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Abstract

Over a million surgical proceduresecarried out each year within the United Kingdom. Three
quarters of these involve the gastrointestinal t(&if), and many requireolonic resections
with an anastomosis to-jein the ends of the remaining bowel to restore GIT continuity. While
mostanastomoseleal uneventfully, in up to 26% of patientealing fails and an anastomotic
leak (AL) developspossibly resultingn death.Although i is well-established thaprolonged
inflammation plays a rolein failure of healing, because of the hiddeand therefore less
accessiblelocation of the intestine, substitution with buccal mucosa, lngther epithelial
surfaces have often been usedproxiego investigate this phenomenon. But these do not fully
replicate the complexity of the intact @stinal environment. This thesis further develops the
zebrafish as a model organism for this purpose, by establishing an intestinal injuly anode
fluorescent gut line, and@haracterisingntestinal colonisation withE. faecalis a clinically
relevant bateria not usually found in zebrafisiihe zebrafish islsovalidated as a model to
study the action ofspecific modulators of inflammation resolutiomhe individual action
profiles of these compoundsn cells of the innate immune system, as wethasissuespecific
variation their mechanism of action and their temporal effactselucidated usin@uorescently
labelledneutrophils and macrophages eéRNA sequencingThis thesis then introduces to the
UK a validatedmouse modebf intestinalinjury and healing identifying apossible agent for
enhancedntestinal wound healindn conclusion, this work investigates the ways inflammation,
genetics, and the microbiome, may work together in influencing the outcome of injury and

healingin the intestinatract

(2721300 words)



Declaration

| Jou Ann Lee, confirm that t he Thesi s

Guidance on the Use of Unfair Meansafw.sheffield.ac.uk/ssid/unfammean$. This work has

not been previously been presented for an award at this, or any other, university.

Publications arising from this work

Lee JA, Chico TJA, Renshaw SAdrhe triune of intestinal microbiome, geist and
inflammatory status and its impact on the healing of lower gastrointestinal anastGRERsS.
J 2018 Apr;285(7):1212225. doi: 10.1111/febs.14346. Epub 2017 Dec 22.

Loynes CA,Lee JA Robertson AL, Steel MJG, Ellett F, Feng Y, Levy B, Whyte MKB,
Renshaw SA.6 P G Production at sites of tissue injury promotes an -grfammatory
neutrophil phenotype and determines the outcome of inflammation resolution i@Savadv
2018 Sep 5;4(9):eaar8320. doi: 10.1126/sciadv.aar8320. eCollection 2018 Sep.

S


http://www.sheffield.ac.uk/ssid/unfair-means

Statement of contribution and copyright permission

The following published manuscript has beeromporated as part of the thesis:

Title:A The triune of intestinal mi crobi ome, genet

the healing of | ower gastrointestinal anast omc

Publication statudPublished ifFEBS J2018 Apr;285(7):121:A225
DOI: 10.1111/febs.14346

Authors J. Lee, T. @ico, S. Renshaw.

Author contributions:

J. Lee: conceived ideas and concepts, performed literature review, constructes) Vigate
first draft of manuscript

S. Renshaw & T. Chico: Reviewed manuscript

Copyright permissiond:icence type CEBY 4.0, htps://creative commons.org/licenses/by/4.0,

which permits use, distribution and reproduction in any medium, provided the original work is
properly cited.

Author signatures:

JouA. Lee Date15/03/2020
StepherA. Renshaw Date16/03/2020
-'/ ( F
/(R LA

Timothy J.A. Chico Date24/03/2020



Acknowledgements

| would like to specially thank:

The Wellcome Trust for praging the funding and support theablel me to carry out

this work.
My supervisors Prof Alison Gartland and Dr Lynne Prince.

The excellentstaff at the Animal Unit at Sheffield Hallam Hospittie Electron Microscopy
Unit, the Wolfson Light Microscopy Facilityandthe Aquarium Unit

And the many individualswho gave their timeand effortto sharewith me their expertise,
knowledge experienceanduse of their specialised equipntea hearfelt 6ThankYou t you

alll



List of Abbreviations

AA Arachidonic acid

ADA Adenine deaminase

ADP Adenosine diphosphate
AL Anastomotic leak

ALP Alkaline phosphatase
ATL Aspirin triggered lipoxin or 1&pklipoxin
ATP Adenosine triphosphate
A.U. Arbitrary units

BHI Brain Heart Infusion

BSA Bovine serum albumin

bp Base pairs

Cm Chloramphenicol

CFU Colony Forming Units
COX Cyclooxygenase

DIG Digoxigenin

DHA Docosahexaenoi@cid
DMSO Dimethyl sulphoxide

DNA Deoxyribonucleic acid
DNase Deoxyribonuclease

dNTP Deoxyribonucleosid® -friphosphate
dpf Days posfertilisation

DSS Dextran Sodium Sulfate
DTT Dithiothreitol

Ery Erythromycin

EPA Eicosapentaenoic acid
FA Fattyacid

FPR2 Formyl Peptide receptor 2
FLIPr FPRlike Inhibitory Protein

g Gram



GF
GFP
GIT
HCI

min
mL
mm
mM
Mcl-1
MPO
NET
NGS
OCT

Gravity (relative centrifugal force)
Germfree

Green fluorescent protein
Gastrointestinal tract
Hydrochloric acid
Hydroxyproline

Hours posfertilisation

Hours post injury or infection
Intestinal Alkaline Phosphatase
Inflammatory Bowel Disease
Interleukin

Intravascular

Kanamycin

Litre

Low molecular weight
Lipoxin A4

Low melting point
Lipoxygenase
Lipopolysaccharide

Molar

Mega Ohm

Milligram

Minute

Millilitre

Millimetre

Millimolar

Myeloid cell leukaemidl
Myeloperoxidase

Neutrophil Extracellular Trap
Next Generation Sequencing

Optimal Cutting Temperature Compound



ODsoo
PBS
PCR
PD
PFA
PNK
RNA
RNase
rpm
RvD2
RVE1l
SDS
SDSPAGE
SNP
SPM
TAE
TBST
TE
TEMED
Tet
TNBS
Tris
TSA
TdT
VEGF

Mg
ML
Hm
MM

u

Optical density measudeat 600 nm
Phosphate buffered saline
Polymerase chain reaction

Protectin

Paraformaldehyde

Polynucleotide Kinase

Ribonucleic acid

Ribonuclease

Revolutiongper minute

Resolvin D2

Resolvin E1

Sodium dodecyl sulphate

Sodium dodecyl sulphate polyacrylamide gel electrophoresis
Single Nucleotide Polymorphism
Specialised proesolving lipid mediator
Tris-acetate EDTA

Tris buffered saline Ween

Tris-EDTA (buffer)

N, N, MNdraNrethyethylenediamine
Tetracycline
2,4,6Trinitrobenzenesulfonic acid
Tris (hydroxymethyl) aminomethane
Tyramide signal amplification
terminaldeoxynucleotidyl transferase
Vascular endothelial growth factor
Microgram

Microlitre

Micrometre

Micromolar

Phage



Contents

Y 013 = o PP TP PPPPPPPT 2

DT o F= = 11 0] o RS 3

Publications arising from this Work..............coooiiiiiiiiie e 3

Statement of contribution and copyright permission..............oooooeicieenn s 4

ACKNOWIEAGEMENLS......cieiiii e e e e e e e e e eaea e 5

(IS 0 Y o] o] £ AV = U o PR 6

LO10] 01T 01 £ TP PPPPPPPPPT 9

IS 0 ) T 19

LISt Of TADIES. ...t 25

(O F=T o) (=3 g A [ 011 o o [Fox 1o ) o I 26
1.1 The importance of anastomotic leaks and the scope of the problem............... 26
1.2  The importance of inflammation to wound healing..........ccccooeeeeeiiiiiiieeeccceee. 27
1.3  Manipulating inflammation to promote wound healing...............ccccceiiiiiieennnns 32
1.4  The role of lipid mediators (SPMs) in inflanmation ...............ccevviiiiiiiieeninnnnee. 36
1.5 Influence of microbial milieu on wound healing.............ccoooooviiiiiiicceiie e, 39
1.1  The possible role of protein modulators in inflammation.............................ce... 42
1.2  The role of differential genetic eXPreSSion..........cooviiiiiiiiiiiieeen e 44
1.3 Rationale for animal MOdeIS..........coooiiiiiiiiiiieeee e 46
1.4  Thesis aims and working hypothesis.................uuuiiiiiircceeiiiiicciee e AT

Chapter 2: Methods & Materials ...........ooooiiiiiiiiiiiieeei s 49
2.1 REAGENIS. ..ottt e et eee e e e e e et e et n——— e e eaeeeenranrnn 49
2.2 REeCIPES TOr DUMEIS. . .eii e 49
2.2 1 TAP DU et ettt eaeae 49
2.2.2 Phosphate bufered saline(PBS)..........uuuuiiiiiiiiie e eeen e 49
2.2.3 Tris-Glycine SDS Sample BUffer..........ceuviiiiiiiiiiii i ereerc e 50
2.2.4 Tris-Glycine SDS RUNNING BUfEI..........uuiiiiiiiiiiiiiii e 50
2.2.5 Zymogram Renaturing BUFfEr ..........ooouiiiiiiiii e 50
2.2.6 Zymogram Developing BUfer............ccoiiiiiiii et 50
2.2.7 CoOmMASSIE BlUE STAIN..........uuiiiiiiiiiiiiii et 51
2.2.8 SDSPAGE loading buffer (5X) ....cooooiiiiiiiiieeee e 51



10

2.2.9 TBST (20X) crvuevrevrereeeeeresseseeesoeeeeeseseseesseseeseesees s reseseeseeessesseseeseeseeeseeemesseeseeeeees 51

2.2.10 Western Blot Transfer BUfer ... e 51
22.11 Western Blot blocking DUfer ... 52
2.2.12  TAE (B0X) oottt eeeeee ettt emee sttt ennt e, 52
N T I o 11 1Y USSP 52
2 S = o 111 PRSP 52
2.2.15 RNA fragmentation DUFTEr ...........cccuuiiiiiiiiiiiieeii e 52
2.2.16 RNA fragmentation stop buffer.............oooee e 52
2.2.17 4%(wl/v) paraformaldehyde (PFA) solution.............ccovvuiiiiiiiiieeee e, 52
2.2.18  LYSIS DUIEI ... arnn 52
2.3 Recipes for histological StaiNs............ccevvviuriiiiiireeeeeee e 53
P22 Tt R o o 011 11 1S =Y o T 53
2.3.2 ACIAIfIE WALET ...ttt e e e e e e e e ennn s 53
2.3.3 Alkaline water (Blue-ing SOIULION)...........ccuviiiiiiiiiiiee e 53
2.3.4 EOSINY StOCK SOIULION.....uuiiiiiiiiiiiiiiiiie e 53
2.3.5 EO0SINY WOrKiNG SOIULION........coiiiiiiiiiitit e ees s e e e e 53
2.4 CUIUIE MEAIA .. .cci i ettt et n e e e e e e e e e amnnn s 54
2.4.1 Brain Heart INfusion (BHI) .......couuiiiiiii e 54
P = 1 o o - | EPPERR 54
2.4.3 MIlK AQAI .eeiiiei ittt ———— et 54
2.4.4 Luria Bertani (L B) broth (LENNOX) .....uuviiiiiiiiiiiiiiiii e 54
245 LB AQAT ..ot a e enan e e e e aa e 24
2.4.6 LK MEAIA ...ciiiiiiiiiiiiiee e 54
A I Q=T |- U PSPPSR 55
P2 T N 01 1] 0] ] oSSR 55
2.4.9 Phage DUITEI........ouiiiiii e 55
2.4.10 Sabouraud DEXIrOSE AQAr..........uuurruriiiieieeeeceeeiisse e e e e e e e e e e e e e e e reeesaaaaaaaaaeeees 56
2.4.11 Carboxymethylcellulose (CMC).......ccooiiiiiiieiiieeme e eeeennnaes 56
2.4.12 Zebrafish embryo media (E3).........coovriiiiiiiiiiieee e 56
25  Molecular biology tECHNIQUES..........uuiiiiiiiiiiiiiii ettt 56
2.5.1 RNA extraction from zebrafish larvae............ccccoomiiiiiicc s 56



25.2
2.5.3
254
2.5.5
2.5.6
2.5.7
2.5.8
259
2.5.10
2511
2.5.12
2.5.13
2.5.14
2.5.15
2.5.16
2.5.17
2.5.18
2.5.19
2.5.20
2.5.21
2.5.22
2.5.23
2.6
2.6.1
2.6.2
2.6.3
26.4
2.65
2.6.6
2.7
2.7.1

Preparation of cDNA via reverse transcription PCR...........c....cvvvvvviiiiimmeeennnnns 57

Determining DNA or RNA CONCENtration.............coevvvviuuniiiimreeeeiiniienee e e 57
Gel lECIOPNOIESIS....eeiiieeeiii e 57
Gel extraction Of DINA. ... e eerna e e e e e e e e e e eeeees 58
Purification of PCR ProdUCTS.........ccooiiiiiiiiiii e eeeee e 58
[N VNS =T o [U]= s o o USSP 58
RINA OVEI-EXPIESSION.....cciiiiiiiiiee et 58
RECEPDIN CIONING ...ttt e 58
Plasmid purifiCation .............uuiiiiiiiiiii e e e e eeeaes 60
Restriction endonuclease digestion................uvuuiiiiiiccceeeeeiviiiee e eeeeann ) 60
JLIE 0 1NN [T - [ ) o PSR 60
Electro competent EL250 CellS.........ooooiiiiiiiieee e 61
Transformation of EL250 or TOplO cellS.......coovviiiiiiiiiiiii e, 61
BAC library SEleCHON ..........iiiiiieiiie e 61
Double digest and examination oColla2eGFP..........c..cccccccciiiiimmeeeninnnnnn ) 61
Creation of a target construct for Col1la2eGFP.........ccccceeviviiiiiiiiiiceecciie 62
Amplification of target CONSIIUCT .............uuuiiiiiiiiiiiiieeeiie e 62
Targeting construct into EL250 CellS........ccoooviiiiiiiiiiiieeee e 63
Removal of kanamycin marker..............cccoorvriiiiiiieee e 63
iTol2-Kan target construct amplification..............ccccevvvvviiiiiieee e 63
Targeting of iTol2-Kan into the Chloramphenicol resistant site.................... 64
Preparation of Tol-2 transposase mMRNA for canjection.................ccccceeven. 65
Tomographic RNA sequencing (TOMOSEQ)........uuuurrurriiiaeeeeeceeeiriieeaeeeeeeeeaeeas 65
TomoSeq sample freezing and SECHIONING.............uuvuueiiiiiieeerre e 65
TomOSeq RNA XIraCtON.......ccciiiiieeiiiii e es e 65
TomoSeq reverse transcription andn vitro transcription of RNA ..................... 66
TomoSeq library preparation ..............ooovuiiiiiiiiccreeeere e 68
0] oS =To ST =0 (U L= o od T o Vo PP 70
ANAIYSIS Of TOMOSEQ.....ccieeeiiiiieiieitrrer e erees bbb e reeeeeeeeeean 70
Histochemical analySiS..........ooooiiiiiiiii e 71
Alcian blue staining for goblet cell quantification..................cccccvviivieeeiieeeeeenn 1

11



12

2.7.2 In Situ Alkaline phosphatase staining for endogenous expressian.................. 71

2.7.3 Acridine orange staining for cell death within the zebrafish larval intestine......71
2.8  Bacteriological tECRNIQUES.........coiiiiiieiiee e 12
2.8.1 Bacterial StraiNS...........coviiiiiiiiiiiiieeeeeeiiie e eernri e e e e e s e e eeeennnn e e e e 2
2.8.2 Bacterial growth conditions...........ccoooiiiiiiiii e 12
2.8.3 Transduction of S. aureus SA113 using bacteriophage.............ccccoeeiieiiiiecennnns 74
2.8.4 Direct cell counts (CFUmL ™) and Spectrophotometric measuremen{ODsqo) ...74
2.9  Zebrafish in VIVO tECNNIQUES........cooiiiiiiiei e 76
2.9.1 Zebrafish NUSDANAIY.......cccoiiiiiii e e e e eaaee 76
2.9.2 TransgeniC FiSh LINES.........uuuuiiiii it eeeeeeeee e e e e e 16
2.9.3 Talilfin injury neutrophil assay of zebrafish larvae............cccccccooeeeiiiiieeeecceen. 78
2.9.4 Intravascular microinjections of zebrafish larvae.............cccccvvviviiiiccciieeneennnns 78
2.9.5 RNA and DNA microinjection at the 1-cell stage zebrafish embrya................. 80
2.9.6 Microgavage of zebrafish larvae.............cccocooii i, 80
2.9.7 Tailfin regeneration @SSAY...........uuuiiiiiieieeeeeieeriiisaase e e e e e e eeeeeeeeeeseneeeeeeaeeeeeeenannnn 80
2.9.8 Neutrophil reverse migration assay in zebrafish larvae............cccccoeeeeiiiiieennns 81
2.9.9 TSA/TUNEL neutrophil apOPtOSIS @SSAY........uuuurrrrrrrrreiiiiiiaaerernreerreeeeeeeeeaaeaeeenn 83
2.9.10 Whole mountIn Situ hybridiSation ..............cooiiiiiiiiiiiie e, 83
2.9.11 Mechanical Model of Bowel injury model in zebrafish larvae........................ 85
2.9.12 Laser Model of Bowel injury model in zebrafish larvae..............ccccceeveiiiineees 85
2.9.13 Inflammation assay for bowel injury in zebrafish larvae....................ccoieee 85
2.9.14 Intravenous bacteraemia survival assay in zebrafish larvae........................ 85
2.9.15 CFU quantification of E. faecalisin individual zebrafish larvae..................... 86
2.9.16 Picrosirius red staining of whole mount or frozen sections................ccc.vuvee. 86
2.10 Imaging of zebrafiSh larvae...............uuuuuiiiiiiiiieeeiiiee e 87
2.101 Time-lapse imaging of lIVe 1arvae...........ccccooriiiiiiiiiice e 87
2.10.2 Transmission Electron MICIOSCOPY..........uuuruuuiiiiieeieeeeeeeiiiieaa e e e e e eeeeeeeeeeaeeenas 89
2.10.3  Light SNEEt MICIOSCOPY....cuuuruurruuiiieieeeeeeeeeaaiisaaaseeaeeeaeeeeeeeesesinnneaeeeaseeereernnnnns 89
2.11 Mousein vivoand ex ViVO teChNIQUES...........ccooiiiiiiiiiieeee e 89
2.11.1  MOUSE NUSDANAIY.......uutiiiiiiiiiiiiiii et 89
2.11.2 Statistical design and sample size calculations.............cccoovevviviieeeiiiiineeeeenns 90



2.11.3 Faecal MasSS MEASUIEIMENES. . .....cue et eeee e eenns 0

2.11.4  ACHVILY MEASUIEMENT.....cciiiieeeeieeee et eeee e e e e e nsnnn s 91
2.11.5 Operative teChNIQUE..........cooiiiit e e e e e e 91
2.11.6 Clinical assessment of mice posiperatively...........ccccoooviiiiiiiiiicce e 91
2.11.7 Harvesting of specimens and sample preparatian..............ccoevvviiiiiceeineeeenend 94
2.11.8 Anastomotic bUrsting PreSSUrE.........ccooeiiiiiiiieeeteeee e s 94
2.11.9 Stool culture for bacterial, fungal, cellulase and proteolytic activity.............. 94
2.11.10 Frozen sectioning for NiStOlOgY........cuuuiiiiiiiiiiiiiiii e 95
2.11.11 Haematoxylin and eosin staining of frozen sections............ccccccevviivvieeneceennn, 95
2.11.12 Picrosirius staining of frozen sectbns of intestine and skin........................... a5
2.11.13 Wright -Giemsa staining of frozen SECtONS...........ccccvvvvviiiviiieeee e 95
2.11.14 HydroXYProliNg @SSAY......cutttiiiieeeeeeeiiii it e e e e e e e e e e e e e 95
2.12  Protein ANAIYSIS....ccooiiiiiii it err e 96
2.12.1 Bradford protein @SSAY........cccuuuuuiiiiiiiiiiiiiie e e e et e et 96
2.12.2  SDSPAGE ...t e e e e 96
2.12.3  WeStern DIOMNG ......oooiiiie i eee et e e e e e e e e e e 97
P2 G T A Y 4 10T | = T o PRSPPI 98
2.13.1 Protein preparation for mass SPeCtromMEetry........cccoeveeeviiiiiiiiieieeeee e 98
2.13.2  Protein mass SPECIOMEIIY .. .. ciiei i i e e e e e eeeee e eeeieees e e e e ee e e mnme e e e e eeeeeeaes 99
2.14  StatistiCal @NalYSIS........ccoviiiiiiieieii et a e e ann— 99
Chapter 3: Specialised Preresolving Mediators (SPMs) in zebrafish models of
INFLAMMEALION ... e erenr e 101
3.1 Introduction to SPMs and eicosanoids in zebrafish..............ccccoviiiiiieeciiinnnee. 101
3.2 RESUIS e e e e e e e 102
3.2.1 The standard neutrophil response tdailfin amputation .................ccccoeevvvieenn.. 102

3.2.2 Inhibition of 15-LOX delayed inflammation resolution both early and late in the
INFIAMMALONY CYCIE ... 104
3.2.3 Inhibition of 5-LOX accelerated inflammation resolution when given late, but
delayed inflammation resolution when given early..............ccccooiiiiiiiieeen i, 106
3.2.4 Inhibition of 12-LOX did not affect inflammation resolution when given early,

but delayed inflammation resolution when given late............cccccoiiiiiiieeneee, 106



3.2.5 LXA4 and RvE1l, but not RvD2, accelerated neutrophilic resolution in tailfin
LU= T EST=Tod 1 o] o PP PR PPPPURPPPPPPPP 108

3.2.6 Only LXA4, and not RvD2 or RVE1L, increased neutrophil apoptosis at 3 hours

3.2.7 Histochemical quantification of neutrophils matched live trends.................... 113

3.2.8 All three SPMs increased reverse migration of neutrophils in different ways.115

329 LXA4 and RVEL, but not Rv D2, i ncreased
INJUTY ettt ettt et oot e et oo e oo e oo e e e e oo oo e e mnne e e e oo e e bbb bbb e s nnna bbb n e e e e 118

3.2.10 RVEL, but not LXA4 or RvD2, increased the rate of tailfin regeneration.....118

3.2.11 LXA4 and RvD2 increased macrophage numbers and RvE1l accelerated
arrival of macrophages in tailfin iNJUry ..o 121

3.2.12 LXA4, but not RvD2 or RVE1, improved survival in systemic Staphylococcus

= U1 U 01 (=T X 1[0 o TS PPPPPPPPPPPR 123

3.2.13 RvD2 and RVEL, but not LXA4, increased survival in systemi&nterococcus

FABCAlISINTECTION ...t nnne e 123
3.2.14 Development of GIT injury Mmodel..........cooooiiiiiiiiiiiee e 126
3.2.15 LXA4 reduced, RvD2 did not affect, and RVE1 increased neutrophil numbers
T = T €T o U] Y SR TPP 129
3.2.16 All three SPMs reduced peak macrophage numbers attending to an intestinal
11770 18 o TP 132
3.3 Discussion and further WOrK..............eooiiioiie e 135
3.4  Summary of important fiINdiNgS........ccoeuuiiiiiii e 139
Chapter 4:  Investigation of SPM receptors in larvae and development of a spatial RNA
analysis (TomoSeq) of zebrafish tailfin iNjury............ccccceeeviiiiiiee e, 140
4.1  Receptor expression and spatial RNA analysis in zebrafish......................... 140
4.2 RESUIS. .ttt ettt e e e ———— e 141
4.2.1 gprl8,cmkirl and fprl receptor RNA are expressed in zebrafish embryos from
LADE ettt et ——— 111ttt ettt enn et e neeens 141

4.2.2 Over-expression offprl, gprl8and cmkirl did not reduce neutrophil numbers at
3] 0] o PSPPSR 143
4.2.3 Over-expression ofgprl8 but not fprl or cmkirl, increased neutrophilnumbers
oL D24 o o PP PPPPPPPPPPPPR 145



4.2.4 Over-expression offprl, gprl8and cmkirl did not affect neutrophil numbers at

4.2.5 Over-expression of gprl8, but not fprl or cmklrl, increased tailfin
[g=To =T 0 =T o (o] o NPT PP PPPPRTPPP 149

4.2.6 Endogenouscmklrl expression, but notfprl or gprl8 was increased at the site of

tailfin injury from 6hpi ONWArAS ..........ccooiiiiiiieeee e 151
4.2.7 Setup of Tomographic RNA sequencing (TOMOSEQ) .....ccuvvvriiiiieeeeiiiiiaaeeeeenn. 159
4.2.8 Preliminary validation of the TomoSeq resultS...........ccccooviiiiiiiiiicce e 161

4.2.9 Expression patterns ofgenes known to play a role in inflammation or have
anatomical specificity recapitulated known patterns.............cccceeeeeviiiiieeeii e, 168
4.2.10 Top genes expressechiuninjured controls compared with injured larvae....171
4.2.11 Differential genes were up and down- regulated in Go enrichment analysid72
4.2.12 Growth and differentiation genes were upregulated in controls and stimulus
respoNnSe genes N INJUIEH. ... ......i i ceeee e eree e e e e e e e e e 177

4.2.13 Functional enrichment analysis showed differential expression of cellular

(od0] gpT oToT =T o] e T 0TS PP 181
4.3  Discussion and fUurther WOIK............ouuuuuiieiiii e 183
4.4  Summary of important fiNndiNgsS .......ccoooiiiiiiii e 186

Chapter 5:  Enterococcus faecalismtestinal colonisation in the zebrafish and its effect on
inflammation 187
5.1 The importance of organ specificity, colonisation and E. faecalis in

INFIAMIMATION L. erena bbb 187
5.2 RESUIS .. e e annn e e e e e e e e e aaaes 188
5.2.1 Following microgavage,E. faecalispersisted in an anatomically distinct region of
the ZebrafiSh GIT ...t e e e e e e e e e e e e e e e st aaeeeaeeeas 188

5.2.2 The E. faecalisOG1RF-gepaXmutant had impaired colonisation of the zebrafish
(=153 1] = L = T PO 189
5.2.3 The parental background strain of thegEpaX mutant did not affect colonisation
(0101 = 1 =[S PUPPSR 193
5.2.4 Persisting E. faecalisdid not induce an increase in physiological inflammatory
LT T ST £ 196
5.25 E.faecalisc ol oni sati on increased NEaB.el®pressi

15



5.2.6 E. faecalis in an uninjured GIT did not incite a cellular inflammatory
(1] 010 =SSO 199
5.2.7 In contrast to E. faecalis S. aureusSA113 incited a neutrophil response in the
01T ][0T =T T g1 (=31 ] T RS 202
5.2.8 Colonisation with E. faecalisreduced the number of macrophages patrolling the
1 C=S] (] g F= U (=Yoo o SRR 202
5.2.9 Generation of a new transgenic zebrafisTgBAC(Cldn15la:Colla2eGFP)......205
5.2.10 Collagen was expressed within the basement membrane only from 215dpf

onwards when infolding of the intestinal tract begins.............cccccoiiiiiiiiieeee e, 207
5.2.11 Colonising E. faecaliswas closely association with the intestinal villi.......... 211
5.2.12 Colonising E. faecaliswere viable and not invading intracellularly............... 213

5.2.13 In the presence of an acute intestinal injury E. faecalisincreased neutrophil
111> 1o ] IR 216
5.2.14 RvE1l and RvD2, but not LXA4 reduced peak neutrophil numbers at an
intestinal injury in the presence ofE. faecalis...............ccooovviiiiiieee e 218

5.2.15 SPMs differentially affected peak macrophage numbers attending an intestinal

wound in the presence OE. faeCaliS..........ooviiiiiiiiiiii e 221
5.3  Discussion and fUtUre WOIK...........ooiiiiiiiiiiiiiie e 224
5.4  Summary of important findiNgS ..........coooriiiiiiiiier s 227
Chapter 6: Investigation of the mechanism of action of intestinal alkaline phosphatase
(IAP) in the zebrafiSh..............oo 228
6.1 Introduction to iAP and its importance in immunology...........cccceeeeiieeeeeeeceennens 228
6.2 RESUIS. .. e e e e ettt ———— e e e e e e eaaaarrre 229
6.2.1 PersistingE. faecalisincreased localised expression of iIAR.................ccceee 229
6.2.2 AP expression was ugregulated following distal intestinal injury .................. 232

6.2.3 iAP decreased neutrophil numbers attending to an intestinal wound site, even in
the presence OE. faCaliS.........oooi e 234
6.2.4 AP decreased macrophage numbers attending to an intestinal injury........... 237
6.2.5 AP reduced neutrophil recruitment and accelerated inflammation resolution in
a sterile tailfin INJURY ... e errr e e e e e e e e e e e reeer e as 239
6.2.6 iAP increased the rate of arrival of macrophages but decreased peak

macrophage numbers in a sterile tailfin INJury...........oooiiii 239



6.2.7 AP did not increase rate of tailfin regeneration at 24hpi...........cccccvvvvvenneee. 243
6.2.8 AP did not improve survival in severeS. aureusbacteraemia..............c.......... 243
6.2.9 iAP effects on neutrophil recruitment were abrogated when either a generic
adenosine receptor antagonist, or adenosine deaminase, were administered......... 245

6.2.10 AP exerted its neutrophilic anti-inflammatory effects via adenosine A2b

receptors, but NOt AL OF A28 FECEPLOIS. ....uuuuuuiieiee e e e e eeeeeeeeeie e e e e e e e e e e e anneeeeeeees 247
6.211 i AP reduced NFaB expr ess..on..f.ol.l.@4® ng t &
6.3 Discussion and fUurther WOIK.............oeeuuuuuiimmiiieeeieeir e 251
6.4  Summary of important fiNndiNgS..........coiiiiiiiii e 254
Chapter 7:  Intestinal alkaline phosphatase and intestinal wound healing in the
L T0 T S PP 255
7.1 The clinical burden of wound healing and the relevance of iAR..................... 255
7.2  RESUIS...eetiiiiiei e 256

7.2.1 Voluntary ingestion of Nutella as a mode of treatment delivery was feasible.256
7.2.2 A proximal colonic anastomosis was the choice for investigation.................. 259
7.2.3 iAP did not significantly alter the post-operative activity index of mice in the
StANAAIA MOUEL. .. ..ttt nnnr e 259
7.2.4 AP significantly accelerated the return of normal bowel function post
operatively in the standard MOdel...............uuuiiiiiiii e 264
7.2.5 AP significantly increased postoperative weight gain in a standard model....266

7.2.6 iAP significantly increased anastomotic bursting pressure (ABP) on day three in

the Standard MOUEL.........ooiiii et 268
7.2.7 AP increased anastomotic hydroxyproline content on day three in the standard
70T [ PSS 268
7.2.8 AP did not affect hydroxyproline content in the skin wound in the standard
070 o [ TP 272
7.2.9 iAP did not significantly alter spleen weights in thestandard model............... 272
7.2.10 AP did not affect the diversity of faecal bacteria in the standard model....276
7.2.11 AP did not affect the diversity of faecal fungi in the standard modeil.......... 276
7.2.12 iAP did not affect faecal cellulolytic activity in the standard model............. 279
7.2.13 iAP did not affect faecal proteolytic activity in the standard modei............... 279

17



7.2.14 iAP did not affect anastomotic MMP2 or MMP9 activity in the standard

00 o [= ] PP PPPPPPUPPPPPPR 282
7.2.15 AP did not affect skin MMP2 or MMP9 activity in the standard model....... 282
7.2.16 iAP significantly increased the activity of anasbmotic DISP on day seven in
the standard MOEL............ue e et aeees 285
7.2.17 No ALs occurred in the iAP group in the leaking model..............ccc.ooevvnnnnee 287
7.2.18 iAP significantly increased the activity index in the leaking model.............. 289
7.2.19 IAP accelerated the return of normal bowel movements in the leaking
MOAEL ...t ettt et 289
7.2.20 iAP accelerated postoperative weight gain in the leaking model................ 291
7.2.21 iAP significantly increased ABP on day three in the leaking model............ 291
7.2.22 iAP significantly increased anastomotic hydroxyproine content on day three
iNthe leaking MOdEL..........cooo i e rreer e 291
7.2.23 AP did not affect spleen weights in the leaking model.....................oovvieeeis 295
7.2.24 iAP did not affect diversity of faecal bacteria in the leaking model............. 295
7.2.25 iAP did not affect diversity of faecal fungi in the leaking model.................. 298
7.2.26 IAP did not affect faecal cellulolytic activity in the leaking model............... 298

7.2.27 1AP decreased faecal proteolytic activity on day three in the leaking mode301
7.2.28 AP did not affect anastomotic MMP2 or MMP9 activity in the leaking

00 o [= ] PP P PP PP PUPPPPPPP 304
7.2.29 iAP did not affect skin MMP2 or MMP 9 activity in the leaking model........ 304
7.2.30 AP did not increase DISP activity in the leaking model..............ccccovviinnnne 304
7.3 Discussion and fULUIE WOIK............uuuuiuiieiiiiiiieaeiieiiiiieieeeeeeeeeeeeesseeeeeeeeaaeeaeeens 308
7.4  Summary of important fiNndiNgS .........ccooiiiiiiiiiiier e 312
Chapter 8:  Conclusion and future WOork................eeiiiiiieeniiiiiieeeeeee 313
RETEIENCES. ... e rene e e e e e 318

Appendix 1: TomoSeq numbeed primer SEQUENCES.........cveiieeeeeeeeeeerrieeeaeeeenns 360



List of Figures

Figure 1-1: The three overlapping stages of wound healing...............cccoevvviiiiieeeeiiiiciee e, 35
Figure 1-2: Simplified pathways of synthesis 0f SPMS.......cccocoooiiiiiiiiiiiicce e, 37
Figure 1-3: The inflammatory response in anorgan, such as the intestinal tract, that may be
MOAUIATEA DY SPIMS......o it e e e 37
Figure 1-4: The tri-faceted approach to anastomotic healing.............cccccceeeiiiiiiceeieeeeeeeeeeennnn . 48

Figure 2-1: Plasmid maps for zebrafish receptors cloned using the ZERO blunt TOPO Il cloning
] SRS SSSOPUPERR 59
Figure 2-2: Successful bacteriophage tranSAUCHON.............oooi oo 75

Figure 2-3: Pelleted colonies following growth to exponential phase of selected fluorescent colonies.

........................................................................................................................................... 75
Figure 2-4: Region of interest at the site of tailfin INJUIY.........ccooooriiiii e 79
Figure 2-5: Intravascular microinjection site in 2dpf zebrafish larvae............cccccceeiiiiii . 79
Figure 2-6: REVEISE MIgratiOnN @SSAY..... . uuueeieieeiiieiieeeaaaaieitinnnreesseeseeeeeeeeeeeesaa s nennnnnnnnnneseeees 82
FIQUIE 2-7: TSAITUNEL @SSAY........ciiiiiiiiiiiiiiiiiieeee e e e e e e e e e e e e s e s s s s rmmme et et e e e e e e e e e e e e ea e e e e e s seeeseeeees 84
Figure 2-8: Example snapshot of neutrophil tracking in from intestinal injury using Volocity 6.388
Figure 2-9: Stool collected OVEI 24 NOUIS...........uiiiiiii et e e 93
Figure 2-10: A NOrMal @NASIOMOSIS. ... .ciiviiiieieiiiis e e e e iremr e e e e ear e e e e et seeeeeeeeata e e eeettaaeeseesnnnnes 93
Figure 3-1: Time course of neutrophil response to tailfin trarsection...............ccccccvviviiiieeeneennn. 103

Figure 3-2: Neutrophil counts at the region of tailfin injury, following treatment with the 15-LOX

inhibitor (PD146176) or VEhICIE CONTIOL...........ovuviiiiiii e e 105
Figure 3-3: Neutrophil counts at the region of tailfin injury, following treatment with the 5-LOX
inhibitor (MK886) or vehicle CONtrol. ... e 107
Figure 3-4: Neutrophil counts at the region of tailfin injury, following treatment with the 12-LOX
inhibitor (ML355) or VENICIE CONTIOL. .......uuveiiiii i eeee e 107
Figure 3-5: Neutrophil counts at the site of tailfin injury, following treatment with SPM (LXA4,
RvD2, or RVEL) or vehicle CONTrOl..........oooiiii e 109
Figure 3-6: Neutrophil counts at 12hpi the site of tailfin injury, following delayed treatment
(5.5hpi) with SPM (LXA4, RvD2, or RVE1) or vehicle control..............ccccccvviiiiiiicenneeeennnn. 110
Figure 3-7: TSA/TUNEL staining performed at 3, 6, 9 and 12 hours post treatment with SPM or
(L] 1T oo 1 o | T UUURRRPRRRR 112
Figure 3-8: Biochemical neutrophil quantification with TSA in the region of tailfin injury. ....... 114
Figure 3-9: Number of reverse migrating neutrophils overtime at the region of tailfin injury. ....116

19



20

Figure 3-10: Movement characteristics of reverse migrated neutrophils in the presence of SPMs.

......................................................................................................................................... 117
Figure311: Expression of NFaB in the region of

......................................................................................................................................... 119
Figure 3-12: Tailfin regeneration with SPM treatment..............ccoooviiiiiiiiiccciiiiiiie e 120
Figure 3-13: Macrophage counts at tailfin ROl in 2dpfTg(mpegl:NLSClover)sh436................ 122
Figure 3-14: Effect of SPMs on survival in systemic infection witlS. aureus...............cccceevee... 124
Figure 3-15: Effects of SPM on survival in systemic infection witle. faecalis............................ 125
Figure 3-16: Laser injury t0 the GIT. .........uuiiiiiiiiiiiiiieieiee e e e 127
Figure 3-17: Neutrophil responses with laser or mechanical intestinal injury.............ccc.coo........ 128
Figure 3-18: Neutrophil counts at the site of intestinal injury with SPM treatment..................... 130
Figure 3-19: Effect of SPMs on movement characteristics of neutrophils attending to antestinal

L0 TU T g o 1K1 = U 131
Figure 3-20: Macrophage counts at the site of intestinal injury............cccceeeiiiiie e, 133

Figure 3-21: Effect of SPMs on movement characteristics of macrophages attending to an
(1 (=510 = VR0 U o o PP 134

Figure 4-1: Reversetranscription PCR for expression of SPM receptors in zebrafish embryos and

Figure 4-2: Neutrophil counts at 6hpi following overexpression of each receptor using RNA
INJECLION At ONE CEIlI STAGE. .. uuuii i e e e e e e e e aeeeeeaeees 144

Figure 4-3: Neutrophil counts at 12hpi following overexpression of each receptor using RNA
INJECTION AL ONE CII STAGE- ... oot e e e e e e 146

Figure 4-4: Neutrophil counts at 24hpi following overexpression of each receptor using RNA

INJECLION At ONE CEll STAGE....uui it e e e e e e aeeeeeaeees 148
Figure 4-5: Receptor mRNA overexpression and tailfin regeneration.............ccccoeeveevvvvicecennnn. 150
Figure 4-6: fpriwholemountin situ hybridisation (WISH). ... 152
Figure 4-7: cmKIrL WISH at 2 and 4NpPie.....ooooooiiiiiii e 153
Figure 4-8: cmkIrl WISH at 6 and 8hpi............ouuuuiiiiiiiiiieeceeee e e e e eeeananes 154
Figure 4-9: cmkirl WISH at 10 and L120Pi........ccooviiiiiiiiiiieeeceeee e eeeees e eeeaanees 155
Figure 4-10: gprl8WISH at 1 and 2NpPi....ccccuuiiiiiiiiii e eeeee e e e e e e e eees 156
Figure 4-11: gpri8WISH at 4 and BNPi........coooiiiiiiiiiiiiii e 157
Figure 4-12: gpri8WISH at 8 @nd L12NPi......uuuuuriiiiiiiiiiiiiieiieees s eeee e 158

Figure 4-13: Representative images showing a 2dpf zebrafish larvae B§BAC(mpx:GFP)il14and

POSItioN Of frOZEN SECHONING.. ... utieiiii i eanaas 160

injury



Figure 4-14:
Figure 4-15:
Figure 4-16:
Figure 4-17:
Figure 4-18:
Figure 4-19:
Figure 4-20:
Figure 4-21:
Figure 4-22:
Figure 4-23:
Figure 4-24.
Figure 4-25:
Figure 4-26:
Figure 4-27:

Figure 5-1:
Figure 5-2:
Figure 5-3:
Figure 5-4:
Figure 5-5:
Figure 5-6:
Figure 5-7:
Figure 5-8:

Figure 59 :

Figure 5-10

faecali

Figure 5-11:
Figure 5-12:
Figure 5-13:
Figure 5-14:
Figure 5-15:
Figure 5-16:
Figure 5-17:
Figure 5-18:
Figure 5-19:

First uninjured control [arva. .............coii oo e e 162
Second uninjured CONrol IarVaL...........cooi i 163
Third uninjured CONEIOl TANVA. ........oviiiiiiiiiii e 164
FIrStINJUIE JAIVAL. ...ttt 165
Y =ToTo] oo T a1 [T =To N F= T 7 VU 166
Third INJUFEA [AIVA. .....ccevei i e e e e e e e e e s 167
Expression ofcyr61l1, an acute phase proteipalong the zebrafish tailfin................ 169
Expression patterns across all the zebrafish falox12, cldn15laandalpi.l............ 170
Biological processes linked to enriched analysis in GOrilla in uninjured larvae....173

Biological processes linked to enriched analysis in GOrilla in injured larvae........ 174
Heatmap of upregulated control genes...........cooo oo ciiceeece e 178
Heatmap of upregulated injured geNES...........uuueiiiii e 179
Gene overlap between samples plotted with FUnRich.................cccovviiieeeneeeinne 180
Cellular component analysis of functionaknrichment analysis using FunRich.....182
Intestinal colonisation byE. faecalisin 4dpf zebrafish larvae..................ccccovvnnneee. 190
E. faecaliscolonisation of zebrafish intestinal tract.............cccccoiiiiiiiiiccciiice e 191
Location of epaXmMULALIONS. ......ceeiiiiiiiiiiiieeee it eeeee e 191
EpaXis required for E. faecaliscolonisation of the zebrafish intestine..................... 192
Growth curves over 9 hours for OG1RF WT andOPDV gEpaX mutants. ................ 194
The effect ofE. faecalismutations on intestinal colonisation...............ccccevvvveevieen.. 195

Physiological inflammatory markers were not increased irkE. faecaliscolonisation..197

Acridine orange staining for cell death as a marker of intestinal inflammation....... 198

N F o B -regudated upgn colonisation WithE. faecalis..............ccoooeeiiiiieeeeeen. 200

: Neutrophilic responses in region 2&3 of the zebrafish intestinal tract to PBE.

SOF DSS 0.5%0 (W/V)n e eeeet st sreer e s e e e e e e e e e e e eareaaaannnrrne 201
Neutrophilic response to SA113 microgavage in the zebrafish larval GIT............. 203
Macrophage response t&. faecaliscolonisation in the uninjured intestine............. 204
Generation of TgBAC(Cldn15la:Col1a2eGFP)Sh546...........cccccvevvviiviiiicceiee e 206
Picrosirius staining n 7-12dpf zebrafish.............ccccorriiiccc e, 208
Picrosirius staining in 1322dpf zebrafiSh...........ccccooii i 209
Picrosirius staining of 2527dpf zebrafish.............iei e 210
Live imaging of TgBAC(Cldn15la:Col1a2eGFP)...........cevvviiiiiiiiiiiiiieeeiiiiiiiiieeeee 212
TEM images of transverse sections d&. faecaliscolonised 5dpf zebrafish............. 214
TEM images of transverse sections &. faecaliscolonised 5dpf zebrafish............. 215

21



22

Figure 5-20: Neutrophil responses to an acute intestinal injuryn the presence oE. faecalis
Lo ] (o] T LS3=1 1o o 1R 217
Figure 5-21: Neutrophil responses to an acute intestinal injy in the presence oE. faecalis
colonisation with treatment with SPM treatment. ............cccovvviiiiiiiiiicceeeee e 219
Figure 5-22:Parameters of neutrophil movement around an intestinal injury in he presence oE.
faecaliswith or without SPM treatment. ..o 220
Figure 5-23: Macrophage responses to an acute intestinal injumn the presence okE. faecalis
colonisation with treatment with SPM treatment. ............cccovvvviiiiiiiiiccieeee e 222
Figure 5-24: Parameters of macrophage movement around an intestinal injury in the presence of

E. faecaliswith or WithOUt SPM treatMeENnt. .. ... oovniieieee et e e reee e e e 223

Figure 6-1: Ventral view of 5.2dpf zebrafish larvae demonstratingn situ expression of endogenous

alkaline PROSPNALASE. ........coi e nnee e e eeeaaaaa 230
Figure 6-2: Staining of endogenous ALP uSiNg NBT/BCIP..........cciiiiiiiiiiiiieeeiiiiiiieeeeeeeeee 231
Figure 6-3: Increase in ALP expression in proximal gut BNpPi..............cuvviiiiiiiiicceeiii e 233

Figure 6-4: Neutrophil numbers in the region of intestinal injury following microgavage with
vehicle control or iIAP, with or without E. fa€CaliS ........cveviiriieiiei e e 235

Figure 6-5: Parameters of neutrophil movement after intestinal injury in uncolonised or E. faecalis

€0olonisedTGBAC(MPXIGFP)ILLA ... 236
Figure 6-6: Effects of iAP on macrophage response to intestinal wound.................ccccvvvvveee... 238
Figure 6-7: Immediate iAP treatment following sterile tailfin injury. .........ccccooiiiiiiiiiiiiieen 240
Figure 6-8: Delayed (5.5hpi) iAP treatment following sterile tailfin injury. ...............ccciiiiiiniee 241
Figure 6-9: Effects of iAP on macrophage response to a sterile tailfin injury.............ccccceeeeee. 242
Figure 6-10: Effect of iAP on tailfin regeneration.............coooviiiiiiiiiii e 244
Figure 6-11: Effects of iAP on survival in a severé&. aureushacteraemia..............co.ovvvvvvneeeseennns 244

Figure 6-12: Anti-inflammatory effects of iAP were abolished by caffeine, a neselective
adenosine receptor inhibitor, as well as adenosine deaminase............ccccvvveevvvieemeeeennnnnns 246

Figure 6-13: Specific adenosine receptor inhibition in sterile tailfin injury in 2dpf

TOBAC(MPX:GFP)ILLAIAIVAE. .....ccoeeeeeieiiiees e eee e ereer s e e e e e e e e 248
Figure6-14: NFoB expression following tailfin i

......................................................................................................................................... 250
FIgure 7-1: MOUSE TASTE 18ST......coi ittt ettt e e e e e e e e e e e e eeer e 258
Figure 7-2: Colonic anastomosis in @& Male MOUSE...........ccooiiiiiiiiiiieeeiiieeeeeeeee e 260
Figure 7-3: Mice approximately 6 hOUrSpOSEOPEIAtiVE. .........cooeieiiiiiiiiiiieeee e 261
Figure 7-4: Tracking analysis of MOUSE MOVEMENL...........ceeiiiiiiiiiii e eeeee e 263

njury

a



Figure 7-5: Twenty four hour stool collection and weights in the standard anastomosis model265

Figure 7-6: Percentage body weight on each pasiperative day in thestandard anastomosis model.

Figure 7-7: Anastomotic bursting pressure (ABP) in the standard anastomosis model............. 269
Figure 7-8: Anastomotic hydroxyproline content in the standard anastomosis on the third and

seventh POSIOPEratiVE AYS........oiociiiiii i cee e e e e e e et e e e e et e e e e enenees 270
Figure 7-9: Picrosirius staining to investigate collagen architecture in the healed anastomosi271
Figure 7-10: Hydroxyproline content in healing skinlaparotomy wound in the standard

ANASIOMOSIS MOUEL......iiiieeiie e e e e e e et e e e e e aaes 273
Figure 7-11: Picrosirius red staining of laparotomy skin wound.................ccoovviviiiccciiiiiieee e, 274
Figure 7-12: Spleen weights in the standard anastomosis model..............cccccooveviieriiiin e, 275

Figure 7-13: Bacterial morphologies isolatediom stool in the region of the anastomosis in the
£ 2= Lo =T o 10 0o To 1= 277

Figure 7-14: Fungi cultured from stool in the region of the anastomosis.................ccccevvvvveeen... 278

Figure 7-15: Cellulolytic activity in stool from the region of the anastomosis in the standard model.

Figure 7-17: MMP2 and MMP 9 in the anastomosis on posbperative day three and day seven in
the Standard MOEL.........ccooi e eeees 283

Figure 7-19: An anastomotic serine protease, later identified as DISP, on days three and sev2f6

Figure 7-20: Anastomotic leaks in the leaking model.............cccooeiiiiiiii e, 288
Figure 7-21: Leaking model actiVity iINO@X.........ciiiiiiieiiiiieiiiiieemeeeeee s e eeee e 290
Figure 7-22: Measurement of 24hour Stool weight (gransn the leaking model........................ 290
Figure 7-23: Percentage body weight against time for the leaking model.......................ooeees 292
Figure 7-24: Anastomotic bursting pressure in the leaking anastomosis model on the third and
SEVENTN POSIOPEIAtIVE TAYS.......uuuieii e e e et e e e e e e e e e eaeanes 293
Figure 7-25: Hydroxyproline content in the anastomoses of the leaking model on the third and
SEVENtN POSIOPEIALIVE TAYS......uuuiiiiiiiiiiiiiieie et ie e e e e e e e e e e e e e e e mnne s 294
Figure 7-26: Spleen weights on posbperative day three and seven in the leaking model......... 296

Figure 7-27: Growth of faecal bacteria from the region of the anastomosis in the Ikgag model on

the third and seventh postoperative day...............uuuiiiiiiiiiiieeei e 297

23



24

Figure 7-28: Fungal growth morphology cultivated from stool taken from the region of the
anastomosis irthe leaking model on posoperative days three and seven........................ 299
Figure 7-29: Cellulolytic activity assessed using digestion of CMC agar plates on the third and
sevenh postoperative day in the leaking Model...............ooviiiiiiiiiiiieeiiie e, 300
Figure 7-30: Proteolytic activity in the faecal matter from the anastomotic region on the third and
seventhpost-operative day in the leaking model...............cooiii i, 302
Figure 7-31: Frozen sections of the anastomotic region stained with haematoxylin and eosin (H&E)
and Wright Giemsa (WG) on day three in the leaking model..............ccccooiiiiiiiieciieeeeee, 303
Figure 7-32: MMP2 and MMP9 expression at the anastomosis on day three and seven in the
1€AKING MOUEL.... ..o e e et erree s e e e e e e e e e e eaeraaana 305
Figure 7-33: Evaluation of MMP2 and MMP9 expression in the skin laparotomy wound on day
three and seven in the leaking anastomosis Model...............ooiiiiiicciiiiii e 306

Figure 7-34: Distal intestinal serine protease (DISP) on day three and seven of the leaking model.



List of Tables

Table 1-1:

Exemplar interventions for prevention of ALs and their relationship to the

N T AMMALONY PrOCESS. . e tuiii i i e e eeee ettt e e e e e e e e e e e e e et e ene e e e sbb bt aaeeeeeeeeeessnaneeeeeeesssnnes 29

Table 2-1:

Antibiotic SOlUti ONS aNd CONCENTIALIONS. .. ...ieeiieiieee et e e re e eneen 55

Table 2-2:BacCterial STralNS. .....couieee ettt e e e e e e e e e eeeneeieeenneeneennenn e d D

Table 2-3:
Table 2-4:
Table 2-5:
Table 2-6:
Table 4-1:
Table 42:
Table 4-3:
Table 7-1:

List of transgenic fisSh INES.........coii i e 77
Sample Size CalCUIAtION............uuiiii e e 90
WWBIINESS SCONE. ...ttt ettt ettt e e e e e e e ettt a e e e e e e e e aeaaeeeeeeeeeenennnnnnn Q2

MUTINE SEPSIS SCOME ... ittt e e e e e e e et e et e e e e et e e e e e e e aeeesnnnnnnes 92

Top ten expressed genes in all three larvae in the injured and uninjured groups....171
Go enrichment of conserved CONtrol gENES........ccoviiveeeiiiieiieeee e eeee 175
Go enrichment of conserved iNJUred gENES.........ccvvuuiiieieiiiiiceer e e e e e ennees 176

Top five mass spectrometry matches according to iBAQ SCOI€.........oeeveevvvieeeivieenn. 286

25



26

Chapter 1:  Introduction

1.1 The importance of anastomotic leaksand the scope of the problem
Treatments for haemorrhoids have been described since frend 218’ century BC, but direct
surgical intervention in otherapts of the bowel was actively avoided in ancient times, being
performed infrequently even in acute injuries, and almost always ending dismally
(Warusavitarne and Phillips, 200&)Vhilst cutaneous breaches alpmeeen surgically induced
ones are often trivial and chronic wounds tolerated for yearsjcisions involving the
gastrointestinal tiet (GIT) are complex, and the consequencefaibdire to heal in this region
often rapidlylife-threatening It was only in 1783 that Dubois performed the first recorded
operation on uninjured bowel in the form of a colostomy for anorectal malformatesbaby,
who tragically survived only ten dayéY esildag, Mufiiz and Buyukunal, 2010Another forty
years would pass before the first segmental colonic excisiosuvasedin 1823,but followed
soon after by a successful anorectal excision in {&2&ney andsraney, 1980)Since then, the
numbers of GITopemtions have grown exponentiallin the UK alone, between 20@914,
lower GIT resections alone increased by almost a thousand cases per annum, to a total of over
29,000 resections 18014 (Eurostats, 2017)This rising number comeas no surprise due to
increasing public awareness obowel cancer symptomatologyombined with screening
programmes performed in an ageing population. Reassuringly, improvements in survival have
been substantial compared to that first foray into GIT surgery in tﬁ‘ecéﬁtury, lut one
complication continues to haunt the surgeon, adged, the surviving patient: the anastomotic
leak (AL).

Many resections now involve an anastomosis tire the ends of the remaining bowel, thus
restoring GIT continuity. While most heal uneventfully, in up to 26% of patiSukiff et al,
2016)healingfails and an AlLdevelops despite the best technical effdden an anastomotic

leak occurs, intestinal contents leak into the peritoneal cavity. Intestinal contents contain multiple
microorganisms and eitheligestive enzymes or frank faeces, depending on the location of the
anastomosis within the GIT. This can result in a range of complications such as abscesses, erosion
of surrounding tissues causing abnormal connections (fistulgmgeralisedinfection of the

peritoneum (peritonitis) with an accompanying systemic inflammatory response, and even multi



organ failure and death. Because of the serious consequences of failure of healing, decades have
been dedicated to optimising operative techniques such asasc@pposition of tissues with
submucosal suturing to evert the mucosal layer for aflteakjoin, careful preservation of the
vascular arcades to the ends of the anastomosis with visible perfusion, and maintenance of a sterile
operating field. When tise failed to eliminate leaks, further fitning extended to the peri
operative period with careful control of blood pressure and albumin levels, in addition to advances
in surgical technologgulminatingin increasingly sophisticatestaplersand increaingly varied

adjuncts such aBbrin glue andnickektitanium compression rirsg(Tabolaet al, 2017) But

noneof these have proven infallibl&or decades, surgeons have puzzled over this conundrum
and searched for additional surgical or patient risk factors, such as smoking, male sex,
anastomoses close to the anal verge, high arterial ligation eopprative radiotherapy
(Kingham and Pachter, 2009; Trenchetal, 2012; Lee and Mishra, 2014; Byraeal, 2015)

Indeed, nany risk stratification strategies have emerged but again, none consistently predict
explain this oftercatastrophic complicatiofKarliczek et al, 2009; Erb, Hyman and Osler,

2014; Wu, Freek and Lange, 2018jrikingly, despite increasing sophistication in surgical and
anaesthetitechniquesand equipmentthe rate of anastomotic leaks has not decreased over the
last few decadeiShogaret al, 2013)

So what do we know so far about the reasanastomoses leak? Literature directly related to
molecular aspects of anastomotic healggss extensive than would have bedeal, perhaps
because of théechnical challenges in creating an intestinal wound and subsequently directly
observing healing in an internal organd clinically relevant mannerubobservational studies

generally support a central role for inflammation in affecting wound healing.

1.2 The importance of inflammation to wound healing
One of the defining observations in early medicine was that inflammation accompanies injury.
First described by Celsus in 1ARather, 1971)the cardinal features of inflammation, to
different magnitudesnevitably follow invasive surgical procedures. Many of the basic tenets of
good surgical practice such as meticulously gentle tissue handling, preserving a good blood
supply, debridement of nenable tissue, and asepsis, may have their molecular basis in

minimising the magnitude of inflammation that occurs. Whilst there is certainly no place for
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gross departure from these principles, how important are they in preventing AL and how might
they relate to cellular and molecular aspects of inflammatdtidugh these principlemight

seem likeirrefutable andfundamentalknowledge many pharmacologicapotentiatesbased

upon these principlelsave been reviewedver the yearsand he results othesestudies were

often equivocal or even contradictorfa selection summarised ifable 1-1). However,
interpretation of these experimental results is more complex than would seem at firstayhance

differing conclusionsot alwayssimply due to different models or experimental setups

Let us examine, as an example, the importance of a good blood supply to the ends of the bowel
forming the anastomosis. It almost defies common sense that anything could be more important
than this. And yet experimental evidence is conflicting. Early experiments in dogs with
intentional vascular occlusion causingcB of visible devascularisation of the anastomotic
region showed that in the sterile bowel, maintained by intraluminal antibieatnent,
anastomoses healed despite this ischaé@mn and Rives, 1956More recent examples in
rodents with segmental colonic ischaemia at the sites of anastomoses suggested a lack of
difference in levels of tissue hypoxia between healed otheahed anastomos€Shakhsheeet

al., 2017) However, in other studies using more severe arterial occlusion, positive effects with
hyperbaric oxygen therapy (HBOT) have been demonstrated in healing, and eneffetts

with systemic hypoxidgAttard et al, 2005; Boesemaet al, 2016) But even if we suppose that

the conflicting results arose because gwwmucosal plexus of the intestine is more robust in
animals thus inadequately recapitulatifguman physiology, clinical reports also conflit.
humans, wile reduced microperfusion of the rectal stump hakeedbeen linked to ALsan

some studies(Vignali et al, 2000) othe studies show nahistological differences in

microvasculadensity between AL and healed specim@ehouteret al, 2014)



Table 1-1: Exemplar interventions for prevention of ALs and their relationship to the

inflammatory process. This list includes some of the options that have been investigated, how they

might ultimately impact upon ¢éhinflammatory pathways, and their often divergent conclusions.

Intervention Relationship to the References Conclusion
investigated inflammatory process
Ischaemia PHD/HIF pathways (se| (Cohn and Rives, | Ischaemia did not cagsAL in a sterile
prevention text) 1956) bowel in dogs
(Shakhsheeet al, | No difference in tissue hypoxia levels i
2017) mice
(Schouteret al, No differences in microvessel density |
2014) human histology specimens
(Pommergaardt | Impaired blood supply impairs healing
al., 2015) in mice
(Attard et al, Systemic hypoxia impairs healing in rg
2005)
(Boersemaet al, HBOT improvesanastomotic healing in
2016) rats
Electro Electromagnetic field (Menteet al, Improved mehanical strength and
magnetic field | therapy camdown regulate| 1996) hydroxyproline content with EMF in
therapy (EMF)| inflammatory cytokines rats
(IL6, IL1 COX2) andup
regulatelL10 (Ongaroet | (Nursalet al, No difference irrats
al., 2012; Pescet al, 2006)
2013)
Amniotic Amniotic membranes hav| (Barskiet al, Increased inflammation and adhesion,
membrane integralimmuno 2017) does not prevent AL imats
modulatoryproperties to
avoid rejection of foetus | (Moslemiet al, Prevents AL and reduced adhesions ir
2016) rats
Fibrin Mechanical barrier (Panteliset al, Positive effect with fibrin glue in

glue/sealants

reducing peranastomotic
inflammation

2010)

(Senolet al, 2013)
(Nordentoftet al,
2015)

(Sliekeret al,
2013)

healing in mice

Improved hydroxyproline content with
fibrin glue in rats

A review showing lack of effect of fibrir
glue

No effect of six different sealants in
mice

Sildenafil

Decreased neutrophil
infiltration/decreased
cytokine (see text)

(Cakiret al, 2015)

(Irkorucu and
Comert, 2009)

Improved collagen maturity in rats

No effect on anastomotic integrity in
rats
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This confusion surrounding the hierarchigalportane of blood supply however, has not
slowed efforts to improve intraoperative visualisation of perfusion, with innovations such as
scanning laser Doppler flowmet(Boyle et al, 2000)and fluorescent indocyanine green (ICG)
being introduced in recent years. But again, for example with ICG, there is still a lack of
randomised controlled trials evidencing a significantly reduceda&é (Degett, Andersen and
Gogenur, 2016)Although nm-randomised studies have indicated no leaks in the anastomoses
that were immediately revised based upon intraoperative ICG fluorescence, it is unknown if
these would ultimately have leaked without revisesnethical concerns prohibit such studies in
humans(Jafariet al, 2015)

Perhaps some of the difficulties in obtaining a cleatr conclusionare because the hypoxia
inflammation axis is more complex within the bowel, compared to other mucosal surfaces like

the lung. The bowel is unique in that highly vascularised intestinal structures are in proximity to

a physiologically hypoxic lumen espedjyalithin the lower GIT(Zheng, Kelly and Colgan,

2015) Studies irhumars suggest the existence of a counter current flow within small intestinal

villi which allows this permissive hypoxigHallbacket al, 1978) although there is absence of

evidence for this in other mammals such as th€Bahlen and Lash, 1995and the picture is
complicated by fluctuations in blood flow from pgmtindial hyperaemia. But within the colon,

where posprandial hyperaemia has not been demonstrated, the steep hypoxic gradient appears

to be maintained by subsets of facultative anaerobes residing close to the (Alloasberget

al., 2014) In line with this gradient, the GIT is well adapted to tolerate hypoxia and intestinal
epithelial cells express the three hypexim duci bl e factor (HI F) U sub
HIFF1 b subuni't t hat compl et es t toes, the ¢htee prolydl i me r
hydroxylases (PHDs) and factmhibiting HIF1 (FIH1) (Cummins and Crean, 2016)nder

basal conditions of physiologic hypoxia, HIFU i s st a b & transcrptibn factod , a
serves to perform enhanced barrier integrity functions in the gut by increasing expression of a
multitude of genes such as those coding for monuis et al, 2006)and antibacterial peptide
production(Glover, Lee and Colgan, 2016)s oxygen becomes plentiful, PHDs hydroxylate

the inducible U subuni-t and target it for d
maintenance of mucosabimeostasis that inhibitors of PHDs are being trialled clinically as

treat ment for t he chronic I nfl ammatory state



(Robinsonet al, 2008; Markset al, 2017) suggesting that higin oxygen tensions are not

necessarily always beneficial in healing of thmatomicakegion

The early stages of inflammation involve an influx of innate immcells, neutrophils followed

by macrophages, which patrol the inflamed area removing debris and invading pathogens.
Neutrophils are primarily glycolytiqBorregaard and Herlin, 1982)nd therefore able to
function without detriment in environments of low oxygen tension. However, neutrophils also
increase hypoxia in inflammatory environments as they consumg mare times the amount

of oxygen than other cells, when generating an antimicrobial oxidative {Loggan and
Taylor, 2010) Whilst it might be imagined that hyperbaric oxygen therapy (HBOT) in the
animal experiments above acts solely by reversing this hypoxia, the picture is morexompl
HBOT, in fact, also acts in mindependenthantirinflammatory manner within the intestine, and

has been shown to directly block interleutirb -Ibh )L and i-hdr mBRNokaket | F
al., 2016) This is possibly through stabilisation of HIFU vi a f or mati on of o0x
exact mechanisms are as yet uncl@mvaket al, 2016) A similar example of the complexity

of mechanism of action is with sildenafil, a vasodilator beneficial in anastomotic healing
ostensibly by increasing blood flow and thus oxygenatfyien et al, 2008) but which gain

has independernti-inflammatory properties byecreasing TNF) and i ®(lleGihe uki n
human studiegVlachopouloset al, 2015) Theimportanceof inflammation is alsmften also
underemphasiseth relatedareas that may indirectly impact upon healing. One example is that
of postoperative ileus, where normal GIT motility fails to return in a timely manner. The
sympathetic neural response to intrusion of the peritoneal cavity and handling of bowel causes a
reactive hypomotility of the GIT, which usually fades quickly upon abdominal closure, but
prolonged ileus can occur, has been shown to be associated with edcheisand leukocyte
infiltration of the bowelKalff et al, 1999; Theet al, 2007) and has a positive correlation with

rates of AL(Moghadamyeghaneét al, 2016) Here again evidence shows that inhibiting the
inflammatory axis improves ileuy$Schwarzet al, 2001; Rajwet al, 2015) with clinical studies
comparing laparoscopic with open surgesgnfirming a relationship between decreased
inflammation, as evidenced by lower CRP |svebstlaparoscopy, with lower ileus and AL

rates(Mungoet al, 2017) So how might improving inflammation improve wound healing?
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1.3 Manipulating inflammation to promote wound healing
Wound healing can bdivided into three overlapping phasdsgire 1-1A). Any breach in
epithelial or mucosal layer of an organism, even in the absence of immediate ingress of
microorganisms, generates an initial inflammatory response whitaacterised by the influx
of inflammatory cells. Neutrophils are the first cells to be mobilised to theasiteplay an
important role in controlling pathogens and to a certain extent, debris. Although removal of
debris is nottraditionally thoughtto be one of the main roles of neutrophils, in guinea pig
wound models, the numbef erythrocytes in neutrophilepleted macrophagaormal,wounds
were six times that of normal woundSimpson and Ross, 1972)f was speculated that
neutrophils could release a haemolytic substane¢ #ided in clearance of erythrocytes.
Intriguingly, there was no evidence of impaired cutaneous wound healing despite this, whereas a
long history of surgical observatiofGuo and DiPietro, 2010yuggests thahaematoma
formation would impede healingspecially within the bowel. His is because coagulated blood
would represent an enriched medium for bacterial proliferation. Certainly in mice with
Haemophilia B, wound healing is delayed with an abundance of erythrocytes seen within the
wound(Hoffmanet al, 2015) although it is difficult to tease out the role of thromdbeficiency

from that of erythrocyte accumulati@ffecting wound healing those experiments

The second phasaf wound healings a granulation stagenarked by resolution of the acute
inflammation, and initiationof the laying down of extracellular rr&, contraction of
myofibroblasts, and proliferatioof cells at the wound edge. Thssthen followed closely by, or
occuss concurrently with the final phasewhich includesthe remodelling of the wound,
including the formation of more collagen, to restore tissues to their fdnoraeostaticstate
(Clarke, 1988) Resolution ofthe initial inflammation stageappeas to be a preequisite for
proper procession toward complete wound healing. The persistence of high nurhbers
activatedneutrophilsleads tochronic inflammationwhich disruptsthe normal flow of healing
(Figure1-1B) due to the continued release of factors such as elastase and gelatinase that prevent
laying down of normal extracellular matrifdianget al, 2016) Although any one of these
overlapping phases of healinguld go wrong, in all cases tife emerging chronic wound, there
exist imbalances between grdlammatoryand preresolution mediatorsesulting inchronic

inflammation (Pierce, 2001)The alluring prospect of a therapeutic agent that could thal



chronicity of inflammation and drive the healing process to compleftaguie 1-1C) is a
currentarea of active researcAlready it has been shown thiat diabeic mice models with
chronic wounds, neutrophil depletiasing antimouse antibodiescreased the rate of healing
by 50%(Dovi, He and Dipietro, 2003)

But going even furtheperhaps healing could be acceleratgn in the absence of pathology,
by a therapeutic antinflammatory agentthus enhancingthe organisms natural processes
(Figure 1-1D). Or could theinflammationphase be skipped altogetRérhere is controversial
evidence about whether inflammation is requit@dthe wound healing process. Early work on
wound healingusing the CXCR2knockout mousgDevalarajaet al, 2000) suggested that
neutrophils were essential to intgahealing. CXCR2 is a chemokine that is essential for
neutrophil recruitment to a wound. But CXCR2 is also present on keratinocytes and removing
this might influence their behaviowturing the granulation phase in ways that could not be
accounted for inHat model. Evidence against the requirement for neutrophilsiamodels of
neutrophitdepleted micéDovi, He and Dipietro, 2003Where not only wasiound healing was
acceleratedbut healing occurredavith less scarring.tishould be pointed out howewat in this
model, 15% of netrophils still remained and a steriwounding technique was used.
Nonethelesspther studiesusing pu.l-null mice that do not have functioning neutrophils or
macrophage@Martin et al, 2003) have alsalemonstrated improved wound healing that occurs
without scarringin this group Again, it should be noted thahese experiments were done in
neonatal mice, and foetal skin is fundamentally different to adult siierescarless healing
could be an intrinsic property of the foetal fibroblast rather than purely a consequidack of

inflammatory cell§Leavittet al,, 2016)

Indeed, althoughit has been demonstrated that having any histological evidence of chronic
inflammation, for example in patients with inflammatory bowel disease (IBD), at thedjoine
ends of an anastomastonferrechn odds ratio of 2.7 in developing an ALelemet al, 2010)
completely eliminating inflammation per se does not seem to be a panacea because,
paradoxically, antinflammatory drugs have met with unexpected failure in preventing ALs.
Instead nonsteroidal antinflammatory drug were associated with an increaseAih (Holte et

al., 2009; Bakkeet al, 2015) This may be because, while C&Xs constitutively expressed
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by intestinal epithelial cellsCOX-2 expression is mucedby the presence of inflammatory
mediators. Recent studies in mice have identified €0dependent production of PgBSs
essential for neovascularisation and subsequent intestinal healing, with disruption of this
pathway increasig ALs (Reisingeret al, 2017) but dher inflammatory mediators such as6L

have also been shown to be essential during the initial injury phase to promote epithelial

reconstitutition within the intestingkuhn et al,, 2014.

Interestingly, inthe Reisinger experimentadministration of PGEalone did not fully rescue
the COX2 knockout AL phenotypgReisingeret al, 2017) As the authors suggest this
couldhavebeendue to dosage, singrice appeato havea high sensitivity to the loss of even
one functional allele of the parent geiManieri et al, 2012). But perhapst could also be due
to COX-2 inhibition blocking M2 macrophage differentiatifNa et al, 2015; X. Wanget al,
2017) and thus disrupting the closely intertwined production pathwayspetialised -
resolving mediatoréSPMs)such as lipoxins and resolvi(iorris, Libreros and Serhan, 2019)
SPMs are the end products of the eicosanoid path{(@asaet al, 2015) and they have a role
in limiting acute inflammation or even reversing chronic inflammat&PMs aresynthesised
from three different fatty acid (FA) precursors: arachidonic acid (AA), docosahexaenoic acid
(DHA) and eicosapentaenoic adiilPA). Their synthesis requirglsree different lipoxygenas
(LOX) enzymes in the human, often concatenated in adtainthese pathways are significantly
simplified in Figure 1-2 for clarity. In the most simplified version of these pathwayache
essential FA gives rise to a differesdgries of SPMs. Synthesised from AA are the Lipoxids A
(LXA4) and B; from EPA, the Resdhs (Rv) E13; and from DHA, RD1-6, Protectin 1
(PD1), and Maresin (Mar)-3.
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1.4 The role oflipid mediators (SPM9) in inflam mation
SPMs have been shown to actively drive resolution of inflammgtmuza and Norling, 2015)
but each SPNnay play subtly different rolas this processLXA4, being one of the first SPMs
to be synthesised, appears to be instruaian initiating the resolution process by inhibiting
recruitment of neutrophils, whereas Rvislable toshortenthe entireinflammatory process
(Bannenberget al, 2005) There are various phasestire inflammatory proces$igure1-3) in
which SPMs may exert their effectgery soon afteran injury or a microbial insulto the
tissues, the inflammatory response begins witlemotactic signals that recruit more
neutrophils These signals can be attenuated by SPMsxample, RVEL acts as a partial LTB4
(a potent chemattractantyeceptor antagonigfrita et al, 2007) effectively mutingthe signal
for neutrophil recruitment. On mucosal surfaces, a similar chemotactic gradient is observed that
draws neutrophils via a transepithelial route to mount a defensive response on the mucosal
surface. There is some evidence that the mmagsation of neutrophils via this route disrupts the
tight junction barriers and precedes the development of ulceration in IBD. In these cases, LXA4
appears to down regulate transepithelial mi gr
chemo attractas{Gronertet al, 1998)

But traversing tight junctionss not the only way neutrophils can cause detrimental effects.
Neutrophils kill invading bacteria in several ways: by internalising them and then fusion of the
phagosome withintracellular granules killing bacteria by both oxidative and -owidative
mechanisms, by discharging these granules directly into the extracellular (Kgiog et al.,
2001) or byneutrophil extracellular trapsNETS) (Brinkmann et h, 2004) Because neutrophil
degranulation and NETs concentrate a high level of toxic substances lpcalbnged activity
from the persistently high neutrophil numbers in tissues with chronic inflammation
(Kolaczkowska and Kubes, 2018puld lead to significant tissue damage and compromised
wound healing. SPMs can downgrade the persistence of neutrophils by enhaoging
inflammabry attrition of neutrophils at the injury site. These rAaflammatory processes
include neutrophil apoptosi¢El Kebir and Filep, 201Q)yeverse migrabn (Hamza et al., 2014;
Ellett et al., 2015) orremovalinto the lumnal spacgBrazil et al., 201Q)
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Evidence forenhancedeutrophil apoptosiappearso be SPMspecific. WhileRVE1 enhance
neutrophil apoptosis via down regulationrofeloid cell leukaemid (Mcl-1, a member of the
pro-survival family of molecules(El Kebir, Gjorstrup and Filep, 201,2While 15-epklipoxin,

an aspirin triggered lipoxin (ATL)enhancesaspase dependent apoptos{&l Kebir et al,

2009) Apoptotic neutrophils are removed by macrophages,Siids have also beemown to
influence the subsequent influx abehaviour of macrophages. LXAATL and RvD1lincrease
efferocytosis in macrophages in a doependent manngGodsonet al, 2000) andpromot

the release o&ntrinflammatory chemokines such as IL10 and fisF whi | st at t he
decreasingprin f | ammat or y c¢ h eanddU6(Titogesal, PO11 Meutiophils bhat

do not undergo apoptosis can move away from the site of injurthasd neutrophilare said to

have reverse migrated. Reverse migration of nettl® in response tbXA4 has thudar only

been demonstrated in microfluidic cell channel systgiidamza et al, 2014) Finally,
neutrophils that have already undergone transepithelial migration to be attachearoctsal
surface can beemovedby loss into the lumen. Persistence of neutrophils on the surface of
epithelial cells has been linked to crypt absceaselschronic inflammation in IBD, andvE1l

has been shown to stimulate expression of the CD55 redg€jdarpbellet d., 2007) an ant
adhesion molecule expressed on the apical surface of epithelial cells, thus promoting loss into

luminal space and active inflammation resolution.

But dforts at reducingneutrophil humbersan resultin the negative consequenaa also
reducing immunity t@otential pathogend®e Bosscher, Vanden Berghe and Haegeman, 2000)
There are indications that in infection witreptococcus pneumonjasupplementation of
LXA4 too early n the phase of infection worsensarvival of ratgSordiet al, 2013) while in
other separate studiesupplementingLXA4 promoted proliferation of Mycobacterium
tuberculosis(Tobin et al, 2010) On the other hand,avious studies havsuggested th&8PMs

are, in fact broadly beneficiain infections. RvD1, RvD5 and PD1 all enhanced the potency of
antibiotics in Escherichiacoli and Staphylococcusureus pouch infections(Chiang et al,
2012) although his was not due to a direct effect on microorganisms, but an enhartcaimen
the host ability to engulf and perform intracellular killing of these bacteria. In other models of
infection, RVE1 and ATL both reduced the severitfeottoli pneumonigEl Kebir et al,, 2009;

Sekiet al, 2011) Microbial defence is particularly important in the heavily colonised intestine,



but here again, a simple cause and eftamiclusion is not easily reachdd. the example of
HBOT, not only are aniihflammatory pathways activated, but the increased pressure of oxygen
perturbs the hypoxic gradient of the intestine and alters the composition of up to 29 species of
bacteria wihin the rodent intestinfAlbenberget al, 2014) This has the potential for wide
rangingconsequencesn wound healingsince the inflammatory responses ao¢ onlyprimed

by the intestinal microbiomebut in addition, the functional responses ahature intestinal
lymphoid cellscan be rapidly changed by altered microbial composi{éary-benariet al,
2016) A study comparing the inflamaory responses of geffree (GH and conventional mice

to LPS and ischaemic injury slwed that GFmice had a significantly increasaddxin-induced
production of 1110 and a dampened inflanatory respons€Souzaet al, 2004) In addition,in
postoperative ileusa condition associated with increased inflamnmaiiowas showrover half

a century agohatimprovement occurredavith administration of antibiotic§Polacek and Close,

1963) So could thesimplecomplete eradication of microbioteoakameliorate ALs?

1.5 Influence of microbial milieu on wound healing
The field of microbiomics has rapidly expanded in recent years witresemng techniques that
allow identification of norculturable bacterigKim et al, 2017) The identification of this vast
community of microbiota quickly led to demonstration of the cqueeaces of intestinal
microbiota in diseases once thought to be far removed and distinct from the gut, such as
hypertension(Bryan, Tribble and Angelov, 201§ nd Par ki n dHillnboresetl, s e as e
2017) But as interactions between distant systenasimecreasingly uncovered, interest in the
relevance of gut microbiota closer to home, within the GIT itself, has also had a revival with
excellent reviewsuggesting an important role for microbiota in wound healing in surgery and
GIT cancergKrezaleket al, 2016; Bachmanat al, 2017; Kinrosst al, 2017; Schardegt al,
2017) Intestinal antisepsis not a new concept in GIT surgeparticularly in the lower GIT
which harbours the highest concentration of bacteria within the human body under conditions of
health. Antibiotics were used in colorectal surgery as early as 1938, and since the work of Poth,
Cohn and CohefPoth, 1982; Schardest al, 2017) it is now widely accepted thattestinal
microbes play important roles in ALs.
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We know that although the core milieu of microbiota within the GIT persists stably in an
individual (JalankaTuovinenet al, 2011) it is still changeable and alters over time with age
(Claessonet al, 2011) and within hours to dietary and lifestyle changes such agisgge
smoking (Allais et al, 2016; Campbelet al, 2016; Singhet al, 2017)and indeed surgery.
Experiments in rats demonstrated a -58ld increase irEnterococcusand 2006fold increase in
Escheridia, in conjunction with a 2@old decreas in Ruminococcacea Clostridia and
Prevotellaceag(Shoganet al, 2014)following a surgical procedure. A similar change was
demonstrated in human patients undergoing a colectomy, again witinca@ase in
Enterobacteriaeae Enterococcus, Staphylococcuand Pseudomonagan aerobe), and a
decreased in obligate anaerobes Bkiedobacterium(Ohigashiet al, 2013)

These changes are of particular interest siBogerococcus faecaliss potentially directly
responsible for ALs by degrading collagen through expression of gelatingiSieoBanet al,

2015) Emerging evidence also suggests that prior radragly, as is commonly used for some
rectal cancers, may cause mutations in bacteria suétsesdomonashat increase bacterial
virulence. In a rat model of rectal surgery, -matment with radiotherapy in the presence of
Pseudomonassignificantly incregsed ALs due to a mutation increasing pyocyanin and
collagenase activityOlivaset al, 2012) This was in clear contrast to the complete lack of ALs

in rats who underwent radiotherapy and an anastomosis but were fPsewafomonasrhese
appear to be compelling pieces of evidence that eradication of microbiota may hold the key to
ameliorating ALs; so mth so that a recent summary of clinical trials to d&ehardeyet al,

2017) concluded that routine bowel preparation with atsorbable antibiotics shioube
recommended. But could it be that the resultant significant changes in intestinal microbiota, as
would be the case even for narrow spectrum antibiotics, may cause more harm than good both in
the short and long term? It is indisputable that proloragetirepeated courses of antibiotics and
polypharmacy influence the losigrm diversity of the microbioméilverman, Konnikova and
Gerber, 2017; Ticineset al, 2017) but even a single pulse of broad spectrum antibiotics in
mice appear to cause long term rolmome changefRuiz et al, 2017)which ultimately have

the potential to negatively impact later physical health (such as growth, diabetes and obesity),
mental health(Bercik, Collins and Verdu2012; Livanoset al, 2016; Guideaet al, 2017)and

even mortalityJacksoret al, 2016; Ticineset al, 2017)



It is, in fact, quite impossible to eradicate intestinal microbiota ireitirety, because it would

be necessary to ensure that the chosen antibiotic would be able to reach and eradicate both
autochthonous (resident) microbes and not just allochthonous (luminal transient) microbes
throughout the length of the GIT. Even theungts an action would be undesirable since the risk
remains that dormant spores@itostridium difficile insensitive taantibiotics might reactivate

causing serious diseagEheriotet al, 2014) Furthermore, in all discussions of antimicrobials,

it is of vital importance to remember that it is not only bacteria that make up the intestinal
biomes. Fungal, archdeand viral entities also eexist (Ogilvie and Jones, 2015; Carding,

Davis and Hoyles, 2017and their roles have yet to be fully explored in the pathogenesis of a
multitude of conditions. It was onlg few years ago that a study demonstrated an increased
fungal load inthe chronial | 'y i nfl amed i nt émuoi at&a,2016)édvenCr o h n ¢
though fungi have been identified in the GIT for over a ceninglerson, 1917)Over the past
decade, experiments in rodents hadentified a rich mycobiome that exists alongside the
microbiome, and which similarly influences health and disease. Mice lacking the innate immune
receptor Dectirl, which is also a fungal signalling receptor, are highly susceptible to severe
colitis, pardleling observations in humar(fiev et al, 2012) suggesting that fungal presence

may add some benefit to the overall hostasis of the GIT.

Although yet to be demonstrated specifically in anastomotic wounds, evidence also exists that
fungal pathogenicity increases with antibacterial therapy, and are implicated in necrotie or non
healing woundg¢Kalan et al, 2016a) Interestingly, wihin the intact gut of the wornGandida
albicans and E. faecalis show a symbiotic relationshipgach concurrently reducing the
pathogenicity of the other. In the absenc&dhecalis C. albicansshowed an increased hyphal
morphogenesis, a key virulen&ector (Garsin and Lorenz, 2013Yhis type of relationship is

not limited to the GIT. Even in the skin, -colonisation of pathogeni&. aureuswith the
commensalCorynebacterium striatuntaused a down regulation $faphylococcahaemolysin
activity and a shift toward commensalisfRamseyet al, 2016) And in the urinary tract,
escherichelin production gnterobacteri@aeae cause an inhibition of growth ¢fseudomonas

by competitive inhibition of iron transpo(Ohlemacheret al, 2017) These examples should

serve to promote caution in advocating blanket antihbials for the removal of any one
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species of bacteria shown to be responsible for ALs within the highly regulated environment of
an animal facility, since the results may not be quite as straightforward #wodd human

cases

But quite apart from thaevidence is accumulating that the presence of the microbiome may be
beneficial, and even necessary, for optimal wound healing, in addition to its other- whole
organism effectsln vitro studies have shown thatkkermansia muciniphiland Bacteroides
fragilis significantly improved gut epithelial integrity, and furthermore survive normoxic
conditions despite being anaerol{&eunaneret al, 2015) an important consideration since
exposure to environmental oxygeluring a surgical resection temporarily increases oxygen
tension within the lower GIT and diminishes obligate anaerobes. These bacterial effects have
been replicatedn vivo in mice with encouraging results showing accelerated mucosal re
epithelialisation (Pull et al, 2005; Alamet al, 2016) Conversely, a lag in skin wound healing

in GF guinea pigs has been noted from experiments in the 9fisn and Dingman, 1966)

with similar findings of a lower tensile strength of intestinal anastomoses in GF(@keela,
1994; Okadaet al, 1999)

1.6 The possible role of protein modulators in inflammation
This positive effectof certain bacteria on wound healimguld be dueto the fact thatthe
intestinal microbiota isdirectly implicated in the proper development of the immune system.
The presence of intestinal commensals is vital in the development-atgptiated lymphoid
tissues, secretory IgA, and Thl1l7 cells, a sulo$et-helper cells important in inflammation
(Mazmaniaret al, 2005) But, as mentioned previously, the importance of microbiota does not
end in development. Throughout life, the microbioooatinues to exert a tonic effect on the
inflammatory responsefor example, withthe gut commensaFaecalibacterium prausnitzii
orchestratingantrinflammatory effects by inducing secretion @flD and reducing IL12 and
I F NSokolet al, 2008) Even a single factor, Pagccharide A fronBacteroides fragilisis
able to induce production of 110 and confer protection from experimental colitis in animal
models(Mazmanian, Round and Kasper, 2008)



But more than thatin response to microbethe intestinal epithelial cells secrete a range of
antimicrobial peptide$AMPSs) such aglefensins irthe small intestine, and cathelicidins in the
large intestine(Muniz, Knosp and Yeretssian, 2012AMPs have been associated with
improved wound healing across the species, even in invertelkéiguchi, 2012; Duponeét

al., 2014; Mangoni, McDermott and Zasloff, 201@ut other secreted peptides within the
intestine also contribute to microbial homeostasis, for example intestinal alkaline phosphatase
(IAP) can detoxify LPS(Bateset al, 2006) and preserve a benign environmedP is an
enzyme that has ba evolutionarily coreyved and is most known for its action on LPS.
Multiple studies have shown that LPS is cleaved by IAP thus contributing to a reduction in
inflammation stimulated by LP$%Bateset al, 2007) and that LPS by itself, without the
presence of bacteria is able to stimulate expression of iAP. iAP is found in the intestine in three
forms, attached to the apical membrane , cleaved from the membrane and setwetied in
lumen, and secreted in vesicles from the apical o@lpers, Eliakim and DeSchryver
Kecskeneti, 1990; Nakanet al, 2009; Shifrinet al, 2012) Decreased expression of iAP has
been noted in children with chronic intestinal inflammat{@nin et al, 2009a) and the utility

of this protein has been demonstrated in mice, where chemiiedilged colitis is improved by
administration of iAP(Ramasamyet al, 2011) Perhaps then it ithe manipulation ofthese
proteinsthat could be the answer rather than direct microbial manipulation? This is particularly
so sincedirect microbiome manipulation is more difficult to achieve than would be imagined,
and results are often variable. Eakor example two diseases assoeth with microbial
imbalance C. difficile colitis, and Ulcerative colitigUC). In C. difficile infections,where the
presence of a single offending microorganism previibkcalmicrobiotatransplantation (FMT)

is alde to achieve remission in 96¥Rohlke and Stollman, 2012However, wen the sae

FMT is used in UCwhich is thought to result from an imbalance of a range of microorganisms
rather than a single offendeemission rates are between-Blb6 (Sunkaraet al, 2018) So
whilst there is evidencehat the microbiomeis malleable by exogenouberapeuticagents
substantiainter-disease andhter-individual variationexists Evidence is emerginthat genetic
variationmay beone of the key factors in controllirngpththe differing inflammatory responses

to the same microbial stimuly&i et al, 2016) as well asthe stable personal microbiome
composition,sinceeven in cattlehost genetics affestgut microbiota composition, which in
turn affects growth and heal(ranet al, 2019)
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1.7 The role of differential genetic expression
The physiological inflammatory response to injury and infectjonnperturbed by external
therapeuticintervention, has to be carefully controlled to avoid disease states. Classical
eicosanoids, docosanoids, as well as the newer bioactive lipid medmteesa dynamic
expression that is dependent on many factors such as time, tissue specificity auel cell
interactions(Dennis and Norris, 2015) b u't al so on an i n@erthedual 0s
past decade, theole of geneticsin lipid pathway expressioa in human disease has been
investigated in some detdCha and DuBois, 2007Although the primary ergoint in many of
these studies was cancer, they remain relevant because of implications for the role of
inflammation, which has been shown to have both aacginomous and necell-autonomous
function in promotion of carcinogenegiSlevers, 2004)Epidemiological studies show that up
to 20% of cancers are the direct result of chronic inflammd@uivennikov, Greten and Karin,
2010) and over the past century, tumour initiation, mainteeaand progression has been
proven to have clear moleculéDvorak, 1986; Arwert, Hoste and Watt, 201&3 well as
microbial (Francescone, Hou and Grivennikov, 20&#hilarities with the nothealing wound.
Therefoe polymorphisms in pathways found to be important in cancer prevention or

development are also likely to be important in prevention of ALs.

Take for example, the pathways of polyunsaturated fatty acids (PUHAS)ans are unable to

c o nv etr RUFAsS into¥-3 PUFAs and therefore the availability of each in the diet
corresponds to its abundance within the body thus facilitating epidemiological studies. Cohort
studies wi t h mani pul ati on 0 f6 int elxoess be@ gf@ N O U S
inflammatory andy-3 anttinflammatory) have been performed, which were then correlated to
cancer risk. Results of these early studies have been contradictory and overall failed to
definitively associate a reduction-3PWA sporad
conumption. These equivocal results can partly be explained by newly discovered single
nucleotide polymorphisms (SNPs) within the COX genes, such that only those with a pro
inflammatory COX1 v ari ant d e r -3 RUEA sbpeleneritatidr{Podlaepaly ¥
2007) The converse is also true, albeit shown in a distinct Chinese population, with pro

inflammatory COX2 polymorphisms conferring elevated risk when combined with increasing



¥-6 PUFA consumption(Koh et al, 2004) Similarly, clinical studies have shown that
individuals express different levels of SPM&d can be categorised into pnflammatory or
pro-resolvinghuman groups(Pillai et al, 2012) with a direct caelation witheventualoutcome
in critical illness.But genetic background is not limited to the effects on the inflammatory
pathwaysandit is now emerging thagenetic makeup alsplays an important role ipersonal
selection of a stable microbial community within the GibEcause while shetérm upheavals
in composition might follow intervention, or lortgrm reduction in diversity follow the
administration of antibiotics, the core microbiome remasosnewhat similar overallyith
higher concordance in monozygotic versus dizygotic tisodrichet al, 2014; Davenport,
2016; Hall, Tolonen and Xavier, 2017Mhis maybe one explanation fdhe conflictingresults
of the efficacy of probiotic usage through the ye@sioraet al, 2018) and perhaps why
attempts to modulate microbiome composition with faecal transplantation in B&ntet with

low success ratgsopez and Grinspan, 2016)

But is there a hierarchicallegionship between inflammatiothe microbial milieuand genetic
backgroun@ At present there isisufficientinformation to make a definitive conclusioh any
singleone taking precedence oviie othersbut it is probable that manipulatiaf oneaspect,
without consideration of thethers,is unlikely toresultin a consistently positive outcome
clinical scenariosCertainly it has been shown that attempts to personalise medicine based on
genetic makeup alone has been unsuccessful in the pastfaigt efforts at achieving
optimum platelet control with clopidogrel, a pdoug requiring enzymatic conversion, by
controlling for polymorphisms in relevant enzymes (CYP2C19) or transporter molecules
(ABCB1) (Lampaet al, 2013)alone It therefore seemprobablethat in order for successful
translation to clinical practice in a regias complex as the intestire tri-faceted approach to
intestinal wound healing needs to be adoptadure 1-4), involving careful evaluation of each
aspect in the context of the othe@ur understanding of the role of individual expression
profiles of inflammatory reponse elements to outcomes of disease and wound healing is still in
its infancy, and the genetic possibilities are huge simaplyin base pair variations, but also in
epigeneticand even in protein translatiorariations, as demonstrated the huge phaotypic
spread of the human race despite a very narrow range of actual differermeeg genetic

material (Batzer and Jorde, 20Q7Although direct genetic manipulation, even with CRISPR
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technology(Lander, 2015)is far from being routine clinical practice, a greater understanding of
the expression of important modulators may aid the ability to manipulate the microbial milieu

and inflammatory response.

1.8 Rationale for animal models
To this end, the possibility of studying tHeNA expression profiles of the inflammatory
response is one of the primary reasons this thesis utilises animal models. The entire genome of
Danio rerio has been sequencedHowe et al, 2013) thus dbwing identification and
comparison of expression patterns, but in addition, the small size of the zebrafish larvae allows
determination of the spatial pattern of expression using newly developed RNA tomography
techniques. This is particularly valuablens® he zebrafish has become an indispensable
organism in the investigation of inflammatory physiology and pathology, anethfiatnmatory
drug screeningWanget al, 2014) Using establishedluorescerly labelled transgenic lines for
neutrophils(Renshawet al, 2006)and macrophage&llett et al, 2011)it is also possible to
follow in real time the ebland flow of these cells during the inflammatory process. While
studies of neutrophil directionality and speed done in rats involved artificial chambers and
channels(Kurihara et al, 2013) which may have unforeseen effects on the neutrophils,
following these cellsn vivoin the live organismsovercomes these deficiencid$e zebrafish
has the advantage of optical transparency, allowing-t&pse imaging following wounding,
and has been used successfully in fin injury investigati@e Oliveira, Rosowski and
Huttenlocher, 20163s well as infection mode(®aviset al, 2002; Bradforcet al, 2017) But,
wound healing differs between mucosal surfaces and skin, with a different profile of cytokines
and interleukins being produced, a different degree of bacterial challenges, a quicker pace of
healing in the forme(Szpaderska, Zuckerman and Dipietro, 20@8{lifferencein the shear
stresses encountereaind in skin, a consistent occurrence starring(Thornton and Barbul,
1997) Therefore currently, it is insufficient to substituevitro replicas or another epithelial or
mucosal surface for that of the intestine in examining factors that might affect wound healing.
Inflammation stdies specific tothe intestinaltract is less well developed in teleosts, and
certainly, there exist anatomical differences between the species, such as the absence of a
stomach, crypts, Paneth cells and a submucosa in the zeliafidlace et al, 2005) But

despite the differences, there is conservation of gut and immune genes across species, and



zebrafish models have already been instrumental in discovering novel aspects of intestinal
immunity, as it was in the zebrafish larvae that the role of intéstikaline phosphatase in
detoxifying LPS was first demonstraté@ateset al, 2007) But while the zebrafish is able to

assist in untangling moleculand genetic aspects of many diseases, the differences in the
digestive tract remain, not least because of the mainly aerobic, rather than anaerol@at lumin
conditions common to mammals. Thus, althoughremains a useful modelfor initial
investigatiors, and worthy of further development, validation of potential therapeutic agents
require a higher mammal, and the mouse anastomotic model, although not used inpiter UK

to this time, has been shown to be a robust model and is used for this v#soungh rats are

more commonly used due to their larger size and therefore ease of operating, rats are naturally
very resilient to intestinal operations and mouse models of a leaking anastomosis appear to be
more successfu[Pommergaard, 2014)A leaking anastomosis model would simulate an
environment suitable for bacterial overgrowth and virulence, and provide evidence that rescue

of this situation is possible, in an analogous manner to restweahg of a chronic wound.

1.9 Thesis aims and working hypothesis
Thus, the aim of this thesis is to perform a widsed exploration of the impact of different
protein and lipidantrinflammatory agent®n modulaton of the inflammatory response to an
acue injury or microbial insult, andf modulating the inflammatory response to an injury,
whether in a sterile or complex environment such as the intestine, would result in a

corresponding modulation of wound healifigpe specific hypothesis tested are:

1 Thatzebrafish would be a sensitive and comparable model to interrogate the modulatory
actions of SPMs on neutrophils and macrophages

2 That the zebrafish express the relevant receptors for SPMs and that the zebrafish can be
used to spatially explore the inflanatory response to injury

3 That the zebrafish model can be colonisedEbyaecalisand the colonisation modulates
the inflammatory response to SPM and injury
That IAP exerts an antinflammatory response independent of LPS

That iAP can enhance healing im@use intestinal injury
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Figure 1-4: The tri-faceted approachto anastomotic healingA. Surgical resection and

anastomosis of the bowel where wound healing is influenced by three interdependent factors: host
genetic susceptibility, inflammatory response, and the existing intestinal microbiome. The interaction of
these three factors leads either () healing of amstomosis with epithelial restitution, resolved
inflammatory responses, restored mucous barriers and microbial homeostasi¢Cpfaited healing

leading to an anastomotic breakdown, leakage of intestinal contents, bacterial translocation and systemic
sequela. Reproduced under the terms of the Creative Commons Attribution License

http://creativecommons.org/licenses/by/41G¢e, Chico and Renshaw, 2018)
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Chapter 2:  Methods & Materials

2.1 Reagents
PD146176 MK886 and ML355 Calf intestinal alkaline phosphatase (iAPadenosine
deaminase, caffeine, DPCPX and ZM241388 tablets (Lennox), tetracyclinerythromycin
kanamycinwere obtained from Sigma Aldrici{Dorset, UK. MRS1754 was obtaad from
Abcam (Cambridge, UK LXA4 (Calbiochem San Diego, U§ Marl, RvD2 and RvEivere
obtained from Cayman Chemicgsnn Arbor, MIl). MMP2, MMP9 were purchased from &
Systems (Abingdon, UK)AIl other chemicals were of laboratory grade or HPLC grade
depending on usebtainedrom Fisher Scientific (Loughborough, UKpigma Aldrich(Dorset,
UK), and enzymesnd kitswere obtainel from New England BiolabgHerts, UK) Qiagen
(Germantown, US)or lllumina (Eindhoven, NetherlandsOCT was obtained from VWR
ChemicaldqLeicestershire, UK

2.2 Recipes for buffers
Unless stated otherwise, all chemicals were dissolvedtiapureH,O (1 8 . 2 MqL°€)m a't
and solutions wereeither autoclavedfor 20 min at 121°C, 103 kilopascair filter sterilised
througha derile Millex® GV Filter Unit0.22um DuraporePVDF membrandMerck Millipore,
Dorset, UK) under aseptic conditions

2.2.1 iAP buffer

Tris-HCI pH8.2 10mM
KCI 50mM
MgCl, 1mM
ZnCl, 0.1mM
Glycerol 50% (v/v)

2.2.2 Phosphate buffered salindPBS)
NacCl 8 g/L
NaHPO, 1.4dL
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KCI 0.2dL
KH2PO, 0.2dL
The pH was adjusted to 7.4 with NaOH.

2.2.3 Tris-Glycine SDS Sample Buffer

Tris HCI 63 mM
Glycerol 10% (v/v)
SDS 2%
Bromophenol Blue 0.0025%

Each time10mL of 2X Tris-Glycine SDS Sample Buffavas prepared by mixing:

Tris-HCI 0.5 M(pH 6.8 2.5mL
Glycerol 2mL
SDS10% 4mL
Bromophenol Blué.1% 0.5mL

2.2.4 Tris-Glycine SDS Running Buffer

Tris pH8.3 25mM

Glycine 192 mM

SDS 0.1%

Each time 10X TrisGlycine SDS Running Buffewas prepared by dissolving:
Tris Base 29 gL
Glycine 144 gL
SDS 10 gL

2.2.5 Zymogram Renaturing Buffer
Triton® X-100 2.7% (Wv) in H0

2.2.6 Zymogram Developing Buffer

Tris base 50 mM
HCI 40 mM
NaCl 200 mM



CaCb 5mM

Brij 35 0.02% (wi/v)
Each time 10X Zymogram Developing Buffavas prepared bgissolving:
Tris Base 60.4g/L
6N HCI 66 mL
NacCl 117g/L
CaCb.2H,0 7.49g/L
Brij 35 2.0g/L

2.2.7 CoomassieBlue stain

Coomassie Blue @50 0.1%(wi/v)
Methanol 50% (v/v)
Acetic acid glacial 10% (v/v)

2.2.8 SDSPAGE loading buffer (5X)

Tris-HCI pH6.8 250mM
SDS 10% (w/v)
Bromophenol blue 0.5% (w/v)
Glycerol 50% (v/v)
DTT 0.5M

2.2.9 TBST (20X)

Tris 48.4g/L
NacCl 20g/L
Tween20 2% (vIv)

The pH was adjusted to 7.6 with 6N HCI solution.

2.2.10Western Blot Transfer Buffer

Tris Base 2.49/L
Glycine 11.269/L
Methanol 20% (v/v)
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2.2.11Western Blot blocking buffer
BSA 3%in 1X TBST

2.2.12TAE (50x)

Tris 242 dL
Glacial acetic acid 5.7% (vIv)
NaEDTA pH 8.0 0.05 M

2.2.13TE buffer

Tris 10 mM
EDTA 1mM
The pH was adjusted to 8.0.

2.2.14EBT buffer
Tris-HCI pH 8.0 10 mM
Tween 20 0.05%

2.2.15RNA fragmentation buffer

Tris-acetate pH8.1 200mM
KOAcC 500mM
MgOAc 150mM

2.2.16RNA fragmentation stop buffer
0.5SMEDTA pHS8

2.2.174%(w/v) paraformaldehyde (PFA) solution
4 g of paraformaldehyda 100mL of PBS.The PFA solution was stored up to 3 months°at 4

2.2.18Lysis buffer
1M Tris-HCI 1.25mL



2M NaCl 2.5mL
10% (Vv) IGEPAL 5mL
MQ H20 41.25mL

The solution was sterilBltered and stored ate€ andconfirmed to be clear before use.

2.3 Recipes for histological stains

Grambs i1 odine, s af r a nGiamsa sainsywere purchased meadg tb usa n d
from SigmaAldrich.

2.3.1 Picrosirius red
Direct Red 80 0.5¢
Picric Acid (Saturated) 500mL

2.3.2 Acidified Water
Glacial acetic acid 5mL
Distilled water 995mL

2.3.3 Alkaline water (Blue-ing solution)
28% Ammonium hydroxide1 mL

MQ HxO 999 mL

2.3.4 Eosin Y stocksolution

Eosin Y 209
MQ H,O 40mL
95% Ethanol 160mL

2.3.5 Eosin Y working solution

Eosin Y stock 200mL
80% ethanol 600mL
Glacial acetic acid 4 mL
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2.4 Culture media
Culturemediaweremade up in ultrapure water aadtoclavedat 121°C, 103 kilopastdor 20

minutes(min) prior to use.

2.4.1 Brain Heart Infusion (BHI)

BHI (Oxoid) 379/L
2.4.2 BHI Agar
BHI (Oxoid) 37g/L

Bacteriological agar No. 1 1.5% (w/v)

2.4.3 Milk Agar
BHI (Oxoid) 37g/L
Skimmed milk 15% (viv)

Bacteriological agar No.1 1.5% (w/v)

2.4.4 Luria Bertani (LB) broth (Lennox)

Tryptone 10g/L
Yeast Extract 59g/L

NacCl 5g/L

2.4.5 LB Agar

Tryptone 10g/L
Yeast Extract 5¢/L

NacCl 5g/L

Bacteriological Agar 1.5%

2.4.6 LK media

Tryptone (Oxoid) 10 gL

Yeast extract (Oxoid) 5gL
KCI 79/l



2.4.7 LK agar

Tryptone (Oxoid) 10 g/L
Yeast extract (Oxoid) 59g/L

KCI 7 gL
Bacteriological agar 1.5 % (w/v)

2.4.8 Antibiotics
Antibiotics used are listed iMable 2-1. Stock solutions were filter sterilised (0.p2n) and
stored at20eC until use. When used for agar plate preparation, agar was coolegxxqusb

prior to addition of antibiotics.

Table 2-1: Antibiotic solutions and concentrations

E. coli E. faecalis S. aureus
Stock
o . _ working working working
Antibiotic Concentration Diluent ) _ _
concentration | concentration | concentration
(mg/mL)
(Mg/mL) (Mg/mL) (Mg/mL)
Ampicillin 100 dH,O 100 - -
. 100% viv
Chloramphenicol 10 12,5 10 10
ethanol
Kanamycin 50 dH20 50 - 50
_ 100% viv
Tetracycline 5 - 5 5
ethanol
. 100% viv
Erythromycin 5 - 30 30
ethanol
2.4.9 Phage buffer
MgSQO, 1 mM
CaCb 4 mM
Tris-HCI pH 7.8 50 mM
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NaCl 0.6% (w/v)
Gelatine 0.1% (wi/v)

2.4.10Sabouraud DextroseAgar

Bacteriological agar 1.5% (w/v)
Dextrose 409/L
Mycological peptone 10g/L

2.4.11Carboxymethylcellulose(CMC)

Bacteriological agar 1.5% (w/v)
NaNG; 0.2% (w/v)
KoHPO, 0.1% (w/v)
MgSOy 0.05% (wi/v)
KCI 0.05% (wi/v)
CMC sodium salt 0.2% (w/v)
Peptone 0.02% (wi/v)

2.4.12Zebrafish embryo media (E3)

NaCl 5mM

KCI 0.17 mM
CaCb 0.33 mM
MgSO, 0.33 mM
Methylene blue 0.00005%

2.5 Molecular biology techniques
2.5.1 RNA extraction from zebrafish larvae
Zebrafish larvae, either tailfin injured oriojured, at thedesignatedhpf were anaesthetised and
thensnap frozenn pure ethanol and dry ice at a density of 20 Egipendorf Five hundreduL
of TRIzol® (Sigma Aldrich) was added to eaEppendof. The larvae were homogenisesing
a pipette anancubatedor 5 min at room temperature in@lAshredder (Qiagen), before being

centrifuged at room temperature at full speed. The contents were then transferred to a new 1.5



mL Eppendorfand 100uL chloroform added. Each tube was shaken vigorously by hadd
incubated at room temperature fdmin. Separation of the liquid layers was aided by further
full speed centrifuging for 5 min. The aqueous layer was then removed to a newi.1.5
Eppendoriand incubated with 250L isopropanol overnight to allow prigatation of RNA. The
precipitation was completed by raicrofuge centrifugefull speed spin at 4°Gor 30 min
followed by washing with 75% ethanol. RNA was-sespended in 2L DEPC H20 and
stored at80°C.

2.5.2 Preparation of cDNA via reverse transcription PCR

2e g of RNA $ectieng.aIwasused to prepare cDNReverse transcription was
performed using SuperScript Il (Invitrogen, Massachusetts, USA)l | owi ng manuf a
protocol. PCR was then performed using-KB5 DNA Polymerase (NEB, Hertz, UKi)jh a

T100E Ther ma-RadCyuseng (8B8i om of 58eC, 28 cycl es
fprl (Gene ID:ENSDARG00000042984: 5 -ATGAGCTACAACGACCCAGT-3 6 ,-TTA 6
TACCTCTGCATCAGAGAAGG-3 6 ,

gprl8(Gene ID:ENSDARG00000062009 5 ATGGACCATAGCACAACTTTG3 6 ,-TCA 6
GATCATGGCACTGGTCA3 6 ,

cmkkl (Gene ID: ENSDARGO00000090890 56 ATGGATTTACTAGACTTAACA
GATTAC-305 6 CAGATATGAGTGGBAAGCCC

2.5.3 Determining DNA or RNA concentration

The NanoDropE 1000 S leeonp FisherhStientfloveas esed to obtain
concentrations. Blank measurements were taken usingetbeantsolubiliser (EBT, TE or
ultrapure HO) and measurements subsequently taken atn®Gor nucleic acids Careful
attention was paid to the 260/28fh absorbanceatio, ensuring this was approximately 1.8 for
pure DNA and 2.0 for pure RN@WVilfinger, Mackey and Chomczynski, 1997)

2.5.4 Gel electrophoresis
DNA or RNA was run on 1% (w/v) agarose gel with-Q.Gg/mL ethidium bromide in 1X TAE
buffer. Blue 5X DNA loading dye (Bioline, London) was used, with 1Kbp or hODINA

ladders (Bioline, London) and gels resolved for 30 min at room temperature-22QW@0A UV
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transilluminatorinterfaced toa UVi Tec Digital camera and UVi Doc Gel documentation

systemwas used to image the gel

2.5.5 Gel extraction of DNA
The selectedband of correct sizewas excised from the gel using a clean scalpaler low
intensity UV transilluminator to minimize random mutatioD8NA was extracted from the gel

usingthe QIAGEN QIAquick Gel Extractonkih s per manuf acturero6s i nst

2.5.6 Purification of PCR products
DNA products were purified using the QIAGEN QIAquick PCR Purification kitas per

manufacturerods instructions.

2.5.7 DNA sequencing
PCR products were sequencediyCore Genomic Facilitat the University of Sheffield.

2.5.8 Receptorcloning

PCR products were confirmed to be of the correct size and then extracted from the gel using the
QIAquick Gel Extraction Kit (Qiagen, Manchester, UKJhese werehen cloned using the

ZERO blunt TOPO 1l cloning kit (Invitrogen, Massachusetts, USAQ a heat shock
transformation protocol performed as per manu
(Thermo Fisher Scientific, Massachusetts, USA). Outgrowth was rpegtb on LB plates

containing 50 pgmL k anamyci n at 37e¢eC othenrsalectgddnd DNACo |l oni e
extracted with the QIA Plasmid Mini Kit (Qiagen, Manchester, UK) and sent for sequencing to
confirm the correct insednd its orientationSequencing allowed the correct orientation of the

insets to be mapped, as shown in , and faisoonfirmation of fidelity of the inserted sequence.

Once confirmation was obtaineBD0 pL of the original culture ofead correct colog was
furtherculturedin1 00 mL of LB with kanamycat800gpmior37eC wi
16 hours The cultures were then pelleted byntdugationat 6000 xgf or 15 mi ns at 4
prepared using the QIA Plasmid Midi Prep for RNA transcript -@gression or probe

preparation
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2.5.9 RNA over-expression

RNA transcripts were then pregalr by linearising the previousitprep with the appropriate

restriction enzymegprl8andcmkirl Notl (T7),BamH1 (SP¥ fprl: Notl(T7), HindllI(SP6))

and digesed for 2 hoursa t 37eC. The total reaction was p
purification kit (Qiagen, Manchest eadbofthd K) acc
purified product was then quai#d on a 1% electrophoresis gel and finallyud of total

linearised product used for transcript production with the mMessage mMachine Transcription

kit (Thermo FisheSci enti fi c) according to manufacturer
injectedinto zebrafish eggat the one cell stage as previously descriffieasen, Sweeney and

Mably, 2009)and embryos raised in the standard manner to 2dpf.

2.5.10Plasmid purification
Plasmid purification was performedsing a Nucleobond@Midiprep kit (MacheryNagel,

Germany) aspertheasn uf act urer 6s i nstructions.

2.5.11Restriction endonuclease digestion

Digestion of DNA (or purified plasmid)was performedusing selected enzymesn the

appropriate buffers as recommended by the manufacithrerreaction mixtures were incubated

att he recommended t emper aforbetveesn I and 16ka Prodycts2 5e C o
were run on a 2% gel to confirm a match to the predicted digestion for sucdessftil

2.5.12T4 DNA ligation

Insert and vector DNA were prepared for ligation reaatmoa 2 pL volume:

Vector DNA 50ng
Insert DNA 37.5ng

T4 DNA ligase 1L

T4 DNA ligase buffer (10x) 2 pL

MQ H,O up to 20uL

The reaction mix was incubated a®&C6overnight. The ligation products were used to transform

competent. colicells.



2.5.13Electro competentEL250 cells

FreshEL250 cells were prepared each time to maximizeiefiiwy of electroporation. A single

colony of EL250 cells were grown overnightimk.of fresh LB media at 3
at 200rpm. OnemL of this culture was themoculated into 5@nL of fresh LB culture agitated

at 200rpmfor 45 h o ur s Oxghwoudd2be €xpected to be between-0.8. Cells were

pell eted by cenkgforfiSmgartd wasmed afurthet fout timgOwith A+

The final resuspension was in 50Q ice-cold dH,O. 50uL of cells were used each time for

electroporation.

2.5.14Transformation of EL250 or Topl10 cells

50 L of cells was defrosted on icepdl of ligation reaction was added and electroporation was
performed at 1.78&/m250F and 200 q us i rEgcraporaBagysem(Bies er Xc
Rad) in a prechilled electroporation cuvette (BRad). Cells were recovered in 4QQ fresh

LB at with dggationat 250rpm. Cells were spread on LB pl:

until colonies appeared.

2.5.15BAC library selection

BAC clones were picked by selecting those overlapping the start s@doi5lawhich has
been shown to be expressed within the gut at 72 H@lvers et al, 2014) The library clone
(CHORI211)was streaked onto LB agar coniag chloramphenicol12.5ug/mL) and grown
overnight at 37¢eC.

2.5.16Double digest and eamination of CollazeGFP

Smd and Bstl were used simultaneously to generate sticky ends to enalbigatien of
Colla2zeGFP into the target construct. Integrity @@ollazeGFP was checked at multiple
points by sequential PCR and sequencing using theniolg:

Col | -EAQTGCT&HBAGTTCGTGACE3 0

Col | -GAXICAABGCCATAGGTCCAGG3 6
Col | -GT&GTTBCECTGGCCCTAGAR 06
Col | -RCEAGABRTCTCCCTTCACTCCAAG3 6
Col | -TTGETGTEGAAGGGAGAGCGTE3 6
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Col | -GCAGGCIGTCCCTTGTTTCE 6
Coll F5:5 GGGTCTGGCTGGTGAGAAGG3 6

Col | -RIACCABEGGTCACCTCTG3 6
Col | -GA@GGTEOTCCTGGATCTE3 0
Col | -BETGEHOGAGCTCTGTAG3 6

2.5.17Creation of a target constructfor Colla2-eGFP

A target constructontaining tBSGFP (truncated BlueScript) with kanamycirsistance and
overlapping arms was constructed to overlap the BAC and designedntain a Kozak
sequencéKozak, 1986; Grzegorskat al, 2014) The 74mer primers weges follows:

For war d:*: GGAGACCTATACAGATTCTTCCCTTGAATTTTGGATTTCTGAG
GGCAAACATGCTCAGCTTTGTGGATACCCGG3 6

Reverse: 3¢ TGGGTCGGCTAGTTTGTGTACTTCATAGGGCAGTGGAGATTEGAC

ATCTCTATAGACGTCTTAAGCGGGAACTS 6

2.5.18Amplification of target construct

A 300pL largePCR reactn was prepared as follows:

Midi prep of tBSGFPfrt-kan-frt SpuL
Q5 reaction buffer 60 pL
dNTPs 10mM 6 puL
Forwardprimer 10uM 30puL
Reverserimer 10uM 30puL
Q5 HF 3puL
RNasefree HO 166 uL
The reaction mixture was run in theermocycler using the following program:

98e¢C 1min
25cyclesof: 98eC 10s

55¢C 10s

72¢C 90s
72¢C 10min



5 pL Dpnlwas added to the PCR product and the mixture incubatedatf87one hour. The
product was then purified as per Sectb.10and eluted in 1QuL of EBT. 0.5uL of this
purified product was run on B6 gel to quantify using 1, 2 andi of the 1kb Hyperladder
(Bioline). 300ng of product was used for targeting.

2.5.19 Targeting constructinto EL250 cells

25ng of thepurified and prepared BAONA wasadded to 4QuL EL250 cells Electroporation
was performed as per Secti@drb.14and cells recovered inrhL SOC in a sterile culture tube
and shaken at 8 for 2.5 hours a50rpm. Successful targeting was confirmed by growth on
chloramphenicotontaining plates at 8 overnight.A single colony was then grown inmL

LB broth with chloramphenicol with shaking at€B2overnight. 0.4nL of this culture was then
grown to ORpoof 0.5 in 20mL of LB and 10mL of this used for targeting. This was transferred
to a 250mL conical flask varmed to 48C with shaking for 15min, transferred precipitously
onto ice andhenspun down at & at maximum speed for 30to pellet the cells. Cells were
washed in ice cold water twice and finally resuspended ipl5ze cold water. The construct
wasadded and electroporation was performed at 1.8kV. Cells were recoveredrfon 9fth
shaking at 3@ and then plated ontantibiotic containingLB plates and grown overnight at

32¢C. Successful targeting of the construct would cause a gain in kanaesisitance therefore

simultaneous plating onto kanamycin, chloramphenicol and ampicillin plates allowed selection

of a colony demonstrating only ampicillin sensitivity.

2.5.20 Removal of kanamycin marker

A successful colony from above was grown overnight asritbestin Sectior2.5.19and after
growth to exponential phase, the entire culture was incubated with 0-4fdblnose(Santa
Cruz)for 1 hour at 38C with shaking.100 pL of treated culture was recovered in 900 LB
broth again for 1 hour at 8 and plated for overnight growth. Successful colonies now
demonstrate kanamycin aadcpicillin sensitivity but chloramphenicol resistance.

2.5.21iTol2-Kan target construct amplification

The following primer sequences were usadiTol2 amplification
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Reverse: GTAGAAACTGCCGGAAATCGTCGTGGTATTCACTCCAGAGCGATGAAAAC
ATTATGATCCTCTAGATCAGATCT

Forward: TGGGATAGTGTTCACCCTTGTTACACCGTTTTCCATGAGCAAACTGAAACC
CCTGCTCGAGCCGGGCCCAAGTG

The following shorter primers were used to check construct amplification only
ReverseCACTCCAGAGCGATGAAAAC

Forward: TTCCATGAGCAAACTGAAAC

Using the ultramer primers PCR amplification was performed using the following mixture:

iTol2-Kan plasmid 5uL
Forward primer 10puL
Reverse primer 10pL
Q5 10X reactiorbuffer 40 pL
Q5 HF enzyme 2 UL
10mM dNTP 4 uL
H,O 129uL
And the followingthermo cycleiprogram:

98LC 2min
30 cycles of 98&C 20s

55¢C 30s

72¢C 2 min
72¢C 10min

The product was then separateda 1% gel and the 1.4kb band extracted and purified.

2.5.22Targeting of iTol2-Kan into the Chloramphenicol resistant site

A successful colony from Secti@5.19was cultured overnight at 82 with shaking. This was
then further cultured in 4énL to exponential phase. 30@ of the iTol2-Kan construct from
Section2.5.21was then targeted into the kanamycin resistantagitesucce$sl generation of
KanR AmpS CmS colonidestedas per Sectiof.5.192.5.20



2.5.23Preparation of Tol-2 transposase mRNA for ceanjection

The restriction enzymBotl wasused to linearise 2(g of aMidiprep of the iTol2 construct. A

reaction mixture of 20QuL would be cut to completion by 2 hours ate37 This was PCR

purified and elutd in 30 uL EBT, andsynthesis of capped RNA performesing the mMessage
mMachi ne kit as per m aenRNA palldét waseektracsed usingsther u c t i
standard phenol:.chloroform protocol and the final product eluted mL2@ucleaseree water

and stored at80eC until use.For cainjection with the Tol2 plasmid DNA prepared above, a

concentration of approximately 2@JuL was used.

2.6 Tomographic RNA sequencing (Tom&eq)
2.6.1 TomoSeqsample freezing andsectioning
Under RNAfree conditions the live, anaesthetised zebrafish were transferred into cryomoulds
using a glass pipette. Excdisd was removed and the larvae rapidly covered with OCT. Under
a dissection microscopy, the zebrafish was positioned with@dfi® Blue (Sigma) to indicate
start and end of sectioning. The entire block was then snap frozen on dry ice. Samples were
storedat8 0 e C unt i | Sectomidgywast performedsoeBaight OTF5000cryostat.
Prior to sectioning, the cryotome was cleaned with 70% ethanol and a clean new blade was used
each time to avoid RNA crosontamination of specimens. 96-Bind Eppendorfof 1.5mL
were frozenat8 0 e C f or an hour prior to sectioning a
pm thickness was used for 70 slices from the tail end, and%or 26 slices from the cloaca

Sections were transferred to individugddendor$, avoiding any thawing of the sections.

2.6.2 TomoSegRNA extraction

Prior to RNA extraction care was takento ensure surfaces were freé RNase by liberal
application of RNaeZaE (Sigma). Each slice of tissue in OCT of the Bppendorfswas
dissolved in 0.5mL of TRIzol reaction with 05 pL GlycoBlue (SigmaAldrich, Dorset, UK

and 2uL ERCC spikein (Ambion, Texas, USAdilutedto 1:500000. Extraction was performed

in groups of 24 tubes to ensure thawing to room temperature did not occur in the absence of
TRIzol and thus avoid loss of RNA. After addition of the mixture, tubes were closed tightly and
shaken vigorously for 1%, and then incubated at room temperature famis. 100 pL

chloroformwas then addetb eachof the 96tubes, and again shakengorously for 15s and
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incubated at room temperature for 5 milubes were centrifugedt 12000x g for 15 min at

4°C. The colourless agoes phase was transferred to 96 new individually labelled LoBind
Eppendorfscarefully avoiding the interface lay@50uL isopropanol to the aqueous phase and
tubes shakenigorously for 15s. Incubation was done aR0eC overnight to maximise yield.

The next day, tubes were centrifuged in batches of 2420610 x g for 10 min at 4°C A small

blue pellet visible in ezh of the 96 tubes indirectly confirmed the presence of RNA. If any tubes
were missing the blue dot, the sample was discarded and a fresh sample cryosectioned. The
supernatant was discarded and the RNA pellet washed®@ithL 75% ethanglcentrifuged at

7500x g for 5min at 4°C, and the air dried at room temperature until completely dry.

2.6.3 TomoSegreverse transcription and in vitro transcription of RNA

This was performed using the Ambion MessageAmpll kit but with modificationshe
manufacturero6és instructions in order to make
and subsequent library creatidfirst, each of the 96 tubes was resuspendetl 2uL of bar
codedprimer (5ngfuL) (primer #1 to section #1 et ice Getting this step absolutely correct

was of paramount importance so that tomography could be accurately mapped after sequencing.

Numbered primers were used as listedppendix1: TomoSequmbered primer sequences

First strand synthesisas then performed by adding the followtageach of the 96 samples:

First strand buffer 0.2uL
dNTP 0.4pL
RNase Inhibitor 0.1puL
ArrayScript 0.1puL

Samples were incubated irtteermo cycleat42°C for 2hours.
Second strand synthesisas then performed on ice by additg followingto each of the 96

samples
Nuclease free water 6.3uL
Second strand buffer lpL
dNTP 0.4puL
DNA Polymerase 0.2uL
RNaseH 0.1puL



Samples were incubated irtteermo cyclemat 16°C for 2 hours.

The c¢cDNA obtained was cl eaned usi Bightsanpkes ki t
were pooled into one and twice the volume of cDNA binding buffer added into a cDNA cleanup
column. This was spun at 10000g for 1 minute at room temperature and the flow through
discarded. This was repeated until all 96 samples had been run through the same cleanup
column. Therb00 pL of wash bufferwas inserted in the column, spun at 10000g andloine

through discarded. The column was dried by spinning for an additional minute and then
transferred to a clean tub&0 pL water at 55°C was added to the centre of the column
membrane and the colunimcubaed for 2 min at room temperatur€ DNA was thereluted by
spinningfor 1.5min at 1000x g. Elution was repeated a second time for a total volume of 20

ML which was stored aR0eC.

In vitro transcription was then performed by using the following mixture:

cDNA 6.4 L
T7 buffer 1.6uL
T7 enzyme l.6pL
A 1.6uL
G 1.6puL
C 1.6puL
U l.6pL

The sample was incubated inheermo cycleiat 37°C for 13 with lid at 70°C
The resulting amplified RNA was then fragmented and cleaned as follows:
aRNA 16 L
Fragmentation buffer 4uL
This was incubated at 94°C for exactly 2rbn and then the reaction was put immediately on
ice and 2uL of ice cold fragmentation stop buffer addé&tiis step was of utmost importance as
over fragmentedRNA would be unsuitable to prepare a libraffhe fragmenied sample was
cleaned using the aRNA cleanup columns al so
instructions Briefly, the following mixture was prepared:

Nuclease free water 8 uL
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aRNA binding buffer 105uL
100% ethanol 75uL

This was loaded do an aRNAcolumn spun at 1000k g for 1 min and flowthrough
discarded. The column was washed with %Q0wash buffer and dried by a further spin at
10000x g for one minutebefore being transferred to a clean collection tutseul of RNase
free waterat 55°C was added to the centre of the column membranceibatel for 2 min, and
then spin at 1@00x g for 1.5min. This elution was repeated to give a final total ofpf@0 To
confirm the fragmentation produced a peak at ~500bwias run on a Bioanalyzer RNA pico
chip.

2.6.4 TomoSegdlibrary preparation
The lllumina TruSeq small RNA kit was utilised to perform library preparation but with
modifications as below.
Firstly, AntarcticPhosphatase treatmemas performed using aRNA at BQ/uL:
aRNA 16 uL
10X phosphatasbuffer 2L
Antarctic phosphatase 1L
RNaseOU® luL
The mixture was incubated in a thermocycler with the following settings:
37°C for 30min
65°C for 5min
4°C indefinite hold
Next, polynucleotide PNK) treatmenwasd one t o add a phosphate

RNA to enhace efficiency of synthesis. This wperformedby addingthe following mixture

Nuclease free water 17puL
10X PNK buffer 5uL
ATP 10mM SHL
RNaseOUT luL
PNK 2L

Incubation wagperformedn thermocycler at 37°C for a@in.

gr o



Cleanup of this product was performed with the RNeasy kit (Qiagen) p e r manuf act
instructions. Elution was then performed withlldnuclease free water.
30 adapter | igati on eadamerdudpleedin thedliurima kinbatdlilutads i n g
by a factor of 5The following mixture was prepared using product from the Illumina kit, apart
from the T4 truncated RNA Ligase 2 which was purchased separately from NEB, and incubated
at70°C for 2min.

PNK treated aRNA 5uL

Diluted 306 adaptlgl
Then the following mixture was added and incubate2Ba€ for 1h:

5X HM Ligation Buffer 2L

RNase Inhibitor 1luL

T4 RNA Ligase 2, truncated 1uL
1uL Stop Solutiornwas then added, a furthecubation of 15min at28°Cwas performed before
3 yL ice-cold nucleasdree water wasdded.

Reverse transcription was then performed by preparing the following mixture and incubating at
70°C for 2min:

adaptefligated RNA 6 uL
RNA RT Primer 1uL
Folowed byaddition of:
Firststrand buffer 2¢el
12.5mM dNTP 0.5puL
100mM DTT 1uL
RNase Inhibitor luL
SuperScript HIRT 1uL

The mixture washenincubatedat 50°C for 1h and therlPCR amplification done bgddingthe

following mixture:

Nuclease free water 8.5uL
PCR mix 25uL
RNA PCR Primer 2 uL
Indexed RNA Primer 2 uL
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The mixture was theamplified with the following protocol:
30s at 98°C
12 cycles of 10s at 98°C
30s at 60°C
30s at 72°C
10min at 72°C

The PCR product wathen cleaned usin§0 puL Agencourt AMPure XP Beads(Beckman
Coulter) added tothe 50puL PCR reaction Room temperature incubation for 15 min was
performed prior to magnetic separation for 1 min. The supernatant was discarded and beads
washed with200 pL of freshly prepare®0% ethanolBeads were air dried for 15 min before

the process being repeated with 3gL5EBT. 30 pL of supernatanthis time was transferreid

anew tubeand39 uL beadsused to repeat the cleanup process. The final libraries \weeel én

12.5puL EBT and transferred to a new tubepll of this was used to asse#wéry quality using

a DNA HiSensitivity Qubitto confirm the size distributioaround 400band not lower

2.6.5 TomoSegsequencing

The libraries were pooled using recommeahdimers in the Illlumina Small RNA indices Kit,
and quantified using a Qubit 4 Fluameter (Invitrogen, Burlington, ON). The final pooled
samples and loaded into a HiSeq Sequencer (lllumina, San Diego, CA, USA)avi4h a 5%
PhiX spikein and sequena# using a 50bp paireeind standard protocols as recommended by

the manufacturer, at a density of two samples per lane.

2.6.6 Analysis of TomoSeq

Data wereanalysed bwitilizing high performancecomputing withPythonprogrammingo map
libraries to the Genome Reference Consortium Zebrafish Build IGRCz10) sequence
Normalisation to RNA spike inplotting of graphsand heatmapsignificance calculatiomnd
identification of ranked genes were performed using code writteR software FunRich
software(Patharet al, 2015)or Webbased GO AnalysigEdenet al, 2009)



2.7 Histochemical analysis
2.7.1 Alcian blue staining for goblet cell quantification
Larvae were fixed overnight in 4®FA. Staining was performed as previously descrifiguen
et al, 2012) Briefly, whole embryos were ¢m rinsed in PBS, washed in acidified alco{88bo
acetic acid and 70% ethanalpd stained for 3.5 h in Alcian Blue dye (Sigis268) at room
temperatureLarvae were then cleared in two washes of 100% methanol, and transferred to 2:1
benzyl benzoate:benizglcohol.Images were obtained using Nikon AZ18lcroscope with an
automated stage (Prior Scientific) interfaced with JEI8ments Extended Depth of Focus

software (Nikon) Quantification was performed using Image J.

2.7.2 In Situ Alkaline phosphatase stainig for endogenous expression

Zebrafish larvae were fixed in 4BFA overnight. Whole embryos were permeabilised with

100% acetone for20miné?# 0 e C and t hen stained with BCI P/
Staining was observed in real time and stopped winM EDTA at the same moment of time

in each group, as soon as intestinal staining was observed. Fish were then cleared in methanol
and imaged in 80% glycerol using Nikon AZl@ticroscope with an auteated stage (Prior
Scientific) interfaced witiNIS-Elements Extended Depth of Focus software (Nik&hjycking

of intestinal isoform of alkaline phosphatase was done withMQ_-Phenylalanine, and nen
intestinal isoforms with 5QuM Levamisok. Quantificationof intensitywas performed using

Image JFIJI, (Schindelinet al, 2012).

2.7.3 Acridine orange staining for cell death within the zebrafish larval intestine

Zebrafish larvae were either gavaged or immersed in treatment compounds or vehicle controls.
A positive control of 5anM glafenine immersion was used. 45 min before imaging, zebrafish
larvae were trasferred to clean m Petri dishes with a standard ten fish per dish, and
immersion was performed for 30inin 1 uM acridine orange in clear E3. Following this, three
washes in clear E3 was done, and the larvae anaesthetised for imaging using the MCherry
channel on a Nikon Eclipse TE20QDmicroscope and 20X objective lens. NEB2ments AR®

was used for imaging and analysis. Quantification was performed using intensity over the ROI

of the bowel.
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2.8 Bacteriological techniques

2.8.1 Bacterial strains

Bacterialstrains used are listed Table2-2.

2.8.2 Bacterial growth conditions

To obtain bacteria within the exponential growth phase for experimental work, a single colony

was pcked and cultured in BnL of BHI with 50 pg/mL tetracycline overnight at & with

vigorous shaking at 250 rpm a sterile culture tube. After 16 hours, 500 of the overnight

growth was recultured in a conical flaswithout antibiotics under the sameonditions, to give

an optical density (ORp of 0.50.88 The bacteria were the(a pell et
room temperature fde. faecali3, 4500x g for 20 min. Bacterial cultures were resuspended to

the desired concentration in sterile PBS before injection.



Table 2-2:Bacterial strains.

Strain

Description

Reference

S aureussH1000

FunctionalrsbU+ derivative of 832

(Horsburghet al,, 2002)

S aureussJF4308

SH1000pMV158-mCherry

(Boldocket al, 2018)

S aureussA113

Restrictionrdeficient mutant derived from strain
NCTC 8325

ATCCE35556E

S aureusSA113
mCherry

SA113pMV158-mCherry

Thisthesis

E. faecalisOG1RF

Plasmidfree, virulent laboratory strain isolated fro

the oral cavity

(Dunny, Brown and
Clewell, 1978)

E. faecalisOPDV

gqoatA qpgdAqditA gsigV

(Smithet al, 2019)

E. faecalis OPDV_11715Tn213 (Smithet al, 2019)
PEpaoOX

E. faecalis OGI1RF pMV158-mCherry (Salamagat al, 2017)
OG1RFmCherry

E. faecalispE p a

OPDV_11714Tn214+ - pMV158-mCherry

Kind gift from Bartlomigj

mCherry SalamagaNlesnage Lab,
University of Sheffield)
E. faecalOPDV_11714Tn214 + pTet OG1RF_11714- Kind gift from Bartlomiej

Comp mCherry

pMV158-mCherry

SalamagaNleshage Lab,
University of Sheffield)

E. faeca

Comp

OPDV_11714Tn214 + pTet OG1RF_11714

(Smithet al, 2019)

E. faecalisp2 . 5

OPDV_11720Tn25

(Smithet al, 2019)

E. faecalisp2 . 8

OPDV_11720::Tn2.8

(Smithet al, 2019)

E. coli EL250

DH1 0B [ (er@Hio8 § X araC-Pgacflpe]

(Leeet al, 2001)

E.coli TOP10

F mcrAgrr-hsdRMS-mcB C)
dacX74 recAl araD 1 3 9aradpq)
7697galU galK rpsL (Str) endAl nupGe-

lacB @M1 5

InvitrogerE
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2.8.3 Transduction of S. aureus SA113using bacteriophage

Stockla ct er i o pgMaaiglrebinad Jayaswal, 1993yasused for phage transduction for
introduction of the fluorescent plasmid into strain SABLZaureusFirst, the phage lysate was

prepared by combining 2Q@L of overnightS. aureusSH1000mCherrywith 5 mL BHI, 5mL

phage buffer, and 100Lof phage | ysate stock. The mixture
until clear(Figure2-2), and the filtersterilised using 0.gim syringefit er and st ored at
mL of fresh LK was inoculated with a single colony®f aureusSA113 WT and then grown

over ni ght rpetTheXultgreewag cerlrifuged room temperature for Iflin at 5000

X g, and the pellet resuspended ml3fresh LK. The following were prepared in fresh culture

tubes:
SA113 WT overnight growth 500pL
Phage lysate from SH1060Cherry 500puL
LK media 1mL
1M CaCl 10pL
Control tubes were included without phage lysdtetbes wer e i ncuba3dbed at

min then at 250 rpnfor 15min. After this, ImL ice-cold 0.02M sodium citrate was added to

the mixture and tubes incubated on ice for 5 min. Cells were pelleted by centrifugation at 5000

gf or 10 min at 4eC. T h mL 002N dodium ciwedesandrineubaiesl p e n d e
on ice for a further 60 min. 1Q0L, 250 uL and 500uL of resuspended cells were streaked on

LK plates containing 0.05% w/ v ) sodium citrate and incubate
were restreaked on BHI plates with tetratye (50 pg/mL) to confirm plasmid transfer.

Further confirmation of fluorescence was performed by viewing plates under fluorescence

stereomicroscopy but often this was visible after spinning down the geteré2-3).

2.8.4 Direct cell counts (CFUmML ™) and Spectrophotometric measuremen{ODgg0)
Viable colony numbers were determindidectly. 10 pL samples of the bacteria suspended in
sterile PBS were spotted onto BHI agar plates in triplicate. Colonies were ceumataded to
obtain CFU/mL of bacterial culturéMeasurements at 600 nm (@g were taken using

Beckman DW®520 Spectrophotometer and Semicro polystyrene cuvettes (Fisherbrand).



Cleared

media

Persistently

opaque media

Figure 2-2: Successful bacteriophage transductianThis is first visually confirmed by clearing of

media (left universal) compared with persisting opacity of control (right universal). Subsequent plating
and overnight culture would confirm successful incorporation of mCherry fluorescent when colony

fluorescence codlbe observed under fluorescence microscopy.

Figure 2-3: Pelleted colonies following growth to exponential phase of selected fluorescent colonies.
Although confirmation of fluorescence colonies vesaysconfirmed by microscopprior to selection
successful transduction could also be seen by mCherry in thes péiégtgrowth to exponential phase.

mCherry
fluorescence
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2.9 Zebrafish in vivo techniques
2.9.1 Zebrafish husbandry

Zebrafish wereraised according to standard proto¢élvdeshet al, 2012) The fishwere
maintained in tankef 20-60 fish ina closed and continually recycling systerheywere fed a
diet of live Artemiathe mornings andebrafee® dry fish pellets Sparos Ltd, Portugalh the
eveningsA 14/10 hour light- dark cycke at 2&C wasthe standard conditiomsed in the aquarja

as well as the embryo incubatofsh were bred either by pairing or by inserting a box of
marbles to stimulate egg production. Eggse collected and washadd sorted intdOcmPetri
dishes of60 embryos eachncubated in eitheBOmI of sterile autoclaved E3Westerfield,
2007) or nonsterile E3 mixed with 10% tank watekt the end of each experimetdbefore

5.2 days postertilisation (dp), the larvae were culled by immersion in bleach, or fixed with 4%
PFA. All procedures were carried out strict accordance with the Home Office and the
Animals (Scientific Procedures) Aadnd for experiments using larvae beyond 5.2dpf, according
to Project Licence Number P1A4A7AS5E.

2.9.2 TransgenicFish Lines

Transgenic fish lineased are listed ifable2-3.



Table 2-3: List of transgenic fish lines

Transgenicor wildtype line

Description

Reference

Nacre Lacking melanocytes as mutant for | (Listeret al, 1999)
mitfagene

Casper Doubly mutant foroy andnacre (White et al,, 2008)

Wild-type TU Tuebingen (Haffteret al, 1996)

TgBAC(mpx:GAL4 Neutrophitspecific photoconvertible | (Dixon et al, 2012)

VP16)sh267;Tg(UAS:Kaede)i22

RFR.-GFP

Tg( 6 xHs &GFNIh28B : ¢

N F o-RGFP

Kind gift from Nikolay
Ogryzko (University of
Edinburgh

TgBACQmpx:GFP)i114

Neutrophil specificGFP

(Renshavet al, 2006)

Tg(mpegl:NLSlover)sh436

Macrophagespecific Clover

Kind gift from Nikolay
Ogryzko (University of
Edinburgh

TgBAC(klf2a:GFP) Endothelial specifiklf2a-H2B-GFP | (Heckelet al, 2015)

TgBAC(Cldn15laeGFP)sh545 | eGFP expression driven I8fdn15la | This study
promoter

TgBAC(Cldn15la:Col&2- Collagenl&-eGFPfusion protein This study

eGFP)sh546 driven byCldn15laintestine specific

promoter
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2.9.3 Tailfin injury neutrophil assay of zebrafish larvae

Tailfin injury in zebrafish larvae d@dpf was performed witfricaine methane sulfonate (MS
322) at 0.167"mg/mL (Westerfield, 2007)using a sterile scalpel blade Z#gSwam-Morton,
England). Immediately after injury, or attours posinjury (hpi), intravascular injection of
treatment or vehicle control was perfonender anaesthesia. Thg(mpx:GFP)il14Renshaw

et al, 2006)line with green fluorescently labelled neutrophils allowed manual quantification of
neutrophil numbers within the region of injuflyoxed area irfrigure 2-4) under a fluorescence
stereomicroscope (Leica MZ10F) at 6hpi for recruitment assays, 12hpi for resolutionaassays

24hpi for delayed resolution assays

2.9.4 Intravascular microinjections of zebrafish larvae

Intravasculamicroinjections were performed on zebrafishviae at 2dpf into the duct of @ier

at the point behind the potential cleithrufigure 2-5), aspreviously describe¢Benardet al,

2012) Microinjections were performed using a Pneumatic PicoPump PV820 (World Precision
Instruments) using a hold pressure of 5psi and eject pressure of &8¥gsa Leica MZ12.5
stereo microscope Calibration of drop size was done using a Py8@&il graticule
(100X0.1=10mm). Needles were pulled from TW2100 borosilicate capillary tubes (World
Precision Instruments) using a P97 Fleming/Brown micropipette puller (Sutter Instrument Co
Novato USA) loaded usg sterile Eppendorf MicroLoader tips, and the needle end bevelled
using a razor bladé&Success of intravascular injection could be apprametediatelyat time of

procedure by observing flow of injected substances into the circulation.



Figure 2-4: Region of interest at the site of tailfin injury. Neutrophik within the area boxed in red
werecaudalto the ciralation end in a zebrafish and reecountedas being within the region afjury.

Area of
neutrophil
count

Potential
cleithrum

Duct of
Cuwvier

Heart

Circulation
Valley

Figure 2-5: Intravascular microinjection site in 2dpf zebrafish larvae. Duct of Cwier (marked in

Transected
end of tailfin

red) and circulation valley in 2dpf larvae. Point of injection marked with green arrow, behind the

potential cleithrum
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2.9.5 RNA and DNA microinjection at the 1-cell stagezebrafishembryo

Zebrafish were paimated inindividual tanks and dividers removed at the start of the light
phase at &8m in the morning. After 15 miaf undisturbed mating timeggswere collected and
rinsedwith sterile E3 UnderRNasefree conditions, the eggs were organised using a sterile
glass slide andan equal amount of purified an iTol2 BAC construct and iTol2 RNA was
injected into the cellas previously describe@Rosen, Sweeney and Mably, 200¥olk
injections were preferred for RNA microinjections as these could be performed with rapidity,
whereas cytopkmic injections were used preferentially for DNA injections to increase
efficiency. The maximum time from collection of eggs to completion of injections were timed to
be less than 20min, to ensure delivery was within the duration of theell stage of
development(Pei and Burgess, 2019 pproximately 30 uninjected eggs from the same clutch
are used as a control to monitor egg quality for each experiment.

2.9.6 Microgavage of zebrafish larvae

Microgavage was performed as previously descr{i@mtchiaro and Rawls, 281 Briefly, this
involved anaesthesia @fdpf zebrafish larvae which were then supported on 2% agarose. A
blunt ended microcapillary needle (Heat 380, Pull 225, Velocity 150, Time 225), attached to a
Pneumatic PicoPump PV820 (World Precision Instruments) using a hold pressure of 5psi and
eject pressur of 20psi, was guided undericroscopyinto the oropharynx, past the oesophageal
sphincter and into the intestinal bulb of each larvae. Calibration of drop size was done using a
PyserSGI graticule (100X0.1=16m). A volume of 4.61L was used for each zelfish asthis

consistently causeatinimal spillage occurred from eithdre anal pore or the oropharynx.

2.9.7 Tallfin regeneration assay

The zebrafish tailfin is unique in that it can regenerated itself within three days when injured,
even in the adult fisAzevedoet al, 2011) Tailfin amputation was performed as described
Section 2.5Intravascular treatment was given immediately following injury and the larvae were
then imaged after one hour @covery using a Nikon Eclipse TE2GQ0microscopdnterfaced

with NIS-Elements AR® software. This hour of recovery was important to ensure that initial
measurements were obtained after wound contraction had resolved. Each larva was maintained

in a separiz well in a 24well plate to allow direct comparison of growth in the same larbe.



24hpi the tailfin was imaged again in the same manner. Tailfin length was defined as the length
of a line drawn along the longitudinal axis of the larvae from theoénlde circulation loop to

the edge of the wound at this point. Percentage increase in \gagtinen calculated

2.9.8 Neutrophil r everse migration assayn zebrafish larvae

The TgBAC(mpx:GAL4A/P16)sh267;Tg(UAS:Kaede)i23#hotoconvertible line and protocol

was performed as previously publishgtbimeset al, 2012) Briefly, 2dpf zebrafish underwent
tailfin amputation, and were treated at 4hpi with either intravascular injection of a vehicle
control or SPM, and immedelly mounted in 0.8% low melting point (LMP) agarose (Sigma)
with 0.0167% Tricaine. At 5hpi, neutrophils in the area boxed in Fegli(e 2-7) was photo
converted usinghie Ultraview PhotoKinesis device (Perkin Elmer) 406 laser at 40% power

and 120 cycles. Photo conversion was performed by alternating the groups to avoid introducing
bias since the process could take up to an hour to complete. The mounted specimémsnwere
time-lapsed every 5 min for the next 6 h using an inverted Olympus microscope with Yokagawa
CXU spinning disk and Volocity®(Perkin Elmer) softwafe image capture andnalysis.
Neutrophils were said to have reverse migrated if they mpveximally to the area boxed in
Figure2-6.
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Figure 2-6. Reverse migraton assay The TgBAC(mpx:GAL4A/P16)sh267;Tg(UAS:Kaede)i2photo
convertible linewas usedand 2dpf larvae underwent tailfin injuryA. Merged brightfield, GFP and
mCherry channels demonstrainutline of tailfin injury At the set time posnjury, neutrophils in the
region of injury (ROI, blue box) werphoto convertedrom green to red. Red neutrophils outside the
region of injury (red box)wvere said to have reverse migrated from the wound (@x&amples marked

with yellow arrows) B. GFP and mCherry fluorescent channels at 20X objective demonstrate reverse
migrated neutrophils at 6.Fpi. C. Merged GFP and mCherry fluorescent channels at 20X objective
demonstrating theame fish at 10hpi demonstrate a feew green neudphils have migrated into ROI
(blue box)after photo conversiorat 5hpi, and more neutrophils have reverse migraital the area

boxed in red



2.9.9 TSA/TUNEL neutrophil apoptosis assay

The number of neutrophils undergoing apoptosis avangiime point was assessed by staining
with the ApopTag®Red In Situ Apoptosis Detection Kit (MerkMillipore, Massachusetts, USA)
and Tyrami de Signal Ampl i fication ( TSA) E
Buckinghamshire, UK). Larvae underwent tailfimputation as described and were fixed at a
pre-determined timgooints (3hpi, 6hpi, 9hpi and 12hpi). Staining was then performed as per
manufacturer 6s i nstructions. Briefly, t he
TSA:Amplification diluents. larvae then underwent digestion with i§/mL Proteinase K for

75 min, and the second staining with ApopTag®Red performed. Imaging was done on an
inverted Olympus microscope with Yokagawa CXU spinning disk and Volocity® (Perkin
Elmer) software for imageapture. To allow accurate analysisslites of 2um were captured
throughout the tailfin and a 20X objective lens was used. Apoptotic neutrophils were identified
by observing cdocalisationof green (hpX and red (DNA strand breaks) fluorescence within

single z slicgFigure2-7).

2.9.10Whole mount In Situ hybridisation

Sense (control) and antisense RNA probes were synthesised using the SP6/RNAIG
labelling kit (Signa Aldrich, Dorset, UK) as per manufacturing protocol. Control and injured
2dpf larvae were anaesthetised and fixed in 4% PFA at the predeterminegbiittse post
injury. Thein situ hybridisation protocol used was as previously published (Thisse et9d).19
Briefly, larvae werealigested inLOpgiL of Proteinase K for 35 min and incubated overnight at
70eC wit h t formamide, 6Gagénl (epadiro50qug/mL tRNA, 0.1% Tween 20, 3

mM NaCl, 300uM sodium citrate, citric acid to pH6, and 1:200 RNobe). Imaging was
performed with a Nikon SMZ1500 extended focus microscope and images processed with NIS

Elements BR® version3.1.
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Figure 2-7: TSA/TUNEL assay. Representative images ah apoptotic neutrophil are showh. GFP
channel showing labelled neutrophils, apoptotic neutrophil marked by blue arrow, note rounded small
appearanceB. TxRed channel showing apoptotic bodies, blue arrow marking apoptotic neut@phil.
Apoptotic neutophil confirmed by cdocalisation of both red and green within the same XY plane
shows up as orange round body marked by blue amtmutrophil and apoptotic body counts are all
performed within area of injury distal to end of circulation marked by regbdidine. Outline of tailfin

shown by blue line in all pictures.



2.9.11Mechanical Model of Bowel injury model in zebrafish larvae

Bowel injury was performed under brief anaesthesia withk323. A microcapillary needle was
microforged to 5Qum in diameter using a MB0O0O Narishige Microforge, the tip bevelled and
thoroughly rinsed in filtered water prior to use. The puncture injury was performed
approximately 12@um from the anal opening. Somite injury was performed at somite level in

line withthe cloacal opening.

2.9.12Laser Model of Bowel injury model in zebrafish larvae

Zebrafish larvae at 4dpf were anaesthetised with Tricaine as previously described. Larvae were
then mounted in groups of six on a number 0 glass slide using 1% LMP agaroseOW@h%o
Tricaine. These cover slips were then affixed using high vacuum grease (Dow Corning®) to a
25 mm Petri dish with a predrilled I@m opening at its base to accommodate the fish. The Petri
was filled with E3 to prevent drying out of the agarose amsd & dissipate the laser heat.
Lasering was performed using an Andor Micropoint Laser attached to an inverted Olympus
microscope with Yokagawa CXU spinning disk and run with IQ software. A 40X oil immersion
lens was used. The laser power was set at 77%hwilias the optimal power to cause an

ablation injury in 100% of the larvae.

2.9.13Inflammation assay for bowel injury in zebrafish larvae

The youngest age at which the zebrafish larvae couldsbd for gut specific analysis was at
4dpf as this wathe time when the gut was relialdglonised with bacterigKanther and Rawils,
2010) and both the oral anchal orificeswere fully open to the environment. Therefore this
assay use 4dpf larvae. The larvae underwent microgavage ailL5of vehicle control or
treatment andhen immediately underwemhechanical bowel woundindescribed in Section
2.9.11 The larvaenverethen mountd in 0.8% LMP agarose and a tiflagpse performed oan

inverted Olympus microscope with Yokagawa CXU spinning diskfaced with Volocity 6.3.

2.9.14Intravenous bacteraemiasurvival assayin zebrafish larvae

Staphylococcugaureusor Enterococcudaecalisbacteraemiaurvival assays in zebrafish were
performed as previouslpublished (Prajsnaret al, 2008) but modified so that only 2dpf
zebrafish were used as prior to this neutrophils may not yet be fully developed and interpretation
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of results would be difficultBriefly this involved preparation o aureusor E. faecalisas
described above2500CFU of the S. aureus (or 1500CFU ofE. faecali$ was injected
intravasculdly into zebrafish larvae at 48hpi which had beenipjectedwith either vehicle
control or drug no more than 30 npostinfection CFU couns wereperformed before the start

of injections and immediately after the completion of injections to ensure that concentrations of
bacteria injected were the intended CFU and consthrdughout the experimentAny
experiment that wasound to have great variation in CFU before and after injection was
discarded.The zebrafish larvae were then maintainednidividual wells in a96 well plate to

allow inspection 12 hourly fronthe time of infection. Groups were blinded prior to any
injections and blinding kept throughout the survival studiize number found to be dead,
defined as a cessation of heartbeat, at each inspection point was documented until 5.2dpf when

theremainingzebrafish were culled.

2.9.15CFU quantification of E. faecalisin individual zebrafish larvae

Larvae were euthanised with an overdos®&I&322,then rinsed three times in sterile filtered
PBS to remove any possible exindestinal bacteria adherent to external surfaces of the larvae.
Each fish was then manually hogenised using enotorisedmicro-pestle Bel-Art ProCulture
Micro-Tube Homogenizer System, SP Scienceyaerial dilutions were spotted onto a BHI
agar plate containing tetracycline to ensure selection of only the introduced bacteria containing
the resigant plasmid, thus avoiding overestimation of colonies from spurious growth. Colonies
were seen to be uniformly fluorescent using tn@€herryfilter under a stereo microscope and

morphology matched those of clean coloniek ofaecalis

2.9.16Picrosirius red staining of whole mountor frozen sections

Wildtype zebrafisifrom Odpf to 30dpfvere killed according to Sctale 1 and preserved in 4%

PFA. At least three from each dpf were stained with picrosirius directly or the GIT dissected out
and stained with prosirius directly, while a further three samples from each dpf weee in

OCT and stored aB0eC. Cryosections of fim thickness were collected onto SuperFgoBtus

slides. Slides were then incubated in a Coplin jar containing picrosirius redid¢ty stne hour

at room temperature. Slides were then rinsed twice in acidified water, dehydrated in incremental

ethanol solutions, and cleared with xylene. Once dry, slides were-slqyeed with DPX



Staining ofwhole mountor dissected GIT were performed in Eppendorfs and then mounted on
slides with DPX in a similar manner. Visualisation was performadder a
MZz12.5stereomicroscope (Leicajith polarising lensesnterfaced with a SPOT Insigiaolour
camera, and SPOT Advaatt digital imagecapture stiware (Diagnostic Instruments)

2.10 Imaging of zebrafish larvae
2.10.1Time-lapse imaging of live larvae
Zebrafish larvae were embedded in 0.8% Ilowneltingpoint agarose with Tricaine, in
chambered wells and imaged using a Nikon Eclipg20DGU microscope extended focus
Nikon SMZ1500 microscopeshe Light sheetLeica TCS SP8 DLSand theZiess LSM880
AiryScan Confocalor an inverted Olympus microscope with Yokagawa CXU spinning disk.
Analysis was performed using ImageJ, Perkin EImeiodity® 6.3 ZeissBlack, Zeiss Blueor
NIS Elements AR® softwareTracking of individual neutrophils was possible using the
embedded software capabilities of Volocity 6.3, with settisgjstothe Shortest Tracking path
model ando ignore objects that were stationaoyavoida falsely inflated number of detected

objects An example tracking snapshot is shown belbigire2-8).
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Figure 2-8: Example siapshot of neutrophil tracking in from intestinal injury using Volocity 6.3.

Each line represents the path of a tracked object. The area of intestinal injury dersteedas the point
of intersection of the x and y axesydlabelled zero.



2.10.2Transmission Electron Microscopy

Larvae were fixed in 2.5% gluteraldehyde and secondary fixation done witlos8tum
tetroxide forl h at room temperature aritden dehydrated through a graded series of ethanol.
Infiltration was performed with propylene oxide and Araldite resin, and then embedded in fresh
Araldite resin at 6@ Gor two days. Serdihin sections were then cut on a Reichert Ultracut E
ultramicrotone and confirmation of the correct segment performed with staining with 1%
toluidine blue in 1% borax. Ultrathin sections of 9®n were then cut on the same
ultramicrotome and stained for 30 min with 3%r a n vy | acetate foll owed
citrate for5 min. A FEITecnai G2 SpirifTransmission Electron Microscope at an accelerating
voltage of 80kV was used to visualise each section and images taken using a Gatan digital
camera. At least 30 sections of the relevant section of intestine from eacheoféparate

larvae were examined.

2.10.3Light Sheet Microscopy

Anaesthetised zebrafish larvae, or dissected intestinal tract of culled adult fish were mounted
into glass capillaries in 0.8% LMP agarose in E3 together with 1:7000 dilutiorur@.5
fluorescent reddtex beads (Sigma). These beads allow localization for 3D reconstruction using
ImageJ. ALight Sheet Leica TCS SP8 DL8icroscopewith a 10X or 20X objective lens was
used, and acquisition performed with Zen Bl&koftware.

2.11 Mousein vivo and ex vivo techniques
2.11.1Mouse husbandry

C57BL6/J male mice were purchased from Charles River Laboratories (Margate, UK) each time
at 6 weeks of age. They were then housed singly on absorbent paper and allowed to acclimatise
for seven days before the start of experimelfise were fed standardeklad Global Rodent

Diet (18% protein, 6% fat, moderate phytoestrogen, irradiated for stewiitty)fresh waterad

libitum and maintained & standard temperature and humidityntrolled facility in accordance

with strict Home Gfice regulations. A 12 hour ligidark cycle was also maintained, and any
work required during the dark cycle was carried out usindakroom safdight (Paterson

Photographic Equipment, West Midlands, UKAIl procedures were carried out in strict
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accorcince with the Home Office and the Araia (Scientific Procedures) Adticence number
POESE8941.

2.11.2Statistical design and sample size calculations

This section was performed in collaboration with Amy Spencer and Pete Laud Sieffesld
University Biomedical Statistical Services UnitCalculations were performed with the
assumpti ons dest that th® datadweuld b@ snorntally distributed and that the
variances n the two groups would be equal. The gmint of interest would be the
improvanent of healing as evidenced by an increase in hydroxyproline (HP) content of the
anastomosis, as well as the time after surgery when this effect can be seen. Therefore
comparison oflata betweeontrol and treatment groups on pogerativeday 3 and day of

two types of anastomoses, a simple anastomosis, and a leaky anastoontssise performed

A significance level of 5%and 80% powervas used. A previously published experiment
(Panteliset al, 2010)compared HP content at dayb&t in their study, onlyp mice per group

were usedo thereweresparse dateesulting in fairly approximatestimates of means ai®D,
especially given the different tirmoints Nevertheless, thespublished datavere used to
calculate the sample sizes needed per groupable 2-4. The middle value of 7%g HP/g

bowel was chosen as the goaoint for experiments.

Table 2-4: Sample size calculationNumberpertreatmengroup required to have 80% power to detect
variousdifferences in means at tB86 significance level assuming various SDalculations performed

using online calculator available l#tp://www.sanple-size.net/samplgizemeans/

Difference in means
(ngHP/g bowel)

SD (ugHP/g bowel)

76 (leaking model)

127 (standard model)

50 38 102
75 18 46
100 11 27

2.11.3Faecal mass measurements
Mice were housed individually on absorbent paper rather than alopd. These were changed

daily at 7am, and all faecal matter collected inton3 sterilePetri dishes labelled specific for


http://www.sample-size.net/sample-size-means/

each mouséFigure 2-9). Faecalmatter wasair dried in the mouse room (controlled humidity

and temperature) for 24 hours before weighing.

2.11.4Activity measurement

Mice were acclimatised to being videotaped for 15 seconds each day during the daily cleaning
of their individual cages for the week beddhe start of the experiment. Three days prior to the
operative day, videotaping was performed for 15 seconds usfdgnan IXUS 185Digital
Camera Parameters of avement ofeach mouse was quantified usindpe AnimalTracker

pluginin ImageJas previoushdescribedGulyaset al, 2016)

2.11.50perative technique

50X50 cm fenestrated 6X cm drapes were used to maintain sterilipll microsurgical
instruments were autoclaved separately and a clean set used for each Foouke. normal
anastomotic group, mice were anaesthetised with @@fhe, skin antisepsis performed with

2% chlorhexdine in 70% alcohol and a mitaparotomyperformed. Theaecumwas positively
identified and complete division of the intestiperformed cleanly using scissors. Complete
division was confirmed by visualizing a gap between both ends. Anastomosis waspdrfo
using 8/0 taper point polypropylene (LUXSutures, Luxembourg) interrupted sutures. Eight were
used for the complete anastomosis producing aflegkjoinshown in preliminary studies to be
watertight (Figure 2-10), and four were used for the leaking model. Closure was performed in
two layers using 5/0 polyglycolic acid braided suture on a 3/8 reverse cutting (LUXSutures,
Luxembourg), with a continuous muscle closwed interrupted buried subcuticular. |0 1%
lidocaine was instilled between layers during closure. Mice were recovered in a enclosure

war med to 32e¢C.

2.11.6Clinical assessment of mice posiperatively

Weights were performed 12 hourly using an Ohaus portsdadee CR621 (0.4 precision). A
Wellness ScordKomen et al, 2009) was used to assess mice twice daily during weighing
sessions. Scoring points are summarisedable 2-5. As this scoring system was brief and
quick to complete, should a mouse score low on the Wellness Score, a more detailed Murine

Sepsis ScoréShrumet al, 2014)was peformed as summarised irable 2-6.
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Table 2-5: Wellness score

Parameter Grading Score
Activity Normal / medium / low 2/1/0
Fur Smooth / fluffy / erect 2/1/0
Eyes Clean and open / clean and closed /dirty and closed 2/11/0
Able to stand strgiht Yes/ no 1/0
Posture Normal / modestly curled / fully curled up 211170
Position on feet Normal / high 1/0
Solitary Yes/ no 0/1
Shivering Yes/no 0/1
Table 2-6: Murine Sepsis Score
Parameter Grading Score
Appearance Smooth / Patches piloerect [ |0/1/2/3/4
Consciousness Active / Hunched but active / Ambulant but slow / Movements ¢ 0/1/2/3/4
when provoked / Stationery when provoked

Activity Normal / Not climbing / Occasional movement / Stationary / Trel 0/1/2/3/4

Stimulus responsg Auditory / Touch / Few steps touoh / Head movement to touch 0/1/2/3/4
unable to right itself if pushed over

Eyes Open / Slightly closed / Up to Half closed / More than half clos 0/1/2/3/4
Closed

Respiration rate | Normal / Decreased not visually quantifiable / Moderately redy 0/1/2/3/4
by eye / 0.5s between breaths / 1s between breaths

Respiration quality Normal / Reriods of laboured / Laboured / Intermittent gasg 0/1/2/3/4

Gasping




Figure 2-9: Stool collected over 24 hoursThe Petri dish containa representative 24 hour stool
collection from a normal C57BL6J male mouse at 6 wemkage Standardised air drying of the stool

was performed for 2ours prio to weighing.

\ : M '
Figure 2-10: A normal anastomosis. A. Completed normal (neleaking) anastomosis technique

demonstrated to b@) watertight using by infusing methylene blue intraluminally under pressure. This
operative procedure/as performed on a mouse already culled under Schedule 1, prior to the first live

operation to confirm technical suitability of operative method.

93



94

2.11.7Harvesting of specimens and sample preparation

On the & or 7" postoperative day, or if the Wellness Score was below 6, mice were
anaesthetized with isofluorane and cardiac puncture performed to exsanguinate the mice. The
blood was stored on ice untillling was complete. This was then spun down immediately at
4¢C 17500x g and theserum transferred to a clean Eppendorf and store80gt. Cervical
dislocation was then performed after exsanguination. The abdominal cavity was then opened
and the degreeof adhesions, contamination, or abscess formation documented. Then
anastomosis was then excised-bdéoc together with any adhered organs for anastomotic

bursting pressure. The spleen was harvestedtaneight measured immediately.

2.11.8Anastomotic bursting pressure

The proximal end was secured to a 16Fr metal straight gavage needle connected ito @aline
Aladdin Programmable Syringe Pump AL16BR0O (World Precision Instruments, Hertz, UK)

a a steady state of inL/min. The pump was run before securing tHistal end of the
anastomosis to gently flush out any faecal matter within the lumen. When the effluent was clear,
the pump was paused and the distal end secured to another 16Fr gavage needle connected to a
Fisherbran& Traceable Manometer. The maximakgsure reading (mmHg) achieved before
bursting was recorded. The anastomotic region was then dissected free and divided into three for
enzymatic, histological and collagen assays.

2.11.9Stool culture for bacterial, fungal, cellulaseand proteolytic activity

Triplicates of 5uL 1:10000 diutionshomogenised stool solutions (/L) were spotted onto
Sabourad Dextrose, BHI, CMC an@HI-milk plates.Cellulase and proteolytiactivity was
measured senguantitatively by measuring diameter of clearingdNC agar plates or after
staining with Gr amandcategorssingrthe degraesof crearingl ofvéilg e J
plates All bacterial plates were cultured ate€7overnight and all fungal plates culturatd28C

for up to seven days. Fungal plates wienageal at 48 hours and again at 7 dayeaging was
performed using Epson Perfection V700 Photo Scanmrfaced with Silverfast Epson
Perfection Software Version 3.1.1.



2.11.10 Frozen sectioning for histology

Sectims of skin and anastomosis which had biesd in 4% PFA were submerged in 15% to
30% sucrose gradient agl for 24 hours and theembedded separately in OCT iiXB mm
moulds and snap frozen and stored-&3C until sectioning. Seining was performed as
describedn section2.6.1but at a thickness afum. Sections were arranged or8operFros®

Plus slides and stained immediately as below.

2.11.11 Haematoxylin and eosin stainingof frozen sections

Slides werdipped into Coplin jars containing haematoxylin for 3 min. Slides were then rinsed
in deionised water and theamsed with blueng solution untiladequatecolour change was
noted Slides were rinsed with deionised water and dehydrated using graded alchitioins

up to 95% ethanol. Slides were dipped into eosin fos @dd hen rinsed in absolute alcohol,
dipped in xylene twiceand allowed to dry before fixing with DPX and cowipped.Imaging

was performed usingn Olympus BX5Imicroscopeanterfacedwith an Olympus DP71 colour

camera.

2.11.12 Picrosirius staining of frozen section®f intestine and skin
Picrosirius staining was performed as outlimedection2.9.16 Imaging was performed using
polarising lensesan Olympus BX51 microscope interfaced with an Olympus DP71 colour

camera.

2.11.13 Wright -Giemsa staining of frozen sections

Slides were flooded with Wrighiemsa stain for Bnin. This was then diluted 1:2 with PBS
buffer and mixed by blowing gently on the slide. The diluted stain was left for Iminute. Slides
were then rinsed twice with distilled water anddiled. Clearing was done with xylene dipping
and slides were cowstipped with DPX mounting medidmaging was performed using an

Olympus BX51 microscope interfaced with an Olympus DP71 colour camera.
2.11.14 Hydroxyproline assay

Assay performed as previously descriljgdsirikko and Liesmaa]1959) Briefly, a third of the

circumference of the anastomotic region was dissected free with sterile microsurgical
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instruments. This was weighed and then placed immediatelypNn hydrochloric acid
(Honeywel). Samples were frozen é20e @intil collection was complete. Samples were then
boiled at 116C for 18 hours in 2nL O-ring tubes, andhen freezedried to remove the
hydrochloric acid. Samples were reconstituted in@50 1 t r apur e ( 1°€).waterMq L c m
Dilute sodium hypobromit¢Sigma) was pepared fresh each time and 500 added to each
and allowed to oxidise for 5 min at room temperature beforgu260 6N HCI was added. 500
ul of 5% p-Dimethylaminobenzaldehyde in-gropanolol was then added and the solution
heated at 7€C for 15 min before being cooled quickly in io&.standard curve was obtained
with each assay using relevant concentrations of hydroxyproline (Sigkbaprbency of
samples and standard were measured ahB60sing aNanoDrop 3300 fluorospectrometer and

opeating software v.2.8.0/alues were then standardised by weight for comparison.

2.12 Protein Analysis
2.12.1Bradford protein assay

A third of the circumference of the anastomotic ring was dissected out with sterile microsurgical
instruments, weighed, and immedigténmersed in ice cold lysis buffer (IGEPAL CG&30,

NaCl, TrisHCI pH adjusted 7.5) with an afgrotease cocktail (Aprotinin, leupeptin and
benzamide). Homogenisation of sangplevas performed using zirconiumeramic beads
(Thermo Fisher) at 600@m for 30s (repeated twice for skin samples) on a Precellys Evolution
Homogeniser. Samples were thgrun down for 3minat 4 C a72aDx g. The supernatant

was carefully removed to clean tubes. Quantification was performed usindgR&ioProtein
assay andBeckman DW520 Spectrophotometeat 595 nm and Semmiicro PS cuvettes
(Fisherbrand). Ascending concentrations of bovine serum albumin (BSA) were used to perform
a standard curve with each run of assay. Each time, 15 min incubation at room temperature of
completely mixed sample and dye was performed prior to measurement of absoAhlarek

sample contained all diluents but witlug of BSA.

2.12.2SDSPAGE

Denaturing SDS* AGE was performed accor di ifHg 201d)Amodi f i e

resolving gel was prepared as follows:
SDSPAGE 10% (w/v) resolving gel:



dH20 4 mL

1.5 M TrisHCI pH 8.8 2.5mL
10% (w/v) SDS 100puL
30% (w/v) acrylamide/bis (37.5:1) 3.5mL
10% (w/v) APS 100pL
TEMED 20uL

The mixture was mixed anidnmediately loaded into the glass casting plates im0 Mini-
Protean, BieRad). 100% isopropanol was layered onto the mixture to isolate it from air and
ensure a flat surfacésopropanolvas then removed and a stacking gel prepared as follows:
SDSPAGE 2% (w/v) stacking gel:

dH20 3.6mL
0.5 M TrisHCI pH 6.8 0.75mL
10% (w/v) SDS 50 L
30% (w/v) acrylamide/bis (37.5:1) 0.65mL
10% (w/v) APS 50 uL
TEMED 20 L

The mixture was loaded on the top of the resolving gel and a 15 well comb insedeagpkl TWvas
either stored for | ess than aRaatenk lSanpleswére C or
mixed with SDSPAGE | oadi ng buf f er ,miniinnachattblack and thent 96 ¢
briefly spun down at 1300% g at room temperature and loaded into the wells. Separation was

performed at 110V till the dye front was seen to reach the base of the plate.

2.12.3Western blotting

Following SDSPAGE, the gel was equilibrated in blotting buffer for 10 min to allow for
expansionof the gel. Electroblotting onto Hybond ECQ.2 pm poresize nitrocellulose
membrane (GE Healthcare) vieooled wet transfer was performed at 170V for 90 min.
Blocking was performed at room temperature with gentle tilting for an hour. The membrane was
then rinsed 10min in TBST three times, again at room temperature. Incubation with 1:40000
primary mouse antibody to-actin (Abcam) was performed overnight with gentle tilting ¢t.4

The next day, further rinsing in TBST was performed at room temperatfwee & min

incubation in 1:40000 secondary rabbit antituse HRRconjugated antibodies (Abcam) with
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gentle tilting. Three 20 minute rinses with TBST was then performed to remove all residual
antibodies to ensure a clean background before usindge@ie Wedern Blotting Substrate
(Thermo Fisher Scientific) as per manufactur el
Biorad Chemidoc MP Imaging system with ImagelLab Software version 5.2.1. Densitometry

was performed on images using ImageJ.

2.13 Zymogram
50 ng of skin samples and 101 of intestinal samples were loaded into each zymogram well
and a concurrent Western Bl(&ection2.12.3 performed fornormalization albwing a semi
quantitative zymogram analysik both cases calibration of protesize was performed using
Novex® Sharp Prstained Protein Standard (ThermoFisher, Loughborough, E¥thograms
were performed uisg 1.0 mm Invitrogen gels (1% gelating run at 125V renatured, developed
overnight at 3¢ @or 16 hours with gentlagitationon an orbital shaker &0 rpm. After rinsing
with ultrapure water three times, the gels were gtamed usingCoomassidlue stain. Imaging
was performed using Biorad Chemidoc MP Imaging system with ImageLab Software version
5.2.1, andquantified using image J for densitometry calculati®als were then dried using the
Novex DryEase® Mini-Gel Drying System (Thermofisher Loughborough, UK)as per

manuf act ocoldorldang termstoage.

2.13.1Protein preparation for mass spectrometry

Bands were excisedfrom the stained zymogram gel using a sterile technique over a
transilluminator to avoid exogenous peptide contaminatieel bands were diced into small
pieces tomaximize surface area and were destained using 50% (MS grade) acetonitrile in 50
mM ammonium bicarbonate and incubated at room temperature overnight with vigorous
shaking. Once visual inspection confirmed that gel pieces were completely destained, the
supenatant was discarded and gel pieces were sequentially dehydrated using increasing
concentrations of acetonitrile in 10 min incubatioi$ie final dehydration step of 100%
acetonitrile was repeated and gel pieces were visually inspected to be opaquengndica
adequate dehydration. Reduction of the cysteasidues of protein within the gel pieces was
performed by adding 20QL of 50 mM Tris(2-carboxyethylphosphine) for 2thin a t 70eC.

Samples were cooled and then alkylation of the reduced cysteine sesidgeperformed by



adding 200uL of freshly prepared 5hM iodoacetamide and incubating in the dark at room
temperature for 30 minThe gel pieces were then washed in p00of 100 MM ammonium
bicarbonate for 10 minat room temperature, and again dehydtatwith incremental
concentrations of acetonitrile. After the final repeat of incubation with 100% acetonitrile, the
tubes were left open to allow full evaporation of all liquid for hth at room temperature.
Digestion was then performed with @agpL trypsn (Promega) in 100 mM ammonium
bicarbonate. The digestion was allowed to prodeed4 hat 37¢C. The next day, digestion was
stopped with 100% ac eteptdestwerédhénextracted by ineuléatioh or 1
at room temperature with 0.5% foieracid alternating with 100% acetonitrile. The supernatant
containing the peptides nwethen transferred to a cleapgendorf and storeda@ 0 e C pr i or

running on the mass spectrometer.

2.13.2Protein mass spectrometry

Mass spectrometric measurements wenedaoted with a M9MS machine Thermo Fishéer

with lonSpray @bitrap. Mass spectrometric needle voltage was set at 3.5kV, cone voltage at
75V and temperature at 225CAll samples were detected with a mass range of 100 to 1000m/z.
Analysis was performed using the MaxQuant softw@ex and Mann, 2008)

2.14  Statistical analysis
All experiments performed were blinded until analysis was complete and included three
independentepeats unless otherwise stated. Statistical analysis wiasmped using GraphPad
Prism 8.3.®. Graphs were drawn with SD or SEM indicated. Survival curves were drawn
using the KaplatMeier method and analysed by the 4@k (MantelCox) test.Contingency
graphs were plotted for comparison between two outcomes arstjwdnied tests usedn
unpaired test was used for analysi§ two groups,repeateemneasureswo-way ANOVA or
oneway ANOVA with Bonferronior Si dak 6s ¢ or comgatisonwas usédodar mu |l t
analysis of more than two groups| | data was checked for- nor ma
Pearson Omnibus K2 normiglitest, and noiparametric comparisenperformed with the
MannWhitney test or KruskatWa | | i s wi th Dunnds mul Linegrl e co
regressionvas usedo analyse differences in slopes or intersections of-lapse dataf no

obvious curve to the data could be fitted. If time lapse data could be fitted to a curve model such
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as Logistic growth, or Beta Growth aneé®ine, then notinear (Poisson) regression was used
and Ymax(peak numbersdr K (slope of curvepomparedThe same analysis, either linear or
nonlinear, was used for comparison within groups.p-value of <0.05 was considered

significant. *p<0.05, **p<0.01, ***p<0.001, **** p<0.000QL.
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Chapter 3:  Specialised Preresolving Mediators (SPMs)in zebrafish models

of inflammation

3.1 Introduction to SPMs andeicosanoidsn zebrafish
Inflammation resolution is now widely accepted as an active process in which the timely
production of specialised presolving mediators (SPMs) such as lipoxins, resolvins and
protectins play an important ro{8erhan, 2017)SPMs are the end products of theocdinated
action of cyclooxygenases and 32-, and 15lipoxygenasegLOXs), working in sequence on
three classes of fatty acids: arachidonic acid (AA), docosahexaenoic acid (DHA) and
eicosapentaenoic acid (EPA). The bioavailability of these precursors is an important limiting
factor in the production of various lipid mediators. In hanstudies, changing the availability
of precursors affects subsequent inflammatory processes, and this represents an area of growing
importance for the development of new treatments to modulate chronic inflammatory
conditions, infective responses, and ewamcer(Paschoalet al, 2013; Piazziet al, 2014;
Newell et al, 2017) Studies in zebrafish have contributed to the investigation of the role of
SPMs in some othese areas, such as that of Lipoxin A4 (LXA#) supraphysiologic
concentrationsin tuberculosis(Tobin et al, 2012) In part, the popularity of this model
organism idbecauseebrafish possessrapid reproductive cycle, allow liva vivo observation
of cells by virtue of its optical transparen¢yand maintain an ease of genetic manipulation
particularly at &rval stages. But teleosts do differ from terrestrial animals, not least in their
environment, but also in diet and tissue composition, which is higher in fatty acids such as DHA
and EPA(Rainuzzo, Reitan and Jorgensen, 199%jhough many studies utilise zebrafish
larvae prior to the feeding stage, this developmental phase is also characterised by its high lipid
content, partularly of DHA and AA resulting from absorption of the yolk sac, thty acid
composition of which, in turn, is affected by the diet of the parent femal¢Wiistyand, 1996)
As such, due to precursor variability, it remains a possibility that as a result SPMs may have
differing effects on the innate immune system, specific to this orgarisspite this, the
working hypothesis waghat SPMs would have similar effects to mammalian models, and that
the zebrafish at this developmental stage would be able to demonstrate subtleties that would be

missed in more complex models. To investigate tthe, effect of inhibition of eachOX
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ereyme (B-LOX, 5-LOX and 12LOX) was tested. This was furthenvestigated with
exogenous treatmentith Lipoxin A4 (LXA4), Resolvin E1 (RvE1l) and Resolvin D2 (RvD2) as
representatives of the end product of each precursor fattyaadid OX enzymeln vitro and

rodent studies suggest that the biological roles of the many SPMs appear to have considerable
overlap in modulating neutrophilic inflammation resolution and infection co(@ampbellet

al., 2007; Donaet al, 2008; Kurihareet al, 2013; Chianget al, 2015; Herrerat al, 2015) and

zebrafishmodels of inflammation were ussalinvestigate these turn.

3.2 Results

3.2.1 The standardneutrophil response to tailfin amputation

To examine the impact of LOX inhibitoend their related SPMsn neutrophil responséhe
fluorescentlylabelled neutrophil lineTgBAC(mpx:GFP)il14Renshawet al, 2006)was used
and neutrophilsquantified in the region oftailfin injury in live larvae The inflammatory
responsecurves of woundslepend heavilyon the extent of injury, having a quicker time of
resolution with less severe wounding modglarvie and Huttenlocher, 2015)herefore it was

of considerable importance to determitiee inflammatory response curver the tailfin
wounding model shown iRigure2-4, to obtain the optimal times of capturing peak recruitment

and adequate resolution for the experiments.

In untreated and injured fish, neutropbduntspealed at 6hpi and retumd to low levelsfrom
12hpi onwardsKigure 3-1). From this, the optimal timing to detect a difference in the number
of neutrophils recruited to a wound sieas shown to be ahpi, aad at 12hpi neutrophil
numbers would be sufficiently low teeliably differentiate a delay in inflammation resolution
At 24hpi any substantialdelay ininflammationresolutionas a result of treatmenbuald be

adequatelylemonstrated

102



40+

Neutrophil Count

10+

| "
0 2 4 6 8 1012 14 16 18 20 22 24
Hours post injury

Figure 3-1. Time courseof neutrophil responseto tailfin transection. A 2dpf TgBAC(mpx:GFP)i114
zebrafish underwent tailfin transection under sterile conditiBlumrescent neutrophils were quantified
in the region of injury using keica MZ10Fepifluorescenstereanicroscope with live, anaesthetisbdt
otherwiseuntreatedzebrafish larvaat the corresponding times pasjury. Error barsshow SEM, each

point regpresents the average ME17 in threendependentepeats.
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3.2.2 Inhibition of 15LOX delayed inflammation resolution both early and late in

the inflammatory cycle
Although the LOX enzymes have been identified in zebrafish, it is unknown whether the
pathways are similar to humarshibition of the LOX enzymes would be expected to delay
inflammation resolution by reducing the production of the SPM end produsiag the
TogBAOmMpx:GFP)i114 line as abovewith tailfin transection followed immediatelpr at 5hpi,
by intravascular (IV)administration ofa 15LOX inhibitor (PD146179, neutrophils were
quantified at 24hpi to determine the overall effect on inflammation resolultomtreatment
concentration of PD146176L67 nM) was chosenbased on thdCsg in rabbits of540 nM
(Bocanet al, 1998)and also from dose sponse experiments performed as a preliminary step to
these studiesAs this was an intravascular systemic injection, final dossgienatedat the site
of injury was calculated by dividing by 61, the total blood volume in a 2dpf zebrafish larvae
(Craig et al., 2012) The vehicle control was DMSO, the diluent for PD14616zebrafish
larvae, inhibiting 189.0X after injury resulted in delayed inflammation resolution demonstrated
by a persistently raised neutrophil count 24hpi. This was significant bogim weatment was
given immediately poshjury (Contrd mean + SEM: 14.24 +/ 0.90, PD146176: 18.21 -+/
1.07, p=0.061,t-test Figure 3-2A) but also when given latan the inflammatory process, at
5hpi (Contrd mean + SEM: 12.67 +/ 0.54, PD146176: 16.22 +0.69 p<0.0001,t-test,
Figure 3-2B). This distinction is important since SPMs are thought to exert their effect early

within a few hours of inflammation initiation, in huma(@hiang and Serhan, 2017)
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Figure 3-2: Neutrophil counts at the region of tailfin injury, following treatment with the 15LOX
inhibitor (PD146176¢ or vehicle control. A. Treatment was given immediately following injury and
neutrophil countsin the ROI wereperformed at 24hpiN=40/group in three independent repeats,
comparison with-test,** p<0.01, error bars show SIB. Treatment was gen at Shpi and neutrophil
counts performed at 24hpi as befdde90/group in six independent repeats (the number of repeats were

increased due to the use of a new batch of dtugkt, **** p<0.0001,error bars show SD
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3.2.3 Inhibition of 5-LOX accelerated inflammation resolutionwhen given late
but delayedinflammation resolution when given early
5-LOX is thought to havea proinflammatoryeffect compared to the othdtOX enzymesjn
that overexpressiorof this LOX is thowght to be harmful rather than helpful to inflammation
resolutionbecause of its concurreability to convertarachidonic acid to leukotrienéSlaier et
al., 2008; Guimaraest al, 2018) However, in concert with other LOX enzymesL.6X also
plays a role in the production of SPMs, particularly theaBd Eseries resolvinsA specific 5
LOX inhibitor, MK886, with an 1Gso of 2.5nM in human leukocyte@atta, Biswal and Kehrer,
1999)was chosenanda concentratiorclose to thig16.7 nM) derived from preliminary dose
response experimentsas usedo investigate its effect in zedish larvaeThe vehicle control
was DMSO, the diluent for MK886n zebrafish larvae, the response obtained was very much
dependent upon the timing treatmentWhen 5LOX was inhibitedimmediatelyafter injury,
neutrophil numbers remaining at the wousite at 24hpi were increasé@ontrol mean +/
SEM: 15.56 + 1.02, MK886: 20.51 +/1.20 p=0.0021,t-test, Figure 3-3A). However, the
opposite was true when theL®X inhibitor treatment waslelayeduntil Shpi, with neutrophil
numbersat 24hpinow being significantly reduce@ontrol mean + SEM: 12.75 +/ 0.68,
MK886: 10.14 +/0.66 p=0.0071 t-test,Figure 3-3B).

3.2.4 Inhibition of 12-LOX did not affect inflammation resolution when given
early, but delayed inflammation resdution when given late
ML355 has been shown to be a specifielL2X inhibitor with an 1G, of 340 nM(Luci et al,
2010) Used within this range at 167 nM concentration derived from preliminary dose
response experimentsIL355 did not alter neutrophil counts at 24hpi when given immediately
postinjury (Control mean +/SEM: 12.10 +/ 0.83, ML355: 11.93 +/0.68, p=0.8746, {test,
Figure3-4A). The vehicle control was DMSO, the diluent for ML3%fowever, when 120X
inhibition was performed at 5hpi, inflammation was prolonged (Control mea8EM: 11.44
++/- 0.77, ML355: 14.10 +/0.82,p=0.0209, itest,Figure3-4B).
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Figure 3-3: Neutrophil counts at the region of tailfin injury, following treatment with the 5-LOX
inhibitor (MK886 ) or vehicle control. A. Treatment wagiven immediately posnjury and neutrophil
counts at ROI performed at 24hpi=66/group in six independentpeatgrepeats increased due to egg
laying problems limiting the number of larvaegach experimeptt-test, **p<0.01, error bars show SD
B. Treatment given 5hpi and neutrophil counts perfornaéd24hpias before N=68/group in six
independent repeats (repeats increased for the same reason atested* p<0.001, error barsshow
SD.
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Figure 3-4: Neutrophil counts at the region of tailfin injury, following treatment with the 12-LOX
inhibitor (ML355 ) or vehicle control. A. Treatment was given immediately pagjury and netrophils
guantified at 24hpiN=42/group in three independent repeats, comparison satst,n=nonsignificant
error bas showSD. B. Treatment given 5hpi and neutrophil counts performed®4hpias before

N=42/group in three independent repeatsmparison with-test,* p<0.05,error barsshowSD.
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3.2.5 LXA4 and RVvE1, but not RvD2, accelerated neutrophilic resolution in tailfin
transection
The LOX enzymes modulate more than just SPM productiay, often work in concert with
each otherand even have directrole in apoptosis and ferroptogis et al, 2018) Therefore
to increaseexperimentalspecificity and simplify interpretationa single end product of each
LOX pathway was usedror 15LOX, Lipoxin A4 (LXA4) was usegdfor 5-LOX, Resdvin E1
(RVEYD; and for 12LOX, Resolvin D2(RvD2). Earlier time pointswere also used to allow
separate conclusions to be drawn regarding the effects of each SPM firstly on neutrophil
recruitment (quairfication at 6hpi), and then omflammation resolution (quantification at
12hpi). Counts at 24hpi were not used because SPMs are lipids that are easily oxidised, and
previously shown to beapidly andactively inactivated in mammalg\vrita et al, 2006)so its
effects could be missed with delayed quantification. USigBAC(mpxGFP)il14 larvae with
supplementation of 167M of LXA4 immediately following tailfininjury, neutrophil numbers
were significantly reducedboth at 6hpi(Control mean +/SEM: 24.48 + 0.69, LXA4: 21.69
+/- 0.74, p=0.0063,t-test, Figure 3-5A) and also at 12hpiQontrol mean +/SEM: 21.57 +/
0.80 LXA4: 18.21 +f 0.74, p=0.0023,t-test, Figure 3-5B), in accordance with mammalian
studies(Campbellet al, 2007; Buckley, Gilroy and Serhan, 20140 contrast,immediate
treatment withRvD2 at 16nM increased recruited neutrophil numbers at (@wuitrol mean +/
SEM: 25.60 +/1.18, RvD2: 30.49 +/1.10Q p=0.0033,t-test, Figure 3-5C), but by 12hpithis
difference was losand overall inflammation resolution was not delay€bntrol mean +/
SEM: 14.61 +£ 0.81, RvD2: 15.30 +/0.77, p=0.5384,Figure 3-5D). Immediate treatment with
RVE1l (167nM) did not affect neutrophil numbers at 6i{@lontrol mean +/SEM: 22.33 +/
0.91, RvVE1: 21.25 +/00.90 p=0.4502 t-test, Figure 3-5E), but significantly reduced numbers at
12hpi Contol mean + SEM: 19.11 +/ 1.02, RvE1: 14.79 +/0.84 p=0.0015,Figure 3-5F).
SPMs are thought to be agents of inflammation resolution, and in effort to isolate the effect of
SPMs solely on the resolution phase, treatment was given at 5.5hpi to minimise the iéffects,
any, on neutrophil recruitment. Surprisingly, none of the three SPMs, LXA4 (Control mean +/
SEM: 16.06 + .074, LXA4: 15.61 + 0.72, p=0.6664,t-test, Figure 3-6A), RvD2 (Contol
mean + SEM: 15.32 +/ 0.88 RvD2: 16.93 +/ 1.05, p=0.2425, Figure 3-6B) nor RVE1l
(Contol mean + SEM: 17.40 + 0.99 RvVE1l: 16.20 +/ 1.15, p=0.4289, Figure 3-6C)
administered at or after 5.5hgxertedany significant etct on inflammation resolution.
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Figure 3-5: Neutrophil counts at the site of tailfin injury, following treatment with SPM (LXA4,
RvD2, or RvE1l) or vehicle control. 2dpf TgBAC(mpx:GFHL14 underwent tailfin injury and
immediate treatment, with neutrophils in the ROI quantified at either 6hpi or 12 hpleutrophils
quantified at 6hpi withLXA4 167 nM. N=120/group in sixindependentrepeats.B. Neutrophils
quantified at 12hpi withLXA4 167 nM. N=120/group in sixindependentrepeats.C. Neutrophils
guantified at 6hpi withRvD2 16 nM. N=45/group in threeindependentrepeats.D. Neutrophils
guantified at 12hpi withRvD2 16 nM. N=90/group in fourindependentrepeats.E. Neutrophils
quantified at 6hpi withRvE1l 167 nM. N=45/group in threeindependentrepeats.F. Neutrophils
quantified at 12hpi witlRvE1 167nM. N=45/group in threendependentepeats. In all graphs error bars

showSD, comparison withtest, nsaon-significant,** p<0.0L.
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Figure 3-6: Neutrophil counts at 12hpi the site of tailfin injury, following delayed treatment
(5.5hpi) with  SPM (LXA4, RvD2, or RvE1l) or vehicle control 2dpf TgBAC(mpx:GFHL14
underwentailfin injury and delayed treatment, and neutrophils in the ROI quantified at 1&.HpKA4
167 nM. N=120/group in six independent repedds RvD2 16 nM. N=45/group in three independent
repeatsC. RvVE1 167nM. N=45/group in three independent repe&iiseach graph: comparison with t

test,error bars show Shs=nonsignificant



3.2.6 Only LXA4, and not RvD2 or RVE1,increased neutrophil apoptosis at3
hours post treatment, but not at 6, 9 or 12 hours post treatment
Neutrophils are removed from sites of inflammation by apoptosis and subsequent efferocytosis
by macrophagefEl Kebir and Filep, 20109r by reverse migration away from the site of injury
(J. Wanget al, 2017) To investigate if neutrophil apoptosis was inceshby SPM treatment,
TUNEL staining was performed at 3, 6, 9 andnb2irs post treatmenthese times were chosen
to optimise the possibility of detecting differences in rates of apoptosis that could contribute to
the differences in neutrophil numbers. WheXA4 was given immediately postjury and
guantification performed at Bours post treatmerdn increase in neutrophil apoptosigas
demonstratedControl mean +/ SEM: 0.8% +/- 0.16. LXA4: 1.486 +/- 0.24, p=0.0342
MannWhitney testFigure3-7A), but no significant different in apoptosis was showf hburs
post treatmen{Control mean +/ SEM: 2.186 +/- 0.27, LXA4: 1.926 +/- 0.23 p=0.5109,
Figure3-7D), 9 hours post treatmef(€ontrol mean +/SEM: 0.98%6 +/- 0.25 p=0.9548 Figure
3-7G), or 12 hours post treatmef€ontrol mean +/SEM: 1.48% +/- 0.29, LXA4: 1.08% +/-
0.23 p=0.1732 Figure 3-7J). Similarly, when RvD2 was given immediately after injuno
significant differences in neutroptapoptosis was seen &thours post treatmef€ontrol mean
+/- SEM: 0.44% +/- 0.12, RvD2: % +/- 0.15 p=0.0941 MannWhitney testFigure3-7B),
6 hours post treatmer(Control mean +/ SEM: 0.336 +/- 0.13, RvD2: 0.4% +/- 0.12
p=0.4092 Figure3-7E), 9 hours post treatme(€ontrol mean +/SBEM: 0.526 +/- 0.14, RvD2:
0.5®%6 +/- 0.15 p=0.9097, Figure 3-7H) or 12 hours post treatme€ontrol mean +/SEM:
0.73% +/- 0.19, RvD2: 0.5% +/- 0.15 p=0.9553 Figure 3-7K). For RVE1, as treatment effect
was noted to be later at 12hpnalysis of apoptosis was performed each time at 9hpi and, 12hpi
with later treatment times in order teep the intervals between treatment and analysis
comparable to the other SPMEhree hours podRvEL treatment no differences in neutrophil
apoptosis was demonstrat@dontrol mean +/SEM: 0.686 +/- 0.20, RvE1l: 0.5% +/- 0.18
p=0.1615 MannWhitney test, Figure 3-7C), and this remained the casé¢ 6 hours post
treatment(Control mean +/SEM: 0.58%6 +/- 0.22, RvE1: 0.7% +/- 0.23 p=0.8796 Figure
3-7F). As with the other SPMao differences in percentaggoptosis was demonstratad
either 9 hours post treatment wRvE1 Control mean +/SEM: 0.6@6 +/- 0.22, RVE1l: 1.1%
+/- 0.38 p=0.5219 Figure 3-71) or at 12 hours post treatme€ontrol mean +/SEM: 0.886
+/- 0.31, RVE1: 0.7% +/- 0.22 p=0.3939 Figure3-7L).
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Figure 3-7: TSA/TUNEL staining performed at 3, 6, 9 and 12hours post treatment with SPM or
vehicle control. A. Immediate treatment with LXA4 or vehicle control and analysis at 3Hpi.
Immediate treatmentith RvD2 and analysis at 3hpC. Treatment withRvE1 at 5hpi followed by
analysis3 hours postreatment D. Immediate treatment with LXA4 or vehicle control and analysis at
6hpi. E. Immediate treatment with RvD2 and analysis at 8Rpireatment with RE1 at 5hpi followed
by analysis6 hours postreatment.G. Immediate treatment with LXA4 and analysis at 9hgi.
Immediate treatment with RvD2 and analysis at 9hgimmediate treatment with RvE1 and analysis at
9hpi. J. Immediate treatment with LXA4na analysis at 12hpK. Immediate treatment with RvD2 and
analysis at 12hpiL. Immediate treatment with RVE1 and analysis at 12mpall graphs % apoptosis
calculated in each larvae by taking the average ratio of apoptotic neutrophils to theutokedr of
neutrophis in the ROI, error bars show SERbmparison wittMannWhitney test ns=nonsignificant

*p<0.05 N=120/group in twandependentepeats.



3.2.7 Histochemicalquantification of neutrophils matchedlive trends

The biochemiclamethod of TSA staining, as part of the TUNEL staining, allowed confirmation

of the reproducibility ofthe livein vivo neutrophil quantificatiorobtained initially Using this
method confirmed thateitherLXA4 (Control mean +/SEM: 26.70+/- 0.85,LXA4: 27.65 +/
0.88 p=0.4342 t-test,Figure3-8A) nor RvEltreatmeniContol mean + SEM: 20.64 +/1.02,
RVE1l: 19.56 +/ 0.85 p=0.4178§ t-test, Figure 3-8C) showed any differences in neutrophil
numbers at 3 hours peseatment, butRvD2 showed a significanincrease in neutrophil
numbers at 3hgiControl mean +/SEM: 22.22+/- 0.66, RvD2: 25.2 +/- 0.66 p=0.0021 t-test,
Figure 3-8B). At 6 hours postreatmentboth LXA4 (Control mean + SEM: 34.92 +/ 0.96,
LXA4: 31.02 ++ 0.91, p=0.0036,Figure 3-8D) and RvE1(Contrd mean +/ SEM: 17.37 +
0.81, RvE1: 15.09 +/0.68 p=0.0324,Figure 3-8F) showed significant decreases in neutrophil
numbers, while RvD2Gontrd mean +/ SEM: 22.54 +/0.73, RvD2: 24.63 +/0.76 p=0.0485,
Figure 3-8E) showed a continued increasenieutrophil numbersmatchinglive quantification.
At 9 hours post treatmenhone of the SPMd4,XA4 (Contrd mean + SEM: 23.19 +/ 0.89
LXA4: 22.95 +f 0.72, p=0.8305,Figure 3-8G), RvD2 Contrd mean +/ SEM: 24.23 +/0.90,
RvD2: 25.28 +/0.82 p=0.3864,Figure3-8H) or RvE1 Cortrol mean +/ SEM: 19.19 +/0.77,

RVE1l: 17.46 +/0.69 p=0.0951,Figure 3-8I), showed any differences in neutrophil numbers.

And finally, at 12hpi, only RvE1Gontrd mean + SEM: 13.70 +/0.52, RvE1: 10.82 +/0.4],
p<0.0001,Figure3-8L), but not LX4 Contrd mean + SEM: 18.73 +/0.77, LXA4: 18.88 +/
0.91, p=0.8977,Figure3-8J) or RvD2 Contrd mean +/ SEM: 22.70 +/0.68, RvD2: 23.80 +/
0.75 p=0.2802,Figure 3-8K) reduced neutrophil humberagain matching live quantification

trends
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Figure 3-8: Biochemical neutrophil quantification with TSA in the region of tailfin injury . 2dpf
wildtype (nacre) ebrafish larvae were fixeth PFA at eachtime point of analysispostinjury. A.
Immediate LXA4 treatment witquantification 3hpi. B. Inmediate RvD2reatment with quantification
3 hpi. C. RvVE1 reatmentwvas delayed to 5hpi (to keep the treatment intewdl) quantification 3 hours
later. D. Immediate LXA4 treatment with quantificatiorbhpi. E. Immediate RvD2 reatment with
guantification6hpi. F. RVE1 teatment at Shpi with neutrophil quantification 6 hours la&eimmediate
LXA4 treatment with quantificatio®hpi. H. Immediate RvD2 reatment with gantification 9hpi. I.
Immediate RvElreatment with quantificatio®hpi. J. Immediate LXA4 teatment with quantification
12hpi K. Immediate RvD2 reatment with quantificatiod2hpi L. Immediate RvVE1 reatment with
quantification 12hpi For each: emparison with test, ns=nonsignificant, *p<0.05, **p<0.001,
**% p<0.0001 error bars shovsD, N=120/groupin two independentepeats.



3.2.8 All three SPMs increased reverse migration of neutrophils different ways

To investigatethe effe¢ of each SPM on reverse migration profitegcked photeconverted
neutrophils in thefTgBAC(mpx:GAL4A/P16)sh267;Tg(UAS:Kaede)i222brafish linewas used
as previously describg@ixon et al, 2012) Thenumberof neutrophils reversmigrating at any
one time pointvas plotted and the slopef the curve comparel using linear regression to give
the rate of neutrophil reverse migration over time from 6hpi to 1di@.rate was decreased in
LXA4 (p=0.0074, linear regressioRijgure3-9A), but the overallnumbers of reverse migrating
neutrophilsat all timeswere consistentlyhigher with LXA4 even though this did not reach
significance(Overall control meant/- SEM: 7.12 +F 0.17, LXA4: 8.31 ++ 0.15 p=0.1771
multiple-measures twavay ANOVA). This is likely due to initiation of reverse migration
earlier such that thacceleration phaseas not captured during the time ofaging, and this
would fit with the earlierfindings of decreased neutrophils at 6hpi. Treatment RiWD2
increased the rate of reverse migration significanik/0(0001, linear regressioRjgure 3-9B)
andovenll numbersreverse migrating were similgOverall control mean +/SEM: 6.47 +/
0.10, RvD2: 5.40 +/0.17,p=0.3026, multipleneasures twavay ANOVA). Given the earlier
findings of increased neutrophils at 6hpi but no overall delay in inflammationutiesolat
12hpi, this could indicate a delayed initiation of reverse migration. Treatment with RvE1l
unequivocally increased the rate of neutrophils reverse migrair@ 009, linear regression,
Figure3-9C). It is likely the timing of imaging ideally captured the height of the effect of RVEL.
None of the SPMsLXA 4 (Control mean +/SEM: 0.039 +/ 0.001, LXA4: 0.040 +/0.00%,
p=0.3655 t-test, Figure 3-10A), RvD2 (Control mean +/SEM: 0.031 +/ 0.001, RvD2: 0.030
+/- 0.002 p=0.6037 t-tesdh, or RvVEL (Control mean +/SEM: 0.040 +/ 0.001, RvE1: 0.041 +/
0.001, p=0.2442 t-tes) influenced the speedf reverse migrating neutrophilsath lengthof
reverse migrating neutrophilgas also unchangday LXA4 (Control mean +/ SEM: 180.7 +/
4.12, LXA4:181.5 +/4.53 p=0.8899 t-test,Figure3-10B) and RvD2 (Control mean +5EM:
128.8 +- 5.43, RvD2: 122.2 +/7.38 p=0.476] t-tes), but was increased with RvE1 (Couwitr
mean + SEM: 171.2 +/2.39, RvE1: 179.5 +3.1Q p=0.037] t-tes). Directness of neutrophil
movement was increased bgtb LXA4 (Control mean +/SEM: 0.287 +/0.004, LXA4: 0.299
+/- 0.003 p=0.0353 t-test, Figure 3-10C) and RvD2(Control nmean +/ SEM: 0.304 +/0.019,
RvD2: 0.356 +/0.015 p=0.0353 t-tesd, but not RE1 (Control mean +/SEM: 0.278 +/0.004,
RVE1: 0.275 +/0.004 p=0.6590Q t-tes).
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Figure 3-9: Number of reverse migrating neutrophils over time at the region of tailfin injury.
Neutrophils at the injury site o2dpf TgBAC(mpx:GAU-VP16)sh267;Tg(UAS:Kaede)i222brafish
larvae weregphoto convertedt Shpi and then trackddr 6 h using Yokagawa CXU spinning disk and
Volocity®(Perkin Elmer) softwareA. Treatment withLXA4 or vehicle contral B. Treatment with
RvD2 or vehiclecontrol C. Treatment with RvVE1 or vehicle control. For each grdphear regression
to compareslopes of curves, error barshow SEM, ** p<0.01,*** p<0.001,*** p<0.0001,each point

represents the average of N group in three independent repeats.
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Figure 3-10: Movement characteristicsof reverse migratedneutrophils in the presence of SPMs.
Analysis was performed using Perkin Elmer Volocity® 6r8data obtained tracking photo converted
reverse migrating neutrophils GgBAC(mpx:GAL4/P16)sh267;Tg(UAS:Kaede)i22&brafish larvae

Comparison betweethe treatment vehicle control and the SPMs (LXA4, RvD2, and RvVE1l) were made

for the followingparameters of movement of reverse migrated neutropghilSpeedB. Path length, and

C. Meandering index (or directness of traveflere a number closer to 1 indicates a straighter path.

each graph, amparisonwas performedvith a t-test, ns=nonsignificant, *p<0.05, error bars show SD,

N=18&group in three independent repeats.
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3.2.9 LXA4 and RvE1, but not RvD2, increasedN F a Beporter expression in
tailfin injury
N F a s been previously shown to be central to therdmmation of inflammatory pathways
and is increased in certain inflammatory conditigBaldwin, Hill and Carbna, 1996) with
inhi bi t i oaccelerihg Me&radil apoptosifCastrealcarazet al, 2018) However,its
expression later in an inflammatory process can also enlfleo@mationresolution(Kusaro
and Ferrari, 2015)Using thefluorescently labelled g(6xHsa.NFKBeGFPsh235reporterline
(Kanther et al, 2011) expressiono f N fa® d@monstrated by the intensity of GFP, was
monitoredfor twelve hours following tailfin injury with or without SPM treatmentlthough
RvD2 (p=0.3308linear regressiorFigure3-11B)di d not al ter NFaB report
timeframe, both LXA4p=0.0013 linear regressiorigure3-11A) and RVE1(p<0.0001 linear
regressionFigure3-11C) induced an increase in reporter expressith curves divergingfter

approximatelyshpi.

3.2.10RVE1, but not LXA4 or RvD2, increased the rate of tailfin regeneration

In additontoitsweld ocument ed i nfl ammatory rol e, NFaB h
regeneration in liver cells in ra(Zhaoet al, 2016) and cardia¢Karraet al, 2015)and neural

tissues in zebrafisiiKyritsis et al.,, 2012) Incr eased expression of NFal
accelerated resolution of inflammation, could result in accelerated regeneration of the injured
tailfin. To test this, 2dpf wildtype zebrafishere injured and percentagencrease in length of

the amputated tailficalculatedafter 24 hoursBoth LXA4 (Contwol mean +/ SEM: 25.326 +/-

2.84 LXA4: 24.26% +/- 2.23 p=0.7686,t-test, Figure 3-12A) and RvD2 treatmen{Control

mean + SEM: 43.28% +/- 5.11, RvD2: 33.96% +/- 3.55, p=0.1402 t-test, Figure 3-12B) did

not enhance tailfin regrowth, but treatment withRvE1l significantly increased tailfin
regeneratior(Control mean +/ SEM: 15.7®6 +/- 3.54 RvE1:31.10% +/- 3.30 p=0.0021 t-
test,Figure3-12C).
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Figure 3-1: Ex pr e s s i o imtheregioNd? iajiry in tailfin transection with SPM treatment
With each SPM or vehicle controireatment was given immediately following tailfin injuo§ 2dpf
Tg ( 6 x Hs eGFRsh23%and larvae embedded directly with 0.8%agarose and imaged Nikon
Eclipse TE2008J microscopewithout delay.GFP fluorescence waguantified and images analysed
with NIS Elements AR® softwarby normalising to the first intensity after background subtractan.
Treatment with LXAdor vehicle contralB. Treatment with RvD2r vehicle contralC. Treatment with
RVEL1 or vehicle contral For each graphslopecomparison withihear regressioms=nonsignificant,
*p<0.05 **** p<0.0001, error bars show SEM, R/group in threéindependentepeats.
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Figure 3-12: Tailfin regeneration with SPM treatment. Tailfin amputation was performed and an
initial image obtained using a Nikon Eclipse TE2000nicroscope after an hour recovery to minimise
errors fromthe normalinitial wound shrinkage immediately pesjury. A second image was then
obtained 24hpiMeasurements were made, blinded to treatment grénops the end of circulation to the
cut edgeand the % increase in tailfin length calculatadimmediate treatment with LXA4N=36/group

in three independent repedBs Immediate treatment with RvD2N=36/group in three independent
repeatsC. Immediate tratment with RVE1N=45group in three independent repedits.each graph:
comparison with-test,ns=nonsignificant ** p<0.01



3.2.11LXA4 and RvD2 increased macrophage numbersand RvVE1l accelerated

arrival of macrophagesin tailfin injury
Wound healing and regeneration depends on a more complex interplay between other cells of
the innateresponse, such as macrophages, whose influx follewsaphils in classel models
of inflammation.All SPMs were shown earlier to increase neutrophil reverse migration, and
this, together with the overall low level of neutrophil apoptosis seen is iroamce with
published data suggesting that zebrafish, majority of neutrophils leave a sterile injury by
reverse migrationde Oliveira, Rosowski and Huttenlocher, 2Q18ut neutrophil reverse
migration has been shown to be dependent on macrophages in zefiratizimet al, 2014)
therefore it was hypotisesed that SPMs would increase macrophage numbers attending to an
injury. To investigatehis, the original tailfin transection modelas usedvith a fluorescently
labelled macrophage lin@g(mped:NLS-Clover)sh436Following tailfin injury with treatment
at Ohpi, macrophage numbers were significantly increasddXi# (Control Ymax:33.94,
LXA4: 39.05 logistic growth modelp<0.0001 Poisson regressiorigure 3-13A) and RvD2
(Control Ymax: 20.38, RvD224.14, logistic growth model,p<0.0001, Poisson regression,
Figure3-13B). For RVE1, the macrophage humbwsmsre not increased but the curves diverged
early with an accelerated arrival of macrophages in RvElcompared with cof@amisol
Ymax: 30.04, RvEL: 28.24¢gistic growth modelControl curveslope: 0.0468, RvE1: 0.0917,
p<0.0001, segmentakegressionslope comparison,Figure 3-13C). Specific characteristics of
macrophag movement such as speed, path length, or directness of travel could not be assessed

due to unavailability of tracking software with NIS Elements AR at the time of analysis.
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3.2.12LXA 4, but not RvD2 or RvEL improved survival in systemic Staphylococcus
aureus infection
An uncontrolled inflammatory response is an important cause of-orghin failure and death
in sepsis(Aziz et al, 2013) and RvD2 has previously been shown to mitigate this response
mice (Chiang et al., 2017) but thus far, thisSSPM effecthas not yet been investigated in
zebrafish S. aureuss an ubiquitous commensal as well as pathogen in huara®many other
specieg(Torracaet al, 2014; Kernbaueet al, 2015) and thereforavas chosen aa suitable
bacterium for initialinvestigation.An infection model has been described in zebrafish larvae,
but larvae at 30hpfvereused(Prajsnaret al, 2008) At this stage of development, neutrophils
are not sufficiently maturefLe Guyadetet al, 2008a)and therefore this younger age would not
have been suitable to determine if the neutrophilic effects, keenin earlier experiments,
would exert differential results herefore slightly older larvae Zdpf) were used and infected
intravenouly with 5000CFUof SH1000 This induced50% mortalityin untreated, infected
zebrafishlarvae andshowedthat SPMs treatment in zebrafish resulted in different effects on
survival. Treatment withLXA4 increased survival irs. aureusacteraemidp=0.0145,Mantel
Cox, Figure 3-14A), but RvD2 $=0.9778,MantetCox, Figure 3-14B) and RVEL1 ((=0.9677,
MantetCox, Figure3-14C) did notaffect survival

3.2.13RvD2 and RvVE1, but not LXA4, increased survival insystemicEnterococcus
faecalisinfection

Although S. aureusis commonly found on superficial epidermal surfacgastrointestinal
abundance 0%. aureuss less commollLopez and Skaar, 201,80E. faecals, another bacteria
also frequently implicated isystemic infection in humangjas usedo test the impact of SPM
treatment Again, opposing effectavith SPM treatmentwere found, withLXA4 treatment
causing decreaseslrvival in E. faecalissystemic infection(p<0.0001, MantelCox, Figure
3-15A), whereasncreased survival was found witreatment withRvD2 (p=0.0034,Mantel
Cox, Figure3-15B) and RVE1(p<0.0001,MantetCox, Figure3-15C).
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Figure 3-14: Effect of SPMs on survival in gstemic infection with S. aureus 2dpf wildtype zebrafish
larvae were injected with 2500CFU SH1000 and treated with either SPM or vebrdi®l Larval
survivalwas tracked twice daily till 5.2dpA. Treatment with LXA4or vehicle contralN=96/group in
four independent repeats, extra due to new stock L)BAAreatment with RvD2r vehicle contralC.

Treatment with RvElor vehicle contral In each graph, compaon with MantelCox test, ns=non
significant,*p<0.05, N=72/group in threendependentepeats.
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Figure 3-15. Effects of SPM on survival in gstemic infection with E. faecalis 2dpf wildtype
zebrafish larvae were injected with 1500CFU OG1RF and treated with either SPM or vehicle control.
Larval survival was tracked twice daily till 5.2dp&k. Treatment with LXA4or vehicle contral B.
Treatment with RvD2or vehicle contral C. Treatment with RvEIor vehicle contral In each graph,
comparison wi MantelCox test, 1<0.05,**** p<0.0001,N=72/group in three independergpeats.
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3.2.14Development of GIT injury model

Because of the differential effects of the SPiish bacterial infections, investigation was
extended to th&sIT, an organ with anaturally heavy load of diverse microbiot&eal time
investigation ofinflammationwithin the GIT has always been challenging because of its hidden
location. The zebrafishoffers an opportunity to circumvent this difficulbecause of itéarval
transparencyOnly chemically inducedowel injury modelsusing Dextran Sodium Sulfate
(DS9 or 2,4,6 trinitrobenzenesulfonic acidf\N\BS) (Oehlerset al, 2012)have been described

in teleosts Therefore it wasmperative to find a ngroducible model ofmechanicalinjury to
study localised inflammation since chemical agents can have unintended effects on the intestinal
microbiome,as well aspossible systemic effects, thus complicating interpretation of results
Two differentmodels ofinjury wereinvestigateda laser injuryanda mechanical injuryior the
laser injury techniquesused in drosophiléChang and Keshishian, 1996gre adapted to allow
tissue ablationn the zebrafishdistal GIT. However, unlike drosophijavhere an epithelial
defect is often visiblgpostinjury, the intestinal tract showeatb lasting visible damagg@-igure
3-16A), possibly due to its higher fluid contehtaiser dlationwas thereforevisually confrmed

by positively identifyinga bubble of vaporised tissu€igure 3-16B) which disappeared after
30-40 secondsTo be certain that definite tissue damage was beitigted, theTg(klf2a:GFP)
(Heckelet al, 2015)fish linewas used. For reasons that are yet to be understood, altki2agh

is a vascular markeflLee et al, 2006) this line also has a fluorescing anal regi¢figure
3-16C). Postablative absenceof fluorescencgFigure 3-16D) thus confirmed positive tissue
destruction which was consistent with the visihléhoughtransient bubble Nonethelessthe
neutrophil responsm theselaser injuriedacked vigouy as shown by the small initial difference

in neutrophil counts in the RQ@hat was not sustaineceturning to baseline by the end of the
time-lapse(N=5 in a singleexperimentFigure 3-17A-B). Given the large biological variation
inherent n live experiments, this model would not have been a viable technique for larger scale
studies.The possibility of a mechanichbwel injury was then exploreé. puncture wound was
found to beeasilyreproducible(Figure 3-17C) with a consistent inflammatory respon3eis
model caused a significant and sustained increase in neutrophil nurfigene 8-17D), and
wasusedhenceforthfor further investigation of theflammatory response in the GIT



Post laser ablation

Prelaser ablation

Prelaser ablation Post laser ablation

Figure 3-16: Laser injury to the GIT. A. Representative bright field image of anal pore in an uninjured
4dpf zebrafish larvae oTgBAC(mpx:GFP)ill4yisualised using the 40X objective on theverted
Olympus microscope with Yokagawa CXU spinning didk5/group in a single exploratory experiment.
Normal contour of anal region outlined in red dotted lines of the zebrafish in standard position (head to
left and tail to right of image)B. Transient lbibble indicated by green circle, showing position of
vaporised tissue, which disappeared after appratély 30 second<C. 4dpf Tg(klf2a:GFP) showing

the fluorescing anal regiofned dotted circlepefore laser ablatiorD. Laser ablation was performed at
77% power using an Andor Micropoint Laser controlled with 1Q softwanss of fluorescencsehown

post laserablation(dotted red circle
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Figure 3-17: Neutrophil responseswith laser or mechanicalintestinal injury . TgBAC(mpx:GFP)i114
4dpf larvae were injured either with a laser or puncture wound in the GIT and imaged for A2hpi.
Representativémage of merged brightfield and GFP channelsthe anal pore imaged at 20X on a
Yokagawa CXJ spinning disk taken immediately posmjury, with the area of laser ablation shown by
thered circle.Neutrophils are seen as green d&sGraph showinghe neutrophil courg in a region
200X200 um centred on the point of laser injyROI). N=5/group in a singlexperiment error bars
omitted for clarity The controls were uninjured larvae imaged at the same relircomparative
statisticswere performed as this was a single exploratory experimé€ntRepresentative image of
merged brightfieldand GFP channels of the anal pore taken at 20XYokagawa CXU spinning disk,
at 6hpi, with the area of injury surrounded by green neutrophils and circled in a red dottBd Gnaph

of neutrophil numbers in the same region as the laser injury, golotter time. N=fgroup in a single
experiment, error bars show SENhe controls were uninjured larvae imaged at the same regimn.

comparative statistics were performed as this was a single exploratory experiment.



3.2.15L.XA4 reduced RvD2 did not affect, and RvVE1l increased neutrophil
numbers in aGIT injury
The initial neutrophilresponse to an injury and immediate intraluminal treatment with SPMs
was investigated using the new model described abidwe.intraluminal mode of delivery of
treatment was utilised for this model for two reasons, fir&thcause SPMs are thought to be
produced at the sites of inflammation and exdeir effects mainly locally rather than
systemically(Hasturket al, 2007; Dalli and Serhan, 201@&nd secondly to limit the specificity
of action to the GIT, rather thas a result of a systemic aiflammatoryaction The duration
of the GIT timelapses also captured the start of neutrophil resolwiwh therefore the Beta
Growth and Decline model was used to plot the curvethe presence of an intestinal wound,
intraluminal treatment withkXA4 decreased peak neutrophil numbgZ®ntrol Ymax: 28.00,
LXA4: 24.81, p<0.0001, Poisson regressiorkigure 3-18A). Treatment withRvD2 did not
change peak neutrophil numbers compared to con{@strol Ymax: 27.75, RvD2: 27.72,
p=0.8902, Poisson regressiofigure 3-18B). Treatment withRvE1 however,increased the
peak number of neutrophi{€ontrol Ymax: 26.18, RvE1: 27.58<0.0001, Poisson regression,
Figure 3-18C). Movement characteristics ofeatrophik attending the intestinal woundere
assessed using Voloci® 6.3, but none of the SPMs appeared to alter parameters of neutrophil
movementin the GIT. Neutrophil speed was unaltered with LXA4 (Control mean $SEM:
0.027 +/ 0.002, LXA4: 0.026 +/0.001,p=0.5629, ttest,Figure3-19A), RvD2 (Contmwol mean
+/- SEM: 0.040 +/ 0.0009, RvD2: 0.041 +/0.0008,p=0.2980)and RVE1 (Control mean +/
SEM: 0.035 +/0.001, RvE1: 0.037 +0.002,p=0.2372).Similarly, neutrophil path length was
unchanged in LXA4 (Control mean-+3EM: 144.9 +/ 2.02, LXA4: 1467 +/- 2.74, p=0.6061
t-test, Figure 3-19B), RvD2 (Contol mean + SEM: 140.4 +/ 3.1, RvD2: 144.3 +/2.7,
p=0.3434 t-tes) and RvELl (Control mean +SEM: 124.2+/- 5.1, RvE1l: 132.0 +/ 5.3
p=0.2971 t-tes). Finally directness of travel, or meandering indesas also umffected in
LXA4 (Control mean +/SEM: 0.31 + 0.005, LXA4: 0.31 +/0.007, p=0.8453 t-test, Figure
3-19C), RvD2 (Control mean +/SEM: 0.29 +/ 0.004, RvD2: 0.30 +/0.006 p=0.245§ t-tes)
andRVE1 (Control mean +/SEM: 0.28 +/0.005, RvE1: 0.27 +0.007, p=0.3574 t-tes).
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Figure 3-18 Neutrophil counts at the site of intestinal injury with SPM treatment.
TgBAC(mpx:GFP)i114idpf larvae underwent a mechanical puncture injury to the distal GIT followed
by microgavage of SPM or vehicle contrbhagng was performedn an inverted Olympus microscope
with Yokagawa CXU spinning disk and Volocity®.3 (Perkin Elmer) A. Treatmentwith LXA4.
N=21/group in three independent repe&s.Treatment with RvD2N=21/group in three independent
repeats.C. Treatment with RVE1N=24/group in three independent repedisr each graphCurve
fitting with Beta Growth [cline model, emparisonof Ymax with Poisson regression, ns=Ron

significant **** p<0.0001, error bars show SEM
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6.3. Comparisonbetween the treatment vehicle control and the SPMs (LXA4, RvD2, and RvE1l) were

made for the following parameters of movement of neutrophils in the intestinal régiSpeedB. Path
length, andC. Meandering index (or directness of trgvethere a numbecloser to 1 indicates a
straighter pathComparison with -test error bars show SD, ns=naeignificant, N O 2gtoup in three
independent repeats.
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3.2.16All three SPMsreducedpeakmacrophage numbers attending to an intestinal

wound
Differences in innate immune responses in different organs would not be totally unexpected,
partly because of thdifferences in colonisingricrobiota, but also because the intestinal tract is,
to a certain extent, an immuwpoivileged site, allowing bactel, fungal and even viral entities
to remain in close association with the mucosal surface witbausiry a robust defensive
responsgMurall, Abbate and Touzel, 2017 heefore themacrophage response to localised
intestinal injury and SPM treatment waalso investigated using theTgmped:NLS
Clover)sh43dine. Peak nacrophage numbers wereduced with LXA4 Control Ymax: 34.75,
LXA4 Ymax: 31.37,p<0.0001, Poissomregression,Figure 3-20A), RvD2 (Control Ymax:
37.03, RD2 Ymax: 35.55,p<0.0001, Poisson regressidrgure 3-20B) and RvE1 (Control
Ymax: 37.49, RvVE1l Ymax: 35.55<0.0001, Poisson regressioigure 3-20C). Movement
characteristics of macrophages attending the intestinal wound assessed using Bo®dty
revealed thatnacrophage speed was unaffected by LXA4 (Control meaSE#M: 0.036+/-
0.0007, LXA4: 0.037 +/0.0006,p=0.2826, ttest, Figure 3-21A), RvD2 (Control mean +/
SEM: 0.032 +/0.0007, RvD2: 0.033 +0.0007,p=0.7383, test) andRvE1l (Gntrol mean +/
SEM: 0.034 +/ 0.0006, RvE1 0.033 +f 0.0007,p=0.5539 t-tes). Similarly, path length was
unaffected by LXA4(Control mean +/SEM: 132.7 +/2.76, LXA4: 139.8 +/3.39,p=0.1134,
t-test, Figure 3-21B), RvD2 (Control mean +/SEM: 123.8 +/ 2.85, RvD2: 123.2 +/3.23,
p=0.8758, test), andRVE1l (Control mean +/SEM: 127.1 + 2.57, RvELl: 127.4 +/3.14,
p=0.9432). Drectness of travelvas umffected by LXA4(Control mean +/ SEM: 0.33 +
0.008, LXA4: 0.33 +/ 0.010, p=0.9147 t-test, Figure 3-21C) andRvD2 (Contol mean +
SEM: 0.32 + 0.008, RvD2: 0.31+/- 0.007,p=0.4316 t-tesh, but wasreducedwith RvVE1l
(Control mean +/SEM: 0.33 +/ 0.005, RvE1: 0.31 +0.005,p=0.0303, ttest,Figure3-21C).
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Figure 3-20: Macrophage counts at the site of intestinal injury Tg(mpegl:NLSClover)sh43e4dpf
larvae underwent a mechanical puncture injury to the distal GIT followed by microgai&M or
vehicle control. Imaging was performed on an inverted Olympus microscope with Yokagawa CXU
spinning disk and Volocity®(Perkin EImerp. LXA4. N=24/group in three independent repedss.
RvD2. N=22/group in three independent repe&tsRVE1. N=28/group in four independent repeaks.
each graphcurves fitted with Beta Growth and Decline modébpmparisonof Ymax with Poisson

regression**** p<0.0001, error bars show SEM.
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Figure 3-21. Effect of SPMs on movement characteristics of macrophages attending to an
intestinal wound. Analysis was performed on macrophages tracked in the time lapstdpf
Tg(mpegl:NLSClover)sh436larvae using Perkin ElmeiVolocity® 6.3. Comparison between the
treatment vehicle control and the SPMs (LXA4, RvD2, and RvE1l) were made for the following
parameters of movement of reverse migrated neutroghilSpeed B. Path length, an€. Meandering
index (or directness of tral) where a number closer to 1 indicates a straighter pathach graph:
comparison with-test ns=nonsignificant,*p<0 . 0 5 , /grdyfOi2 tAree independent repeatsor bars
show SD
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3.3 Discussion and further work
Zebrafish expressiany of the eicosanoids foundits mammalian counterparisnd thesdave
been detected in zebrafish tissue extracts as well as cell suspefZaoins et al, 2014)
Nevertheless the pathways of synthesis of thesesanoids are yet to be fully described in
zebrafish. For example, in the zebrafish, around 20 orthologues of the lipoxygenase genes exist,
in comparison to the six functional human lipoxygenase genes, and the zebrafish orthologues
have a low percentage similarity of amino acid identity to the human enzyngi€ahn et al.,
2018) Quite apart from the evolutionary differences that may exist in enzyme funkpioh,
pathways havalsobeen shown to be highly malleable by dietary composii#dwarezCuro
and Milligan, 2016; Lands, Bibus and Stark, 20a6) since teleosts have a diet, and resulting
body composition, that is naturally high in the relevant precursor lipids, it wiagpoftanceto
determine if, in fact, there were differences in thieas of specialised pn@solving lipid
mediators (SPMs) in this organism. Thg an important fundamental aspect éstablish
especially since the zebrafish is gaining popularity as a model orgamisterrogate the innate

immune systengue toits facility for in vivoreal time imaging and genetic manipulation.

The lipoxygenase pathways for the production of SPMs are intertywigdd more than one
LOX enzymeinvolved sequentially in the production eachend producSPM (Serhan, 2007)
andwith inhibition of a single LOX possibly shunting precursors down related pathiiayy

et al, 2001) In addition, redundancieand complicatedenzyme kineticsabound in these
pathways(Aharony, 1986; Mestret al, 2001; Gilbert, 2020)Although inhibition of 15LOX,
upstream of LXA4 disrupted inflammation resolution when given at alhds in the
inflammatory processnhibition of 5LOX, upstream of RvElwas antinflammatorywhen
given late This antiinflammatory effect of 8. OX inhibition seems to caur with human
studies andindeed 5LOX has been quite widely implicated in disease, and inhibitors bhese
utilised with clinical benefit(MartelPelletier, 2003; Joshi and Pratico, 2015; Guimasies,
2018) However, the persisting inflammation with early blockade-6f05¢ shown here has not
been noted befor&here is no easy explanation for this because although RvEL1 is a product of
5-LOX, leukotriene B4 I(TB4) production is also thought to be an early evgtaeggstrom,
2018) One majo caveat of using these inhibitors is that its specificity in inhibiting the zebrafish

enzyme is unknownespecially given the high degree of amino acid conservation between the
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various zebrafish isozymesnd the results obtained may simply beeflection of this.In
addition the lipoxygenase enzymes appear to hasgeatrunof bioactivity that is independent

of their function in the synthesis of lipid mediators, such as being able to alter the transcription
of enzymes via increasing intracé#iu peroxide, and modifying lipiprotein structures such as

the cell membranéAdel et al, 2014; Kuhn, Banthiya and van Leyen, 2015; Kehral, 2018)
further complicating the interpretation of these resuliserefore given these complexities,

further investigation was confined to dowrestm SPM products of LOXs.

In prior mammalian andn vitro models, all SPMs invariably redwt@eutrophil recruitment
even in the presence of bacteflia.these zebrafish studiesmslar resultswere obtainedvith
LXA4 and RvE1l The reduction in neutrofhinfiltration with LXA4 was consistent with
published literature, antb be expected since LXA4 has been isolafgéviouslyin rainbow
trout (Pettitt, Rowley and Secombes, 1988)d therefore likely to be functionally conserwed
all teleostsBut in addition,the zebrafish tailfin model haghown that the temporal actions of
these two SPMgLXA4 and RvE1l)vary within the inflammatory cycle, with LXA4 acting
early, and RVE1 exerting its effects mainly in the later stabesenhancedeverse migration
of neutrophils appeared to be the predominant mechanism of aesioling in areduction of
neutrophil numbersnost evidentwith RVE1 treatmentThis fits nicely with the role oRvElas

a partial BLT1 receptor antagoni@rita et al, 2007) RvD2 has previously been shown to
reduce the directness of travel toward a chemoi@iwling et al, 2012; Chianget al, 2017)
but the zebrafistmodel has shown thainh addition, SPMs also exed the opposite effecif
increasing the directness of travel of neutrophils moving away from an inflammatorytsge.
alone is important as neaphil migration has been known for some time to be defective in
Crohn's patients(Segal and Loewi 1976) and perhaps improving the directionality of

neutrophils could mitigate some symptoms of this chronic inflammatory disease.

SPMs also decreased neutrophilic inflammation zebrafish via another mechanism
demonstrated bizXA4 whichincreased apoptosis of neuthilg very early in inflammation, in
concordance with previous vitro studies(El Kebir et al, 2009) A limitation of theTUNEL

experiments was that they were performed at thoee intervals and it remains a possibility
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that significant increses in neutrophil apoptosis induced by the other SPMs could have been

missed ifit occurred at other times.

Ongoing inflammation often features heayihot only in chronic diseases, but alsochronic
wounds (Willenborg and Eming, 2018)and accelerating inflammation resolution could
theoretically also accelerate wound healing. LXA4 has previously been shown to improve
healing in corneal wounds&ronert, 2005)buttreatment with LXA4 did not appe toenhance

tailfin regeneration irthe zebrafisimodel. This could be because LXA4 has also been shown to
inhibit the vascular endothelial growth factor (VEGHaker et al, 2009) and whilst
angiogenesis isiot central tothe avasculacorneal healing, it would be vital for healing or
regereration of other, more vasculapdy parts such as the tailfiit. is possible that a local
application to the wound might have exerted a greater dfiect IV treatmenthowever,the
method of applicatiowas kepttandardised across the experiments to enable comparahdity

to link observations imnnate immunenflammatory responsewith that of regeneration

Otherpublications have shown thRvD2 andRVElincrease regeneration planaria(Serharet

al., 2009) The tailfin regeneration studies shown here are the figher vertebratelata, and
concurin partwith published dataas significantly increased tailfin regeneration was seen with
RVE1l treatmentRvD2 however, did not increase zebrafish tailfin regenerafidrere are
seveal possible explanations for thikirstly, the inflammatory modulation, evidenced by a
reduction in neutrophil counts, was regenwith RvD2 as it was with the other SPMs in this
zebrafish larval modelSecondly DHA, the precursor for RvDZppears to have a privileged
role in the compsition of the yolk and in developing larvae, with preferential maintenance of its
levels at the expense of other lipid8Veigand, 1996) and previously publishednass
spectrometry studies did not detect the related RvD1 precursor in zebrafish(Eaxiaeet al,
2014) Thus, it is possible that at this stage zebrafishdevelopment, a fully functioning
DHA/RvD pathway has yeto be establishedor phagocytesalthough tudies have shown
RvD2 receptorso alreadybe presentwithin zebrafish thrombocytedNikhil, 2013). This is not

to say, however, that the DHA lipid pathways should be discounted completely in this model.

Quite the contrary, the need to consider innate immunity and coagulation corgurasniong
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been advocateqDelvaeye and Conway, 2019and this is certainly an area for further

investigation in future.

The development of the bowel injury model was of potentially significant benefit, bedeuse t
bowel is inherently different to the rest of the body. &wample, we know that immune cells
display a significant ‘inflammatory anergy' toward bacteria in the (Shhythieset al, 2005)
enabling the mucosa tolerate the immunstimulatory proximity of bacteria without mounting

a responseThus, organ specific investigations are of paramount importamwe.methodsof
simulating an intestinal injury were examinel laser ablatiorand a mechanical puncture
Although some publications have suggested that laser ablatiatmoneet al, 2013)allows a

more consistent injury in regions such as the heart and the kidney, this was not the case with the
zebrafish GIT.Differences inthe peristaltic movemens of the intesting the contour of the
zebrafish body at the regipor even the intraluminal liquid contemteant that often the laser
intensity was attenuated in an unpredictable manner. Mechanical ,rpowever,offered a
more precise and reproducible neptnil responseUsing this model of intestinal injury, SPMs

did indeeddemonstrata different response to injury within the GIT comparedhm tailfin. In

the GIT, only LXA4 significantly reduced neutrophil numbef&his correlates with the
knowledge tha not only is LXA4 secreted in the colonic mucosa in humanshuman
pathologies of increased neutrophil infiltration and damage for example in ulcerative colitis,
LXA4 is deficient (Mangino et al, 2006) LXA4 and RVE1l reduced macrophage numbers
attending to the woundand this was opposite to the response seen in the tailfin .ifjbiry
demonstrated clearlyne importance of organ specific investigation, even in one as inaccessible

as the GITrevealingthe differenial, andpossiblydirectly opposingeffects of SPMs.

The effects of SPMs on systemic infectiom®&re then investigatl in zebrafishlarvae
especiallysince concernsemainthat increased riskf infectionsmay be directly attributed to
the antrinflammatoryactions of SPMgFentonet al, 2013) The survival curves fo§. aureus
and E. faecalisreveakd further inteesting areas for future studies, with LXA4 increasig
aureussurvival but decreasing. faecalissurvival, and the RD2 and RvEIonly increasingk.
faecalissurvival.lt is possible that the enhanced surviegS. aureusvith LXA4 may be due to

physical occupation of thfor receptors byLXA4, thus blocking the efficacy of the bacteria



derived FPRspecific virulence factorgPratet al, 2009) rather than a direct immune system
effect. But in addition, further scrutiny ofthe survival curves reveal a later divergence, at
approximately 48hpi irS. aureus compared with 24hpi withe. faecalis These results are
important because they shedfor the first time that not albPMs improve survival idifferent
infective models, ad could in fact decrease survival in infection, highlightiadditional

subtldies that need further attention

3.4 Summary of important findings
Zebrafish express many conserved enzymes in the eicosanoid pathways of inflammation.
However, itwas unknown ifspecialised proesolving lipid molecules (SPMs) exedidentical
effects in teleosts to their mammalian counterparts, as teleosts have a proportionately higher
tissue level of fatty acids. In humans, dietary modulations can affect lipid availability and
subsequent stress responsésingzebrafish models of inflammation, infection and regeneration,
it was shownthat despite theoretical differences in levels of precursor fatty acids, exogenous
SPMs modulate the inflammatory response in approximately taene manner in teleosts as in
mammalsLXA4 and RvE1,althoughnot RvD2, recapitulated mammalian models in reducing
neutrophilic inflammation, partly by apoptosis but mainly by increased reverse migration.
Furthermore, a temporal differenagas demonstrateid the action of LXA4 and RvE1, with the
latter acting later in the inflammatory response. In addition, in this higher vertebrate, model
RVEL1 increased tailfin regeneration. Differential effectssarvival insystemic infection were
also demonstrated, adthoughLXA4 increased survival irS. aureushacteraemiaand RvE1l
and RvD2 similarly in E. faecalis bacteraemia LXA4 decreased survival irfE. faecalis
bacteraemiaThus, not only wasthe zebrafish modeht this stage of developmeable to
recapitulatamany aspects of mammalian SPM biology, but in addition, was sensitive enough to
demonstrate further subtleties in the individual actions of SEM$ may not have been
apparent, or even detectabie,other modelsand is therefore a relevant and important model

for thein vivo study of eicosanoid biology.
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Chapter 4:  Investigation of SPM receptorsin larvae and development of a

spatial RNA analysis(TomoSeq) of zebrafishtailfin injury

4.1 Receptor expressiorand spatial RNA analysisin zebrafish
The zebrafish inflammatory responses showed many similamti&PM modulation as their
mammalian counterpartsand in addition, demonstrated superiority in further elucidating
subtleties in differential actions of SPMs. Howe\gven the early developmental stagetioé
larval model,it was important tanvestigate whethethesedifferences could be attributed to a
variation inconstitutive receptor expressitinked tolarval age Theorthologuedor the RvD2
receptor(Chianget al, 2015) gprl8 and the RvE1 receptdArita et al, 2007) cmkirl, are
presentin the zebrafistgenome but the homologue for the LXA4 recept&?R2in humans
(Madernaet al, 2010) has yet to baletermined But not only do SPMs exert their effects
through gecific receptorgBrink et al, 2003) SPMs are rapidly inastated through enzymatic
catabolismin human tissuegArita et al, 2006). Therefore the possibility of manipulating
receptor expression to influence the inflammatory response remains an attractive possibility for
longerlasting effects. This is additionally so givéme genetic tractability of the zebrafitat
could allow transient receptor RNA oveaxpression without permanent genomic manipulation
enabling rapid observation of effec{Binckbeineret al, 2011) a manoeuvrdhat is more
difficult in mammalian modelsGiven the positive responses obtained fremogenous SPM
supplementation imarlier studies, it was hypothesised that zebrafish larvae would express the
relevant SPM receptors even at an early developmental stage, andethaxpressiorof these

receptorgould result in a functional response similar to exogenous supplemerbs&Ms

Exogenous SPM supplementation and live quantification of the inflammatory response over
time provides a snapshot of the temporal response to injury and its external nilditealt it is

now understoodhat many signalling pathwaysdncluding those of eicosanoidsave inbuilt
redundancies and overlapping functiofMestre et al, 2001) potentially complicating the
interpretation of thaesponses to either exogenous supplementation or genetic manipulation.
Therefore observation of an unmanipulated inflammatory resporseibjury, together with its
micro-environment,is of increasingmportance, and could bring new mechanistic insights or

discovery of molecules of interest. The valekicidatng the spatial transcriptomic micro



environment has already bedemonstrated iprostatecancergBerglundet al, 2018)and lung
tumours(de Bruinet al, 2014) andhas recentlyalsobeenshownin the exploratiorof chronic
diseaseathology(Carlberget al, 2019) It was therefore hypo&sised that by applying spatial
transcriptomics toraacute wound in the zebrafish larva usivigple body sequential sectioning,
RNA extraction and NexGeneration Sequencing (NGSan additional perspective of
inflammation couldoe mined forunsuspected insights into the inflammatory and regenerative
landcapesThis technique, Tomographic Sequencing (TomoSeq), was therefore developed and

validated in the zebrafish tailfin transection model.

4.2 Results

4.2.1 gprl8, cmkirl and fprl receptor RNA are expressed in zebrafish embryos
from 1dpf

The LXA4 receptor has beerharacterised in the human but not in the zebraSshce LXA4
itself has been isolated in tro@Pettitt, Rowley and Secombes, 1988)eceptor for LXA4
similar to that in humansyas expected to be expresséd teleosts However, blasing the
zebrafish genome didot identify anyhighly similar genes to the humaRPR2 A previous
study of the human FPRRBad identified the™ transmembrane segmeiiiM7) to beimportant
for the specifidy of FPR2to LXA4 (Arita et al, 2007) as is the caseith the majority of G
protein coupled receptor&GPCRs)(Magalhaes, Dunn and Ferguson, 201Pherefore his
regionwasblasedagainst the zebrafigiroteome and returnea single hit offprl. In attempt®
expandthe possibleandidatesthe 3¢ extracellular (EC3) regigralso known foitGPCRIigand
binding (Rana and Baranski, 2010)as blastedhgaist the zebrafish genomleut thisagain
returnedno hits Therefore he zebrafisHprl wasused for further investigatioas a possible
receptor for LXA4 together withgprl8 the RvD2 receptolChianget al, 2015) andcmkilrl,
the RVE1 receptor(Arita et al, 2007) First, endogenous expression of each receptor was
determined on -bdpf. Reverse transcriptidPBCR of RNA extracted from zebrafish larvae at
ages 1bdpf, with an additional set a@dpf 6hpj was performed with each set of primers.
Comparable expression §frl (Figure4-1A), gprl8 (Figure 4-1B), andcmkrll (Figure 4-1C)

was showron alldays of zebrafish developmerincluding the 2dpf injured larvae
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Figure 4-1: Reversetranscription PCR for expression of SPM receptorsn zebrafish embryos and
larvae. RNA extracted from zebrafish on8dpf, including an extra extractioat 6hpi in 2dpf larvae
(labelled as 2dpf inj)A. fprl (expected size 1164bpB. gprl8 (expected size 945hbpand C. cmklirl

(expected size 1157hplPCR reactions were repeated on three different RNA extractions, yielding
similar results each timékb DNA ladder shown on the left in each gel.
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4.2.2 Over-expression of fprl, gprl8 and cmkirl did not reduce neutrophil
numbers at6hpi
Eachreceptorwas cloned andhen overexpressedy RNA injection at the one cell stage
TgBAC(mpx:GFP)il14arvae.Since this was a transient ov@xpression, quantifyingucces®f
protein expression would only indicate the success of that particularonjeett and therefore
could not be generalise injections at other times. Normally, this would be overcome by
tagging the protein of interest with a fluorescent marker, however this was actively averded
to prevent any possible changes to recefitoction posttranslation Instead, the receptor RNA
was cainjected with a small amount of mCherry RNA. Fluorescence was tracked and an
assumption wamadethat this indicated equally successful incorporation of both sets of RNA.
No excess ophenotypicabnormalities in the developing larvaere detected at any poiint all
groups of RNA injected larvad-or the control groups, an equivalent amount of mCherry RNA
was injected At 2dpf, fluorescent larvae were selecté¢d|fin injury performed as previols
described, and neutrophils quantified at 6Bpi6hpi, neutrophil numbers were not significantly
altered by wer-expression ofhe fprl (Control mean +/ SEM: 29.20 + 0.95 fprl: 26.29 +/
0.77, p=0.0762, onevay ANOVA, Figure 4-2A), gprl8 (Control ++ SEM: 24.95 +/ 0.80
gprl8 24.91 +/ 0.98 p=0.9263, onevay ANOVA, Figure4-2B) or cmklirl (Control mean +
SEM: 27.14 + 0.70, cmklr: 25.81 +/ 0.86 p=0.5936, onevay ANOVA, Figure 4-2C).
Similarly, when the relevar@PMwas supplemented in both groups,additional benefitsvere
seenwith overexpression offprl(Control withLX A4 mean +/ SEM: 22.64 +/ 0.71; fprl with
LXA4: 22.06 ++ 0.96 p=0.9616, onavay ANOVA), gprl8 (Control with RvD2 mean +/
SEM: 26.78 +/ 0.75 gprl8 with RvD2: 26.04 +/ 0.84, p=0.9185, onevay ANOVA) or
cmklrl (Control withRvE1 mean +/ SEM: 23.68 +/ 0.73 cmklrl with RvELl 22.79 +f 0.67,
p=0.8281, onevay ANOVA). However, onsistent withprevious resultsneutrophil counts at
6hpiwerereduced with LXA4 treatmertompared to untreated groufi@ontrol vs Control with
LXA4: p< 0.0001; andprl vs fprlwith LXA4: p=0.0031 oneway ANOVA). This was also
the case withRvE1l treatmentreducing neutrophil numbers compared to untreated groups
(Control vs Control with RvE1: p=0.0060,cmklirl vs cmkirl with RvE1: p=0.0230, one way
ANOVA).
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Figure 4-2: Neutrophil counts at 6hpi following overexpressionof each receptor using RNA
injection at one cell stageA. fprl overexpression with tailfin injury in 2dpTgBAC(mpx:GFP)i114
larvae, with or without LXA4.B. gprl8 overexpression with or without RvD2C. cmkKlirl over
expression with or without RvVE1. ksach case, NBd/group, ns= nossignificant, 1<0.05, **p<0.01,

**** p<0.0001, comparison with oreay ANOVA, error bars show SD
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4.2.3 Over-expression of gprl8 but not fprl or cmklrl, increased neutrophil
numbersat 12hpi

Similar experiments to thprevious weregerformed, but this time, neutrophils were quantified

at 12hpi.At 12hpi, overexpression ofprl did not affecthe number of neutrophils attendita

a tailfin injury (Controlmean+/- SEM: 20.30 +/0.87, fprl: 19.31 +/ 0.64 p=0.7825, onevay

ANOVA, Figure 4-3A). Supplementation of LXA4educedneutrophil numbers in both the

control Control mean +/SEM: 20.30 +/ 0.87; Controlwith LXA4: 16.11 +/ 0.59 p=0.0005,

oneway ANOVA) as well adprl over-expressionfprl mean +/ SEM: 19.31 + 0.64,fprl

with LXA4: 16.06 +/ 0.83 p=0.0116, oneavay ANOVA).

gprl8 overexpressiomlonehowever did result imn increase in neutrophil numbes 12hpi
(Control mean + SEM: 15.04 +/ 0.68 gprl8 18.09+/- 0.92 p=0.0264, onavay ANOVA,
Figure 4-3B), but this response was not augmented abrogatedby exogenous RvD2
supplementatiorfControl with R\D2 mean + SEM: 1809 ++ 0.66 gpr18with RvD2: 18.39
+/- 0.69 p=0.9900)

On its own,cmklrl overexpression did not accelerate neutrophilic resolution at 1(@ygntol

mean + SEM: 18.83 +/ 0.57, cmkirl: 19.03 +/ 0.68 p=0.9954, onavay ANOVA, Figure
4-3C). However, dditional RvVE1l treatmentenhanced the resolution effecompared to
untreatedcontrols(Control mean +/SEM: 18.83 + 0.57, Control with RvE1l: 15.55 +/ 0.61,

p=0.0008 oneway ANOVA) and untreatedcmklrl overexpression dmkirimean + SEM:

19.03 + 0.68,cmkirlwith RvE1: 14.56 +/0.53 p<0.0001, onevay ANOVA).
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Figure 4-3. Neutrophil counts at 12hpi following overexpression of each receptor using RNA
injection at one cell stageA. fprl overexpression with tailfin injury in 2dpTgBAC(mpx:GFP)i114
larvae, with or without LXA4 treatmenB. gprl8 overexpression with or without RvD2 treatmefit
cmkirl overexpression with or without RVE1 treatment. In each cas€0igroup, ns=nossignificant,
*p<0.05, *p<0.01, ***p<0.00], **** p<0.0001,oneway ANOVA, error bars show SD
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4.2.4 Over-expression offprl, gprl8and cmkirl did not affect neutrophil numbers
at 24hpi
As a precaution to cover the possibility délayed maturationor a delagd inflammatory
responsealue to the protein ovexpressionthe experimenprotocol wasextended to include a
neutrophil count at 24hpiHowever, n keeping with the earlier results, none of the over
expressed receptoréprl (Contol mean + SEM: 13.69 + 0.76 fprl: 12.17 +/ 0.58
p=0.3355, onevay ANOVA, Figure 4-4A), gprl8 (Contol mean + SEM: 10.52 + 0.54
gprl8 11.56 +f 0.61, p=0.5647, onavay ANOVA, Figure4-4B), or cmkirl (Control mean #
SEM: 12.38 +/0.57, cmkirl 11.70 +£0.53 p=0.8117, onevay ANOVA, Figure4-4C) caused
any changes in neutrophil numbers at 24Mpis held true evewith supplementation of LXA4
(Controlwith LXA4 mean + SEM: 10.91 +/0.54 fprl with LXA4: 11.02 ++ 0.65 p=0.9994,
oneway ANOVA), RvD2 (Controlwith RvD2 mean + SEM: 13.76 + 0.52 gprl8 with
RvD2: 12.42 +/ 0.52 p=0.2835, onavay ANOVA), and RvE1 (Controlith RvE1 mean +/
SEM: 10.67 +/0.62 cmklrlwith RvE1: 11.03 +/0.41, p=0.9632, onevay ANOVA).
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Figure 4-4: Neutrophil counts at 24hpi following overexpression of each receptor using RNA
injection at one cell stageA. fprl overexpression with tailfin injury in 2dpTgBAC(mpx:GFP)i114
larvae, with or without LXA4 treatmenB. gprl8 overexpression with or without RvD&eatment.C.
cmklirl overexpression with or without RVE1 treatmeint each case, N=60/group, ns=rsignificant,
**p<0.0], *** p<0.001, oneway ANOVA, error bars show SD
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4.2.5 Over-expression of gprl8 but not fprl or cmklrl, increased tailfin
regeneration

Although neutrophil numbers were not influenced by essgsression of receptors alone (apart

from the increase witlgprl8 at 12hpi),further investigation was undertakém see if wound

regeneration would be aftéed. Qrer-expression ofprl did not increaseailfin regeneration

(Control mean +/ SEM: 30.746 +/- 5.92, fprl: 55.52%6 +/- 8.35 p=0.0942 KruskalWallis

wi t h  Dun n § Bigure #5AY. Ehis $till dddmot reach significanceith the exogenous

addition of LXA4 to both groupgControl with LXA4 mean +/ SEM: 18.9%% +/- 5.14; fprl

with LXA4: 32.52% +/- 4.50, p=0.0929 KruskalWalliswi t h Dunnd.s correcti on

Over-expression ofjprli8alone increaseregeneration compared to contr¢®ontrol mean +/
SEM: 8.5% +/- 3.33 gprl8 18.780 +/- 3.67, p=0.0341 KruskatWa | | i s wi t h Du
correction Figure 4-5B). Addition RvD2 to both groups negated this increg€mntrol with
RvD2 mean +/ SEM: 16.384 +/- 5.07, gpr18with RvD2: 15.79% +/- 4.65 p>0.9999 Kruskat

Wal | i s wiarrdctiofbunnos

Over-expression ottmklirl alone did not affect tailfin regeneration (Catmean + SEM:

28.626 +/- 6.97, cmklrl 27.5%0 +/- 6.97, p>0.9999 KruskatWa | | i s wi t h Dunnos
Figure 4-5C). The increase in tailfimegeneration wheboth groups were supplementedth

RVE1 also did not reach significanc€Control wih RvE1 mean+/- SEM: 48.526 +/- 7.42

cmklrl with RvE1l: 58.306 +/- 7.73 p>0.9999 KruskalWallis with Dunn 6 s gorrect
However, addition of RVEIn the presence aimklrl overexpressiorsignificantly increased
regeneration compared cmklrl overexpression along=0.0057, KruskatWa | | i s wi t h Du

correction).
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Figure 4-5: Receptor mMRNA over-expression andtailfin regeneration A. fprl overexpression

followed by tailfin injury at 2dpf in wildtype larvae, with or without LXA4 supplementation. % increase

in tailfin length calculateét 24hpi.B. gpri8overexpression with or without RvD2 supplementatiGn.

cmkirl overexpression with or without RVE1l supplementatidn. each N=36/group in three
independent repeats, comparison wiruskatwa |l | i s wi th Dunndés mul,tiple

ns=nonsignificant, < 0.05, **p<0.01,error bars show SD
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4.2.6 Endogenouscmklrl expression but not fprl or gprl8 was increased at the
site of tailfin injury from 6hpi onwards
Nativedistribution of expression of these receptwes then investigataasing one of the oldest
techniques in zebrafish researohsitu hybridisation(Jowett, 1994)to discern if differencem
spatial expressioaxisted followingtailfin injury. All three FPR receptors in humans are highly
expressed in white blood celMigeotte, Communi and Parmentier, 200B)itin the zebrafish
larvae, fprl expression appeare®@ te limited to the renal trgctather than in a cellular
distribution. There were also nwticeabé differences between contr@kgions indicated by
arrows inFigure4-6A) and injured(Figure 4-6B) groups.This staininghoweverwas absent in
the sense control groupBigure 4-6C), suggestinga degree oprobespecificity. Nonetheless,
most larvae in both control and injured groups showed similar stainingtemalpoints(Figure
4-6D).

For cmklirl, expression appeared cellyland distributed within the circulation, most obvious
within the blood island overlying the yolk saeen in both injured and control fish at 2 and 4
hours (Figure 4-7). From 6hpi there was increased expression shown in the region of tailfin
amputation andobservedonly in the injured grougFigure 4-8). This becane more prominent

at 8, 10 and 12 houragaindemonstrateanly in injured fish(Figure 4-9). The absence of
staining in the sense controls confirprebe specificity for this receptofigure4-9).

gprl8 was seen to be expressed mainly within the caudal haematopoietic tissue (CHT) region,
and no increase in expression was seeheatdilfin site of injury at 1 or 2 hours post injur
(Figure4-10), 4 or 6hpi (Figure4-11), or 8 and12hpi while theclarity of the sense control for
gprl8 showed that the probe expression svagecific and therefore the lack changes at the

amputted site likely to be specifiEigure4-12).
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fprl uninjured control S B fprl 6hpi

D [ Fraction stained Control | Injured
2hpi 35/40 36/40
4hpi 38/40 39/40
6hpi 36/40 40/40
8hpi 39/40 40/40
10hpi 40/40 40/40
fprl sense control 12hpi 40/40 40/40
Sense controls 6hpi | 0/30 0/30

Figure 4-6: fprlwholemount in situ hybridisation (WISH). 2dpf nacrelarvae were uninjured (control
group) or injured, and fixed at 2hour intervals from the time of injury, up till 12hpaging was
performed with a Nikon SMZ1500 extended focus microscioperfacedwith NIS-Elements BR®
version3.1. A. Representativeénage of uninjuredcontrol (red arrows renal tract) B. Representative
image of injured larvae at 6hfied arrows = renal tractN=40 at eachime pointin two independent

repeatsC. Sense contrlred arrows = renal tractycale bar = 26 um. D. Tableof the numbebf larva

showing the stainingatterndn the representative imaggs&B) at eacttime point




cmklirl 2h control
60/60

cm kIr1'2hpi
55/60

cmkirl14h control
55/60

i cmklirl4hpi

cmklirl4hpi
58/58

Figure 4-7: cmkirl WISH at 2 and 4hpi. Injured and contro{uninjured) 2dpf nacréarvae were fixed

at similar time periods at 2hpi and 4hpi. Representative images shown taken on Nikon Extended Focus
SMZ steeomicroscopeScale bar = 26 um. The number of larvathat demonstratethe staining pattern
shownat each time poinis notedat the top left of each imagd@wo independent repeats performed to

obtain total larval numberrea of tailfin injury indicated by red arrows.
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cmklirl 6h control

cmklrl 6hpi F' cmklrl 6hpi m—
60 T |

cmklrl 8h control
53/53

cmkIr 8hpi ~ cmkirl8shpi

51/62

Figure 4-8: cmkirl WISH at 6 and 8hpi Injured and control (uninjured) 2dpf nacre larvae wexedi

at time points 6hpi and 8pi. Representative images shown taken on Nikon Extended Focus SMZ
stereomicroscope.c8le bar = 26 um. The number of larva¢hat demonstratethe staining pattern
shownat each time poinis notedat the top left of each imag&wo indegendent repeats performed to

obtain total larval numbersArea of tailfin injury indicated by red arrows.
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cmklirl 10h control

cmkirl 10hpi g

cmklrl12h control cmklirl 12h control

,’ 58/58

e o
e

cmkirl12hpi cmkirl12hpi

60/61 | .

cmkirl 6hpi sense control cmklrl 6hpi sense control
- 30/30

Figure 4-9: cmkirl WISH at 10 and 12hpi Injured and control (uninjured) 2dpf nacre larvae were
fixed attime points 10hpi and 1Bpi. Representative images shown taken on Nikon Extended Focus
SMZ stereomicroscopec8le bar = 26 um. The number of larvathat demonstratethe staining pattern
shownat each time poinis notedat the top left of each imagd@wo independent repeats performed to

obtain total larval numbergérea of tailfin injury indicated by red arrows.
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gpri82hpi
60/60

Figure 4-10: gpri8 WISH at 1 and 2hpi. Injured and control (uninjured) 2dpf nacre larvae were fixed
at time points1lhpi and Bpi. Representative images shown taken on Nikon Extended Focus SMZ
stereomicroscopéhe CHT is indicated by thgreen arrowScale bar = 26um. The number of larvae

that demonstratethe staining pattern showat each time poinis notedat the top left of each image.

Two independent repeats were performed to obtain total larval numbers



: cvgpr184h control
60/60

|
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Figure 4-11: gprl8 WISH at 4 and 6hpi. Injured and contro{uninjured) 2dpf nacre larvae weradi

at time points 4hpi andhpi. Representative images shown taken on Nikon Extended Focus SMZ
stereomicroscopélhe CHT is indicated by thgreen arrowScale bar = 26um. The number of larvae

that demonstratethe staining pattern showat each time poinis notedat the top left of each image.
Two independent repeats were performed to obtain total larval numbers.
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Figure 4-12: gpr18 WISH at 8 and 12hpi. Injured and control (uninjured) 2dpf nacre larvae were fixed
at time points 8hpi and 12hpiRepresentative images shown taken on Nikon Extended Focus SMZ
stereomicroscopé he CHT is indicated bthe green arrowScale bar = 26 um. The number of larvae

that demonstratethe staining pattern showat each time poinis notedat the top left of each image.

Two independent repeats were performed to obtain total larval numbers.



4.2.7 Setup of Tomographic RNA sequencingTlomoSeq

Because of the inherent uncertainties of RNA emgression, its limitation to early stages of
developmentand the increasing importance of the transcriptomics landsitapas of interest

to determine if edogenous inflammasome expression couldlmervedomographically in the
zebrafish.This method has been used previously in uninjured 1dpf zebrafish enfbuyderet

al., 2014) However, given the much larger size of the 2dpf zebrafish, and the antetoti
capture spatial expression of the inflammasome, thinner slices would be required, and
anatomical comparison would be paramotmtll samples, sequenced slices would begin at the
start of the pigment line, which also corresponded with the lineiléhtamputation, with 70

slices each of @um, totalling a distance of 630m. Thefollowing 25 slices would then start

from the cloaca and extend cranially with each slice having a thicknesguof, 2fving a total
distance of 625um (Figure 4-13). A minimum of two million 50 bp pairedend reads were
generated from each larvae. A total of six larvae were sequenced, three controls and three
injured, pooled across two las in two separate runs, with an even balance of controls and
injured in each run to minimise technical bi&eads were aligned using Ensen@#nome
Reference Consortium Zebrafish Build 10 (GRCz10) sequigtmeeet al, 2013)
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Figure 4-13: Representative image showing a2dpf zebrafish larvae of TgBAC(mpx:GFP)il114and
position of frozen sectioning A. Merged brightfield and GFP fluorescedbannels using a Nikon
Eclipse TE2000J microscope, and image stitched using NIS Elements AR®tioningbeganat the

break inthe pigment line shown by the blue dotted lim¢he uninjured fistithis is also the region where

injury is performed), witlthe 71st slice taken at the cloacal opening markethbypurplearrow.B. This
enlargel image shows theirculation endmore clearly, ands marked by theed arrow(similar to image
A). The orientation obothimages areopposite to that conventially usedto depictzebrafish, andhas

been intentionallylipped to allow easy association with the graphs subsequently plotted in this chapter.



4.2.8 Preliminary validation of the TomoSegresults

In order tocompare RNA and GFP expressiomageswere takenat 6hpi of uninjured and
injured TgBAC(mpx:GFP)i1142dpf larvag immediatelyprior to the samples beirftash frozen

in OCT as per methods tBection2.6.1 Threereplicates of an uninjured control, as well as an
injured larva vereobtained. In the first uninjured contralithoughmpxexpression was low, it
appeared to matclBFP expressiorfFigure 4-14). Unfortunately,in the second controkhe
primers failed forslice 20, corresponding to tharea ofbright fluorescenceFigure 4-15) but
although mpx expression did noappear tofully match the observed fluorescence seen on
imaging of the third control Higure 4-16), total expression remained lowlhis slight
discrepancycould be for two reasons, either the neutrophils had moved in the time between
imaging and freezing (samples were fresh frozen), or it is possiblenthanRNA expression
occurredat haenatgooetic sitesin the quiescent stagShenet al, 2013)and this expression
could have been captured in the sectioned slidesethelessmpx expressionn the all the
injured fish appeared to correlate well with GFP expressiagufe4-17 to Figure4-19). Next,
mmp2and mmp9profiles were assessed since inflammatwoeytrophils in micattending to an
area of ischaemiexpress high levels of matrix metalloproteinases (MKDRJsekeet al., 2019)

In the controls, levels anmpexpressiorwere generally very low and repecific expression
patten could be seen. Ithe injured specimens howevéyelsof mmpexpressiorwere higher
andhigh levels oimmp9correlated strongly with the wound edge, whilenp2appeared to have

a similar pattern tenpx Finally, given the thin slices, it was not always possible to determine
by eye iftissuesectioning occurred at the very firdice with the injured larvaalespite the
guiding beadTherefore collala highly expressedn skin, was plotted to allow detefimation

of the first slice of injured larvae that would contain tissue, anddliow accurate comparison
across injured specimerisxpression otollalashowed that for the first injured larvaessue
sectioning started aice 12 Figure4-17), for the second injured larvae sliceEgure 4-18),

and for the third, slice 24F{gure 4-19). It was not possible to determine if all the uninjured
larvae were sectioned at a similar point of tissue, partly because of the differing rates of growth
betwea larvaeeven wherreared under similar conditiorend partly because rsmitabletissue
markersare currently knownHowever,it was assumed that in the absence of inflammation,
small differences in starting point would not influermeerall comparison foreadingsin the

absence of an inflammasome.
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Figure 4-14: First uninjured control larva . Merged brightfield and GFP fluorescesitannels using a
Nikon Eclipse TE2004J microscope Blue scale bar = 1@0n. Gene reads plotted according to

TomoSecglice (each of 9um) and matched to image.
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Figure 4-15. Second uninjured control larva. Merged brightfield and GFP fluorescent channels using
a Nikon Eclipse TE200Q microscope Blue scale bar = 10®n. Gene reads plotted according to
TomoSegslice (each of @m) and matched to image. In this sample, primers for slice 20 failed to read

and therefore asautomatically excluded from the reads.
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Figure 4-16: Third uninjured control larva. Merged brightfield and GFP fluorescent channels using a
Nikon Eclipse TE2004J microscope Blue scale bar = 1@0n. Gene reads plotted according to

TomoSecglice (each of 9um) and matched to image.
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Figure 4-17: First injured larva. Merged brightfield and GFP fluorescent channels using a Nikon
Eclipse TE200aJ microscope Blue scale bar = 1. Gene reads plotted accordinglimmoSecgslice
(each of 9um) and matched to image.
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Figure 4-18: Second injured larva. Mergedbrightfield and GFP fluorescent channels using a Nikon
Eclipse TE2000J microscope Blue scale bar = 1ath. Gene reads plotted accordinglimmoSecgslice
(each of 9um) and matched to image.
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Figure 4-19: Third injured larva. Merged brightfield and GFP fluorescent channels using a Nikon

Eclipse TE2008J microscope Blue scale bar = 1. Gene reads plotted accordingfimmoSecgslice

(each of 9um) and matched to image.
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4.2.9 Expression patterns of genes known tplay a role in inflammation or have
anatomical specificityrecapitulated known patterns
Probing the genes expeesl within the injured segments revedledta genecyr61l1 is highly
expressed at the leadimgige of the woundThis geneis highly conserved in mammaésnd
teleostsand under quiescent conditions has a low expregkan 2011) This concurs with the
results of théfomoSegin which the controls expss onlysporadic lowlevel (<1) reads, mainly
in the proximal body. However, in injurddrvag its synthesis is highly concentratgell5) at
the woundedge Figure 4-20). As such, in futureTomoSeqanalysescomparing amputated
tailfins, this gene would form a useful marker to delineate the wound, edgeddition to

collala to allow accurateomparisorof sections.

Investigation was then extended to tl@X enzymesGenericconstitutive expressioof alox12
was seenwithout obviousdifference between injured and uninjured f{gihgure 4-21B). This

concurs with published data aiox12expressior{Haaset al, 2011)

Two final validation steps were performed. The first was with expressioldioi5la This tight
junction protein is known specificallp localise to thaills, GIT, kidneys and the gonads and is
not found elsewhergSunet al, 2015) In keepimg with this, expression was only seen in slice
70 onwards Figure 4-21B), coinciding with thecranially orientedsectiors from the cloacal
region involving the intestinal regionFinally, expression ofalpi.1, the intestinakpecific
isoform of alkaline phosphatase was assessed. Surprisingly, constitutive expression of this gene,
outside the intestine was seen in both injured and uninj(Feplire 4-21C). Although the
zebrafish possesses other notestinal isoforms of alkaline phosphatasbkese werenot
detected in this assay. This exindestinal expessionof alpi.1 has previously been seen in
unpublishedin situ hybridisationwork (Thisse and Thisse, 2004ubmitted directly to ZFIN,
showing expression from the4lsomite stage onwards in the segmental plate, developing fin
fold, ard otic vesicles. Theexactrole played by thisesnzyme, and the importance of its
expression in extratestinal regions during this time of developmehgs not yet been

determined.
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Figure 4-20:. Expression ofcyr61ll, an acute phase protein, along the zebrafish tailfinLow level
(<1) reads are seen in all three control fish. Expression is indreask coincides sharply with the
demarcation of injury in the injured fisBection 13 in Injured Xkection 5 in Injured 2, and section 24 in

Injured 3
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Figure 4-21: Expression patterns across all the zebrafish foalox12, cldn15la and alpi.l1. Plotswere
done on a single axis to allow comparison across all six specireradox12 is expressed in both
injured (lines with red hues) and uninjured (lines with blue higg)ldn15lais expressed exclusively in
the GIT and gonads and expression is seen only after slice 70, where the GITCstaifts.1 is
expresse@xtraintestinally in a pattern not dissimilar sox12



4.2.10Top genesexpressedn uninjured controls compared with injured larvae

Using the starting points determined earlier for the injured ladete, from each zebrafistere
analysed individually to allow normalisation to spikeRNA. Comparison was made of the
region 10@um at the injured end compad to a segment of tailfin approximately 0@ cranial

to this. The three datasets were then carsdysed to select those genes listed in the top 100
which were expressed across all three samples.top ten genes for the control and injured
groups areshown inTable4-1. Of the genes expressed ir thninjured group, all of them we
involved in development. For examm@adl, and2andand3are vital in development of the fin
fold (Konig et al, 2017) Indeed,and1has been shown to be readrfor tailfin development
and fluorescent reporter lindsalondeet al., 2016; Pharet al, 2019, p. 1)show expression
only starting at 2dpflama5 and frem2a are also essential components of all basement
membranes and vital for homeostasis and developi8atal et al, 2011) while angptl7is
angiogenesis regulat@Niki, Katsu and Yokouchi, 2009andclqtnf5a neurogenesis regulator

Of the top geneshared by all three injured larvae, almost all are exclusively expressed only in
the injured fish, and are involved in collagen metal{mmp9, mmpl3band responses to
biotic stimuli (ect2l, cyr61l1, serpinel

Table 4-1: Top ten expressed genes in all three larvae in the injured and uninjured groups.

Top ten shared Top ten shared Top ten

genes in uninjured | genes in injured exclusively
larvae larvae injured genes

lama5 tgm2| tgm2|
angptl7 serpinel serpinel
clqtnfs FO704661.1 FO704661.1
and2 mmp9 lect2l
collala lect2| csf2rb
andl csfarb mmpl3b
and3 mmpl13b pprcl
frem2a pprcl salllb
fgf24 salllb cyr61l1
gdpra cyr6lll junba
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4.2.11Differential genes were up and down- regulated in Go enrichment analysis

Analysis was performed usingG&lla (http://cbtgorilla.cs.technion.ac)il(Edenet al, 2009)to

allow ranking of genes common to the control uninjured group, or to the injured group, against
reference gnesfor ontological comparisanThe control group of genes had significant
enhancement in genes involved in appendage or fin differentiation and developigen (

4-22, Table 4-2), while the injured group hacn overallnarrower selection obiological
processes as seen kigure4-23 (Table 4-3), which wasspecific to the inflammatoryesponse,

as would be expected


http://cbl-gorilla.cs.technion.ac.il/
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Table 4-2: Go enrichment of conserved control genes

FDR o-

Enrichment

GO term Description P-value value (N, B, n,b) Genes
plodla
frem2a

29.45 and2
G0:0033333 fin development 2.04E10 | 1.60E06 | (10768, 45, 65, gﬂ'lﬁgéa
8) fgf24
andl
lamab
plodla
frem2a
and2
27.05 collala
G0:0048736 appendage development 4.19E10 1.64E06 | (10768, 49, 65, bhihao
8) fgf24
andl
lama5
plodla
23.12 frem2a
G0:0033334 fin morphogenesis 1.96E07 5.11E04 | (10768, 43, 65, collala
6) fgf24
lamab
plodla
21.61 frem2a
G0:0035107 appendage morphogenesis| 2.96E07 5.81E04 | (10768, 46, 65, collala
6) fgf24
lama5
emx3
12.18 ecrgda
G0:0007417 Ce”tija' NEIVOUS System | g 33e05 | 835802 | (10768, 68, 65, zic2b
evelopment .
5) zic2a
vcana
. 27.61 evel
G0:0042659 regulation of cell fate 161604 | 2.10E01 | (10768, 18, 65, dUSP6
specification 3) fgf24
. . 11.42 evel
GO:0045995 regulation of embryonic 402804 | 3.94E01 | (10768, 58, 65, USP6
development 4) fgf24
lamab
18.41 evel
G0:0010470 regulation of gastrulation 5.54E04 4.34E01 | (10768, 27, 65, %536
3)
. . 47.33 dpra
GO:0006558 | --Phenylalanine metabolic | aqz04 | 483801 | (10768, 7, 65, Saﬁ
process 2)
N-acetylglucosamine metaboli 41.42 renbp
G0:0006044 9.81E04 4.81E01 (10768, 8, 65,| chst3a
process 2)
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Table 4-3: Go enrichment of conserved injured genes

Enrichment (N,

GO term Description P-value FDR g-value B, n.b) Genes
irgll
mmp9

response to external 10.29 irg1
G0:0043207 L 4.79E06 3.84E02 (11533, 133, 59, lect2l
biotic stimulus 7 :

) junba
zgc:158446
ncfl
irgll
mmp9

response to biotic 10.14 irgl
G0:0009607 : 5.29E06 2.12E02 (115333, 135, | lect2l
stimulus :

59,7) junba
zgc:158446
ncfl
irgll
mm

response to other 10.66 irglpg
G0:0051707 . 1.96E05 5.23E02 (11533, 110, 59,
organism 6) lect2l
zgc:158446
ncfl
collagen catabolic 53.31 mmp9
G0:0030574 2.04E05 4.08E02 (115333, 11, 59,/ mmp13b
process
3) mmpl13a
irgll
14.81 .mmlpg
G0:0009617 response to bacterium| 2.08E05 3.32E02 (11533, 66, 59, ::a%tZI
5) zgc:158446
irgll

9.69 _mmlp9

GO0:0051704 | multi-organism procesy 3.37E05 4.49E02 (11533, 121, 59, :;%m
6) zgc:158446

ncfl
irgll
mmp9

irgl
response to external 6.31 lect2l

G0:0009605 ; 3.51E05 4.01E02 (115333, 248, | .

stimulus 59, 8) junba

' zgc:158446
ncfl
lepb

collagen metabolic 39.09 mmp9
G0:0032963 5.54E05 5.54E02 (11533, 15, 59, | mmpl3a
process
3) mmp13b
) inflammatoryresponse 55.85 irgll
G0:0090594 o wounding 5.31E04 4.72E01 (11533, 7. 59, 2) mMp9




4.2.12Growth and differentiation geneswere up-regulated in controls and stimulus
response genes in injured
Although theexaminedRNA expression waspread acrosan area of injury, éatmaps of
differentially expressed genesuld also beenerated from ranked genesa similar manneto
single cell RNA sequencing or microarra@verall genes that werap regulatedn control
larvae weredownregulatedin injured larvae Figure 4-24). Many of these were identified
earlier, such asndl andcollal There were a few that were not identified earlier, such as
twist3 a gene lost in mammals through synfunctionalisa{i@itelman, 2007)Again this gene
is involved in development and cell differentiatiprieo et al, 2009) One other highlighted
gene isim:7150988 which encodeshe Golgtassociated plant pathogenestated protein 1
(GAPR-1). This gene was previously found to be dewgulated in zebrafish mutants that have
deformed tailfins due to disrupted Hippo pa#ly transcriptional cactivatorgKimelmanet al,

2017) and is thought to function as a serine proté8serancet al, 2004)

Similarly, genesup regulatedn injured samples were not highly expressednmjured contrad
(Figure 4-25), such as thdipoxygenases (LOXnonspecified) involved in the inflanmatory
responseHowever, it wabservedhat there was noticeable overlap betweapression such

as in Control3 and Injuré&d Indeedall the samples showed considerable overlap in the mapped
genes when assessed overij(re4-26A&B). An overlap would be expected sintkis being

a spatial tissue analysis, gene expression of normal tissue idNsggtheless, there appeared to
be more overlap betwee@Gontrol3 andthe Injured group as a whold-igure 4-26B). An
appreciation of this was maintainetliring data interpretatiorand there could be several
reasons for thisOne important confounding aspegs that the timepoint chosen for analysis
was at 6hpi. This represented the overall peak of neutrophil inflammation, but given the
biological variability in the neutrophil counts, it was possible that in some fish, thisptimée
would coincide withan establishethflammatory resolution phaseesulting inmore similarity

with the controlsOne way to reduce this overlap in future would be to choose an earlier time
point for analysis.Another explanationfor the Control3overlap was the possibility that
inadvertensub-clinical injury, notphysicallyobservable, may have occurred to the control larva
during its freeswimming growth phase to 2dpf since fish were kept in standardised conditions
of 60fish per Petrilt would only be pssible to minimise this by performing more repetitions.
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Figure 4-24: Heatmap of up-regulated control genesUp-regulated (green) genasthe controlsvere
generally dowrregulated (red) in injured samplddumber of genes limited to those witAnking of
fold-change>1.6.Heatmap produced usifgpatmap.2n R, data scaled to rows
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Figure 4-26: Gene overlap between samples plotted with FunRiclAnalysis was performed using the
opensource applicatiofrunRich(Pathan et al, 2015) A. Venn diagram showing the total number of

genes in each sample mapped to the Grcz10 zebrafish genome in each circle. Majority of the genes show
overlap in each grouf®. Venn diagram of all the samples compared against each other showing the true
number of shared genes as well as the percentage that represents of all the genes mapped for that sample.
Control3 shows a marginally higher than average degree of overlatheithjured group.



4.2.13Functional enrichment analysis showed differential expression o€ellular
componentgenes

Given the variations and caveats abowghefish waghenanalysed separately to see if a more
informative functional angbis could be obtained givernalysis of differences in cellular
component was performed using FunR{ffathanet al, 2015) Five components were chosen
for interrogation: SNARE complex (involved in @ngelle and vesicle membrane fusi@Blair
and Flaumenhaft, 2009)mediator complex (aniversal regulator of transcription by interaction
with RNA polymerase I[Casamassimi and Napoli, 20Q,7yibiquitin ligase complex (involved
in cell proliferation and differentiatio(Krek, 1998), receptor complex (proteins that undergo
combination with a messenger to effectchange in cell function), and stress fibre (actin
filaments involved in wound healingGabbiani et al, 1972). Fold-change increase in

expression of the receptor compleas significant for each of the three injured fish, but not in

two out of the three control fish. Control3, which was more similar to the injured group as seen

in the Venn diagranpreviously did showa significant increase in receptor complex as well.
The increase in receptor compl@éx injury would fit with previous work showing its up
regulationin associatiorwith up-regulated immune cell infiltration in cancer tissysi, Jin
and Qin 2020)
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Figure 4-27: Cellular component analysis of functional enrichment analysisising FunRich. In each
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significance of Foldncrease, and red liseshow the cubff of p=0.05 Receptor complex highlighted
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4.3 Discussion and further work
Each of thethree SPMYLXA4, RvD2, RvE1l)wasselectedto be representative of the parent
precursor fatty aciqAA, DHA, EPA), andalso beause each actda distinctive receptos.
RvD1 was therefore not selected as it acts via the ALX/FPR2 regé@ochiutiet al, 2014)
similar to LXA4. A homologous=PR2receptor could not be found in the zebrafish by genome
blasting so the closest matdpyl, was investigated. All receptors were expressed fioipf
onwards in the zebrafistihlthough thein situ hybridisationof fprl appeared to demonstrate
expression irthe kidney region which was absentte sense controls, in humans this receptor
is not highly expressed in the renal system, bugxgressed even in the quiescent neutrophil
with up-regulatedexpression in inflammatory staté@orwardet al, 2015) It is possible that
the in situ expression couldbe related to the kidney as it is an eaily of haematopoiesia
zebrafish(Willett et al, 1999) but in the absence of discrete stainimgvould be difficult to
draw anydefinitive conclusiongegarding expression @brl in 2dpf zebrafish larvabased on
these results alone€onversely, e expression ofprl8 in zebrafish larvae appeared to be
discrete andocated mainly within theegion of the CHT in 2dpf larvae. This stainidgl not
increase at the wounding sitas any time Other studies have shown these receptorseto b
within zebrafish thrombocytedNikhil, 2013), unlike theirlocation in phagocytes in tHeuman
(Chianget al, 2015) Thein situ staining would fit ths known zebrafish expressiofinally,
cmklrl, the RvElreceptor demonstratedocalisedincreasedexpressionat the site of tailfin
injury from 6hpi onwards. This findingconcurswith earlier neutrophilquantificationresults

showingthat RVE1 does indeed affect its action later in the inflammatory cycle.

The work with transientreceptor oveexpressionalone did not show significaneffects on
inflammatory responses, and this could be because of either a limited endogenous production of
ligands, or exceptionally robust receptor recycling maintaining a low steady state of receptors
available for ligand attachment. Evidence exists to support botb thggpositiongKoenig and
Michael, 1997; Aritaet al, 2006) especially sincan overabundance of endogenous SPMs
could result ina poor initialinflammatoryresponseao an insult which in turncould be just as
damagingin terms ofhost defences an overly robustinflammatory responseesulting in a
cytokine storm(Darby and Melgar, 2014Efficient receptor cyclings the otherpossibility in

this model given the similar responses to exogenous application of SPMs comparedewith th
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earlier experiments using unmanipulated larvahough transient receptor owexpression
allowed rapid analysis, one drawback was that without a fusion fluorescent reporter, true protein
expression could not be known with certainty. TDRISPRCas9 sgtem has eased genetic
manipulation considerablgnd althoughthe final phenotype still could be expected to reflect
influences beyond that of the intended genetic changed, such as variable site integration, copy
number, transgenic mosaicism, as well pgyenetic effects(Andersonet al, 2015; Zhanget

al., 2015) this method could be considered for future investigation

Transcriptomics involvingpatialexamination bRNA expression is still in its infancy, but even

now shows some promise in defining new areas of investigdttmmodel was developed here

to allow examination ofthe inflammatory landscape to an injubyut revealed challenges in
aligning a continuous dataset, as the subsequent analysis could be significantly changed even if
sections were offset by a single slice. Therefotteresive validation was performed to ensure

that resultanatched known end pomtfor example, the expression dtinl5lawas confirmed

to beconfined to the intestinal region, atite expression ofnpx matched against visual data
obtained from imaging fluorescent larvae just prior to freezing. Very minor discrepancies were
seen in lhe matching of fluorescence antpbxexpression, but technical limitations such as the
time between imaging and freezing and the dynamic state of live samples meant that further
optimisation of technique would be difficult. Nonethelessteresting patternsof gene
expression was stilemonstratedOne examplavas the expression afr61ll, an acute phase
protein, which was specific to injured samples especially at the wound edge and could be used
in addition tocollalain determining the injured edge farttire analyses. Another examples

the expression oélpi.1, which was increased in th&ilfin, an unexpected findingiven its
extraintestnal locationdespitethe presence of other alkaline phosphatase isozymeéise
zebrafish Although this findingwas unanticipated, this extmatestinal location ofalpi.1 has

been previously seen an situ staining(Thisse and Thisse, 2004Jhe role ofalpi.1 in this

settingremains an area for further investigation.

The RNA libraries were theinterrogated ontologically using known tools for microarray and
single cell expression analysi®©ntological assessment further comfed the biological
processes upegulated in the control and injured growpsre those expected to be involved in



growth andorgan (tailfin) differentiation.This was matched by uggulation of systems
involved in response to stimuli in the injured group. Theegulated genes in injury involved

those involved in immune responses and catabolism, such asrtpé&mily. Further heatmap
analysis revealed more genes of interest, such aswis3 and GAPR1 family genes.
However, close scrutiny showed considerable overlap between some of the samples. This
overlap was highlighted on individual sample functional enriagitmanalysis of cell
components. Significant ugggulation of receptor complex components was found in all injured
samples but not in control samples, apart from one. This was the Control sample seen on the
Venn diagram to a higher overlap with the injuggdup compared to the other controls. Two
reasons were identified, but only one of which would be amenable to positive action. If control
fish had inadvertently been injured, either during imaging (although in this case fish were
minimally handled during ne-freezing imaging to avoid introducing artefact), or simply during

the freeswimming period of maintenance, this is not easily detected even under microscopy. It
is possible however that the inflammatory process wasigatficanty differentiated fromthe
controls because resolution may have begun in some sabyp&gpi This difference could be

maximised by using an earlier time poiot analysisn future.

Thereremainmany challenges in the interpretationTa@imoSeqgene epression data generated
by NextGeneration Sequencing (NGB)o map out an o6infl anbuvat ory
to the biological variation inherent im vivo andwhole organism studies (as compared to cell
culture) some responses are likely to idiosyncratic and possiblysdivacross cell types.
Challenges lie in detectingue physiological responses from possible silent mutations causing a
range of compensatory mechanisi@grtainly, the generic minimum recommended number of
samples per group for RNA sequencing is thf€enesaet al, 2016) but pohibitive costs
remain for generation of data, atige abilityto generatespatial as well as temporal patterns of
expression to capture a 3D inflammatory landscape, regsuttestantial capital. Nevertheless,
even spatial examination alone at a single {pumt could reveal new areas of investigation,
and there is no doubt thtte possibility of examining inflammation in many dimensions could

add to our understanding enabling fiomed modulation of this processfuture
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4.4 Summary of important findings
In concordance withthe biological responses to exogenous SPM supplementation found
previously, the homologouSPM receptorsvere demonstratedy RT-PCR to beexpressed
from 1 to Tpf in zebrafish larvae. Onlgxpression of the RVE1 receptamklirl, was up
regulated atailfin wound sites from 6hponwards, whereagprl8 appeared to be expressed
predominantly within the CHT at this stage of zebrafish developriestsient ger-expression
of the receptorsapart fromgprl8in 2dpf larvae did not significantly alter eithegemeration or
the inflammatory phases in tailfin injury, compared to SPM supplementation aiotiee
previous chapterTomographic RNA sequencin@omoSeq)was shown to be feasible with
zebrafish larvagallowing comparison and correlation with stagesn@iry, as demonstrated by
the matchingof mpxexpresion with visible fluorescence, and validated against known patterns
of gene expressions such@dnlbla Comparisos betweersingle larvae as well as across all
three samples in each group was possible and revealed lists of highly expressedtgentse
group some of which are known to be strongly involved in wound regeneration, and others

whose function areyet to be detrmined.This tool holds promise for future development.



Chapter 5:  Enterococcudaecalisintestinal colonisationin the zebrafishand

its effect on inflammation

5.1The importance of organ specificity, colonisation andE. faecalis in
inflammation

The investigation of host immune responses to early intestinal colonisation or an acute intestinal
injury has its challenges, particul artimg i n t
visualisation often requires a degree of {phrysiologcal manipulation. Often, the skin or
another more superficial mucosal surface is used as a substitute in examining epithelial
responses to insults or treatment, but it cannot be denied that the intestinal tract is unique, not
only in its physiological envonment, but also in its microbial milieu. Indeed, eliminating the
variety of intestinal microbiota at the early stages of life has important consequences for the
subsequent immune responses in an orgarfSorjifard and Goldszmid, ®@.6), such as a
reduction in the thickness of the colonic mucous layer and associated intestimicaoiial
proteins(Karlssonet al, 2008; Peterssoet al, 2011) as well as in collagen content in healing
intestinal wounds of rat¢§Mastboom, Hendriks and de Boer, 1982gbrafish models of
intestinal colonisation have revealed a number of insigRdsviset al, 2006; Renduelest al,
2012; Tohet al, 2013; Russet al, 2015; Stonest al, 2017) although they remain fewer in
number compared with rodent models. There are substantial similarities in the gastrointestinal
system of zebrafisand higher mammals in terms of anatof@henget al, 2016) microbiome
(Rawlset al, 2006)and mucosal immunityZhanget al, 2010) making this an ideal model
system.Importantly, larval transparency allows live imaging of the host immune cell responses
to the intestinal presence of bacteria, injury or drug treatments without need for intestinal
exteriorisation. Similar to rodents, geffree (GF) zebrafish also displapenotypic differences
such as epithelial abnormalities, and these GF zebrafish do not survive to ad(Rlaods,
Samuel and Gordon, 2004Therefore, to avert these difficulties and avoid any iptess
perturbation of the development of the immune system that may arise from even transient GF
conditions, the possibility of a zebrafish model of colonisation tiiterococcus faecalisnder
conventional (nofGF) conditionsvas exploredE. faecalisis an important bacteria in humans,
because although it comprises only up to 1% of the species found within the intestinal tract

(Sghir et al, 2000) it is one of the most common pathogens isolated from surgical wounds
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(Giacomettiet al, 2000) andcan cause serious nosocomial infections such as endocarditis and
urinary tract infections, that are increasingly challenging to treat due to its multiple intrinsic
antibiotic resistancefGuzman Prietoet al, 2016) Interestingly, there is an increased
predominance oEnterococcuswithin the intestinal microbiome of the elderlilatsumotoet

al., 2011) and this is of clinical relevance Bm ageing populationFurthermore, it has been
shown thanot only cark. faecalisslow healing of wound&ian et al, 2017) in the intestine it

can disrupt the process altogether leading to f&lsoganet al, 2015) Wound healing also
requires timely resolution of inflammatiolgPMs have been shown to drive inflammation
resolution without impacting the efficacy of bacterial clearance in a variety of m@ielkley,
Gilroy and Srhan, 2014) but no studies have investigatdade effect of exogenous
supplementation of these SPMs in a localised intestinal injury in the preseiicefadcalis
colonisation. It was hypothesised that it would bmossible to obtain reliable intestina
colonisation byE. faecalisin conventional (notGF) zebrafish, and that the presenceEof
faecaliswould differentially modulatehe hostinnate immunaesponse to SPMs in the setting

of an acute intestinal injury.

5.2 Results
5.2.1 Following microgavage, E. faecalis persisted in an anatomicaly distinct

region of thezebrafish GIT
Microbial characterisation of adult zebrafish done previously have shown that the principal
phyla dominating the teleost intestine are similar to humans, naRveeobacteriaand
Firmicutes but in zebrafish, the only representative from the phyRimmicuteswas theBacilli
class(Lan and Love, 2012)Not onlyis E. faecalisnot normally present in the teleost intestine,
but dl othercolonisation studies have previouslgen performed in germ free (GF)specific
pathogerree experimental subjects. Therefotewias unknown ifE. faecaliscould persist
within the intestinal tract of larvae raised under conventional-@Bnconditions. Under these
conditions, the developing zebrafish intestine rapidly accumulates a microbiome from the
immersion media when thlarval mouth achieves paten@&t 72 hours post fertilisation (hpf)
(Stephenset al, 2015) This processvas therefore allowetb proceed conveionally for a
further 24 hours following oral patencgnd only larvae that had an inflated air sac as an

indicator of sufficient oral intake to optimise natural colonisatisere selectedrluorescently



labelledE. faecalis(OG1RFmMCherry wasthenintroduced via microgavage directly into the
intestinal bulb, or via immersion in swimming medadter larval anal patency at 96 hgial
patency was vital to ensure that bacterial persistence was not simply due to saleehkua’s for
bacterial exit With these methods, the youngest age at which colonisation studies could be
performed was 4dpf, and at this agegre appeared to be a threshold of exposur®®iRF

below which colonisation, as defined by visible midgut fluorescence and growth of colamies
culture plates, did not reliably occur. This was a single dose 0EEU for microgavage and

10° CFU/mI for overnight immersionF{gure 5-1A). On average, persisting bacterigre
approximately 10CFU/larvae, although there was some biological variapiossibly due to the
presence of othezolonisers(Figure5-1B). The density of 1DCFU is within the density range

of normal gut microbiota in 6dpf larvae in published d&®awlset al, 2007) To standardise

the amount of bacteria that padsbrough the intestinal tract of each zebrafish larvae, avoid any
extraintestinal effects that might occur from prolongddcterial immersion and allow
investigation of host response from the early stages of intestinal exposure to bacteria,
subsequent chacterisation experiments were performaith microgavage ofl0° CFU of
bacteria.Twelve hours after microgavagthe fluorescent. faecalisinvariably persisted only
within the midgut (egion labelled M irFigure5-2).

5.2.2 The E. faecalis OG1RF-gepaX mutant had impaired colonisation of the
zebrafish intestinal tract
To confirm that this persistence Bf faecaliswas indeed colonisation, an OG1RF derivative
with a mutation inepaXwas testedThe epaXgene is located downstream of thgaAepaR
locus encoding the core enterococcal polysaccharide antigen (Egaje(-3), that has been
proposed to contribute to thaecoration of the Epa backbone, and is requiredrfmstinal
colonisation in micgRigottierGoiset al, 2015) In contrast towild-type E. faecalis theepax
mCherry mutant could not be detected as fluorescence within the midgut twelve hours after
microgavage Figure 5-4A). Complementation ofEpaX rescued the mutant and restored
intestinal colonisation Higure 5-4B-C), demonstrated as the return of visible midgut
fluorescence. This suggied thatEpaX was essential for successful zebrafish colonisation,
similar to mice Absence of visible fluorescence however did not exclude low level persistence

of E. faecalis as demonstrated by recovered colonies after culkigerg5-4D).
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Figure 5-1: Intestinal colonisation byE. faecalisin 4dpf zebrafish larvae A. Percentage of larvae

with persistingE. faecalisdefined as visible fluorescence under stereomicroscopy within the midgut of

the zebrafish larval intestine @¥5/groupin three independentrepeats) comparison with one way

ANOVA with Sidakd s  mucomparigdn eorrectiorThe dotted line represents 90% colonisation, rate

taken as the minimum to allow consistent interpretation of results in further experimBer8erial

dilution (1:1000 final concentrationdf macerated larvgplated on BHI plate andrgown a't 37¢eC
overnight Each segment represents a single zebrafish larva with three separate sppts of ¥hich
theaveragaeadings were quantified. The image has been contrast enhanced +20% to allow visualisation

of otherbacterialcolonies that ar@monfluorescent(white) but still growing on thenon-selectiveBHI

plate as a demonstration of the presence otlier members of the microbiome apart from the

microgavagedbacteria of interesRepresentative BHI plate, N46 threeindependentepeats.
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Figure 5-2: E. faecaliscolonisation of zebrafish intestinal tract.Images obtained with a Nikon Eclipse

TE2000U at 4X objective ofwildtype zebrafish larva at approximately 3dpbriposite image stitched

with NIS ElementsAR® with midgut (M) boxed in red and gastrointestinal tré&) outlined in blue.

All subsequent images in thihapterare of region M, oriented in a similar fashidA. Conventionally

rai sed 4dpf =zebrafish | arvae were miac200affea?2aged w
hours of free swimming3. Control larvae showingbsence of fluorescencetime identical regiomnder

identicalconditions
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Figure 5-3. Location of epaX mutations. Mutation points of region upstream epaRin OG1RF,
modified from(Smith et al, 2019) Mutants 2.5, 2.8, 2.14paX and 2.13 €paOX were a generous gift

from the Mesnge LaboratoryUniversity of Sheffield, and tested for intestinal colonisation potential.
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Figure 5-4: EpaXis required for E. faecaliscolonisation of the zebrafish intestineA. The gEpaXx

mCherry mutant was microgavaged into 4dpf wildtype larvae and imaged 24 hours later at 2X
magnification using a Nikon Eclipse TE20GQ0 Gain of the mCherry channel doubledenable pickup

of fainter fluorescenceB. The pE p -an&herrycomplemented strain was microgavaged into 4dpf
wildtype larvae and imaged 24 hours later at 2X magnification using a Nikon Eclipse TE2A0afer
similar conditions, but without doubling ofdlmCherry channel gain. Representative images are shown
of merged brightfield and fluorescent channels. Ngrtup in three independentpeats.C. Graph
shows CFU/larva for thgEpaX mutant andrescuedcomplementedtrains.Each symboin the graph
repregnts the average of three @keadings for a single larva=83/group in threéndependentepeats
comparison with -test error bars show SDD. RepresentativeBHI-tetracycline plate showing the
difference in CFU/larva between tlogE p andtant and rescuedpE p @ofplemented) strains. Each

quadrant represents a single larva with thrgd 101000 dilutions per larva.



5.2.3 The parental background strain of the gEpaX mutant did not affect
colonisation potential
The EpaX mutants wergnade in thek. faecalisOPDV strain a strain containing four mutations
(qoatA, gqpgdA, aqditA, and gsigV). Although these four mutationslo not affet the
polysaccharide of interesgrowth studieswere undertakerio determine if therewas ay
significant growth defectesulting from thesenutations, whichmight be impacting upon the
colonisation differences seeQuantifying OQo hourly for 9 hours of gnath under optimal
conditions,confirmeda slight growth defect seen in thEpaXmutant lut this was also seen in
the complemed strain(Figure5-5). Sincezebrafish intestinatolonisation was restored in the
complemented strain, this growth defe@ts urikely to be the cause @he colonisation defect.
Interestingly, theOPDV strain alone demonstrated enhanced growth compared to wildtype
(WT) OG1RF. TheOPDV strain is from a parental JFH2 background which has been
paradoxically shown to be nernrulent in the zebrafish in its pure parental strain compared to
OG1RF(Prajsnaret al, 2013) but equally virulent to OG1RF when ti@PDV mutation and
Epa mutations are presefBmith et al, 2019) Both these papers however infected zebrafish
larvae at 1dpf, at a time when neutrophils are not yet fesrGuyaderet al, 2008b) and
therefore it is difficult to draw definitive conclusions regarding the true effects on survival with

a fully functioning innate system.

In addition to thegqEpaX mutant(mutant2.14) three other mutants in the regiontbis locus
were testednumberedmutants2.5, 2.8 and 2.13Figure 5-3) to reduce the chances of the
previous findingsbeing a spurious epistatic result. All of thesetantsvisibly colonised the
mid-intestine of larvae after 12 hours, and confirmed thaly the gEpaX mutant was
associated with a defect in colonisatidiigure5-6A) as demonstrated by a significant decrease
in CFU recovered from each larvakiqure 5-6B). This reinforces the hypothesis tHapaXx
playsa specific role in colonisation, similar to rodent studjBsgottier-Gois et al, 2015) and
further confirms that theDPDV background itself was not implicated in the colonisation

potential ofE. faecalis but ratheonly the specificEpaXdefect alone.
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Figure 5-5: Growth curves over 9 hours for OG1RFWT and OPDV gEpaX mutants. EachE.
faecalisstrainwas grownat 37 e C wiirt éhcongcg flaskairt S0 rof, BHI with or without
antibiotics to select for the relevant plasmid.eaich hour, InL from eachflask was withdrawnunder
aseptic conditionand absorbanc®Dgo measuredError bars show SDN=3 in three independent

repeats.
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Figure 5-6: The effect of E. faecalismutations on intestinal colonisation A. Graphof E. faecalis
CFU recovered from each larvder the OG1RF wildtype and mutant strains. N=30/group in three
independent repeats, comparison with -er@y ANOVA, error bars show SD, **4<0.0001.B.
Representative BHtetracycline plate of 1:1000 dilutiamiplicate CFU plating of mutanstrainswhen
grown overnight on s e hch guadraateepr&ehting a single larga, aaerage3of7 e C.

three spots taken as a sinGIEU countto be plottedl
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5.2.4 Persiding E. faecalis did not induce an increase in physiological
inflammatory markers

Further characterisation dhe colonisation modelas performed bwnalysingthe zebrafish

equivalent ofseveralhuman markers ofintestinal inflammation for example, a thickened

intestinalwall, increased frequency of stoolscreased meous secretiongr rectal bleeding

First, thickness of theebrafishintestinal wallwas measuredt the midregionof the intestinal

tract, the area of colonisation. A significant increase in intestinal thickmessseer{Contrd

mean + SEM: 27.87m +/- 0.52, OG1RF: 29.86n +/- 0.68 p=0.021, ttest Figure 5-7A).

Nonethelessat this stage of zebrafish development, accelerated maturation could be an alternate

exdanation rather than an inflammatory response, especially since the increase appeared

uniform throughout the GIT rather than a localised swellinglext, changes in intestinal

motility were investigated Bacterial sensors are expressed in the intestirte wéaen highly

stimulated can cause intestinal hypermoti(@aputiet al, 2017) Peristaltic contractions over

six minuteswere quantified as previously sl¥ibed(Rawls, Samuel and Gordon, 2004hdno

significant increase in intestinal motility in response Eo faecalis colonisation was

demonstrated (Control mean-8EM: 7.50 + 0.45. OG1RF: 8.27 +/0.34, t-test,p=0.1861

Figure5-7B) . An increase in mucin production and goblet cell number is also often a feature of

humanintestinal inflammationand this was assextnext. A positive control was used using

dextran sulphate sodium salts (D&% (w/v) as previously describé@ehlerset al, 2012)

This resulted inintraluminal mucin seen only ithe DSS group(Figure 5-7C), and often

obscured the individual dots of Alcian blue and therefore accurate quantification could not be

performed in this groupgQuantification of numbersf mucincontaining cells betweetontrols

and OG1RF groups revealed no significdiffterences (Control mean + SEM: 98.53 +/5.20,

OG1RF: 88.62 +/4.15 p=0.1394, #test Figure5-7D). Finally, rectal bleeding does not feature

strongly in teleosts, but other studieave shown that microbes in close association with, or

invading, an epithelial surface can induce host cell déa#hida et al, 2011) This was

investigated sing acridine orange stainir{§igure 5-8A) andthe positive control witt50 pM

Glafenineas describedGoldsmithet al, 2013) PersistingE. faecalisinducedno detectable

increasein cell death(Control mean +/SEM: 0.02%6 +/- 0.029, OG1RF: 0.03® +/- 0.030,

Glafenine: 0.95 +/0.032,p>0.9999 KruskatWa | | i s wi t h DRigore58B). cor r ect i
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Figure 5-7: Physiological inflammatory markers were not increased irE. faecaliscolonisation.A.
Thickness of intestinal wall measured at fpmint o segment Il (region of colonisation) of the larval
GIT. Control groups were microgavaged with PBS, and treatment groups WitBFl0 of OG1RF
mCherry. Three separate measurements was&ined for each fisrand the mean used for analysis
N=48/group in fourindependentrepeats error bars show SDgomparison with -test, *p<0.05 B.
Number of organised peristaltic contractions in the GIT. Live zebrafish larvae microgavaged with PBS
or 10° CFU OG1RFmCherry, lightlyanaesthetised with Tricairier live bright field timelapse imaging
for 6 min using a Nikon Eclipse TE2000 microscope. Quantification was performed blinded using
these timdapse images at atta time N=15/group in thre independentepeats, comparisomith t-test,
ns=nonsignificant error barsshow SD. C. Alcian blue staining on larvae microgavaged with PBS,
OGI1RF, or DS9.5% (w/v) as a positive conttdRepresentative images (background subtracteth)eof
mid and disal intestinal tract of larvae are shovil. Graph comparing number of mucin cells quantified
in segment lll of larvaeN=18/group, in three independenpeats. Comparison withtést, ns=non
significant,error bars shov@D.
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Figure 5-8: Acridine orange staining for cell death as a marker of intestinal inflammation Larvae

were immersed in ug/mL of acridine orange for 3tnin, and thenrinsed three times iE3 without
methylene blue to remove excess dpepr to immobilisation for imaging. Positive contsolvere

obtained by immersion iglafenine(50 um) for 6 h prior to acridine orange staining. Representative

images of acridia orange of live larvae immobilised in @8garose and imaged with a 20X objective,

are shownB. Graph showing fraction of larvae demonstrating intestinal fluorescence when visualised
with acridine orange filters compared taethositive control of 50 pMylafenine.N=33/group in three
independent repeatgomparison withKruskatWa |l | i s wi t h Dunndés mul,tiple

ns=nonsignificant, **** p<0.0001, error bars show SD
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