to expand our research focus. Although there are a substantial number of genes
in certain ontology groups, these genes are often repeated within the same or different
groups and are referred to using different GO identifying codes.
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| shall outline some of the sample quality analysis required prior to interpretation of the
RNA-Seq data.

108,000,000

!i

|

108,300,000

108,500,000

Homo sapiens GRCh38_va7 chr1:108499290-109043691 (544.4 kbp)

108,700,000

T
108,500,000

Figure 5.27: Snapshot of raw sequencing data to determine any obvious differences among samples.
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Figure 5.27 shows a snapshot of the raw sequencing data that demonstrates the
sequencing is very clean with no evidence of duplication. The samples replicates
appear to have comparative results which is what we would hope for as evidence that
the samples were correctly matched, and no alterations were introduced during the

library preparation process.

The following RNA-Seq QC plot demonstrates an increase in the percentage of rRNA
detected in the COL2 Basal sample replicates. This suggests the presence of some
level of rRNA contamination. It’s possible that the questionable peak discussed earlier
(refer to table 5.2) regarding COL2 Basal TapeStation results following ribodepletion
had a greater impact upon the sequencing of this sample than anticipated. Hence,
there was a big drop in the total data size, as can be seen in the ‘Percentage of max
data size’ section of the figure. This is due to much of the rRNA not being mappable

and was therefore excluded from the final mapped data.

However, this occurrence did not interfere with the ability to analyse this data.
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Following these sample QC checks, the raw data provided by the sequencing could
then begin to be analysed. The data comparisons conducted initially concentrated on
the differences in gene expression between basal and LPS-treated samples for both

healthy and UC organoid lines.

A high level of consistency was found between sample replicates which provides a lot
of power to detect genuine changes in gene expression between the samples and

treatment groups.

Initially, the untreated basal and LPS-treated conditions were compared for both
healthy and UC samples. A list of the top hits for both upregulated and downregulated
genes were prepared for each GO list. This gives an indication of the genes most
significantly affected by LPS in these models according to this RNA-Seq data using

DESeq analysis. This data can be seen collated in tables 5.4 — 5.18.
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HEALTHY BASAL V LPS DESEQ GO HITS

G0O0097193 Intrinsic Apoptotic Signalling Pathway

Table 5.4: Log2 fold change of genes contained within the Intrinsic Apoptotic Signalling
Pathway GO database between basal and LPS-treated samples in healthy colonic organoids.

Description P-Value

Prostaglandin-endoperoxide synthase 2

PTGS2 5.246848 0.004093
(Also known as COX2)

DDIAS Anti-apoptotic protein |nvcflved in DNA repair or cell 1.779047 0.001376

survival
IFI6 Negatively regulating the intrinsic apoptotic signalling 1707513 2.8804544E-4

pathway

HELLS Plays role in stem cell proliferation 1.628206 2.4197198E-16

IKBKE Regulates inflammatory responses via NFkB, STAT, 1.477497 5.3778547E-7

TNFa and IL1

TP53 Tumour protein p53 1.413544 1.0232996E-13

BRCA2 DNA repair associated 1.346389 1.0496441E-S

cDaa Cell-surfa_lce glyc?protem |nvolvec! in cell—cell 1304282 1 4E-45

interactions & cell adhesion
BRCA1 DNA repair associated 1.277293 9.8165016E-5

TRIAP1 Transcriptionally activated by p53 to inhibit apoptosis 1.231806 5.509915E-5

MUC1 Membrane-tethered mucin 1.202507 2.64274E-5

TRAP1 Mitochondrial Hsp90 family chaperone 1.046511 3.691725E-11
FIGNL1 Promotes cell proliferation 1.029776 4.7450543E-5
ATADS Increases post-transcriptionally in response to DNA 1.002486 0.001167701

damage
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In these tables we can see a lighter blue, these are the genes found to be upregulated
following the 48-hour addition of E. coli-derived LPS at 100 pg/ml. The differential

response of these genes is substantially significant with p-values of less than 0.001.

The change in gene expression between basal and LPS-treated samples is presented
as a log2 fold change. The data displayed this way demonstrates the proportional,
rather than exact, changes in gene expression which can then easily be compared.

The hits have been separated into their individual GO databases and, hence, some
hits are repeated between groups. The initial GO database we applied to our analysis
contained genes that fell into the category of the Intrinsic Apoptotic Signalling Pathway
(GO0097193).

Table 5.4 displays the top 15 upregulated and top 15 downregulated gene hits in this
GO category and the corresponding gene expression change in our healthy line

between untreated and LPS-exposed samples.

In this data, we can see some important trends stand out, including the upregulation
of anti-apoptotic genes (DDIAS; IFI6; TRIAP1) and those encouraging proliferation
(HELLS & FIGNL1). In conjunction with this finding, the data shows the downregulation
of pro-apoptotic genes (CIDEB; BMF; BAD; DDIT3).
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G0O0060729 Intestinal Epithelial Structure Maintenance

Table 5.5: Log2 fold change of genes contained within the Intestinal Epithelial Structure
Maintenance GO database between basal and LPS-treated samples in healthy colonic
organoids.

Description

TLR4 Toll like receptor 4 0.458709 0.007078902

Analysis revealed much fewer genes to be statistically significant in the GO category
focussing on Intestinal Epithelial Structure Maintenance (GO0060729) (table 5.5).
However, these genes are highly relevant with TLR4 showing a significant increase in
expression compared to basal. This response is expected due to the colonic
epithelium increasing available TLR4 to ensure the increased bacterial levels are

detected and kept in check.

Nevertheless, to compensate for this increased TLR4 in response to prolonged LPS
exposure, INAVA expression was reduced to a similar degree. This effectively reduces
the ability of the epithelial cells to detect, and subsequently, clear bacteria which is
likely to be a protective mechanism to ensure the pro-inflammatory response is

carefully regulated.

Downregulated SLC22A5 expression is also closely linked with pro-inflammatory
cytokines generated by bacterial infection. It is likely this is, therefore, a temporary
decrease in expression which would return to normal once the threat had been
removed. It would be interesting to investigate this in a further study.
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G00060231 Epithelial to Mesenchymal Transition

Table 5.6: Log2 fold change of genes contained within the Epithelial to Mesenchymal Transition
GO database between basal and LPS-treated samples in healthy colonic organoids.

Description Log2 Fold P-Value
Change

STAT1 has a key role in many gene expressions that
STAT1 cause survival of the cell, viability or pathogen 0.426907 1.5767555E-4
response

As is made evident by table 5.6, there proved to be a very limited number of EMT-
related genes impacted by this experiment. This demonstrates a limited chance for
distinct cellular alterations and the possible development of fibrosis in response to
inflammatory challenge.

Whilst included in this GO group, STAT1 does, in fact, play an integral role in
numerous pro-inflammatory pathways.
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G0O0050727 Regulation of Inflammatory Response

Table 5.7: Log2 fold change of genes contained within the Regulation of Inflammatory
Response GO database between basal and LPS-treated samples in healthy colonic organoids.

e Log2 Fold
E

SLC7A2 Confers protective effect from CAC in chronic colitis  3.295544 2.6524282E-5
CX3CL1 Multifunctional inflammatory chemokine 1.970818 4.9789464E-6
Involved in inflammatory processes & regulation of

C2CD4A _ 1.625529 3.657223E-4
cell adhesion.
FANCD2 Overexpressmr_1 assc_)aated with upregulation of 1.603397 9.360069E-10
proliferation-related genes
LPL Regulates both |nf_|am_matory and anti-inflammatory 1.452442 9.067671E-8
gene expression in cultured macrophages.
PBK Increased expression of PBK has been linked to poor 1.217253 3.1996613E-5

prognosis in ovarian cancer patients
GPRC5B Increases inflammatory and fibrotic signaling 1.181753 0.009519308
Correlated with upregulation of E2F3. E2F3 involved

FANCA . ) _ 1.119474 3.7156653E-6
in cellular proliferation.

IL1IR1 Interleukin 1 receptor type 1 1.110783 3.7156357E-4

Promotes EMT, cell migration, and metastasis via

BIRC3 upregulating MAP3K7, and, hence, induction of 0.896348 3.6151844E-22
ERK1/2 phosphorylation

ATM Inl_tlates activation of DNA damage_checkpomts,_ 0.893242 1.2496108E-6

leading to cell cycle arrest, DNA repair or apoptosis.
TNEAIP3 Induced by TN F_—medlated NFkB at_:tlvatlon._ Associated 0.824237 5.554085E-10
with inflammatory carcinogenesis
CHID1 High expression of CHID1 is a marker of good 0.613455 4.5407785E-4

prognosis for adenocarcinoma
IL33 Promotes inflammation and fibrosis 0.599257 1.0074195E-5
Enzyme that synthesizes endocannabinoids (triggers

NAPEPLD inflammation)

0.565456 7.730869E-10
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As expected, the ‘Regulation of Inflammatory Response’ gene database has the

largest number of hits returned from this experiment.

This data demonstrates a balance of genes involved in protection from CAC to
initiation of pro-inflammatory pathways and regulation of cell adhesion. While those
downregulated are inclusive of repressors of inflammatory signalling (TNIP1; MAPKY;
PPARD) (table 5.7).

The relevance of these expression changes will be explored in further detail in the next

section of this Chapter.



G0O0034976 Response to Endoplasmic Reticulum Stress
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Table 5.8: Log2 fold change of genes contained within the Response to Endoplasmic Reticulum
Stress GO database between basal and LPS-treated samples in healthy colonic organoids.

= Log2 Fold
E

CXCL8
USP13

FOXRED2
TP53
PMAIP1

MBTPS2
THBS1

SRPRB

AIFM1
DNAJC10

EIF2AK4

ASNS
UGGT1
STC2
ATF3

Also known as IL8
stabilizes STAT1 & promotes IFN-induced signalling
Involved in AB-induced cell death and the ER stress
response
Tumour protein p53
Encodes pro-apoptotic protein within the BCL-2
protein family
Membrane bound protease that activates signalling
proteins involved in ER stress
Directly binds and activates TGFB1
Upregulation suspected to increase cell apoptosis &
decrease the expression and phosphorylation of NF-
kB
Induces apoptosis
Encodes ER co-chaperone
Involved in signalling pathway in IECs following
infection with E. colfi, activating autophagy to &
inhibiting E. coli-induced inflammation
High expression of ASNS associated with increased
inflammation & damage to hepatocytes
A key ER protein involved in UPR
Encodes glycoprotein playing a role in inflammation,
ER & oxidative stress, cell proliferation, & apoptosis
Induced by IL-1p

2.16485
1.486142

1.443969
1.413544

0.94588

0.746873
0.736214

0.622434

0.590372
0.567667

0.507449

0.49961
0.494955
0.482601

0.477483

4.450875E-8
8.4532244E-4

1.0771776E-4
1.0232996E-13

0.005693525

6.106982E-5
1.2345042E-18

2.1118856E-4

1.7711716E-6
1.3101443E-7

4.8065383E-4

8.958177E-6
9.495906E-8
2.0074984E-4

1.3642588E-6



Page | 244

The GO0034976 group encompasses genes related to the response of ER stress,
amongst those more generally involved in pro-inflammatory and cell cycle regulatory

pathways.

Here, we can clearly see an increase in pro-inflammatory cytokines; IL8 and IL1[; in
response to LPS. Further inflammatory-related genes important in the initiation and
control of the innate immune response include USP13, encoding a ubiquitin hydrolase
enzyme, responsible for promoting interferon signalling. Furthermore, genes more
specifically related to ER stress found to be significantly upregulated include
FOXRED2, MBTPS2 and DNAJC10, amongst others.

Additionally, there were some interesting results in the top downregulated hits we can
see here. This comprises the inactivation of several major pro-inflammatory pathways:
NFkB; JNK and Erk1/2, which are all affected by the downregulation of FLOT1. Other
gene hits found to be downregulated have key functions surrounding cell cycle
regulation and cancer progression (table 5.8).
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G0O0034614 Cellular Response to Reactive Oxygen Species

Table 5.9: Log2 fold change of genes contained within the Cellular Response to Reactive
Oxygen Species GO database between basal and LPS-treated samples in healthy colonic
organoids.

e Log2 Fold
E

LCN2 Elevated LCI_\I2 levels a_sso:_:lated with severe 3465764 2.6524282E-5
inflammation in IBD

High CCNA2 expression associated with poor overall

CCNA2 . ) 1.241577 9.977536E-9
survival in ovarian cancer
CDK1 Plays key role in cell cycle regulation 1.171485 4.910933E-7
TRAP1 Mitochondrial Hsp90 family chaperone 1.046511 3.691725E-11
TNFAIP3 Induced by TN F_-medlated NFkB a:_:tlvatlon._ Associated 0.824237 5.554085E-10
with inflammatory carcinogenesis
PCNA Upregulated in CRC 0.757874 7.999863E-10
MYB Proto-oncogene 0.686008 1.3901753E-8
PPARGC1 Increases NLRP3 |nﬂamma_some activity & IL-1B 1 5819223E-6
B production
Binds TGFp receptors leading to recruitment &
BMP7 activation of SMAD family TFs e
APEX1 Promotes inflammation by orchestrating the NFkB 0.636687 3.131204E-7
pathway

DHFR Key enzyme in folate metabolism. Increased in IBD. 0.605173 0.002222847
AlFM1 Induces apoptosis 0.590372 1.7711716E-6

Contributes to GCN2-dependent mechanisms - A
IMPACT  stress response kinase that regulates the immune 0.582531 2.6434005E-4
system & survival of tumour cells
RNA binding protein involved in post-transcriptional
regulation of carcinogenesis mediators
Found to be overexpressed in endometrial cancer

HNRNPD
PPIF

0.561461 8.149641E-S
0.545817 1.8044043E-4
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Interestingly, the group comprising genes involved in the Cellular Response to
Reactive Oxygen Species (GO0034614) also primarily encompass pro-inflammatory
genes (LCN2; PPARGC1B; DHFR) and those orchestrating carcinogenesis (CCNAZ2;
TNFAIP3; PCNA).

Conversely, a large selection of the genes downregulated in response to LPS
stimulation also encompass those with roles in initiation of inflammation and
carcinogenesis. These results demonstrate the careful balance the healthy colonic
epithelium has in place to modulate and regulate the response to bacterial threats
(table 5.9).

While this data displays a snapshot of the epithelial response to LPS after 48 hours,
the expression of these genes likely to continue to fluctuate at different time points. It
would be interesting to investigate these fluxes and the timeframe in which these

genes return to normal basal levels following exposure.
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G00034142 Toll-like Receptor 4 Signalling Pathway

Table 5.10: Log2 fold change of genes contained within the Toll-like Receptor 4 Signalling
Pathway GO database between basal and LPS-treated samples in healthy colonic organoids.

... Log2 Fold
D t P-Val

Induced by TNF-mediated NFkB activation. Associated

TNFAIP3 . . ; 0.824237 5.554085E-10
with inflammatory carcinogenesis

LYN Proto-oncogene 0.556418 2.4696243E-5

MFHAS1 Upregulated via Raf/MEK/ERK pathway 0.544759  4.8617489E-7

TLR4 Toll like receptor 4 0.458709 0.007078902

APPLL Shown to regulate LPS-induced pro-inflammatory 0343835  0.001218241

response in RAW264.7 cells

The GO group, GO0034142, comprises genes revolving around the TLR4 signalling
pathway. Since this is a core pathway in LPS signalling and of great interest in this
study, the variation in these genes is important to highlight any further expression

variations that may be important and relevant for further examination.

As we have seen previously, TNFAIP3 is raised a sizeable amount in response to LPS
in this line. This confirms our previous data as it is a gene rapidly induced by TNF,
which is a cytokine we have reported to be elevated in this experiment. Importantly,
this gene has been found to encode deubiquitinating enzyme which exhibits a
regulatory effect upon the innate immune response. Critically, this regulatory effect
incorporates inhibition of NFkB, in addition to apoptosis (figure 5.10).

Conversely, another NFkB inhibitor, NFKBIA, is downregulated. This may minimise
the effect of TNFIAP3 upregulation, however, to fully understand the extent as to which
this regulates NFkB activity would have to be further studied with knockdown and

inhibitor studies.
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Interestingly, TICAM2, which has been found to prevent neutrophil exhaustion when
downregulated may offer an additional regulatory step preventing overburden of both

the innate and adaptive immune systems.

Furthermore, we have found a gene found to be involved in the regulation of the LPS-
mediated inflammatory response in RAW264.7 cells, a macrophage cell line, to be
raised in response to LPS in this epithelial platform. This finding indicates that APPL1

may be an important gene in the LPS-mediate response in multiple different cell types.
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G00031072 Heat Shock Protein Binding

Table 5.11: Log?2 fold change of genes contained within the Heat Shock Protein Binding GO
database between basal and LPS-treated samples in healthy colonic organoids.

... Log2 Fold
E

GBP1 Highly induced by IFN-y 1.585405 4.8175032E-5
CDK1 Key player in cell cycle regulation 1.171485 4.910933E-7
SACS Hsp70 Co-chaperone 1.166588 0.00146127

BAG2 Binds Hsp70 ATPase domain and promotes substrate 1.159999 8.5100004E-7

release

Encodes gene product Morgana, a component of the

CHORDC1 0.809143 7.161138E-8

IKK complex
HSPAS8 heat shock protein family A (Hsp70) member 0.793269 3.4550151E-22
TOMM34 Forms complex with HSP70 & HSP90 0.752752 1.12320035E-4

DNAJC9 Dnal heat shock protein family (Hsp40) member 0.742832 1.0122632E-5
Plays a dominant role in the mtDNA stress-mediated

TFAM . 0.677759 3.7330265E-6
inflammatory response

HSPAS heat shock protein family A (Hsp70) member 0.663898 2.5436532E-13
DNAJC10  Dnal heat shock protein family (Hsp40) member 0.567667 1.3101443E-7

HIF1A Critical to the initiation of acute inflammation 0.563547 4.2236648E-11
DNAJAL Dnal heat shock protein family (Hsp40) member 0.547592 2.937405E-8

FAF1 Mediates apoptosis 0.504152 0.00114702

FKBPS Promotes inflammation by activating NFkB 0.500926 0.002013072
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In table 5.11, we see a number of HSP proteins and co-chaperones upregulated to a
substantial degree upon LPS stimulation. This increase in HSPs offers a protective
effect against stress and damage exerted by the abundance of LPS. This can induce
tolerance to the prolific LPS by lessening the expression or activity of downstream pro-

inflammatory cytokines.

Among the top downregulated hits is HTT, a gene typically functioning to maintain ZO1
expression at tight junctions. Downregulation of this gene could lead to increased
epithelial permeability thereby enabling crossing of bacteria across the epithelial

barrier, potentiating inflammation (table 5.11).

Downregulation of genes such as NPAS2 protects against the progression of fibrosis
under these inflammatory conditions, which would confer a protective effect for the

individual by avoiding the further, longer-lasting, issue of fibrosis following infection.
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UC BASAL V LPS DESEQ GO HITS

G02000353 Positive Regulation of Endothelial Cell Apoptotic Process

Table 5.12: Log?2 fold change of genes contained within the Positive Regulation of Endothelial
Cell Apoptotic Process GO database between basal and LPS-treated samples in UC-derived
colonic organoids.

Log2 Fold

Descripti
escription S

AKR1C3 Associated with increased PGF2a production 0.583761 2.4046046e-11

THBS1 Mediates cell-to-cell & cell-to-matrix interactions -0.35947 2.1061149e-5

For comparison, the most significant gene hits in our UC samples were analysed and
put into a table format. Table 5.12 displays hits in the GO2000353 group that

emphasise genes influencing the apoptotic process.

Initially, we can see that there were few results from this group, however the hits that
were returned as highly significant are relevant and important to consider. AKR1C3
encodes an aldo/keto reductase enzyme that catalyses the activation of

prostaglandins, which are an important aspect of inflammation and increased in IBD.

THBS1 is downregulated compared to control which leads to a loss of cell-cell and
cell-matrix interactions. This would have serious ramifications in the health and
functioning of the epithelium in addition to further exacerbating the bacterial infection

and subsequent inflammatory response.
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G00060231 Epithelial to Mesenchymal Transition

Table 5.13: Log2 fold change of genes contained within the Epithelial to Mesenchymal

Transition GO database between basal and LPS-treated samples in UC-derived colonic
organoids.

Log2 Fold
Change

Description

FZD7 Wnt pathway receptor 0.567097 3.29626e-4

While there has been no clear reporting of FZD7 upregulation in IBD, it can be
conjectured that such an increase could progress to the development of

carcinogenesis with uncontrolled proliferation initiated via the Wnt-B-catenin pathway
(table 5.13).
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G0O0050727 Regulation of Inflammatory Response

Table 5.14: Log2 fold change of genes contained within the Regulation of Inflammatory
Response GO database between basal and LPS-treated samples in UC-derived colonic

organoids.
... Log2 Fold
E
IL1B Interleukin 1 beta 2.027469 2.2882004e-6

Promotes EMT, cell migration, and metastasis via
BIRC3 upregulating MAP3K7, and, hence, induction of 1.5850106 2.3872004e-6

ERK1/2 phosphorylation
ZC3H12A TLR-inducible gene & immune response regulator  1.4874555 5.021319e-28
NFKBIZ NFkB inhibitor 1.4369951 2'8292669033_
ADAMS Involved in migration, m'_cegrln upregulation & 13051387 3.5511693e-
adhesion 25
NUPR1 Inhibits iron-dependent oxidative damage 1.2531737 9'7342968859_
TNFAIP3 Induced by TN F_-medlated NFkB af:tlvatlon._ Associated 1.1309117 2.8149884e-
with inflammatory carcinogenesis 22
DUOXA2 Upregulated dt_lrlng bactepal infection and, 1.0727342 5.1473696-25
specifically, during IBD
DNASE1 Endonuclease 0.727912 9.853918e-6
NFKBIA NFkB inhibitor 0.65850973 2'4931919323_
TLR3 Toll like receptor 3 0.6355063 1.0283593e-6
PTGER4 Prostaglandin E receptor 0.58963346 5.582718e-5
ACE2 Attached to the membra_ne of IE(_:s. Serves as an 0.5887516 3.92139.-6
anchor for viral homing
ENPP3 Highly expressed in renal cell carcinoma 0.516281 1.9168718e-7

SMAD3 TGFp receptor-associated signalling molecule 0.47210145 2.3948557e-8
Inhibits apoptosis by binding to TNF receptor-

BIRC2 associated factors: TRAF1 & TRAF2 T R

BCLG Transcription factor fo_r regtflatlon of T helper cell 04559781 5.474048e-4
proliferation

NAPEPLD Enzyme that synthesizes endocannabinoids (triggers 0.40952885 5.578191e-4

inflammation)
MAPK14 Encodes p38 MAPK (stress-activated kinase) 0.26996166 5.578191e-4
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The GO group, GO0050727, returned a large number of hits as seen in our healthy
samples. The majority of these hits, however, were upregulated genes with very few

downregulated genes when comparing LPS-treated to basal conditions.

Amongst those upregulated are those directly involved in inflammation such as IL1(3,
BCL6 and NAPEPLD. In addition to these genes, it is evident that exposure to LPS
sensitises UC-derived organoid lines to viral infection with data demonstrating
increased TLR3 (receptor for double-stranded RNA) and ACE2 (encoding an enzyme
assisting in viral homing). This increased expression and subsequent sensitisation
leads to a highly exaggerated immune response in the event of a viral presence. This
data confirms our previous data showing a significant increased expression of TLR3

in UC organoids upon LPS-mediated immune challenge.

Aspects promoting carcinogenesis including EMT and cell migration appear to be
favoured by increased expression of BIRC3 and ADAMS8. While not reported in CRC,
another cancer-associated gene, ENPP3, is found to be upregulated in these samples
when compared to control. It is, therefore, of interest to further research the possible
role of ENPP3 in CRC as this may be a new finding linking LPS stimulation, UC and
CRC.

The downregulation of several gene hits listed in table 5.14, could indicate interesting
ramifications, including CEBPA which typically facilitates apoptosis, however, when
downregulated, apoptosis will be restricted, favouring unchecked cell proliferation.
Interestingly, MVK deficiency, which we see in these LPS-treated samples, has been
linked to autoimmune disorders. It is therefore possible that reduced MVK expression
also plays an important role in UC pathogenesis. FFAR4 is known to mediate anti-
inflammatory effects and hence, when downregulated, these effects are substantially
limited. Another gene hit that is very relevant in linking UC and CRC is ASC. This gene
is implicated in tumour suppression and is downregulated to a significant degree in

this experiment. This could lead to tumour progression.
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G00034976 Response to Endoplasmic Reticulum Stress

Table 5.15: Log2 fold change of genes contained within the Response to Endoplasmic
Reticulum Stress GO database between basal and LPS-treated samples in UC-derived colonic

oraanoids.
... Log2 Fold
Description e P-Value

NUPR1 Inhibits iron-dependent oxidative damage 1.2531737 9.7349885e-26
PMAIP1 Determines whether a cell commits to apoptosis 1.2341281 6.7178007e-7
CXCL8 Also known as IL8 1.1598135 1.151877e-6
KDELR3 Involved in metastasis 1.1348472 7.119348e-15
Contributor to cellular oxidative stress & ROS 1.5690066000
ERO1A production 0.8245975 000001e-027
BBC3 Also known as p53 upregu_lated modulator of 0.8089645 2.96371030-6
apoptosis
PML Senses RQOS, then actl\;?:;r;g p53 during oxidative 0.6492798 3.83251356-5
ATF3 Induced by IL-1B 0.61732876 2.705977e-9
TNFF;SFlO Binds TRAIL and mediates apoptosis 0.5897953 4.6134896e-10

ANKZF1 Mutations found in ANKZF1 in infantile-onset IBD  0.5794915 6.1623666e-8
DNAJB9 Dnal heat shock protein family (Hsp40) member 0.5747797 7.7135956e-5

PDIA2 Upstream regulator of UPR pathway 0.5666675 5.807429e-4
Elevation promotes migration of breast cancer cells

NCk1 via regulation of ERK1/2 signalling e B
ERN1 Triggers UPR process in response to ER stress 0.5293869 1.0253137e-6
CDK5RAP Co-factor for the oncogenic transcription factor

STAT3 0.4880996 2.6508857e-5
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As previously reported in our healthy line, the GO group, GO0034976, revealed
interesting data, especially in the top 30 hits listed in table 5.15.

Multiple increases in genes relating to oxidative stress, inflammation and tumour
progression were observed in this data. These findings are concurrent with the effects

of chronic exposure to LPS in predisposed tissue.

Genes displaying reduced expression encode proteins relating to inflammatory activity
and cell-to-cell adhesion. Often the downregulation of these genes, such as
ATP6VOD1, CFTR and SESN2, enhances the inflammatory response. Whereas
deficiency of the THBS1 gene is likely to be detrimental to cell-cell and cell-matrix

interactions, leading to enhanced permeability of the epithelium (figure 5.15).
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G00034614 Cellular Response to Reactive Oxygen Species

Table 5.16: Log2 fold change of genes contained within the Cellular Response to Reactive Oxygen
Species GO database between basal and LPS-treated samples in UC-derived colonic organoids.

... Log2 Fold
E

LCN2 Elevated LCI_\I2 levels a_sso:_:lated with severe 3429006 6.1600046-8
inflammation in IBD

A receptor tyrosine kinase implicated in fibrogenic

AXL pathways

1.352049 1.2758415e-8

Induced by TNF-mediated NFkB activation. Associated
with inflammatory carcinogenesis

BMP7 Acts via the TLR4-NLRP3 inflammasome complex 0.884866 1.342179%e-12
CDK1 Key player in cell cycle regulation 0.716131 6.807173e-4
AKR1C3 Associated with increased PGF2a production 0.583761 2.4046046e-11
ANKZF1 An independent factor of poor survival in CRC 0.579492 6.1623666e-8
An enzyme involved in cell metabolism - shown to be

TNFAIP3 1.130912 2.8145884e-22

PYCR1 . 0.443407 1.7951248e-4
up-regulated in cancers

PSAP Closely related with mTOR signalling 0.2963 6.0779555e-5

JUN Proto-oncogene 0.284186 7.0356595e-4

While the previous group comprised a few genes related to stress response and ROS
production, this GO database was more specified in this area of biological processes.
Included within this group are genes contributing to the generation of ROS, namely

BMP7 and PSAP, which hold critical implications in the stress response pathways.

Additionally, inflammatory-specific genes including LCN2, TNFAIP3 and AKR1C3, are
found to be upregulated in this dataset. Conversely, immunosuppressive genes, such
as GCH1, have been downregulated. RHOB encodes a member of the Rho GTP-

binding protein family, which controls endothelial barrier integrity during periods of
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inflammation via regulation of Racl. This downregulation could also lead to loss of
epithelial integrity in cases of UC (table 5.16).
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G00034142 Toll-like Receptor 4 Signalling Pathway

Table 5.17: Log2 fold change of genes contained within the Toll-like Receptor 4 Signalling
Pathway GO database between basal and LPS-treated samples in UC-derived colonic organoids.

Log2 Fold

Description Change

Induced by TNF-mediated NFkB activation. Associated

TNFAIP3 o . ) 1.130912 2.8149884e-22
with inflammatory carcinogenesis

TICAM2 Toll like receptor adaptor molecule 0.754464 8.3983736e-4

NFKBIA NFkB inhibitor 0.65851 2.4939932e-11

Regulates TLR and T cell receptor signalling.

PELIL Upregulated in several cancers

0.399573  8.4142994e-5

Downregulation correlates with poor differentiation

S100A14 .
& poor prognosis in oral cancer

-0.29973  1.5388975e-4

TNFAIP3 was found to be much further upregulated in our UC samples in comparison
with the healthy control. Moreover, TICAM2 was found to be significantly increased in
UC samples, whereas we have observed this gene to be highly downregulated in our
healthy samples. This is an integral factor differing between healthy and UC patient-
derived organoid platforms as TICAM2 plays a critical role in the TLR4 pathway. In
addition to this finding, PELI1 expression was also raised, this gene has been linked

with regulation of TLR and T-cell signalling also.

The NFkB inhibitor, NFKBIA, was also found to be upregulated; in indicating that much
of the response we can see in this experiment is not due to a high degree of NFkB
activity (table 5.17).
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G00031072 Heat Shock Protein Binding

Table 5.18: Log2 fold change of genes contained within the Heat Shock Protein Binding GO
database between basal and LPS-treated samples in UC-derived colonic organoids.

... Log2 Fold
H

GBP1 Facilitates caspase-4 recruitment 1.0823895 0.001117016
CHORDC1 Encodes gene product Morgana, a component of the 0.99614745 1.1231004e-7
IKK complex
HSPA1B Heat shock protein family A (Hsp70) member 0.95358884 3.0596115e-28
DNAJAL Dnal heat shock protein family (Hsp40) 0.77123517 1.5161974e-11
HSPAS8 Heat shock protein family A (Hsp70) member 0.7671301 1.7492522e-19
CDK1 Drives cell division 0.7161311 6.807173e-4

DNAJA4 Dnal heat shock protein family (Hsp40) member 0.594179 3.2765195e-9
DNAIJBS Dnal heat shock protein family (Hsp40) member 0.5747797 7.7135956e-5
DNAJB1 Dnal heat shock protein family (Hsp40) member  0.55472517 0.001217236

ERN1 Triggers UPR process in response to ER stress 0.5293869 1.0253137e-6
HSPA1A heat shock protein family A (Hsp70) member 0.47485197 0.001858028
HSPS0AB1 heat shock protein 90 family member 0.42274854 5.4788774e-7
CDKN1B Controls the cell cycle progression at G1 0.4144371 7.3467054e-5

Promotes cell proliferation, migration & invasion via

FKBP4 0.40048072 3.7493734e-5
Akt/mTOR signalling pathway €
BCOR An oncogenic mechanism has been suggested — not 0.35860115 0.002034554
yet fully understood
CSNK2AL Encodes CK2. Downregulation of CK2 leads to ROS 0.35562167 8.674650-6

activation
PTGES3 Encodes p23 — Co-chaperone for the Hsp90 pathway 0.3123688 1.5608732e-4
HTT Maintains ZO1 at tight junctions -0.29498923 7.201291e-4

Table 5.18 demonstrates upregulated gene hits such as GBP1, CHORDC1 and
FKBP4 that are directly involved in formation of complexes and activation of pro-
inflammatory pathways. The other upregulated hits in this list are, for the most part,
genes encoding heat shock proteins and those involved with the response to ER

stress.

The gene encoding the protein kinase, CK2, is downregulated, which has been
reported to contribute to ROS activation. While HTT downregulation leads to a loss of

Z01 at epithelial tight junctions resulting in increased barrier permeability.
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Figure 5.29: Heatmap comparing the data from basal, LPS-treated and LPS + TLR4 inhibitor

samples isolated from healthy colonic organoids.
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The top hits in terms of the most significant alterations to gene expression were then
converted into a heatmap format to allow for clearer visualisation. Original
representation by scatter plots is provided in Appendix 4. Figure 5.29 presents the

data comparisons between the 3 conditions of our healthy organoid line.

Green represents the genes that were upregulated in each condition compared to
control. While purple suggests the gene has been downregulated and black signifies
no change. While there are 24 genes that are listed as the most statistically significant
in this analysis, two, in particular, demonstrate an increase following administration of
LPS which is then reduced upon the addition of the TLR4 inhibitor. Very low expression
can be observed in the basal condition, displayed in purple. These genes, CD177 and
CLCA4, have not been measured in these previous experiments and were therefore
interesting to investigate further. CD177 is a gene encoding the antigen present on
neutrophils and is therefore this gene is naturally increased under inflammatory
conditions. This is supported by the data we see from this experiment, with a
substantial increase in the LPS-treated condition in comparison to basal levels. To
further demonstrate that this protein is expressed at increased levels due to acting via
the TLR4 pathway, the data clearly shows that expression was reduced considerably
upon the inclusion of the TLR4 inhibitor. The same expression profile was recorded
for CLCA4, a gene encoding the chloride channel. Increased expression of this gene
has also been suggested to be a biomarker of IBD. The remaining genes included in
this heatmap are divided into upregulated genes, in the top half of the figure, and
downregulated genes. These results indicate the number of genes impacted by
activation of the LPS/TLR4 pathway.

This range of genes includes: Claudin-2, a tight junction protein associated with
colonic inflammation; Lipocalin-2, an innate immune protein; the nuclear-restricted
IncRNA, NEAT1, involved in IL1B production and CA7, another example of a IncRNA
usually found to be expressed in the colon, with decreased expression previously

found in CRC tissue.

These are very interesting results that shall be further reflected upon later in this

chapter.
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A separate heatmap was then generated for UC colonic organoids, comparing all 3
treatment conditions after the 48-hour treatment period (figure 5.30). Here we can
initially see the difference in the number of hits in comparison to those in the previous
figure focussing on healthy organoids only. The difference is almost double with 45
hits compared to 24. This is suggestive of the greater impact LPS has upon UC tissue,
reflecting the enhanced response we have found across all previous experiments

conducted comparing UC-derived models with healthy controls.

While all these hits are the most significant of all the genes ran from the GO database
groups, the genes highlighted by the red boxes demonstrate the greatest effect of the
TLR4 inhibitor following the effects instigated by LPS alone.

A selection of these genes were present in the COL2 data, including CA7 which is also
downregulated in this UC model. Also evident in this dataset are that a large proportion
of the genes in this list, are associated with CRC development. This is a very
interesting finding and relevant to this project as it further corroborates our data
suggesting that UC-derived tissue is positioned towards CRC development pri