(CARDIFF

UNIVERSITY

PRIFYSGOL

(ARRDY®H

GlaxoSmithKline

An Investigation into the molecular mechanisms of
complement terminal pathway induced

iInflammation.

David John Walters

A thesis submitted to Cardiff University in candidature for the degree of
Doctor of Philosophy

December 2018



DECLARATION

This work has not been submitted in substance for any other degree or award at this or any
other university or place of learning, nor is being submitted concurrently in candidature for
any degree or other award.

Signed ... (candidate) Date .ocoovvviiiiii

STATEMENT 1

This thesis is being submitted in partial fulfilment of the requirements for the degree of
.............................. (insert MCh, MD, MPhil, PhD etc, as appropriate)

SigNed ..o (candidate) Date ....cocoviviiiiiiin

STATEMENT 2

This thesis is the result of my own independent work/investigation, except where otherwise
stated.

Other sources are acknowledged by explicit references. The views expressed are my own.

SIgNed ..o (candidate) Date ....cooviiiiiiin
STATEMENT 3

I hereby give consent for my thesis, if accepted, to be available for photocopying and for inter-
library loan, and for the title and summary to be made available to outside organisations.

Signed ... (candidate) Date ....covviiiiiiiin

STATEMENT 4: PREVIOUSLY APPROVED BAR ON ACCESS

| hereby give consent for my thesis, if accepted, to be available for photocopying and for inter-
library loans after expiry of a bar on access previously approved by the Academic
Standards & Quality Committee.

Signed ... (candidate) Date ...coovviiiiii



Acknowledgements:

First and foremost, | would like to thank my supervisors Professors Paul Morgan and Kathy
Triantafilou for their patience, direction and invaluable advice over the course of the
project. A special thank you is required for Dr Tim Hughes whose constant enthusiasm was
essential for both technical direction and moral support over the years, as well as Martha
Triantafilou for her help throughout the project. Also, thanks is due to the BBSRC and GSK

for providing the funding for this CASE studentship.

I’d also like to thank all members of the BPM group, both past and present, who have made
the lab a place that | have felt welcome and supported throughout. Special thanks is due to
Dina and Lana, who's incredible support and organisational skills made things run as
smoothly as a PhD can. I'd also like to thank Wiola and Matt for their direct input and
collaboration with parts of the work and technical insight in to their respective topics.
Outside of the BPM group, James and Cleo deserve a thank you for moral support, input on

experiments and listening to me constantly moan!

The teams at GSK in both the C3 DPU and the catalyst also helped massively in my
secondments to the labs, with Eva, Darren and Robin being crucial in organising the
placements and assisting in planning and performing experiments respectively, which |

hugely appreciate.

Finally, all my friends and family, especially my parents, deserve special credit for supporting
me through the PhD, in both the good and bad times. Without all of you, I’d never have got

to the point of writing this!



Contents:

Yol o LTy 1= F =T o Y=Y o S PP i
List Of @bbreviations USE: ......cooueii it et saee e e vii
I o i 7= U =S PSRRI X
LISt Of TaBIOS: ittt ettt et b e s be e st e bt b e b e s bt e she e et e et e e bt e neesane e XV
LY o1 1 1o S TP P PP PR PRRUSPN Xvi

(@ o T o) d =T ol A [ o1 o Yo [ U1 4 e o T PP UPR 1
1.1 — Background to the complement SYSteM ........coiiiiiiiiiiiie e e 2
1.2 — Complement activation PathWays .........eeeociiiii e e e e e e areeas 3
1.2.1 The classical pathway — C1q binding and activation..........ccccueeeeciiiiieciiee e 5
1.2.2 Clqgssignalling and non-complement FOIES ........cccveeiieiiiiieeciiee e e e 7
1.2.3 C4 activation and classical pathway convertase formation.........ccccceevvieeiiiceeeiccieec e, 7
1.2.4 The Lectin PatiWay ....cccuuiiiiiiiiie ettt st e e st e e st e e e e sabae e e snsbaeesnnnseeeens 8
1.2.5 The alternative PatiWay ......c..eee e e e et e e e et e e s e are e e s enreeas 10

1.3 - Regulation of complement activation ..........cccoocuiiii e e 12
1.3.1 Regulation of Classical pathway activation.......ccccueeiiiiiiiiiiieee e 12
1.3.2 Regulation of the C3 CONVEITASES ....cccccuiiiiiiiiieeciiee ettt e s e ree e e s sbee e e e sabae e s esareeas 13
1.3.3 Membrane bound C3 convertase regulation..........ccceevieeeiiciiee s 15
1.3.4 C3b, opsonisation and cell SigNalliNg ..........cccuveeieiiieeecee e e 16
1.3.5 C33 aNd C5@ fUNCLION ..ottt st sttt e sbe e saeesane e 17
1.3.6 The geNeration Of €.t e e e e e s re e e e s abee e e enbaee s ennseeas 19
1.3.7 C5a signalling through C5aR1L ...c..eiiiiiiiiee ettt abae e e s naeeas 19

1.4 — The complement terminal PathWay..........ccceiiieiiii i 21
1.4.1 MAC intermediates and fOrmation ..........coceeiiiiiiiiinie e 21
1.4.2 MAC structure and lytic @ffECES ......uei i e e 23

1.5 — Regulation of the complement terminal pathway........cccccoveiiiiiiiiiicciec e, 24
1.5.1 — Regulation of MAC formation by CD59.........coiiiiiiiiiiieeeciieee et eeree e see e e vae e e 24
1.5.2 - Fluid phase regulation Of MAC.........couuiii ittt et e e e e e e earae e e e areeas 27
1.5.3 - Membrane repair and MAC remoVal..........ueeeie e 28
1.6— Sublytic MAC mediated cell Signalling ... 30
1.7 - Nod like Receptors — background, signalling and disease. .........cccccevecvieeieciieeeccciee e, 33
1.7.1 = NLR structure and fUNCION ....c..coiiiiiiiieeeeeeeere et 34
1.7.2 - The roles of the LRR in NLRP3 fUNCHION ....covuviiiiiiiiiiieeieeee e 36
1.7.3 - NACHT function in NLRP3 activation .........ccccceeiiiiiiiiiiieeniee e 36



1.7.4 —The role of the PYD in NLRP3 @CtiVatioN .....ceiiiiiiiiiiiee ettt eeeeaans 37

1.8— Inflammasome priming — SigNal ONE ......ccocuiiiiiiiie e e e e 38
1.8.1 — Transcriptional priming through TLRA .........ooiiiiieieccee e 39
1.9- Non-transcriptional priming 0f NLRP3..........oiiiiiiie et et e 42
1.10 — NLRP3 activation mechanisms — Signal tWo.........ccoccieiiiiiiii i 43
1.10.1 - Potassium efflux as an activator of NLRP3 .......ccccciiiiiiriiieieee e 45
1.10.2 - Calcium influx as an activation mechanism of NLRP3 .........c.cccceiiiniinninnieneenec e 45

1.10.3 - ROS generation, mitochondrial dysfunction and metabolic perturbation as NLRP3

oL 0LV | o PP PP TSR 46
1.11 —Pore forming proteins as activators of NLRP3 ........cccviiiiiiii it 47
1.12 - Negative regulation of NLRP3 aCtivation ..........ccceeeeiieiiiciiie ettt 50
1.13- Inflammasome assembly and effects of IL-1 secretion ........cccccceeeeviieeeccieeeccciee e, 51
1.14 - Non-Canonical inflammasome activation...........ccooueeriiiriiiiniie e 53
1.15- IL-1B secretion and release of inflammasome components ........cccoccveeeeciieeeccciee e, 53
1.16 - IL-1B signalling in health and diSEASE .......cuueiiieiiiiiicie e 54
1.17- NLRP3 Mediated PYrOPLOSIS...cccccuieeeieiiieeeeiieeeeetieeeeettee e eetteeeeebaeeeeenbeeeeesabaeeeesnseeesennrenesennsenas 55
1.18- The role of complement in the activation of the NLRP3 inflammasome .........cccccccecvveeenneen. 57

1.18.1- Complement anaphylatoxins and NLRP3 activation........cccccceeeciieiiicieee e, 58

1.18.2- The Membrane attack complex and NLRP3 activation.........cccecveeeincieeeenciee e, 59
1.19- Rheumatoid ArTNIIEIS . co.ei ettt sttt be e et 61
1.20— Project aims and ODJECTIVES .......uuei ittt e et e e e et e e s e eatae e e e nreeas 67
2 — Materials and MEthods........ccueiiiiiii et sttt et e sbe e saeesare e 68
2.1 -Lists of consumables, antibodies and cell signalling inhibitors and buffer recipes.:.................. 68

2.2 - Cell culture techniques and conditions — THP-1 cell iN@.......cccceevviieiiecciei e, 72

2.3 - Cell culture techniques and conditions — SW 982 cell ine ........ccccccvveeieciiei e, 72

2.4 — Cell culture techniques and conditions — Thawing of frozen cell stocks ..........c.ccccuvveennnneen. 73

2.5 - Isolation of primary monocytes and differentiation to macrophages .........cccocceeeeviveennneen. 73

2.5 — Purification of complement terminal pathway components.........ccccceeecveiiicieeeccciee e, 74

2.6 - Purification of Cobra Venom Factor (CVF)....ccuueiiicieieiieieee ettt e e 75

2.7 - Micro BCA assay for protein quantification...........cccceeeeeieii e 76

2.8 - Generation Of C506 COMPIEXES........uuiiiieiiie ettt e et e et e e e e re e e e e bae e s eareeas 77

2.9 - Coomassie staining of protein preparations.......ccccveeiicieeiiceee e 77

D O o T o1 1V d ol 1Y 1YL PSR 78

2.10.1 Reactive lysis HAEMOIYLIC @SSAY ..uvviiiiiiieiiiiiie ettt vae e e e 78

2.10.2 Cobra venom factor haemolytic assay and classical pathway assays........cccoovceeeeeeeeiccnnns 79

2.11 — Determining cell viability through Propidium lodide staining ........cccccceeeeviciiieeeeeeeeccinns 80



2.12 — Measuring cell viability through Lactate Dehydrogenase release (LDH) ........ccccccveevuvennee 82

2.13 - Cell stimulation using reactive lysis system generated sublytic MAC .........ccccccovvieeennneen. 84
2.14 - Cell stimulations using Classical pathway generated sublytic MAC ..........cccoeeeeiieeeenneen. 86
2.15 — Flow cytometry staining for complement activation.........cccccceeeevieiieiciee e, 87
2.16 - Determining cell surface complement regulator eXpression .........ccccecveeeeeeceeeececieeeeenneen. 89
2.17 — Investigating the role of CD59 in C3b deposition and cell death........ccccceeveieeiiicieeinnnen, 90
2.18 - Confocal microscopy imaging of complement regulator expression and complement cell

LU= Yol =l [=T o Yo 1Y 1o PRt 90
2.19 - WeSEEIN BIOttING ...eveiee it e e e e e s e e e e sbee e e e nareeas 91
2.20 - Quantification of IL-1P secretion by ELISA.........cooiiiiiiiieee e 93
2.21 — CaspaseGlo assay for Caspase 1 activation.......ccccceviveiieiiiciec e 93
2.22 - Measuring calcium flux in response to sublytic MAC ...........cccceieeiieeeeciiee e 94
2.23- Measuring mitochondrial potential..........cccocuiiiiieiie e 96
2.24 - Generating NLRP3 KO SW 982 synoviocytes via CRISPR Cas9 system........ccccveeeeeerinninnnns 97
2.25— Pouring Agar plates and clone Selection..........ccoviiiiiciii i 99
2.26 — Purification of pCW-Cas9 plasmid DNA ........c.ueiiiiiiie et ee e e e s vree e 101

2.27- Restriction enzyme digestion and agarose gel electrophoresis of pCW-CAS9 plasmid ....102

2.28- Transfection of pCW-Cas9 vector in to SW 982 cells........cceevciieiieciiieeecieee et 103
2.29 - Purification of total RNA from SW 982 SynoVIOCYLES ......cccevcviviiiiciiieeeciieee e ecieee e 105
2.30 - Reverse TransCriptase PCR....ciii ittt ettt e e e s siirre e e e e e s s s sanreaeeeessssnannnes 105

Chapter 3: Establishment of protocols for complement attack on nucleated cells ....................... 107
0 R [ oY o Yo [¥ Lot f o] U TSRO 107
3.2 - Methods of purification and validation of function of complement terminal pathway
components from NOrmal hUMaN SEIUM . .....cc.uiiiiiiiiee e e e e s e sara e e e e 108
3.3 - Purification of CVF from whole cobra venom and validation of function ............ccccccceuee.. 113
3.4 — Generation and purification of functional C5b6 complexes.........ccovveeecieeeeecieeeeccieeeees 116
3.5 - Generation and validation of classical pathway system of MAC deposition..................... 120
3.6 - Measuring complement deposition on THP-1 cell surface.........cccocvvveeeviieeeicciiee e, 122
3.7 - The induction of Ca?* flux in response to MAC depoSitioN .........ccvceeeereerevververeeeeeeeereenens 129
3.8 - Sublytic complement deposition affects the intracellular oxidative state...........cccce...... 131
3.9 - Conclusions Of Chapter thrEe .......c..ueee ittt et e et e e e eanes 133

Chapter 4: Investigating sublytic MAC induced inflammasome activation and IL-1B secretion in

(2 ToT o TorV 2 ol ol =Y | K3 SPRN 138
o R oY oo [¥ ot i o T o H PPV PPTTOPRP 138
4.2 - Investigating the mechanisms of sublytic MAC activation of NLRP3............ccccccvviveeeennnnn. 140
4.3 - Sublytic MAC induced IL-1pB secretion is NLRP3 dependent.........ccccccveeevivieeeciiieeescnneeenn. 141



4.4 - Molecular mechanisms of sublytic MAC activation of NLRP3 — Potassium Efflux.............. 144

4.5 - Molecular mechanisms of sublytic MAC activation of NLRP3 — Calcium influx.................. 146
4.6 - Molecular mechanisms of sublytic MAC NLRP3 activation — ROS production and
mitochondrial dySTUNCLION .......ooiiiiiec e e erre e e e eareeas 149
4.7 - Inhibition of sublytic MAC activated kinases and their roles in NLRP3 activation ............. 154
4.8 - Sublytic MAC in the reactive lysis system induces IL-1f secretion from THP-1 cells and
PriMAry MACTOPRNAEES .. .vviiiiiiiiie ettt ettt et e rrre e st e e e e sttt e s e sbeeeessabeeeessabeeeeensbeeesesnseeessnnsenns 163
4.9 — Conclusions OFf ChApLer 4 ......coueiiieeieee et e e et e e s eaaae e e e eaaaeeeeas 168
Chapter 5 - Investigating the roles of NLRP3 in MAC mediated nucleated cell death ................... 174
5.1- Generation Of SW 982 NLRP3-/-CeIIS ....ouiiiiiieeeiiiee ettt te e e e e e eeesaee e e e e e s s sesnaees 174
5.2 - Investigating the roles of NLRP3 in the cell response to MAC in SW 982 synoviocytes.....177

5.3 - Investigating whether NLRP3 modulates complement regulator expression on the SW 982
(o= | I T = Yol ISR 187

5.4 — Investigating the effect of inhibition of complement regulator function on susceptibility to

MAC mediated Cell dEatN.......c.ui ittt e sbee e sbee e 195
5.5 -Conclusions Of Chapter 5 ...ttt e e et e e e e ebte e e s e bae e e s ebaeeesebeeeaeennes 199
Chapter 6 — Final discussion and CONCIUSIONS .......cccuiiiiiiiiiiieecee et e e e e 201
6.1 — RESEAICH @IMS ..eiiiiiiii et ettt e st e s bt e e s reesbeeesaree s 201
6.2 — OULIING OF SEUAY ..ciiiiiiiiieee e e e et e e e e ebee e e e sbreeessaraeessanes 201
6.3 — Summary of Main fiNdiNGS ....cvveiiiie e e 202
6.4 — FULUIE DIF@CHIONS. .. eeeieiiieiee ettt e s e e s emenee s sanee 209
21 o [ToY = = o] o1V SRR 211

Vi



List of abbreviations used:

AA- Amino acid
ACPA- Anti-Citrullinated Protein Antibody

ACR20 —American college of rheumatology

20 test
ADP — Adenosine Diphosphate
aHUS - ureamic

Atypical hemolytic

syndrome

AMD — Age related macular degeneration
AMP — Adenosine Monophosphate

AP — Alternative pathway

APB — Alternative pathway buffer

ASC — Associated Speck like protein

ATP — Adenosine Triphosphate

BMDM — Bone marrow derived monocytes
Bp — Base pair

BSA — Bovine serum albumin

C3aR — C3a receptor

C5aR — C5a receptor

Ca?* - Calcium ion

CAIA- Collagen antibody induced arthritis

cAMP — Cyclic AMP

vii

CAPS- Cryopyrin associated periodic

syndrome

CARD — Caspase activation and recruitment

domain

CC — Cholesterol Crystals

CFD — Complement fixing diluent

CRD — Carbohydrate recognition domain
CRP — C-reactive protein

CV — Column Volumes

CVF — Cobra Venom Factor

DAF — Delay accelerating factor

DAMPS — Damage associated molecular

patterns

DMARD - Disease modifying anti-

rheumatic drug

DMSO — Dimethyl Sulphoxide

DNA — Deoxyribose Nucleic Acid
ECL-Enhanced chemiluminescence

ECM — Extracellular matrix

EDTA — Ethylene diamine tetra-acetic acid
EGF — Epidermal Growth factor

EGTA — Ethylene glycol-bis (B-aminoethyl

ether) tetra-acetic acid



ELISA — Enzyme linked immunosorbent

assay

ER — Endoplasmic Reticulum

Fab — Fragment antigen binding
FACS — Fluorescence activated cell sorter
FB — Factor B

FC — Fragment crystallisable

FD — Factor D

FH — Factor H

FITC — Fluorescein Isothiocyanate
FLS — Fibroblast like synoviocyte
GAG — Glycosaminoglycan

GPCR — G protein coupled receptor
GPI- Glycosylphosphatidylinositol
gRNA- guide RNA

GSDM D — Gasdermin D

HAE — Hereditary Angioedema
HLA — Human Leukocyte Antigen
IFN - Interferon

IgG — Immunoglobulin G

IgM — Immunoglobulin M

IL-18 — Interleukin 18

IL-18 — Interleukin 1 beta

IL-6 — Interleukin 6

viii

IP3 — Inositol triphosphate

K* - Potassium ion

kb - Kilobase

kDa — Kilodalton

KO — Knockout

LDH — Lactate Dehydrogenase
LPS — Lipopolysaccharide

LRR — Leucine rich domain

mAb — Monoclonal antibody
MAC- Membrane attack complex
associated

MASP - Mannose

protease
MBL — Mannose Binding Lectin
MCP — Membrane co-factor protein
Mg?* - Magnesium ion

MiRNA — Micro RNA

mMRNA — messenger ribonucleic acid
MSU — Monosodium Urate

MTX - Methotrexate

MVB- Multi-Vesicular body

MW — Molecular weight

Na* - Sodium ion

NACHT -

Nucleotide binding

oligomerisation domain

serine

and



NLR- Nod Like receptor

NLRP3 — Nod Like receptor protein 3

NMR — Nuclear magnetic resonance

NS — Non-significant

OA — Osteoarthritis

P2XR — P2X receptor

PAGE — Polyacrylamide gel electrophoresis
PAM — Protospacer adjacent motif

PAMPS — Pathogen associated molecular

patterns

PBMC — Peripheral blood mononuclear cell
PBS — Phosphate buffered saline

PE — Phycoerythrin

PFA — Paraformaldehyde

PLC — Phospholipase C

Nocturnal

PNH - Paroxysmal

Haemoglobinuria

PYD — Pyrin domain

RA — Rheumatoid Arthritis
RBC — Red blood cell

RCA -

Regulators of complement

activation

RF- Rheumatoid factor

RL — Reactive lysis

RLR — Rig-like receptor

RNS — Reactive nitrile species

ROS — Reactive oxygen species

RT- Reverse transcriptase

RYR — Ryanodine receptor

SCR — Short consensus repeat

SDS — Sodium Dodecyl Sulphate

SEM - Standard error of the mean

SLE — Systemic Lupus Erythematosus
SMAC- Soluble MAC

SNP —Single nucleotide polymorphism
TCC —Terminal complement components
TED — Thioester domain

TLR — Toll like receptor

TMB- 3,3',5,5'-Tetramethylbenzidine
TNFa — Tumour necrosis factor alpha
TRIS — Tris (Hydroxymethyl) methylamine
UV- Ultra Violet

WT — Wild type



List of figures:

Figure 1.1 — Schematic diagram of the complement system
Figure 1.2 — Ribbon diagram of C1q individual chains and complete C1q complex structure
Figure 1.3 — Schematic diagram of MBL and Collectin structures

Figure 1.4 — Factor | and Factor H mediated C3 degradation cofactor and delay acceleration factor

activity
Figure 1.5 — Schematic of complement derived opsonins and respective phagocytic receptors

Figure 1.6 — Ribbon diagram of C3a, C4a and C5a structures, highlighting similar folds and minor

alterations in alpha helical regions defining function

Figure 1.7- Schematic of intracellular signalling cascades activated by C5aR1 activation in

Neutrophils, including MAPK and inflammation associated pathways.

Figure 1.8 — Schematic of sequential steps of MAC formation from terminal pathway protein

integration in to the complex and highlighting the loss of function of soluble MAC.

Figure 1.9 - Schematic of CD59 structure, highlighting the extensive N-Linked glycosylation

Figure 1.10 — Schematic of CD59 signalling induced by GPI anchor crosslinking

Figure 1.11 — Schematic of MAC internalisation and externalisation processes mediating membrane
removal

Figure 1.12 — The role of lipid rafts and caveolae in the proposed membrane shedding of MAC
Figure 1.13 — Schematic of pro-survival pathways activated by sublytic MAC deposition

Figure 1.14 — Schematic of the diverse array of signalling pathways induced by sublytic MAC
deposition, including inflammatory responses

Figure 1.15 — Schematic NLR and AIM structures, highlighting tripartite structure of NLRP3
Figure 1.16 — Ribbon diagram of the NLRC12 CARD domain
Figure 1.17 — Transcriptional priming of NLRP3 through TLR4 and NF-«xB

Figure 1.18 — Schematic of NLRP3 oligomerisation, highlighting the pinwheel like structure of NLRP3,
ASC and Caspase-1 multimerisation

Figure 1.19 — Schematic of NLRP3 mediated pyroptosis

Figure 1.20 — Proposed model of MAC mediated NLRP3 activation through disruption of calcium
homeostasis and mitochondrial dysfunction



Figure 1.21 — Electron micrograph of rheumatoid arthritis joint, highlighting the hyperplastic nature
of the synovial lining

Figure 1.22 — A schematic of the potential chronology of rheumatoid arthritis progression
Figure 2.1 — Example FSC/SSC gating of THP=1 cells on FACS Calibur flow cytometer
Figure 2.2 — Schematic of reactive lysis stimulation protocol

Figure 2.3 — Schematic of Classical activation protocol

Figure 2.4 — Schematic of Caspase-1 glo assay

Figure 2.5 — Schematic of the chemistry of esterified Fluo-3-AM, de-esterification and Fluo-3 binding
to a free Ca®* ion

Figure 2.6 — Schematic of CRISPR cas9 mediated DNA double strand break ad Non-homologous end
joining to induce frameshift mutations

Figure 2.7 — Gene map of the pCW-cas9 plasmid construct highlighting restriction enzyme sites

Figure 2.8 — Agarose gel electrophoresis of purified pCW-CAS9 plasmid, undigested or XBA1 + NHEL1
digested.

Figure 2.9— Trypan blue exclusion assay of pCW-CAS9 transformed and WT SW 982 cells to verify
transfection with Puromycin resistance expression

Figure 3.1 — Representative chromatogram of affinity purification of complement terminal pathway
components from pooled human serum

Figure 3.2 — Coomassie stain of reduced and non-reduced purified complement components
Figure 3.3 — Western blot of purified complement terminal pathway components

Figure 3.4 A— Bar graph representing haemolytic capacity of MAC intermediates on guinea pig
erythrocytes

Figure 3.4 B — Haemolytic activity of a titration of C56 concentrations

Figure 3.5 - MONOQ trace for CVF purification

Figure 3.6 - Haemolysis assay of CVF MONOQ fractions

Figure 3.7 — Coomassie staining of haemolysis assay positive CVF fractions

Figure 3.8 — Size exclusion chromatography trace of C5b6 reaction mixture

Figure 3.9.A. — Coomassie staining of C5b6 fractions

Figure 3.9.B. - Haemolysis assay on C5b6 fractions

Figure 3.10. — Haemolysis assay of pooled final C5b6 and comparison to fluid phase MAC

Figure 3.11.A. — Propidium iodide staining of THP-1 cells exposed to titration of NHS

Figure 3.11.B. — Propidium iodide staining of THP-1 cells exposed to titration of COS-1 antiserum

Figure 3.11.C.- Example flow histograms of Pl positive control, negative control and sublytic MAC
samples

Xi



Figure 3.11.D. — LDH assay for COS-1 antiserum titration on THP-1 monocytes

Figure 3.12.A. — Flow histograms for C9 deposition with titrations of NHS or C5 depleted NHS
Figure 3.12.B. — Quantification of mean fluorescence intensity from Figure 3.12.A

Figure 3.12.C. — Geometric mean fluorescent intensity for C9 staining titrations

Figure 3.13.A — Histograms of C3b staining on THP-1 cells with and without CD59 function blocking
antibody MEM 43

Figure 3.13.B. — Quantification of Pl positive staining of THP-1 cells stimulated as in 3.13.A
Figure 3.13.C — Quantification of mean fluorescence of C3b staining from 3.13.A.

Figure 3.14.A. — Overlay histograms for calcium influx using Fluo-3-AM comparing unstimulated,
MAC stimulated, C5 depleted stimulated and NHS + 10 mM EDTA

Figure 3.14.B. — Quantification of Calcium flux at 10 minutes in THP-1 cells

Figure 3.15.C. — Time resolved fluorescence of Fluo-3-AM in response to sublytic MAC or C5 depleted
serum in THP-1 cells

Figure 3.16. A. — Overlay histograms for FL2 staining for superoxide production in response to
sublytic MAC

Figure 3.17.B.— Overlay histograms for FL1 staining for oxidative stress in response to sublytic MAC
Figure 3.17.C. — Geometric mean quantification of 3.16.A.

Figure 3.17.D. — Geometric mean quantification of 3.16.B.

Figure 4.1.A. — IL-1p ELISA from classical pathway sublytic MAC attacked LPS primed THP-1 cells
Figure 4.2.A. — IL-1P ELISA from sublytic attacked THP-1 cells with a titration of MCC950

Figure 4.2.B. — IL-1B ELISA from sublytic attacked THP-1 cells with a titration of Z-VAD-FMK

Figure 4.2.C. — IL-1B ELISA from sublytic attacked THP-1 cells with a titration of AC-VAD-FMK

Figure 4.2.D. — Caspase-1 glo luminescence assay comparing sublytic MAC stimulated THP-1 cells
with unstimulated, C5 depleted and NLRP3 inhibited controls.

Figure 4.3.— Haemolytic assay assessing impacts of AC-YVAD-FMK and MCC950 on complement
activity

Figure 4.4.A. — Titration of KCl to media of sublytic MAC stimulated cells and IL-1f3 secretion
measured by ELISA

Figure 4.4.B. — Titrations of NaCl and KCl to media of sublytic MAC stimulated cells and
IL-1B secretion measured by ELISA

Figure 4.4.C. — Caspase-1 glo assay observing the effects of the addition of NaCl and KCI to media of
sublytic MAC attacked cells

Figure 4.4. D.- IL-1B standards run on ELISA in different KCI/ NaCl concentrations

xii



Figure 4.4.E — Titrations of KCHOs inhibition of IL-1f secretion from LPS primed THP-1 cells
stimulated with sublytic MAC

Figure 4.4.F. - Haemolytic assay comparing RBC susceptibility to complement in buffers with added
KCl, NaCl and KCHO;

Figure 4.5.A. - IL-1B secretion from THP-1 monocytes in response to sublytic MAC with a pre-
treatment titration of BAPTA-AM

Figure 4.5.B. - IL-1B secretion from THP-1 monocytes in response to sublytic MAC with a pre-
treatment titration of Xestospongin C

Figure 4.5.C. - CaspaseGlo activity assay on THP-1 monocytes treated with BAPTA-AM and
Xestospongin C relative to sublytic MAC without cell signalling inhibitors

Figure 4.6. - Kinetic assay of Calcium flux in THP-1 monocytes treated with sublytic MAC, sublytic
MAC + Calcium signalling inhibitors and negative controls.

Figure 4.7.A. - The effect of a titration of ROS scavenger NAC on LPS primed THP-1 monocytes
stimulated with sublytic MAC

Figure 4.7.B. - The effect of a titration of ROS scavenger NAC on sublytic MAC mediated Caspase-1
activation

Figure 4.8. - The effects of intracellular Calcium chelation on sublytic MAC mediated superoxide
production

Figure 4.9.A. - TMRE staining on Clariostar plate reader of THP-1 monocytes attacked with sublytic
and lytic MAC, FCCP positive and unstimulated negative controls

Figure 4.9.B -. TMRE staining repeated by flow cytometry

Figure 4.9.C. - TMRE staining of sublytic attacked cells and controls with Calcium / NLRP3 relevant
inhibitors

Figure 4.10 — Schematic of the cell signalling pathways pharmacologically modulated prior to sublytic
MAC stimulation and IL-1p3 secretion

Figure 4.11 - IL-1B ELISA for sublytic MAC attacked THP-1 cells treated with a range of different cell
signalling inhibitors

Figure 4.12.A. - IL-1B ELISA on cell supernatant from LPS primed and un-primed cells stimulated with
sublytic MAC with a titration of Perifosine

Figure 4.12.B. - Caspase-1 glo assay of sublytic MAC attacked cells + Perifosine

Figure 4.13.A. - IL-1B ELISA of titrations of AKT associated inhibitors on LPS primed THP-1 cells
stimulated with sublytic MAC

Figure 4.13.B. — PI cell death staining quantification of Perifosine stimulated THP-1 cells

Figure 4.14.A. — MAC attacked THP-1 cells uptake of Pl over time relative to vehicle and C5 depleted
controls

Figure 4.14.B. — MAC attacked THP-1 cells uptake of Pl over time relative to NEC-1 pre-treated cells

xiii



Figure 4.14.C.- IL-1PB cell supernatant from sublytic MAC stimulated cells pre-treated with a titration
of NEC-1

Figure 4.15.A. - IL-1B ELISA of titration of JNK inhibitor on LPS primed THP-1 cells stimulated with
sublytic MAC

Figure 4.15.B. - IL-1 ELISA of titration of ERK + JNK inhibitors on LPS primed THP-1 cells stimulated
with sublytic MAC

Figure 4.15.C. - Caspase-1 glo assay of ERK + JNK inhibited THP-1 cells stimulated with sublytic MAC
relative to controls

Figure 4.16.A.- IL-1p3 ELISA from RL generated MAC and MAC intermediates on C5a primed THP-1
cells

Figure 4.16.B. - IL-1B ELISA from RL generated MAC titration
Figure 4.17.A. - IL-1B Western blot of RL stimulated primary macrophage cell lysate
Figure 4.17.B — B actin control of 4.16.A

Figure 4.18. - IL-1B ELISA from cell stimulation supernatant of THP-1 monocytes pre-treated with
H18, a PKA inhibitor, prior to sublytic MAC stimulation.

Figure 4.19. - Schematic of pleiotropic effects of Perifosine on cell stress pathways
Figure 4.20. - Schematic of the role of MAPK in the activation of NLRP3
Figure 4.21. - Schematic of links between ER stress, MAPK activation, IP3R activation and ROS

Figure 5.1.A — Agarose gel electrophoresis visualising RT-PCR products for NLRP3 expression from
WT and NLRP3 -/- SW982 cells

Figure 5.1.B. — Western blot for NLRP3 expression from WT and NLRP3 -/- cells, with stripped and re-
probed blot for B-actin.

Figure 5.2— Lactate dehydrogenase release assay (LDH) comparing cell death in response to MAC
from WT and NLRP3 -/- SW982 cells

Figure 5.3.A — Pl histograms of WT SW982 cells attacked with MAC

Figure 5.3.B — Pl histograms of NLRP3 -/- SW982 cells attacked with MAC
Figure 5.3.C — Overlay PI histograms of WT and NLRP3 -/- SW982 cells

Figure 5.3.D — Quantification of Pl fluorescence from WT and NLRP3 -/- cells
Figure 5.4.A — Time course of WT and NLRP3 -/- cells Pl uptake

Figure 5.4.B — Dose dependent Pl response of WT SW982 synoviocytes to MAC

Figure 5.5 — Pl uptake over time for WT SW982 cells and WT SW982 with a 10 uM MCC950 pre-
treatment

Figure 5.6 — Necrostatin-1 mediated inhibition of MAC mediated LDH release from WT SW982 cells
Figure 5.7- CaspaseGlo assay comparing Caspase-1 activity between WT and NLRP3 -/- in response to

MAC deposition

Xiv



Figure 5.8 — C3b staining via FACS on WT and NLRP3 -/- SW982 cells
Figure 5.9.A— Comparative FACS analysis of CD55 expression between WT and NLRP3 -/- SW982 cells

Figure 5.9.B — Comparative FACS analysis of CD59 expression between WT and NLRP3 -/- SW982
cells

Figure 5.10 — FACS analysis of the effects of a titration of MCC950 on CD59 expression in WT and
NLRP3 -/- SW982 cells

Figure 5.11 — FACS analysis of the effects of cell permeabilization on CD59 staining between WT and
NLRP3 -/- SW982 cells

Figure 5.12 — Confocal microscopy of WT and NLRP3 -/- SW982 cells comparing CD59 expression on
the cell surface and on permeabilised cells.

Figure 5.13.A — F. Titrations of MEM43 on COS-1 sensitised WT and NLRP3 -/- SW 982 cells

Figure 5.14.A — Measurement of WT and NLRP3 -/- SW982 calcium flux in response to 2.5% COS-1
antiserum + 5% NHS.

Figure 5.14.B - Measurement of WT and NLRP3 -/- SW982 calcium flux in response to 2.5% COS-1
antiserum + 5% NHS + 25 ug/ml MEM43.

Figure 6.1 — Comparison of RNA SEQ data obtained from Reactive lysis of THP-1 monocytes with that
obtained from a mouse EAE model.

Figure 6.2 — Schematic model of proposed molecular mechanisms underlying MAC mediated NLRP3
activation.

List of Tables:

Table 1: A comparison of different ionophores implicated in activating the NLRP3 inflammasome,
comparing ion selectivity and proposed mechanisms of NLRP3 activation

Table 2. A list of buffer preparations used within the thesis

Table 3. A list of reagents and kits used within the thesis

Table 4. A list of cell signalling inhibitors used within the thesis

Table 5. A list of primary and secondary antibodies used within the thesis

Table 6. Layout of CRISPR/Cas9 transfection conditions for SW 982 synoviocytes

Table 7. Summary of proposed mechanisms of MAC mediated NLRP3 activation in current published
literature

Table 8. Calculated co-localisation coefficients for lipid raft markers and CD59 expression on WT and
NLRP3 -/- SW 982 cells

Table 9. A table of most statistically significantly changed cell signalling pathways through RNA-Seq
of RL stimulated THP-1 monocytes relative to controls.

XV



Abstract:

The complement system is a bastion of the innate immune system which mediates opsonic,
inflammatory and lytic responses to pathogenic activating stimuli, culminating in the
formation of the membrane attack complex (MAC) (Sarma and Ward 2011). MAC deposition
on non-nucleated or bacterial cell membranes results in chemiosmotic flux; subsequently
inducing cell swelling and rupture (Morgan 2000). However, sublytic MAC formation may
occur on nucleated self-cells, inducing the release of inflammatory cytokines, including IL-
1B (Tegla et al 2011; Ricklin, Reis and Lambris 2016). IL-1B proteolytic maturation and
secretion requires activation of inflammasomes, with the NLRP3 inflammasome being
demonstrated as the central mediator of MAC induced IL-1B secretion in a range of cell
types (Triantafilou et al2013; Laudisi et al2013; Suresh et al2016). However, the cellular
mechanisms linking MAC deposition and NLRP3 activation are poorly defined, with a range

of activation mechanisms proposed.

In the work described in this thesis | investigated the mechanisms linking sublytic MAC to
NLRP3 activation in monocytic and synovial cell lines to delineate conserved cell signalling
pathways involved in NLRP3 activation, as well as investigating the broader interactions of

NLRP3 with the complement system.

Firstly, classical and reactive lysis systems of complement activation were established and
validated to generate sublytic membrane attack on cells for study of the interaction with
NLRP3. Within these experiments, interesting observations surrounding the role of CD59 in
the regulation of C3b, as well as the role of C5 depletion or inhibition on C3b deposition
were made. LPS primed THP-1 monocytes were used as a model for NLRP3 activation by
sublytic MAC. In concordance with the published literature and studies by our group, both
primary and secondary Ca%*flux and ROS production had roles in MAC mediated IL-1B
secretion (Triantafilou et al2013). However, extracellular KCl was demonstrated to be a
non-specific inhibitor of IL-1B release as the addition of NaCl to the stimulation media
demonstrated inhibition of NLRP3 activation in the same manner as KCl in this system. To
further explore pharmacological manipulation of sublytic MAC mediated activation,
inhibitors of a range of known MAC activated kinases were used to identify signalling

pathways linking sublytic MAC and NLRP3 activation. Only an AKT inhibitor, Perifosine,

XVi



induced statistically significant changes in MAC mediated IL-1PB release; however, this was
shown to be through the activation of cell death and stress pathways such as JNK rather
than attributable to its effects on AKT signalling. Subsequent simultaneous inhibition of JNK
and ERK signalling significantly inhibited both IL-1 secretion and Caspase-1 activation in
response to sublytic MAC. MAC-induced activation of NLRP3 and the induction of IL-1B
release was also subsequently demonstrated using purified components in the reactive lysis
system; cells exposed to sublytic MAC via reactive lysis were subjected to RNA-Seq analysis,
providing preliminary evidence of transcriptomic changes with implications for

inflammatory cell signalling in response to MAC.

Finally, NLRP3 expression was knocked out using the CRISPR/CAS9 system in SW 982
synoviocytes, to investigate interactions between NLRP3 expression and MAC mediated
responses. NLRP3 -/- cells were protected from MAC mediated cell death, a consequence of

increased CD59 expression on the cell surface.

Collectively, this thesis improves understanding of the mechanisms linking complement and
NLR inflammasomes, highlighting novel cell signalling pathways linking the two systems and
providing evidence that NLRP3 modulates MAC sensitivity by regulating CD59 localisation

within the cell.
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Chapter 1 — Introduction:

The innate immune system is a fundamental cornerstone of the body’s ability to rapidly react
and respond to the multitudes of potentially harmful stimuli, whether self-derived or from
exogenous pathogens, encountered in everyday life (Holers and Banda 2018). One of the
crucial effectors for the innate immune system is the complement system. The complement
system comprises of a proteolytic cascade generating a range of effector molecules as a front-
line response to pathogens and altered self-cells, which is kept in check by an array of cell

surface and fluid phase regulators (Sarma and Ward 2011).

Activation of the complement system induces the production of opsonic fragments,
anaphylatoxins and membranolytic agents; therefore, it is unsurprising that the complement
system can exert a highly potent pro-inflammatory, pro-necrotic and opsonic effect (Rus et al
2006). Subsequently, the aberrant activation and dysregulation of complement can result in
a range of pathological conditions. These range from well-characterised diseases where
complement dysregulation is the key factor such as paroxysmal nocturnal haemoglobinuria
(PNH) and atypical haemolytic uremic syndrome (aHUS), to other conditions where insidious
roles for the pro-inflammatory effects of complement are becoming increasingly elucidated,
including cardiovascular disease and atherosclerosis, Alzheimer’'s disease and

neurodegenerative conditions and rheumatoid arthritis (RA) (Caroll and Sim 2011).

Complement activation in RA is well documented, with studies highlighting complement
activation as a central driver of RA inflammation in both in vitroand in vivomodels (Low and
Moore 2005). The cause of complement activation in the RA joint is unclear; however, a range
of possible complement activators are generated in disease progression. Potential activators
include rheumatoid factor (RF), anti-citrullinated protein antibody (ACPA) and other immune
complexes, CRP deposition or cartilage components such as fiboromodulin, which have all been

demonstrated to activate classical or alternative pathways (Ballanti et al2011).



Nevertheless, the cell signalling mechanisms enabling complement activation to drive the
inflammatory state in the resident joint synoviocytes and infiltrating monocytes are unclear,
with the intracellular cascades activated by C5a and sublytic membrane attack complex (MAC)
being largely undefined in these cell types. Furthermore, the interaction between the
complement cascade and the intracellular “danger sensing” machinery of the NLRP3
inflammasome may be pathological in RA, with the inflammasome activation product IL-1
already being targeted, albeit with limited efficacy, in the disease (Mertens and Singh 2009;
Triantafilou et al2013). Therefore, in this thesis | set out to elucidate the mechanisms linking
complement and the activation of the NLRP3 inflammasome in synoviocytes and monocytic
cell line models, to identify cell signalling pathways for the mediation of complement
mediated NLRP3 activation and potentially highlight new therapeutic targets for RA in the

future.

1.1 — Background to the complement system

The discovery of the heat labile bactericidal properties of serum by early immunologists such
as Bordet and initiated our understanding of this innate immune pathway (Buchner 1895;
Bordet 1898). The function of innate immunity within the overall immunological landscape is
to, alongside the adaptive immune response, protect the host from pathogenic infection.
From Bordet’s simple observation, our understanding of complement has developed to
encompass a system of overlapping, synergistic and antagonistic pathways mediating the

effects of complement in both health and disease (Ogundele 2001).

The complement system consists of over 30 components and regulators which make up
around 15% of the protein content of blood plasma. Complement proteins circulate as
zymogens until induced to activate through conformational change or proteolytic cleavage,
or in the case of C3, through spontaneous hydrolysis (Dunkelberger 2009). The historical
interpretation of this pathway as merely "complementing" the more defined humoral
response upon the recognition of pathogens is becoming increasingly challenged. The recent
elucidation of the wide-reaching roles of complement signalling in lipid metabolism,
coagulation and synaptic development highlight complement and result in it becoming
increasingly viewed as a central homeostatic mechanism (Amara 2008; Stephen 2012;
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Guavreau et al 2013). The complement components are predominantly synthesised
hepatically and released into the circulation; however, localised extrahepatic synthesis can
occur in many organs and tissues, including the epithelia of the Gl tract, skin fibroblasts, the
eye and most significantly in monocytes and mononuclear cells to act as a rapid response to
injury (Noris and Remuzzi 2013). The recent discovery of intracellular activities of complement
opens a range of roles for complement in cellular homeostasis, which will undoubtedly be

explored and diversify in the coming years (Arbore, Kemper and Kolev 2017).

Despite the seeming complexity underlying the cascade with the large number of proteins
and regulators involved, the primary role of the system is to recognise and eliminate
pathogens or altered self-cells. This is managed in several ways, including the induction of
inflammation and recruitment of immune cells through the anaphylatoxins and MAC, MAC
mediated cell lysis or opsonisation through C3b products (Chen, Daha and Kallenberg 2010).
The importance and potency of the responses induced by the complement system are further
demonstrated by the range of pathophysiological conditions with which ectopic complement
activity is associated, including Alzheimer's disease, cancer, type Il diabetes and rheumatoid
arthritis (Holers et al 2014; Reis et al 2017; King and Blom 2017). These common, chronic
conditions are becoming causes of increasing financial and medical strain in the aging western
population, consequently, the understanding and potential management of the roles of
complement signalling in these conditions is hugely significant in the development of

therapeutics and potentially mitigating their impact upon society (Holers 2014).

1.2 — Complement activation pathways

The complement system consists of three established activation pathways, classical, lectin
and alternative pathways. All three activation pathways converge on a common terminal
pathway. Although the active products are the same, the activating ligands, activation
complexes and regulation are unique to each pathway, allowing fine detail and regulation of
key steps within the cascade to modulate activity (reviewed in Sarma and Ward 2011). A
schematic overview of the complete complement system can be seen in Figure 1.1 a, and a

schematic of complement activation pathways in Figure 1.1 b.
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1.2.1 The classical pathway — C1q binding and activation

Classical activation acts as an interface between innate and adaptive immunity by interaction
of Clg with immunoglobulins (multiple IgG molecules or a single IgM) to initiate activation
(Duncan and Winter 1988). C1q binding to immunoglobulin Fc regions is dependent on either
IgM deformation from planar to a staple-like shape on ligand binding or proximity of multiple
ligand-bound IgG molecules (reviewed in Sarma and Ward 2011). IgG-mediated C1q activation
has been shown to be optimal with six IgG molecules in close proximity and in a specific array
formation on the target surface, suggesting IgM is a more efficient classical pathway activator
(Diebolder et a 2014). However, Clq is also capable of interacting with and becoming
activated by an array of other molecules including LPS, apoptotic cells and CRP, causing

complement-based responses to a range of PAMPS and DAMPS (Gal et al2009).

The C1 complex consists of a single C1q associated with a C1r,/Cls,tetramer, with a combined
molecular mass of 790 kDa. Clq itself is a 460 kDa collagenous protein formed from 18
homologous polypeptide chains (6 A, 6 B and 6 C chains), which form the Cl1q "stalk" region
and the 6 arms culminating in globular head regions resembling a bouquet structure (Figure
1.2) (Arlaud 2002). The structure is highly dependent on interchain disulphide bond formation
from conserved Cysteine residues to generate the A-B and C-C chain subunits of the molecule,
whilst further conserved Cysteine residues are believed to contribute to intrachain bridge
forming (Kishore and Reid 2000). Activation of the C1q complex is dependent on the presence
of Ca?*to allow interaction of K61 from the B chain or K58 of the C chain of the collagen like
stem region of C1q with a shallow groove on the Clr; /Cls; complex to allow oligomerisation

(Girija et al2013).

The interaction of the globular Clq heads with activators induces a conformational change
within C1g which transposes into activation of Clr via association of the collagen-binding
domain with the protease. This occurs via an intermediate structure in a similar mechanism
to Trypsin-mediated cleavage before the auto-proteolysis of Clr, yielding the functional
protease form (Gaboriaud 2014). Upon activation, a single C1r subunit within the highly
flexible tetramer can cause subsequent proteolysis of both C1s zymogens within the complex,

to yield a fully active C1 complex (Major et al2010).

5



The C1s proteases in turn induce the cleavage of C4 and C2 to generate the focal point of the
various complement pathways, the C3 convertase (C4bC2a in the classical pathway). This is
possible due to the high flexibility of the C1 complex around the Clr/s proteolytic domains,
allowing them to swing out of the complex upon activation and instigate the initial cleavage

of C4 (Wallis et al 2010).

3. C1g complex binding induces
conformational change —inducing C1r and
C1s activation

2. Clg complex binds
IgG FC region

1. 1gG binds to activating
surface (e.g. Bacterial cell)

Figure 1.2The intricate heterotrimeric structure of C1qg with the collatiea stalk region forming into the six globular heads
required forlgG and pathogemecognition (Imagesdited from Gaboraud et al 2012)Upon binding,the C1g complex
undergoes conformatiolahange to a permissive state for C1r and C1s activation.



1.2.2 Clqg signalling and non-complement roles

Alongside the traditional role of C1q as the mediator of C1 complex target recognition and
activation, a range of non-complement mediated roles are becoming elucidated. These
include important functions in angiogenesis in neonates of relevance to preeclampsia, and
roles in cell adherence and apoptosis in prostate cancer; these activities have been attributed
to its cytokine-like structure and apparent evolution from a TNF-a precursor (Ghebriwet et al
2012). Importantly, in the context of this project, C1qg has distinct roles in the induction and
regulation of inflammation. C1lq deposition in Drusen deposits, the pathological hallmark of
AMD, was demonstrated to have a pro-inflammatory effect through activation of NLRP3 and
the induction of IL-118 and IL-18 secretion; however, the mechanism of which remains unclear
but seems to involve phagolysosomal destabilisation through endocytosis of the C1 complex
(Doyle et al2012). However, other groups have demonstrated a role for C1q in the inhibition
of NLRP3 activation in macrophages, primed macrophages exhibiting a decrease in pro-IL-1
and Caspase-1 cleavage in response to extracellular ATP when exposed to Clg-opsonised
apoptotic lymphocytes, alongside a decrease in IFN and IL-27 responses suggesting a global

anti-inflammatory effect (Benoit et al2012).

1.2.3 C4 activation and classical pathway convertase formation

Upon C4 cleavage the smaller C4a fragment is released, allowing it to act as an anaphylatoxin
alongside C3a and C5a. Although C4a is the weakest of the complement anaphylatoxins,
indeed it has been suggested to have no biological activity, it has also been postulated that
there is cross talk and interaction between these inflammatory mediators. This was
demonstrated by testing the effects of C4a on C5a induced neointima formation in mice with
arterial injury - mice receiving C4a alongside C5a showed significantly inhibited neointima
formation as well as inhibition of the expression of various proinflammatory molecules such
as TNFa and IL-6 (Zhao 2014). The recent demonstration that C4a binds the receptors PAR1
and PAR4 suggests a biological significance of the molecule, with a capacity to induce ERK
signalling and Ca%* mobilisation as well as affecting endothelial permeability (Lambris, Ricklin

and Wang 2017).



The larger fragment, C4b becomes anchored to the target cell surface through its reactive
thioester group, which becomes exposed upon cleavage, allowing it to remain fixed adjacent
the C1 complex. C2 binds fixed C4b and is presented for Cls cleavage, releasing a fragment
C2b while the enzymatic fragment C2a remain bound to form the classical C3 convertase,

C4bC2a (Mathern and Heeger 2015).

1.2.4 The Lectin Pathway

The second activation pathway of the complement cascade is the Lectin Pathway (LP) which
is comparable, although not completely analogous, to the classical pathway. Mannan binding
lectin (MBL) is a member of the Collectin family of proteins (alongside SP-A and SP-D) encoded
on a gene cluster on the long arm of chromosome 10 in humans and is the prototypical
activator of the Lectin pathway (Ip et al2000). The structure of the MBL monomer comprises
a cysteine rich N terminal domain, multiple collagen repeats and a C terminal "neck” domain
which orientates the six globular recognition heads in to the correct geometry. However, In
Vivo, MBL associates into different oligomeric states, including dimers, trimers and hexamers

(Turner 1998).

A second, less well characterised group of activators of the lectin pathway are the multimeric
lectin Ficolin family, consisting of three members (H, L and M Ficolin) which are highly
homologous to MBL, demonstrated in Figure 1.3. Ficolins recognise acetylated moieties on
the cell surface including N-acetyl-Glucosamine and N-acetyl-Galactosamine - allowing
recognition of a range of pathogens including Escherichiacoli, Staphylococcuaureusand
Salmonellatyphimurium (Matsushita 2013). Furthermore, the recognition of human
cytokeratin, exposed after endothelial oxidative stress, demonstrates a potential mechanism
of recognition of "altered self" cells and a route for activation of complement in response to

oxidative stress and ischaemia (Osthoff et al2018).
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Figure 13— Comparative schematic structures of MBL (Top) and Ficolins (Bottom), which highlights their structural similarity
to C1q shown previously (Imagdited from Matsushita and Fujita 2002)

MBL is synthesised in hepatocytes before secretion into plasma, where it can induce
complement activation via interactions with a range of pathogens. These can include both
gram negative and gram-positive bacteria, viruses, parasites and yeasts - alongside the
fundamentally important property of distinguishing healthy self from apoptotic/necrotic and
non-self-cells (Takahashi 2005). Upon infection, serum levels of MBL increase 2-3-fold,
indicating that it is an important acute phase response protein (Dommet, Klein and Turner
2006). The process of target recognition by MBL is dependent on the geometry and spatial
orientation of carbohydrate binding domains on the target cell surface, and the differences
in composition and orientation between these and the arrangement of glycoproteins on a

human cell allow specificity of MBL targeting (Takahashi 2005).

Upon activation via binding to correctly orientated carbohydrate residues on the cell surface,
MBL oligomerisation is fundamental to activity, with the carbohydrate recognition domains
(CRDs) forming high avidity, polyvalent interactions with the ligands and providing a platform
for the interactions required for MASP activation (Laursen 2012). Three forms of MASP's are
present in the MBL immunocomplexes, MASP1 - 3 alongside a further truncated form of

MASP2 known as sSMAP. Of the associated MASPs, MASP-2 has been highlighted as the central



(and possibly only necessary) form for activation (Takahashi 2008). The roles of MASP-1 / 3

seem to be more subsidiary and supportive or regulating to the activity of MASP-2.

1.2.5 The alternative pathway

The final activation pathway of the complement system, known as the alternative pathway
(AP), is fundamentally different from the homologous classical / Lectin pathways. The
labelling of the AP as a distinct pathway is something of a misnomer because it is in fact the
central complement amplification loop. The AP operates via a distinctly separate mechanism
to create a differently constituted, but functionally identical C3 convertase. It should be noted
that whilst most molecules within the Classical/ Lectin pathways have homologues or
domains of similar function, the alternative pathway has three unique components in the

forms of Factor B (FB) Factor D (FD) and Properdin (FP).

In contrast to the other pathways which require specific antibody: protein/carbohydrate:
protein interactions to induce pathway activation, the AP undergoes a low rate of continuous
activation equalling roughly 1% of total C3 / hour, termed "tickover" (Thurman 2006). The
"tickover" theory of C3 activation in the alternative pathway originated in the 1970's; slow,
spontaneous hydrolysis of C3 in the fluid phase by nucleophilic attack of water to yield C3H,0
(Lachmann and Nichol 1973; Pangburn et al 1981; Daha 2013). This attack creates a more
open structure in the C3d region which in turn facilitates the interaction of C3H,0 with factor
B (FB) (Winters 2005). FB bound to C3H.0 is cleaved by the serum protease factor D (FD) to
yield the fluid-phase convertase C3H,0Bb.

FB is a 93 kDa glycoprotein which binds C3b in the presence of Mg?*and is then cleaved by FD
(Lambris and Muller-Eberhard 1984). FB binding to C3b induces an open conformation,
exposing the scissile loop in FB that FD cleaves, releasing the Ba fragment from the complex
(Forneris et al 2010). Bb bound to immobilised C3b comprises the amplification loop C3

convertase (C3bBb).
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FD is a small (25 kDa) single domain chymotrypsin-like protease that circulates in a self-
inhibited form via its loop domain that disrupts the catalytic triad of the protease. This causes
an increased distance between catalytic residues by forming a salt bridge with Asp 177 of the
S1 substrate binding pocket, the displacement of which upon enzyme activation is crucial for
catalytic activity (Forneris et al 2010). Plasma concentrations of FD are the lowest of any
complement component, indicating its importance in the regulation and activation of the AP,

maintained by a high rate of turnover within the blood (Katschke et al 2012).

The C3 convertase (C3bBb) is stabilised by properdin, a 53 kDa, highly positively charged
molecule synthesised in a range of cell types (unlike most complement factors which are
predominantly hepatocyte synthesised) which in vivo oligomerises into dimers, trimers and
tetramers by head to tail association of the monomer units (Agarwal 2010). Properdin was
the first, and for a long time only, established positive regulator of complement activation,
prior to the recent discovery of FHR1 acting as a competitor for FH binding to the C3
convertase and therefore reducing delay acceleration factor activity (Reuter et al 2010).
Properdin functions by forming a curving vertex around the C3 convertase via interactions
with both C3b and Bb that displaces the C3b thioester domain (TED), thus occluding the
binding sites of convertase inhibitors, resulting in an increase in C3bBb half-life up to 10-fold
(Alcorlo et al 2013). Further roles for properdin in the induction of cell signalling and later

stages of complement regulation have been postulated but are still controversial.
Therefore, C3 convertase initiates the amplification loop of the alternative pathway;

irrespective of the initial activation pathway, the amplification loop is responsible for around

80-90% of complement effectiveness (Lambris and Ricklin 2016).
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1.3 - Regulation of complement activation

1.3.1 Regulation of Classical pathway activation

The initial stages of complement activation are regulated by C1 inhibitor (C1-Inh), a potent
down-regulator of complement activation and inflammatory processes in the blood (Beinrohr
2007). The 105 kDa protein is present in plasma at around 0.24 g/L, indicative of an important
and widespread role (Caliezi et a 2000). C1-Inh, a member of the Serpin family of inhibitors
of cysteine and serine proteases, functions via a non-competitive mechanism by acting as a
pseudo substrate for the enzyme, locking the active site in an intermediate, non-functional
state (Patston et al 1991). This binding causes changes within the Serpin structure that
irreversibly inactivate the enzyme and expose clearance and degradation epitopes that

facilitate complex removal (Cugno 2009).

The effects of C1-Inh deficiencies, which manifest in the condition Hereditary angioedema
(HAE), highlight the importance of early stage regulation of complement. HAE is caused by an
autosomal dominant mutation within the C1-Inh gene, which results in serious symptoms,
predominantly in recurrent swelling of the skin (angioedema), occasionally involving mucosa
of the upper airways or bowels, which can be life threatening (Gower et al 2011). The
administration of recombinant or purified C1-Inh for the treatment of HAE is a mainstay of
prophylactic treatment alongside attenuated androgens. The role of Cl-Inh in HAE is
independent of its complement regulatory function; loss of regulation of coagulation by C1-
Inh, specifically activation of FXIl and the subsequent release of Bradykinin, drives the

condition (Gower et al2011).
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1.3.2 Regulation of the C3 convertases

The C3 convertases C4bC2a and C3bBb are labile and decay with time; nevertheless, there
are several proteins in plasma and on cell surfaces that function to further regulate the
convertases. The key regulator is Factor | (Fl), a heterodimeric, heavily glycosylated serine
protease present in plasma in an inactive zymogen form at relatively high concentrations (~35
ug/ml) (Alba-Dominguez et al2012). Fl, in the presence of appropriate cofactors, cleaves C3b
or C4b to inactive forms (iC3b, iC4b and smaller fragments) that are incapable of forming
convertase. Inactivation of C3b prevents a spiralling of the positive feedback loop within the
alternative pathway and hence C3 depletion through uncontrolled activation. The
degradation products of FI mediated C3b/C4b cleavage have specific roles in the modulation
of phagocytosis and induction of the acquired immune response (Roversi et al 2011). A
schematic of the sequential proteolytic cleavage of C3 into subsequent fragments is shown in

Figure 1.4.

Proteolytic inactivation by Fl + cofactors

Cofactors:
FH

MCP

CR1

Cdbp

Activation

Figure 14. The roles of FIFH asofactors in the proteolytic degradation of C3b to inactive C3 products as well as mediating
delay accelerating activity of the alternative pathway C3 convertase, increasing Bb dissociation rates and thus thhibiting
amplification of the AP
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For AP regulation Fl is highly dependent on factor H (FH) as co-factor; FH also regulates by
accelerating the decay of AP convertases. FH plasma concentrations are relatively high, up to
300 pg/ml, highlighting its importance; FH deficiency in man and mouse leads to spontaneous,
complete C3 consumption (Schreiber et al 1978; Fakhouri et al 2010). Beyond FH total
deficiency, a diverse range of single nucleotide polymorphisms (SNPs) in FH can incur different
levels of activity. The most well characterised FH polymorphism is Y4A02H, a strong genetic risk
factor for AMD. Despite the large genetic load of Y402H risk for AMD, the mechanism was
unclear. The polymorphism does not alter FH affinity for C3bBb or affect AP convertase
regulation; however, Y402H mutation may alter interactions with CRP, sulphated
glycosaminoglycans and other cell surface proteins, reducing FH association with the
membrane (Hageman et al 2005). This was subsequently demonstrated to be important for
FH binding to Bruch’s membrane via Heparin sulphate, with a different region of FH being
implicated in binding to the differently sulphated GAG’s in the kidney, suggesting the
mechanism by which Y402H confers AMD risk (Clark et al2013).

The observation that the complement polymorphisms has been further explored beyond
Y402H, with the array of SNPs in an individual cumulatively strongly affecting complement
activity. This concept of an individual’s array of complement SNPs conferring a higher or lower
level of complement activity generated the complotype hypothesis. The complotype concept
suggests the range of common polymorphisms in any individual affect the overall activity of
the system and may predispose the individual to complement mediated disease or increased
susceptibility of infection, depending on the balance of the SNPs. The combinations of
common SNPs in complement AP components generate up to a 6-fold difference in
haemolytic activity, demonstrating that individual small changes in activity may cumulatively

have profound effects (Harris et al 2012).

FH therefore acts as something of a “reverse recognition” marker by binding to and protecting
cells expressing self-epitopes (polyanionic molecules such as sialic acid and
glycosaminoglycans) but not foreign cells lacking the required recognition markers (Ferreira
et al 2010). Furthermore, FH recognises markers of apoptosis such as DNA and the
cytoplasmic phospholipid annexin Il. The binding of FH in this instance regulates complement

activation and C3b deposition resulting in opsonisation by phagocytes whilst preventing
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excessive inflammatory responses or the release of intracellular autoantigens in the
surrounding environment (Trouw et al 2007). The involvement of FH in self-recognition is
highlighted by the presence of autoantibodies against FH in a range of rheumatic diseases
including RA, SLE and aHUS — although the mechanism by which FH is aberrantly recognised

in these conditions is unclear (Zadura et al2012).

1.3.3 Membrane bound C3 convertase regulation

On cell surfaces, C3 convertases are controlled by two proteins working in tandem, CD55 and
CD46. CD55 (decay accelerating factor/DAF) is formed of four short consensus repeats (SCRs)
followed by a short, heavily glycosylated stalk region and a GPI anchor (Weller and Wang
1994). Binding of CD55 to the C3bBb or C4b2a convertase leads to accelerated decay by
displacing the enzymatic component (Harris et al 2007). CD46 (membrane cofactor protein;
MCP) is a ubiquitous membrane bound glycoprotein regulator present on all nucleated cells,
with multiple roles in the co-ordination of innate and adaptive immune responses (Yamamoto
et al 2013). CD46 also has an important role in modulation of inflammation, importantly in
the context of this work, through priming of NLRP3 and induction of changes in cell
metabolism (Arbore and Kemper 2016). In complement regulation, CD46 acts as a cofactor

for Fl cleavage of C3b and C4b, thus irreversibly inactivating the C3 convertase.

The C3 convertase generated either by the classical/lectin (C4b2a) or the alternative (C3bBb)
pathways acts as a focal point of the complement pathway, uniting the three activation
mechanisms and inducing a common downstream response. It should be noted however that
the alternative pathway has the unique ability to self-amplify in a positive feedback loop, C3
convertase generating more C3b which may be deposited on the target cell surface via its
thioester bond, leading to further FB binding and convertase generation. This amplification is
crucial for all activation pathways, with C3b generated from a CP convertase capable of
forming an AP convertase to allow signal propagation, with amplification dependent on the

balance between activation and inhibition (Lachmann 2009).
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1.3.4 C3b, opsonisation and cell signalling

C3b and its degradation products iC3b, C3c and C3dg also have crucial roles as opsonins to
facilitate phagocytosis of bacteria or dysfunctional host cells, with all C3 derived ligands and
receptors shown in Figure 1.5. Although phagocytes are capable of PAMP and DAMP
recognition directly, the diversity and effectiveness of the phagocytic response can be
modulated by the presence of opsonins. C3 products, as well as other complement proteins
such as C1q, have been shown to activate macrophages in vitro (Ezekowitz et al 1985; Bobak
et al 1988). Interestingly, the interactions of C3b with membrane acceptors is selective for
non-self surfaces, dictated by factors such as the position of primary hydroxyl groups on
sugars and specific residues on proteins as points of interaction (Sahu 2001). This selectivity
focusses C3b deposition onto bacterial, altered or immune complex coated surfaces,
therefore limiting downstream “collateral damage” to healthy cells. The recognition of C3b
and its degradation products is mediated by members of three gene super families; the
regulators of complement activation (RCA) family short consensus repeat (SCR) module-
containing CR1 and CR2, the Pj-integrin family members CR3 and CR4 and the

immunoglobulin-like receptor family member CRIg (Campange et al 2007).

SCR-containing receptors CR1 and CR2 recognise both C3b and C4b through distinct sites each
comprising three SCR repeats. The expression level of CR1 (also known as CD35) was found
to be crucial for erythrocyte mediated immune complex clearance to the liver and spleen
where hepatic / splenic macrophages strip the complexes from erythrocytes and elicit an
immune response through antigen presentation (Krych-Goldberg and Atkinson 2001)
(Liszewski et al 2015). Monocyte/macrophage binding of C3 fragments involves initial
interaction with CR1 followed by crosstalk with CR3 to induce the phagocytic process. The
exact interactions of the receptors and the intracellular morphological remodelling machinery

required for pathogen uptake remains unclear (Rittig et al 1998).
CR3 is also the predominant regulator of phagocytic uptake of cholesterol crystals (CCs) in the

atherosclerosis model, where CR3 expression on granulocytes and monocytes was increased

by C5a and correlated strongly with inflammasome activation and cytokine production,
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demonstrating the importance of the phagocytic response in the mediation of inflammation

(Samstad et al2014).

Phagocytic cell

YchG () c3b/cab

2%

w CR2/3/4 | «o

I 1gG
*%s

l MBL/MASP
t CR1
Phagocytic cell |ﬂ| FC
receptors

%%mmn >~

Figure 15 — The array of complement activatiomquuctsand receptors mediating opsaaition and phagocytosig-igure
based orimage in Dunkelberger and Song 2p10

1.3.5 C3a and C5a function

From the central C3 convertase the first potent anaphylatoxin is generated, C3a. The
anaphylatoxins C3a and C5a are strikingly similar molecules with similar polypeptide chain
lengths, high sequence homology, similar charge and a core structure based on four helix
bundles, and therefore, will be addressed together (Nettesheim et al 1988). The subtle
differences between the anaphylatoxin structures are highlighted in Figure 1.6. C3a and C5a
induce potent effects, including inducing tachycardia, neutrophil mobilization, monocyte
cytokine secretion, altered microvasculature permeability and vasodilation, smooth muscle
contraction and mast cell degranulation (Verschoor et al 2016). These effects are mediated
by their interactions with their respective receptors (C3aR, C5aR1 and C5aR2). The C3aR is

highly specific for C3a with a Kd of 1 nm and has limited affinity for C3a-desArg or C5a;
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selectivity is highly dependent on the large second extracellular loop and sulphation of Tyr174
(Gao et al2003). C3aR activation triggers downstream intracellular signalling via activation of
heterotrimeric G-proteins in a cell dependent manner, with different G-proteins involved in
different cell types (Schraufstetter et al 2003). These in turn trigger various potent signalling
cascades including MAPK, PLC and AKT, leading to cytokine activation and release

(Venkatesha et al 2005).

C3a/C5a activities are controlled by carboxypeptidases in plasma that inactivate by cleavage
of terminal arginine residues (Klos et al 2009). The generated C3a-desArg is incapable of
interacting with C3aR in any form, although C5a-desArg retains around 10% of its functionality
(Campbell et al2002). Although C3a-desArg cannot bind C3aR1, it has been demonstrated to
bind C5aR2 and mediate a range of effects within lipid metabolism and intracellular pathways

(Kolev and Kemper 2017).

Conserved regions

Variable regions

Figure 1.6- Structures of G8 C4a and C5a highlighting the conserved helical structure between thhydatoxins, with the
major variation occurring in the-1 helix as highlighted (Imagslitedfrom Bajic et al @12)
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1.3.6 The generation of C5a

The generation of a C5 convertase from any of the activation pathways C3 convertases is
dependent on the covalent binding of an additional C3b with the non-catalytic subunit of the
convertase to create C5 convertases, C4b2a3b or C3bBbC3b. The additional C3b alters the
substrate specificity of the convertase from C3 to C5, allowing C5 cleavage and initiation of
the terminal complement pathway (Pangburn and Rawal 2002). The importance of C5 is
highlighted by the exceptionally low numbers of C5 deficient individuals within the
population, with a pronounced increase in susceptibility to meningococcal infection being a

prominent symptom (Arnaout et al2013).

1.3.7 C5a signalling through C5aR1

The effects of C5a binding C5aR1 are far more clearly elucidated than the relatively enigmatic
C5aR2. C5aR1 is a classical G protein coupled receptor (GPCR) which mediates its cell
signalling effects through Go and Gie subunits (Monk et al 2007). C5aR1 was originally
reported to only be expressed on leukocyte cell lineages such as neutrophils and monocytes;
however, it has now been shown to be expressed on a range of non-immune cells, including
fibroblast-like synoviocytes (Yuan et al 2003). Activation of the GPCR induces signalling
predominantly through GB / Gy subunit translocation in the membrane allowing activation of
a range of downstream signalling cascades including cAMP, ERK, PLC and RAS/RAF (Ward
2004). Interestingly, the exact pathways induced vary between cell types, for example, the
cAMP response, prominent in neutrophils and hepatocytes, is markedly reduced in dendritic
cells and monocytes (Ward 2004; Peng et al 2009; Li et al 2012; Das et al 2014). These
differences in cAMP activity between cells can also be demonstrated in other aspects of cell
signalling. C5a is classically a highly pro-inflammatory mediator, causing upregulation of IL-8,
IL-1 and IL-6 in HUVECs and neutrophils (Shuster et al1997; Monsinjon et al 2003); however,
in LPS primed monocytes C5aR signalling modulated TLR4 signalling via Gai/ Raf/MEK/ERK,
downregulating the IL-6 and TNFa pro-inflammatory response and inducing IL-10 release, a
potent anti-inflammatory cytokine (Seow et a 2013). Some of the conserved, central C5aR1

mediated signalling pathways are highlighted in Figure 1.7.
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Figure 1.7. Cell signalling transduction in neutrophils induced by C5aR1 GPCR activation, including the synthesis of
inflammatory mediators suchsa_eukotrienes and Thromboxane (Imageivedfrom Ward 2004).

C5a also induces pro-inflammatory effects in non-immune cells, including interactions and
synergisms with the Toll like receptor (TLR) family of pattern recognition receptors (PRRs) and
the cell danger sensing and inflammatory machinery of the inflammasome. This centrality to
a plethora of inflammatory signalling pathways is then mirrored in C5a involvement in a wide
range of pathological conditions, for example, atherosclerosis, chronic obstructive pulmonary
disease, asthma and allergy, ischaemia / reperfusion injury and RA; hence, targeting of C5aR
or modulation of C5a signalling are areas of intense interest in therapeutic development (Lee

et al2008).



1.4 — The complement terminal pathway

1.4.1 MAC intermediates and formation

The role of the larger C5 fragment, C5b, is to form the nidus for the terminal complement
components to assemble into the lytic membrane attack complex (MAC) pore leading to
target cell rupture and death (Nauta et al 2002). C5b binds C6 to form C5b6, a stable
intermediate complex which can associate with target plasma membranes through
hydrophobic interactions (Cooper et al 1970; Hu et al 1981). C7 can then bind the complex,
increasing its lipophilic properties and strengthening association with the membrane
(Tschopp, Podack and Muller Eberhard 1982). The interactions of C5b-7 with the membrane

only involve the outer lamella of the bilayer; therefore, C5b-7 has no lytic capability.

The binding of C8 to membrane-associated C5b-7 C5b causes a deeper insertion of the
complex into the bilayer. C5b-8 complexes act as small, unstable pores that may induce ion

flux in some targets (Ramm et al 1982; Niculescu and Rus 2001).

The final requirement for effective transmembrane pore formation is binding and
polymerisation of multiple C9 molecules; individual C9 molecules sequentially bind, unfold
and insert into the membrane, assembling a B—barrel pore resembling the T cell pore former
perforin (Hadders et al 2012; Arber et al 2013; Bubeck 2014). The mechanism of C9
multimerisation was recently demonstrated, with the TMH1 region acting as an inhibitor of
C9 self-assembly in the absence of C5b-8 and upon C5b-8 binding. The TMH1 region is the
first region of C9 to traverse the cell membrane, with the subsequent conformational change
upon membrane interaction allowing the unidirectional binding of further C9 molecules
(Spicer et al2018). Once the MAC is assembled, the large multimeric complex is over 1 MDa
in mass and over 10 nm in pore diameter (Tschopp 1984). A schematic of sequential MAC

formation is shown in Figure 1.8
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2. C7 binds to C5b6 to generate
C5b67. C5b67 has increased
lipophilicity and interacts with the

1. 5 convertase upper bilayer of the cell membrane
generated C5b binds

C6 to generate C5b6

3. C8 binds to C5b&7 to
generate CSb678. C5b678
disrupts the upper leaflet of
the lipid bilayer and can result
in signalling events in some cell
types.

Figure 1.8. Schematic s¢quentiacomplement terminal pathway intermediaend subsequeMIAC formation on a
nucleated cell surface
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1.4.2 MAC structure and lytic effects

The exact structure of MAC pores was long debated; however, recent advances in imaging
techniques have generated new MAC structure which provide clarity and insight into function.
Utilising cryo-EM of MAC extracted from liposomes has clearly demonstrated an asymmetric
pore with a “split washer” appearance, posing interesting new questions relating to MAC

structure / function (Menny et al2018).

The MAC transmembrane channel is a non-specific ion channel allowing K* efflux, Ca?* influx,
osmotic swelling and ultimately cell lysis. Classically, cell death in response to MAC was
hypothesised to be mediated through osmotic lysis due to perturbation of the chemiosmotic
homeostasis maintained by the intact cell membrane; however, a recent paper hypothesised
that bacterial cell death was in fact induced by the build-up of methylglyoxal from glucose
metabolism which cannot be detoxified because of the altered biochemical composition of

the cytosol (Bloch et al2011).

In contrast, self-cells have a range of mechanisms that protect from MAC induced cell death
and consequently do not usually undergo cell lysis in a similar manner to gram negative
bacteria due to the regulation of MAC deposition. However, when MAC is deposited to a level
which induces cell death in nucleated cells, different mechanisms of killing may occur,
including apoptotic and necrotic pathways (Kim et al 1987; Bohana-Kashtan et al 2004).
Necrotic cell death induced by MAC is Ca?* dependent, with loss of AMP, ADP and ATP and
loss of inner mitochondrial membrane potential contributing factors (Papadimitrou et al
1991). Other potential mechanisms behind MAC mediated nucleated cell death will be

discussed later in the context of NLR activation.
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1.5 — Regulation of the complement terminal pathway

As mentioned previously, MAC deposition on metabolically active, nucleated cells is
predominantly sublytic due to a range of protective mechanisms (Rutkowski et al2010). These
mechanisms can be broadly subdivided in to regulation of the preceding complement cascade
to reduce MAC formation, regulation of MAC deposition by specific fluid and membrane
bound inhibitors, MAC removal through endocytosis or exocytosis, and finally mitigation of
the lytic effects of the MAC through normalisation of the induced chemiosmotic gradient
(Lakkaraju et al2014). Therefore, the regulation of complement terminal pathway activation

is crucial for the protection of self-cells.

1.5.1 — Regulation of MAC formation by CD59

The predominant membrane regulator of the MAC is CD59, a small (around 20 kDa; 77 amino
acids), GPI anchored, globular glycoprotein (Kimberley, Sivasankar and Morgan 2007). The
glycosylation of the molecule is extensive, with a single N-linked glycosylation site at the Asn
18 which accounts for between 4 and 6 kDa of the molecular mass (Wheeler et al2002). The
functional importance of this extensive and heterogenous carbohydrate moiety is unclear,
with some studies suggesting an important functional role (Suzuki et al 1996), whilst others
report no such role (Yu et al1997). The structure of CD59, including the highlighted extensive

glycosylation is shown in Figure 1.9.
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CD59 inhibits MAC formation by tightly binding to the membrane-bound C5b-8 complex,
preventing the subsequent C9 polymerisation and unfolding to form the mature MAC (Meri
et al 1990). Despite CD59 binding to the C5b-8 complex, a single C9 molecule may still bind
but is prevented from unfolding thus preventing further C9 recruitment and MAC pore
formation. Binding of CD59 to C5b-8 involves a hydrophobic pocket, highlighted by both

mutational and peptide docking assays (Huang et al 2006).

The biological significance of CD59 is clear when cases of CD59 deficiency are considered,
most notably in the case of PNH. PNH occurs due to a clonal expansion of hematopoietic stem
cells with a mutation in the PIGA gene, resulting in the deficiency of the encoded GPI anchor
synthesising protein (phosphatidylinositol N-acetylglucosaminyltransferase subunit A), which
in turn prevents the effective expression of GPl anchored proteins such as CD55 and CD59.
The resulting deficiency of these complement regulators, most notably CD59 as a missense
mutation in humans in CD59 alone result in chronic haemolysis and neuropathy, allows
dysregulated complement activation on the erythrocyte surface and complement mediated

haemolysis (Nevo et al 2013; Brodsky 2014; Mevorach 2015). CD59 expression, whilst
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ubiquitous, is also subject to modulation. Cell surface levels of CD59 have been demonstrated
to be elevated on activated neutrophils in response to formyl like peptide or calcium
ionophore A23187, likely due to translocation from cytosolic stores (Okada et al 1994). A
putative intracellular role for CD59 was demonstrated in the translocation and secretion of
insulin from pancreatic B cells, with the loss of CD59 preventing VAMP/syntaxin 2 complexes

forming at the cell membrane and limiting exocytic events (Krus et al2014).

A soluble form of CD59 (sCD59) is also found in plasma, released from cells by GPI anchor
cleavage. sCD59 was shown to be an effective inhibitor of MAC formation In Vitro (Sugita et
al 1994), but a poor inhibitor In Vivo (Lambris et al2012). Despite this sCD59 has been shown
to reduce disease in a mouse model of AMD. Mice injected with recombinant sCD59 exhibited

reduced choroidal neovascularisation, a hallmark of wet AMD (Bora et al2007).

Alongside its regulatory function, CD59 may also be intrinsically linked to complement
induced cell signalling by its GPI anchor. It was demonstrated that when CD59 was bound to
or crosslinked through Vaginolysin, CD59 could act as a signalling platform for tyrosine
kinases such as SYK, resulting in necroptotic cell signalling (La Rocca et al 2015). CD59
crosslinking and signalling may also be reproducible by other CD59 ligands such as MAC, with
CD59 binding both C5b8 and C9 in the nascent MAC it is feasible that two CD59 molecules
may bind to the same MAC complex. A schematic of a postulated CD59 signalling mechanism
is shown in Figure 1.10. Furthermore, MAC deposition induced CD59 clustering in CHO-K1
cells by stabilising homotypic CD59 ectodomain interactions, making cell signalling via CD59
an area of interest in terms of MAC induced cell responses (Suzuki et al 2012). Therefore,
when trying to dissect apart the mechanisms of sublytic MAC induced cell signalling, the role
of CD59 must be considered, especially as previous studies have utilised anti-CD59 antibodies
as complement activating and fixing agents — therefore using a system with no anti-CD59

antibody use or CD59 deletion would demonstrate any GPl anchor mediated signalling effects.
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Figure 110 - CD59clustering proposed by Suzuki et al in responddA€ deposition, via stabilisation of homotypic CD59
ectodomain interactionsvithin the ligd raft membrane microenvironment (Imagg CD59 sourced froiHill et al 2006,
proposed signallinfrom Suzuki et al 2012)

1.5.2 - Fluid phase regulation of MAC

Fluid phase regulation of MAC formation is medicated by Clusterin and Vitronectin, which
both regulate the process at the C5b-7 stage. Binding of Clusterin / Vitronectin to C5b-7
prevents the insertion of the complex in to the membrane but allows the further binding of
C8 and C9 to form a soluble MAC complex (sC5b-9). The binding of Clusterin / Vitronectin
prevents the soluble MAC from interacting with the cell membrane, subsequently inhibiting
lytic capacity (Choi et al 1990). The process of inhibition is dependent on recognition of
hydrophobic domains in C7 and the B subunits of C8 and C9, the latter dependent on folding
of the molecule, with poly-C9 competing with the Clusterin binding site (Tschopp et al 1993;
Chuahan and Moore 2006).
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1.5.3 - Membrane repair and MAC removal

The final mechanism of defence of nucleated cells against MAC is through the removal of MAC
from the membrane by endocytosis or membrane shedding followed by repair of the

membrane (Campbell and Morgan 1985; Morgan, Dankert and Esser 1987).

The shedding of MAC through exocytosis or ectocytosis has been shown in a range of cell
types, including neutrophils and various cell lines (Morgan et al 1987; Pilzer and Fishelson
2005). Exocytosis and ectocytosis of MAC occur via different mechanisms; ectosomes form
through pinching off regions of the membrane, whereas exosomes require internalisation and
sorting into multivesicular bodies (MVBs) before release from the cell; these differential

processing pathways are illustrated in Figure 1.11 (Yellon and Davidson 2014).

Ectosome
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Multi vesicular
body

e

Figue 1.11- Schematic of MAC ectosome, endosome and exosome formation and sorting within multivesiculaCiipdies (
EM image of the MAC sarad from Menny et al 2018gure based on Image of MAC internalisatfoom Pilzeret al 2005)

28



The initial Ca?* flux induced by the MAC is crucial for signalling MAC expulsion, with chelation
of intracellular Ca?*inhibiting the removal of the lesions and increasing cell death (Carney et
al 1985; Morgan and Campbell 1985). The mechanism by which Ca?* mediates the removal of
MAC lesions from the membrane involves kinase activation, with inhibition of ERK being
shown to decrease the rate of MAC exocytosis (Pilzer et al 2005). Further clues to the
mechanism of MAC lesion removal can be discerned from experiments utilising the bacterial
pore forming toxin streptolysin. Streptolysin induced Ca?* flux resulted in annexin binding to
membrane phospholipids to cause the aggregation and membrane fusions necessary for

effective streptolysin pore removal (Babiychuck et al2011).

The endocytosis of MAC lesions is a well-established phenomenon within the field of
complement biology, with the internalisation and subsequent exocytosis of MAC lesions
shown on neutrophils upon complement attack back in the 1980’s (Morgan et al 1987). The
role of endocytosis in MAC lesion removal may be two-fold. Firstly, allowing the sorting and
enrichment of MAC in to MVBs before their subsequent exocytosis, or alternatively allowing
the internalised MAC to be degraded or potentially induce intracellular signalling events (De
Wit et al 2015). Endocytosis of receptor: ligand complexes is a common feature in the
mediation of cell signalling, which generally occurs via a Clathrin mediated endocytic pathway
(Mbengue et al 2016). However, the processes mediating MAC internalisation and
endocytosis are controversial, with both conventional Clathrin endocytic pathways and
Clathrin-independent mechanisms dependent on lipid rafts containing Caveolin-1 and
Dynamin-2 both being implicated (Kerjaschki et a 1989; Moskovich et al 2012). The latter
paper implies that Clathrin has no role in MAC endocytosis, as siRNA knockdown of Clathrin
had no effects on MAC endocytosis or cell death; further work is needed to understand this

process more clearly.
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1.6— Sublytic MAC mediated cell signalling

Due to the defence mechanisms described above, nucleated cells exposed to MAC usually
avoid the cytolytic effects suffered by bacteria or aged erythrocytes. However, the
disturbances to cellular physiology induced by sublytic MAC cause a range of responses,
including the mediate of secretion, degranulation, adherence, aggregation, chemotaxis and

proliferation (Morgan 1989; Zhu et al 2017).

In an increasing and diverse range of pathologies, deposition of sublytic MAC is implicated as
a driver of the inflammation; these include atherosclerosis, cancer, Alzheimer’s disease and
RA (Lewis et al 2010; Pio, Ajona and Lambris 2013; Romero et al 2013). Unsurprisingly, given
the range of potential effects of sublytic MAC, the mechanisms by which it induces
pathologies is diverse. For example, in certain cell types sublytic MAC deposition induces
apoptosis, resulting in tissue damage and loss of organ function. In a model of
mesangioproliferative glomerulonephritis, sublytic MAC induced glomerular cell apoptosis
through activation of Caspase 8 and upregulation of the IRF transcription factor (Liu et al
2012). Similarly, in photoreceptor cells, sublytic MAC triggered apoptosis and increased
sensitivity to necrotic pathways induced by staurosporine, a broad range kinase inhibitor (Shi

et al2015).

In contrast, in other cell types, including aortic smooth muscle, endothelial cells and Schwann
cells, sublytic MAC deposition inhibited apoptosis and induced proliferation (Tegla et al2011).
The induction of proliferation by sublytic MAC is mediated by several mechanisms, including
RAS/RAF and AKT mediated pathways. Some reports suggest that intracellular signalling
cascades are activated even before the completion of the MAC pore, with C5b-7 implicated
in the activation of membrane phospholipases and cAMP signalling, although the exact
mechanism of how the loosely membrane associated C5b-7 induced signalling events was not
explored (Carney et al 1990). Further anti-apoptotic mechanisms induced by sublytic MAC
include the induction of the RAS/RAF, ERK, p38MAPK, JNK and Gi/ G, G-protein activation;
these multiple pathways are summarised in Figure 1.12. Anti-apoptotic effects of MAC may

correspond to the observed enhancement of cell cycle, involving increased CDK-2 and CDK-4
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signalling, whilst reducing p21 cell cycle inhibitor mRNA expression (Rus, Nicolescu and Shin

1996).

Many of these signalling pathways are driven through differential cell type responses to
sublytic MAC mediated elevation of intracellular Ca?*, caused by chemiosmotic gradient
between the cytosol and the extracellular fluid, which becomes disrupted by the nonspecific
MAC pore (Morgan 1989) . The level of elevation, the duration of Ca?* flux and the cell specific
signalling machinery mediates the effects Ca?* and may determine which of these contrasting
cell fates occurs. Whilst Calcium may activate a raft of associated kinases and signalling
pathways, the direct binding of Calcium ions to protein structures can have large effects on
pore both structure and function, which may have direct implication on activation of NLRP3

and associated inflammasome components (Yaron et al 2015).

KV 1.3
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Figure 112. Prosurvival signalling pathways activated in different cell typgsiblytic MAC. The associatiasf MAC with
Gio subunits to drive RAS/RAF is still controversial, however the influx of calcium may also activate MREBK/E&®I
signalling (Imagelerived from Tegla et al 2011).
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The contributions of the pro-inflammatory effects of sublytic MAC and the anaphylatoxins to
disease pathology are increasingly implicated in a broad spectrum of diseases. Complement
knockout mice show decreased inflammation in models of inflammatory disease, such as
collagen antibody-induced rheumatoid arthritis. In this model, clinical severity of this
inflammatory autoimmune condition was compared between WT and C3aR -/-, C5aR -/- and
C6 -/- mice, with the severity scoring decreasing by 52, 94 and 65% for each respective
knockout (Banda et al 2012). These data highlight the importance of complement as a pro-

inflammatory driver of the innate immune system, in some cases to a pathological level.

The signalling pathways induced by the anaphylatoxins and sublytic MAC are part of the
larger, complex network of innate immune system driven signalling pathways. Within this
network, complement signalling acts both synergistically and antagonistically with a range of
other receptors including Toll like receptors (TLRs), Rig like receptors (RLRs), Nod like
receptors (NLRs) and other effectors such as C-reactive protein (CRP). For the signalling
impact of complement to be fully appreciated, the interactions with these other mechanisms
need to be realised; therefore, anaphylatoxin and sublytic MAC cell signalling will be revisited
once these others have been highlighted in the following section. Some of the diverse array

of signalling pathways activated by sublytic MAC are shown in Figure 1.13.
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1.7 - Nod like Receptors — background, signalling and disease.

Nod like receptors (NLRs) are a versatile family of intracellular receptors with a broad range
of functions, ranging from antigen presentation and modulation of inflammation to
embryonic development and sensing cellular metabolic changes (Motta et al 2015).
Evolutionarily, NLRs are well conserved and orthologs are found across much of the animal
kingdom (Lange et al 2011). The NLR family in humans is diverse, comprising 22 members
with specific functions dependent on ligand specificity and effector functions, each

determined by individual domains in the molecular tripartite structure. Upon activation the
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autoinhibited monomeric inflammasome-forming NLRs oligomerise to form the characteristic
pinwheel-shaped active inflammasome structure, leading to cell signalling and cytokine

secretion events (Lechtenberg et al2014).

As mentioned, numerous NLRs perform vital roles within the body; however, the most well
studied, ubiquitously expressed and pathologically relevant NLR is NLRP3. Dysregulation of
NLRP3 can perpetuate chronic inflammation through cytokine maturation and secretion and
the induction of pyroptosis and is implicated in classical cryopyrinopathies such as Muckle-
Wells syndrome, neonatal-onset multi-system inflammatory disease (NOMID) and more
common pathologies such as cardiovascular, metabolic and rheumatic conditions (Tong et al
2015; Rheinheimer et al2017; Zhou et al 2018). Due to this well documented role of NLRP3
in the perpetuation of aberrant inflammation, it will be my focus experimentally over the

course of the project.

1.7.1 — NLR structure and function

NLRs are comprised of a distinct tripartite structure, the Leucine rich repeat region (LRR), the
nucleotide binding and oligomerisation domain (NACHT) and N terminal effector domain
(normally a pyrin or a Caspase activation and recruitment domain — PYD and CARD
respectively) which co-operatively determine both ligand specificity and the presence or
absence of a linker between the inflammasome and respective effector Caspase, with NLRP3

structure highlighted in Figure 1.14.
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1.7.2 - The roles of the LRR in NLRP3 function

The C terminal LRR is functionally responsible for PAMP / DAMP sensing and the specificity of
the individual NLRs (He, Hara and Nunez 2015). The LRRs of NLRs and TLRs demonstrate some
conserved secondary structural motifs, including a super helical arrangement of short parallel
beta strands. The overall topology of LRRs in NLRs is a right-handed helix, as opposed to TLRs
that are left handed helix or flat; all contain a highly conserved Leucine repeat (LXXLXLxxNx(x/-
)L) where L represents Leucine, N is Asn, Thr, Ser or Cys and X is a non-conserved residue. The
general function of the LRR is to mediate homotypic protein-protein interactions, the nature
of which in the case of inflammasome activators is still unclear (Kobe and Kajava 2001).
However, the SGT-1/HSP70/HSP90 complex is fundamental for inflammasome activation and
preferentially interacts with protein LRR regions. This may suggest that this chaperone
complex may be intrinsically involved in assisting the protein refolding upon activation, or
possibly acting as a linker in a complex with an activating protein such as AKT or MAP3K, which

have been shown to associate with the SGT-1 complex when active (Mayor et a 2007).

1.7.3 - NACHT function in NLRP3 activation

The second main functional domain within the tripartite inflammasome structure is the
central NACHT domain, responsible for the nucleotide binding and oligomerisation of NLRs
(Duncan et al 2007). Although no 3D structures of the NACHT domains of NLRP proteins have
been solved, the structurally and functionally similar NLRC4 and APAF1 NACHT domains have
been recently elucidated and may offer new insight into NLRP protein activation and
oligomerisation. NLRC4 has been mapped to a resolution of 3.2 A (minus the CARD)
demonstrating that, like APAF-1, NLRC4 monomers exist in an autoinhibited monomeric form
with ADP bound to the NACHT domain and the LRR forming a loop spatially binding the
nucleotide-binding and HD2 domains (Hu et al 2013).

The NACHT of APAF-1 / NLRC4 were shown to contain a central NOD domain with 3 auxiliary
helical NAD domains containing 12 conserved motifs relating to nucleotide binding and

hydrolysis, including an ATPase specific and catalytic Mg?* binding pocket that enables the
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NLRs to associate with the STAND family of AAA+ ATPases (Zhang et al 2015). NLRP3 and
NLRP12 also exhibit a specific ATPase activity, which has been shown to be necessary for
functional inflammasome formation (Maharana et al 2015). Often, ATP binding or hydrolysis
induces conformational changes in the both the local and overall structures of proteins;
therefore, it has been hypothesised that the ATP/ADP bound state of the NLRs may regulate

their activity (Duncan et al 2007).

Unsurprisingly, due to the plethora of pathophysiological conditions in which inflammasome
activation (particularly NLRP3) has been implicated, pharmaceutical modulation of
inflammasomes is of intense interest. Notably, a range of vinyl sulphone anti-inflammatory
compounds, including Bay 11-7082, which functioned through an unknown mechanism, have

been shown to interact directly with the NACHT of NLRP3 (Juliana et al2010).

1.7.4 —The role of the PYD in NLRP3 activation

The final major structural domain of NLRs is the N terminal effector domain which, depending
on the NLR, is either a CARD or PYD. Both the NLRP1 and NLRC4 complexes contain the CARD
domain, allowing direct interaction between the NLR and its Caspase effector (Lechtenberg
et a 2014). The inflammasome forming NLRs, including NLRP3, lack a CARD domain and
instead interact with the associated Caspase through the linker associated speck like protein
(ASC). ASC is a 22 kDa, highly charged protein containing a pyrin domain (PYD) and Caspase
activation and recruitment domain (CARD) which was observed to form intracellular specks
in response to retinoic acid in HL-60 cells (Masumoto et a 1999). Later, it was established that
ASC was the central linker in inflammasome formation by binding to the NLR PYD through

homotypic interactions, and subsequently with Caspses through the CARD (Liu et al2013).

To date, no crystal structure or mutational analysis of NLR PYD domains have been described;
however, NMR spectroscopic techniques have shed some light on a potential mechanism of
PYD interactions. Charged regions are present on the PYD of ASC, with helices 1 and 4 being
highly negatively charged and 2 and 3 highly positive, allowing PYD/PYD interaction between
oppositely charged helices (Liepinsh et al 2003). Further, NMR studies on the NLRP12 PYD

demonstrate that it forms a tightly packed 6 helical bundle with short loop regions, all
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stabilised by a substantial hydrophobic core to give a stable tertiary structure, shown in Figure
1.15 (Pinheiro et al 2011). The charge state of the PYD of NLRP3 seems to be crucial for
oligomerisation to form an active inflammasome, with the phosphorylation state of Ser5 of
crucial importance. The dephosphorylation of Ser5 by protein phosphatase 2 a (PP2a) was
demonstrated to be sufficient to induce a permissive state for oligomerisation through

allowing charge interactions in the PYD interface (Stutz et al2017).

Stabilising

Highly charged hydrophobic core

a-helices

Figure 1.5. A ribbon diagram of the proposed lowest energy conformer of NLRFLA@&monstrating the chaegd eticesh
thought to be cruciaf or PYD: PYD interaction (B) The same image rotate
highlighted in Cyan stick fior (C) (Imageditedfrom Pinheiro et al 2011).

1.8— Inflammasome priming — Signal one

To activate the NLRP3 inflammasome, induce oligomerisation and effectively secrete IL-1
and IL-18, a two-step signalling process is generally required with the initial priming step
induced by TLR, C5a receptor or cytokine receptor signalling. It was demonstrated that
priming, predominantly through NF-kB signalling, was necessary, but not sufficient, to induce
NLRP3 activation (Bauernfeind et al 2009). It was subsequently demonstrated that NF-kB
induced an upregulation of the precursors pro-IL1B3/pro-IL18 as well as NLRP3 itself, but not

upregulation of the inflammasome components ASC or Caspase-1 (Hornung and Latz 2010).
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1.8.1 — Transcriptional priming through TLR4

The prototypical cell signalling for priming of the NLRP3 inflammasome is mediated by TLR4
activation by a range of ligands, including PAMPS such as the bacterial cell wall component
lipopolysaccharide (LPS) and DAMPS including HMGB1 (Kim and Jo 2013). TLR4 is a single pass
transmembrane receptor comprising a 608 aa extracellular domain, a transmembrane
domain and a 187 aa intracellular domain (Kim et al2007). The recognition and interaction of
TLR4 with LPS is mediated by MD-2 which undergoes conformational change upon interaction
with LPS, permitting phosphate groups on the LPS molecule to induce receptor

multimerisation and signal transduction, shown in Figure 1.16 (Park et al2009).
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Figue 116. The activation of the canonichl~aB signalling pathway through TLR4. The activation eéBlFo induce the
expression of prd L 1 B-|L18 mmd dNLRP8 generally necessary for effective inflammasome actimatimagecontent
sourcedrom Lim andStaudt 2013).
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TLR engagement induces the cytoplasmic TIR domain to recruit various signalling adaptors
including MYD-88 and/or TRIF/TRAM (Lim and Staudt 2013). Dependent on the signalling
adaptor engaged, a range of potential effectors can then be activated, including the IRAK
kinase family and the ubiquitin ligases TRAF6 and Pellino 1 (Kawai and Akira 2010). The
activation of these pathways then culminates in the engagement of NF-kB, JNK and p38 MAPK
signalling pathways to regulate gene transcription (Figure 1.17). The induction of NF-kB
signalling through TLR4 activation is via the canonical pathway; IKKB is activated by
phosphorylation and in turn phosphorylates IKKa Ser32 and Ser36, inducing IKKa proteasomal
degradation and freeing NF-kB from the inhibitor complex. This then allows NF-kB P50/P65
heterodimer translocation to the nucleus to induce the transcription of a host of pro-

inflammatory genes (Hoesel and Schmid 2013).

Alongside the canonical priming mechanism through TLR4 engagement, other mechanisms of
priming through TNFaR, C5aR and an autocrine loop through IL-1R signalling also exist,
transduced through similar mediators to result in NF-kB mediated NLRP3 priming (He et al

2016). These are summarised in Figure 1.17.
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1.9- Non-transcriptional priming of NLRP3

The priming signal through the NF-xB signalling pathway was thought to simply induce the
transcription of necessary components for inflammasome activation; however, activation of
NF-kB also has a direct effect upon NLRP3 through the generation of reactive oxygen species
(ROS), which in turn activate the BRCC3 de-ubiquitinase; the resultant de-ubiquitination of
NLRP3 may yield a primed state (Juliana et al2012).

Further studies also demonstrate TLR priming is not strictly necessary; for example,
simultaneous engagement of TLR4 and NLRP3 induced a strong Caspase-1 response in an
IRAK-1 dependent manner in bone marrow derived macrophages (Lin et al 2013). A central
role for ERK1, ROS and the proteasome in inflammasome activation independent of
transcription suggests that the priming step is more complex than just the transcription of

inflammasome components (Ghonime et al2014).

The evidence for the involvement of phosphorylation in the priming and activation of the
NLRP3 inflammasome also includes a potential role for TAK1 and the MAPK family, with
multiple studies highlighting TAK1/JNK and SYK as crucial for release of IL-1B through NLRP3
activation; however, the data indicate a role for these kinases in the induction of ASC speck
oligomerisation rather than direct interaction with NLRP3 (Okada et al2014; Patel et al2018).
Moreover, TAK1 deficient murine BMDMs demonstrate spontaneous NLRP3 activation in the
absence of conventional priming/activation stimuli, mediated through RIPK1 and
spontaneous TNF-a autocrine signalling coupled with IKKa/B activation; these cells also
demonstrated homeostatic hyperactivation of ERK, traditionally delineated as a downstream
activated MAPK of TAK1, demonstrating that non-canonical mechanisms may mediate this

effect (Malidreddi et al2018).
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1.10 — NLRP3 activation mechanisms — Signal two

The NLRP3 inflammasome, once primed in either a transcription dependent or independent
manner, can become activated by a plethora of activating stimuli which break down in to
three main categories — intracellular ion fluxes, ROS generation and mitochondrial
dysfunction and lysosomal rupture and damage (Zoete et al2014). The effects of these stimuli
on the structure and binding partners of NLRP3 are profound; however, how these diverse
stimuli elicit the same response is unclear. The diversity of activating stimuli would suggest a
conserved set of downstream mediators due to the improbability of NLRP3 directly
recognising such diverse signals; however, these mechanisms remain obscure. A schematic

illustrating the broad classes of NLRP3 activators is shown in Figure 1.18.
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A leading hypothesis is that ion flux is a necessary and sufficient signal to induce NLRP3
inflammasome activation; however, the exact nature of the flux, whether it is dependent on
potassium efflux, calcium influx, or a combination of both, is still controversial (Chae et al

2015; Katsnelson et al2015; Yaron et al2015).

1.10.1 - Potassium efflux as an activator of NLRP3

The hypothesis that potassium efflux is solely responsible for the activation of the NLRP3
inflammasome is supported by the recent report systematically demonstrating that there was
no role for Ca?*influx in the activation of NLRP3 (Katsnelson et al 2015). It was demonstrated
that nigericin-induced Ca?*influx occurred downstream of Caspase-1 activation, likely due to
the capacity of Caspase-1 to alter membrane permeability; depletion of Ca?* from the
medium, depletion of ER Ca?* stores and Ca?* specific ionophores were all without effect on
IL-1B secretion. Furthermore, the group showed that the intracellular Ca%* chelator BAPTA,
previously shown to strongly inhibit NLRP3 activation, exerted pleiotropic inhibitory effects,
including inhibition of NLRP3 activation in response to Nigericin even in Ca?* depleted medium
(Katsnelson et al2015). The exact mechanism by which K* efflux activates the inflammasome
is as yet unclear. Many other groups have demonstrated NLRP3 inhibitory functions of the K*
channel inhibitor Glyburide and elevated extracellular K* concentrations, making K* efflux a

strong candidate for NLRP3 activation (Lamkanfi et al 2009; Di et al2018).

1.10.2 - Calcium influx as an activation mechanism of NLRP3

Despite the evidence described above, other groups have strongly conflicting data
demonstrating a crucial and indispensable role for Ca?* for inflammasome activation
(Sutterwala et al2014). For example, the intracellular calcium receptor (CASR) was necessary
and sufficient to activate the NLRP3 inflammasome in the presence of elevated cytosolic Ca®*

calcium (Lee et al, 2012). Interestingly, they also reported a paradoxical response to increased
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extracellular Ca%*, which inhibited NLRP3 activation by extracellular ATP but not flagellin or

dsDNA, perhaps beginning to explain some of the discrepancies in the literature.

Some groups have attempted to unify the contrasting theories on the role of ion fluxes in
NLRP3 inflammasome activation utilising real time imaging to link the K* and Ca?* fluxes,
showing that NLRP3 activation is dependent on both ions and proposing a model where K*
efflux was the regulator for Ca?* which then in turn induced mitochondrial dysfunction and

ROS generation to induce the final activation signal (Yaron et al 2015).

1.10.3 - ROS generation, mitochondrial dysfunction and metabolic perturbation as NLRP3

activators

The concept that mitochondria may be intrinsically linked with NLRP3 activation has strong
support, with the mitochondria acting as a nexus between Ca%*, ROS and cell metabolism — all
of which have been shown to activate or regulate NLRP3 activation. The concept that ROS,
predominantly produced by mitochondria, is an activator of the NLRP3 inflammasome is
controversial, with studies presenting arguments both for and against the case (Zhou et d
2011; lyer et al 2013). Whether ROS act as an activator of NLRP3 or are generated as a
consequence of the activation remains unclear, with real time ROS imaging being required to

delineate the chronology of events.

Other molecules associated with mitochondria, including Cardiolipin, MAVS, Mitofusins and
mitochondrial DNA, have all been shown to act as activators of NLRP3; this, coupled with the
demonstration that sphingolipids and other metabolic intermediaries can activate or
downregulate the inflammasome, place the NLRP3 inflammasome at a crossroads of
immunity, metabolism and cell signalling cascades, aligned with the mitochondria (Camell et
al 2015; Gurung et al 2015). The recent demonstration that NLRP3 translocates to a
mitochondrial proximal position upon priming is further evidence of the interactions between
mitochondria and NLRP3 (Sutterwala et al 2018). The evidence that NLRP3 activation is
heavily dependent on the metabolic state of the cell is gradually growing, highlighting a
potential immunometabolic axis, the imbalance of which drives the inflammatory state. It has

been demonstrated In vitro that elevated extracellular glucose (25 mM) induced an
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upregulation of NLRP3 and IL-1B in murine podocytes, while NLRP3 or Caspase 1 deficiency

ameliorated diabetic nephropathy in mouse models (Shahzad et al2015).

1.11 —Pore forming proteins as activators of NLRP3

Whilst the focus of this thesis will be on the potential of the membrane attack complex to
activate NLRP3, a range of other pore forming proteins have been demonstrated to be
inflammasome activators, including nigericin, haemolysin, perforin and cholesterol
dependent cytolysins (Mariathasan et al2006; Chu et al 2009; Yao et al 2017; Mufioz-
Planillo et al2009; Yao et al 2017).

Nigericin has been established as a potent NLRP3, first demonstrated to induce mature IL-1B
secretion in LPS primed macrophages (Mariathasan et al2006). In contrast to the other
pore forming toxins, Nigericin is highly selective for monovalent cations, particularly K*, with
a 45-fold higher affinity for K* over Na* and limited affinity for divalent cations other than
Pb%* (Prabhananda et al1991; Hamidiana et al 2004). Therefore, the mechanism by which
nigericin drives NLRP3 activation has been strongly associated with the efflux of K* from the
cell (Katnelson et al2015). Despite this, other groups have suggested that mitochondrial
ROS is the predominant activator of NLRP3, as ROS scavengers dose dependently inhibit
nigericin mediated NLRP3 activation and mitochondrially derived ROS was shown to drive
lysosomal destabilisation, with subsequent NLRP3 activation (Heid et al2013). Although as
mentioned, nigericin has limited capacity as a Calcium ionophore, Calcium mobilisation from
intracellular ER stores has been demonstrated in response to nigericin, with ablation of ER
release through 2-ABP (IP3 receptor antagonist and TRP channel inhibitor), U7312
(Phospholipase C inhibitor) or Xestospongin C (IP3 receptor antagonist) pre-treatment
statistically significantly inhibiting Caspase-1 cleavage and IL-1pB release (Murakimi et al

2012).

The other pore forming proteins demonstrated to activate NLRP3 have less ionic specificity
in comparison to nigericin, and therefore can induce primary Ca?* flux across the cell
membrane as well as mediating release from endoplasmic stores. Despite this, the

staphylococcus derived a-haemolysin has only been demonstrated to activate NLRP3 by a K*
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dependent mechanism, although ROS scavengers or Ca** modulating agents were not tested
(Mufioz-Planillo et al2009; Craven et al 2009). Interestingly, elevated extracellular NaCl (130
mM ) did not affect a-haemolysin mediated NLRP3 activation, in contrast to data in this

thesis for MAC mediated NLRP3 activation (Craven et al2009).

Contrastingly, cholesterol dependent cytolysins (CDLs) have had a demonstrable role for
Ca?* in NLRP3 activation, alongside K*. CDLs mediated NLRP3 activation in murine BMDMs
was demonstrated to be at concentrations below a lytic threshold, inhibited by the addition
of free extracellular cholesterol and pharmacological inhibitors of Cathepsins, PLA;, calcium
chelators or elevated extracellular K* (Chu et al2009). In a similar manner, perforin
activation of NLRP3 was also demonstrated to be dependent on both K* efflux and Ca?*
influx in murine BMDMs, with calcium chelation, inhibition of the release of endoplasmic
reticulum calcium stores and elevated extracellular KCI all statistically significantly inhibiting

IL-1B secretion.

Therefore, across a range of ionophores (with the exception of haemolysin, where the role
of Ca?* was not fully investigated) , both K* efflux and Ca%* have been implicated in
mediating the activation of NLRP3, even in the case of Nigericin which has limited Ca®*
affinity. Further implicated pathways include ROS production and Cathepsin activation, with
a summation of the cited literature shown in table 1. MAC mediated activation of NLRP3 will
be addressed separately (section 1.18.2), however, MAC has been included in the table for

completeness and to allow comparison with the other ionophores.
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primary murine
dendritic cells and

K* efflux, Ca®*
release from

Murakimi et al
2012, Katnelson

murine bone marrow
derived dendritic cells

damage, K* efflux,
ROS production

R =R +S +s 2+
Nigericin K™>Na">Ca bone marrow derived intracellular stores, | et al2015, Heid
macrophages ROS generation et al 2013
THP-1 cells, primary Craven et al
Haemolysin | Non-specific | murine bone marrow K* efflux 2009, Munoz-
derived macrophages Planillo et al2009
Cholesterol Primary murine bone K* efflux, Ca%* influx,
dependent Non-specific marrow derived Ca* independent Chu et al2009
cytolysins macrophages PLA(2), Cathepsin B
K* efflux, Ca®*
Primary murine bone release from
Perforin Non-specific marrow derived intracellular stores Yao et al 2017
macrophages (Ca** total chelation
was also inhibitory)
A549 | ithelial
549 l{ng epithelia Ca?* flux, Ca?*
cells, Primary human . .
release from Triantafilou et al
Membrane and mouse bone . .
. i intracellular stores, 2013, Laudisi et
attack Non-specific marrow derived . .
) mitochondrial al 2013, Suresh
complex macrophages, Primary

et al2016

Tablel: Pore formingoroteins known to activate NLRP3. A range of pore forming ionophores have been demonstrated to

activate NLRP3 in a range of cell types. lonophoreifsgty, proposed mechanisms of NLRP3 activatiwhcell models
usedin cited papers.
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1.12 - Negative regulation of NLRP3 activation

Due to the potential for aberrant NLRP3 activation to perpetuate chronic inflammation, tight
regulation beyond the two-step activation process is required. A range of regulatory
mechanisms govern the NLRP3 inflammasome, varying from miRNA transcriptional regulation
of components to inhibition of activation of the translated proteins forming the oligomeric

complex.

The regulation of the NLRP3 inflammasome by miRNA has been demonstrated by various
groups with miRNAs 33, 132 and 9 amongst those implicated as negative NLRP3 regulators
(Byeon et al2017; Wang et al 2017; Xie et al 2018). The former two of these regulated IL-1B
and IL-18 expression, whilst miRNA 9 regulated NF-kB through JAK / STAT signalling leading

to inflammasome priming in an atherosclerosis model.

Inhibition of NLRP3 assembly pertains directly to the modulation of MAC-mediated activation
in primed cells. 5" AMP activated protein kinase (AMPK) signalling is a negative regulator of
NLRP3 activation, with AMPK acting as an indirect sensor of the cell metabolic state and
becoming activated by elevated AMP:ATP ratios (Richter and Ruderman 2010). The induction
of AMPK signalling can regulate NLRP3 through a variety of mechanisms, including the
induction of autophagy, mediating mitochondrial plasticity and cell energy homeostasis and
managing ER stress responses, all of which are implicated as NLRP3 activators (Cordero et al
2018). In a similar manner, cAMP signalling can be an effective inhibitor of NLRP3 activation;
cAMP directly binds NLRP3 and inhibits the ATPase NACHT domain, preventing
oligomerisation and activation. This is particularly relevant given the ability of MAC to mediate
activation of cAMP signalling and the PKA pathway, which may provide an effective “off
switch” for MAC mediated NLRP3 activation (Halperin and Weller 1993).

Finally, mechanisms of post translational modification such as ubiquitination and
phosphorylation may also regulate the inactivation and dissipation of the NLRP3
inflammasome. The ubiquitinating enzyme FBXL2 mediates the downregulation of NLRP3
through Lys-689 ubiquitination; however, upon LPS stimulation FXBL2 itself becomes
ubiquitinated and degraded through action of F-BOX 03, thus the inhibitory effect is removed

(Jo etal 2017). Phosphorylation can also have inhibitory effects on inflammasome activation.
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Phosphorylation of IKKa regulates NLRP3 oligomerisation through secondary ASC
phosphorylation and decreased Caspase-1 recruitment. Direct phosphorylation of NLRP3
through PKA phosphorylation of Ser295 can also reduce the ATPase capacity of the NACHT.
Interestingly, CAPS associated mutations in NLRP3 localise around Ser295, suggesting
hyperactivation and subsequent pathology may be regulated by the region (Mortimer et al

2016).

1.13- Inflammasome assembly and effects of IL-13 secretion

As discussed previously, under normal cellular conditions NLRP3 folds into an auto-inhibited
structure where the LRR domain interacts with the NBD and folds over the molecule,
preventing nucleotide binding and activation (Ting et al 2008). This is corroborated by the
evidence that missense Tyr859Cys mutations in the LRR domain found in atypical
autoinflammatory disorder patients exhibit enhanced ASC speck formation and Caspase-1
processing, indicating an important role of the LRR in setting the activation threshold of
NLRP3 (Jeru et al 2010). Therefore, it appears that, upon activation, NLRP3 undergoes
conformational change allowing the LRR to release the protein into an active formation and
replacing the NACHT-bound ADP with ATP to allow formation of the multimeric

inflammasome complex.

It has been hypothesised that HSP90 and SGT1 cellular chaperones may be central to this
process; indeed, the HSP90/SGT1 complex is indispensable for inflammasome activation
(Mayor et al 2007). Furthermore, HSP90/SGT-1 associates with Ca?* sensing proteins,
including S100 and a diverse range of kinases and ubiquitin remodelling proteins, potentially
linking some of the diverse activation stimuli of the NLRP3 inflammasome (Kadota et al2010).
One such kinase which has recently been highlighted as having a crucial role in NLRP3
activation is NEK7, a member of the NIMA family of kinases which regulate cell cycle
progression and is a crucial regulator of NLRP3. NEK7 is fundamental for survival, with NEK7 -
/- mice undergoing embryonic lethality. NEK7/NLRP3 interactions regulate inflammasome

and speck assembly independent of NEK7 kinase activity (He et al 2016).
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The binding of ATP to NACHT is the trigger required to allow the critical homotypic
interactions between the pyrin domains of NLRP3 and ASC, essential for the formation of the
mature inflammasome (Abderrazak et al 2015). The interaction between NLRP3 and ASC
serves as a site of nucleation for further ASC/ASC interactions, allowing the formation of a
filamentous ASC spindle which in turn allows the nucleation of Caspase-1 filaments, recruited

to ASC via CARD domain homotypic interactions, shown in Figure 1.17 (Lu and Wu 2014).

NLRP3

Caspase-1
filaments

Figure 1.7. The formatim of the mulimericNLRP3 inflammasome complex. Activated NLRP3 forms a point of nucleation for
ASC oligomers via PYD/PYD homotypic interactions, which in turn provides nucleation for-Cdipasethrough
CARD/CARD interactions (Imaghtedfrom Lu ¢ al 2014).

The formation of the Caspase-1 fibrils catalyses the conversion of pro-Caspase-1 zymogen to
the active Caspase p10/p20 heterodimer through autolytic cleavage (Franchi et al2009). This
activated caspase then performs the final and critical step in inflammasome activation, the
proteolytic cleavage of the precursors pro-IL-1B and pro-IL-18 to yield the pro-inflammatory
cytokines IL-1B and IL-18, alongside a range of non-canonical substrates (Sollberger et al
2012). Caspase-1 activation has also been implicated in other processes such as cell
membrane repair through SREBP1 activation and interactions with caveolae and regulation
of cellular metabolic processes, including glycolytic enzyme cleavage and regulation of

triglyceride metabolism, independently of IL-1B or IL-18 (Kotas et al 2013).
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1.14 - Non-Canonical inflammasome activation

Whilst the mechanisms underlying canonical NLRP3 activation are still unclear, non-
canonical activation mechanisms, where Caspase-11 in mice and Caspases 4 or 5 in humans
are recruited to the complex in place of Caspase-1, are even more obscure. Non-canonical
NLRP3 activation occurs during gram negative bacterial infection and its effects resemble
canonical activation, with secretion of IL-1 family cytokines, Gasdermin cleavage and
pyroptotic events (Pellegrini et al2017). The realisation that non-canonical caspases may be
important in NLRP3 activation was hindered by the proximity of Caspase-1 and Caspase-11
on chromosome 10 in mice; Caspase-1 knockout mice also lacked Caspase-11. The
generation of Caspase-1 null mice with functional Caspase-11 suggested that Caspase-11
could not directly process the pro-cytokines but augmented the capacity of Caspase-1 to
cleave pro-IL-1B in response to both canonical and non-canonical activators (Man et al
2017). To further complicate matters, other groups have reported that human Caspases 4
and 5 have some capacity to process IL-1B independently of Caspase-1 (Schmid-Burgk et al
2015).

1.15-IL-1B secretion and release of inflammasome components

The exact mechanism by which IL-1B produced by the NLRP3 inflammasome is released from
the cell to act as a pro-inflammatory cytokine are still obscure; the process does not follow
the canonical ER/Golgi secretion system and numerous mechanisms have been proposed.
These include endosomal/lysosomal populations of IL-1B being released when autophagy is
inhibited, microvesicular shedding, and release from pyroptotic cells as membrane integrity
decreased (Luheshi et al2012). Alongside IL-1B and IL-18 secretion, ASC and Caspase-1 may
be released from the cell; in primed macrophages activated with ATP or Nigericin, ASC foci
capable of activating Caspase-1 were detected outside of the cell within 20 minutes of
stimulation (Baroja-Mazo et al 2014). Furthermore, extracellular ASC foci may propagate
other roles independently of NLRP3 and Caspase-1 through the mediation of apoptosis or
nucleating further ASC foci in neighbouring cells through phagocytic uptake and propagation
of NLRP3 inflammasome activation (Franklin et al2014; Franklin et al2018). Interestingly, this

behaviour of ASC as a highly oligomeric, fibril-forming molecule is reminiscent of prionoid
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proteins such as B-amyloid. Indeed, it has been shown that ASC released from cells upon

pyroptosis can be a target for autoantibodies in autoinflammatory disease.

1.16 - IL-1p signalling in health and disease

IL-1B induces potent pro-inflammatory effects through binding its cell surface receptor; IL-1R
has high intracellular domain homology with the TLRs, generating the TIR superfamily, critical
mediators of innate inflammatory responses (Dunne and O’Neill 2003). Both IL-1a and IL-1B
can bind the IL-1R to induce differing signalling responses (O’Neill and Greene 1998). The IL-
1R contains three extracellular 1gG domains which when bound to ligand form a question
mark shaped structure, enveloping and grasping the ligand in a similar manner to the
interactions of the FGFR / FGF (Ve, Williams and Kobe 2015). However, unlike the binary FGFR
— FGF complex, the IL-1R complex is heterotrimeric in nature, consisting of the primary
receptor subunit, the ligand and a receptor accessory protein IL-1RAP which stabilises the IL-
1R as well as being crucial for the recruitment of intracellular effectors such as MYD-88 for

effective signal transduction (Smeets et al 2005).

IL-1R ligand binding triggers four identified signalling kinase cascades, NF-kB, ERK1, ERK2 and
JNK (Dunne and O’Neill 2003),all of which have roles in priming of the NLRP3 inflammasome,
demonstrating an element of self-propagation that might favour a chronic inflammatory
state. Aside from their roles in the activation of the inflammasome, these pathways are also
central regulators of a range of other pro-inflammatory pathways including inducing IL-6,
TNFa, cyclo-oxygenase’s and prostaglandins and matrix metalloproteases, some of the core

signalling mechanisms for the inflammatory response (Tornatore et al2012).

Unsurprisingly, due to this diverse range of pro-inflammatory effects, IL-1B has been
demonstrated to be central to the pathogenesis of a wide range of inflammatory diseases
including rheumatoid arthritis, T2 diabetes mellitus and Alzheimer’s disease (Dinarello 2011;
Parajuli et al 2013). Despite this, direct therapeutic mediation of IL-1B signalling has so far
only had limited success, with the IL-1R antagonist Anakinra and the IL-1B specific mAb
canakinumab both having limited effectiveness in multiple studies in a variety of conditions

(Mertens and Singh 2009; Howard et al 2014). Direct modulation of the mechanisms
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underlying IL-1B secretion may have potential as therapeutics in a range of conditions;
indeed, MCC950, an orally active, specific inhibitor of both canonical and non-canonical
NLRP3 inflammasome activation, attenuated disease in experimental models of multiple
sclerosis and neonatal fatal cryopyrin associated periodic syndromes (Coll et al 2015).
MCC950 inhibits NLRP3/Caspase-1 interactions; the generation of Caspase-1 P10/P20 was
dose dependently inhibited while pro-Caspase-1 levels remained unchanged. No clinical trials
of MCC950 are yet published, and there remains a major unmet therapeutic need for effective

regulation of NLRP3 activation in a range of inflammatory conditions.

1.17- NLRP3 mediated pyroptosis

Programmed cell death is a necessity in tissue homeostasis and remodelling, however the
induction of pyroptosis through NLRP3 activation, inflammasome formation and subsequent
Caspase-1 cleavage differs from more controlled forms of cell death such as apoptosis (Miao
et al 2011). Pyroptosis was discerned as a distinct form of cell death in studies investigating
Salmonellatyphimurium induced macrophage cell death; it differs from apoptosis in that
inflammatory Caspases 1,4 and 5 are activated in humans as opposed to apoptotic Caspases
2,3,6,7,8, and 9. Further differences include a lack of PARP1 and ICAD cleavage and
morphological and functional differences with cell swelling and pore formation observed in

pyroptotic cells (Abe and Morrell 2016).

Pyroptosis is predominantly a response to infectious agents, including Salmonellaand Shigella
species in macrophages; however, a broadening role for pyroptosis in a variety of pathologies
is emerging. Whilst the importance in disease and mechanisms of pyroptosis are still in the
process of becoming understood, the biological role is to prevent the spread of bacterial
infection in a two-fold manner, first by the direct disruption of the intracellular microbial
niche through cell death and pyroptosis induced intracellular traps, and second by driving
inflammation through the release of intracellular contents, which recruits circulating immune

cells to the site of infection (Shao et al2017).

The mechanism by which pyroptosis occurs has glaring similarities to the formation of MAC

on the cell surface, with an intracellular pore formed by the activated Caspase-1 substrate
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Gasdermin D (GSDM D). Upon Caspase-1/4/5/11 activation through the formation of the
respective inflammasome, GSDM D is cleaved, removing the autoinhibitory C terminal domain
(Rathkey et al2017). The active 30 kDa N terminal domain then oligomerises into 16mer pores
of a diameter of 12-14 nm which result in lytic cell death through chemiosmotic flux, cell
swelling and eventual lysis. The parallels between Gasdermin oligomerisation and MAC
formation are clear; however, the membrane localisation (intracellular v extracellular
formation) and pore size (12 nm v 24 nm) differ (Kayagaki et al 2015). A schematic for

Gasdermin D mediated pyroptosis is shown in Figure 1.18.
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Figurel.18. Schematic diagram d@aspasel mediatedpyroptosis. The activation of NERthroughPAMP / DAMP results

in inflammasome activation and oligomerisation. This in turn allows the autocatalytic cleavage of Gaspeseits active

form. Activated Caspasel mayin turn may cleavesubstrate poteins, including Gasdermin D. Upon cleavage, GSDM D N
terminaldomains may oligomerise torim large pores in the cell membrane to allow cytokine release alongside inducing the
osmotic lysis which is commonpédn pyroptosis (Imagbasel oncontent from Shao eal 2017).
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Whilst pyroptosis is a distinctly different form of death to apoptosis, it shares many
characteristics with other forms of inflammatory cell death, such as necroptosis. The
induction of necroptosis is canonically through TNFaR signalling, the recruitment,
dimerization and phosphorylation of RIPK1 and subsequent interaction with RIPK3. The
formation of the RIPK1/RIPK3 complex allows phosphorylation and oligomerisation of MLKL,
which integrates in to the cell membrane resulting in rupture and lytic cell death (Bergsbaken

et al2009).

The similarities between pyroptosis and necroptosis may stem from the direct and indirect
interactions between the two pathways. Many of the mechanisms mediating RIPK1 activation
and subsequently activated by RIPK1 are shared with established NLRP3 pathways. K63
ubiquitination is crucial for both NLRP3 and RIPK1 activation, a role for TAK1 has been
established in the activation of both pathways, both pathways modulate NF-kB signalling and

both undergo regulation through A20 activation (Yuan et al2018).

Unsurprisingly, direct modulation of NLRP3 activation by RIPK1/3 has also been described.
The formation of phospho-MLKL on the surface in response to necroptotic stimuli induced
NLRP3 activation in a Caspase-1 and potassium efflux dependent manner. Furthermore, many
of the inflammatory effects of necroptosis on bystander cells, notably NF-kB activation, are
dependent on NLRP3 activation, suggesting a pro-inflammatory, death inducing synergism

between the pathways (Conos et al2017).

1.18- The role of complement in the activation of the NLRP3 inflammasome

As previously discussed, the complement pathway and NLR inflammasomes are linchpins of
the innate immune system, underpinning the body’s ability to induce and control
inflammation in response to infection; however, either or both pathways may become
dysregulated and be causative or contributing agents of disease. Unsurprisingly, a large
degree of interaction and synergism has evolved between these two innate inflammatory
pathways in order to mount an optimal response. Over recent years the extent of interaction
between the two systems has become increasingly clear, with roles demonstrated for

multiple complement components in the modulation of the inflammasome response.
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1.18.1- Complement anaphylatoxins and NLRP3 activation

The anaphylatoxins C3a and C5a have long been shown to be important mediators of
inflammation through signalling through their respective receptors. However, recent
advances have linked the anaphylatoxins with the priming and activation of the NLRP3
inflammasome. C3a was shown to modulate the release of ATP from the cell when present
alongside LPS, which in turn activated the inflammasome by the well described extracellular
ATP / P2XR mechanism. This modulation was dependent on ERK1/2 signalling; however, the

release mechanism of ATP from the cell remained elusive (Asgari et al2013).

The role of C5ain NLRP3 priming and activation is slightly better documented, with roles being
demonstrated in AMD and photo-oxidative retinal damage, cholesterol and uric acid crystal
induced NLRP3 activation and sepsis (Samstad et al 2015). In the uric acid crystal model of
gout, C5a primed the inflammasome to induce a far more robust IL-13 response independent
of phagocytic crystal uptake and dependent on K* efflux, PLC signalling and Cathepsin B
activity (An et al 2014). The potentiation of MSU crystal induced activation may well be
attributable to the extensive interactions between C5a and TLR signalling, likely via activation
of NF-xB signalling. C5a binding C5aR1 has been shown to induce NF-xB signalling in
monocytes and robustly induce the expression of NF-kB mediated pro-inflammatory
cytokines such as IL-8 and IL-6 (Hsu et al1999). Therefore, the anaphylatoxins can deliver the
central priming signal for NLRP3 activation, rendering cells sensitive to activating stimuli such
as crystalline/prion structures inducing frustrated phagocytosis, extracellular ATP and pore
forming toxins; the last of these can also be generated from complement activation in the
form of the MAC. However, a separate study investigating the role of C5a in inflammasome
priming and activation in a gout model suggested that C5a induced a strong oxidative burst
through the generation of ROS, but had no direct effect on upregulation of NLRP3, ASC or

Caspase-1, suggesting that C5a priming effects are mediated through ROS signalling.
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1.18.2- The Membrane attack complex and NLRP3 activation

The role of the MAC in activating the inflammasome is relatively poorly understood, with only
four papers directly linking sublytic MAC formation to the generation of IL-1B and NLRP3
activation (Triantafilou et al 2013; Laudisi et al 2013, Mosser et al 2016, Kumar et al 2018).
The first paper from our group demonstrated that sublytic MAC deposition is capable of
driving IL-1B secretion and NLRP3 activation in lung epithelial cells (Triantafilou et al 2013).
The experiments demonstrated that the effect was C5, C6 and C9 dependent and also
sensitive to heat inactivation, demonstrating that the effects were indeed MAC dependent.
The mechanism by which sublytic MAC induced these effects was demonstrated through
shRNA silencing to be NLRP3 and ASC dependent. The effects were also shown to be Ca?* flux
dependant and requiring Ca?* release from intracellular stores through IP3/RYR channels; the
induced ion flux resulted in mitochondrial dysfunction through Ca?* uptake (Triantafilou et al

2013).

The conclusions of our group (Triantafilou et al2013) were supported by the demonstration
that non-lethal MAC induced inflammasome activation in murine bone marrow derived
dendritic cells in a Ca?* and K* dependent manner, through pre-treatment with BAPTA-AM
and elevated extracellular KCI both statistically significantly inhibiting IL-1B release (Laudisi
et al 2013). The experimental model used by Laudisi et al circumvented the possible effects
of using polyclonal antiserum to sensitise cells to complement and any possibility of antibody
or CD59 mediated signalling events having roles in NLRP3 activation using heterologous

serum (rabbit serum titrated on mouse bone marrow derived dendritic cells).

Further evidence supporting non-lethal MAC induces NLRP3 activation was demonstrated in
LPS primed, murine bone marrow derived macrophages (Mosser et al 2016). The activation
of complement by inulin, zymosan and Leishmania majoin the presence of complete serum,
but not heat inactivated or complement terminal pathway depleted serum produced robust
IL-1B responses. Furthermore, the reactive lysis system of purified complement components
was shown to induce IL-1B release upon the formation of complete MAC (C5b-9) but not any
intermediate states. The molecular mechanisms proposed for the release of IL-1B were K*
efflux, including the inhibition of K* gated channels, and ROS production, whereas a role for

Ca?* was not explored (Mosser et al 2016).
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Finally, the significance of complement mediated NLRP3 activation was demonstrated in vivo
in @ mouse model of uveitis, where C9 -/- mice demonstrated reduced IL-1B3, NLRP3 and
Caspase-1 at the protein level relative to wild type, although histological retinal damage was
not significantly changed (Kumar et al 2018). Interestingly, treatment with a lentivral
expression vector generating soluble CD59 caused reduction in inflammasome activation (IL-
1B and Caspase P20) but also reduced the histological damage of the disease, suggesting
further anti-inflammatory roles for CD59 beyond only regulating complement terminal

pathway and subsequently inflammasome activation (Kumar et al2018).

Therefore, the published literature from our group and others linking sublethal MAC and
NLRP3 activation is predominantly concordant, with ion fluxes, ROS production and
mitochondrial dysfunction being the demonstrated mechanisms (Triantafilou et al 2013,
Laudisi et al 2013, Suresh et al 2016). How the perturbations in Ca?* / K* influence NLRP3
remain unclear across the literature surrounding inflammasomes, multiple mechanisms likely
exist. Furthermore, the mechanism by which complement can potentially both prime and
activate the inflammasome in A549 cells is still unclear (Triantafilou et al2013). A summary
schematic of the proposed mechanisms of MAC induced NLRP3 activation from the current

literature is shown in Figure 1.19.
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1.19- Rheumatoid Arthritis

Rheumatoid arthritis (RA) is the most common inflammatory joint disorder, affecting around
1% of the UK adult population; however, with the aging western population these figures are
expected to continue to rise (Sacks et al 2010; Humphreys et al 2012). RA is currently
diagnosed and defined by the 2010 ACR scoring system which accounts for the number and
sites of joints experiencing synovitis, serological abnormalities, elevation of acute phase
response proteins and the duration of symptoms (Aletaha et al 2010). If left untreated, the
disease manifests in inflammatory and debilitating changes to the joint culminating in bone
and cartilage erosion, synovial hyperplasia and neovascularisation, chronic inflammation and

stretching and deformity of tendons (Venables and Maini 2015).
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Current treatment for RA focusses on the class of drugs known as DMARDs (Disease Modifying
Anti-Rheumatic Drugs) — which have been the mainstay of RA treatment since the 1970’s
(Kahlenberg and Fox 2011). The most commonly administered DMARD is methotrexate (MTX)
which can be taken orally or subcutaneously at a relatively low dose (10-25 mg / week) and is
generally well tolerated with limited side effects, although Gl, bone marrow and liver toxicity
can occur in rare cases. The effectiveness of MTX is substantial in a subset of RA patients, with
one third of patients demonstrating no radiographical progression after a year of MTX
treatment, which can be further enhanced when combined with targeted biological therapies
(Weinblatt 2013). Despite MTX being frequently prescribed, the exact anti-inflammatory
mechanism it exerts is unclear. Originally, it was believed the antagonism of folate
biosynthesis induced by MTX would inhibit the proliferation of the pro-inflammatory cells
mediating RA; however, further theories including inhibition of toxic spermine synthesis,
depletion of intracellular glutathione and increase of extracellular adenosine have all been

proposed (Cronstein 2005).

The localised changes in the morphology and inflammatory state of the joint are preceded by
serological changes such as anti-citrullinated protein antibody (ACPA) and rheumatoid factor
(RF) immune complexes, indicating that the scope of the disease exceeds the affected joints
(Shi et al 2014). The evidence for RA to be considered a systemic inflammatory condition
rather than a localised joint pathology is strong, with extra-articular manifestations such as
cardiovascular, haematological and renal co-morbidities more frequent in aggressive RA

(predominantly RF/HLA-DR4 positive patients) (Cojocaru et al2010).

The aetiology of RA is still unclear; although a range of genetic and environmental factors
have all been associated with the induction of RA, no defining mechanism has yet been
proposed. The most strongly associated genetic factor for RA is within the human leukocyte
antigen (HLA) cluster, involved in antigen presentation to T cells. The highly polymorphic N
terminal HLA region was found to be most associated with RA, with mutations in residues 70-
74 being dubbed the susceptibility epitope (SE) and enabling the presentation of self-derived
peptides as auto-antigens, including citrullinated cartilage and synovial components (Scally et
al 2013). However, HLA mutations alone are not sufficient to induce the disease phenotype
(not all individuals with the SE go on to develop RA) — highlighting further factors including

smoking, obesity and chronic systemic inflammation (Crowson et al2013).
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The “normal”, healthy synovium functions to encapsulate and protect the joint, as well as
providing lubrication in the form of synovial fluid and supplying nutrients to the cartilage. It
is a loose array of cells embedded in extracellular matrix (ECM) with roughly equal
proportions of fibroblast like synoviocytes (FLS ) and macrophage like synoviocytes (Bartok
and Firestein 2009). Under non-pathological conditions, FLS line the joint in a layer 1-2 cells
deep, are relatively inactive in terms of secreted enzymes and cytokines and have a relatively

low turnover rate due to a propensity to resist apoptosis (Firestein 2003).

Osteoarthritis synovium(non- Rheumatoid hyperplasticsynovium
hyperplastic)

Figure 120. Electron micrograph demonstrating intimsynovial lining hyperplasia in RAhe FLS become activated and
display an aggressive, iasive andhyperplastic phengipe relative to an OA joininjage edited fronFirestein 2003).

This ordered architecture becomes highly hyperplastic and disordered in the inflammatory
RA phenotype, with massive increases of FLS in the intimal layer, up to 20 cells thick, as well
as invasion into the local cartilage resulting in joint destruction. Alongside this, osteoclasts
become activated and differentiated through the pro-inflammatory cytokine environment
through the actions of RANKL, IL-17, TNFa and IL-1B resulting in localised bone erosion and
resorption, further compromising joint integrity (Schett 2007). Furthermore, once the

inflammatory state is established in the joint chemotactic signalling induces immune cell

63



infiltration, including B and T cells, mast cells and macrophages, which exacerbate the

condition through recognition of autoantigens and inflammatory cytokine secretion (Kinne

2000; Mellado et al 2015).

The initial event mediating this transition from the healthy synovium to that seen in RA is

unclear, however it appears to precede adaptive immune cell infiltration into the joint and

therefore may well be mediated by the innate immune system interacting with the resident

synovial cells (Burmester et al2014).
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As previously mentioned, complement activation is one of the fundamental branches of the
innate immune system, a potent mediator of inflammation; it is therefore, unsurprisingly,
implicated in the pathogenesis of RA. Reports of a role of complement in RA date back to the
1980’s, when it was found that most RA patients had elevated complement activation
markers C3dg and sC5b9 in the synovial fluid, and around a third had elevated levels in the
serum (Mollnes et al 1986). Since then, a plethora of studies have found links between
complement activation and RA, including the realisation that complement components are
locally synthesised within the joint, predominantly by macrophage like synoviocytes, and that
complement gene expression is upregulated in RA compared to healthy and OA synovium
(Firestein et al 1991; Neumann et al 2001). The concept that complement is not merely
upregulated but has a central role in the pathogenesis of RA is supported by studies in mouse
collagen induced arthritis (CAIA) models where histopathology scores were reduced by 52%,
94% and 65% respectively for C3aR, C5aR and C6 knockout mice (Banda et al2012; Mehta et
al 2015). These data collectively show that, in mouse models at least, both the chemotactic
anaphylatoxins (C5a and C3a) and the membrane attack complex (inhibited in C6 deficiency)

have substantial roles in arthritis.

As previously discussed, the complement system is capable of interacting with and activating
other innate immune inflammatory pathways, including the NLRs. The NLRs and their
predominant activation products IL-1B and IL-18 have also been shown to have a central role
in RA, although attempts at therapeutic modulation of these pathways has so far only had
modest efficacy. The observation that IL-1B levels were elevated and correlated with some
disease parameters in RA dates back to the early 1990’s; synovial fluid IL-1B concentration
was found to be 10-fold higher in RA relative to OA and correlated to morphological patterns
in the joint (Kahle et al 1992). Upregulation in IL-1B is not concomitantly matched with
increases in its receptor antagonist IL-1Ra, leading to dysregulation of IL-1B signalling.
However, when therapeutic intervention in IL-1B signalling was attempted using the IL-1
receptor antagonist Anakinra only modest clinical improvements in ACR20 were achieved
(15% greater than placebo controls), considerably less effective than biologics targeting other
systems such as TNFa (Mertens and Singh 2009). This lack of efficacy of Anakinra may be
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because IL-1B can exert cellular effects through binding a relatively small number of IL-1R on
a cell, making adequate dosing of a competitive IL-1B receptor blocker difficult (Kay and
Calabrese 2004). Recent advances in the understanding of IL-1f secretion and maturation has
led to the development of the previously mentioned MCC950, a specific inhibitor of the NLRP3
inflammasome, which could potentially be a far more efficacious method of therapeutic

intervention, alone or potentially coupled with receptor antagonism.

The potential of IL-18 and NLRP3 to induce RA was recently demonstrated in a mouse model
where TNFAIP3 (Also known as A20), which has multiple SNPs linked to RA, was demonstrated
to be a negative regulator of NLRP3 and IL-1f in mice, with A20 -/- mice exhibiting polyarthritis
resembling RA. These symptoms were not rescued by deletion of the TNFaR but were rescued
by IL-1BR / NLRP3 / Caspase-1 knockout, indicating that the effects observed were induced
by the NLRP3 / IL-1B signalling axis (Vande Walle et al2014). This is also reinforced by human
genetic studies associating NLRP3 polymorphisms such as rs35829419 C>A with an increased

risk of RA (Wang et al 2015).

Therefore, understanding the interplay between the complement and NLR systems may be
crucial to understand the mechanisms involved in the early pro-inflammatory and

chemotactic events underlying the induction of RA.
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1.20- Project aims and objectives

In the body of research described in this thesis | intend to dissect the molecular mechanisms
underpinning the observations that sublytic MAC can activate NLRP3 and highlight the
individual proteins and pathways which transduce these signals from the MAC to the
intracellular inflammasome complex. This will be performed in both primary cells and cell line
models. The overarching aim is to highlight signal transduction pathways linking sublytic MAC
deposition and NLRP3 activation, the amelioration of which may offset MAC induced
inflammation in disease. Furthermore, it has become apparent that NLRP3 and complement
have further interactions, through both susceptibility to MAC mediated death and regulator
expression in synovial cell lines. These new areas of interaction remain largely unexplored and

will begin to be demonstrated and discussed in this body of work.

The hypothesis underpinning this work is that there are conserved signalling mechanisms
linking MAC deposition and NLRP3 activation, and that further, currently undefined, links

between the two systems exist.
Therefore, the key aims of this body of work are to:

1) Demonstrate sublytic MAC generation and determine the effects of sublytic MAC on
NLRP3 activation and IL-1p secretion;

2) Address the broad molecular mechanisms by which sublytic MAC activates NLRP3;

3) Investigate how these triggers may induce NLRP3 activation through intracellular
signalling cascades and modulate MAC mediated inflammasome activation;

4) Investigate the broader interactions of NLRP3 and MAC, particularly in complement

regulator expression and MAC mediated cell death.
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2 — Materials and Methods
2.1 -Lists of consumables, antibodies and cell signalling inhibitors and buffer recipes:

Table of buffer recipes:

Buffer name Chemical compositin

1x PBS
0.137 M NaCl, 2.7 mM KCI, 10 mM

Na;HPO4 1.8 mM KH,PO4 pH 7.4
25 mM TRIS, 191 mM Glycine, 1%
(w/v) SDS, pH 8.3

25 mM TRIS, 191 mM Glycine, 20%
v/v Methanol, pH 8.3

125 mM TRIS, 20% v/v Glycerol,
4% w/v SDS, 0.05% w/
Bromophenol blue, 5% v/v B-
Mercaptoethanol, pH 6.8

1 tablet per 100 ml of distilled
water - 0.575 g/| Barbitone, 8.5 g/I

Western blot running buffer (1x)

Western blot transfer buffer (1x)

Reducing SDS PAGE buffer

CFD buffer (Oxoid) NaCl, 0.168 g/l MgCl,, 0.028 g/I
CaCl,, 0.185 g/l soluble Barbitone,
pH7.4

Alternative pathway buffer CFD buffer + 10 mM EGTA, pH 7.4
242 g TRIS, 18.61 g EDTA, 57.1 ml

TAE buffer (50x) Glacial Acetic acid in 1 L ddH20,
pH 8.5

— 0,

PBS-T 1x PBS, 0.05-0.1 % v/v TWEEN
20, pH 7.4

EACS buffer 1x PB.S, 1& w/v BSA, pH 7.4, 0.22
UM filtered

0,

ELISA reagent diluent l.x PBS, 1% BSA, pH 7.4, 0.22 uM

filtered

0.1 M Sodium acetate (C;HsNaO),
0.5 M NaCl, pH 4
0.1 M Glycine, 10 MM TRIS, pH 3,
0.22 um filtered
10 mM TRIS, 150 mM NaCl, pH 7.4,
0.22 um filtered
0.5 M ethanolamine, 0.5 M NaCl,
pH 8.3
0.2 M NaHCO03, 0.5 M NacCl, pH
8.3, 0.22 um filtered
200 mM Glycine, 1% w/v SDS, 1%
v/v TWEEN, pH 2.2
1 mM Sodium pyruvate, 2 mM L-
3 A cell media supplement Glutamine, 50 uM Penicillin
Streptomycin
Table2: Commonly used buffer recipes Experiments performed within the thesis

HIiTRAP Buffer B

AKTA affinity elution buffer
AKTA affinity running buffer
HiTRAP Buffer A

HIiTRAP ligand binding buffer

Western blot stripping buffer
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Kit / Reagent

Source

Product number

Human IL-1f ELISA Duoset
LDH cell viability assay kit
ROS / RNS assay kit

Fluo-3-AM Calcium sensitive dye
Propidium lodide

Western blot film
Western blot ECL reagent
RIPA lysis buffer

Protease Inhibitor tablets

Pre-cast 4-20% gradient SDS PAGE
gels

Pageruler Plus pre-stained protein
ladder

RPMI cell media

Foetal Calf Serum (FCS)

Complement Fixation Diluent (CFD)
HIiTRAP NHS activated affinity
columns

Lipopolysaccharide (LPS)
Complement C5a

Complement Factor B
Complement Factor D

Cobra Venom Factor

Triton X 100

Guinea Pig red blood cells in
Alsever's solution

Sheep red blood cells in Alsever's
solution

Lipofectamine 2000

NLRP3 gRNA

Cas9 mRNA

Dimethyl Sulphoxide (DMSO)

Mass ruler mixed range DNA ladder
One step RT PCR reagent set
Mammalian Cell miniprep Kit
pCW-CAS9 Expression Vector
Puromycin

Doxycycline Hyclate

Bovine Serum Albumin (BSA)
Skimmed Milk Powder

Micro BCA assay Kit

TMRE mitochondrial stress kit
Caspase-glo 1 activity assay
Propidium lodide

R&D systems
Thermofisher
Abcam

Molecular Probes
Sigma Aldrich

GE Healthcare
Thermofisher
Thermofisher

Roche

BioRad

Thermofisher
Gibco
Thermofisher

Oxoid

GE Healthcare
Sigma Aldrich
Comptech
Comptech
Comptech
Sigma Aldrich
Sigma Aldrich

TCS Biosciences

TCS Biosciences

Thermofisher
Thermofisher
Thermofisher

Sigma Aldrich

Thermofisher
Invitrogen
Sigma Aldrich
Addgene
Invivogen
Sigma Aldrich
Sigma Aldrich
Sigma Aldrich
Thermofisher
Abcam
Promega
Sigma Aldrich

DY401
88954
ab139476

F-21395
P-4170

28906838

32106
8990

4693159001

4568094

26619

11530586
10500056

BROO16

17071601

L3024-5MG
Ala4
A135
A136

233552-M

T8787-50ML

PB0O29AP

SB0629

11668027
A35509
A29378

D2650-100ML

SM0403

12574018
RTN70-1KT
50661
ant-pr-1
D9891-1G
A7906
70166-500G
23235
ab113852
G9951
P4170-10MG

Table3: Listof consumable, kits aneagents used within the thesis.
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Compound Carrier Stock Working Catalogue
Target : . .
name Solvent| concentration | concentration | Supplier | number

MCC950 NLRP3 DMSO 20 mM 10 pm Invivogen inh-mcc
Ac-YVAD-CMK  Caspase 1 DMSO 10 mM 55 um Invivogen inh-yvad
Z-VAD-FMK Pan DMSO 20 mM 20 pm Invivogen  tlrl-vad

Caspase
LY294002 PI3K DMSO 2mM 100 um Invivogen tirl-ly29
Perifosine AKT DMSO 10 mM 50 pum Invivogen tirl-peri
Necrostatin 1 RIPK1 DMSO 5 mM 50 pwm Sigma N9307
Aldrich
Sigma
C16 PKR DMSO 10 mM 50 um Aldrich 19785
H18 PKA DMSO 5mM 50 um Tocris 2910
papTA-am  Mrecellular pye 5 M 100 pw Tocris 2787
Calcium
Xestospongin IP3R
é’ g Calcium  DMSO 2 mM 10 uM Tocris 1280
channels
AG490 JAK2 DMSO 10 mM 50 uM Invivogen tirl-ag4
Geldanamycin HSP90 DMSO 1 mM 10 um Invivogen ant-gl-5
Everolimus mTORC1 DMSO 18 uM 300 nM Invivogen tirl-eve
PD98059 ERK 1/2 DMSO 50 uM Invivogen tlrl-pd98
Intracellular Sigma
NAC ROS H.O 200 mM 5mM Aldrich A7250
SP600125 JNK DMSO 10 mM 50 pm Invivogen tlrl-sp60
Sigma
AKT 1/2 AKT DMSO 20 mM 10 uM Aldrich A6730
LB100 PP2A DMSO 5mM Spm SGllE 57537
chem

Table4: List of cell signalling inhibitors used in experimeAisDMSO reonstituted inhibitors were made under sterile
conditions using tissue cultugeade DMSOAII stock solutions of inhibitors were aliquoted and store€?81C prior to use.
When stated in experiments, vehicle controls were used with the highest conicenafaDMSO solvent to be used as a
solvent for any compounds in that assagt{een 1:100 and 1:1000 dilution v/v)
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COS-1 antiserum
(polyclonal
antiserum against
COS-1 kidney cell
line derived from
Cercopithecus
aethiops)

Anti-Human C3b
FITC

BRIC 229 anti-
CD59

BRIC 225 anti-
CD55

Anti-FLAG epitope
antibody
Eculizumab - anti-
C5 antibody
SKY 59 anti-C5
antibody
Anti-C6 (27D1)
Anti-C7 (23D10)
Anti-C8 (J1)
Anti-C9 (B7)
Anti-Caspase-1
P10
Anti NLRP3
Anti IL-18
Anti B actin HRP
conjugate

MEM43 anti-CD59

Cholera toxin B
subunit Alexa 488
conjugate
Anti Mouse Alexa
488
Anti Mouse Alexa
546
Anti-Mouse HRP

Anti-Rabbit HRP

In house

Biolegend

Bristol Regional

Immunohematology

Centre
Bristol Regional

Immunohematology

Centre

Thermofisher

Alexion

Roche (see publication
Fukazawa et al 2017)

In house
In house
In house
In house

Santa-Cruz biotech

CST
CST

Thermofisher

Grown in house

(Originally from Vaclav
Horejsi, Prague, Czech

Republic)

Thermofisher

Thermofisher

Thermofisher

Jackson Labs
Jackson Labs

Rabbit

Mouse

Mouse

Mouse

Mouse

Humanised mouse

Humanised Rabbit

Mouse
Mouse
Mouse
Mouse

Mouse

Rabbit
Mouse

Mouse

Mouse

N/A

Goat

Goat

Goat
Goat
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N/A

846108

N/A

N/A

MA1-91878

N/A

N/A

N/A
N/A
N/A
N/A

SC-56036

13158S
12242S

MA5-15739-HRP

N/A

C34775

A-11001

A-11030

115-035-003
111-035-144

Table5: Table of primary and secondamtibodies used in théhesis


http://www.lgcstandards-atcc.org/search#q=Cercopithecus%20aethiops&f:contentTypeFacetATCC=[Products]
http://www.lgcstandards-atcc.org/search#q=Cercopithecus%20aethiops&f:contentTypeFacetATCC=[Products]

2.2 - Cell culture techniques and conditions — THP-1 cell line

THP-1 cells were a kind gift from Prof Phil Taylor (Cardiff). THP-1 cells are a spontaneously
immortalised monocyte cell line derived from a childhood M5 leukaemia patient and
represent a well-established In Vitro model for monocytic cells (Bosshart and Heinzelmann
2016). Cells were cultured in upright, sterile T175 flasks in complete medium (RPMI medium
+10% v/v FCS and 3A supplement), with medium being replaced or cells passaged every 2-3
days. Cells were maintained at densities no greater than 1x108 cells mI* in culture in a sterile
incubator at 37°C in 5% CO,. To passage, cells were centrifuged at 300 x g for 5 minutes and
the media aspirated, cells resuspended in complete medium and split into fresh T175 flasks
in a 1:4 ratio. To freeze cells down for storage, the centrifuged cell pellet was resuspended in
cryotubes in freezing medium (10% v/v DMSO, 90% FCS v/v), placed in a cell freezing container
containing methanol, and transferred to -80°C freezer overnight prior to long term storage in

liquid nitrogen.

2.3 - Cell culture techniques and conditions — SW 982 cell line

SW 982 synovial cells were received as a kind gift from Prof Kathy Triantafilou (Cardiff). The
SW 982 line is derived from synovial sarcoma cells and has been validated as a model for RA
studies (Chang et al 2014). Cells were cultured in complete medium (RPMI medium + 10%
FCS and 3A supplement). Cells were passaged every 2-3 days upon reaching 80-90%
confluency. To passage these adherent cells, media was aspirated, cell monolayers were
washed with 5 ml of sterile PBS and 3 ml of Trypsin-EDTA added for 5 minutes at 37°C. The
flasks were agitated and visually checked for cell de-adherence using a light microscope.
Trypsin was then neutralised using 12 ml of media +10% FCS to prevent cell damage, cells
centrifuged at 300 x g for 5 minutes and the supernatant aspirated. Cells were split in a 1:2
ratio to facilitate cell to cell contact, which helps maintain cell phenotype and growth. To
freeze cells for long term storage, cells were harvested as above, and the same

cryopreservation protocol was used as for THP-1 cells.
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2.4 — Cell culture techniques and conditions — Thawing of frozen cell stocks

To bring up cells from frozen cell stocks, aliquots from liquid nitrogen were rapidly defrosted
at 37°Cin a water bath. Defrosted cells were immediately centrifuged at 300 x g for 5 minutes
to remove the freezing media and minimise DMSO cytotoxicity. The freezing media was
aspirated, and cells resuspended in 5 ml of appropriate media. Resuspended cells were then

seeded into flasks as with normal tissue culture protocols.

2.5 - Isolation of primary monocytes and differentiation to macrophages

Primary monocytes were enriched from 20 ml of concentrated donor blood cells from the
GSK BDU based on CD14 expression. Ficoll (15 ml) was added to two Accuspin 50 ml tubes
and centrifuged for 5 minutes at 300 x g at room temperature to allow the Ficoll to flow
through the membrane. The cone tubing was then cut, and the blood collected into a 50 ml
Falcon tube, with the cone subsequently being flushed using 10 ml of PBS to ensure maximal
recovery. The volume of collected blood (circa 20 ml) was made up to 40 ml in sterile PBS and
inverted to mix, then gently layered on top of the Ficoll in the Accuspin tubes and centrifuged

at 400 x g for 20 minutes at room temperature without a deceleration brake.

The PBMC layer at the interface of the plasma and Ficoll was then removed using a sterile
Pasteur pipette and transferred to a fresh Falcon tube before being made up to 50 ml using
sterile PBS. Cells were then centrifuged at 300 x g for 10 minutes, the supernatant discarded,
and pellets resuspended in a final volume of 50 ml of sterile PBS. After a second centrifugation
step at 300 x g for 10 minutes, supernatant was discarded, and the cells resuspended in 1 ml
of ice-cold MACS buffer (5 mM EDTA, 0.05% BSA in PBS without Ca?* and Mg?*). Anti CD14
magnetic beads (100 pl) were then added to the cell suspension and incubated for 15 minutes
at 4°C. Miltenyi columns were prewashed with MACS buffer and placed on the magnetic stand
before the cell suspension was loaded; cells bound to CD14 beads were trapped in the

columns by the magnetic field. The columns were removed from the magnetic stands, cells
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eluted by washing with 3 x 5 ml of Miltenyi buffer and collected in fresh Falcon tubes. The cell
suspensions were then centrifuged at 300 x g for 5 minutes with a deceleration brake, the
supernatant aspirated and the cells resuspended in 10 ml of RPMI media + 5% v/v FCS. Cell
number and viability was determined using the Vicell cell counter, with around 1x102 cells
recovered. Viability was recorded at 99% by Trypan blue exclusion. Cells were then diluted to
1x10° cells mlt in cell media with 100 ng/ml M-CSF and 1x pen/strep to induce cell

differentiation into macrophages and plated in to 24 well plates for 5 days to mature.

2.5 — Purification of complement terminal pathway components

Donor plasma was received from the Wales Blood Bank in expired platelet bags. Plasma was
rendered acellular by centrifugation at 3000 x g for 15 minutes and the plasma aspirated from
the pellet. The plasma was 0.22 um filtered before loading on to the AKTA FPLC. All
complement components were purified using affinity chromatography on columns generated
through the coupling of in-house anti complement terminal pathway antibodies to HiTRAP
NHS activated columns. Between 50 and 100 ml of donor plasma was loaded on to the column
per purification run, with run through plasma being collected and run over the column again

to maximise purification yields.

HiTrap affinity columns were activated using ice cold 1 mM HCl before washing with coupling
buffer. Monoclonal antibodies against terminal pathway components in coupling buffer were
then added to the column and incubated for 4 hours at 4°C. After washing and blocking of the
column using alternate perfusions of HITRAP Buffer A and Buffer B, the column was stored in
10 MM TRIS, 0.02% NaNs until use. Coupling efficiency was determined through measurement
of 280 nm absorbance of antibody solution prior to and post coupling and was generally
around 90%. For protein purifications, the AKTA FPLC was equilibrated in 10 mM TRIS, 150
mM NaCl pH 7.4. The affinity column was then inserted into the system and five column
volumes (CVs) of 10 mM TRIS, 150 mM NaCl pH 7.4 buffer were applied at a low flow rate of
0.5 ml minute? to equilibrate the column matrix. Filtered (0.22 um) pooled human plasma
was loaded on to the column, followed by 5 CV’s of running buffer to remove any non-

specifically bound protein. Bound protein was then eluted using 0.1 M Glycine, 10 mM TRIS
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pH 3 and collected in 1 ml fractions. These were immediately neutralised with the addition
of 100 pl of 1M TRIS pH 10. The protein-containing eluted fractions were identified by
absorbance or protein assay, then pooled and dialysed overnight at 4°C in to CFD buffer. The
dialysed protein was then tested for protein content using absorbance at 280 nm on a
Nanodrop or Pierce protein assay, purity and identity by SDS PAGE, Western blotting and
ELISA based methods, and function using haemolytic assays. Functional, pure protein was
stored at -80°C in aliquots to prevent excessive freeze thaw cycles at a concentration of

greater than 1 mg/ml in CFD buffer.

The affinity column was then re-equilibrated by washing in five CV’s of running buffer before
storage in 10 mM TRIS, 0.02% NaNs, pH 7.4 at 4°C. The AKTA system was then washed into
water and finally 20% v/v ethanol solution for storage. Due to the viscosity of plasma, the
system required frequent cleaning using water and 0.5 M sodium hydroxide to prevent

residue build up, as well as online filter replacement after every few runs.

2.6 - Purification of Cobra Venom Factor (CVF)

CVF is a 144 kDa protease with C3 and C5 convertase activity found in Cobra venom. Whole
cobra venom was previously purchased from Sigma and stored at -80°C until use. The
lyophilised venom was reconstituted in 10 mM TRIS buffer pH 7.4 with 10 mM EDTA to
prevent any degradation by Ca?*-dependent venom proteases. The reconstituted venom was
centrifuged at 10,000 x g in a 100 kDa cut off Vivaspin 500 spin column; removing all proteins
below 100 kDa, whilst concentrating those heavier than 100 kDa. The concentrated protein
was then reconstituted to 1 ml using 10 mM TRIS buffer without EDTA. The cobra venom was
then loaded onto a MONOQ ion exchange column on the AKTA purification system via the
sample injection loop and flushed through with TRIS running buffer. A linear elution gradient

of 0-100% 0.5 M NaCl over 20 CV’s was used to elute the proteins dependent on charge.

Eluted, protein-containing fractions were then collected and kept separate for assaying CVF
functionality by haemolytic assays. A NHS — CVF control was used to ensure no spontaneous
haemolysis of GPE’s by NHS, but phospholipases were not removed, which may explain the

haemolytic properties of the void volume elution peak in later experiments (Figures 3.6 and
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3.7) (Vogel and Miiller-Eberhard 1984). Functionally positive fractions were subsequently
pooled and dialysed into CFD overnight at 4°C before SDS PAGE and Coomassie staining to
verify protein identity. CVF containing fractions were then pooled and protein concentration

measured using the micro BCA system.

The AKTA system was subsequently returned in to water and ethanol and the MONOQ column

stored in 20% ethanol until further use.

2.7 - Micro BCA assay for protein quantification

To accurately determine complement protein or CVF concentrations, the Pierce Micro BCA kit
from Thermofisher was used. BSA standards were generated in PBS from 200 to 0.5 pg/ml.
Then the amount of working reagent required for the assay was calculated (150 ul of working
reagent / well in a 96 well plate format). The working reagent was then generated using a
25:24:1 ration of kit reagents A, B and C respectively. The samples of unknown concentration
were diluted 1:10, 1:50 and 1:100 in PBS in triplicate to ensure distribution within the
working range of the assay. Diluted samples and standards were added to the Nunclon 96
well, clear, flat bottomed plate at 150 ul / well. The working reagent was then added at 150
ul / well and mixed vigorously on a plate shaker for 30 seconds before sealing the plate and
incubating at 37°C for 2 hours. The plate was cooled to room temperature for 10 minutes
before reading the absorbance at 562 nm in a plate reader. The blank absorbance values were
subtracted from the other wells before fitting a polynomial standard curve to the standard

samples and interpolating the unknown samples to the curve.
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2.8 - Generation of C5b6 complexes

To have a functional reactive lysis system for stimulations purified C5b6 complex was required
as an initiator for subsequent C7, C8 and C9 binding to generate fully formed MAC. The
purification of C5b6 was performed through firstly purifying C5, C6 and CVF as previously
described to provide the raw materials for the reaction, alongside commercial FB and FD
(Comptech). The protocol used was derived from a published paper and scaled down to the
protein quantities available (DiScipio et al1983). CVF (100 ug), Factor B (10 pg/ml) and Factor
D (1 pg/ml) were mixed in CFD buffer and incubated for 1 hour at 37°C in a water bath to
allow the formation of CVFBb complexes, an alternative pathway C5 convertase analogue.
The newly generated CVFBb complexes were added to 1 mg of C5 and C6 in CFD buffer and
incubated overnight at 37°C to allow cleavage of C5 and subsequent C5b C6 binding. The
overnight reaction mixture was then dialysed into 10 mM Tris buffer for 4 hours to allow
purification of C5b6 by ion exchange chromatography. The CVFBb generated C5b6 reaction
mixture was concentrated to 200 pl volume using a 100 kDa cut off Vivapsin concentrator.
This was then loaded via the sample loop on to the Mono Q anion exchange column and
eluted with a linear gradient of 10 mM to 1M NaCl. The eluted C5b6 fractions were assayed
for haemolytic activity and checked for purity by SDS PAGE. Pure, functional C5b6 was then

aliquoted and stored at -80 °C until use

2.9 - Coomassie staining of protein preparations

To verify protein purity and molecular weight SDS PAGE and Coomassie staining was used.
Precast 4-20% BIS-acrylamide gradient gels, or hand-cast 10% acrylamide gels with a 4%
stacking gel were used for electrophoresis. Samples were diluted to load 2 pg of protein per
lane under reducing or non-reducing loading buffers. All diluted samples were heated to
induce protein denaturation at 90°C for 10 minutes in a heat block. To determine molecular
weights of protein bands, the Pageruler plus pre-stained molecular weight marker
(Thermofisher) was used, with 7.5 pl of pre-stained ladder loaded in lane one per gel. SDS

PAGE was subsequently performed at 120 V for one hour or until the Coomassie dye front
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reached the bottom of the gel. Gels were then stained using Coomassie dye solution (50%
methanol, 50% H,0 v/v, 0.02% Coomassie powder w/v) for a minimum of 1 hour at room
temperature with gentle agitation. The gels were then removed from the staining trays and
added to the de-stain solution (50% H,0, 40% Methanol, 10% glacial acetic acid v/v), changing
the wash every 15 minutes until the background gel stain was removed. The gels were then

imaged using the Thermofisher MyECL imaging system.

2.10 — Haemolytic assays

2.10.1 Reactive lysis Haemolytic assay

To determine the functional activity of purified complement terminal pathway components
and Cobra venom factor, haemolytic assays were used. Guinea pig erythrocytes in Alsever’s
solution were inverted to ensure even distribution of cells before 1 ml was taken from the
stock and added to 20 ml of APB. The cell suspension was subsequently centrifuged at 300 x
g for 5 minutes to pellet erythrocytes. The APB supernatant was aspirated, and the
erythrocyte pellet resuspended in 20 ml of APB, and the process repeated until the
supernatant was clear and colourless indicating no background haemolysis. An aliquot (400
ul) of the set erythrocyte pellet was then aspirated and added to 20 ml of pre-warmed (37°C)
APB to generate a 2% erythrocyte suspension. To perform the assay, 50 pl of 2% erythrocyte
suspension was added per well in a 96 well, U bottomed plate. 50 ul of APB was then added
to each well. Purified terminal pathway components diluted in CFD buffer were then
sequentially added and the reaction volume made up to 150 ul with APB. In all assays, C5b6
or C56 was first added at the concentration stated (titrated up to 0.5 pg/ml for C5b6 and 10
ug/ml for C56) and incubated for 10 minutes at room temperature; C7 was subsequently
added in at least two times molar excess compared to C5b6 (5 pg/ml) and incubated for a
further 15 minutes at 37°C. C8 and C9 were then added at roughly equimolar levels to C7 (5
ug/mil) for a further 45 minutes at 37°C. The negative control comprised 50 pl of erythrocytes
in 100 pl of APB; the positive (100% lysis) control comprised of 50 ul of erythrocytes in 100
ul water + 1% TWEEN. For validation of terminal pathway component function, C7 + C8 + C9

were added in the absence of C5b6.
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After incubation to allow MAC mediated erythrocyte lysis, 96 well U bottomed plates were
centrifuged at 300 x g for 5 minutes to pellet non-lysed erythrocytes and debris. 100 ul of the
resultant supernatant was then carefully aspirated and transferred to a 96 well flat-bottomed
plate. Absorbance was then measured at 405 nm, the closest available wavelength to the
haemoglobin absorbance wavelength of 412 nm on the Magellan plate reader, and red cell

cell lysis subsequently quantified relative to positive and negative controls.

To confirm the necessity of sequential addition of complement terminal pathway components
to allow MAC formation on the cell surface, C5b6, C7, C8 and C9 were pre-incubated together
for 30 minutes at 37°C at the same concentration as in the reactive lysis assays above. The
incubated components were then added to Guinea pig erythrocytes and incubated for 45
minutes at 37°C as previously described for reactive lysis haemolytic assays and haemolysis

measured in the same manner. Percentage haemolysis was calculated by:

Percentage haemolysis = ((Absorbance sample- negative control)/( Positive control- negative

control)) x 100
Negative control = Erythrocytes in AP buffer

Positive control = Erythrocytes in H20 + 1% v/v TWEEN 20

2.10.2 Cobra venom factor haemolytic assay and classical pathway assays

A variation of the reactive lysis assay was performed to determine the functionality of purified
CVF. A titration of protein-containing fractions from the cobra venom MONOQ elution (7.5%
- 0.1% v/v) was added to Guinea Pig erythrocytes in a 96-well U-bottomed plate with a
constant dose of 10% final volume (15 pl) NHS. The remaining assay volume up to 150 ul was
made up with APB. The plate was incubated at 37°C for 45 minutes, as described for the
reactive lysis system. NHS only and MONOQ elution fraction only controls were included and
haemolysis contingent on CVF activation of complement measured, alongside positive and
negative controls of APB and 1% Triton X respectively. After CVF + NHS incubation with Guinea
Pig erythrocytes, the U-bottomed plate was centrifuged, supernatant transferred, and

haemolysis measured at 405 nm as previously described.
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To determine the efficiency of complement component depletion from NHS, a classical
pathway haemolytic assay was employed. Guinea pig erythrocytes were replaced with Sheep
erythrocytes which are more resistant to complement mediated lysis and do not lyse directly
with NHS. Sheep erythrocytes were therefore sensitised to human complement using anti-
Sheep erythrocyte antibody (Amboceptor), diluted 1:2000 and added in equal volumes to a
2% suspension of Sheep erythrocytes in CFD for 30 minutes at 37°C. After washing, the
sensitised cells were incubated with a titration of NHS, or the comparable complement
depleted serum with or without reconstitution with purified complement proteins for 30
minutes at 37°C; haemolysis was measured as above, and data analysed to confirm efficiency
of depletion and capacity to restore lytic activity with complement component restoration.

Percentage haemolysis was calculated by:

Percentage haemolysis = ((Sample - Negative control) / (Positive control - Negative control))

x 100
Negative control = Sensitised erythrocytes in CFD buffer

Positive control = Erythrocytes in H20 + 1% v/v TWEEN 20

2.11 — Determining cell viability through Propidium lodide staining

To ensure that experimental doses of MAC were sublytic, Pl staining was performed by flow
cytometry or plate-based fluorescence assays. For flow cytometry, cells were seeded at 1x10°
cells / ml in sterile 96 well U bottom plates in complete medium. Media was then replaced
and cells sensitised to complement with a titration of the in-house heat inactivated COS-1
antiserum (rabbit polyclonal antiserum against the COS-1 kidney cell line from Cercopithecus
aethiops, previously heat inactivated) for 20 minutes at room temperature prior to
centrifugation at 300 x g and washing of the cells with 200 pl of sterile PBS. Cells were
resuspended in complete medium and pooled NHS or C5 depleted serum was titrated on the
cells to provide a source of complement. Complement titrations were incubated for 1 hour at
37°Cto allow complement mediated cell death. Cells were centrifuged at 300 x g and washed

twice in 200 pl of sterile PBS. The cell pellet was then resuspended in 200 ul of FACS buffer
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and cells stained using 10 pg/ml Pl in the dark for 10 minutes at room temperature before
running on the FACS Calibur flow cytometer. Relevant controls of unstained, unstimulated,
antiserum only or NHS only, and positive control of cells incubated with 2% v/v Triton X were
utilised to enable quantification of cell death and ensure complement dependence. PI
fluorescence was measured in the FL2 channel on the flow cytometer on a log10 scale and
analysed on Flowing software 2.0. Percentage cell death was calculated by subtracting
unstained and unstimulated positive Pl staining from the stimulated value. PI positivity was

based on the gate around the Triton X-100 positive control.

Percentage complement mediated cell death was calculated as percentage cells falling in the

Pl positive gate and the following formula:
((Sample - Negative control) / (Positive control - Negative control)) x 100

Negative control = Unstimulated cells
Positive control = Cells + 1% v/v Triton X-100

A representative FSC/SSC scatterplot and gating is shown below in Figure 2.1.
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Figure 2.1. Representati®C/SSC staplot with gating around mtact cells
For measurement of reactive lysis mediated cell death on THP-1 cells, the reactive lysis
haemolytic protocol described above was used for the formation of the MAC; cells were then
resuspended in FACS buffer containing Pl and viability assessed as above by flow cytometry
analysis. A dose of C5b6 that, with the other terminal pathway components in molar excess,
yielded cell death below a 5% threshold was defined as sublytic and subsequently utilised in

stimulation experiments.
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For kinetic, plate-based killing assays, the Clariostar fluorescent plate reader was used. SW
982 cells were seeded at 2x10*/ well in 200 pl of complete medium in opaque, sterile plates
and left overnight to adhere to the plate under normal cell culture conditions. On the day of
the experiment, complete medium was replaced, and cells were sensitised to complement
using COS-1 antiserum as previously described. Cells were washed using 1x sterile PBS and
before 200 ul of complete medium was added, alongside 10 pg/ml Pl and the plate
transported to the clariostar plate reader. The plate reader was configured with an excitation
/ emission profile of 480 / 630 nm respectively and a gain of 800. Baseline PI fluorescence was
measured from the cells (prior to the addition of NHS, HI NHS, complement depleted NHS or
Triton X at the given final concentrations (% v/v). The Pl fluorescence at time 0 was subtracted
as a baseline, with subsequent changes measured over the course of up to 1 hour.
Fluorescence curves were then generated in MARS data analysis software and transposed

into GraphPad PRISM.

Percent cell death was calculated using the equation: Percentage cell death = ((Sample—

Negative control) / (Positive control — Negative control)) x 100
Negative control = reading for the well at time O (prior to NHS addition)

Positive control = Cells + 1% v/v Triton X-100

2.12 — Measuring cell viability through Lactate Dehydrogenase release (LDH)

To eliminate any possibility that non-viable adherent cells were lost during the Pl workflow,
such as during the washing step prior to de-attachment from the growing surface, an LDH
viability assay was used (Thermofisher). The lyophilised LDH reagent was dissolved in 11.4 ml
ddH,0 and added to 0.6 ml of LDH buffer immediately prior to the experiment. Any unused
reagent was stored at -20°C protected from direct light until use. Following manufacturer’s
instructions, cells were seeded in a sterile 96 well, flat bottomed plate overnight at a density
of 2x10* cells per well in 200 pl of complete medium. These cells were then washed with 1x
sterile PBS and 200 pl of complete media replaced on the day of the experiment. The cells
were subsequently sensitised to complement with COS-1 antiserum in complete medium as

described previously. After sensitisation, cells were washed in 1x PBS and resuspended in 200
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ul of complete medium. NHS, C5 depleted NHS or HI NHS were then titrated on the cells for
1 hour to induce complement mediated cell death. In instances where cell signalling inhibitors
were utilised to modulate cell death in response to complement, these were applied for 30
minutes prior to the antiserum sensitisation step. Positive and negative controls of 1x (final
concentration) lysis buffer and sterile water respectively were added to the complete
medium, alongside appropriate serum only, antiserum only and unstimulated controls. Cell
death was quantified relative to the negative and positive controls using the same equation
as with PI staining, with the slight modification that the negative control used was a serum

only sample as NHS gives a background signal in an LDH assay.

After the one-hour stimulation for complement mediated cell death, 50 ul of cell supernatant
was aspirated per well from samples and controls and mixed with 50 pl of the assay working
reagent in a fresh, flat bottomed, clear 96 well plate for 30 minutes at room temperature
protected from light. The reaction was stopped through the addition of 50 ul of 1M acetic
acid, absorbance read at 492 nm on the Magellan plate reader and cell death was quantified
relative to the negative and positive controls using the equation given above, and killing

curves generated in GraphPad PRISM.

The calculation used to determine percentage cell death by LDH release was therefore:
Percentage LDH release = ((Sample - Negative control) / (Positive control - Negative control))
x 100

Negative control = Cells + NHS without sensitising antibody

Positive control = Cells + 1x final concentration lysis buffer
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2.13 - Cell stimulation using reactive lysis system generated sublytic MAC

In assays where complement mediated inflammasome activation was investigated, 2x10°
cells (THP-1 monocytes or monocyte derived macrophages) were seeded in 96 well or 24 well
plates in 200 pl or 500 pl of complete media, at concentrations of 1x10° and 4x10° cells /ml
respectively). Cells were subsequently primed with 25 ng/ml C5a (Native protein purified from
pooled human serum, Comptech) for 4 hours prior to MAC assembly. C5b6 (titrated up to 3
ug/ml) was then deposited on the cells at the stated dose for 10 minutes at room temperature
to allow cell membrane binding, C7 was then added for 15 minutes at 37°C at over two times
molar excess relative to C5b6 (5 pg/ml to all samples) to ensure that the initiation of MAC
formation was the titrated C5b6. After C7 binding, cells were centrifuged at 300 x g and
medium aspirated and replaced. The wash step performed was to eliminate C5b67 soluble
complexes which may bind the subsequently added C8 and C9 proteins, allowing lower doses
of complement components to be utilised and optimising the system. C8 and C9 were again
added in two times molar excess relative to the C5b6 initiating complex (5 pug/ml for both)
and subsequently incubated for the stated times for the experimental stimulation. All times
stated are relative to the final addition of C8 and C9 rather than the initiation of complex

formation with C5b6.

After incubation with sublytic MAC, THP-1 monocytes were centrifuged at 300 x g, cell
supernatant aspirated, and the pellet washed with sterile PBS. Adherent monocyte required
no centrifugation and supernatant was directly aspirated. Cells were then lysed using RIPA
buffer + protease inhibitor cocktail and agitated on a plate shaker for 15 minutes prior to
centrifugation at 10,000 x g to remove cell debris and allow lysate to be transferred to fresh
Eppendorf tubes. Both lysates and supernatants were stored at -20°C prior to analysis. A

schematic overview of the stimulation procedure is shown Figure 2.2.
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Figure 22 — Schematic of ractive lysis stimulation ptocol for HR1 monocytes and primary macrophages.
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2.14 - Cell stimulations using Classical pathway generated sublytic MAC

THP-1 cells were harvested and seeded at 2x10° cells per well at a concentration of 1x10°
cells / ml in a sterile 96 well U bottom plate in complete medium. To prime NLRP3
activation, LPS (Sigma) was added to the cells at 100 ng/ml for 4 hours at 37°C to prime
inflammasome activation. If cell signalling inhibitors were then used to investigate
mechanisms of NLRP3 activation, THP-1 cells were washed with 1x sterile PBS and
resuspended in 200 ul of complete medium and the inhibitors, at the stated doses (300 nM
— 100 pM, dependent on the inhibitor working concentration as described in reagent
manufacturer’s instructions), were applied for 45 minutes at 37°C after priming but prior to
cell sensitisation to complement. Cells were washed in 1x sterile PBS and resuspended in
200 pl complete cell media before sensitisation to complement using COS-1 antiserum as
previously described. Cells were subsequently washed in 1x sterile PBS and resuspended in
200 pl of complete medium and NHS, HI NHS or complement component depleted NHS
added at a sublytic dose for 1 hour. Cells were then centrifuged at 300 x g, supernatant
aspirated, and cells lysed as described in the previous section. A schematic for the Classical

pathway system is shown in Figure 2.3.

86



® — ®— P

2x105THP-1 monocytes
seeded [/ well in a 96 well,
U-bottomed plate

100 ng/ml LPS added as a
priming stimulus for 4
hours

&2)

COS-1 antiserum added for 20
minutes at room temperature
to sensitise cells. If cell Centrifugation at 300 x g,
signalling pathways were aspiration of supernatant
inhibited, this was performed and resuspension of cells
prier to COS-1 sensitisation »

— >

-

o

Centrifugation at 300 x g,

aspiration of supernatant NHS or Complement

and lysis of cells in RIPA depleted NHS added for 1
buffer + protease hour at sub-lytic levels
inhibitors
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2.15 — Flow cytometry staining for complement activation
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2.15.1 Flow cytometry staining for C3b deposition

To demonstrate that complement was the responsible factor for the observed effects,
staining for complement components by flow cytometry was used. THP-1 cells were seeded
at 2x10° cells / well at a concentration of 1x10° cells/ml in 96 well, sterile U-bottom 96 well
plates in complete cell media. Cells were sensitised to complement as previously described
using COS-1 antiserum at titrated doses for 20 minutes at room temperature. Cells were
subsequently washed with 1x sterile PBS and resuspended at 1x10°8 cells/ml in complete
medium prior to addition of NHS / C5 depleted serum at the denoted concentration for 1 hour
at 37°C. Cells were washed in 1x sterile PBS and resuspended in 100 ul FACS buffer, prior to
staining on ice, protected from light with anti-C3b monoclonal FITC conjugate (Biolegend)
diluted 1:50 in FACS buffer for 30 minutes. Cells were washed twice with sterile PBS,
resuspended in 200 ul of FACS buffer and assayed for fluorescence on the FACS Calibur using
the FL1 channel and mean fluorescence quantified. Data were subsequently analysed on

Flowing Software 2.0 and GraphPad PRISM 5.

For C3b staining on SW 982 cells, cells were first trypsinised (1x Trypsin, 10 mM EDTA solution,
Gibco) to disassociate the cells from the flask. This step was essential as disassociation with
10 mM EDTA was slow and trypsinisation after complement deposition degraded C3b on the
cell surface and ablated FACS signals. 2x10° cells were then resuspended per sample in 200
pl of complete medium in 96 well U bottom plates prior to complement activation and
deposition as previously described. SW 982 cells were stained, washed and analysed in an

identical manner to THP-1 cells.

2.15.2 Flow cytometry staining for C9 deposition
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To stain for C9 (as a surrogate for MAC) deposition, a similar protocol was used. 2x10° THP-1
cells were seeded per sample at 1x108 cells/ml, prior to sensitisation and stimulation with
complement as previously described for 5 minutes. After 5 minutes, cells were centrifuged at
300 x g and fixed in 4% PFA solution at 4°C for 20 minutes. The shorter incubation and
requirement for cell fixing is reflective of the more transient nature of C9/MAC deposition on
the cell surface, in contrast to C3b which is retained for longer periods (Morgan 1988). Cells
were stained for C9 deposition using in house B7 anti-C9 neo-epitope antibody (10 pug/ml) or
appropriate isotype control for 20 minutes at room temperature. Cells were subsequently
centrifuged at 300 x g and washed twice with 1x sterile PBS. Cell were then incubated with
the appropriate secondary antibody, anti-mouse IgG Alexa 546, for a further 20 minutes. Cells
were washed twice in FACS buffer and then analysed for fluorescence using FACS Calibur as

described above.

2.16 - Determining cell surface complement regulator expression

SW 982 synoviocytes were seeded in 6 well plates overnight at 1x10° cells per well and a
concentration of 1x10° cells / ml. Cell medium was replaced on the day of the experiment and
any cell signalling inhibitors added for 1 hour at the designated dose. Cells were then washed
with 1 ml of sterile PBS per well, before trypsinisation with 0.7 ml Trypsin per well at 37°C for
10 minutes. The trypsin was subsequently neutralised with 0.7 ml of complete medium per
well before cells were transferred to sterile Eppendorf tubes and centrifuged at 300 x g for
five minutes and supernatant aspirated. Cells were then fixed in 4% PFA solution for 20
minutes at 4°C to preserve expression profiles through the staining process, washed and
resuspended in 200 ul FACS buffer prior to staining. For intracellular antigens, cells were
stained in FACS buffer containing 0.1% v/v Triton X for both primary and secondary
antibodies. CD59 was detected with the mouse monoclonal antibodies BRIC 229 or MEM 43,
whilst CD55 was detected using BRIC 215. All antibodies were used at 10 ug/ml, for 30
minutes on ice in FACS buffer. Cells were then centrifuged at 300 x g and washed with sterile
PBS before incubation with appropriate conjugated secondary antibodies at 1:100 dilution in

FACS buffer for 30 minutes on ice and protected from light. Cells were again washed in 1x

89



sterile PBS and resuspended in 200 ul of FACS buffer prior to data acquisition on the FACS
Calibur. Data were analysed using Flowing Software 2.0 and GraphPad PRISM 5.

2.17 — Investigating the role of CD59 in C3b deposition and cell death

To investigate the role of CD59 in regulating C3b deposition and cell death, THP-1 monocytes
were seeded in complete cell media at 1x10° cells per well at a concentration of 1x106 cells
/ ml in a sterile 96 well U bottom plate. Cells were sensitised to complement as previously
described using COS-1 antiserum, with and without CD59 function blocking antibody BRIC 229
at 10 pg/ml. Cells were then centrifuged at 300 x g, washed in 1x sterile PBS and resuspended
in complete cell medium and MAC generated using titrations of NHS or C5 depleted serum
as a control for 1 hour at 37°C. The attacked cells were then washed and stained for cell death
with 10 pg/ml Propidium lodide for 10 minutes at room temperature and for C3b deposition
as described above using anti C3b-FITC antibody (Biolegend) on ice for 30 minutes. Cells were
then washed with 200 pl of sterile PBS twice before transfer to FACS tubes and running on
the FACS Calibur flow cytometer. Subsequently, the data were analysed using Flowing

software 2.0 and GraphPad PRISM 5.

2.18 - Confocal microscopy imaging of complement regulator expression and complement
cell surface deposition

To further demonstrate different levels of complement regulator and terminal pathway
product deposition on the cell surface, confocal microscopy was used to visualise cells. WT
and NLRP3 -/- SW 982 synovial cells were seeded at 4x10* cells per well in an 8 well glass
chamber slide and allowed to adhere to the glass overnight at 37°C. Cells were washed with
300 pl 1x sterile PBS prior to fixation with 4% PFA for 20 minutes at room temperature. Cells
were washed prior to staining with primary antibody. In the case of CD59 surface staining, no
permeabilizing agent was used, however, when intracellular expression was investigated
0.1% v/v Triton-X 100 was included in the primary and secondary antibody solutions. Primary

antibody was diluted to appropriate concentration (20 pg/ml in the case of MEM43) in PBS,
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0.2% w/v BSA, 0.2% w/v NaNs. Cells were incubated with primary antibody for 2 hours at
room temperature. Cells were thoroughly washed with sterile PBS prior to secondary
antibody addition at 4 pg/mlin PBS, 0.2% w/v BSA for 2 hours at room temperature protected
from direct light. Directly conjugated Cholera Toxin B subunit Alexa 488 (Thermofisher) was
used to detect lipid raft membrane regions through binding to the GM1 sphingolipid at the
same time as secondary antibody at 1 pug/ml final concentration. Cells were again washed
thoroughly with 3x 300 pl of sterile PBS, then incubated with a 1:2000 dilution of TOPRO, a

carbocyanine nuclear stain, in PBS for 10 minutes at room temperature protected.

The cell casket was removed, the glue lifted using a razor blade and peeled off evenly to allow
mounting. A drop of vectashield was applied over each well and a coverslip applied over each
half of the slide. This was pressed down using a pipette tip and excess vectashield removed

using tissue. The coverslip was fixed using nail varnish and allowed to dry.

Cells were imaged using the ZEISS confocal microscope using a 1.4 NA 63x Zeiss objective lens.
The system was equilibrated, the far-red, red and green laser gains were optimised for each
experiment, and images visualised and saved using the Zen Black software. Colocalisation of
markers was performed using the Zen Blue software, with a Pearson’s co-efficient greater

than 0.5 taken as significant colocalization.

2.19 - Western blotting

Cell lysates were collected as previously described in the cell stimulation protocols. Cell lysate
was aliquoted then mixed in equal volume with 2x reducing Western blot loading buffer,
boiled at 90°C for 10 minutes to ensure protein denaturation and allowed to cool prior to
loading. Precast gels (4-20% gradient BioRad gels) or hand cast gels (10-15% running, 3.5%-
4.5% stacking) were then loaded in separate wells with 5 pl of chromogenic molecular weight
ladder and 25 pl of cell lysate + loading buffer. Gels were run in SDS PAGE running buffer for
a minimum of one hour at 120 V constant voltage at room temperature or until the gel dye

front reached the bottom of the gel.

For gel transfer to nitrocellulose membrane a wet transfer system was used. Sponges, filter

paper and nitrocellulose membrane were soaked in transfer buffer and then assembled
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sequentially in the cassette, with a roller used to eliminate bubbles. The cassette was placed
in the transfer buffer filled transfer tank and an ice block added to cool the buffer; voltage
was set at 100 V for one hour. Complete transfer of the chromogenic ladder was checked to

confirm effective protein transfer to the membrane.

Membranes were then blocked for a minimum of 1 hour at room temperature with 5% non-
fat dry milk powder in 1x PBS + 0.1% v/v TWEEN to prevent nonspecific antibody binding to
the membrane. Primary antibodies were incubated with the membrane overnight at a 1/1000
dilution at 4°Cin 5% w/v BSA in 1x PBS + 0.1% TWEEN with constant gentle agitation. Primary
antibodies were reused up to three times with storage at -20°C. Membranes were
subsequently washed three times with 1x PBS + 0.1% TWEEN for 5 minutes at room
temperature to remove any nonspecific primary antibody binding. The appropriate secondary
antibody was then added in PBS, 5% w/v BSA, 0.1% TWEEN and incubated for 1 hour at room
temperature with constant gentle agitation. Membranes were then washed three times (10
minutes each) in 1x PBS + 0.1% TWEEN and a final 10-minute wash in 1x PBS, then probed
using ECL reagents as per the manufacturer’s instructions. The membrane was soaked in ECL
detection reagent and excess was removed by blotting; the membrane was then wrapped in
clingfilm and images captured using the Thermofisher MyECL system or through exposure to
autoradiography film. Molecular weights of protein bands were measured relative to the

markers and band density assessed by densitometry (ImageStudio lite; Licor).

One set of Western blot experiments (IL-1B in cell lysates from primary macrophages
stimulated with reactive lysis) was performed at the GSK site in Stevenage and therefore had
a modified protocol. Differentiated primary macrophages were stimulated with C5a and
reactive lysis MAC as described and 1x10° cells were lysed in 200 pl of RIPA buffer with
protease inhibitor cocktail. Cell lysate was loaded on 4-12% gradient BIS-TRIS gels and run
under a constant Voltage of 120V for 1 hour. 5ul of Chameleon molecular weight marker was
loaded in lane 1 of each gel. Protein was transferred to PVDF membrane using the semi-dry
Invitrogen power blotting system for 8 minutes. Membranes were washed in PBS 0.1% v/v
TWEEN as previously described and blocked in PBS + 5% w/v BSA for 1 hour. To probe for IL-
1B, mouse anti human IL-1B (CST) was diluted 1:1000 in PBS 5% w/v BSA for 1 hour at room
temperature and rabbit anti human B-actin (1:10,000 — CST). Membranes were subsequently

washed with PBS 0.1% V/V TWEEN and probed with the respective LICOR secondary
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antibodies (Goat anti-rabbit 800 CW and Donkey anti-mouse 680 CW) for 1 hour at room
temperature. The two secondary antibodies allow detection of IL-1B and B-actin on the
membrane simultaneously at the respective wavelengths. Membranes were washed 3 x 15
minutes in PBS + 0.1% V/V TWEEN before a 30-minute wash in deionized H,0. All steps after
the addition of the secondary antibodies were performed protected from direct light. Washed
membranes were then visualised at 680 and 800nm on the ODYSSEY system and images at

each wavelength saved.

2.20 - Quantification of IL-1p secretion by ELISA

To measure mature IL-1B secretion from cells, a duo set kit from R&D systems was used as
per the manufacturer’s instructions. A 96 well Nunclon plate was coated with a 1/120 (v/v)
dilution of capture antibody in PBS for 2 hours at 37°C or overnight at room temperature. The
plate was then washed twice using PBS + 0.05% TWEEN, blocked with 300 ul per well of PBS
+ 1% w/v BSA for 1 hour at 37°C and washed again. A dilution series of IL-1B standard from
500-7.2 pg/ml was generated in cell culture medium and 100 ul added to wells in duplicate to
generate a standard curve. Diluted sample supernatants (100 pl) were added to sample wells
and incubated for 1 hour at 37°C. Wells were washed and detection antibody (100 ul/well at
1/60 (v/v) in PBS + 1% BSA) added for 1 hour at 37°C. After washing, 100 pul of Streptavidin-
HRP (1/40 (v/v) in PBS + 1% BSA) was added per well for 20 minutes at 37°C. Wells were again
washed and 100 pl of TMB substrate solution added per well for 20 minutes at room
temperature. The chromogenic reaction was stopped by addition of 50 pl per well of 10% v/v
H,S04. The colour change was subsequently read at 490 nm on the Magellan plate reader. A
standard curve was then generated, and sample unknown values interpolated using PRISM 5

analysis software.

2.21 — CaspaseGlo assay for Caspase 1 activation
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Alongside IL-1B secretion, the cleavage of Caspase-1 is an important marker for NLRP3
activation. While this can be detected by western blotting for Caspase activation fragments, |
selected a semi quantitative technique, the CaspaseGlo kit from Promega. This assay utilises
a synthetic Caspase-1 substrate which, when cleaved by Caspase-1, generates a luminescent
signal, which is used to quantify levels of Caspase activation relative to controls. A schematic

of the reaction is shown in Figure 2.4.
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Fgure 24. Schematic of the luminescent reaction used to generate Cadpgleesignal. The synthetic Caspdssubstrate
Z-WEHD is cleaved by the activated Caspase, generating Aminoluceferininthithemits a quantifiabléuminescent

signal propottional to theamounts of activated Caspade Image sourced from Promega website

THP-1 cells were seeded at 2x10° / well in a 96 well, U bottomed plate while SW 982 cells
were seeded directly to opaque, sterile plates. THP-1 and SW 982 cells were sensitised to
complement deposition and subjected to sublytic complement deposition using NHS or C5
depleted serum for one hour. The cells were then added to the Caspase-1 luminescent
substrate and incubated in the dark at room temperature for 90 minutes prior to transfer to
white, flat bottomed, sterile 96 well plates; luminescence values were recorded on the

Clariostar plate reader. Data was then analysed in GraphPad Prism 5 software.

2.22 - Measuring calcium flux in response to sublytic MAC
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THP-1 monocytes were cultured in complete medium; 2x10° cells/well were seeded in U
bottomed 96 well plates. The fluorescent Calcium binding dye Fluo-3-AM (Thermofisher) was
reconstituted in DMSO to make a 221 uM stock, before adding to the cells at a 1:100 final
dilution (2.2 uM) and incubating for one hour at 37°C away from direct light. The lipophilic
dye was taken up by the cells and trapped by cytosolic esterase cleavage of the AM (acetoxy-
methyl) group (Figure 2.4). The cells were then sensitised to complement as previously
described, washed and resuspended in 200 pl of CFD buffer +/- 10 mM EGTA. Cells were
exposed to NHS or C5 depleted serum and incubated at room temperature to allow quick
loading on the cytometer or plate reader for the designated length of time before running on

the flow cytometer and measurement of FL1 fluorescence.
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Figure 25. Schematic of methyl ester loading to the cell. Cell permeablepolansed methyl esters are added to the cells
and incubated for 30 minutesl haur at 37°C o allow the uptake across the cell membrane. Upon entering the cell, esterase
cleavage genettas a polarised molecule which is cell membrane impermeable and can then interact with intracellular
charged groups such as Calcium or ROS, géngi fluorescemnsignal. Imagegditedfrom Dojindo website

For measurement of calcium flux using the Clariostar plate reader, 2x10° THP-1 cells or 2x10*
SW 982 synoviocytes were loaded with Fluo-3 by incubation with Fluo-3-AM as described,

sensitised using COS-1 antiserum , transferred to white, flat bottomed plates in complete

95



medium and loaded in the plate reader set with a focal height of 7.7 mm, gain of 1000 and
excitation/emission of 505/525 nm respectively. Cells were then stimulated with NHS, HI NHS
or C5 depleted NHS, and calcium flux measured by increased fluorescence. Fluorescence
readings were taken at least every 1 minute for at least 10 minutes from each well. If
signalling inhibitors, such as BAPTA-AM or Xestospongin C were used, these were pre-
incubated with the cells prior to COS-1 sensitisation at the stated doses for 45 minutes. Data
was subsequently analysed using the MARS analysis software and curves generated using
GraphPad Prism representing the changes in fluorescence over time in each replicate.

Changes in Calcium concentrations were measured using the following formula:

[Ca%*] = Kd (325 nM for Fluo-3-AM) x ((Fluorescence of signal — Minimal Fluorescence (unstimulated

cells)) / ((Maximal Fluorescence (Triton X control) — Minimal Fluorescence)).

2.23- Measuring mitochondrial potential

To determine whether sublytic MAC induced mitochondrial depolarisation, the mitochondrial
selective dye tetramethyl rhodamine ethyl ester (TMRE) was used. TMRE is retained in
polarised mitochondria where the mitochondrial membrane H* gradient is intact, yielding a
fluorescent signal, and is lost upon membrane depolarisation. 2x10° THP-1 cells were seeded
in a 96 well, U bottomed plate at a density of 1x10°8 cells/ml. In experiments where cell
signalling inhibitors were used, cells were initially incubated with cell signalling inhibitors for
45 minutes at the relevant working concentrations. Cells were then incubated with TMRE at
a concentration of 200 nM for 20 minutes at 37°C to load cells with TMRE. Cells were then
washed with 1x PBS and sensitised to complement using the COS-1 antiserum as previously
described. Cells were subsequently washed with 1x PBS prior to resuspension in complete
medium and sublytic MAC deposition for 30 minutes. C5 depleted serum, antiserum only,
unstimulated and unstained controls were also included. FCCP (carbonyl cyanide 4-
(trifluoromethoxy) phenylhydrazone), an ionophore that causes mitochondrial
depolarisation, was used as positive control. Fluorescence was measured by either flow
cytometry or fluorescent plate reader; loss of fluorescence was indicative of a reduction in

mitochondrial potential an indicator of mitochondrial dysfunction. Data were analysed using

96



Flowingsoftware 2.0 or MARS data analysis platform, dependent on the platform used, and

outputs created in GraphPad PRISM 5.

2.24 - Generating NLRP3 KO SW 982 synoviocytes via CRISPR Cas9 system

CRISPR/Cas9 genome manipulation allows, specific, targeted gene editing using the Cas9
endonuclease. To target the Cas9 endonuclease to a DNA region, a short transcript
containing a scaffold region (also known as Tracr RNA) and a complementary sequence
(collectively called gRNA) to the target DNA must bind the Cas9 complex and orientate it
adjacent to the Cas9 cleavage motif, known as a protospacer adjacent motif (PAM) site. The
cleavage of target DNA is dependent on the homology of the gRNA with the complementary
sequence to anchor the endonuclease in place. Upon effective Cas9 binding, the two
endonuclease domains undergo conformational change, and each mediates a single DNA
strand cleavage event, cumulatively creating a double strand break (DSB). The repair of the
induced DSB can then be dictated in the experiment. The provision of a suitable DNA
template to integrate into the blunt ended DSB allows precise genome editing with
homology directed repair. If knocking out of gene expression is desired, no template DNA is
provided; there is a propensity for inaccurate repair of blunt-ended DSB’s, resulting in frame
shifts in the target gene, introducing premature stop codons and/or missense mutations. A
schematic for CRISPR Cas9 utilisation for both homology-directed repair and non-

homologous end joining, mediating DSB’s for missense mutations, is shown in Figure 2.6.
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Figue 26. Sclematic of CRISPR Cas9 mediated DNA manipulation, with the used workflow of NHEJ for gene knockout
highlighted. Imagedapted from https://www.addgene.org/crspr/quide/.

The CRISPR experiment was performed at GSK in the Catalyst/C3 DPU labs in Stevenage. The
resources for the experiment were all sourced from Thermofisher, with 4 gRNAs against
NLRP3 selected from predefined libraries. SW 982 cells were seeded at a density of 1x10° cells
welltin a 6 well plate and allowed to adhere overnight at 37°C in a 5% CO> incubator. On the
day of transfection, Cas9 mRNA (0.5 pg), NLRP3 gRNA (325 ng/ml) and Lipofectamine 3000
(5.2 pl) were aliquoted separately into 250 pl of OPTIMEM medium and liposomes allowed to
form for 5 minutes at room temperature. The composition of each tube is shown below in
Table 4. Two gRNAs were used per sample to maximise the probability of frame shift
mutations. The tubes containing the RNA mix were then combined with the liposomes for 15
minutes at room temperature to allow RNA: Lipid complexes to form prior to addition to SW
982 cells in OPTIMEM for 6 hours at 37°C. After 6 hours, media was replaced, cell colonies
selected, allowed to recover from transfection and assayed for NLRP3 expression by Western

blot / RT PCR.
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Tube Condition

i Untransfected gRNA pair1  gRNA pair 2 Mock transfected control
1 250ul OPTIMEM 250ul OPTIMEM 250ul OPTIMEM  250ul OPTIMEM
gRNA 1 gRNA 3
(325ng/ml) (325ng/ml)
CRISPR1098152 CRISPR1098159
_CR CR
gRNA 2 gRNA 4
(325ng/ml) (325ng/ml)
CRISPR1098154 CRISPR1098157_
_CR CR
0.5ug CAS9 0.5ug CAS9
i mRNA mRNA 0.5pg CAS9 mRNA
2 250ul OPTIMEM 250ul OPTIMEM 250ul OPTIMEM  250ul OPTIMEM
5.2ul 5.2ul

Lipofectamine Lipofectamine 5.2ul Lipofectamine

Table6: Pl an of CRI SPR/ CAS9 transfection for WT SW 982 cell s.
TRUE guide range and used in pairs to ensure effectigetiag of all NLRP3 isoformidntrandeced and mock transfected
(Cas9 mRNA + lipofectamirngRNA control) were used to compare to the targeted transfections.

2.25— Pouring Agar plates and clone selection

To generate further CRISPR/Cas9 based knockouts a different system was utilised. Firstly, cells
were transfected with an inducible Cas9 expression plasmid, pCW-Cas9 supplied by Addgene
which allowed for positive selection through Puromycin resistance, with a subsequent second
transfection of gRNA and screening for loss of gene expression of the protein of interest. A
map of the plasmid is shown below in Figure 2.7. The total plasmid consists of 11,885 bp and

contains the Cas9 gene under a TET-on inducible promoter and a Puromycin selection marker.
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Figure 27. pCWCa9 gene map. The total plasmid construct consists of 11,885bp and contains the Cas9 gene under an
inducible TET ON promoter allowing expression to be transient and potentially limit off target gene editing effects. The
puromycin resistance gene alis postivesuwival selection of transfected cells. The plasmid contains restriction enzyme sites

for XBA1 and NHEL1 at 6001 and 537 respectively, allowing a restriction digest of the plasmid with these enzymes to generate
two fragments of roughly 5.5 kéind 65 kb. Image adapted from Addgeneavebsite (https://www.addgene.org/50661/).

The initial step of this workflow was the purification of the pCW-cas9 vector from Addgene,
deposited by Eric Lander and David Sabbiatani and first described by Wang et al 2014. The
vector was supplied in bacterial stabs set in agar, which were stored at 4°C prior to use Agar
stock was generated by adding 15 g of agar powder per litre of Luria Broth (LB) medium and
microwaved until the agar was dissolved. The solution was then allowed to cool to room
temperature prior to the addition of 10 pg/ml Puromycin to the solution. Agar solution (10
ml) was poured into each of 8 plates and allowed to set at room temperature. To generate
bacterial colonies, cells from the bacterial stab were streaked on the selective agar plates

using a sterile pipette tip.
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The streaked plates were then inverted to prevent condensation dripping onto the cells and

sealed with parafilm prior to overnight incubation at 37°C to allow colony growth.

After the overnight incubation, plates were checked visually, and individual colonies carefully
selected using a sterile pipette tip and transferred to 30 ml of prewarmed LB broth containing
10 pg/ml Puromycin. These cultures were then incubated at 37°C with constant agitation

overnight to allow liquid culture growth, apparent by the increased turbidity of the culture.

2.26 — Purification of pCW-Cas9 plasmid DNA

To purify plasmid DNA from the clonal liquid cultures the Invitrogen Purelink Maxiprep kit
was used. The overnight liquid colonies were firstly centrifuged at 600 x g for 10 minutes to
pellet bacteria. The Maxiprep column was equilibrated in 30 ml of buffer EQ1 (0.1 M sodium
acetate, 0.6 M NaCl, 0.15 % v/v Triton X) using gravity flow. The resuspension buffer R3 (50
mM TRIS-HCI, 10 mM EDTA, pH 8.0) was prepared through the addition of RNase A to a final
concentration of 100 pug/ml in 100 ml prior to use to eliminate RNA contamination. Pelleted
bacteria were resuspended in buffer R3 in a sterile hood, with gentle inversion and shaking
until the suspension was homogenous. 10 ml of Lysis buffer L7 (0.2 M NaOH, 1% w/v SDS) was
then added to the suspension, mixed by inversion and incubated for five minutes at room
temperature to allow bacterial lysis. The DNA from the lysed bacterial cells was then
precipitated to remove debris through the addition of 10 ml precipitation buffer N3 (3.1 M
Potassium acetate, pH 5.5) and inverted until the mixture was homogenous, with the
precipitated DNA subsequently loaded on to the Maxiprep column and allowed to gravity
flow through the column. The flow through from the precipitated lysate was discarded
alongside the inner filtration cartridge, before washing the column with 50 ml of wash buffer
W8 (0.1 M Sodium acetate, 825 mM NaCl, pH 5.0). The flow through from the wash step was
discarded and a fresh sterile 50 ml tube was placed under the column for elution. Bound
plasmid DNA was eluted from the column with 15 ml of elution buffer E4 (100 mM TRIS-HCI,
1.25 M NadCl, pH 8.5) through gravity flow. The eluted DNA was then precipitated by adding
10.5 ml of isopropanol, mixing and centrifugation at 12,000 x g for 30 minutes at 4°C. The

supernatant was discarded, the pellet was resuspended in 5 ml 70% ethanol and centrifuged
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at 12,000 x g for 5 minutes. The supernatant was removed and the pellet air dried for 10
minutes then resuspended in 500 pl of TE buffer. DNA concentration was measured by

nanodrop, aliquoted and stored frozen at -20°C until use.

2.27- Restriction enzyme digestion and agarose gel electrophoresis of pCW-CAS9 plasmid

To verify that the purified plasmid DNA was intact, pure and encoding the correct sequence,
the purified DNA was run on an agarose gel, with and without restriction enzyme digestion.
To perform the restriction digest, 1 pug of plasmid DNA was added to 1 activity unit (the
amount of enzyme required to digest 1 ug of substrate DNA in a 50 pl volume in 60 minutes)
of both XBA1 and NHEL in a 30 pL reaction volume containing 0.1 mg/ml BSA in NEB broad
spectrum restriction enzyme buffer for 1 hour at 37°C. A 1% agarose gel made from 1%
agarose solution in 1x TAE buffer containing 50 ug of Ethidium Bromide to allow visualisation
of DNA was used to resolve the digestion products. The gel was placed in the gel docking
system with a 10-well comb inserted for sample loading immersed in 1x TAE buffer in the gel
tank, a DNA samples and broad range molecular weight marker (10 kb-100 bp,) were loaded
and electrophoresis performed at a constant voltage of 100 V for 1 hour. Resolution was
checked using UV imaging and the gel run for up to a further hour to increase the high kb
resolution needed to differentiate the restriction digest products. Images were captured

using the Thermofisher MyECL system and shown in Figure 2.8.
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Figure 28. Agarose gel electrophoresis of purified pCWS9 vector. Intact pCBAS9 vector s 11,800 bp and above the
heaviest base pair marker, but observable in its linearized, circulasupedcoiled structures in Lane 2. The double restriction
digest of the plasid using XBA1 and NHEL1 generated the expected 6,500 and 5,500 bp fragments observed in Lane 4. The
lack of multiple bands indicates little DNA degradation and allows confidendenitity, purity and quality of the plasmid

DNA for subsequent transfeatis.

2.28- Transfection of pCW-Cas9 vector in to SW 982 cells

To generate an inducible Cas9 expressing synovial cell line, SW 982 cells were lipofectamine
transfected with the purified pCW-Cas9 vector and transfected cells selected through
puromycin resistance. The day before the experiment, 2x10° WT SW 982 cells were seeded
per well in a 24 well plate in 500 pl of complete medium and left overnight to adhere. On the
day of the experiment, cells were washed and 1 ml of OPTIMEM added per well. Concurrently,
DNA: lipid complexes were prepared. A titration of plasmid DNA (2-8 ug) was diluted in 500
ul of OPTIMEM and lipofectamine dilutions were prepared in separate sterile Eppendorf tubes
(2-10 pl of lipofectamine in 50 ul of OPTIMEM). The DNA and lipofectamine were then
combined to allow DNA: Lipid complexes to form and incubated for 20 minutes at room
temperature, then added to the cells for 6 hours at 37°C. The medium was changed back to

complete medium for 24 hours post transfection. Positive selection was then performed by
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adding 5 uM Puromycin to the medium for 48 hours after transfection. Cell islands were then

allowed to grow in the absence of Puromycin and expanded to T175 flasks.

To verify that the T175 cultures retained the plasmid after growth in the absence of
Puromycin containing selection media, 2x10° WT and pCW-Cas9 treated cells were seeded at
a density of 4x10° cells /ml in a sterile 24 well TC plate and allowed to adhere overnight. Cells
were then subjected to a titration of Puromycin (2.5-0.1 uM) in complete cell medium for 48
hours and cell viability measured through trypan blue exclusion, relative to unstimulated
(complete medium — Puromycin) and positive control (complete medium + 1% Triton X)

shown in Figure 2.9.
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Figure 29. Trypan blue exclusion of WT and RCAS9 transfected SW 982 cells treated with a titration of Puromycin for 48
hours. PCWCas9 transfected SW 982 cells demonsttatatistically significant protection to Puromycin mediatetl death
relative to WT controls, validating transfection and construct expression. Data presented as m8&h+/from a single
experiment, representative of two experiments. Data analysewbyvay ANOVA*** = P<0.001)
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2.29 - Purification of total RNA from SW 982 synoviocytes

To verify the loss of expression of NLRP3 from the CRISPR/Cas9 treated cells, RNA was
collected for analysis with reverse transcriptase PCR (RT-PCR). The mRNA extraction was
performed using the Sigma GeneElute mammalian total RNA miniprep kit. The buffers
provided with this kit came supplied, and details of formulation are not available on the
company website. 2x10° SW 982 WT and CRISPR/Cas9 treated cells were seeded per well at a
density of 4x10° cells/ml in a 24 well, sterile, flat bottomed sterile plate and allowed to adhere
overnight at 37°C. On the day of the experiment, complete media was replaced (500 ul) and
cells were primed with 100 ng/ml LPS for 4 hours to elevate NLRP3 expression or left
unstimulated as controls. The cells were washed using 1x sterile PBS and lysed in 250 pl RNA
extraction buffer + 1:1000 v/v B mercaptoethanol. Cell lysate was then mixed with 250 pl of
70% ethanol solution, then added to the RNA binding column, centrifuged at 13,000 x g for
15 seconds, and the flow through discarded. The column was washed with 500 pl of wash
buffer W3136 and centrifuged at 13,000 x g for 15 seconds, washed again with 500 pl of buffer
W3261, then eluted using 50 pl of buffer E8024 and centrifugation at 13,000 x g for 1 minute
through the column. Eluent was collected, concentration and A260/280 nm ratio measured

on the Nanodrop, and mRNA was stored at -80°C until use.

2.30 - Reverse Transcriptase PCR

To perform the RT-PCR, the Superscript Il One-step RT-PCR kit (Thermofisher) was used. The
procedure was performed as recommended in the generic guide provided with the kit. The
primer pair used for NLRP3 amplification was purchased from Thermofisher (Primer ID:
Hs00315580_CE, forward primer sequence: TCTCACTTCAATCCACTGGTTGATA, reverse primer
sequence: TTAGCCAAATGCTTACCAGAAAGTT, expected amplicon length: 499 bp).

The PCR reaction mixture was prepared with 21 pul of diluted template RNA added per tube
giving final concentrations of 200 ng of RNA per tube to ensure template mRNA was within
optimal range for amplification. The concentration of RNA from samples taken from

stimulated SW 982 cells was measured by Nanodrop A230 nm to ensure equal loading in to
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the PCR tubes. The remaining PCR mixture consisted of 25 pl of 2x reaction mixture
(Superscript One step PCR Kit), 21 ul of sample RNA (diluted in RNA free water with 200 ng of
total RNA per sample), 1 ul of forward and reverse primers and 2 ul of Superscript Il RT /

Platinum Taq mix added per PCR tube.

To perform RT-PCR, the thermocycler was preheated to 54°C for 15 minutes prior to
experiment starting. The thermocycling protocol was as follows: CDNA synthesis and
denaturation at 54°C for 20 minutes, followed by pre-denaturation at 94°C for 2 minutes.
Amplification was performed by cDNA denaturation at 94°C for 15 seconds, annealing at 63°C
(average of calculated optimum annealing temperatures of forward and reverse primers,
61.2°C and 64.4°C respectively). Extension was performed for 1 minute each cycle for the 499
bp expected amplification product. Denaturation, annealing and extension was performed
for 40 cycles and a final extension step added at the end of the final cycle at 68°C for 5

minutes.

Following the RT-PCR process, half (25 ul) of RT-PCR product was then mixed 1:1 with 2x
agarose gel loading dye and loaded on to a 1% agarose gel containing 50 pg of Ethidium
Bromide for DNA visualisation. The agarose gel electrophoresis was performed as previously
described, until the loading dye front had migrated at least half the length of the gel. A broad
range molecular weight marker (10kb-80bp) was used to measure PCR product bp size. The

gel was subsequently visualised using the Thermofisher MyECL system.
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Chapter 3: Establishment of protocols for complement attack on nucleated cells

3.1- Introduction

To mimic the effects of complement activation In vivq systems had to be generated which
would allow complement activation on target cells, from a serum or purified protein source,
at a sublytic level (<10% cell death above baseline). The establishment of a reproducible sub-
lethal system is crucial to allow the dissection of lytic and non-lytic effects of MAC on

inflammatory signalling.

Previous work on MAC mediated activation of NLRP3 has utilised a variety of methods for this
process. One method utilised heterologous serum to circumvent the need for sensitisation
with antibody, subsequently demonstrating a complement mediated induction of IL-1
secretion and Caspase-1 release at sublytic levels in LPS primed Dendritic cells (Laudisi et al
2013). In other studies, the capacity of complement activators which are avidly opsonised was
investigated in the context of NLRP3 activation. Whilst the focus of the work was on C3
products and NLRP3 activation, an experiment using reactive lysis generated MAC was
performed and robust IL-1B production demonstrated; however, percentage cell viability in

response to attack was not reported (Suresh et al2016).

Another paper, published by our group, measured non-lytic MAC in the context of NLRP3
activation using homologous serum in a CP system (rabbit polyclonal anti-CD59 as a
complement activator) and demonstrated clear titrations of cell death and C9 deposition on
the cell surface as well as terminal pathway dependency using complement depleted sera

(Triantafilou et al 2013).

Despite the differences in experimental procedure, each of these studies came to the same
conclusion; the MAC is needed for complement mediated NLRP3 activation. It is therefore
critical to demonstrate that the systems used in this body of work firstly replicate this
dependence on MAC, whilst also maintaining the clear separation of lytic and sublytic MAC
activities. This was investigated using both reactive lysis and CP systems, optimised for the

subsequent experiments investigating NLRP3 activation.
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3.2 - Methods of purification and validation of function of complement terminal pathway

components from normal human serum

Complement terminal pathway components are abundant in NHS, with C5 the most abundant
at ~80 ug/ml; however, the acute phase nature of the terminal pathway components, with
the exception of C7, can result in higher concentrations in disease (Noris and Remuzzi 2013).
To purify these proteins via classical chromatography methods requires large volumes of
serum and a multistep process requiring salt cuts, ion exchange and size exclusion
chromatography to yield a pure final product (Van den Berg 2000). However, affinity
chromatography utilising monoclonal antibodies against terminal pathway proteins allows
efficient purifications in a single step. Affinity columns comprising monoclonal antibodies
against C5, C6, C7, C8 and C9 immobilised on Sepharose were generated as described in
materials and methods Purification was performed on donor plasma from expired platelet
bags, with 50 — 100 ml of donor plasma applied to the column twice to maximise purification
yields. An example chromatogram for purification of C9 from 50 ml pooled human plasma is
shown in Figure 3.1. Purified affinity eluents were collected, and fractions pooled and dialysed
in to CFD overnight at 4°C. Purified components were then subjected to SDS PAGE with

Coomassie staining or western blotting to verify protein identity (Figures 3.2 and 3.3
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Figure 3.1Representative chromatogram of complement compor@@purification by affinity chromatographusing a Hi
TRAP NHS activated column with 23mg of BAquseanti C9 antibodyyoupled. 50 ml of poled NHS was loadexhto the
column under low salfatural pH comlitions (10 mM TRIS, 150 mM NagHl 7.4}o fadlitate proteinbinding to thecolumn
coupled antibodyNHS loading on the column generates, a large, sihgaJV signa(initial blue peak) due to the high
protein content. As the pooled NHS is washed off the column, theégd® drops and the budf flows to the waste valve.
Thebound proteinis then elutedising 5x olumn volumes of elution buffgr M Glycine, 10 mM T®oH4). Protein positive
fractionswere immediakly neutralised with 100l of 1 M TRIS pH 10, pooled and dialysed overnight into CFD bufferCat 4
prior to testing forfunction andpurity.
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FHgure 32. Coomassie staed SDS PAGE ofified complement terminal pathway componeritsig of purified piotein from
affinity purificationswas denatured (9C°C for 10 minutes) and loaded om 420% gradienpolyacylamide gels (Biead)
under reducing ononrreducingconditions.Pageruler Plupre-stained protein laddefThermdisher) was loded in b Lane 1

of both gels SDPAGE was performed under anstantVoltage of 120V fot hour.Gels were then stained using Coomassie
staining solution for at least 1 hour adom temperature Gels weresubsequentlydestaned using destain solutiomith 5x
10-minutewashesGels were then visualised using ffteermdisher MYECL systen@5 molecular weight 183 kDag chain
110 kDap chain 75 kDa. C6 molecular weigh®5 kDa, C7 molecular weightl10 KDa but runs around 86 [Ba under SDS
PAGE (Stdlet al 2M0) C8-163 kI intact, upon reductio/ 3 chains run at 64 kDa angdat 24 kDa, C9 molecular weight
79 kDa.
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Figure 3.3Western blots of purified C7, C8 and C9 proteins. 1 pg ofguipifitein from pooledstocks wasdenatured at 90
°C for 10 minutes antbadedunder reducing or noreducing coditionson a BioRad precast20% gadient polyacrylamide
gel. Samples werthen subjected to SDIBAGHor 1 hour at a constant voltage o2Q V. Gelsvere removed and transferred
onto nitrocellulose membranes for 1 hour at 10wsing thewet transfer systemEffective protein transfer was denoted by
the transfer of the prestained Pageruler Plus ladder to the meanie. Membranes werblockedwith PBS%w/v skimmed
milk powderfor 1 hour at room temperaturevashed using PBS 0.1% YWEEMNnNd probed for the respective protsi(C7
—In house 27D1@nti human C7 polyclonaC8- In house J1 mouse anti human C8 monoclonal; I@house rabbianti
human C9 polyclonal). Primary antibodies weied at 1/1000 dilutionMembianes were washed using P3% v/iv TWEEN
3x15 minutesand beforerespective secondgrantibodies were appliedt 1/5000dilution in PBS 5% w/BSAMembranes
were again washedor 3x15 minutes in PBS 01% w/v TWEEN bafbre 1 x30-minutewash in ddHO. Cheniluminescent
visualisation was perfoned using ECL reagernftom GE as per manufaatue r ° s i nstructi ons and

film for 3 minutes for final blots
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To generate an active C5b6 complex, two methods were employed. Initially, a freeze thaw
method was used due to the difficulty in generating C5b6 (Dessauer et al 1985). To form an
active complex, purified C5 and C6 were mixed in an equimolar ratio and incubated at 4°C for
one hour. The mixture was subsequently frozen at -80°C for 24 hours before rapid defrosting
in a water bath at 37°C. The reaction of C5 and C6 in this manner yields no detectable C5a
biological activity; however, it enables generation of a MAC precursor with lytic function
similar to the native C5b6 complex. A drawback to this method is that the C56 complex
generated through freeze thaw is unstable and rapidly decays, requiring the thawed product

to be used within 3 hours and kept on ice to preserve activity (Cole thesis 2005).

To determine this activity for future experiments on nucleated cells, the C56 complex was
incubated on guinea pig erythrocytes (GPE) in a reactive lysis haemolytic assay. GPE’s were
used for reactive lysis assays due to the lack of expression of CD59 on the cell surface,
rendering the cells highly sensitive to complement mediated lysis (Boshra et al 2017). A
titration of initiating C56 complex was applied to a fixed dilution of GPE for 10 minutes at
room temperature in CFD + 10 mM EGTA before C7 addition in molar excess and a further 15-
minute incubation at 37°C for 15 minutes. C8 and C9 were then added at a molar excess to
the C5-7 complex and incubated for a further hour at 37°C. Intact GPE were pelleted by
centrifugation at 4°C at 300 x g for 10 minutes and 100 pl of the haemoglobin containing
supernatant aspirated and transferred to a 96 well, flat bottomed clear plate. Absorbance at
405nm was measured, corresponding to released haemoglobin and shown in Figure 3.4 A/B.
Positive and negative controls (GPE + water, 1% TWEEN 20 positive and GPE + CFD only
negative) were employed as well as a GPE’s + C56 exposed + 10% NHS with 10 mM EDTA as a
source of terminal pathway components. This was to ensure any negative results were due
to a lack of C56 function as opposed to a problem with the preparation of any other terminal
pathway components. A major caveat of this method is the inability to effectively quantify
the conversion of C5 and C6 to the functional C56 complex; hence, the stated doses of C56
complex in Figure 3.4 assume complete conversion of C5 and C6 to C56; however, efficiency

is likely low and the actual working concentration of complex far lower.

Percentage haemolysis was quantified by the equation: Percentage haemolysis = ((Positive

control — Negative control) — (Sample — Negative control)) x 100.
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In this experiment, the negative controls was GPE’s in 100 ul of CFD only without the addition
of any complement components. The relatively high rates of background haemolysis (around
8-10%) of negative control samples (such as C56 only) may be attributable to the multiple
rounds of pipetting in this method incomplete dialysis of the elution buffers used in

component purification which may slightly alter absorbance values.
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Figure 3.4A. Tiration of haemolytic activity of C56 generated by freezenttof purified C5 and C6 proteins. The MAC complex
was assembled adescribed above with the C56 initiatiggmplex as the limiting componehy concentrationC56 was
added to guina pig erythrogtes in 96 well U bottom platesat the denoted cocentrations for 10 minutes at room
temperatue in CFD buffer. C7 wasbsequentlyadded in molar excess (@/ml) for 15 minutes aB7 °C. C8 and C9 were
subsequently added (both at 8@/ml ) for 45 miutes at 37°C. Plates were centifuged cells pelleted antiaemoglobin
containing supernatant transferred to flat bottoplates and absorbance at0fnm measured. Perce&ge haemolysis was
quantifiedrelative to CFD only negative and water + 0.1% v/v pesitimtrols Haemolytic activity of the complex was fully
dependert on the addition of C9 as C56, C567 and C5678 complexes exhibited no significant increases in haemolysis at any
concentration®f C56 used The haemolytic capacity watso demonstrated tde independent of C9 addition alone, as the
C9 only controfailed to induce haemolysis. Data was analysed using avesme ANOVA with a Dunttepost-hoc test to
compare all groups of the asselimy MAC complex to the complete MAC séanghe MAC induced émolysis was
statistically significantly higher than initi@g canplex or components alone (On@ay ANOVA with Duntieposthoc test,

all groups compared to C56789 P < 0.001). Data presestib@ anean +/ SEM from a single experimig representative of
three independent experiments. B. A titration of haemolyslsced by MAC (C58) relative to the amount of C56 initially
deposited on the cells with constant concentrations ofCO7used. Thidemonstrates a C56 dose dependent resen
Representative da from one of three independent experiments. Data displagechean +- SEM.
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To circumvent the issues surrounding the C56 system, predominantly the inaccurate
guantification of the initiating complex, methods of generating a C5b6 complex were
explored. Initially, C7 depletion of serum utilising affinity chromatography prior to activation
using zymosan (1 mg/ml) was attempted to arrest complement activation at the C5b6 stage
and then subsequent purification via SEC / Mono Q cation exchange. However, C7 depletion
of NHS to an extent sufficient to limit complement activation at the C5b6 stage was not
achieved with the affinity columns available or generated at that time. Residual haemolytic
activity was present in NHS despite low volumes of donor normal human serum (10 ml) being
run over the available anti-C7 affinity columns at the time three times ; therefore, an
alternative method was required. It should be noted, superior affinity columns were
generated later and used to effectively deplete C7 from NHS to generate C7 depleted NHS. A
second way of generating C5b6 is via the activation of purified proteins through the C3/C5
convertase analogue cobra venom factor (CVF) from Naja Naja Kouathiawhich activates both

C5 and C3, making it ideal for this application.

3.3 - Purification of CVF from whole cobra venom and validation of function

CVF is a 146 kDa protease which is the complement activating agent in Cobra venom. Whole
cobra venom was obtained and lyophilised, reconstituted in 1 ml of 10 mM TRIS buffer pH 7.2
containing 10 mM EDTA. This solution was loaded onto a Mono Q anion exchange column
and eluted using a linear gradient of 0-0.5 M NaCl, with a final 1 M NaCl wash to clean the
column. Protein containing fractions were collected and stored on ice prior to assaying

complement activating function, with the MONO Q AKTA trace show in Figure 3.5.
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Figure 35. AKTA trace of ®hoQ anion exchange column elution of Cobra ventdml of reconstitutedcobra venom was
concentratedusing 100 Kx cut off spin columnthrough centrifugation at 10,000 x gand was reconstituted in 10 mVRIS
buffer. Reconstuted venom was loaded ormtthe AKTAia a 1ml loading bop. The AKTBrogramme was then run and the
sample loop loaded on to thidono Q anion exhange columnLarge amounts foprotein camethrough the column in the
void volume, as determined by the large UV peak (Blue) in tte feactions. This is most likely caused by proteins with a
positive net charge at pH 7.4 and therefor@cda interact with the positively charged ®NOQ column maix. The protein
which bound the matrix was then eluted with a linear gradient of Na@/5®1) and protein containing fraction peaks pooled
and assayed fdnaemolytic function. The column wasghedthrough with 1 M NaCl to ensure no pet remained band.
Eluted protein containing frations werecolleded andkept separateto test for functiorlity by haemolytic assays.

To test the haemolytic capacity of the eluted fractions, fractions from each of the protein
peaks eluted were added to Guinea Pig erythrocytes in CFD + 10 mM EGTA to prevent
classical pathway activation of NHS. The addition of 10% NHS provided a source of
complement; however, without a functional CVF protein there would be no complement
activation due to the EGTA preventing classical pathway activation on GPE cells, with the

haemolytic titrations of each purification fraction shown in Figure 3.6.
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Figure 36. CVF MnoQ fractions corresponding tdution protein peaks were assayed for haemolytic capaciB&Gn CFD

+ 10 nM EGTAwere incubated vth serial dilutions of the lhoQ fractionsas denotedin the presence of 10%'v NHSas

a source of complement for 1 tnoat 37° @ 96 wel] U-bottomed plates Plates weresubsequentlgentrifuged GPB

pelleted anchaemoglobincontainingsupernatanttransferred to flat bottom plates for absorbance reading a5 4n.
Percentage hamolysis was cantified relative to vater + 0.1% WEENbositiveand 10% NHS with no Ciégative

controls Run through fractions (A3) and second eluted peak (F10) demt@tstigatable haemolytic activity whil€d10

(first eluted peak on the NaCl gradient) did ridte haemolytic capacity &3 may be drivedfrom Wbravenom
phospholipasewhich didnot bind theMonoQ column at the given ptHiaemolytic capacity of F10 fraction was statistically
significantly highertian D10 and D7 fractions, with no significant difference observed between F10 &adtidds

(P<0.01, Onevay ANOVA with Dwnett pog-hoc test, comparing all groups to F10 fraction).

The fractions in the peak including F10 demonstrated haemolytic capacity, but not the peak
corresponding to the D10 fraction. Therefore, to confirm the identity of the haemolytic agent
as CVF and to determine the protein purity of the second eluent peak, fractions F6-F12 were
pooled and SDS PAGE was performed under both reducing and non-reducing conditions with
2.5 pg of protein loaded per lane on a 4-20% gradient gel (Figure 3.7). The multichain structure
of CVF consists of a 68.5 kDa a chain, a 48.5 kDa 8 chain and a 32 kDa Y chain, disulphide
linked to generate the functional protein at 144 kDa. Aliquots of CVF were then frozen at -

20°C until use. From an initial 100 mg of lyophilised total cobra venom, 1.2 mg of purified CVF

was obtained.
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Figure 37. SI5 PAGE of fractions F&12 fromMono Q purification of CVF from whole Cobra ver(diaja Naja Kouthia).

2.5ug of pooled protein fromMono Q elution fractios F6F12was denatured at 90C br 10 minutes andoaded on a 4

20% gradiet polyacrylamidegel under reducing or nereducing condibns.Gels were subjected to SDS PAGE at a constant

voltage of 120 V for 1 hopbeforegels wee stained in Coomassielstion for 1 hour at room temperatureGels were

subsequatly washel and destained as previously described, and visualised using the Thermofisher MyEQhtsy$tEME,

which is retained inhte nonreduced samples, was observedaeound 140 kDaasexpee d, wher eas t he a, K
were generated upon reduction at 68, 48 and 32 kDa respectively.

3.4 — Generation and purification of functional C5b6 complexes

Purified CVF was then utilised to generate C5b6 complexes using a modification of a published
method (DiScipio et al 1983). CVF (10 ug) was incubated with 10 pg of FB and 1 pg of FD in
CFD buffer at 37°C for 15 minutes to form a functional CVFBb convertase. C5 and C6 (1 mg of
each component) were added and incubated in the presence of the convertase overnight at
37°C. The product was then dialysed at 4°C into size exclusion chromatography buffer (10 mM
sodium phosphate, 150 mM NaCl pH 7), concentrated to a 1 ml final volume using Vivaspin
500 centrifugation column with a 100 kDa MW cut off, and injected into an equilibrated SD200
size exclusion chromatography column on the AKTA FPLC, with the resulting chromatogram
shown in Figure 3.8. Protein-containing peaks from the SEC experiment were collected and

assayed for haemolytic capacity.
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Figure 3. Size exclusion chromatography (SEC) trace of C5b6 preparation using CVFBb to cleave C5; generated C5b then
binds C6 to fornactive C5b6 complexeshe eacton mixture of the C5, C6, FBD and CVF reaction dabed above was
concentratedusing 100 k@ cut off spin columns antbaded on to &Superdex 208ize exclush columnon the AKA FPLC

system in 10 mM TRIS, 150 mM Na&sample loop. The loop was subsequently flushed threxitth10 mM RIS, 150 mM

NaCl and load# on to the Superdesolumn. Rotein containing peaks were reted forindividual testing folhaemolytic
activityand SDS PAGE analysis.

To determine if any of the protein-containing fractions contained C5b6 as opposed to
individual complement components or CVF, haemolysis and SDS PAGE were performed. From
each of the SEC fractions 15 pl was removed, mixed with an equal volume of 2x non-reducing
SDS loading buffer, separated on a BioRad 4-20% gel and Coomassie stained. Commercially
available C5b6 was run alongside the fractions to demonstrate the expected banding
patterns. SEC fractions C10 to C15 displayed a similar banding pattern to commercial C5b6
with bands tentatively identified as C5a’, C5B and C6 co-eluting in the same fractions, shown

in Figure 3.9.A, with the subsequent haemolytic testing shown in Figure 3.9.B.
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Figue 39.A. SDS PAGE of SEC fractions for C5b6 gene2dipinof each size exdusion chromatographydctionwas loaded
under nonreducing condition®n a BioRad 20% gelat a mnstant voltage of 120V for 1 hour. Gels were subsetjye
coomassiestainedand destained as previously deibedand images captured usingdfrhermofisher system. Commercially
sourced C36 (Comptech) was alsan on the gel to compare with theegerated protein. M- molecular weight marker, C4
—D5 represent SEC fractions collected and compared to Comptech C5b6 protein (LH lane, RHagsd)yc Bareening of
SEC fractions. GPE celése incubated in CRiffer in a 96 well U bottomed plateith 10 ul of SEC fractions for 10 minutes

at room temperature, then with @BOpg/ml) f o r
at 37°C. Cells were
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96 well plate and absorbance read at 405 nm. Percentage haemolysis was quantified relative to water + 19%GEUMEEN
and CFD only negative controls. Data presented as meaisB¥from a single experiment, representative of two

experiments
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Fractions C9 to C15 from the SEC elution demonstrated both similar Coomassie staining
pattern to commercial C5b6 and haemolytic capacity and were therefore pooled, dialysed
overnight at 4°Cinto CFD and aliquoted and stored at -80°C as a stock solution of C5b6 at 200
ug/ml until use. A final QC check was performed on the pooled C5b6 stock after dialysis to
ensure function in the RL system; the stock was haemolytically active in this system (Figure
3.10). Further validation of the methodology of forming the MAC sequentially in a membrane
associated manner as opposed to fluid phase assembly and insertion was performed by
separately adding the MAC components in the fluid phase before exposing GPE cells to the

soluble MAC complexes (Figure 3.10).

To perform this experiment, variations of the reactive lysis haemolytic assay protocol were
used. Guine pig erythrocytes (2% v/v final concentration) were incubated in U-bottomed 96
well plates in 100 pl of CFD buffer. In a separate plate, C5b6 titrations (0.001 pg/ml — 0.5
ug/ml) were incubated with C7 + C8 + C9 (all at 1 pug/ml final concentration) in 50 ul of CFD
for 30 minutes at 37° C. After the 30-minute incubation, C5b6 only (at the stated
concentrations) was added to one set of triplicate titrations and incubated for 10 minutes at
room temperature. Subsequently, C7 was added to this titration at 1 ug/ml and incubated at
37°C for 15 minutes. Finally, C8 and C9 were also added to the cells, both at 1 ug/ml, for 45
minutes at 37°C. At this point, the pre-incubated C5b6-9 from the second plate was
transferred to GPEs in CFD to give a corresponding titration of pre-incubated components and
also incubated on the GPEs for 45 minutes at 37°C. After incubation, U bottomed plates were
centrifuged, supernatant transferred to a flat-bottomed plate and absorbance at 405nm
measured as previously described. Concurrent with literature, C5b6-9 incubated in the
absence of cells demonstrated minimal haemolytic activity, highlighting fluid phase C8
binding to C5b67 is a potent inhibitor of MAC mediated haemolysis (Nemerow, Yamamoto

and Lint 1979).
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Figure 310. Pooled C5b6 fractions from SEC purification retain haemolytic capacityyist&th shereas preincubated C5b6
9 in the absace of GPEs has miraihaemolytic caacity. GPEs (2%/v final concentratiopwereincubated in a Wbottomed
96 well plate in 10Qu of CFD buffeln aseparateplate, fluid phaseC5b69 was generated with ditration of C5b6 from
0.001pg/ml —0.5 pg/ml andall other component$C7+C8C9) at 1 pg/ml together in CB for30 minutes at 37C A second
titration was performedvith identical concetrations of components sequentially addedG®EsC5b6was incubated on
GFEsfor 10 mirutes at room temperature C7for 15 minutes at 37 ard C8 + C9 for 45 minutes at’87 The préncubated
C5b69 complers were added to the GPEs at the same time as the C8+C9 as the sequemg@ientaddition protocol.
C5b6complexes preincubated withC7,C8 and C9 in the abnce of GPE at 37C 46 minutes were haemolytically inactive
membrane bound MAC statisticaflignificantlyincreased haemolysis relative to fluid phase MAC {#rap ANOVA&=0.007).
Data pesented as mear/+SEM from a single triplicate experiment representative of three independent experiments

3.5 - Generation and validation of classical pathway system of MAC deposition

Nucleated cells exhibit a much higher resistance to MAC mediated lysis compared to
erythrocytes due to their ability to mitigate MAC-induced chemiosmotic flux through
expression of regulators, endocytosis and exocytosis of MAC pores, and active ion pumps to
offset ion leak through the MAC pore. Due to this, effects of RL-generated MAC on nucleated
cell death in my hands was limited and difficult to titrate in the manner performed on GPE’s;
it was therefore not possible to titrate a maximum sublytic dose using the RL system, reducing
its value for investigating sublytic effects. To overcome this problem, a second system utilising
classical pathway activation was optimised and titrated to identify maximum sublytic
condition, with Propidium iodide staining and LDH release from THP-1 cells both used as

measures of cell death, shown in Figure 3.11.
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Figure 311. A Classical pathway activation on THRells sensitised with CQSntiserum.2x1® THR1 cellsseeded at a
density of 1x1®cells /mlwere incubated with titrations of C@Santiserum(10%- 0.1% v/v)for 20 minutes at room
temperature in complete RPMI etia. Cells wereentrifuged at300 x g for 5 minutes tpellet cells and remove unbound
antibody beforeresuspension in complete RPMI andubating with NHS / C5 depleted ser(®®bo v/v)for 1 hour at 3°C.
Cells were subsequently washatt resuspendedhto 200yl FACS buffeand 10 pg/ml Pladded. Cells were protesd from
direct lightand analysed on the FACS Calitbowv cytometer. Agoasitive contrd, cells were lysed with 2% Triton and Pl
positivecells gated relative to this. Negative controls included antiserum only, NHS only, and sensitised cells incubated with
C5 depleted serum; all demonstrated <10% cell déa#tafor negative controls not stwnin figure). B. 2x1¢ THR1 ells
seeded at alensity of 1x10 cells/mlwereincubaied with a constant dose dBOS1 sensitising antiserum (5%) complete
RPMI media in 96 well U bottom plates for 20 minutes at roonpeerature. Cells wereentrifuged, resuspended and exposed
to a titration of NHS0-30% Wv). Cellswere washed, resuspended in FACS buffer, Pl added and assayed-ac 8alibur

as previouslylescribedData presentedrom a single triplicate experiment, representativenadre than three independent
experiments.C. LDH release ags2x1® THR1 monocytesvereseeded at a density of 1x8¢HIs/ml in a sterile 96 well U
bottomed platein complete RPMI mediand CC51 antiserumtitrated from 10%to 1.25%v/v as previouslydescribedo
sensitise the cells to complemeNHS or CHepkted NHSwere added at 5% Av final concatration for 1 hour at 37°Cin
complete RPMI medi®lates were then cenftiged ands50 l cell supernatant @nsferral to new plate where LDH reagent
was added 1:1 with supeatant and incubated protected fromrdct light for 45 minutes at room temperature. The assay
was stopped using0 pl of 10% acetic acid and absorbance read at 490 nritherMagellan plate reader. Percentage LDH
releasewas quantified relative to 1xlysis bdfer and 5%NHS— antiserum activator positive and mgative controls.
demonstrating a dose dependentiease in LDH release with increased sensitising afo€04. antiseum. Data displayed
as mean + SEM from a single triplicate experiment, repentative of thre independent experimés. D. Example Pl
histograms for unstimulated, sublytic MAC attacked &iitdn-lysed positive control cells with the Pl positive gate used for
quantification displayedrom samplesstimulated with the methodology described for 3A1
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The dose of NHS / sensitising antiserum required to generated sublytic attack varied between
experiments, presumably dependent on the original growth phase and confluence of the cells
at the time of harvesting for the experiment; therefore, the sublytic dose was titrated prior
to each experiment. Of note, C5 depleted serum demonstrated no significant cell death,
allowing confidence the cytotoxicity induced was MAC dependent. The timescale in which the
cell death was observed (1 hour), suggests an inflammatory and rapid form of death is

involved in MAC-mediated nucleated cell death, as proposed by others (Elmore 2007).

3.6 - Measuring complement deposition on THP-1 cell surface

To further demonstrate complement activation on the THP-1 cell surface in the classical
pathway sublytic attack system, flow cytometry staining for C3b and C9 was performed. For
C9 staining, due to the transient nature of MAC deposition with cells rapidly shedding MAC
through endocytosis and exocytosis, cells were fixed prior to staining, whereas the more
stable C3 fragments did not require fixation. Cell stimulation and staining was performed as

described in the materials and methods.

Antibody-sensitised THP-1 cells incubated with 5% NHS showed strong staining for C9,
indicative of MAC formation, whereas all controls were negative (Figure 3.12). C9-staining
was serum dose dependent and absent when sensitised cells were incubated with C5-
depleted serum, demonstrating that there is complement terminal pathway deposition

alongside the previously described decreases in cell viability.
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Figure 312 A. C9/MAC staining on THPmonocyte cell line2x10°5THR1 cllswere seededat a concentration oflx108

cells/mlin complete RPMI media amekre sensitisedo complementvith 2.5% v/AMGOS1 antiseum for 20 minutes at room

temperature Cells wergvashedwith sterile PB&nd resuspended @200l of RPMI containing NHS or @&pleted serunat

the stated conentrations @ll desribed adinal % v/v)for 10 minutes &
minutes, RPMI supernataaspirated and désfixedin 4%vivP F A a't
PBSndstained using the mouse monoclonal a@® neoepitope antibody B7 (10 pdimFACS buffeon ice for 30 minutgs

4°C for

3. Aate€were hen centrifuged at 300 x g for 5

30 nwice with steyile

and subsequently rabbit anthouse IgG Alexa 546/50 v/v dilution in FACS bufferotected from lightfor 20 mirutes). Cdls
were again washedwice with sterile PB&nd resusgnded in 200ul of FACS buffer and trafiesred to FACS hesbefore

fluorescencavas measured on the FACSlibur.Controls of unstained, dise 1gG and 5% NHS without siéging antibody

were also used..Buantification of Geometric mean fluorescenceaftrols, NHS and C5 depleted serumations. Data
presented from single replicates of a single experiment, reptative of three independent experiments.
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To verify complement activation was occurring on the cell surface, staining for C3b
deposition was also performed. This was also undertaken to address recent observations in
the literature that CD59/CD46/CD55 triple knockout cells demonstrated C3b deposition
without a complement activator present, whereas CD55/ CD46 KO cells did not (Thielen et
al 2017). This led to a proposed hypothesis that CD59 has roles beyond the regulation of the
terminal pathway and may also regulate at the C3 convertase level. To address this, cells
were sensitised as described in the materials and methods but also with and without the
CD59 blocking antibody BRIC 229. It was hypothesised that if CD59 activity influenced C3b
deposition in this system, cells with CD59 inhibition would have increased C3b staining. To
verify that CD59 function was effectively inhibited, cell viability was also measured. A
reduction in cell viability relative to cells with retained CD59 function was taken as an

indicator that cell surface function was effectively inhibited.
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Figure 313 A. Histogram overlaysf C3b staining relative to unstimulatedsiples, C5 depleted serum generated a double
peak pattern of C3b staining not observed with NHS. Histograms presented representative of triplicate samples. C3b
deposition and cell death in THPnonocytes2x1® THR2 monocytes were seeded at adéy of1x10fcellgml in complete
RPMI media. Cells were sensitised to complement using 2.5% viv@@®&rumas previously desibed+/- 25 ug/ml BRIC
229 for 20 minutes at roontemperature Cells were subsequidy washed and resuspended in complete RPMIr poio
complement deposition € v/v NHS or C5 depldtiHS) for 1 har at 37°C. Cells wereentrfuged and resspended in FACS
buffer, prior to staining with Bieend antiC3b FITGantibodyat a 1100 dilution for20 minutes praécted from direct light.
Cells were washed ahresuspended iRACS buffeand transferred to FACS tubteefore fluorescence measured e FLE1
chanrel of theFACZalibur B. Quatification of mean fluorescence intensity of FIJ&b staining of THP monocytes from
A. Significane determined by onavay ANOVA with Dunnett pehbc test.Statistical fgnificane testedrelative to MAC
without BRIC 228ample.C Comparison of PI positive THRels across control andtimulated samplesvith unstimulated
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control baseline subtractedxperimentalconditionswere as desdbed in 3.13.Afor the stmulation of THFL cells. Upon
stimulation with complement (C@Santiserum+/- BRIC 22@nd NHS / C5 depleted NHS) cells wesaispendedn FACS
buffer and PI staining performed as previousgdibed. Above baseline cell death waslpabserved with NHS + sensitising
antiserum, which wastatistically significantlyncreased with the addition of BRIC 229 4Pifi59 antibodyData presented
as the mean +/SEMrom a single experimenrepresemative ofthreeindependent experimentS$gnificance determined by
OneWay ANOVA with Dunngpost-hoc testrelative to MAC samplé*( = P<0.01*** = P<0.001).

Whilst the previous experiments demonstrated no role for CD59 inhibition in C3b
regulation, there was an interesting observation in that C5-depleted NHS, which caused
neither haemolysis nor nucleated cell death, deposited more C3b on the cell surface than
the same dose of NHS. To explore whether this was an artefact of the C5 depletion process
yielding an increased level of C3 activation, or if the lack of terminal pathway has a real
effect on activation and amplification, follow up experiments were performed. NHS was pre-
incubated (30 minutes at room temperature) with Eculizumab at a dose sufficient to inhibit
all C5 activity. The inhibitory concentration of Eculizumab was calculated as around 1.5x
molar ratio of antibody to final C5 concentration. As NHS was used at 5% v/v final
concentration, with an estimated C5 concentration of 80 pug/ml in NHS, final C5
concentrations in this system were estimated as 4 pg/ml. As C5 has a molecular mass of 180
kDa and IgG has a molecular mass of 160 kDa, 6 pug/ ml of Eculizumab was used to
completely inhibit C5 activity. NHS, C5 depleted NHS or NHS + eculizumab were then
incubated with complement sensitised THP-1 cells as above and C3b deposition measured.
NHS with Eculizumab generated a similar C3b staining pattern to that seen in C5-depleted
serum with a highly C3b positive population not present in NHS-treated samples (Figure
3.14). Negative controls of NHS without an activating antiserum and heat inactivated NHS +

antiserum were used to validate the experiment.
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Figure 314.A. Representative overlaystograms ofstimulation conditions, demonstrating #hsimlar staining patterns of
C5 depleted serum and Eculizumab treated NHS, both generating a population of highly C3b posifixé@8lsR1 cells
at a concentration of 1x%ells /mlin a sterile 96 well Uditomed plate were sensitised to compleemt using2.5% COSL
antiserum (v/v) in complete RPMI mealias previously desibed. Cells were sulzpgently washed with sterile PBS and
reswspended ircompletemedia, prior to NHS, C5 depleted NHS or NH&pubaed with eculizumabaddition to the cel
for 30 minutes at 37C. Cells wersibseqently washed with sterile PB®d resuspended inlAE Suffer prior to staining for
C3b deposition usinthe Biolegendanti-C3b FITC antibodst a 1100 dilution. Cells werevashedwith sterile PBS and
resuspendedh FACS buffer before fluoremece was aalysed on the FAGQ3libur. B. Quantificaton of C3b staining onHR
1 cells incubated with NHSIHS + Eculizumalo C5 depleted NH& desribed in 3.14.ABotheculizumabypre-treated NHS
and C5 depleted NHfposted significantly more C3b than én COS sensitised THP cells in this systerfOneway
ANOVA with Dunnett pos$toc test comparing to NHS + antiserum sémpata presented as &4n +/ SEMfrom a single
experiment, representative of three independesmtpeiments.* = P<0.0}.

The finding that either C5 depletion or C5 inhibition markedly increased C3b deposition on
THP-1 cells was unexpected; this could have real impact if excessive C3b deposition is

occurring on nucleated cells exposed to plasma in patients on Eculizumab.

To further investigate whether this observed elevated C3b deposition was specific to C5
depletion and inhibition or a general phenomenon of terminal pathway inhibition, an in
house anti-C7 inhibitory antibody (23D10) was used alongside Eculizumab. In contrast to the

results obtained with C5 blockade or depletion, blocking terminal MAC formation at the C7
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stage did not statistically significantly affect the levels of C3b deposition on the cells (Figure

3.15 Aand B).
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Figue 315 A. FACSrpfiles of C3b saining on THRL cellssensitised to complement and stimulatedwiNHS, C5 depleted
NHSor NHS +in house antC7 antibody incubated with NHS prior to additiorsémsitised dés. . 2x1¢ THR1 monocytes
were seedd at adensity of 1x18cellgml in complete RPMI media. Cells were sensitised to complement using 2.5%-v/v COS
1 antiserumas previously desibed Cells were subgeently washed with sterile PBS and regended ircompletemedia,
prior to NHSC5 depletd NHSr NHS préncubated wih eculizumabor in house antiC7 antibodySources of complement
were addedo the cells for 30 minutes at 3Z. Cells wer sibseqiently washed with sterile PB®d resuspended ilAES
buffer prior to staining forC3b deposibn ushg the Biolegendanti-C3b FITC antibody a 1100dilution. Cells were washed
with sterilePBS and resuspended in FACS buffer before fleoeswas aalysed on the FAQ3libur B. Mean fluorescence
of TH>-1 cells treatedwith NHS, CHepleted NI$, NHS- Eculizumab and NHS + a@ff blocking antibody, stained for C3b
deposition. Intact cells we gated orforward and side scatteB. Quantificatiorof meanC3b staiing fluorescencéntensity
from 3.15.A.Statstically significant dferences weredetermined using OneWay ANOVA with DunrtePost hoc test
comparing samples to antiserum + N@S = P<0.@1)

The finding that MAC block at the C7 stage, in contrast to block at the C5 stage, did not
increase C3b staining on NHS-exposed THP-1 cells is intriguing. As both blocking mAbs
prevent lytic cell death, this is unlikely to be a consequence of differences in cell loss. One
possibility is that C5 block, by preventing C5 interaction with the convertase, allows more C3
to be cleaved by the convertase, whereas C7 block does not alter C5 interactions or impact

convertase function.
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3.7 - The induction of Ca?* flux in response to MAC deposition

One of the crucial mechanisms of MAC induced cell signalling is via the induction of elevated
cytosolic Ca?* concentrations. The elevation of cytosolic Ca?* from the nanomolar range in
unstimulated cells to several micromolar upon MAC deposition has been implicated as an
important trigger, not only in MAC induced inflammatory cell signalling, but also in the repair
processes and resistance of cells to MAC mediated death (Morgan and Campbell 1985).
Therefore, it was crucial to ensure that the expected Ca?* flux was observed with the systems
used in these experiments. Methods were modified from previously published work from our
group showing that sublytic MAC induced Ca?* flux using the fluorescent dye Fluo-3-AM by
flow cytometry (Triantafilou et al 2013). Fluo-3-AM is a cell permeable esterified compound
which becomes de-esterified by cytosolic esterases, trapping the dye in the cytoplasm.
Intracellular Fluo-3 fluorescence at 525 nm upon Ca?* binding can be measured through the
FL-1 channel on a flow cytometer. Fluo-3-loaded cells were sensitised as before and incubated
with NHS or C5 depleted serum or NHS + 10 mM EDTA to prevent complement terminal
pathway activation and alternative pathway amplification respectively. Incubation with a
sublytic dose of NHS caused an increase in fluorescence signal, indicative of increased
intracellular Ca?*, after 10 and 15 minutes at 37°C and persisting for at least 20 minutes
(Figure 3.16 A/B). EDTA-treated NHS did not cause a change in fluorescence at these times
and C5-depleted serum caused a small increase in fluorescence, possibly due to C3 cleavage
product (C3a or C3b) signalling through cognate receptors. To generate time resolved data, a
plate-based assay was used. Cells were loaded with dye and sensitised as with the flow
protocol, however sensitised cells were then resuspended in CFD buffer, transferred to 96
well, opaque plates and stimulated with NHS / C5 depleted NHS and fluorescence at 515 nm
recorded (Figure 3.16 C).
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Figue 316. Calaum flux in resporsto sublytic MAC deposition on THRmonocytes2x1® THR1 cels wereloaded with the
Calcium sensitive dye FIlBAM at 2.5 up M f o incompletenRPMIintO&well;dettomedl pldteS Cells were
washal andsensitised to complemenising CO3 antiserum as previously da#ed Cells werehtenexposed taNHS, NHS
cortaining EDTA or C8epleted serumand fluoresence measured on different platformA. Fluoescene was measured
over time in each condition via FAQ%lgsis anddata analysed using Flowing softwareD2 Data are from a single
experiment, reresentative of liree independent experiments. B. Bar grapbvehg mean floresenceintensitiesin the
different cortlitions at 10 minutes. C. Quantification of changes in MAC ntediacreass in intracellular Caover time in

a fluorescence plate re@r. 2x10 COSL sensitised THR cellswere transferred to opaque, black plates for plate reader
fluorescenceeadng (505 nm / 525 nm exiation / emission)Baseline fluascence was obtained from unstimulated cells,
and maximal floresence was ol#ined at the end ofhe experiment through adding 2% Triton X to control wells. Qjeaim
fluorescenceat 515 nmwas converted tdC&* concentration through the equation [€ha= Kd (325 M for Flue3-AM) x
((Fluorescence of signaMinimal Fluoescene (unsimulated cells)y (Maximal Fuoresence (Triton X controh Minimal
Fluorescence). Datpresentedas mean + SEM from one experimental set of triplicate values, representativereé
independent experiments.
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3.8 - Sublytic complement deposition affects the intracellular oxidative state

A second important consequence of sublytic MAC deposition on nucleated cells is the
production and release of ROS/ RNS. Whilst sublytic MAC deposition has been demonstrated
to induce ROS secretion from monocytes, the intracellular generation of ROS and the nature
of the ROS generated has largely been unexplored. Sublytic MAC deposition on rat mesangial
cells was demonstrated to induce the release of 0> and H,0;: driving tissue damage, but the
intracellular signalling responsible was not explored (Couser et al 1986). The importance of
these observations, and further delineating MAC mediated ROS/RNS production is the
pleiotropic roles ROS performs as a secondary messenger within the cell, activating a host of

inflammatory and cell death associated mechanisms; including the NLRP3 inflammasome.

Cellular ROS / Superoxide production was tested using a detection kit (Abcam) that allows
analysis of two subsets of intracellular ROS through flow cytometry. The two dyes are
dihydrofluorescin esters which are cell permeable; however, upon cell entry the compounds
are deacetylated by intracellular esterases to trap the non-fluorescent precursor compounds
in the cell where they can be oxidised by ROS / Superoxide and generate fluorescent products.
The exact probe molecular identities are not disclosed by the manufacturer. The green probe
(FL-1 channel) allows measurement of hydrogen peroxide, peroxynitrite, hydroxyl radicals,
nitric oxide and peroxy radicals; the orange probe (FL2 channel) allows the measurement of
Superoxide and hypochlorous acid radicals, cumulatively allowing a thorough investigation
into ROS/RNS production within the cell in response to MAC stimulation. THP-1 monocytes
(2x10°) were loaded with a 1:2000 dilution of the respective ROS/RNS probes reconstituted
in dimethylformamide (DMF) for 30 minutes; DMF was used as solvent as DMSO can
modulate ROS signalling and may generate spurious results. Cells loaded with the respective
dyes were subsequently antibody using COS-1 antiserum sensitised as previously described
(2.5% v/v final concentration), washed and resuspended in NHS / C5 depleted serum for 20
minutes prior to further centrifugation and resuspension in FACS buffer. Cells were then
analysed on the Becton Dickenson FACS Calibur and plots generated using Flowing software
2. Due to the overlapping fluorescence spectra of the dyes and difficulties encountered in

compensation, cells were stained separately with the individual dyes, shown in Figure 3.17.
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Figue 317. Depaition of sublytic MAC on THPcells alters the cell redox pot&l through gneraion of supeoxide A.

2x1 THPR1 cels werdloaded wit theROSensitive dys(Abcam) at the recommended2000 dilution in DMfer 45 minutes

at C3n7complete RPMI in 96 wellddttomed plates Cells weravasheal and sensitised to complementsing CO3
antiserum as previously deibed Cells werehten exposed toNHS, NHS ctaining EDTA or CHepleted serumand
fluoresence measted on different platformsA.Fluoescene was measuredt 30 minutesach condition via FACS8adysis

and data analysed using Flowing softwared2 Data are from a single experimentpresentative of three independent
experimentsSublytic MAC causes aelevaion of supeoxide derived ROS/RNS in a dose dependent manner relative to
unstimulated contols, which is notobserved when Cbegleted serum is used. B. C5 depleted serum does not alter the
oxidative stress / hydroxyl radical sting of the cellshoweer, siblytic MAC causes a shift with a decrease ofLlFL
fluorescence. C. Qutfication of FL2 man fluorescace from A. D. Quadification of mean FL1 fluorescence froml&ita
presated from an individuaj single replicatexperinent, representativef three irdependnt experiments.
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The observation that sublytic MAC generates an elevation of intracellular superoxide (A and
C) and a decrease in hydroxyl radical states (B and D) was unexpected, however the literature
of MAC driven ROS production is relatively scarce, with a single paper highlighting an
elevation of superoxide production on rat mesangial cells, but not addressing other oxygen
or nitrile species (Adler et al1986). A possible explanation for the reduction in fluorescence
signal in regard to the hydroxyl radical stain might be that the dye leaked from the cells upon
MAC deposition and membrane disruption; however, decrease in signal was only seen for the
green (FL1) channel, not the orange (FL2), making non-specific dye release from damaged
cells an unlikely explanation. Therefore, the observed dichotomy of elevated superoxide and
reduction of hydroxyl staining suggests a real phenomenon with marked changes in Oxygen

and Nitrile species.

3.9 - Conclusions of Chapter three

In this section of work, | have demonstrated that sublytic MAC may be generated from the
reactive lysis and serum / antibody systems. The purification and validation of individual
terminal pathway components, C5b6, CVF and the CVFBb complex, which together were
subsequently utilised to generate functional reactive lysis systems, was shown. Both early
complement (C3b) and terminal pathway (C9) deposition could be demonstrated on THP-1

cells subjected to sublytic MAC using a classical pathway system.

In contrast to recent reports from other groups, blockade of CD59 caused no significant
differences in C3b deposition in complement attacked cells with the functional blocking of
CD59 using BRIC229; large changes in C9/MAC staining and cell death were observed,
validating that CD59 function was impaired (Thielen et al 2017). The literature suggesting
CD59 was implicated in C3 regulation was derived from the observation that only cells
deficient in CD46/CD55/CD59 were susceptible to spontaneous C3 deposition when exposed
to NHS, whereas CD46/CD55 deficient cells did not undergo spontaneous C3 deposition as

determined by FACS. Due to the contrasting methods used, the differences are hard to verify.
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Most likely, this difference is attributable to MAC mediated damage driving further C3b
deposition on these cells, which is then not regulated by CD55 / CD46 (Thielen et al2017).

From this set of experiments, a further interesting observation was made that C5 depleted
NHS, used as a control to demonstrate that cell death or sublytic effects were terminal
pathway dependent, caused increased C3b deposition on the cell surface relative to the same
dilution of NHS alone. To verify this, NHS was incubated with a C5 blocking concentration of
Eculizumab prior to addition to sensitised cells and compared to NHS — Eculizumab and C5
depleted NHS samples. The C3b staining pattern and intensity was comparable between C5
depleted NHS and NHS + Eculizumab, and significantly increased relative to NHS alone.
Interestingly, the strongly C3 fragment positive populations observed with C5 depleted and
Eculizumab treated NHS samples has also been observed in PNH patients, where CD59
negative RBC’s had two distinct C3 fragment positive and negative populations (Sica et al

2018). Comparative FACS dot plots are shown in Figure 3.18.
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Figure 3.18- ComparativeC3b staininglot plots betweenclassical pathwagtimulated THRL cells listogram data
described in Figure B4) and C3d staining on PNidtienterythrocytes (Y axis C®%lot plotssourcel from Sica et al 2018
PNH patients ostable eculizumab treatmerfe.g.11 weeks of treatmen} demonstrate CD59 negative, C3b positive cells
distinct from the C3 negative majpopulation similar to thesubpopulations observed in the eperiments sugesting that
the observedeffects of C5 inbition in this system may be replicdté vivo.

To further investigate whether this was a C5 specific effect or a general observation with
terminal pathway inhibition, an anti-C7 antibody was also tested in the same experimental
system. Surprisingly, the effects of C7 inhibition differed from that of C5 inhibition or
depletion. C7 inhibited NHS had comparable levels of C3b deposition on the THP-1 cell surface
to NHS without terminal pathway inhibition, as opposed to C5 depleted NHS which
demonstrated significantly increased C3b deposition. This suggests that there may be a
mechanism by which C5 inhibition or depletion impacts the activity of the C3 convertase. One
possible explanation for this could be that the C5 convertase still retains a low affinity for C3,

therefore, in the absence of C5 interaction, more C3 is cleaved and deposited on the cell
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surface whereas in C7 inhibited serum the C5 convertase can still preferentially bind the C5
ligand. This has direct impact, if further explored, on patients treated with Eculizumab. If C5
inhibition elevates C3b deposition in response to complement activation, but C7 inhibition
results in comparable C3b surface levels to NHS, some effects of Eculizumab on processes
such as extravascular haemolysis may be attenuated, which would be beneficial for the

patient (Hill et al2010; Gottleib et al2012; Sica et al 2018).

The fundamental hallmarks of MAC deposition which pertain to NLRP3 activation, including
Calcium flux and ROS generation have been observed in systems with MAC being formed, but
not in C5 depleted controls, demonstrating specificity to MAC mediated effects in the systems
used. The sharp, rapid increase in intracellular Calcium in response to sublytic MAC, but not
C5 depleted serum or serum inhibited with 10 mM EDTA validates that Calcium flux is MAC

dependent and is not induced by antibody deposition on the cell surface.

The observation of a differential ROS/RNS profile, with MAC mediating an increase in a
superoxide detecting agent whilst cocommitantly decreasing staining for oxidative stress was
surprising. The distinction of ROS species generated in response to sublytic MAC in THP-1 cells
is poorly defined and understanding these differences may have important connotations in

cell signalling, survival and recovery.

The generation of the sublytic MAC system utilising COS-1 antiserum and NHS allowed the
investigation of both sublytic and lytic MAC on nucleated cells in subsequent chapters. Other
sensitising antibodies including monoclonal anti-HLA and anti-CD15 (TG1) and polyclonal
anti-CD59 failed to effectively activate complement and allow titratable cell death (data not
shown). The sublytic threshold demonstrated in the COS-1 system on THP-1 monocytes was
2.5% (v/v) COS-1 antiserum to sensitise the cells to complement attack, with 5% (v/v) NHS to
yield cell death <10% above baseline levels. This is comparable to the system used by our
group previously to investigate the role of sublytic MAC in the activation of NLRP3 in A549
lung epithelial cells, in which 5% NHS was used, however the dose and duration of
complement sensitisation using anti-CD59 polyclonal antiserum was not defined (Triantafilou

et al2013).
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This work therefore lays the foundation to apply the protocols established here to observe
the effects of sublytic MAC in the context of NLRP3 activation and manipulate some of the

described responses, such as Calcium and ROS/RNS and observe the effects on NLRP3 activity.
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Chapter 4: Investigating sublytic MAC induced inflammasome activation and IL-1f3 secretion

in monocytic cells

4.1 - Introduction

In the previous chapter, the classical pathway and reactive lysis methods were established
and demonstrated to deposit MAC on the cell surface. In this chapter, both systems were
used to investigate the mechanisms by which sublytic MAC induced inflammasome activation
and IL-1B secretion in monocytic cells. The activation of complement and MAC formation on
nucleated cells has previously been demonstrated to induce NLRP3 activation and IL-1B
secretion by our group in A549 lung epithelial cells, with others demonstrating similar effects
in LPS primed human dendritic cells and mouse BMDM'’s; however, the current understanding
of conserved and cell type specific inflammasome activation pathways in response to MAC
remains unclear (Laudisi et al 2013; Triantafilou et al 2013; Suresh et al 2016). The absence
of a general mechanism explaining how MAC induces NLRP3 activation is apparent from the
lack of consensus of previous studies, with cellular perturbations such as Ca?* influx, K* efflux,
ROS production and mitochondrial dysfunction all implicated by different studies. The range

of different potential mechanisms explored in the current literature is summarised in Table 7.
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Mechanism(s) of MAC
mediated NLRP3
shown to have no

effect in this system

Proposedmechanism(s)
Paper of sublytic MAC induced
NLRP3 activation

Ca?* influx, secondary
calcium release from
intracellular stores,
Triantafilou et al | mitochondrial

2013 dysfunction, N/A

Laudisi et al2013
(supplemental
information) Ca% influx, K* efflux N/A

P2XR7 -/- (ATP
receptor) cells did not
have significantly
reduced MAC
mediated IL-1PB release
Suresh et al2016 | ROS production, K* efflux compared to WT

Kumar et al2018 | N/A N/A

Table7: Summary of mechanisms of MAC mediated NLRP3 activation explesestimg literature.

Due to the range of mechanisms of MAC induced NLRP3 activation proposed in these papers,
and the lack of any contraindicating evidence between papers, all these established NLRP3
activation pathways (Ca%*influx and release from stores, K* efflux and ROS production) were
investigated in this system. The objective of this was to demonstrate which cellular processes
had effects on sublytic MAC mediated NLRP3 activation in this system, as well as attempt to
establish any interaction between mechanisms, such as Ca?* mediated mitochondrial
dysfunction or ROS production. Alongside these broad cellular mechanisms, the effects of
inhibiting sublytic MAC activated signalling pathways, such as AKT, PI3K, JNK1 and ERK in the
context of NLRP3 activation and IL-1B secretion were explored to attempt to elucidate

conserved signalling pathways linking MAC and NLRP3
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4.2 - Investigating the mechanisms of sublytic MAC activation of NLRP3

THP-1 cells were stimulated using LPS priming with subsequent COS-1 antiserum sensitisation
and NHS treatment to induce sublytic complement activation on the cell surface. 2x10° THP-
1 cells were seeded at a density of 1x10° cells / ml in complete RPMI media in 96-well, U-
bottomed sterile plates and primed with 100 ng/ml LPS for 4 hours. Cells were subsequently
sensitised to complement using 2.5% (v/v) COS-1 antiserum and subject to sublytic attack
using 5% (v/v) NHS or C5 depleted NHS as described in the materials and methods (Chapter
2, Section 2.14) for 1 hour prior to harvesting of supernatant for assay of IL-1B secretion
(Figure 4.1.A). Sublytic MAC treatment statistically significantly increased IL-1B secretion
relative to unstimulated controls and cells treated with C5 depleted NHS, the latter
demonstrating MAC dependence. Stimulation of cells with sublytic MAC without a priming

stimulus did not elicit an IL-1P response (data not shown).
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Figure 41.A.2x1CFTHR1 monocytes werseeded at a density of 1x36ells /ml in complete R media Cells werg¢hen
primed with100 ng/mILPSfor 4 hours Primed cellgrere subsequently exposed to a sublytic dose of-C@Siserum (2.5%
viv) + NHS or Glepleed seum (5% v/vias previously escribed After one hour asublyticMACstimulation, cellsupernatant
was colected and L-13 measuredby ELISALPSprimed THFL cellsexposed to sublytic MA@enerated statistically
significantly more H1p than LPS$rimed along LPS £.5% v/iv COS antiserumwithout NHS LPS + 5%wNHSwithout
sensitising antiserunor LPS primedZOSl sersitised(2.5% v/Yy and exposed to C5 degpéd serun{5% v/v) Data presented

as the mean +/SEM from a single experiment, repeatative of thee independent experiments. Statistical significance
determined by onevay ANOVA with Dunnett pekbc test, conparing all columns with Sublytic MAC SLP** = P<0.001,
**= P<0.01).
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4.3 - Sublytic MAC induced IL-1B secretion is NLRP3 dependent

The mechanism by which sublytic MAC induces the observed IL-1B secretion is not defined
in THP-1 cells, although the literature from other cell types would suggest it would be
through canonical NLRP3 and Caspase-1 activation as Caspase-1 P10 / P20 generation has
been demonstrated to accompany MAC mediated IL-1B secretion (Triantafilou et al 2013,
Laudisi et al2013, Suresh et al 2016). Therefore, 2x10° THP-1 cells at a density of 1x10° cells
/ mlin complete RPMI media were primed with 100 ng/ml LPS and stimulated with sublytic
MAC (2.5% v/v sensitising COS-1 antiserum and 5% v/v NHS) as described in the previous
section, but with the addition of pre-treatment with pharmacological modulators of NLRP3.
Three inhibitors were selected: MCC950, a small molecule inhibitor of NLRP3; AC-YVAD-
FMK, an inhibitor of Caspase-1; ZVAD-FMK, a pan-caspase inhibitor. These were selected to
target different processes related to canonical or non-canonical inflammasome activation. If
the induction of IL-1fB synthesis and secretion was through canonical NLRP3 and Caspase-1
activation then MCC950, AC-YVAD-FMK and Z-VAD-FMK would all be expected to decrease
the levels of cytokine released, whereas if secretion was via a non-canonical inflammasome
forming with Caspases 4/5/11 Z-VAD-FMK would inhibit cytokine secretion, but AC-YVAD-
FMK would be ineffective (Ding and Shao 2017). Each inhibitor was titrated across literature
derived doses on LPS primed THP-1 cells and incubated for 45 minutes prior to sublytic
MAC deposition; IL-1B secretion into the supernatant after MAC exposure was assayed by
ELISA (Figure 4.2. A-C). The measured IL-1f levels were then compared to the LPS + MAC
controls to determine significant changes in secretion. It was demonstrated that the NLRP3
and Caspase-1 specific inhibitors MCC950 and AC-YVAD-FMK caused dose dependent
reductions in IL-1B secretion in response to sublytic MAC. NLRP3 inhibition through MCC950
also elicited a reduction of Caspase-1 activation in THP-1 cells in response to sublytic MAC,

suggesting canonical NLRP3 activation was occurring (Figure 4.2.D).
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Figure 42.2x1*THR1 monocytes werseeded at a density of 1x8€ells /ml in complete RPMiedia Cells weréhenprimed
with 100 ng/mILPSfor 4 hours After LFS priming, cells were incubated with the denoteftammasome inhibitors fod5
minutes at 37C.Primed cellsvere subsequently exposed to a sublytic dose of-C@8siserum(2.5% v/vi+ NHY5% v/v)as
previously éscribed After one hour a$ublyticMACstimulation cell supernatant was detted andl-13 measuredy ELISA
A.IL-1p secretion from LPS primed TRells prereated with MCC956- the specific NLRP3 pharmacological inhibitBr.
IL-1B secretion from LPSipred THPL cells prereated with Z-VAD FMK, a parcaspase inhibitor. C. -1 secretion from
LPS primed THPcells prereated with AGYVABFMK, a specific spase 1 inhibitor. Data-& presented as Mean-+$EM
from a single experiment, representaid three independent expenents. Statistical significance determined by anay
ANOVA with Dunnett postoc test (* = P<0.05, ** = P<0.01, ***= P<0.D0D. Caspasé Glo luminescence readings.
2x1CFTHR1 monocytes wereseeded at a density of 1x46ells /ml in complete RPMiedia MCC950 treated samples were
treated for 45 minutes prior to sugic MAC depdson. Cells were sensitised tmmplanent using CO$ antiserum (2.5%
viv) and NHS / C5 depleted NHS (5% whgubated vith Caspasé. glo reagent for 90 minutgwior toluminescence reading
on the Clariostar pla&t reader.Data presented as mean-8EM from a single experiment, representatif/three independent
experiments. Statistical significance determined by wag ANOVA with Dunnett pos$toc test, comparing all groupelative

to sublytic MAC. (*=P<0.05%=2P<0.01).
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There was a clear, dose dependent inhibition of complement-driven IL-1B secretion upon
incubation with MCC950 and AC-YVAD-FMK (Figure 4.2.A and C) and significant inhibition of
Caspase-1 activation upon incubation with MCC950 (Figure 4.2.D). These data suggest that
NLRP3 activity is crucial for Caspase-1 activation in response to sublytic MAC, that both
NLRP3 and Caspase-1 function are crucial for MAC-induced IL-1B secretion. To ensure that
NLRP3 and Caspase-1 specific inhibitors had no unexpected effects in modulating
complement activation, thus decreasing MAC deposition and subsequent IL-1[ release, a
haemolytic assay was performed with sensitised Sheep erythrocytes incubated with NLRP3
and Caspase-1 inhibitors prior to NHS addition as a source of complement. Pre-treatment of
Sheep erythrocytes with either inhibitors did not statistically significantly inhibit haemolysis;
therefore, the repression of IL-1B secretion was assumed to be through modulation of
intracellular signalling (Figure 4.3). From this | conclude that NLRP3 is the central mediator
of sublytic MAC mediated IL-1B production and the resultant inflammatory effects in LPS-

primed THP-1 cells.
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Figure 4.3.Haemolytic assay; sensitised sheep erythrocytes weirecpbated vith MCC950 or AZVABFMK for 30
minutes prior to complement deposition with NI2%a v/v ieep erythrocytes were sensitised to complement using
ambocepter (1:2000 ditionin CFpas previousldescribedn 96 well, U bottomed plateSensitised erthrocytes were
then plated in 96 wellU bottomed platesrad MCC950 / ARVABFMK added &the denoted concetrations for45 minutes
at 37°C. Sensitised, inhibitor treated saltere then exposed to a titration of NHS in CFq1% W) for 45 minutes.
Sheep erythrocytes were then centrifuggdB00 x g and cell supernatant transferred tfia bottomed plate for
absorbanceeadings a405nm. Percentage haemolysis was quitedi relative to CFD only and water + 0.1% v/iv TWEEN
positive and negative control$he addition of eithepharmacologicahgent had no statistically significant effeatn
erythrocyte ysis, therefore excluding the possibility the inhibitory effects demonstrated are throitigation of
complement activatiorin the contet of sheep erythrocyte haemolysi3ata analysed by Ongay ANOVA with Dunnett
posthoc test compang ACGYVABFMK and MCC950 tmntrolwith no pharmacolgical inhibitas used Data presented s
mean +} SEM from a single experiment, representative of three independent experiments
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4.4 - Molecular mechanisms of sublytic MAC activation of NLRP3 — Potassium Efflux

Potassium (K*) efflux from the cell is one of the strongest current hypotheses for underlying
activation mechanism of NLRP3, despite K* itself not being an established secondary
messenger, in contrast to ROS and Ca?*. A recent publication however points to a loss of
membrane potential, for which K* and Ca?* are both critical regulators, as the key factor in
NLRP3 activation (Zhang et al 2018). To address the role of K* efflux in NLRP3 activation in
THP-1 cells, increasing concentrations of K* were titrated into the stimulation medium. THP-
1 cells were primed with 100 ng/ml LPS for 4 hours and sensitised as previously described
using COS-1 antiserum. However, before cells were exposed to sublytic MAC, the
stimulation medium was supplemented with titrated doses of sterile KCI (50-5 mM) and

compared to control stimulus (RPMI without added KCl).

In concordance with published literature, elevated extracellular K* concentrations resulted
in a repression of IL-1B secretion and Caspase-1 activity (Figures 4.4.1 A and C). However,
whether this was due to a change in tonicity of the media with a resultant reduced osmotic
potential, or due to the changes in free K* were unclear. Therefore, a second experiment
was performed where the titrated KCl concentrations were reciprocated with an inverse
titration of NaCl, giving a constant total added salt content to the media of 50 mM. The
addition of NaCl, even in the absence of KCl, also abrogated IL-1p3 secretion, suggesting that
the inhibitory effects of elevated KCl, in this instance at least, may be mediated by the
altered osmotic potential or membrane potential rather than directly through K* gradients
(Figures 4.4 B and C). The changes in salt concentration had no significant effects on the
ELISA assay used to measure secreted IL-1B, as a 500 pg/ml standard used across the salt
concentrations demonstrated non-significant differences in Abs 450 nm, allowing
confidence in the data (Figure 4.4.D). Finally, to exclude the possibility that the Cl ~
counterion was having effects on NLRP3 activation, KHCO3; was used as an alternative salt,
which also demonstrated capacity to inhibit sublytic MAC mediated IL-1B secretion (Figure
4.4.E). To ensure there were no large repressive effects on complement activation through
adding hyperosmotic concentrations of salt to the stimulation media, a haemolysis assays

was used. The addition of 50 mM of all salts had repressive effects in a classical haemolytic
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assay, with KHCO3 and KCl significantly reducing haemolysis. This was probably through
reducing the chemiosmotic gradient across the cell membrane, subsequently reducing
haemolysis; however, it was demonstrated that complement activation was still occurring

under the high salt conditions (Figure 4.4.F).
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Figure 4.4.AComplemeninducedIL-1p secretion fromLPSprimed THR1 monocytes with a titration of KCl added to
stimulation media2x1*THR1 monocytes werseeded at a density of 1X8€ells /ml in complete RPMhedia Cells were
then primed with100 ng/mILPSfor 4 hours Primed cellsvere subsequently exposed to a sublytic dose of-C@stiserum
(2.5% viv)}t NHS or C8epleted seum (5% v/v)as previously escribedt+ the denotedconentration of sterile KCadded to

the stimulaton media Supernatants were then analysedIbyf3 ELISAor inflammasome activationrDatapresnted as mean

+/- SEM from a single experiment, representative of three independent experimeS@m@es were stimulated as in 4.4.A,
however with banges in Kacross the titration were matched with reafjjmal changes in NaCl, to keep osmolarity and charge
constant across the titration. All sates demonstrated statistically significant inhibition relative to RPMI with no added salt.

145



Data presented as na& +/- SEM from a single experiment, representati’éhree independent experiments. C. Changes in
salt concentration had no effect on signallofil standard run at 500 pg/ml on the duo set ELISA, eliminating the possibility
that changes in signal weue to salt interfering with the assay. D. CaspaseGlo assay determining the effects of the addition
of monovalent cations to RPMCaspasel Glo lumnescence reading@x1®THR1 monocytes werseeded at a density of
1x10 cells /ml in complete RPMiedia Cells were sensitised tomplenent using CO$ antiserum (2.5%/v) and NHS /

C5 depleted NHS (5% whith or without the addition of 50 mM stda KCI/ NaCandincubated vith Caspasél. glo reagent

for 90 minutegprior toluminescence reading on the Clariostar plegader. The addition §50mM NaCl or KCI to RPMI media
significantly inhibited the activity of Caspase 1, however there was ndicggmidifference between NaCl and k@hted
samples Data presented as mean-#3EM from a single experiment, representative of three independent experirgents.
PotassiumhydrogenCarbonate (KHGPwas titratedas described for KCI .4.A.The inhibtory effects of the ddition of
Potassium with a different counteriaveremeasureddy IL-18 ELISA as previously describgdG; demonstratedsignificant
inhibition of IL-1B secretion, suggesting no role for -Gh the observedinhibition of MAC mediated NLRP3 activatidh
Haemolysis assagn complementansitised sheep erythrocytesmparng the effects of additional KCI, NaCl a8 on
classical amplement activationAmboceper sensitised ershrocytes wereplated in 96 we|lU bottomed platestad each salt
wasadded atthe denoted concetrationsalongside NH&r 45 minutes at 37C.Sheep erythrocytes were then centrifuged

at 300 x g and cell supernatant transferred to a flat bottomed platelisosgbanceeadings a#05nm. Percentage haemolysis
was quantiied relative to CFD only and water + 0.1% v/iv TWEEN positive and negativéscsHit@; and KCI caused
significant (P<0.05) inhibition of MAC mediated lysis of Skegihrocytes, however the difference for NaCl was-non
significant.For all titration experimentstatistical analysisvasperformed by onavay ANOVAvith Dunnettposthoc test to
compare test groups to buffer contr@t*=P<0.001 * = P<0.05.

4.5 - Molecular mechanisms of sublytic MAC activation of NLRP3 — Calcium influx

The central role for Ca?* flux in MAC mediated NLRP3 activation has been previously
demonstrated by our group in A549 lung epithelial cells. In this cell type, chelation of
intracellular Ca?* by pre-incubation of the cells with cell permeable BAPTA-AM significantly
inhibited IL-1B secretion, but this effect was also demonstrated with Xestospongin C,
Dantrolene and 2-ABP, which inhibit secondary release of Ca?* from ER stores through RYR
and IP3R regulated channels (Triantafilou et al2013). To determine if similar effects were
seen in THP-1 cells, cells were primed with 100 ng/ml LPS for 4 hours as previously
described. Subsequently, titrations of BAPTA-AM and Xestospongin C were added to the
cells for 45 minutes. Cells were then washed, sensitised to complement and attacked with
sublytic MAC and supernatants collected after 1 hour. Pre-incubation with either 100 uM
BAPTA-AM or 10 uM Xestospongin C statistically significantly inhibited both IL-1(3 secretion
and Caspase-1 activity (Figures 4.5. A-C).
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Figure 45.A. |E1(3 secretion from LPS primed THRells in response to sutityMAC with BAPT-AM. 2x1FTHR1
monocytes werseeded at a density of 1x8€ells /ml in complete RPMiedia Cells wer¢hen primed with100 ng/mILPS
for 4 hours After LPS priming, cells were incubated with the denotedentation of BAPTAM for 45 minues at 37°C.
Primed cellsvere subsequently exposed to a sublytic dose of-C@giserum(2.5% v/iv} NHY5% v/v)as previously
described After one hour o$ublyticMACstimulation, cell supernatant was detted andl-13 measuredoy ELISA
Statistically significant inhibition of-l secretion was oferved with> 25uM BAPTAAM treatmentrelative to MAC
treated control byOneWay ANOVA with Dunngbsthoc test(*=P<0.05, *** = P<0.001Pata displayed as the mean-+/
SEM from a single experiment, representative aé¢hindependent experiments. B-1f8 secretion from LPS primed THP
cells in response to sublytic MAC with-peatment using IP3R antagohiXestospogin C.Cell stimulaton protocol was
performed asn 45.A, however Xestospgin C wasitrated at the denoted concentrations place of BAPTAM. Data
presented mean +/SEM from a single experiment, representative of three independentieques Satistical analysis
wasperformedrelative to MAC stimlated controlby oneway ANOVAvith Dunnett posthoc test (*=P<0.05, *** =
P<0.001)C. Caspast glo assay comparing levels of Casphsetivity in sublytic MAC attacked cells, controls and cells
pre-treated with the lighest dose of Calimim signallingrihibitors prior to sublytic MAC depositiéx1PTHR1 monocytes
wereseeded at a density of 1x€ells /ml in complete RPNiedia BAPTAAM / Xestospongin teated samples were
treatedfor 45 minutes prior to sufslic MAC depdtion. Cells were sensitigl tocomplenent using CO$ antiserum (2.5%
viv) and NHS / C5 depleted NHS (5% gyl incubated vith Caspaseél glo reagent for 90 minutgsrior toluminescence
reading on the Clariostar plateader. A statistically significant deease in Caspaskacivity was observed with BAPTA
AM and Xestospongin C treatment relative to sublytic MAC control. Data presented as pfeaN ffom aingle
experiment, representative of three independent experimeBitgistical analysisvasperformed by onavay ANOVA ith
Dunnett posthoc test (*=P<0.05, *** = P<0.001).
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To observe the effects of BAPTA-AM or Xestospongin C treatment on MAC induced Ca?*
flux, Fluo-3-AM loaded THP-1 cells were pre-treated with 100 uM of BAPTA-AM or 10 uM of
Xestospongin C prior to sensitisation with COS-1 antiserum. Cells were then attacked with
sublytic doses of MAC and Ca?* influx measured through fluorescence at 525 nm on the
Clariostar plate reader. As previously shown, sublytic MAC induced a large Ca%*influx
compared to C5 depleted and HI NHS controls. The dose of BAPTA-AM previously
demonstrating inhibition of IL-1p secretion also caused complete ablation of MAC mediated
elevations of Ca?* concentrations through chelation of Ca%* and preventing binding to Fluo-
3, whilst Xestospongin C treatment caused a slightly slower kinetic profile of Ca?*influx to
sublytic MAC treated cells that was not statistically significant, and similar levels of total
Ca%*influx. This, alongside the demonstrated inhibition of IL-1B release and Caspase-1
activation suggests not only that Ca?*influx is an important mediator of sublytic MAC
mediated NLRP3 activation, but that secondary release from ER stores is also an important
signalling event mediating NLRP3 activation and IL-1B secretion, but IP3 receptor inhibition

has no effect on the early Ca%* flux events mediated by MAC (Figure 4.6).
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Figure 46. Kinetic profile of Cainflux into Flue3 loaded THR monocytes through sublytic MAC depositi@xl® THP-1
monocyes were seeded at a density bfl0° cells / ml in complete RPMI media in stekitbottomedplates.Cells were
incubated with the denoted coneations ofBAPTAAM and Xestospongin C for 45 minutes in compREMI nedia. Cds
were sipsequently loaded wht 2.5uM Flw-3 aspreviouslydescribed. Cells wetken washed and sensitised to
compdement using 2.86v/v GQOS1 anfserumaspreviously desibed. &nsitisedTHP1 cellswere ransferred to opaque,
black plates for plate readdiuorescenceeadng (505nm / 525 nm exiation / emission)n complete RPMI media
Baseline fluogscence washiained from unstimulated cells, and maximaldtesence was ol#ined at the end othe
experiment through adding 2% Triton X to control wellamediately prior to plate loading, setised cells were exposed to
sublyticNHS(5% v/v)or C5 depleted NH$d dangesin Flua3 fluorescence measured over time. Data presented as the
mean ++ SEM from a single experiment, representative of three independent experiments.

4.6 - Molecular mechanisms of sublytic MAC NLRP3 activation — ROS production and
mitochondrial dysfunction

In the previous chapter, it was demonstrated that sublytic MAC deposition on THP-1 cells
alters the ROS / RNS profile of the cells relative to C5 depleted controls. Elevations in cellular
ROS have also been implicated in NLRP3 activation in response to sublytic MAC and can also
be a downstream product of mitochondrial depolarisation which in turn, can be induced
through elevated intracellular Ca?*concentrations (Suresh et al 2016; Bertero and Maack
2018) . To determine if ROS production was an important mediator of NLRP3 activation in this
system and test the interplay between ROS production and Ca?* influx or mitochondrial
depolarisation, sublytic MAC stimulations in the presence of the ROS scavenger N-Acetyl-
Cysteine (NAC) were performed. Previous studies have demonstrated that NAC is an effective

modulator of NLRP3 in various cell types undergoing challenge with an array of stimuli,
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including inhibition of MAC induced IL-1B secretion, but not Caspase-1 activation (Suresh et

al 2016; Cui et al 2017; Chimin et al2017)

A titration was performed of literature derived doses of NAC on LPS primed THP-1 monocytes
prior to sublytic MAC deposition; > 2mM NAC statistically significantly inhibited sublytic MAC
IL-1B secretion (Figure 4.7.A), however Caspase-1 activity was not statistically significantly

changed relative to MAC only controls (Figure 4.7.B).
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Figure47.A.1Ik1 3 secr et i on i n-1dellspranealedvih the ROSseadengeriNRCx1PTHRL monocytes
wereseedel at a density of 1x1®0cells /ml in complete RPNiedia Cells weréhen primed with100 ng/mILPSfor 4 hours

After LPS priming, cells were incubated with the denctedentation of NACfor 45 minutes at 37C.Primed cellsvere
subsequently expsedto a sublytic dose of CQ%ntiserum(2.5% viviF NHE5% v/v)as previously escribed After one hour

of sublyticMACstimulation, cell supernatant was dected and Ll-1 measuredby ELISATreatment with>2 mM NAC
significantly decreased L} secretion relative to the LPS + MEHMfrgnositi ve
a single expement, representative of three independent experimeftatistical sigiificancewas determined by onevay

ANOVA with Dunriepost-hoc test comparing all groups to LPS + MAC control (* 8F;0= P<0.01).B. CaspseGloassy

titrating NAC on THR monocytes prior to sublytic MAC deposit@xl *’THR1 monocytes werseededat a density of 1x10

cells /ml in complete RPMiedia BAPTAAM / Xestospongin €eated samples were treatedr 45 minutes prior to suic

MAC depaion. Cells were sensitised tomplanent using CO$ antiserum (2.5%/v) and NHS / C5 depleted NH5% v/v)
andincubated vith Caspasél glo reagent for 90 minutgsrior to luminescence reading on the Clariostar plagader No
statistically significant differences were observable between the sublytic MAC and sublytic MAC + NAC groups, however there
was a trend towards inhibition with increasing NAC doses. Degaegied as mean + SEM from a single experiment,
representative of three independent experimer@stistical significancevasdetermined by onavay ANOVA with Duntie

post-hoc test comparingll groups to LPS + MAC control (* =G50*= P<0.01).

Whilst NAC treatment significantly decreased IL-1P secretion, it failed to inhibit Caspase-1
activity , suggesting differences in cellular processes involved in the different events. To
investigate this, BAPTA-AM and NAC were titrated on THP-1 monocytes prior to sublytic
MAC deposition and superoxide production measured. It was hypothesised that if BAPTA-

AM treatment affected superoxide production in response to sublytic MAC, it could provide
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a link between Ca?* and ROS mediated NLRP3 activation. However, the generation of
superoxide in response to MAC was unaffected by BAPTA-AM across the titration of doses,
whilst titration of NAC generated significant decreases in sublytic MAC induced superoxide

(Figure 4.8).

600+
400+

200+

Mean FL2 fluorescence

Figure4.8. Chelation of intracellular Calcium with BAPAM has no effect on sublytic MAC mediated superoxide production,
suggesting that the production of ROS is not Calcium deperidephtrast,N-acetylcygeine reduce superoxide production

in respon® to sublytic MAC2x1( THR1 celk wereloaded wih the superoxidesensitive dyéAbcam) at the recommended
1:2000 dilutioninDMF or 45 mi medmeplete RPMI indF welGhdttomed plates Cells wergvashed andtreated

with NAC / BAPTFAM at the denoted doses for 45 minutes at°87 Cells were subsequisrgensitised to complemensing
COSsl antiserum(2.5% W) as prevously desribed. Cells wereltenexposed tsublyticNHSor C5 depleted NHS% v/y for

30 minutes washedresuspendeéh FACS buffer and run on thedSA\Calibur as previoydiescribedData presented as the
meanfluoreserce +/- SEM from a single expment, representative of three independent experimeitata analysed by
oneway ANOVA with Dunnett pekbc test {** = P < 0.001™= P<0.01L

These data suggest that there is no clear role for CaZ*influx in superoxide production in
response to sublytic MAC, again suggesting that the observed effects of the inhibitors of
ROS and Ca?*in terms of IL-1B secretion and Caspase-1 activity are independent. To further
explore the potential of Ca?* to induce other NLRP3 activating stimuli, the role of Calcium in
the induction of mitochondrial depolarisation in response to sublytic MAC was investigated
(Zzhou et al2018). One mechanism by which Calcium could induce secondary NLRP3
activators was through causing mitochondrial dysfunction. Mitochondria act as a nexus for
NLRP3 activation through being a source of ROS, Cardiolipin and mitochondrial DNA, all of

which have been demonstrated to function as NLRP3 activators (Cassell et al2018). Firstly,
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to verify that sublytic MAC causes mitochondrial dysfunction, a specific fluorescent dye for
mitochondrial membrane polarisation, tetramethyl rhodamine ethyl ester (TMRE) was used.
TMRE is a net positively charged molecule and becomes sequestered to the mitochondria;
however, if the mitochondrial membrane potential becomes abrogated, a common feature
of dysfunction, the dye is no longer retained, resulting in a decrease of fluorescent signal.
The mitochondrial uncoupling ionophore Carbonyl Cyanide 4-Trifluoromethoxy
phenylhydrazone (FCCP) was used as a chemical agent mediating uncoupling as a positive

control.

Sublytic MAC deposition on THP-1 monocytes triggered a dose dependent and significant
decrease in TMRE fluorescence at 549/575 nm on the Clariostar plate reader, indicating that
MAC deposition caused mitochondrial depolarisation, an indicator of dysfunction (Figure

4.9.A).

To investigate the role of Calcium in sublytic MAC mediated mitochondrial damage, the
chelator BAPTA-AM and the IP3R antagonist Xestospongin C were used and mitochondrial
potential measured. Treatment with BAPTA-AM induced a lower TMRE stain in response to
sublytic MAC but did not alter TMRE staining in the absence of MAC. Together with the data
shown previously that BAPTA-AM treatment inhibits IL-1p secretion, Caspase-1 activation
and elevation of intracellular Calcium concentrations, this suggests that ROS and
mitochondrial dysfunction are distinctly different NLRP3 activating events from Calcium

influx in this system (Figure 4.9.B).
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Figure 49.A. TMRE staining of mitochondria in THRellsneasuredusing the Clariostar plate read&x10 THR1 cells
seeded at desity of 1x10cells / ml in complete RPMI medigere preloaded with 500 nM TMRE for 30 minutes at 37°C
Cells were subsequéntensiised to complemat using CO& antiserum (2.5%/v) and exposedo a titration of sublytic—
lytic complementwith (1.25%- 10% v/v)NHS or C5 depleted NHS as a negative cdotrdlhour A 20 pM FCCP positive
control was used as to gerate a high leveof mitochondial dysfunction, resulting in a low TMRE stddata presented as
the mean +/ SEM from a single experént, representative of three independent experimefististical sigrificancewas
determined by onevay ANOVA with Duntiepost-hoc testcomparing all groups tainstimulatedcontrol (* = P,@5, **=
P<0.01)B. The same experiment was performed by flow cytometry to ensure the signal mastfrd cells through
FSC/SSC gatingx1® THR1 cells were loaded witifMRE as described in@ampesexposed to cell signalling modtors
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were inculated with BAPTAAM / Xestospngin C were intbated with the denoted caentrations at 37C for 45 minutes
Cells werehen sensitised to complement using 2.5% v/v-C@&iserum andtémulated with subjtic MAC (5%/v) NHS
or C5depletedNHS for lhour. Intact cells stimulated with sublytic MAC generated a negative TMRIE which was not
present in C5 depleted controls or antiserum only contB#IBTAAM treatment of cells causatkcreased TMRE staing,
suggesting that chelation afitracellularcalcium was increasingitochondrialdysfunction. Data presented from agle
experiment representative of three independestperiments

4.7 - Inhibition of sublytic MAC activated kinases and their roles in NLRP3 activation

The induction of sublytic MAC signalling can occur through a variety of intracellular
signalling pathways, the roles of which in inducing inflammation are unclear. As both
Calcium and ROS induced by sublytic MAC were demonstrated to activate NLRP3 in the
previous set of experiments, both triggering stimuli derived signalling pathways may be the
secondary mediators of the signalling effects. Many downstream kinases and signalling
pathways have been linked to sublytic MAC deposition on the cell, with some of these
potentially influencing cell viability and cytokine production. As described in the
introduction, sublytic MAC deposition elicits a range of cytoplasmic kinase responses
(Section 1.6). From the established literature, the targeting of relevant kinases to sublytic
MAC signalling may yield suggestions as to how the previously described diverse stimuli for
NLRP3 activation coalesce, as well as provide potential targets for therapeutic inhibition.
Therefore, pharmacological agents against known sublytic MAC mediated signalling
pathways were used in a similar manner to the inhibitors of NLRP3 activation used
previously. The signalling pathways inhibited were selected based on previous association
with sublytic MAC mediated signalling (Towner et al 2016). A schematic of the signalling
pathways targeted in this experiment and the inhibitors used to do so is shown in Figure
4.10. A wide range of Calcium induced kinases were targeted including PI3K (LY294002)/
AKT signalling (Perifosine), mTOR (Everolimus), ERK (PD98059) and JAK (AG490), and the

effect of inhibition of these pathways on IL-1B secretion examined (Figure 4.11).
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Figure 4.16- Schematiof sublyticMAC activated ceflignalling pathways and tinhibitors used to modulattheir
activation. @yo-EM image of the MAC edited from Menny et al 2018.

IL-1b (pg/ml)

Hgure 411. 2x1°THR1 monocytes werseeded at a density of 1x8€ells /ml in complete RPMiedia Cells wer¢hen

primed with100 ng/mILPSfor 4 haurs. Primed cellsvere subsequentlyincubated with the denotedoncentrationf each

cell signallingnhibitor for 45 minutesCells were then washed apdposed to a sublytic dose of CD&htiserum(2.5% v/v)

+ NHS or C8epleed seum (5% v/v)as prevbusly éscribed Supernatants were then analysed Iby3 ELISAor
inflammasome activationDatapresented as mean +/SEM from a single experiment, representative of three independent
experimentdata represents mean +5EM from a single triplicate exjraent, repreentative of three independent
experimentsStatistical significance determined by emay ANOVA with Dunnett pebbc test comparing all groups to

MAC + LPS cwal. Only Perifsine and MCC950 treatment caused statistically significant clsaingé&lf secretion
(***=P<0.001).
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Across the range of pharmacological inhibitors sublytic MAC mediated activated kinases
used, only Perifosine caused statistically significant changes in IL-1f secretion, alongside the
MCC950 negative control (Figure 4.11). Due to the large effect of AKT inhibition through
Perifosine on IL-1p secretion and the relatively small changes caused by inhibitors of other
pathways, the mechanism by which Perifosine mediates changes in NLRP3 activity were
investigated. Perifosine is an Alkyl phospholipid which acts as a novel AKT inhibitor by
restricting AKT translocation to the cell membrane and interactions of the Pleckstrin
homology domain with binding partners (Richardson et al2012). To determine whether
Perifosine acts independently of MAC, a second experiment was performed titrating
Perifosine to see if the effects were dose dependent, whilst investigating if the effects were
MAC mediated or simply caused by administration of Perifosine to primed cells or
unstimulated cells and exploring the effects of Perifosine in Caspase-1 activation in response

to sublytic MAC (Figure 4.12 A /B).
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Figure 412.A. The effects oPerifosinditration on L-1B release in THR monocytes2x1(F*THR1 monocytes wereeeded at

a density of X1 cells /ml in complete RPNMiedia Cells wee then primed with100 ng/mILPSfor 4 hours Primed cells
weresubsequentlyncubated with the denotedoncentrationof eachPerifosingor 45 minutesCells were then washed and
resuspended inompldée RMI andexposed to a sublytic dose of COshtiserum(2.5% v/v NHS or Cepleied seum (5%

viv) as previously escribed Supernatants were then analysed b3 ELISAor inflammasome activationThe effectsof
perifosineon LPS primed cells or previously unstimulated cells was significantly less than sublytic MAC stimulated cells,
suggestingh at Peri fosine’' s effect i s tnlindepandeht mechanisMataipresentedi t h MAC
as the meant+/- SEM from a single expment, representative of three independent experimebista analysed by oreay

ANOVA with Dunnett postoc test relative to sublytic MAC treated samge™* = P < 0.001" = P<0.0). B. Pretreatment

of cells with 50uM Perifosine caused @on-statistically significanttrend towardsan increase irsublytic MAC mediated
activation of Caspase (P=0.0, studens TFtest), measured using the Caspaté&lb system2x1PTHRL monocyes were

seeded at a density of 1X8€ells /ml in complete RPMiedia Perifosindreated samples were treatefdr 45 minutes prior

to subitic MAC depdtion. Cells were sensiggl tocomplenent using CO$ antiserum (2.5%/v) and NHS / C5 depleted
NHS(5% v/v)andincubated vith Caspasd. glo reagent for 90 minutgsrior toluminescence reading on the Clariostar plat

reader Data presented as Mean+$EM from a single experiment, representative of three independeatimgnts.

The data demonstrate that Perifosine increased sublytic MAC-induced IL1p secretion in a
dose dependent manner but did not alter secretion from LPS primed or non-primed THP-1
cells. The effects of modulating other portions of the AKT signalling pathway with sublytic
MAC were investigated. Perifosine, LY294002 (PI3K inhibitor, upstream of AKT in canonical
signalling (Figure 4.12), LB100 (specific PP2A inhibitor, prevents dephosphorylation of AKT
and increases activity), AKT 1/2 (alternative AKT inhibitor) and everolimus (mTOR inhibitor)
were all utilised to determine if the effects of Perifosine were AKT signalling specific or due

to off target effects of the drug, shown in Figure 4.13.
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Of all the compounds used, only Perifosine induced significant changes in sublytic MAC
mediated inflammasome activation, suggesting that the effects were non-specifically linked
to the compound (Figure 4.13). This may be through the induction of TNFa-R signalling and
activation of the RIPK1/3 necroptosome complex which has been described previously
(Conos et al2017). This was supported by the dose dependent increases in cell death with
Perifosine after 4 hours, suggesting the induction of cell death pathways and with a
chronology supporting a necroptotic pathway and in line with literature suggesting 20 uM
and higher doses of Perifosine are capable of inducing necroptotic death in THP-1 cells

(Papa et al2007).
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Figure 413.A. Perifosine poterdtes sublytic MAC activation of NLRP3 in an AKT independent m2xt@T.HP1 monocytes
wereseeded aa dengty of 1x1@ cells /ml in complete RPMiediain 96 well, Wbottomed plates Cells werghen primed
with 100 ng/mILPSfor 4 hours Primed cellsrere subsequentlyncubated with the denotedoncentrationf Perifosing AKT
1/2 andLB100 in compete meda for 45 minutesCells were then washed anesuspended in compkemediaand exposed
to a sublytic dose of C&Santiserum(2.5% v/ivi+ NHS or C8epleted seum (5% v/v)as previously @scribedfor 1 hout
Supernatants were then atysel by Il-13 ELISAor inflammasome activationOnly Perifosinestatistically significantly
increasedL-1pB releaserelative to sublytic MACeated cellssuggesting the other AKT pathway targeting compounds do not
exert the same effect®ata presentd asthe mean+/- SEM from a single expment, representative of three independent
experimentsData analysed by oneay ANOVA with Dunnett pekbc testrelative to sublytic MAC sampfe* = P < 0.001
= P<0.0L B.Doses of Perifosine which werdligéd in expeiments indiced large amounts of cell death withhours of
administration asdetermined by PI staining of cells on FA$0 THR1 monocytes were seedgar wellat a dersity of
1x1C cells / mlin 96 well plates and stimulated with the dead concentrations of Perifositier 2 or 4 hours 837 °C. Cells
were subsegently centrifuged washed andesuspendeih FACS buffend 10ug/ml Pl added apreviously described and
cell death measurelly PI fluoresenceon the FACS @alr.
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Although the effects of Perifosine were not specific to AKT and caused elevated IL-13
release as opposed to the targeted decrease, it provided useful insights into the
mechanisms underlying the activation process. MAC has been previously demonstrated to
induce cell necroptosis, therefore if a pro-necrotic stimulus such as Perifosine caused an
elevation in NLRP3 activation, it suggests an anti-necroptotic stimulus may provide the
desired inhibitory effects (Lusthaus et al2018). Furthermore, the incorporation of Perifosine
into the cell membrane disrupts lipid raft structure due to the preferential incorporation of
the phospholipid into cholesterol rich regions, suggesting that there may be links to lipid raft
mediated signalling pathways and NLRP3 activation, with both mechanisms warranting

further investigation.

To investigate whether necroptotic signalling was involved in MAC mediated NLRP3
activation and MAC mediated cell death, one of the inhibitors utilised in the published work
(Lusthaus et al 2018), Necrostatin-1 (NEC) was utilised. NEC is widely utilised as an allosteric
inhibitor of RIPK1; however, it may also influence cell fate through inhibition of the IDO
pathway, which modulates immune tolerance as well as inflammatory responses. NEC was
titrated on THP-1 cells at literature derived doses (50-10 uM) prior to attacking cells with a
lytic dose of MAC (5% COS-1 antiserum, 10% NHS) and Pl uptake measured. In contrast to
the literature in other monocytic cell lines, in THP-1 cells there was no effect of NEC on
rapid, lytic MAC mediated death (Lusthaus et al2018) (Figure 4.14. A and B). However,
whilst NEC pre-treatment did not cause protection from MAC mediated cell death, it may
influence the activation of NLRP3 and IL-1B secretion, which had previously been
demonstrated in BMDM'’s with other NLRP3 activators (Lawlor et al2015). NEC was again
titrated on primed cells prior to sublytic MAC deposition, and IL-1 secretion measured by
ELISA. NEC pre-treatment did not cause statistically significant changes in IL-1p secretion at

any of the experimental concentrations (Figure 4.14.C)
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Necrostatinl or the DMSO vehict®ntrolgenerated no significant protectionoim MAC mediateaell death. Data

presented as Mean +/SEM from a singlexperiment, representative of three independent experiments:CpIL EL | S A
supernatant from LPS primed, NE@retreated cells (660 uM) exposed to sublytic MAC / C5 depletedree2x1(PTHR1

monocytes werseeded aa density of 1x19cells /ml in omplete RPMimediain 96 well, Ubottomed plates Cells were

then primed with100 ng/mILPSfor 4 hours Primed cellsvere subsequentlyincubated with the denotedoncentrationsof
Necrostatinl in completemediafor 45minutes.Cells were then washed angsuspended in compemediaand exposed

to a sublytic dose of C&Sntiserum(2.5% v/v}t NHS or Céepleted seum (5% v/v)as previously escribedor 1 hour

Supernatants were then analysed b3 ELISAor inflammasome activationVhilst Necrostatinl treatment did geneate

atitratable effecton 1 B s ecr et i o n -1 sedration evdreanosigeificant (onevbyLANOVA with Dunniet
posthoc test comparing all samples to LPS + MAC aipnBata presented as Mean-8EM frona single experiment,

representativeof three independent experiments.
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NEC pre-treatment of THP-1 cells did not statistically effect IL-1p secretion (Figure 4.14.C.)
or cell death (Figure 4.14.B.). Due to the lack of affect for NEC inhibition on IL-1B secretion,
other targets were chosen from the previously mentioned work in the field of MAC
mediated death signalling pathways which would align with the observation of Perifosine
induced elevation of IL-1B secretion in this system. One of the pathways which may link
Perifosine treatment and other MAC mediated affects is JNK signalling (Lusthaus et al 2018).
Therefore, the effects of inhibiting JNK were explored in LPS primed THP-1 cells. Inhibition
of JNK signalling alone generated a trend towards inhibition of IL-1f secretion inhibition in a
dose dependent manner; however, this did not reach statistical significance (Figure 4.15.A) .
In models of Histoplasma capsilaturactivation of NLRP3 in dendritic cells, JNK signalling
was augmented by ERK1/2, suggesting a more general role for MAPK in NLRP3 activation
(Chang et al 2017). From this, a broader blockade of MAPK with both JNK and ERK1/2
inhibition was performed; this combination generated a statistically significant decrease in

IL-1B and Caspase-1 activation relative to sublytic MAC alone controls (Figure 4.15. B/C).
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Figure 415. A.2x1% THR1 monocytes werseeded at a densityf 1x1G cells/ ml in complete RPMI media in 96 well, U
bottomed plates. Cells were subsequly primed with100 ng/ml ofLPSor 4 hours. Cells werwashed and préreated

with the denoted conagrations of theJNK inhibitor SP60032or 45 minutes at 37C. Cells were washed andusgended
in complete mediand exposedto 2.5% v/v CG$ antiserumand 5% v/iv NHS gsevioudy describedCellsupernatantwas
collected and H1p measured by ELISRe-treatmentwith the JNK inhibitor SP6001aH! not statistically significantly
affectIL-1p secretion however demonstrated a dose dependent respgoseway ANOVAvith Dunnet posthoc test
comparing samples to LRSsublytic MAL Data presented as mean +$EM. Data from a single experiment, representative
of three independent experiments. Bx10® THR1 monocytes werstimulatedwith the samemethod asA, howeve, cells
wereincubated withboth SP600125 and thERK inhibitor PB®59at the denotedconcentrationdor 45 minutes at 37C
prior to sublytic MAC deposition-1PB secretion was stistically significanthfowerwith pre-treatment with bothJNK and
ERHKnhibitors (Onevay ANOVA with Dunnigposthoc test conparingpre-treatments with LPS + sublytic MAC cohtr
Data presented as mean-3EM from one experiment,mesentative of threendependent experiment€.2x10 THRL
monocytes weraeeded at a densitpf 1x106 cells / mih complete RPMI media in 96 well, U bottom plateds@esrepre-
treated with ERK and JNK inhibitors (PD98@EBuM) and (SP60@5—50 pM) for 45 mirutes Cells were washed and
resuspendedh complete medigrior to stimulation with sublytic MAGensitisation with 2.5% v/v CQ%ntiserum for 20
minutes at room temperature and NHS 5%) vBaspas€l activity wasmeasured after 9dninutes using the Caspaskglo
systemon the Clawstar plate readerTreatment of the cells witthe combination of INK and ERK inhibjtbrth at 50uM,
yielded a statistically significant decrease in Casgddseninescencéoneway ANOVA ith Dumett posthoc test
comparing all samples witkublytic MAC contrpl Data presented as mean-8EM from a single experiment,
representative of three independent experiments.
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4.8 - Sublytic MAC in the reactive lysis system induces IL-1B secretion from THP-1 cells and

primary macrophages

To demonstrate the effects of sublytic MAC deposition on THP-1 and SW982 cells a reactive
lysis (RL) system was also utilised. THP-1 monocytes were C5a primed (25 ng/ml) and C56
generated from the freeze thaw method as a source of complement terminal pathway
activation. Cells were primed with 25 ng/ml C5a for 4 hours at 37°C prior to deposition of C56.
Cells were incubated with varying concentrations of C56 at room temperature for 10 minutes
to allow interaction with the cell membranes prior to C7 addition in molar excess to the C56
with a further incubation for 15 minutes at 37°C. Cells were then washed via centrifugation
at 300 x g for 5 minutes and resuspension prior to C8 and C9 addition. Cells were then
stimulated overnight with the C56-9 and the supernatant collected. The aspirated

supernatant was then assayed for IL-1B content by ELISA (Figure 4.16 A/B).
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Figure 416.A. C56 medited reactive lysis MAC formation on FHPnonocytes induseIl-1 B s enc 2xXPt THRL

monocytes wereseeded at a densitgf 1x1@ cells/ ml in complete RPMI media in 96 well, U bottompletkes. Cells were

subsequatly primed with100 ng/ml ofLPSor 4 hours. C56 was added to the cells for 10 minutes at room temperature

complete RPMI mediat the cenoted concetrations (010 pug /ml). C7 was then added to the cells at 1@/ml for 15

minutes at 37°C Cells were disequatly washedand resugpendedin compkte media before C8 andC9 wereapplied(10

pg/mleach for 1 hour IL-1B release was then measured by ELT®®% generation ahaximallEL 3 was dependent on
MAC (C5®) and was titratable withhe amountof C56 initially deposited on the cells. C7 / C8 / C9 dladenegligible

effects interms of L B s e cBr Térationafithe C56 initiating complex with constarasg of C7 C9 demonstrating a

dose dependent L r esponse. Dat a/ SEM drene a singld exgesment) eeprasentative of three
indeperdent experirents
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To confirm the efficacy of the RL system, as well as investigate the capacity of complement to
both prime and activate NLRP3 in myeloid lineage cells, primary macrophages were also
stimulated with sublytic doses of MAC. CD14+ cells were purified from donor blood utilising
the MACS purification system (Miltenyi Biotech), seeded 2x10° cells / well at a density of 1x10°
cells/mlin RPMI media in 24 well plates and differentiated in to macrophages using 100 ng/ml
GM-CSF in complete RPMI for 4 days at 37°C as described in the materials and methods
(Section 2.5).

On the day of the experiment, differentiated primary macrophages media was replaced and
cells were primed with 25 ng/ml or 10 ng/ml C5a for 4 hours. Primed cells were then
stimulated with reactive lysis MAC, generated sequentially as previously described, with 3
ug/ml or 0.75 pg/ml C5b6 + 3 pug/ml C7 C8 and C9 for 1 hour. Cells were then lysed in RIPA
buffer containing complete protease inhibitor cocktail (Roche) and lysate probed for IL-1f3 on
the ODYSSEY western blot platform (Section 2.19). Briefly, samples and chameleon pre-
stained ladder were loaded on to 4-12% gradient BIS-TRIS gels and run at a constant voltage
of 120 V for 1 hour. Protein content was then transferred to PVDF membrane using the
Invitrogen power blotter system. Membranes were blocked for 1 hour in PBS 5% w/v BSA and
membranes probed for IL-1B (mouse anti-human, CST) and B-actin (rabbit anti-human, CST)
at 1:1000 dilutions respectively for 1 hour in PBS + 5% w/v BSA. Membranes were washed in
PBS 0.1% TWEEN and probed with the respective secondary antibodies anti mouse 680nm
and anti rabbit 800nm for 1 hour in PBS 5% w/v BSA protected from light. Membranes were
then washed with PBS 0.1% v/v TWEEN and deionized H,0. Membranes were then visualised
using the ODDYSEY system, allow detection at 800nm (gel A — IL-1B) and 680nm (gel B — B-
actin). Mature IL-1B was only detectable via western blot in cells stimulated with complete
MAC (C5b-9) at the higher concentration (3 pg/ml C5bé6 initiator) with a 25 ng/ml C5a priming
stimulus, which was ablated by the treatment of cells with 10 uM MCC950 for 30 minutes
before MAC deposition, demonstrating IL-1B maturation being dependent on NLRP3

activation (Figure 4.17 A.)
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Figure 417.A. Subytic MAC deposition on Cpaimed primary macrophages indes IL1{3 cleavage.2x10 myeloidderived
macrophagesvere primed with 25 ng/ml or 10 ng/naif C5afor 4 hours in complete RRIvhedia. Cells were gaed and
stimulated with reactivdysis MACwith 0.75 pg/ml or 3 ug/ml initiating C5b6 complexXells incuated with MCC95@ere
incubatedfor 45 minutes at 37C prior to reactiveyss MAC assemblells were stimulated with the denotedncentrations
of C5b6 for 10 mintes at room tempeature, before the addition of C7 atg/ml for 15 minutes at 37C. Cels were washed
and compkte RPMI media replaced, prior to C8 a8da@dition at 5ug/ml for 1 hour at 37C. Cells were subsequently lysed
in 200l of RIPA buffer with proteasehibitorsand cell lysates subjected to SDS PAGE1@¥6gradientBISTRIS ¢ls for 1
hour & a constantvoltage of 120 V. Protein was transferred to PVDF membranes witlmthegen fastblot systemral
membranes blocked in PBS 5% w/v BSA. Membranes werelprithéCSTmouseanti-human IE1f3 and rabbit anti human
B-actin antibalies at 1:1000dilutions. Membranes were washed anprobed with the respeete secondary antibodies
coupkd to 680 nm and 800nm emitting fluorophores, andluorescencecaptured on the ODYSSBMésten blot system.
Production of Il-:13 isdependent on full MC C54 deposition (Lane 10) and is inhibited by-peatment of the cells with 10
UM MCC950 for 30 minutes (Lane 11). Laréviblecular weight marker, 2 Unstimulated cells3— C5b6 only, Lane-4C7
only, Lané& —C8 orly, Lane5 —C9 only, Lane #C5a only, Lane-8C5b67 + C5a, Lane 9 C5b678 + Cba, Lanr€348 + MAC,
Lane 1+-C5a + MAC + M M C C 9 5-&ctin wBstern Blot of 46 A.

To obtain a more global view of effects induced by sublytic MAC on cells, RNA-Seq was
performed on cells stimulated with sublytic, reactive lysis MAC and compared to C7 + C8 + C9
only controls. 2x10° THP-1 cells were seeded at a density of 1x10° cells/mlin 96 well U bottom
plates in complete RPMI media. Cells were stimulated with reactive lysis MAC as previously
described with 3 pg/ml C5b6 initiating complex + C7 to C9 in molar excess at 10 pug/ml and
RNA extracted at 1 and 8 hours respectively. Stimulated samples were compared toa C7 + C8
+ C9 control with no C5b6 initiating complex. After stimulation, mRNA was extracted and
data analysis were performed by Dr You Zhou and David Lee, whilst the RNA SEQ was

undertaken by Cardiff gene park.
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In total, 307 genes from 61 pathways demonstrated significant differences between the
control and stimulated samples. Interestingly, at 8 hours some of the highest Z scored
pathways (those with the most significant changes in gene expression of pathway
constituents) have connotations for NLRP3 activation and IL-1B signalling. Firstly, IL-1
signalling itself was highlighted as significantly altered at 8 hours relative to controls,
reinforcing the data acquired the protein level. Further associated pathways with MAC
deposition include Calcium induced signalling alongside pathways with implications in NLRP3
activity, for example, PKA signalling, which was highlighted as the most upregulated pathway
after 8 hours is an established negative regulator of NLRP3 activation and may provide a

negative feedback loop between sublytic MAC and NLRP3 (Gros and Gros 2016).

-log(B-H z-

a p-value) Ratio score Molecules
GNAS,PTPN23,YWHAE,YWHAB,PDE
4A,GSK3A,PTP4A1,PTPN12,RAP1A,
PTPRF,EP300,GNB1,PPP3CB,TGFB1,

Protein Kinase A -PPP3R1,PRKCD,PRKACA,GNB2,DUS

Signaling 4.4 0.05531.342P7,GNG5,SIRPA
GNB1,ACTR2,GNAS,WASF2,ACTB,G

RhoGDI NA12,RHOT2,PAK2,GNB2, ARHGDIA

Signaling 3.75 0.0756 1,GNG5,ARHGAP1,EP300

Role of NFAT in GMNAS,EP300,GNB1,PPP3CB, TGFB1,

Cardiac #NU PRKCD,PPP3R1,MEF2D,PRKACA,GN

Hypertrophy 3.44 0.0684 M! B2,PIK3CB,MAP2K3,GNG5

Cardiac GNAS,GNA12,RHOTZ2,EP300,GNB1,

Hypertrophy -PPP3CB, TGFB1,MEF2D,PPP3R1,PRK

Signaling 3.29 0.0601 2.887 ACA,GNB2,PIK3CB,MAP2K3,GNG5
GNB1,ACTR2,GNAS,PPP3

fMLP Signaling CB,WAS,PPP3R1,PRKCD,

in Neutrophils 3.21 0.082 -3GNB2,PIK3CB,GNG5

Calcium-induced PPP3CB,MEF2D,CD4

T Lymphocyte - ,PPP3R1,PRKCD,ATP

Apoptosis 2.93 0.117 2.4492A2,EP300
GNB1,POLR2A,GNAS,GN

Androgen A12,PRKCD,GNB2,PRKAC

Signaling 2.93 0.0818 -2A,GNG5,EP200
GNB1,GNAS,WAS,GNA12,ACT

Tec Kinase B,PRKCD,RHOT2,PAK2,GNB2,P

Signaling 2.93 0.0655 -1.891K3CB,GNG5
GNB1,GNAS,GNA12,

-TAB2,GNB2,PRKACA

IL-1 Signaling 2.75 0.087 2.236 ,MAP2K3,GNG5

Table 8. Table of highestsZore, significantly changed ENSEMBL pathdvaps RNASeq analysis of reactive lysis
stimulated THRL monocytes after 8 hours relative to unstimulated (C7+C8sdfrols 2x1(® monocytes were saled at a
density of 1x180cellgml in complete RPMI media in sterile 96 wdlbottomed plates. Cells were stimulated with RL MAC
aspreviouslydescribed Briefly cells were stimulated with @g/ml C5b6 for 10 minuteat roomtemperature, followed by

C7 at ug/ml for 15 minutes at 37C Cells were subsequensiifimulatedwith 5ug C8 and C9 for 1 or 8 hou&imulated
cells weravashedin sterile PB&ndlysed in RNAxgraction bufferbefore mRNA extraction and RSEQvere performed

by Dr You Zhou, David Lee and Cardiff gene gdndmges in mRNA expression were gatised by ENSEMBathways

with the largest changei® mRNA expressiat 8 hourshaving multiple pathwayto the activation of NLRP3 include PKA
signaling, Calcium induced signalling andllkignalling, reinforcinthe data gerrated through other methods.
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Guided by the highly significant changes in PKA pathway component expression in the RNA-
Seq analysis, and the known role of PKA in prostaglandin synthesis and NLRP3 regulation,
inhibition of PKA in the context of MAC activation of NLRP3 was explored. PKA is a cAMP
activated kinase which exerts a range of cellular effects, including in the context of NLRP3
activation the induction of prostaglandin biosynthesis through activation of PKC and
induction of COX-2 expression, which results in PGE2 production from membrane lipids
(Klein et al2007). The induction of PGE2 production is important due to the established
roles of prostaglandins as potent negative regulators of NLRP3 activation (Sokolowska et al
2015). Therefore, the MAC, by inducing the activation of PKA signalling, may be a negative
feedback mechanism to limit the levels of NLRP3 activation either directly or through the
cAMP-PKA-COX2-PGE2 pathway and prevent excessive cytokine production. To investigate
this, the classical activation method was used with the specific PKA antagonist H-89 at
literature derived doses to investigate whether PKA inhibition in cells exposed to sublytic
MAC altered NLRP3 activity and the subsequent Caspase-1 activation and IL-1f3 release. H89
administration did not significantly affect IL-1 secretion and Caspase -1 activation; despite

a slight trend towards an increase at higher doses (Figure 4.18).
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Figure 418. The PKA antagonist H8&ldhot statistically significanaffect IL-1f3 secretion from LPS primed TFHells
exposed to sublytic MA@x1® THRL cells wereseeded at alensityof 1x1(¢ cells m in complete RMI median 96 well, U
bottomed platesCellswvere subsequentlypre-treated with a titration of H89 hyrochloride(50—5 uM) , a potent PKA
inhibitor, for45 minutes prior to sublytic MAC depositiomdhgh sensitisatiomvith 2.% v/\COSL antiserum and 5% v/v
NHS Cellavere stmulated with sublyit MAC for 1 hour and supernatants assayed fdfl&ecretion by ELISA. H89
administration had netatisticallysignificant effectson Il-103 release from LPS primed T Bells(Oneway ANOVA with
Dunnét posthoc test).
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Whilst H89 pre-treatment had no statistically significant effects in these experiments, the
timescale and conditions for inflammasome activation and the previous RNA-Seq
experiments are markedly different, 1-hour MAC exposure versus 8 hours and reactive lysis
versus classical activation. Therefore, the data do not rule out a role for PKA in cellular

responses to sublytic MAC.

4.9 — Conclusions of Chapter 4

In this chapter | have demonstrated that sublytic MAC deposition on primed monocytic cells
through both reactive lysis and classical activation methods results in IL-1B secretion and

Caspase-1 activation in a NLRP3 dependent manner.

Upon investigating the mechanisms underlying NLRP3 activation in response to sublytic
MAC, it was first shown that elevation of extracellular monovalent cations (K* and Na*)
through supplementation of the stimulation medium resulted in abrogation of NLRP3
activation, irrespective of the nature of the cation. Although K* ions have previously been
implicated , my data show that either Na* or K* ions mediate the effect, provoking questions
as to whether the retention of membrane and osmotic potential play roles in the activation

process (Brough and Rivers-Aughty 2015).

The role of Ca?* flux in sublytic MAC induced NLRP3 activation has previously been
demonstrated by our group in A549 lung epithelial cells and was further investigated in
these experiments (Triantafilou et al2013) . In concordance with the literature, pre-
treatment of LPS primed THP-1 cells with either BAPTA-AM or the IP3R antagonist
Xestospongin C inhibited MAC-induced IL-1B secretion and Caspase-1 activation in a dose
dependent manner (Figure 4.5. A-C). The involvement of IP3R-regulated calcium channels in
NLRP3 activation links the ER network and ER stress with NLRP3 activation in response to
sublytic MAC, with ER stress mediated NLRP3 activation previously reported in response to
other stimuli (Li et al2010). Understanding whether ER stress was a critical factor in sublytic
MAC mediated NLRP3 was not directly investigated due to the time limitations of the

project but may offer an interesting avenue for future research. However, the role of Ca%*in
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mediating ROS production, mitochondrial dysfunction and the role of ROS / RNS in NLRP3
activation were all explored to try and unify the hypotheses. Whilst ROS ablation through
the ROS scavenger NAC dose dependently inhibited IL-1B secretion in response to MAC
(Figure 4.7.A), it failed to inhibit Caspase-1 activity (Figure 4.7.B). This observed dichotomy is
unexpected and not easily explained. It is possible that the inhibition of ROS signalling alters
the inflammasome response to sublytic MAC by driving the cell signalling down a non-
canonical inflammasome route through Caspase 4/5/11 activation, separating IL-1B
secretion and Caspase-1, however, this has not been previously documented. The further
observation that Superoxide production, the predominant ROS response to sublytic MAC in
THP-1 cells demonstrated in Chapter 3 section 8, was unaffected by BAPTA-AM treatment
(Figure 4.8), indicates that Calcium flux and ROS production are not tightly linked events.
Loss of mitochondrial membrane potential, a marker for mitochondrial dysfunction, was
dose dependently induced through complement MAC deposition. However, treatment with
the Calcium chelator BAPTA-AM did not reduce mitochondrial depolarisation; indeed, Ca%*
chelation caused increased loss of membrane potential in MAC-attacked cells (Figure 4.9).
Taken together the data show that Ca?* flux, essential for MAC-mediated NLRP3 activation,

is not acting through either ROS production or mitochondrial dysfunction in this system.

To observe any effects of the inhibition of kinases activated by sublytic MAC, a panel of
pharmacological inhibitors were used (Figure 4.11). Only MCC950, which directly inhibits
NLRP3, and the AKT inhibitor Perifosine had statistically significant effects on MAC-induced
IL-1B secretion from the panel of molecules selected. The stark effects of Perifosine in
upregulating IL-1B secretion were further explored. Firstly, it was demonstrated that
Perifosine exerted a dose dependent effect on IL-1B secretion that was dependent on
sublytic MAC deposition, as Perifosine alone or with an LPS prime did not induce IL-1B
release (Figure 4.12.A). Other AKT inhibiting compounds such as the AKT 1/2 inhibitor, PP2A
inhibitor, PI3K inhibitor and mTORC1 inhibitor all failed to induce the same increase in IL-13
release observed with Perifosine (Figures 4.11, 4.12 and 4.13). This then suggests that
Perifosine mediated elevation of IL-1B release in response to sublytic MAC is not through
AKT signalling. Whilst Perifosine is marketed as an AKT inhibitor, it has a range of effects on
the cell, including the induction of cell death pathways and the activation of cell stress

responses shown in Figure 4.19.
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Figure 419. Schematic of the pleiotropic effects of Perifosine. AlthowmtfidBine is marketed as an inhibitof AKT

translocation to the cell membrane and subsequent activation through PHD interactions, Perifosine also elicits an array of

other effects. These include increasing cell stress through ER dysfunction and ttierrdl@D95 signalling which can

invoke necrotic cell death pathways through RIPK1/3 activation. This in turn can induce cell death, cellular stress and
activation of inflammatory MAPK’'s such as JNK. |l mage sour c

Because the role of Perifosine in the induction of IL-1B could not be attributed to its
function as an AKT inhibitor, | explored whether off-target effects of the molecule were
responsible for the observed elevations of IL-1B secretion. One of these off-target effects is
the activation of JNK signalling. JNK has previously been implicated in NLRP3 activation and
linked to MAC mediated cell death as demonstrated in Figure 4.20 (Okada et al2014;
Lusthaus et al2018). The specific JNK inhibitor, SP6100, caused a non-significant reduction
in IL-1P secretion (Figure 4.15.A); however, the ERK pathway has also been implicated in
NLRP3 activation but inhibition had no significant effects on IL-1p3 release alone (Figure 4.11)

(Chang et al2017).

170



Dectin-1

Dectin-2

MLRP3
activation

Cathepsin B
release

Lysasamal
rupture
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implicated in the induction of lysosomal destabilisation in the proposed mousebased orChang et al 2017.

The dual inhibition of both ERK and JNK in MAC-attacked cells demonstrated dose
dependent inhibition of both IL-1B secretion and Caspase-1 activity (Figure 4.14. B /C). This
provides evidence that some of the established intracellular signalling pathways in response
to sublytic MAC have active roles in NLRP3 activation (Towner et al2016). A possible
mechanistic hypothesis, encompassing the multi-source data suggesting that IP3R mediated
Ca?* flux plays an important role in NLRP3 activation, is that ER stress is a central mediator
of NLRP3 activation in response to MAC, as both ERK and JNK activation are inducible
through ER stress responses (Figure 4.20), and IP3R localise on the ER, which also mediates

ROS production; ER stress can thus potentially link the array of pathways proposed.
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ER stress

Figure 421. ER stress can mediate both JNK and ERK activation, as well athbeiegtral organelle containing IP3R and
being an important mediator of ROS/RNS production. Integed ondiagram fromWassermarDozoretsand Rubinstein
2017.

Direct testing of the effects of sublytic MAC on the ER was not performed due to time
constraints, so whilst offering a potential hub for the observed mechanisms, further work is
needed to verify the ER as the central organelle responsible for NLRP3 activation in this
system, however, ER stress in response to sublytic MAC has been demonstrated in other

studies (Cybulsky et al2002) .

A second method of forming MAC on the cell surface was performed to verify the classical
pathway results. MAC formation through reactive lysis on C5a primed THP-1 monocytes
induced dose dependent IL-1P secretion (Figure 4.16.B.) that was dependent on the
formation of complete MAC pores, with C56-8 intermediates or individual components not
inducing cytokine secretion (Figure 4.16.A). This was also subsequently demonstrated on
PBMC derived primary macrophages, with none of the individual components or
intermediate complexes generating mature IL-1 detectable by Western blot (Figure 4.17
A/B). The IL-1pB signal was also abrogated through the pre-treatment of the cells with
MCC950, demonstrating the NLRP3 dependence of MAC-induced IL1B secretion.
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Beyond the activation of NLRP3, reactive lysis derived MAC was also used to stimulate THP-1
monocytes and RNA-Seq performed by collaborators Dr You Zhou and David Lee, with the
largest Z-Scoring ENSEMBL pathways shown in Table 8. The highlighted pathways have some
biologically expected results such as Calcium and apoptotic pathways being highly
upregulated, whilst others such as PKA signalling were of interest in terms of relaying
inflammatory cell signalling. In preliminary experiments, PKA inhibition was explored in the
context of NLRP3 activation; however, there was no statistically significant effect of PKA

signalling inhibition on sublytic MAC mediated IL-1B secretion (Figure 4.18).
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Chapter 5 - Investigating the roles of NLRP3 in MAC mediated nucleated cell death

5.1- Generation of SW 982 NLRP3-/- cells

As previously demonstrated by our group and others, MAC deposition on cells can instigate
NLRP3 activation and subsequently Caspase-1 activity and IL-1p release (Triantafilou et al
2013; Laudisi et al2013; Suresh et al2016). Whilst MAC deposition on nucleated cells is
generally non-lytic, large numbers of MAC complexes can result in a lytic form of cell death.
As NLRP3 activation can also result in a lytic, necrotic form of cell death through Gasdermin
D pore formation this raises the question of whether MAC mediated nucleated cell death
functions, at least in part, through NLRP3 (Fink and Cookson 2006). There has been previous
work demonstrating that MAC mediated cell death is partially transduced through
intracellular signalling pathways; Caspase inhibition or blocking of necroptotic pathways
partially ameliorated MAC mediated cell death, but no work has been published specifically

focussing on the role of NLRP3 (Lusthaus et al 2018).

To investigate the role of NLRP3 in MAC signalling in a different cell type, SW 982
synoviocytes were used. These cells were edited using the CRISPR/Cas9 system with
commercially sourced gRNA against Exon 1 of NLRP3 to induce frameshift mutations in the
gene, resulting in a loss of expression as described in materials and methods (methods
described in section 2.24). To verify the loss of NLRP3 expression, WT and CRISPR/CAS9
treated cells were tested for successful knockout by Reverse Transcriptase Polymerase chain
reaction (RT-PCR) and Western blot for mRNA and protein expression respectively, with
methods described in sections 2.19 and 2.30 respectively. Briefly, 2x10> SW 982
synoviocytes were seeded / well in 24 well sterile plates in complete RPMI media and
allowed to adhere overnight. Cells were then stimulated with LPS (100 ng/ml) for 4 hours to
induce elevated NLRP3 expression. Cells were washed with sterile PBS before lysis in RIPA
buffer (Western blot) or RNA extraction buffer + B-mercaptoethanol (RT PCR) and stored at -
20°C until use. For RT-PCR, RNA purification and extraction was performed as described in
section 2.29, prior to RNA quantification using absorbance at 260/230 nm on the Nanodrop
system. 200 ng of sample mRNA was then added per PCR tube, and RT PCR performed as

described in section 2.30. The resultant PCR product was then loaded on to agarose gel and
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electrophoresis performed as previously described. As the mRNA loading in to the original

RT-PCR reaction was equal, that was taken as a loading control for this experiment.

NLRP3 mRNA expression was detected in LPS primed SW 982 synoviocytes using RT-PCR
followed by electrophoresis (Fig 5.1.1A); specific bands were present at the expected PCR
product size in WT cells (expected amplification product size — 498 bp) and was absent in
knockout cells. A rabbit monoclonal anti-NLRP3 antibody (CST) was used in Western blots to
detect NLRP3 protein; although a non-specific band marginally heavier than NLRP3 was
present in all cell lysates, the specific band representing the protein (circa 120 kDa) was

present in WT LPS-primed cells but absent in KO cells (Fig 5.1.1B).
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1=WT SW 982 cells + 100 ng/ml LPS

A) for 4 hours
10,000 bp' 8 2 - NLRP3 KO SW982 cells + 100
ng/ml LPS for 4 hours
1,000 bp 3 = Unstimulated WT cells
900 bp
%88 BB 4 = Unstimulated NLRP3 KO cells
600 bp
500 bp
NLRP3 WT KO WT KO
B)

NLRPZ 110kDa ! -actin-42kDa

Figue5.1.1. A. RPCRf NLRP&xpressiorirom WT or NLRP3 KO celisg1GWT or KO SW 982 syuiocytes were seeded

in 12 well plées in complete RPMI media and allowedtthereovernight.On the day of the expienent, cellmedia was
replaced,andrelevant sanplesprimedwith LPS(100ng/ml) for 4 hours Cells weravashed with sterile PBS and lysed in
100ul of RNA extraction buffet B-mercaptoethanolExtracted RNA was quantified on the Nanodrop and equal amounts of
template RNAZ00 nd sample added to the RT PCR tune as desdbed in section 2.30The resultant RP@ product was
run on a 1% agarose geh@ visualised usingleidium bromideon theThermofisheMyEQ sysem.The expected PCR
amplicon length was 497 bp and was visualised in the WT cells primed witiut B&,the NLRP3 KO ceallsunprimed WT
cells.5.1.1.BWestern blot of NLRPexpression ilVT and NLRP3 K&¥982 cdls. Cells were seeded and stimulated with
LPS as in A. After stimulation, cells wigsed sing 100l of RIPA buffer + prosese inhibitors15 pl of sample lysate was
denaturedat 90 °Cfor 10 minutesunderreducing conditionand subjected toeducing SDS PAGE and Western blot analysis
(CSTouse anthuman NLRP3 antibody antlLRP3 WT cells demonstrated NLRP3 expression, whichseas ia
CRISPR/Cas9 treated cells. The membrane wassthipped and rgprobed forB-actin.
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5.2 - Investigating the roles of NLRP3 in the cell response to MAC in SW 982 synoviocytes

After validating the absence of NLRP3 expression in the CRISPR/Cas9 treated cells, sublytic
titrations of NHS were set up to observe differences in response to complement deposition
in the presence and absence of NLRP3 expression. WT or NLRP3 KO SW 982 were seeded at
2x10* cells per well in a 96 well plate and assay performed as described in the materials and
methods. Briefly, seeded cells were allowed to adhere overnight in complete RPMI media.
Cell media was then replaced on the day of the experiment and cells sensitised to
complement using 2.5% v/v COS-1 antiserum as previously described, for 20 minutes at
room temperature. Cell media was then replaced, and the cells exposed to titrations of NHS
as a source of complement (5-0.25% v/v). Under the conditions used, WT cells were
sensitive to killing in the LDH assay, with up to 50% cell death being observed at 2.5% NHS
prior to a slight plateau at 5% NHS; in contrast, NLRP3 KO cells were highly resistant to lytic

killing, with statistical significance across all titrated doses of NHS. Representative data

shown below in Figure 5.2.

177



*k*k
60
-~ NLRP3 KO SW 982 cells

- WT SW 982 cells

*kk
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Percentage NHS (%)

Percentage LDH release (%)
N
o

Dose of NHS Difference t Pvalue Summary
5.000 45.63 22.35 P<0.001 ek
2.500 44.23 21.66 P<0.001 ok
1.250 29.54 14.47 P<0.001 ek
0.5000 26.43 12.94 P<0.001 ek
0.2500 7.651 3.747 P <0.05 *

Figure 5.2LDH release assay between WTH &LRB -/- SW 982 synoviocyieells.2x10* SW 982 WT and NLRP3 KO cells
were seeded in 96 well stke phates in omplete RPMI media and alited to adhere to the plate overnight. On the day of the
experimentand @Il media replaed. Cells were sensitised with 2.5% v/v-C@8tiserum at room temperature as previously
described, prior tanedia being rplacedand a titration of NHS (0.255%uv/v) for 1hour, alongside NH®ithout sensitising
antibody negative and 1x final cosratration lysis bffer positive control50 pl of eell supernatant wagspiratedand mixel

1:1 with LDH buffer protected from dit light for 45minutes. The LDH reaatiavassubsequenthgtopped with the addition

of 50l of 10% v/v acetic acid and absorbameasuredat 492 nm The loss of NLRP3 resulted in a significant reduction in
cell death and subsequent LDH release from délis. This expriment was repeated >5 times. Data from a single
repregntative experiment presented as the medn3EM and analysed using a twway ANOVA with a Bonferroni Pdgic
test in GraphPad Prism.

Due to the stark contrast in cell death readouts by LDH release, a second death assay was
performed to confirm the results. This was performed by Pl staining in both flow cytometry

and 96 well plate-based formats.

To perform flow cytometry, adherent SW 982 cells were removed from the TC plastic
surface using Trypsin EDTA solution and resuspended in sterile Eppendorf’s in complete
RPMI media prior to complement attack. Cells were then stimulated using COS-1 antiserum
/ NHS as previously described for the LDH assay. In flow cytometric assays, WT cells were
lysed on exposure to complement (with the generation of a Pl positive population, whereas

while NLRP3 KO cells were resistant to killing, replicating the LDH assay findings (Figure 5.3).
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Figure 53.A. Flow cytmetry analysis of SW 982 WT cells stained with Propidium iodide and attacked with complement or
exposel to antiserum or serum only controBx1G WT cellsweretrypsinised and sensitised to complement with 2.5% v/v
COsl antiseum for 20 minutes troom temperature as previously described. Cells wérert stimulatel with a titration d

NHS (2.8.0% v/v NHS) for 1 haurositive (1% v/v Triton X) and negative (undiinadl) cells weralso includedCells were
subsequentlgtained using 1@ig/ml propidium odide andfluorescence measudédoy flow cytometry on the FACS Calibur.
WT SW 98 cellsdemonstrated an NHS dose dependent increase in Pl positive staining B-NE&R3/ere sensitised to
complanent and stimulated wittNHS aslescribed for the WT d¢eINLPR3/- cells demonstrated positive Rtaining with

the Triton X positive control, validating the assay, but were not lysed when exposethflement attack. C. Direct
comparison oPI staining histograms oiVT cdls (Blue) and NLRP3 SW 982 ells (Pirk) from A and B (Pink) across a
titration of NHS doses f@l paitive staining. D. Quaification of the Pl positive gated populations from Figure C.

To ensure the that no Pl positive NLRP3 -/- SW 982 cells were lost on the flow gating
strategy, the change in Pl mediated fluorescence over 1 hour of complement attack was also
measured using the Clariostar fluorescent plate reader (Fig 5.4). Again, sensitised WT SW
982 cells exposed to NHS demonstrated an increase in Pl fluorescence, beginning at around
8 minutes after initiation of complement attack, whereas the NLRP3 -/- SW 982 cells
demonstrated comparable fluorescence to WT C5 depleted NHS controls confirming that

the cells were not lysed in the absence of MAC.
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Figure 54.A. WTSW 92 cells demonstrated a dose dependent increase in Pl flcemesupon classical pathway

adivation. 2x10*WTSW982were seedeger wel in 96 well opaque wte plates.Cells were sensitideo complement

using 2.5% v/v C@Santisgum for 20 minuts. C# media wageplacedand 10ug/ml of Pl addedo the cell mediaCells
were sibsequentlystimulated withNHS or C5 depleted as desetiand changes in Fluoresence measuredwer 45
minutes. A Statistically significant differerdn fluorescencéP <0.001) was observed betwrn 10% NHS + CQ&ntibody
and unstimulated and C5 depleted NHS controls, analysed byanANOVA with Dunieposthoc test. Data presented
as mea +/- SEM from a singlexperiment, representative of teeindependent eperiments. B.Comparison of sensitised
WT and NLRF/- SW982 cells Pl uptake in response to exposure to two doses of NHS as a source of complemeht. NLRP3
in SW982 cells atistically significantly (P<001) reduced Pl uptake comparedVNT (oneway ANDVA vith Bonferoni
posthoc test comparing serunipses between cell types). Batisticallysignificant difference was observed dependent on
NHS dose in NLRP3SW 982 cells. Data preged asmean ++ SEM from a sirlg experiment, reggsentative of thee
independent exp@ments.

Across both Pl and LDH assays WT cells were consistently susceptible to MAC mediated cell
death, whilst NLRP3 -/- cells were protected. To explore whether pharmacological
inflammasome inhibition replicated this finding, MCC950, the specific NLRP3 inhibitor, was
added to the cells at 10 uM as previously described in other studies (Coll et al2015). Cells
were then sensitised, exposed to NHS and lytic susceptibility assessed by Pl uptake
compared to cells without MCC950 treatment (Figure 5.5). Cells pre-treated with MCC950
demonstrated statistically significant protection from MAC mediated lytic death, albeit not

to the same extent as the genetic knockout, further supporting a role for NLRP3 in
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mediating cell death. The reasons for the less marked effect of pharmacological inhibition
are unclear but may relate to longer term ablation of NLRP3 function, drug dose or efficacy

in the system.

L 1500,
= ® C5 depleted NHS
c A MAC
3
o 10007 B MAC + 10nM
= MCC950
2
T 5004
£
)
o
% 0 T T T T T T T T T T T T T 1
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Bonferroni's Multiple Comparison Test ~ |Mean Difft. ¢ Signficant? P < 0.057 | Summary |95% Cl of diff
MAC + 10uM MCC350 vs MAC 4370 4673 Yes -195.1t0-78.96

Figure 5.5 Pl uptake imf WTSW982 synovioytesin responséo MAC in cellsreated with 10uM MCC950 v untreateolver
time. 2x10' WT SW 982 cells were seegent well in opaquevhite platesin 200 ul of complete RPMI media and allowed to
adhere to the plate overnight. On the day of the experimeell media was replaced with fresh complete RPMbamples
pre-treated with10 uM MCC98 wereincubatedat 37 °C for 45 minutesAfter incubation, cell media waeplacedand cells
sensiised tocomplemenwith 2.5% v/v CO$ antiserum for 20 minutes abom temperatureCdl mediawas again replaced
with complete RPMI anBl added at a final concentration of 1@/ml. Plates werehten transported to the clariostar plate
readerand PI fluorescence measuratl an excitation / emission profile @80 / 630 nm respectivelyand a gain ¢ 800
MCC950 me-treated samples expesl to MAC wereompared with untreated celland with C5 depleted NHS as a MAC
negative controlMCC95@reated cells showedtatistically significantlyeduced PI uptake relative to uetted cellson
exposue to 10% NHS. Datagsented as mean +SEM and analysed by Onay ANOVAwith Borferroni PostHoc test
comparing alpairs of columns (P<0.001).

The role of necroptosis in MAC mediated cell death was also investigated. SW 982 cells
were pre-incubated with a titration of Necrostatin-1, a RIP kinase inhibitor that blocks
necroptotic killing, prior to complement sensitisation and attack with NHS / C5 depleted
NHS. Cell viability was subsequently measured using the LDH release assay. SW 982 cells
demonstrated dose-dependent protection from MAC mediated cell death with the addition

of Necrostatin-1 (Figure 5.6).
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Figure 56.LDH release assay with a greatment titration of Necrostatifl on SW 982 synovigtes priorto MACdeposition.
2x104 WT SW82 cells were seedgxbr well in sterile 96 well plates in complete RMtlia and allowed to adhere to the
plate overnightOn the dayof the experimat, media wasreplaced and cells treated with a tiaition of Necrostatin-1 (50-10
pM) for 45 minutesat 37 °C. Cellsnedia was subsequédly replacedcells sensitised to cqutement with 2.5% v/iv CEIS
antiserum for 20 minutes at roomrgerature. Sensitised cells madwas replaced an8% v/vNHS / C5 depleted serum
addedto the cels far 1 hour at 37°C alongside NH®ithout sensitising antibody negative and 1x final camteation lysis
buffer positive control50 pl of cell supernatant waaspiratedand mixel 1:1 with LDH buffeprotected from direct ligt, for
45 minutes. The LBreaction wassubsequentlystopped with the addition of 5Qul of 10% v/v acetic acid and absorbance
measuredat 492 nm Pretreatment with 50uM Necrostatinl statisticallysignificantly inhibited LDH release from tledle
relative to urreated controlsData presented as mean-+$EM from &ingle experiment, representaé of three independent
experiments. Statistics performed with Gray ANOVA with Dunnigbosthoc test, comparing all samplegith MAC treated
controls (** = P < 0.01)

To determine whether NLRP3 expression influenced Caspase-1 activity in response to MAC
in SW 982 cells the Caspase-1 Glo assay was used as previously described in materials and
methods and Chapter 4. WT and NLRP3 -/- SW 982 cells were LPS primed, sensitised and
stimulated with complement and Caspase-1 glo reagent added for 1 hour. Luminescence
was subsequently read on the Clariostar plate reader. Caspase-1 activity in NLRP3-/- cells
was significantly lower that WT at both serum doses used for MAC challenge and was
significantly inhibited through pre-treatment of the cells with the NLRP3 inhibitor MCC950
(Fig 5.7). LPS priming of WT SW 982 cells also caused non-significant increases in Caspase-1
activity relative to unstimulated WT controls, suggesting that levels of Caspase-1 activation
may be occurring in response to the priming stimulus. No significant difference in Caspase-1
activity was observed between lytic (10% NHS) and sublytic (2.5% NHS) MAC on WT SW982
cells. These data suggest that MAC is activating Caspase-1 via NLRP3 in these cells as the

response is lost in NLRP3 -/- cells; however, IL-1B secretion was not detectable in ELISA of
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cell supernatants. This concurs with other reports which demonstrated undetectable levels

of IL-1PB release from SW 982 cells stimulated with canonical NLRP3 activators (Sugiyama et

al 2014).
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Figure 57. Caspasd activity assay of NLRR3and WT SW 982 cell8VT and NLRP3 K@lls wereseeded at 2x®cells /

well in opaque white ples in completdRIMI media and allowed to adhere overnigli@n the day of the experimerglls

were primed with 100 ng/ml LPS fdmoursat 37°C. Cell media was sulmgeently replaced ad 10 uM MCC95@&ontrol
sampledreated at 37°C for 45 minuteCels were subseqgently sensitised to compieent with 2.5% v/v CGBantiserum

for 20 minutes at room teperature.Cell media was replaced andllsstimulatedwith MAC at lytiq10% v/v)and nonlytic

(2.5% v/ dosesandincubated vith Caspasél glo reagehfor 90 minutes prior to luminescence reading on the Clariostar
plate reader. Only WT ells demonstrged a statistically significant elevation of Caspase 1 activity in response to MAC. Data
presented as mean +5EM from a single experiment, represematf three incbpendent experiments. Datarsalysed

using a onevay ANOWA with Dunnettpost-hoc test tocompare all column® MAC 10% NHS WT sanfptes P<0.01, ***
= X0.001).

The data show, across multiple different platforms and assay techniques, that NLRP3 -/- and
NLRP3 inhibitor treated SW 982 cells are significantly protected from complement mediated
cell death compared to WT and untreated counterparts. Levels of Caspase-1 activation in
response to MAC were significantly increased in the WT cells but not in NLRP3-/- cells
relative to controls. The mechanism by which NLRP3 knockout or inhibition induces

protection from lysis requires further investigation as is likely of importance in
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understanding the effects of MAC on nucleated cell death pathways, including necroptosis

as shown here.

As a first step in understanding mechanism, | tested whether complement was being
activated to similar degrees on the surfaces of both cell types. While loss of NLRP3 has not
been previously reported to alter cell surface protein expression, the observed lack of cell
death could be due to an altered cell surface epitope profile, resulting in inefficient antibody
binding from COS-1 antiserum and consequent lack of complement activation and MAC
mediated death. WT and NLRP3 -/- SW 982 cells were stimulated with COS-1 antiserum and
NHS as previously described, then stained for complement activation marker C3b as a

marker of complement activation (Figure 5.8).
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Figue 5.8.A. C3b staining of WTnal NIRP3-/- SW 982 synoocytes.2x1® WT ard NLRP3 KCelts weretrypsinisedper
sampleand sensitised to complemenmtith 2.5% v/vCOSL antiserumin complete RPMI medior 20 minutes at room
temperature in sterile Eppendbs. After sensitisation, ells wee centrifuged, mediareplaced,and 2.5% v/VNHSor HI NHS
added br 1 hour at 37°C as previously describe@ellsvere subsequety washed, fixed with 4% PFér 20 minutes at 4C
andthen stained with a monoclonal art3b FITC antibodBiokgerd) at a 1:50 dilution for 30 minutes protected from direct
light. Cellswerewashed with sterile PBS andstspended in 200l of FACS buffer and transferred to FACS to tubes prior to
analysisby flow cytometryon the FACS Calir and histogams generatedising FlowingSoftware 2. The HlLfluorescence
corresponding to C3b degtion was comparable between WT and NLRPSW 982 cells at the NHS doses used in sublytic
attack experiments (5%, 2.5%), indicatingnailar capacityto fix complemaet on the surfice sing COS antiserum at lowe
serum doses WT cells stained morersgly for C3kB. Quantification of mean fluorescence fror@.A.
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5.3 - Investigating whether NLRP3 modulates complement regulator expression on the SW
982 cell surface

The data above show that NLRPs-/- cells are protected from complement lysis when exposed to NHS,
however, demonstrate C3 fragment deposition similar to WT. To further understand how NLRP3
expression and complement mediated cell death were linked, a key question was whether inhibition
or deletion of NLRP3 altered the cell surface expression of complement regulators such as CD55 and
CD59, which in turn might explain how NLRP3-/- cells are protected from complement lysis. Firstly,
CD55 and CD59 expression was compared between the two cell types under unstimulated
conditions by flow cytometry as described in the materials and methods. WT SW 982 cells showed
specific staining for CD55 compared to various antibody controls and there was no significant
difference in CD55 expression between WT and NLRP3-/- cells (Fig 5.9A); in contrast, WT SW 982
cells showed no specific staining for CD59 (except for a small positive sub-population apparent in the

histograms) while NLRP3-/- cells expressed CD59 abundantly on the cell surface (Figure 5.9.B)
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Figure 59. Analysis of CD55 and CD59 expressioww T and NLRP3- SW 982 synoviocytes. Bomparison of expression
of CD55 betweeWT and NLRP3 KO cells1 WTand NLRPXO cellsvere trypsiisedfrom the flask andransferredto
sterileEppendors. Cells werstained for CD5&ith 10ug/ml BRIC 25 in FACS bufféor 30 minutes at room temperature
protected from direct light. Cells were washed twice with 8BS andvere subsequently stainedith 1:50 dilution of
anti-mouse IgG Alexa 546r 30 mhutesin FACS bufferprotected from diretlight. Cells were washedesuspended in
FACS buffer artdansferred to FACShesbeforefluorescencavas measurean the FACEalibu. Both WT and NLRP3
SN 98 cells stained positivelfor CD55, but with no sigradint differences between the two cell typesVBI and NLRP3
KO cel were prepeed as in A. Cislwere subsequentistained for CD5%gresion using 1Qug/ ml MEM43 mAbn FACS
buffer for30 minutesat roomtemperature Cells were washedvice with steile PBS andesuspended in FZS buffer
beforestainingusinga 150 dilution ofanti-mouse IgG Alexa 54or 30 minutes protected from direct ligl€els were
washed, resuspended in FAQ8fer and tranderred in to FACS Ies.Fluorescece wa subsequgly recoded on tle FACS
Calibu. WT cells were rgative for CD59 expression, egtor a small positiveudpopulation. NLRP:3- cells stained
stronglyand universally positive for CD5%e&sson, to the same level as the small CD59 positive subpépulat the WT
cells.
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To further investigate the elevation of cell surface CD59 expression in NLRP3 -/- cells, both
WT and NLRP3 -/- cells were treated with MCC950, the specific NLRP3 inhibitor, to
determine if pharmacological inhibition could partially replicate the effects seen at the
genetic level. Cells were pre-treated with a titration of MCC950 doses (10-1 uM) for 1 hour
prior to staining for CD59 as previously described. Exposure of WT SW 982 cells to MCC950
caused a dose-dependent increase in CD59 expression; as anticipated, the NLRP3 inhibitor
had no effect on CD59 expression in NLRP3-/- cells (Figure 5.10). Exposure to the higher
doses of MCC950 increased CD59 expression in WT to levels similar to those in NLRP3-/-

cells.
Unstimulated WT v 10 uM Unstimulated WT v 5 uM Ungimulated WT v 1 uM
MOC950 MCC950 MCC950

Data.001 i Data.001

Data.001
Data.004 i Data.003

Data.002

- FL1-H
FL1-H FL1-H

Unstimulated KO v 10 pM  Unstimulated KO v 5 pM Unstimulated KO v 1 pM  Unstimulated WT v
MCC950 MCC950 MCC950 Unstimulated KO

Data.001
Data. 008

Data.002 1 Data.010 i Data.011
Data.00& 1 Ciata.00& | Diata.00s

FL1-H A FL1-H FL1-H FL1-H

Figure5.10. Changes in CD%@Il surf&eexpression in rgmnse to tratment with MCC95®x10 WT and NLRP3- SW
982 synoviocytes weteypsinised from flaskand resuspended icompleteRPMI in serile Eppendortubes.Cells were
subseqently treated with atitration of MCC95@10-1 uM) for 1 hour at 37Cprior in complete RPMCells were then fixed
in 4% v/v PK at £C for20 minutes. Cells were washed atdinedfor CD59 using 10g/ml MEM 43in FAG buffer for 30
minutes. Cells were washed, resuspenitelACS buffemnd stainedusinganti-mouse IgG FITC (1:80ution) as previously
describedCells were subseqotly washed with sterile PB®suspendeih FACS buffer and tnaferred to FACStesprior
to fluorescerce measurment using the FACS @aili. Treatment of WT cellsith MCC950riduced a dose dependent
increase inCD59 staining on the cell surface, whereas the NERE&Is exhibit no changesth drug administration.
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The rapid changes in CD59 expression observed in the above experiments (within an hour of
exposure to inhibitor) suggested a non-transcriptional / translational mechanism was
responsible for the changes observed. This is supported by established literature
demonstrating CD59 translocation from intracellular to cell surface localisations upon cell
activation in neutrophils and as part of insulin secretion in B-cells of the Pancreas (Okada et
al 1994;Renstrom et al2016). Therefore, it was hypothesised that the differences in CD59
staining between WT and NLRP3-/- cells could be reduced or eliminated by permeabilising
the cells with 0.1% Triton X after fixing to allow antibody staining of any intracellular CD59
stores. After permeabilization, apparent CD59 expression in WT cells was markedly increased

and the differences in expression between WT and NLRP3-/- cells effectively lost (Figure 5.11)

KOUnpermeabilised (Pink) WTUnpermeabilised (Pink) KO Permeabilised KOUnpermeabilised (Pink)
v KO Permeabilised (Blue) v WT Permeabilise (Blue) (Blue)v WT WT Unpermeadtised (Blug)
Permeabilised(Pink)

Data 018
Data. 039

Data.018
Data.028

Data.027 Data.039
Data, 037

Data.037

FL3-H FL3-H FL3-H FL3-H

Figure5.11. CD59 staining in permeabilised and saermeabilised WT andUfP3/- SW 982 synoviocyte2x1¢ WT and
NLRB KOcells wererypsinisedand transferred tcsterile Eppendorf tubes in complete RVl media. Cll were
subsequently fixed using 4% WA for 20 minutes at°C. Cells were washedth sterile PBSesuspeded in FACBuffer
and stainedusing 10ug/ml BRC 229+/- 0.1% v/v Trita X (depndent onpermeabilgation state)for 30 minutes. Cells were
subsequentlyvashed and rasspended in FBS buffer before the addition of antiouse Alexa 546 (1:%flution) iNFACS
buffer +/0.1% v/v Triton X 108rotectedfrom direct light for 30 minutes. Cells were subseniewashed, resuspended in
FACS buffer arftborescenceanalysed on th&ACS CalibuWT SW 982 celfkiorescencéncreased upon permeabilization,
whereasstaining of KO cells was reduced. Therlaydemonstrated that staining of the twpermeabilised cell types was
comparable, suggesting WT cells but not NL-RR8Ils had stores of CD59 within the cell exposed on permeabilisation.
Data analysed usingdwing software 2.

To verify the complement regulator data collected by flow cytometry, confocal microscopy
was used. WT and NLRP3 -/- cells were seeded and stained for CD59 using MEM43 and
Alexa 546-labelled secondary anti-mouse IgG, and a lipid raft marker, Cholera toxin subunit

B labelled with Alexa 488, to determine cell surface localisation and visualised on the Zeiss
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confocal microscope, as described in the materials and methods. Co-localisation of CD59
and Cholera toxin subunit B was determined using Zen black software, with a Pearson’s
coefficient > 0.5 taken as significant co-localisation. Whereas unpermeabilised WT cells
were negative for CD59 staining, permeabilization revealed intracellular CD59 in a granular
distribution; unpermeabilised NLRP3-/- cells stained strongly for CD59, partly co-localised
with the lipid raft marker, and permeabilization reduced CD59 signal (Figure 5.12 and Table
7). The lack of CD59 positive staining for permeabilised NLP3 -/- cells may be explained by
the lack of intracellular CD59 due to the high cell surface expression, and that

permeabilising conditions may not be optimal for cell surface antigen staining.
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Table 8

Sample

Anti-mouse Alexa-546
control

Cholera Toxin B subunit
Alexa 488 control
NLRP3 -/- SW982, non-
permeabilised

NLRP3 -/- SW982,
permeabilised

WT SW982 Non-
permeabilised

WT SW982
permeabilised

Pearson's co-
efficient

-0.003

0.12

0.73

0.24

0.35

0.31

Significant colocalisation

No
No
Yes
No
No

No

Figure 512. Confa@a microscopy of WT and NLRP3SW 982 cells probing for EDexpresson and lipid rafts4x10* WT
and NLRP3 KO cells were sequiedwellon sterile glass chambslides and allowed to adhere to tearface overnight in
complete RMI media. On the dagf the experiment, cedlwere fixed using 4% v/v PFA for 20utes at4°C.Cells were
subsequentlyvashedwith sterle FBBSand stained withLO pg/ml BRIC 229/- 0.1% v/v Trita X (depndent on
permeabilisatiorstate)for 30 minutesn sterile PBS 8.2%w/v BSACells were washed twice with sterilB®before
stainingwith anti-mouse Alexa 546 (1:50lution) in sterile PB3).2% wv BSAt+/- 0.1% v/v Triton X 10frotected from
direct light for 30 minutesSamples stained fdipid raftsalso hadCholera Toxin B Alexa 48&onjugate addedit 1 pg/mi

at this stage Cels wee washed twice with sterileBS,and nuclear visualisation was performed with a,@@®dilution of
ToPRO in sterileBS protected from direct light for 10 minutes. Thsketremoved,and cover kps applied as per the
materials and methodsecton 218). Cells were imaged usirige ZEIS confocal microscopssing al.4 NA 63x Zeiss
objectivelensSW 98Zells weredemonstrated to have far \eer cell surface CD59 staining when unpeabilesed, and

poor colocalization between Alexa 488 and Ale4&.NLRP3/- cells demonstrated strancell surface expression of CD59
and colocalisation with lipid raft meker. Upon grmeabilization, a large aount of signal is lost from the NLR#P3cells,

whereas the WT cells had strong staining of CD5%dracdlular granules.Table8. Quantifi@t i o n

of

Pear son

colocalsation co-efficient between Cholera toxin Bekd 488 andVMEM43 + anti mouse 1gG 54BnlyNLRP3/- SW 982
cells, norpermeabiised demonstrated significant colocalisati®cale bars giwn om imagesin the top left corneof

imagesat 10pum.
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5.4 — Investigating the effect of inhibition of complement regulator function on susceptibility
to MAC mediated cell death

NLRP3 -/- SW 982 cells were resistant to MAC mediated cell death, and, as shown above,
had increased cell surface expression of CD59; this may regulate the levels of MAC
deposited on the cell surface and effect the observed resistance. To test this, CD59 function

was inhibited using the blocking mAb MEMA43 on both WT and NLRP3 -/- cells.

Adherent WT and NLRP3 -/- SW 982 cells were sensitised using 2.5% COS-1 antiserum alone
or with MEMA43 and incubated with 10% NHS in the presence of 1 uM PI. Readings were
taken on the Clariostar plate reader with excitation of 480 nm, a dichroic setting of 568nm
and an emission of 615nm respectively. A positive control of 100% lysis was obtained
through the addition of 1% Triton X to triplicate wells of WT and KO cells for 10 minutes at

the end of the experiment
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Hgure5.13. A-E.Percentage cell death of WT v NLRPSW 982 synoviocytetimulated withlytic MAC over time. 2x10
WT and NLRP3 Klls were seededwell in white,opaque plates in complete RPMI media and allowed to adhere to the
plate overnightOn the day of the experiment media wageplaced.and @lls sensitisedot complemenwith 2.5% v/iMCOSL
antiserum+/- MEM43 antiCD59 antibodgt doses between 0 and 37/ml for 20 minutes at room tempature. Cell
meda wasreplacedand Pl added atOpg/ml. Plateswere transported to thelaricstar plate reader and subsequently
attacked with 109%0\NHS as source of compment.PI fluorescence was measured over timigh excitationat 480nm, a
dichroic setting of 568m and an emission of 61Bn repectively. Data wasanalysed in the MRS anlgsis software and
plottedin GraphPad PBM 5.In the absence of MEM43 or presence of the lowest dose (5 pg/ml), NLEdRSwere
resistant to lysisAt higher doses of MEM43, lysis of NL-RR2Ils increasg approaching tha of WT cells Lysis of WTcells
was not affected § the presence of MEM4F.,G Dose responses to MEM43 for WT and NERB®/ 982 synoviocytes

respectvely.
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Although the data above demonstrate that the observed differences in cell death between
WT and NLRP3-/- cells was predominantly CD59 dependent, there remains the possibility
that downstream effects of MAC deposition, are also affected. To test this, Ca%* influx, was
investigated. It was hypothesised that the WT SW 982 cells would experience a MAC
mediated spike in Ca?* whereas the NLRP3 -/- cells would experience little or no change due
to the increased CD59 expression. Cells were loaded with Fluo-3-AM as previously described
for THP-1 cells (Chapter 3, section 7) and in materials and methods. Time 0 readings were
taken, sensitised cells were stimulated with a titration of NHS or C5 depleted NHS and the
changes in fluorescence from baseline measured. A positive control of maximal exposure of
the dye to Ca?* was performed with 1% Triton X and the change in intracellular Ca?*
concentration calculated. NLRP3 -/- SW 982 cells did not exhibit Ca2* flux above baseline,
whereas MAC treated WT cells demonstrated a rapid influx as previously described (Fig
5.14.A). To confirm that this was due to the higher expression of CD59 inhibiting MAC
formation on the NLRP37- cell surface, cells were incubated with MEM 43 at a previously
demonstrated inhibitory dose and Ca?* flux measured. With CD59 function impaired, NLRP3
-/- SW 982 cells demonstrated a similar Ca?* flux profile to WT cells (Fig 5.14.B).
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Figure 514.A. Calcium flux assay comparing WT and [SLRPKO) SW 982 celx104 WTand NLRP3 KO cells were
seeded at 2x104 cells peellin opaque whte plates in conplete RPMI mediaand allowed to adhere overnighn the day
of theexperiment, mei was replaced anddth cell types were loaded with3uM Flue3-AM for 45 minutest 37°C in
complete medium as previously describeellstvere subseqently washed twice withsterile PBS ansimnsitisedto
complement with 2.5 % v/v C@Bantiserum for 20 minutes at room temperatuellsnedia was themeplaced,and cells
transportedto the Clariotar plate readerThe plate reader waoafiguredwith 505 nm / 525 nm exiation / emission
respectively celland exposed to 16r 5% NH®r C5 depleted NHS as a source of compléraed fluorescence measured
WTSW 982 cells exhibited a rapid influx of*Cavhereas NLRRB- cells did not eixibit a C&* sigral in the samenanner,
suggesting that M& formatio was inhibited on these cells, in agreemuiith the Pl staining data. Eells were prgared
as in AHowever, upon sensitiion, WTand NLRP3 KO samples were treated28pg/ml Mem43 which was permssive
of Pl uptake on NLRP3 KO detim figure 5.13Plate readeconfigurationand NHS stimulation oalitions were perfoned
as in Aand C&*fluxmeasured. After CD59 blkkade, NLRPB SW 982 c&d showedh dmilar C&*influx to the WTcelk,
suggesting the protection from Caflux and Pl uptake is CD59 dependent
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5.5 -Conclusions of Chapter 5

In this series of experiments, the effects of NLRP3 deletion or inhibition in SW 982 synovial
cells was investigated. It was demonstrated that commercially available gRNA’s against
NLRP3 exon 1 in a CRISPR/Cas9 system were effectively ablated NLRP3 expression at the
MRNA and protein levels. Unexpectedly, loss of NLRP3 expression in these cells rendered
them highly resistant to MAC mediated cell death, demonstrated using both LDH release
and Pl uptake assays, with cell death under the selected conditions less than 10% greater
than controls, whereas WT cells demonstrated 50% cell death. This surprising finding is not
without precedent; SiRNA knockdown of RIPK1, a central mediator of necroptosis, in a
range of cell types was recently demonstrated to influence MAC mediated death, reducing
killing measured by Pl and Trypan blue uptake by 40-50% through RIPK1, RIPK3 and
phospho-MLKL mediated necroptotic cell death (Lusthaus et al 2018).

To determine the mechanism by which NLRP3 deletion or inhibition protected SW 982 cells
from MAC killing, complement deposition and regulator expression were measured; one
purpose of these experiments was to ensure there were no off-target effects of the CRISPR
process used to target NLRP3 on complement resistance mechanisms. CD55 expression and
C3b deposition upon complement activation were comparable between the two cell types,
indicating that there was no difference in capacity to activate the early stages of
complement; however, CD59 expression on the cell surface was essentially absent in WT
cells and markedly upregulated on the NLRP3 -/- cells, measured by both flow cytometry
and confocal microscopy. Permeabilisation experiments showed that WT SW 982 cells
retained a large proportion of CD59 within the cell, likely in granule stores. Remarkably, WT
cells exposed to the specific NLRP3 inhibitor MCC950 showed a rapid, dose-dependent
increase in surface expression of CD59 and increased resistance to MAC lysis. Cell surface
expression of CD59 was demonstrated to be the major cause of MAC resistance in NLRP3-/-
cells by blocking CD59 function with the monoclonal antibody MEM43; this treatment
rendered the NLRP3 -/- cells sensitive to complement mediated death to a comparable
degree to WT SW 982 cells. MAC-induced Ca?* flux was also absent in NLRP3 -/- cells,
confirming failure of MAC pore formation; MEM43 blocking restored MAC-induced Ca?* flux

to levels equivalent to WT cells.
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The mechanism by which CD59 localisation is affected by NLRP3 expression is unclear.
However, CD59 translocation to the membrane has been previously demonstrated following
cell activation by FMLP, and CD59 has been implicated in the secretion pathways of insulin
from B pancreatic cells, demonstrating that CD59 cellular localisation can undergo rapid
alterations, impacting functional roles in cellular processes (Okada et al1994; Krus et al
2014). Further, both CD59 translocation and NLRP3 activity have links to the trafficking and
distribution of cholesterol within the cell. Previous studies have highlighted that CD59
translocation from the ER to the Golgi is cholesterol dependent, with cholesterol depletion
using methyl-B-cyclodextrin inhibiting CD59 ER to Golgi transport (Bonnon et al2010). This
relates to NLRP3 activation because NLRP3 activation can be mediated not only by ER stress,
but also by altered cholesterol homeostasis within the organelle (de la Roche et al2018). It
was shown that inhibition of effective trafficking of cholesterol to the ER, via both
pharmacological and genetic deficiency, dampened inflammasome responses, whereas
inhibition or modulation of sterol transport to the plasma membrane had no effect on
NLRP3 activation. Yet more suggestions of an association between NLRP3 and CD59 come
from a study linking MAC deposition, NLRP3 activation and IL-1P secretion in a Uveitis
model, where MAC induced IL-1B production was demonstrated to be pathogenic (Kumar et
al 2018). Interestingly, a disparity was observed between C9 -/- mice and WT mice treated
with a soluble CD59 expression vector. C9 -/- mice lacking MAC still demonstrated
histological retina damage which was consistent with the WT Uveitis mice, despite a
reduction in inflammasome associated activation markers. In contrast to C9 -/- mice, WT
mice which were treated with a soluble CD59 expression vector had statistically significantly
reduced histological damage as well as NLRP3, IL-1B and Caspase activation levels which
were further decreased relative to controls than in C9 -/- mice, suggesting an inflammasome

related role for CD59 beyond MAC regulation (Kumar et al2018).

Taken together, these data, alongside the observations made in this thesis, suggest a link
between endosomal transport systems, CD59 cellular localisation and NLRP3 activity;
however, further investigation is necessary to delineate specific mechanisms linking the two

proteins.

200



Chapter 6 — Final discussion and conclusions

6.1 — Research aims

The complement system and NLRP3 inflammasome are both individually potent drivers of
inflammation; however, they may act in synergy to drive inflammation in chronic and acute
conditions. In this thesis, | have explored the molecular mechanisms linking sublytic MAC
deposition and NLRP3 activation. By furthering the current understanding of the interplay
between the two systems, the work may guide strategies for modulation of the signalling
pathways involved, thus potentially mitigating complement induced inflammation in disease

models in the future.

6.2 — Outline of study

The complement system is an evolutionarily conserved innate immune pathway which
mediates inflammatory, opsonic and lytic responses upon activation by pathogens or altered
cell surface epitope expressing cells (reviewed in Sarma and Ward 2011). The lytic and a
portion of the inflammatory effects of complement activation are attributable to the MAC,
with pore formation resulting in chemiosmotic lytic effects on bacterial and non-nucleated
cells. MAC formation on nucleated cells, however, is generally tolerated due to cell surface
regulation, active removal of MAC lesions from the membrane via endo- and exo-cytosis and

active transport of ions to rectify the dysregulated ion balance (Morgan et al 2016).

Despite the reduced susceptibility of nucleated cells to MAC mediated lysis, sublytic MAC
deposition is not without consequence. The induced signalling events have been
demonstrated to mediate proliferation, adhesion, apoptosis and cytokine secretion (Morgan
2016), the last of which is the focus of this work. One of the inflammatory cytokines which
has previously been demonstrated by our group to be induced by sublytic MAC is IL-13, which
was secreted in an NLRP3 inflammasome dependent manner (Triantafilou et al 2013). The
activation of NLRP3 by sublytic MAC was demonstrated to require the complete complement
terminal pathway and was Ca?* flux dependent; further studies implicated ROS as a secondary

messenger in macrophages, but more detail has not been resolved (Suresh et al 2016).
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Furthermore, as MAC activates NLRP3 in a range of cell types and NLRP3 and Caspase-1
activation can mediate pyroptotic cell death, the ability of MAC to induce pyroptosis and the

relevance of NLRP3 activation as a driver of MAC mediated cell death were also explored.

6.3 — Summary of main findings

In the first results chapter, methods of instigating complement activation to allow
investigation of the effects of sublytic MAC were explored, with both early (C3b) and terminal
pathway (C9) complement deposition on sensitised THP-1 cells demonstrated to verify
activation and MAC formation. Interestingly, recent literature has suggested a role for CD59
in the modulation of C3 deposition (Thielen et al 2018). To investigate this, the levels of C3b
deposition were measured by flow cytometry on MAC-attacked THP-1 monocytes +/- BRIC
229, a CD59 inhibiting antibody. Whilst BRIC 229 significantly modulated CD59 function and
enhanced MAC mediated cell death, it failed to elicit any changes in C3b deposition (Figure
3.13 A/B). Whilst the method used to inhibit CD59 function (CRISPR/CAS9 deletion v antibody
inhibition) and the cell types differed in the published study, my data did not support the

surprising contention that CD59 regulated C3b deposition.

Following on from these experiments, it was observed that C5 depleted serum controls, which
were permissive of C3b deposition but had no complement mediated cell death, deposited
statistically significantly more C3b on the cell surface than the same dose of NHS (Figure 3.14
B). This finding was replicated by inhibiting C5 in NHS with Eculizumab, yielding a similar effect
to C5 depletion and demonstrating that the observation was not an artefact of the protein
purification process; however, inhibition of the terminal pathway at the C7 stage using 23D10,
an in house inhibitory monoclonal antibody, did not generate higher levels of C3b deposition
compared to NHS (Figure 3.15 and 3.16). A possible explanation for this may be that in the
absence of available C5 ligand, the C5 convertase can continue to cleave C3, resulting in
increased levels of C3b deposition on the cell surface. Whilst the literature on C5 convertase
affinity for C3 is scarce, generation of the C5 convertase is dependent on C3b concentration;
it is therefore possible that in the absence of C5 the convertase may bind and cleave more C3

(Rawal and Pangburn 2001).
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After establishing mechanisms of sublytic MAC deposition, the capacity of sublytic MAC to
induce NLRP3 activation was explored. Sublytic MAC induced IL-1B release and Caspase-1
activation in an NLRP3 dependent manner in LPS primed THP-1 cells, with C5 depleted
controls failing to induce responses, demonstrating a dependence on MAC (Figures 4.1 and
4.2.D). Inhibitors of NLRP3, Caspase-1 and all Caspases dose-dependently inhibited sublytic
MAC mediated IL-1B secretion without significantly affecting complement activity (Figure

4.2.A-C).

The mechanisms underlying MAC-induced NLRP3 activation where then investigated. K* efflux
is a leading hypothesis for NLRP3 activation in inhibiting MAC mediated NLRP3 activation
(Suresh et al2016). In accordance with the literature, the addition of KCl to the extracellular
medium inhibited IL-1B secretion in response to sublytic MAC; however, this inhibitory effect
was also noted for NaCl titrations performed alongside KCl (Figure 4.4.A/B), suggesting that
there was no specific role for K* in the activation mechanism but rather the effect was simply
due to salt concentration (Figure 4.4.D). High extracellular salt concentrations were also
protective in haemolytic assays, suggesting that the buffering of osmotic potential,
independent of cell signalling pathways, has the potential to reduce MAC mediated damage,
and therefore may indirectly influence NLRP3 activation. A possible explanation is that cell
swelling, which is dependent on the osmotic potential across the cell membrane, is an
important mediator of MAC mediated NLRP3 activation. Other studies in the absence of pore
forming activators have highlighted that hypotonic solutions can induce NLRP3 activation in
LPS primed cells; therefore, hypertonic extracellular conditions may prevent cell swelling in

response to membrane damage, consequently reducing inflammasome activation.

The role for Ca?* influx was then addressed and more clearly demonstrated in the current
work. Both BAPTA-AM and Xestospongin C dose-dependently altered the Ca?* flux profiles
and inhibited IL-1B secretion from THP-1 monocytes (Figures 4.5 and 4.6). The direct
modulation of Ca?* concentrations, through chelation or the addition of excess extracellular
calcium is problematic in the context of complement activation because Ca?* has a direct role
in classical pathway activation; chelation or addition of Ca%* could ablate or enhance
complement activation. It was hypothesised that inhibition of intracellular Ca?* flux through
BAPTA-AM treatment might affect secondary pathways such as ROS production and

mitochondrial damage / depolarisation, which may align with published data that suggest a
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Ca?* flux / ROS / Mitochondrial dysfunction axis as a causative mechanism for NLRP3
activation in response to MAC (Keep, Galluzzi and Kroemer 2011). However, whilst pre-
treatment of THP-1 cells with BAPTA-AM abrogated both IL-1B secretion and Ca?* flux, it failed
to inhibit MAC-induced Superoxide production and marginally decreased TMRE staining,
indicative of elevated mitochondrial dysfunction. Subsequently BAPTA-AM chelation of
intracellular Ca?* was shown not to inhibit NLRP3 activation through ROS inhibition or
mitochondrial protection (Figures 4.8 and 4.9). Interestingly, the ROS scavenger NAC inhibited
IL-1B secretion and had marginal effects on Caspase-1 activity, suggesting a role for ROS in

MAC induced NLRP3 activation that was not directly linked to Ca®* influx (Figure 4.7).

To determine whether inhibition of any downstream, Ca?* and MAC activated kinases
impacted NLRP3 activation, several previously established sublytic MAC activated pathways
were targeted using specific cell signalling inhibitors (Figure 4.10). Across an initial screen of
MAC induced kinases, the inhibition of AKT using Perifosine, an alkylphospholipid which
inhibits membrane associated AKT signalling, caused a significant increase in MAC induced IL-
1B secretion and an increase in the Caspase-1 activity, albeit to a non-significant level via the
Caspase-1 glo luminescence assay (Figure 4.11 A/B) . However, other AKT pathway inhibitors
failed to induce the same effects (Figure 4.12.) This suggested that Perifosine may be inducing
off-target effects on other pathways which mediate this effect. Some of the previously
described effects of Perifosine include activation of FAS-L signalling and JNK activation, both
associated with non-canonical IL-1B and IL-18 secretion in an NLRP3 independent manner
(Latz et al 2012). The impact of these off-target effects were then investigated. Blockade of
signalling through JNK and ERK 1/2, previously described as modulators of NLRP3 activation,
MAC induced kinases, caused statistically significant decreases in both IL-1B secretion and
Caspase-1 activity, suggesting that a broad MAPK inhibitory strategy was necessary to impact
NLRP3 activation in response to MAC (Figure 4.14 A-C).

The reactive lysis system for the generation of MAC avoids some of the potential confounding
factors often encountered in using NHS to study MAC mediated signalling events, including
potential pleiotropic effects of using heterologous serum as a complement source and
signalling induced by antibody binding on the cell surface. Sublytic MAC generated using
reactive lysis mediated inflammasome activation and IL-1B secretion in THP-1 monocytes

(Figure 4.15) and primary macrophages (Figure 4.16). The transcriptomic changes in response
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to reactive lysis generated sublytic MAC were recorded using RNA-Seq; which has identified
several target pathways although these have not yet been validated. Preliminary analysis of
the integrated pathways correlates well with RNA profiles in a recently published study in
experimental autoimmune encephalomyelitis (EAE) where disease progression is MAC
mediated (Michailaidou et al 2018). Whilst the RNA-Seq performed in the published paper
was from mouse spinal cord, the RNA-Seq Z-score pathway hits correlate with our reactive
lysis data from THP-1 monocytes, suggesting that highly conserved pathways are activated in
response to MAC. The pathways highlighted by the RNA-Seq analysis in the published study
are shown in Figure 6.1. This work is currently being replicated and built upon by others in
the lab, to attempt to generate a consensus as to underlying transcriptional changes in
response to sublytic MAC. Many of the highlighted pathways from our reactive lysis model
and that of the mouse EAE model have implications for this work. As investigated, PKA
signalling may be a negative regulator of NLRP3 activation, whilst IL-1 signalling validates
inflammasome activation occurring are of importance from our RNA-Seq experiment. Further
pathways from the EAE model which have implications for inflammatory signalling, NLR
activation or links to pathways investigated in this thesis include ROS/RNS production in
macrophages, NF-kB signalling, p38 MAPK signalling, TLR signalling, Inflammasome pathway
and IRF activation by cytosolic PRR’s (Michailaidou et al 2018).
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Figure 61. Comparison of RNA SEQ pathway analysis of reactive lysis stimulatddhidfigcytes with Rt spinal cord RNA
from an EAE model. Arrows highlight the same or similar pathways implicated in both experiments, suggesting even in
diverse models of MC mediated signalling conserved pathways are activated. lmdgeted from Michailaidouet al

2018.

Finally, as PKA signalling was implicated as the most changed signalling pathway from the
RNA-Seq data and has implications as a negative regulator of NLRP3, a PKA antagonist H89
dichloride was utilised. However, H89 had no significant effects on IL-1B secretion, suggesting
that the upregulation of PKA-related mRNA in response to sub-lytic MAC, at least when
observed 8 hours after MAC deposition, is not clear evidence of a role of PKA in inhibiting

NLRP3 activity.
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Figure 62. Schematic of working hypothesis of MAC mediated NLRP3 activation-thrmbtcytes. Sublytic MAC

deposition on the cell surface induces primary and seagr@alcium flux events across chemiosmotic gradient and from
IP3R gated channels ptively. Chiation of calcium using BAP-BM and inhibition of IP3R channels using Xestospongin

C statistically significantly inhibited MAC mediatedflsecretion. The influx of Calcium may directly activate signalling
pathways or NLRP3 itself or may mediate délegvation of secondary messengers such as ROS/RNS production, which when
neutralised through antioxidant preeatment of the cells statisticly significantly inhibited HL secretion. Both Calcium

influx and ROS/RNS production can mediate MAPK aotivatith ERK1/2 and JNK inhibition being the most potent
combination for inhibiting HLP secretion and Caspadeactivation.

Because MAC deposition results in NLRP3 inflammasome activation and NLRP3 has been
implicated in driving pyroptotic cell death, the links between MAC, inflammasomes and cell
survival and death pathways were investigated (Fink and Cookson 2005; Triantafilou et al
2013). SW 982 synovial cells were subjected to CRISPR/CAS9 mediated deletion of NLRP3,
verified by western blot and RT-PCR (Figure 5.1). These cells were then subjected to
complement deposition and viability assays in a similar manner to THP-1 cells. Surprisingly,
the NLRP3 -/- SW 982 cells demonstrated robust resistance to MAC mediated cell death in
response to COS-1 antiserum + NHS in both LDH and PI cell death assays (Figures 5.2 and 5.3).

To investigate the cause of this, complement regulator expression and complement activation
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fragment deposition was compared between the knockout and WT control cells,
demonstrating comparable C3b staining (Figure 5.8). | then demonstrated a marked increase
in CD59 expression in the NLRP3 -/- cells relative to WT and antibody blockade of CD59 on
NLRP3 -/- cells rendered them equally sensitive to MAC mediated cell death as WT cells
(Figures 5.9 and 5.13). To investigate the cause of differential CD59 expression, WT SW 982
cells were treated with the NLRP3 inhibitor MCC950; this caused a marked increase in CD59
cell surface staining within 1 hour and partial protection from MAC mediated cell death
(Figures 5.11 and 5.5). The rapid nature of this upregulation suggested that the changes
observed were due to shuttling of CD59 from intracellular stores rather than changes in gene
expression and de novo protein synthesis. This was supported through permeabilization and
staining for CD59 of the WT and NLRP3 -/- SW 982 cells; WT and KO cells stained equally for
CD59 upon permeabilization, suggesting the differences observed with MCC950 treatment
and under normal conditions is due to differences in the cellular distribution of CD59 rather
than overall expression (Figure 5.11). Immunofluorescence imaging supported this finding
with the bulk of CD59 in WT cells present in intracellular stores, generating CD59 positive

staining upon cell permeabilization (Figure 5.12).

The modulation of sensitivity to complement and MAC mediated cell death in synovial cells
may have consequences in pathologies, including RA. Both pyroptotic and necroptotic forms
of cell death have been implicated in RA pathogenesis; published studies and the data
presented here suggest that these could be mediated by excessive complement activation
(Van de Walle et al 2014; Wu et al 2018; Chen et al 2018). Furthermore, NLRP3 activation
and Gasdermin D oligomerisation drive NET formation, heavily implicated in RA pathogenesis;
this may also be partly attributable to MAC activation of NLRP3 in Neutrophils (Sollberger et
al 2018; Kenny et al 2018). MAC deposition has also been shown to drive production of
hypercitrullination patterns on neutrophils (Romero et al 2013). If the observed effects of
MCC950 in this thesis in upregulating CD59 cell surface expression on SW 982 cells is
reciprocated in vivo, this may prevent the Calcium influx responsible for activation of the
citrullinating enzyme PAD4, which in turn induces citrullination, thus linking MAC, NLRP3 and
CD59 in the disease. MCC950 has already been used in mouse CAIA models, with statistically

significant decreases in inflammatory cytokine levels, joint histopathology and clinical score
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(Guo et al 2018); whether these effects may in part be through regulation of the above

described MAC mediated processes remains to be explored.

Therefore, the main conclusions of the work presented in this thesis are:

1) Sublytic MAC, generated through reactive lysis or classical activation, is capable of
inducing NLRP3 activation in primed THP-1 monocytes and primary macrophages.

2) The induction of NLRP3 activation by sublytic MAC is Ca®* dependent, K* independent
and may involve ROS.

3) Pharmacological manipulation of sublytic MAC induced NLRP3 activation is possible
with inflammasome specific inhibitors, modulators of Calcium signalling or agents
targeting MAPK associated pathways.

4) In SW982 synovial cells, NLRP3 activity determined CD59 surface expression.
Consequently, NLRP3 -/- cells are highly resistant to MAC mediated cell death in
comparison to WT counterparts. This can be partially reciprocated using MCC950
treatment of WT SW 982 cells and abrogated through the blocking of CD59 function
using the CD59 functional blocking antibody MEM43.

6.4 — Future Directions

This work has identified and/or confirmed some of the signalling pathways associated with
sublytic MAC mediated NLRP3 activation; however, a deeper investigation is still required in
multiple cell types to establish any conserved roles and pathways by which MAC activates.
The proliferative pathways initially investigated, such as PI3K, AKT and mTORC]1, failed to elicit
specific significant changes upon pharmacological inhibition, suggesting that the damage and
cell death pathways implicated in response to sublytic MAC, such as MAPK and JNK activation,
may be more relevant for MAC mediated NLRP3 activation. The recent observation that MAC
induced cell death in K562 cells was necroptosis mediated (Lusthaus et al2018), together with
a significant literature linking necroptosis and NLRP3 activation, aligns MAC, necroptosis and

NLRP3 in a cell damage / stress axis. However, in preliminary experiments, Necrostatin-1, a
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RIPK1 inhibitor used to inhibit necroptosis in the literature, failed to elicit the same protective

effects in terms of MAC mediated cell death in THP-1 cells.

The next steps to build on the current work might involve an investigation of the effects of
MAC in primary macrophages using MAPK, JNK and Necroptosis inhibitors in the contexts of
both cell death and NLRP3 activation; such a study would increase the relevance of the work
by demonstrating that the mechanisms displayed are not unique to the immortalised cell line.
Furthermore, the highlighted MAPK associated inhibitors, alongside canonical NLRP3
inhibitors such as MCC950, could be tested in vivoin models of complement-driven diseases,
for example, RA, Alzheimer’s or atherosclerosis. The value of inhibition of NLRP3 using
MCC950 has already been demonstrated in models of various inflammatory diseases
including Ischaemia reperfusion injury, atherosclerosis and Alzheimer’s disease; a role for
complement is also established in each of these model diseases. Whether the administration
of MAPK inhibitors alongside or instead of MCC950 may be suppressive of inflammation in
such conditions is unclear; however, the evidence presented here implicating these pathways
and the potential for ERK and JNK to drive other inflammatory outputs such as IL-6 and IL-8
secretion, may which may allow further amelioration of complement associated inflammation

(Wang et al2012).

The association of NLRP3 expression and synovial cell susceptibility to MAC mediated cell
death was a surprising outcome of this study, with the mechanism shown to be CD59
dependent and through translocation of the protein from intracellular stores to the cell
surface as shown by flow cytometry and confocal microscopy. Taking this observation forward
would require replication in primary synovial cells and further work to address the mechanism
underpinning this NLRP3-dependent translocation of CD59. The working hypothesis
proposed, involving ER stress and cholesterol translocation, would require further validation;
nevertheless, the work would provide exciting and novel links between complement and

NLRP3 activation in the context of inflammatory disease.
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