MODULATION OF
MACROPHAGE FUNCTION
AND IMMUNE RESPONSE
BY A HELMINTH-
DERIVED CYSTEINE
PROTEASE

A thesis submitted for the Degree of
Doctor of Philosophy

by
Stephanie Nicole Dowdell B.Sc. (Hons)

School of Medical and Molecular Biosciences
Faculty of Science
University of Technology Sydney, Australia
2013




i

CERTIFICATE OF AUTHORSHIP/ORIGINALITY

I certify that the work in this thesis has not previously been submitted for a degree nor
has it been submitted as part of requirements for a degree except as fully acknowledged

within the text.

I also certify that this thesis has been written by me. Any help that I have received in my
research work and the preparation of the thesis itself has been acknowledged. In
addition, I certify that all information sources and literature used are indicated in the

thesis.

Stephanie Nicole Dowdell
2013



il

ACKNOWLEDGEMENTS

There are a number of people that I would like to thank, who have provided support for
me during the completion of my thesis. My PhD project originally focused on a
different topic, however, after more than a years’ worth of work, results were ultimately
not reproducible. I am therefore thankful for my supervisors, Associate Professor
Bronwyn O’Brien, Dr Najah Nassif and Dr Andrew Hutchinson, who established a new
project for me and shared their expertise and knowledge. Thank you also to

Dr Lisa Sedger for advice and critical scientific discussions, I’'m forever grateful.

Thank you to Dr Nicholas Archer, who taught me so much during the early years, your
support and friendship has been invaluable. My fellow postgraduate students,
particularly Charmain Castel with our cups of tea each morning, have been a godsend
and I know that I have made friends for life during my time at UTS. Thanks also to my
best friend Helen Thompson, who provided encouragement and a listening ear when 1

needed it most.

To the Helmedix group, including Dr Sheila Donnelly, Dr Mark Robinson,
Dr John Dalton, Joyce To, Raquel Alvarado and Maria Lund. Thank you for your
expertise, your discussions and advice. It’s been a pleasure working with all of you,
especially Raquel and Maria, and I wish you all great success with the current research

focus.

Finally and most importantly, to my parents, Rosalyn and Robert Dowdell, who have
stood by me through these long years, picking me up at the low points and cheering me
on during the highs. Without your love and support, this would not have been possible.

This thesis is dedicated to you. I will never be able to thank you enough.



v

PUBLICATIONS IN PEER-REVIEWED JOURNALS

Mark W. Robinson, Raquel Alvarado, Joyce To, Andrew T. Hutchinson, Stephanie N.
Dowdell, Maria Lund, Lynne Turnbull, Bronwyn A. O’Brien, John P. Dalton and Sheila
Donnelly. (2012). ‘A helminth cathelicidin-like protein suppresses antigen processing
and presentation in macrophages via inhibition of lysosomal vATPase’, The FASEB

Journal, 26(11): 4614-27.

PAPERS PRESENTED AT SCIENTIFIC CONFERENCES

Andrew T. Hutchinson & Stephanie N. Dowdell, Maria Lund, Mark W. Robinson,
John P. Dalton, Bronwyn A. O’Brien, Sheila Donnelly. (2010). ‘A helminth cysteine
protease inhibits TRIF-dependent LPS activation of human macrophages.” Australasian

Society of Immunology Scientific Meeting. Perth. (Oral presentation).

Stephanie N. Dowdell, Lynne Turnbull, Cynthia B. Whitchurch, Bronwyn A. O’Brien,
Andrew T. Hutchinson. (2010). ‘TLR4 endosomes are localised to tunnelling nanotubes
in human macrophages.’ Australasian Society of Immunology Scientific Meeting. Perth.

(Poster presentation).

Stephanie N. Dowdell, Lynne Turnbull, Cynthia B. Whitchurch, Bronwyn A. O’Brien,
Andrew T. Hutchinson. (2010). ‘TLR4 endosomes are localised to tunnelling nanotubes
in human macrophages.” RNSH/UTS Scientific Research Meeting. Sydney. (Oral

presentation).

Stephanie N. Dowdell, Najah Nassif, Bronwyn A. O’Brien. (2008). ‘Functional Studies
of SLC11A1 gene polymorphisms.” RNSH/UTS Scientific Research Meeting. Sydney.

(Oral presentation).

AWARDS

Awarded the Poster Prize for the 2011 Science Research Day at the University of
Technology, Sydney.



TABLE OF CONTENTS

Certificate of authorship/originality.........ccccoevieeiiiiieiiieieecie e il
ACKNOWICAZEMENLS ......eiiiiiiiiieiiecie ettt ettt e e e e esaeenbaessseenseeene il
Publications in peer-reviewed JoUurnals ............coocueeriiiiienieeiiieie e v
Papers presented at scientific CONfErences ........oevvveeeiieeciieeiiieeciee e v
AAWATAS <.ttt b ettt et ea et e et eneeaeen v
Table Of CONMEENLS ...ttt ettt sttt v
LSt OF FIGUIES .ottt ettt et e et e bt e e X
LSt OF taDIES ... xii
List 0f @bbrevIations......c..ueiiiiiiiiiiieeeee e xiil
ADSETACT ..ttt ettt e b e ettt e b ea XV
1 Chapter 1: General INtrodUCHION........ccoviiiiiiieeiieeeieeeeee e 1
1.1 Modulation of immune response — Autoimmune diS€ase ...........cceerveerreveennnnen. 2
1.1.1  Activation of dendritic CellS.......cccorniiniiiiiiniiiiieee, 2
1.1.2  Classically activated macrophages...........ccceevueriuierieeiieerieeiieieeiee e 3
1.1.3 ThI/ThI7 polariSation..........ccceerierireriierieeiie e eiee ettt et 4
1.1.4  Production of autoantibodies by B cells.........cccouveviiieniiiiniiiiiieeiee e, 6
1.1.5  Toll-like receptors and autOIMMUNILY .......cccveereureeririeerieeeiieeeiieeeiee e 7
1.1.6  Incidence of QULOTMMUNILY ...cccueeruiiriieriieeiierie et e 9
1.2 Modulation of immune response — Helminth Parasite infection...................... 10

1.2.1 T Helper 2 and regulatory T cell polarisation and peripheral tolerance ... 11

1.2.2  Antibody isotype switching and induction of regulatory B cells.............. 15
1.2.3  Modulation of dendritic cell maturation and function ..............cccccueenneee. 16
1.2.4  Alternative macrophage activation ...........ccceevueervieriienieeniienie e eeeeieenns 17
1.2.5  Modulation of Toll-like receptor signalling by helminths........................ 20
1.2.6  The therapeutic potential of helminth products ............ccoceeiiininiinnnnn 26
1.3 Modulation of immune response — Formation of nanotubes between cells.....38
1.3.1  Mechanisms of nanotube formation...........cccceeeevervierieneniienieenenieseeens 40
1.3.2  Types of NANOTUDES ......ccveeviiiiiiiiiieiieiie ettt s 41
1.3.3  Functions of nanotubes in non-immune cells..........cccceveeeniiniinnnnneennn. 42
1.3.3.1  Wound healing.........ccueeeiiiiiiiiecieecee et 43
1.3.3.2  Stem cell-mediated reSCUE .........ccuerieriiriiriiniieieeieeeeeeeee e 43

1.3.3.3  Recycling of cellular contents............cccoecueeviieniienienieeiecieeeee, 43



Vi

1.3.3.4  Pathogen migration...........ccceeeveeriieeiienieeieeriieeieeniee e eieeeveeseesenees 44
1.3.4  Role of nanotubes in immune CellS ........cccoevieriiriiniiiinienieeeeseeeeee 44
1.3.4.1  Cell aCtiVatioN .....ccueieiiieiiieiie e 45
1.3.4.2  Induction of cell death ..........cccoviiiiiiiiiiiiieeeee, 45
1.3.4.3  Pathogen transSPOrt ........cceeeveerierieeriieeie e eeeeieesveereeeaeeereeseneennees 45
1.3.44  Amplification of immune reSPONSES.........cverrreerreerrerirrereeereeneennees 46

1.4 Scope Of the ProOJECt........ooiuiiiiiiieie e 47
2 Chapter 2: Materials and methods ...........ccceeviieiiiiiieiieciieee e 49
2.1 General MEthOdS. ......couieiiiiiieieeee e 50
2.1.1  Sterility and containment ............coceevuerierieneniinieieeeese et 50
2.2 Production of recombinant functionally active F. hepatica Cathepsin L1....... 50
2.2.1  Removal of endotoxin from FhCL1 preparations...........ccccceeeevveerveeennenn. 51
2.2.2  Quantitation Of PrOtEIN .....ccueeeriieeriieeite et e e e eireeeireeereeeeaeeeenaee s 51
2.3 Derivation of primary human macrophages...........cceceveevierieneeneniieneenennens 52
2.3.1 Isolation of human monocytes using magnetic separation ....................... 52
2.3.2  Culture, differentiation and stimulation of human macrophages.............. 54
2.4  Isolation and treatment of RNA .......cocoiiiiiiiiiiceeeee 54
2.4.1 Isolation of RNA from primary cells .........cccccoeviieniiniiiniiiiiieeeceee, 54
2.4.2  Quantitation of NUCICIC ACIAS.......cccvurieiiieeiiieeiie e e 55
243 DNase treatment and cDNA synthesis of RNA samples............cccceuueeee. 55
2.5 PCR PrOtOCOIS. ..ccutiiiiiieeiiie ettt e saee e eesnaeeesaeeenns 56

2.5.1  Oligonucleotides for real time reverse transcriptase- quantitative PCR ... 56

2.5.2  PCR fOr OPtMISALION ....vvieiiieiiieiieriie ettt ettt ettt et see e seees 56
2.5.3  Agarose gel electrophoresis and visualisation of nucleic acids................ 58
2.54  Real time RT-qPCR analysis .........ccccoovuieeriiieriieeieeeeeeee e 59
2.5.5 Real time RT-qPCR analysis using Tagman assays ........c.ccceeeeveeernveeennen. 60
2.5.6  Quantitation of differences in target gene expression in human
macrophages following treatment...........cccuverieiiiieriieiierie e 60
2.5.7  Purification and sequence analysis of PCR products...........ccccceeevuveeennenn. 61
B T B o)A )03 41 1S o oy AR 62
2.6.1  Flow cytometry staining protocol ...........ccceevuieviiniiienieiiieiecie e 62
2.6.2  Quantitation of cytokine secretion by cytokine bead array analysis......... 63
2.7 IMICTOSCOPY veeuvveeeureeeiureeeaereeeiueeessseesseeeasseaesssseassseeassseesnsseesssseessesessseessssessnsses 64



vii

2.7.1  Preparation and staining of primary human macrophages for confocal

TIUICTOSCOPY +envveerrrenereereenseeeseesseeesaessseesseessseesseenssessseesseessseesssesssessseessseesseessseesseenses 64
2.7.2  Fluorescence labelling of FNCLT ........ccccoooiiiiiiiniiniiiicccecee 65
2.7.3  Fluorescence labelling of LPS ..ot 67
2.7.4  LySotracker StalNiNg.......c..ccccueervierieeriierieeiiesieeieeereeteeseeeseessneeseesnneenns 67
2.7.5  Confocal imaging of primary cells...........cccerviiiriiniiieniieiieiecie e 67
2.7.5.1  Live cell IMaGINg .....ccceeiiiiiiiiiiieiieeeeee et 68
2.7.5.2  High resolution imaging using the DeltaVision OMX microscope...68
2.7.5.3  Quantitative determination of intracellular protein expression ......... 68
2.7.5.4  Calculation of co-localisation by Mander’s coefficient..................... 70

2.8 Protein isolation and western analysis..........cccceecueeiienieeriienieiiierie e 70
2.8.1  Isolation of protein for western analysis .........cccceeveevvereenerreneeneneenieenne. 70
2.8.2  Electrophoresis of Proteins.........ccceeeeueeeriueeeniieeeriieeiieeeieeeieeesreeesneeennnes 71
2.8.3  Transfer of proteins to nitrocellulose membrane ...........cccceecvveeviveennneennne. 71
2.8.4  WeSterN ANalYSIS...c.eeiiieiieeiiieiieniie ettt ettt ettt et ettt et s ee 71
2.9 Statistical ANAlYSIS ..ecc.eeeiiieiiieiieie et 75
3 Chapter 3: Immune modulation by FhCL1 in human macrophages.........c.....c...... 77
3.1 INrOAUCLION ..ottt st s 78
3,101 SPECITIC @M .uiiiiiiiiiiciieie ettt ettt et 81
3.2 RESUILS ettt sttt 82
3.2.1  Isolation of monocytes from whole human blood.............cccceevvreiernnnen. 82

3.2.2  Effect of FhCLI treatment on cytokine expression by primary human
TNACTOPRAZES ....eevvieeieeiieeiie ettt ettt et e st e et e et e et e e steeeabeeseeenbeeseeenseenseeenne 84
3.2.3  Effect of FhCL1 on cell surface marker expression in primary human
TNACTOPNAZES ... veeeiiiieeitie et e ettt e et e e et e e et e esteeessbeeessbeeessaeesseeensseesnnseesnsaeesnseeennnes 92
3.2.4  Effect of FhCL1 treatment on intracellular CD14 localisation................. 98

3.2.5 Effect of FhCL1 treatment on expression of key molecules within the

MyD88-dependent and TRIF-dependent signalling pathways ...........ccccecuvenennnee. 101
3.2.6  Effect of FhCL1 treatment on expression of transcription factors of the
TRIF signalling pathiway .........ccoccuieeiiieiiieceeeee et 110

3.3 DHSCUSSION ettt ettt ettt ettt ettt st ettt ettt see et e e neenees 118

4 Chapter 4: The effect of FhCL1 on Toll-like receptors and intracellular trafficking
1N human macropRages..........cccuiiiiiiiiieii ettt 131
4.1 INEOAUCHION ..ottt 132

411 SPECIIC @M ..uuiiiiiiieeiiieciee et e e e eae e e e e e ennee e 133



viii

4.2 RESUILS .ottt 134
4.2.1 Internalisation of FhCL1 by primary human macrophages .................... 134
4.2.2  Effect of FhCLI treatment on TLR3 expression or localisation in primary
human mMacrOPRAGES. ........cocuiiiiieiieie et 139

4.2.3  Effect of FhCL1 treatment on TLR4 expression and localisation in

primary human macropRages ..........cccueeruiiriieiienieeieeree ettt eneens 143
4.2.4  Effect of FhCL1 on LPS trafficking in human macrophages ................. 148
4.2.5  Effect of FhCLI1 treatment on endosome trafficking proteins in primary
human MacrOPRAZES........c.ceoviiiiieiiecie et et e 148

4.3 DISCUSSION ...veeutieiiietieiieie ettt ettt et ettt et e et e st et et e bt eteeseesseebeeneesneenees 156

5 Chapter 5: The effect of bacterial and helminth stimuli on macrophage-associated
NANOTUDES ...ttt ettt ettt et et e a e be et ea e e bt et e s et e sbe et e saeenbeenteeaee 165
5.1 INrOAUCHION ..ottt 166
5.1.1  Toll-like receptors and NANOTUDES .........cccueeruirerieeniieeiieiieeie e 166
5.1.2  SPECHIC @IM..uuiiiiiiiieiiiieciie ettt e e e e sbeeesnreeennaee s 166

5.2 RESUILS o 168

5.2.1  Cytoskeletal structure of nanotubes connecting primary human
MNACTOPRAZES . ... .eeeeetieiie ettt ettt ettt et e et e et e et e ebeesabeebeeeabeenbeesnneenseenneeenne 168
5.2.2  Localisation of TLR4, TLR3 and early endosomes in nanotubes of
primary human macrophages ..........cocueeeiiiiiiiiiiiieeee e 168

5.2.3  Localisation of EEA-1 and TLR4 within macrophage-associated

nanotubes following LPS stimulation ..........ccccoecveviriiniiniiniinieneceecceee, 172
5.2.4  Localisation of TLR4 within nanotubes............cccccveveeeriieniiesiieneieieenne 177
5.2.5  Localisation of TLR4 and cytoskeletal proteins in nanotubes................ 177

5.2.6  Effect of FhCLI1 treatment on TLR4 localisation in nanotubes of primary

human macrophages..........cooviviiiiiiiiiee e 183

5.3 DISCUSSION ..ttt ettt ettt et sttt ettt et saeenae et 185

6  Chapter 6: General diSCUSSION. ......cccuiiiiieriiieiieiie ettt ees 193
FN 070153 T L O USRUPR SRR 201

RETETEIICES ettt nneeenenann 210



X

LIST OF FIGURES

Figure 1.1: Toll-like receptors and their 1igands. ..........ccceveerieiieniiiiniieecee 8
Figure 1.2: The induction of Type 2 immunity during helminth infection...................... 12
Figure 1.3: T cell subsets and disease assoCiation. ............cceceeveeeriienieesieenieeieeneeeeeans 14
Figure 1.4: Macrophage activation phenotypes. ........ccceeeererierieenieeienieeienieseeee e 19
Figure 1.5: Toll-like receptor signalling pathways. ..........ccccccvevvieriieniieeiienieeieesee e 24

Figure 1.6: Separation of F. hepatica and S. mansoni ES products using SDS page and
size exclusion chromatography. .........ccceoiiiiiiiiiiiiiee e 35
Figure 1.7: Electron microscopy images and schematic representations of the types of
NANOTUDES. ..ottt ettt et e bt e bt e st e e bt e s bt e e beesaeeeabeesabeebeenareens 39

Figure 2.1: Performing densitometry to estimate protein expression changes using

IMAZE J. ottt 74
Figure 3.1: Toll-like receptor signalling pathways. .........ccccoecvieviieiniiiiniie e, 80
Figure 3.2: Isolation and enrichment of monocytes from peripheral blood mononuclear
cells pre- and post- CD 14" SEIECHON. ..........o.ovivreeeeeeeeeeeeeeeeeeeeeeee e, 83
Figure 3.3: Flow cytometry analysis for CD206 surface expression on primary human
CD14" monocyte-derived MaCrOPRAZES. ........c.veviveeeeeereeeeeeeeeeee e, 83
Figure 3.4: Optimisation of RT-qPCR analysis. .......ccccccoiiiiiiiiiiniiiieiicceceeceee 86

Figure 3.5: Cytokine mRNA expression in primary human macrophages cultured with
FRCLL. oottt et b e et s e bt et ebtesbeentenaeen 89
Figure 3.6: Cytokine production from primary human monocyte-derived macrophages
treated With FhCLL. ..ot 91
Figure 3.7: Analysis of cell surface marker expression in FhCL1-treated primary human
TNACTOPRAZES. ...eeutieiieeiie ettt ettt ettt et te st e bt e site et e e sateeteessteenbeesseeenseesnseenseesnseeseennseens 95
Figure 3.8: Analysis of cell surface marker expression in FhCL1-treated primary human
TNACTOPNAZES. ....veeetvieeiiee ettt e eieeesteeeeteeeeteeessteeessaeeessseeesseeessseeessseesssseesssseensseeesnseeennseens 96
Figure 3.9: Localisation of CD14 within FhCLI1-treated primary human macrophages
with and without LPS stmulation. .........cocooiiiiiiiniiniiieieeceeeeeeeeee e 99
Figure 3.10: Western blot analysis of MyD88 and TRAF6 expression in primary human
macrophages treated with FNCL1. ..........cccoiiiiiiiicee e 103
Figure 3.11: Western blot analysis of IkBa expression and phosphorylation in primary

human macrophages cultured with FRCL1. ........ccccoooiiiiiiiieee e, 105



Figure 3.12: Western blot analysis of ERK1/2 expression and phosphorylation in
primary human macrophages cultured with FRCL1. .........ccccoeeiiiiiniiiiiieeee, 108
Figure 3.13: ERK1 and ERK2 mRNA expression in primary human macrophages
cultured With FRCLT. .oooiiii ettt 109
Figure 3.14: Western blot analysis of TRIF and TRAF3 expression in primary human

macrophages treated With FRCLI. .......ccccoooiiiiiiiiiiiiiieceeeeee e 112
Figure 3.15: TRAF3 mRNA expression in primary human macrophages cultured with
FRCLLL oottt ettt st b st 113
Figure 3.16: Optimisation of IRF3 primers for RT-qPCR analysis. ..........ccccccverrrenne. 115
Figure 3.17: IRF3 mRNA expression in primary human macrophages cultured with
FRCLLL ottt ettt sttt et b et st e b s 116
Figure 3.18: The location of the CD14/TLR4 complex determines cell signalling...... 124
Figure 3.19: FhCL1 modulates the toll-like receptor signalling pathway. ................... 125

Figure 3.20: Immune-modulatory effects of FhCL1 on macrophages are species- or cell
187 TSR] 15171 i [OOSR 129
Figure 4.1: Flow cytometry analysis of FhCL1 uptake or binding by primary human
INACTOPNAZES. ....eeeuvvieeeieeeiiee ettt e ettt e steeesteeessteeessaeeessseeessaeeessseeesseeessseeessseeennseesnnseesnnsens 135
Figure 4.2: Confocal microscopy analysis of FhCLI1 uptake by primary human
INACTOPNAZES. ....eeeuevieeeieeeiieeeitteeeieeesteeesteeestteeessbeeesseeesaeeessseeenseeesnseeessseeennseesnnseeennnens 135

Figure 4.3: Modulation of lysosome formation within FhCLI1-treated primary human

INACTOPNAZES. .. .ettevvieiieetie ettt et te ettt e st e et e stteeteeeabeesbeesabeeseesseeenseesseeenseesaseenseessseenseens 137
Figure 4.4: Localisation of FhCL1 and lysosomes within primary human macrophages.
....................................................................................................................................... 138
Figure 4.5: Optimisation of TLR3 primers for RT-qPCR analysis.........cccccocverernenen. 140

Figure 4.6: TLR3 mRNA expression in primary human macrophages cultured with
FRCLL. oottt sttt ettt 141
Figure 4.7: Localisation of TLR3 in primary human macrophages cultured with FhCL1.

Figure 4.8: Optimisation of TLR4 primers for RT-qPCR analysis..........c.ccccverirnnnnen. 144
Figure 4.9: TLR4 mRNA expression in primary human macrophages cultured with
23 ) 5 SRS 145
Figure 4.10: Flow cytometry analysis of surface and intracellular TLR4 expression in
primary human macrophages treated with FRCL1...........ccoocooeviiiiiiniiiiieeeee, 146
Figure 4.11: Localisation of TLR4 in human macrophages cultured with FhCLI....... 147



xi

Figure 4.12: Uptake of LPS by primary human macrophages following FhCLI
EEEATIMENIL. ...ttt e 149

Figure 4.13: The role of dynamin, clathrin and tubulin in surface protein internalisation.

Figure 4.14: Western blot analysis of clathrin and o-tubulin expression in primary
human macrophages cultured with FnCL1. ......c.ccoooiiiiiiiee 152
Figure 4.15: Localisation of clathrin in primary human macrophages cultured with
FRCLLL ettt sttt saenae s 154
Figure 4.16: Localisation of a-tubulin in primary human macrophages cultured with
FRCLLL ettt 155
Figure 4.17: Protein analysis of FNCL1. ......cccooiiiiiiiiec e 163
Figure 5.1: Cytoskeletal structure of nanotubes connecting primary human
TNACTOPRNAZES. ....eeeeuviieeiiee et e ettt e eite e et eestee e reeessbeeensseeeseeeensseesnsseeassaeesnseeennseeennseeennnes 169
Figure 5.2: Localisation of EEA-1, TLR4 and TLR3 within nanotubes of primary
human MacTOPRAZES. .......c.eeiuiieiieie ettt 171
Figure 5.3: Graphical representation of the relative localisation of EEA-1 and TLR4
within macrophages and their associated nanotubes following LPS treatment. ........... 174
Figure 5.4: Localisation of EEA-1 and TLR4 within nanotubes of primary human
macrophages following LPS stimulation. ............coeceeviiiiiiniiiiienieeieceeeee e 175
Figure 5.5: Localisation of TLR4 on the cell surface of macrophage nanotubes. ........ 178
Figure 5.6: Localisation of TLR4, a-tubulin and F-actin within nanotubes connecting
primary human macropRages. .......cceeeiiieeiiieeie et e 180
Figure 5.7: High resolution imaging and localisation of TLR4 in nanotubes of primary
human MacTOPRAZES. .......c.eeriiiiieie ettt s 182
Figure 5.8: Localisation of TLR4 within nanotubes of LPS-stimulated, FhCL1-treated
primary human macrophages. .......ccveeriieeiiieiie et e e 184

Figure 5.9: Localisation of TLR4 in permeabilised primary human macrophages. ..... 190



Xii

LIST OF TABLES

Table 1.1: The effect of helminths and helminth-derived molecules on TLRs. ............. 21
Table 1.2: The use of helminths and their products in the prophylactic and therapeutic
treatment of murine and human autoimmune and inflammatory diseases...................... 28

Table 2.1: Information relating to isolation, culture and testing of individual

MACTOPRAZE AOMNOTS. ...viieiiiiiiieiie ettt ettt ettt e et e et e etbe e teesabeeseeesseensaesnseenneenns 53
Table 2.2: Sequences of primers for real time RT-qPCR analysis. ........cccccovierieenennne. 57
Table 2.3: Antibodies used for flow cytometry experiments. ............ccoeeeeveeeieeneennnenne. 63
Table 2.4: Antibodies and stains used for confocal microscopy experiments. ............... 66
Table 2.5: Antibodies used for western analysiS.........ccccveeeeuieerciieerieeeiieesie e 72

Table 3.1: Mean fluorescence intensity of intracellular CD14 in FhCL1-treated primary
human monocyte-derived macrophages with and without LPS stimulation................. 100
Table 4.1: Mander’s co-localisation coefficient analysis for FhCLI-FITC and
Lysotracker-AF568 localisation within primary human macrophages.............c........... 138
Table 5.1: Ratio of localisation of early endosome antigen (EEA-1), TLR4 and TLR3 in
nanotubes versus the cell body in PBS treated human macrophages. ...........cccccceene. 171
Table 5.2: Ratio of localisation of EEA-1 within nanotubes and corresponding cell
bodies of primary human macrophages following LPS stimulation.............c.ccccve...... 173
Table 5.3: Ratio of localisation of TLR4 within nanotubes and corresponding cell
bodies of primary human macrophages following LPS stimulation...............c.cccec...... 173
Table 5.4: Mander’s co-localisation coefficient analysis for TLR4 and EEA-I
localisation within primary human macrophages. .........cccceeveeeeiveeriiieenieeeciee e 176
Table 5.5: Mander’s co-localisation coefficient analysis for TLR4 and a-tubulin
localisation within primary human macrophages. .........ccceeveeeeviiieriiieeniee e 181
Table 5.6: Mander’s co-localisation coefficient analysis for TLR4 and F-actin
localisation within primary human macrophages. .........ccccoceviiviiiiinienenienieeceee 181
Table 5.7: Ratio of TLR4 localisation in human macrophages and associated nanotubes

following FhCLI1-treatment and LPS stimulation............cccceeevvieeiiieeiiieeieeeieeeieeens 183



Xiii

LIST OF ABBREVIATIONS

ACt

ADCC
AF
AP-1
APCs
Argl
bp
BSA
CBA
CD
cDNA

CTLA
Cy5s
DAPI
DCs
DNA
DNase
dNTP
dsRNA
EDTA
EEA-1
ERK
ES
FACS
FBS
FhCL1
FhES
FITC
Fizz1
Foxp3
FSC
FSW
GAD
GAPDH
HDM-1
HLA
IBD
IFN

IxBa
IKK

IL
IMDM

Change in cycle threshold

Absorbance

Antibody-dependent cell-mediated cytotoxicity
Alexa Fluor

Activating protein-1

Antigen presenting cells

Arginase 1

Base pair

Bovine serum albumin

Cytokine bead array

Cluster of differentiation

Complementary deoxyribonucleic acid
Threshold cycle

Cytotoxic T lymphocyte antigen

Cyano 5

4’,6’-diamidino-2-phenylindole

Dendritic cells

Deoxyribonucleic acid

Deoxyribonuclease

Deoxyribonucleoside triphosphate (or deoxyribonucleotide)
Double stranded ribonucleic acid
Ethylenediaminetetraacetic acid

Early endosome antigen-1

Extracellular signal-related kinase
Excretory/secretory

Fluorescence activated cell sorting

Foetal bovine serum

Fasciola hepatica cathepsin L1

Fasciola hepatica excretory/secretory products
Fluoroscein isothiocyanate

Resistin like alpha

Forkhead box p3

Forward Scatter

FACS Staining Wash

Glutamate decarboxylase
Glyceraldehyde-3-phosphate dehydrogenase
Helminth defence molecule 1

Human leukocyte antigen

Inflammatory bowel disease

Interferon

Immunoglobulin

Nuclear factor of x light polypeptide gene enhancer in B-cells
inhibitor, o

IxB kinase

Interleukin

Iscove’s modified Dulbecco’s medium



X1V

iNOS
IRAK
IRF
JNK
kDa
KEGG
LBP
LNFPIII
LPS
mAb
MAPK
MD-2
MFI
MHC
MMSCs
mRNA
MyD88
NF-kB
NO
NOD
O/N

p

PBS
PCR
Poly (I'C)
Prx
RT-qPCR
RNA
RNase
RPL36AL
RPMI
RT
RT-PCR
SD

SDS-PAGE

SEA
SSC
T1D
TBK
TGF
Th
TIR
TIRAP
TLR
TNF
TRAF
TRAM
TRIF

Yml

Inducible nitric oxide synthase

IL-1R-associated kinase

Interferon regulatory factor

c-Jun NH2-terminal kinases

Kilo dalton

Kyoto encyclopedia of genes and genomes

LPS-binding protein

Lacto-N-fucopentaose III

Lipopolysaccharide

Monoclonal antibody

Mitogen-activated protein kinase

Myeloid differentiation protein-2

Mean fluorescence intensity

Major histocompatibility complex

Mesenchymal multipotent stromal cells

Messenger ribonucleic acid

Myeloid differentiation primary response gene 88

Nuclear factor k B

Nitric oxide

Non-obese diabetic

Overnight

Phosphorylated

Phosphate buffered saline

Polymerase chain reaction

Polyinosinic:polycytidylic acid

Peroxiredoxin

Reverse transcriptase-quantitative polymerase chain reaction
Ribonucleic acid

Ribonuclease

Ribosomal protein L36A like

Roswell Park Memorial Institute

Room temperature

Reverse transcriptase-polymerase chain reaction

Standard deviation

Sodium dodecyl sulphate-polyacrylamide gel electrophoresis
Soluble egg antigen

Side scatter

Type 1 diabetes

TRAF-family-member-associated NF-«xB activator binding kinase
Transforming growth factor

T helper

Toll-interleukin-1 receptor

Toll-interleukin-1 receptor domain containing adaptor protein
Toll-like receptor

Tumour necrosis factor

Tumour necrosis factor receptor-associated factor
TRIF-related adaptor molecule

Toll-interleukin-1 receptor-domain-containing adaptor-inducing
interferon-f3

Chitinase 3-like 3



XV

ABSTRACT

Helminth-derived excretory/secretory (ES) products have been demonstrated to mediate
the anti-inflammatory/regulatory environment associated with helminth infection (for a
review see Allen ef al. 2011). The ES products of helminths have been exploited for
therapeutic benefit in both murine and human models of autoimmune diseases (Zaccone
et al. 2003; Zheng et al. 2008; Motomura et al. 2009; Ruyssers et al. 2009; Johnston et
al. 2010; Cancado et al. 2011; Carranza et al. 2012; Kuijk et al. 2012). In our
laboratory, the ES products of the liver fluke trematode, Fasciola hepatica, have been
shown to prevent autoimmune type 1 diabetes in a murine model (Lund ef al in
preparation). Disease prevention was associated with the initiation and perpetuation of
anti-inflammatory/regulatory immune responses, including the generation of
alternatively activated macrophages, regulatory T cells and regulatory B cell
populations (Lund ef al. in preparation). Nevertheless, the individual molecular
components within the ES responsible for these phenomenon are unknown. Therefore,
HPLC fractionation of the ES products of Fasciola hepatica was undertaken. This
revealed a number of components with immune-modulatory effects. One of these
Fasciola hepatica products is a cysteine protease, cathepsin L1 (FhCL1), and in fact it
comprises a large proportion of the total ES products. In mice, FhCL1 suppresses pro-
inflammatory immune responses through cleavage of toll-like receptor (TLR)-3,
resulting in modulation of cell signalling in peritoneal macrophages (Donnelly et al.

2010).

This thesis therefore examines the effect of FhCL1 in human monocyte-derived
macrophages. FnCL1 was shown to enhance expression of pro-inflammatory cytokines
IL-6 and IL-8 in response to lipopolysaccharide. This was associated with the up-
regulation of surface CD14, and the activation of TLR4 cell signalling via both the
myeloid differentiation primary response gene 88 (MyD88)-dependent and toll-
interleukin-1 receptor-domain-containing adaptor-inducing interferon-f  (TRIF)-
dependent signalling pathways. Furthermore, expression of IL-10 and co-stimulatory
molecule CD86 was down-regulated in FhCLI-treated human monocyte-derived
macrophages, and this was attributed to suppression of late endosomal TRIF-dependent

signalling, with down-regulation of TRAF3. Although, FhCL1 modulated TLR
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signalling in human and murine macrophages, and suppressed TRIF-dependent
signalling in both human and mouse macrophages, FhCL1 enhanced pro-inflammatory
cytokine expression in human monocyte-derived macrophages. Therefore, FhCLI
modulates immune responses in human monocyte-derived macrophages, albeit
differently from murine peritoneal macrophages. Furthermore, while FhCL1 degraded
TLR3 in murine peritoneal macrophages, FhCL1 had no effect on TLR3 or TLR4
expression or localisation in human monocyte-derived macrophages. However,
treatment with FhCL1 was shown to suppress the uptake of lipopolysaccharide (LPS)
by human macrophages, which appeared to correlate with altered o-tubulin localisation.
Thus suppressed uptake of LPS correlates with the suppression of TRIF-dependent late

endosomal signalling.

Nanotubes are cellular protrusions which connect cells and are utilised for the transport
of cellular components between cells (reviewed in Gerdes et al. 2008; and Gurke et al.
2008). An incidental finding of this study was the observation of nanotubes connecting
monocyte-derived macrophages in culture, and the documented trafficking of TLR4
between human macrophages, through these nanotubes. Interestingly, LPS stimulation
enhanced the movement of TLR4 into nanotubes, but this was partially suppressed by

FhCLI1.

Taken together, the work presented in this thesis provides insight into the mechanism of
action of FhCL1 in human monocyte-derived macrophages. Investigating the immune-
modulatory effects of individual helminth-derived molecules is an important step in
understanding the mechanisms by which helminths modulate host immune responses.
Ultimately, such products may be harnessed as potential therapeutic agents in various

situations, depending on their effect on the immune system.
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