
MAA UNIVERSITY OF
 

YG LIVERPOOL

Neutrophil Function in
Rheumatoid Arthritis

Thesis submitted in accordance with the requirements

of the University of Liverpool for the degree of
Doctor in Philosophy by

Helen Louise Wright

September 2009



| declare that this thesis entitled:

“Neutrophil Function in

Rheumatoid Arthritis”

is entirely my own work.

Candidate: HELEN LOUISE WRIGHT

Supervisors: Professor S.W. Edwards

Schoolof Biological Sciences

University of Liverpool

Dr R.C. Bucknall

Rheumatic Diseases Unit

Royal Liverpool Hospital



Table of Contents

Acknowledgement..............ccccccccceceeeeeeeeeeseeeseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeees 8

Abstract (ieccccccccccecccceseceececeeeeeeeeeeeeeeeeeeeeeeeeeeesaeeeeeenieeeeeeeaneneeeeeas 9

Publications and Presentations.................cccceceeeeeeeeeeeeeeeeeeeeeeeaeeeeees 10

ADbDreviatiONS «2.0.0.0... cece cccececcccceeeeeeeeceecaeeeeeeseeeeeeeeeeeeeeeaaeeeeeeeaaeeeees 11

Chapter 1; ([ARPOGUCION......nnuiness:ianmmamess sssamenmmes ss ineemaens 15s oesmEG 17

1.1 B€ACkQrOUNd ..........eeeeeccecececeeeeeeeeeeeeeeenenaeeeeeeeeesseeeeeeeeeessaaeeeseeesseeeseenaaees 17

1.2 Rheumatoid Arthritis .........0.000ccccccccceeeceeeeeeceececeeeeeeeeeeeeeeeeeeeeeensnnnseeeeeess 19

D2 ISTOcrececrecesereeeemscnsmenes meneunnmiennunsinnanmnninccacminan unawasid iii AR KASAI SHAG TER SRA 19

1.2.2 Pathology ...........cccccccceeceeeeeteeeeeeenneeeeseesseeeeeceeeessseeeeeseseesseeeessssaeeeeenneas 20

1.2.0 EPICSITIOGY «2. 2noncaxnranrnsancinnnnoennn itd thissunin RGAASWs ROTRESTERABID 23

‘Lea The immune system in RA...cececerts eeeeseeesensseeeeesseeesesaeeesnseeenes 26

1.21 LYNPRCOVES. serscccnnenseecnmnasaciness mameunemamneseeesn uerememmer ee anenrereseneemsesmmnaan 26

1.8.2 MGCDNAGES:. ...0ccecsnncnneumareninnnrannamsitsish id ibis ss WinMONNe GIDE Ra aReCEMT ee ceRaRREEAAR 27

1.3.3 Synovial fibroblasts ......0..ceeee cece eeeeneeeeensseeeeeteeeeeteeeenieeenieeeens 28

1.3.4 Neutrophils .......0...ccc cc cccceeeeeeeeeeeeeeceeeeeeeeeenseeeeseeenseesenseeesseeeseeeneeneeens 28

1.4 The neutrophil in RA ............c cece eeceeeceeeeeeeeeneeeeeeeeeentnseeeeeeeseneaeeseeeseeeeenea 30

1 PRIS nna azccnsms cncmano sacramcomemecennme eSCaKaRatan as erm MIP rE en mmeenacre omnes 31

14.2 Rollifg arid adhSSiGM........wis csees: sms ccmreneeren mnemenonseres exrerereneen 32

TAS TVAPSITIGTAUON... ccccces concen crmnnnan anntinnnnon vanunnnniiid iid O6NeERCG ae ARAEREN CRE REE 34

1.4.4 CheMotaxiS.........0..ccccccccccceeeecsssseceeeeeeeeeeeeeeeeeeeeeeeeeseusauuaneeeseeeeeseseeeeeeeeeee® 36

1.4.5 PlaSitia MEMBPANS FSCODOG vrei: cnmcnesonrenenene veo cmeuene nee eray poecewen cence 36

1.4.6 Intracellular-signalling MECHANISMS................ cee cece cette ete ttteeer ete 38

1.5 Neutrophil-mediated joint destruction ............. ccceeeeteeeeeeteeeees 41

1.5.1. Production of Reactive Oxygen Metabolites............... eeeeeerreeees 44

1.5.2 Neutrophil granule ENZYMES...............:cescessseeseneessereseteeerseeeeseeneetenenenes 47

1.6 Neutrophils Griving intarintation sins issscccs ca: cuscornnsncseies curserensererererssrcecoesames 49

4.6.1 WAG ClaUI cccccrecrecereecreovvenenenvernenncnnnrsnane sine emai th 0 0 SHERRERES 49



1.6.2 Production of inflammatory Mediators ..............eeeerrr 50

1.7 Resolution of inflammation by apoptoSis .............eset54

1.7.1 Intrinsic pathway to APOPtOSiS ................ ccc escneeeeeessteneterereseeeeeeeettaaeees 53

1.7.2 Extrinsic pathway to apoptosis. .............ccescecceceeereeseertttseeenecseneneesens 56

1.8 Modulation of neutrophil function IN RA.........cececece eeeteeeeeeneneeees 60

ABs SAUDSic cencacrencpeeeerpevercerunms veneminsnnwannnenssnsnnndle iit ih6cOSDONTE AIRS SEER 60

1.8.2 CorticosterOids............0reerernie60

4S DIMAS on cecccnricnncrenencronnneenenn ites EARN Ae REREAD OS eRENRRIER RES car erCeR eHERORe ee 62

1.8.4 Biologic therapy 0.0.0... ceecece eee eeeneeeeneeeneeestieeenteenneeeneetneetneeees 63

1.8.5 Future developments in Biologic therapy.................:ccceceeseeeeteeetnteeeeeees 67

1.9 SOTIANY oacsce .cncinnnnns nnnissosib insite SES AERO MORNE CY ORaERR ERIN Cp eReaces eoxccrom nmin 70

AWS «am st instance ics somnumemsms 6545 eames sreimmeres + eosmnmne 84 ontiisaSOiea #2) 71

Chapter 2: Materials and Methods.................: ceceeteees 72

2.1 NIBLSIIANS « ccecerocececnemnsnnsnnerecwsanensonmann tinhiikilth ist 10S AeAGEREROS RR SHNENESDINI CRIME ew EET 72

2.2 Isolation of neutrophils from DIOO...........eeeeetrete eneeeeey 73

2i0 Isolation of neutrophils from synovial flUid .............. ceeetree etter 74

2.4 Neutrophil priming.............. 0c cceee cece eceneeeeeeeeneeeetneeerneeetneetseeessasenseseaas 75

2.5 Morphological measurementof apoptosis...............: cee eeeeee75

2.6 Measurementof apoptosis by flow cytometry..............c eect esse eeeeteees 76

2.7 MIDIONS os 50.cc0c0ereeee ooeeernncnees see meccenne na dian sith ds SMETERENEN HON res HEINnReNe eeeoon 76

2.8 Preparation of protein lysate ............ cece teeter tenet treet ereeeereeeeneeeneeeens 77

2.9 Western bIOtting........ sss savsnze axnoseunene aos consinne nes meryerenrosenenonennnenaenensinsiad SR 77

2.10 SNAPi.d. Protein Detection SysteM............. eee eeeeeeeetrtertreeeee re rennnias 80

2.11 Isolation Of RNA ...........cccccecsesccccececeesceeeeeeeeeneeesnneesueaaaaeeeeeeeeeeeeeeeenennnaeeeess 80

2:2 CDNA SYNtheSIS ...........- cece cece eee eseeeeeeeeneenneersnetsaeerarenseeteaeesaeeeeesenernenieey 81

2.13 Real-time PCR analySis ............:.::ccccsseeesseeeeeseeeeeeenneeeereneeetenseesenseeentaees 82

2.14 Detection of ROS production by luminol-enhanced

CHEMIIUMINESCENCE.........0.ccccceeeeccceeeeccce ee eeceeeeeeeeeeeeeeaeeeeeaeeeeeaeeeeeeeaeeeeeenaa 83



2.15

2.16

2.17

2.18

2.19

Luminol-enhanced chemiluminescence using synovial fluid as

SETS een nnrenansnenenesibicd dn <aceisin UU RRE.RER CANA He SSN RNTERTRRRRES ATENAWEUNE 83

Preparation of ImmUN@ Complexeswos cenvevescs oss cassavccnes 00s ceramsaw eas oramanie neem 83

Cytokine Assay bY MUNI BIER wiicis since xersownnncies mocncanenenn ca seeawume rire vanes 84

PIG GYTOMB, nner nansee cia.ciieceRON HeeHOEOER eNMRERRORERAEE 87

SEEMSEES ac as coceresannvvae nnsvorsinn an esesinn nese sib ak Bi i 6 AS LRMRTELEN88

Chapter 3: Analysis of cytokine and chemokine levels in

3.1

3.2

3.3

3.3.1

3.3.2

3.3.3

3.3.4

3.3.5

3.3.6

3.4

inflammatory synovialfluids ...............ceeee eee 89

DMtFODUCTION ..0. 0... ccc ceecccteecceeeeeeeeeeeeentenauaaeeeeeeeeeeeeeeeeeeeceseeeesentsaaaaaeeess 89

Methods ...........ccccccecccceseeceeeeeeeeeeeeeseeeeeeeeeessenneeeeeeeeseessseseseesssaeeeseensaaes 92

RESUIES 0.0... c cece ccccccccccecesseeeeeeeeeeeeeeeeeeeeeeeeeeseesneeeeeecesennniseeeeseessneeeeeenaaaes 94

Different cytokine profiles of inflammatory synovial fluids....................0. 94

Different cytokine profiles of synovial fluids from Rheumatoid Arthritis
patients receiving disease modifying anti-rheumatic drugs (DMARDs)

fo) a =)(0) (ole (om dal =) k- ©)=)ES98

Different cytokine profiles of synovial fluid from patients receiving
Biologic therapy based uponeventualclinical response....................66 100

Correlation of synovial cytokine levels to clinical markers of disease
activity and synovialfluid neutrophil COUNES................0 cece eeeeeeeetteeetees 102

Cluster analysis of synovial fluids based on cytokine profiles................. 105

Cytokine analysis of serial synovial fluids from a patient refractory to
BiGIOGIS THSTADY nn ccrnnnceserninenememsnnnnasaneambiinis in sk RGR ORs Han aiealeaten Kou wSTIENS ARORA 108

DISCUSSION ......nccne sn nenneods sinned si'seithete svaanveewea nas duxeatenneeens can eemesmwoeny cee epins creams 116

Chapter 4: Investigating the effect of recombinant human

4.1

4.2

4.3

4.3.1

4.3.2

cytokines/chemokines on neutrophil functions.......... 123

gee||123

NABEROCScece nreennemernecsnienthd MASAAORSHRRRHONOR ERTEE 127

FRESUS cececesmeennnmees winannen undue ante ns SSoRSRTERE e RERUN RO RENNERyee 128

Ability of recombinant human cytokines/chemokines to prime the

néutrophil respiratory HUMSL.......... .cisssscoccuaness aoe canons eae ormmenen er ceere coe 128

Effect of recombinant human cytokines/chemokines on neutrophil

apoptosis and expression Of MCI-1.............:cccccseeeeeteeeee etter tteeeeteeeneee 130



4.3.3

4.3.4

4.3.5

4.3.6

44

Effect of IL-10 on GM-CSF induced priming, Mcl-1 stabilisation and

protection against APOPTOSIS «2.2...eceee ee ceteeeereeteeeeeeaeeeetseeeeenaes 133

Effect of pro- and anti-apoptotic concentrations of TNF-a on the anti-

apoptotic effect of GM-CSF ooo...ieeecece eeeeseeeeeenaeeeetseeesseeeetiees 140

Effect of IL-6 on neutrophil apoptosis and Mcl-1 expression.................. 150

Effect of recombinant human cytokines/chemokines on cytokine /
chemokine expression / secretion by neutrophils .................eeec eee 153

DISCUSSION .0.......ccccccccccccccececcccecceeeeeeeeeeeeeeeeeeeeeeeaaneeeeeeeeeeeeeeeeeeeeseeeeeeeeaeas 158

Chapter 5: Investigating the effects of immune complexes on

5.1

5.2

5.3

5.3.1

5.0.2

5.3.3

5.3.4

5.3.5

5.4

neutrophil FUNCTIONS............ cece eee rtteeeeeteee eee enans 168

IMtrOAUCTION 00...ec cceeceececcceeeeceeeeeeeeeeeceeeeeeeeeeeeeeeeeeeeeeeeeeteeeeeeennaeaaeees 168

Method.o........ cece cccccccececeeeseeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeseuaussenseeeeeeerereees 170

RESUIES ooo cc ccccccccccccceeeeeeeeeeeeeeeeeeeeeeeeeeeee ean nneeeeeeeteeeeeeeeeeeseeeeeeeaeaaeaaaas 171

Effect of immune complexes on the neutrophil respiratory burst............ 171

Effect of immune complexes on neutrophil apoptosis ................cc eee 177

Effect of immune complexes on Mcl-1 expression ................ceceeeeeeeeeeeees 185

The effect of kinase signalling inhibitors on the ability of immune

COMplEKes fo Celaly APOPOSS as iuseneencw cscaseaness ons eremnweenves eorernenmenvananenmnn 191

Effect of immune complexes on neutrophil expression / secretion of

Speirs f RSNGSrc nceeronsomenn earunemame eae wm eorersre ne crnennnannmmnmnneine 198

BD) S016 [ok] (0)9EE202

Chapter 6: Investigating the effect of inflammatory synovial

6.1

6.2

6.3

6.3.1

6.3.2

6.3.3

6.3.4

6.3.5

fluid on neutrophil apoptosis .............. cece cece eeees 209

TEUGTIeinener ons ts rte enrece armen emcee EMRE er reNToRNEEENR eeTeniremismwci 209

POTSnce arse ecuiIELeeee RETR Soe gene rer pnenererie 210

RRESUIES: ...... .o eencinnenn nnn onaest abalvestes aumaenie eeamewerup mepmmmesgnHNeR eae yar egryewenwnniennimmainnneine ala

Effect of synovialfluid on neutrophil apoptosis based on diagnosis....... 212

Effect of synovial fluid on neutrophil apoptosis based on cytokine

COMPSnie sve ewciere eee eresneue cnn nveenweennmeseiennin nn diland ss dal wa aeiiee saistey eeemaNmEAE eaamaas ree 214

Effect of synovial fluid on neutrophil apoptosis based on immune

COMPIEX CONTCNE q.. .... ene --nsnsen siniiss s vos eiainnssienss cae Sinem eRe LAE HESENE Ne OreTe mene ns 217

Effect of synovial fluid on neutrophil apoptosis based on patients’

CU FEGIME ..........ceeeeeeeseeeseeesesesesseeeseesseeeseesensesssesteesnarerneeeseesinensnonseees 217

Effect of synovialfluid on Mcl-1 levels in neutrophils.............:::0eee Bee



6.3.6 Effect of synovial fluid on caspase activation in neutrophils ................... 225

6.3.7 Rate of apoptosis in cultured neutrophils isolated from control blood,
patient blood and patient synovial fluid «0.00...cece eect eeeeeeeeee 228

6.4 DISCUSSION ............ccccccccecccecccecececcucececececeuceceecueceeceuuceeceuecueeeueeeaeeeecseeenees 233

Chapter 7: Molecular characteristics of neutrophils from RA
patients undergoing anti-TNF therapy....................5. 239

7.1 DEFOE nnnite cates cm ae maeeRamaNaSERR ERRORRENE HS 239

7.2 NAGTPOSan cor mesceoctennam sane un uote entiaWOW VATA Hee eCURHANES 241

ta PRUNES cccnnn meerconren none vasenhSOES A AEUTASE242

7.3.1 Clinical findings... eceeeceeeeeeeeeeeeeentneeeeeeeeeennsseeeseserssaeeessenaaees 242

7.3.2 Decrease in TNF-a expression in neutrophils from patients with
Rheumatoid Arthritis, following anti-TNF therapy................ eeeeee 243

7.3.3. Quantification of cytokine concentrations in blood plasma from RA
patients anid age-matched CONTONS ssvcis ces ceussennsos esecemaaetanes cer macnn veeneeees 251

7.3.4 Assessment of changes in NF-«B activity in neutrophils before and
during anti-TNF therapy .........0.. cc ccceceeeeseecenseeeeenseeeeenteeeeeneeeesneeenas 255

7.3.5 Assessment of constitutive apoptosis by Mcl-1 expression and
activation Of CASPASES........... cece eee cece eeee ee eeeeneteettesaeaeeeeeeeeeeeeeeeeeeniaaas 256

7.4 BYS010 1k) (0)9259

Chapter 8: General Discussion and Conclusions...................005 264

Chapter9: Refereness..............sscsnmness:senennensesssmsomsams 11) smoomnens +49: 273



Acknowledgements

Firstly, | would like to extend my thanks to my supervisors Prof. Steve Edwards and

Dr. Roger Bucknall for giving me the opportunity to carry out this research, andfor their

help, support and encouragement. | would also like to thank the rheumatology team at

the Royal Liverpool Hospital who have beeninstrumental in obtaining patient samples

for research, including Shelley Jones, Dr. Batsi Chikura and the phlebotomy nurses. |

would also like to acknowledge financial support from the Royal Liverpool Hospital

Charitable Fund, and thank the family of Amy Christian for their kind bequest.

| would like to thank all my colleagues past and present in Lab B for their constant

support and friendship. Special mention must go to Andy Crossfor his guidancein the

lab and his encyclopaedic knowledge of protocols and procedures, and to Theresa

Barnes for answering all my medical queries, some of which were evenrelevant to my

research! | must also thank Nicola Goodsonfor advice on statistics, Danuta Gutowska-

Owsiak for samples of osteoarthritis synovial fluid, Kelly Johnston for provision of and

help with the Luminex"™instrument, and all those who have donated blood.

Several important people from the dim and distant past also deserve a mention — my

biology teacher Sue Dawesfor capturing my interest in biology, my last personnel

manager Mike Howard for supporting and encouraging my decision to leave work and

change mycareer, Dr. Derek Pluck and the lecturing team of Preston College’s Year 0

programmefor gently easing myreturn to full time education, and Prof. Peter Robinson

and the academiclecturing team at UCLAN. Thanks!

Finally, | would like to thank my family — mum,dad, Claire, Will — for their love and

support throughout the many years | have been studying. | could not have donethis

without you.

This thesis is dedicated to the memory of my Auntie Marilyn and Grandad Robert who

were incredibly supportive and took great interest in my change of career, but who

sadly did notlive to see the completion of this research.



Abstract

BACKGROUND:Neutrophils comprise the large majority of cell infiltrate in synovialjoint
of rheumatoid arthritis (RA) patients and have the greatest potentialto inflict joint and
tissue damage through the secretion of proteases, cytokines/chemokines and toxic
oxygen metabolites. Neutrophil apoptosis is often delayed in RA, thus potentiating joint
damage and inflammation. The aim of this research was to examine the effect of
factors found within synovial fluid (SF), such as cytokines, chemokines and immune
complexes, on neutrophil priming, activation, apoptosis and cytokine/chemokine

production. A clinical study was also undertaken which examined neutrophils from

patients about to start anti-TNF therapy, in an attempt to identify predictive biomarkers

of a successful responseto this new classof Biologic therapy.

METHODS:The cytokine/chemokine content of SF from patients with inflammatory
arthritis was determined by Luminex multiplex assay, and the immune complex content

assessed by luminol-enhanced chemiluminescence. The effect of recombinant

cytokines/chemokines, immune complexes and/or cell-free SF on healthy neutrophil
functions such as priming, the rate of apoptosis, and cytokine/chemokine production
was determined by luminol-enhanced chemiluminescence, flow cytometry or
morphology, and Luminex singleplex assay, respectively. Neutrophils from patients
with RA about to start anti-TNF therapy were collected before and after treatment, and
analysed for markers of activation by flow cytometry, real-time PCR and Westernblot.

RESULTS: SF from RA patients contained significantly higher concentrations of IL-1f,
IL-1ra, IL-2, IL-4, IL-10, IL-17, IFNy, G-CSF, GM-CSF & TNF-a than SF from other
inflammatory arthritides. There was much heterogeneity between the cytokine profiles
of patients with RA, which could be attributed to factors such as drug regime, auto-

antibody status, and response to therapy. Factors within SF could individually delay

neutrophil apoptosis (GM-CSF, TNF-a, IL-1B, G-CSF, soluble and insoluble immune

complexes), prime the neutrophil respiratory burst (GM-CSF, TNF-a, IL-1B, G-CSF,

IL-8, soluble and insoluble immune complexes) and stimulate synthesis of IL-8

(GM-CSF, TNF-a, soluble immune complexes in concert with GM-CSF). Cell-free SF
was pro-apoptotic to healthy neutrophils in vitro, but the pro-apoptotic effect of SF was

decreased by the presence of GM-CSF, TNF-a and soluble immune complexes. SF
from patients receiving anti-TNF therapy was significantly more pro-apoptotic than fluid

from patients receiving DMARDs. Neutrophils from RA patients pre-anti-TNF therapy

had elevated TNF-a expression, enhanced NF-«B signalling, and slower rates of
constitutive apoptosis, characterised by increased expression of the anti-apoptotic

protein Mcl-1 and lower caspase-9 activity. Intracellular signalling via NF-xB was

decreased by anti-TNF therapy in those patients who went on to achieve low disease
activity, and these patients also showed a significant decrease in TNF-1 mRNA

production.

CONCLUSIONS:Blood neutrophils from RA patients have an activated phenotype
characterised by enhanced NF-«B signalling, elevated TNF-a production and increased
expression of proteins which slow the constitutive rate of apoptosis. Factors in RA

synovial fluid can activate the neutrophil respiratory burst, delay apoptosis and
stimulate interleukin-8 production, contributing to neutrophil-mediated joint and tissue
damage, and preventing the resolution of inflammation.
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Chapter1: Introduction

1.1. Background

Rheumatoid arthritis (RA) is a chronic autoimmune disease characterised by

symmetrical polyarthritis. Patients with RA preset with a numberof physical symptoms,

such as tender and swollen joints, subcutaneous nodules and morning stiffness, and

haveclinical indicators such as serum rheumatoid factor, anti-CCP antibodies and joint

erosions detectable by x-ray. However, despite the similarities in the clinical

manifestations of RA, patients show much heterogeneity in their response to therapies,

and even with the wide choice of drugs available to them, rheumatologists find a

proportion of patients remain refractory to treatment.

In the last ten years the treatment of RA has been revolutionised by the introduction of

anti-cytokine therapies, termed Biologic therapies. Thefirst of these were the anti-TNF

drugs Infliximab, Etanercept and Adalimumab, and in recent years these have been

followed by Biologic therapies targeting other cytokines e.g. interleukin-1 and -6, and

specific signalling molecules on the surface of immune cells e.g. CD20, CTLA-4.

Biologic therapies work by blocking cell-signalling networks, thereby resolving the

perpetual inflammation which characterises auto-immune disease. Many RA patients

who have active disease that cannot be managed with traditional RA drugs respond

well to anti-TNF therapy, with some patients going into complete remission. However,

around 30% of these patients respond inadequately to anti-TNF drugs, and it is these

patients who are often the most seriouslyill with the most active and progressive form

of the disease, and therefore the most difficult to manage and treat. The challenge for

researchers andclinicians therefore is not only to understand the reasons whypatients
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with RA show such heterogeneity in their response to therapy but to identify new

biological targets to treat those who are refractory to treatment. Ultimately, there is

hope that biomarkers can be identified that will predict an individual’s potential to

respond positively to a particular drug or therapy, thereby replacing the current “trial

and error’ approach, which can prove lengthy and costly, and which can result in further

disease progression andjoint destruction in unresponsivepatients.

The overall aim of this project was to increase the understanding of the heterogeneity of

responses of RA patients to therapy, by obtaining clinical samples such as blood and

synovial fluid from patients with the disease. The research focused specifically on the

function of neutrophils from patients and healthy controls, and examined the effect of

different components of inflammatory synovial fluid on neutrophil function and

apoptosis. Neutrophils are central to the pathophysiology of RA as they comprise

around 80% of the white cell infiltrate in RA joints, and by virtue of their role as the

primary killing cell of the immune system, have the potential to inflict much of the joint

destruction seen in RA. Previous work has identified differences in some of the

molecular properties of healthy and RA neutrophils, and this project investigated the

way these changes are induced by the conditions at the site of inflammation i.e. the

rheumatoid synovial joint. Molecular and functional studies on neutrophils from RA

patients were also carried out in an attempt to identify some of the underlying causesof

patient heterogeneity, both in terms of disease severity and response to therapy.

18



1.2 Rheumatoid Arthritis

1.2.1 History

Some debate exists as to whether RA has existed throughout history, or whetherit is a

disease of modern times. Descriptions of polyarthritis can be found in historical text,

and evidence of erosions have been observed in ancient bones from archaeological

sites, but in most cases cannot beattributed specifically to RA based on the historical

description or examinations of skeletal remains alone’. Erosions characteristic of RA

have been found in human remains from ancient burial sites in North America dating

back 3000 — 5000 years’, and it has been suggested that RA originated in this region

many years before it reached Europe. Indeed, RA has a much higher prevalence

amongst North American Indians, possibly indicating a genetic predisposition for the

diseasein these individuals. In addition, there is the possibility that this population were

exposed to a novel pathogen orallergen which pre-dated the discovery of America by

Europeans, and thus RA may have existed far longer in native American Indian

populations than it has in Europe.

The first universally acknowledged description of RA is that of Landré-Beauvais in

1800, who described a polyarthritis which he termed ‘primary asthenic gout’, and which

was to be distinguished from ordinary gout, as it affected predominantly women and

caused permanent joint swelling, deformity and disability. Upon post-mortem

examination of patients, he described “joint surfaces [which] show swelling, ulcers, and

invasion by flesh”®. The disease was named ‘rheumatoid arthritis’ by Sir Alfred Garrod

in 1859, after he was able to distinguish gout from RA by the presence of monosodium

urate crystals in the serum of patients with gout’.

19



1.2.2 Pathology

Rheumatoid arthritis is a chronic autoimmune disease characterised by symmetrical

polyarthritis in synovial joints, primarily the small diarthroidal joints of the hands and

feet. The predominant symptomsare pain, stiffness and inflammation in peripheral

joints, resulting in weaknessand,ultimately, deformity and loss of use. The condition is

systemic, and patients with RA have a higherrisk of vasculitis, respiratory, cardiac and

ocular disease**®. RA occurs more commonly in females, with a male/female ratio of

1/2.5, and whilst disease onset can occur at any age,it typically manifests itself

between the ages of 40-70 years. Clinical examination of a patient normally reveals

radiographic changesincluding narrowing of the joint space and erosion of bone, and

inflammatory serum markers such as elevated C-related protein (CRP) and erythrocyte

sedimentation rate (ESR), as well as disease-specific markers such as rheumatoid

factor (RF) and antibodiesto citrullinated peptides (anti-CCP). RA is clearly defined’,

and the diagnostic criteria as laid down by the American College of Rheumatology

(ACR) are detailed in Table 1.1.

The progression of RA from thefirst onset of symptomsis typically very rapid, and early

commencementof effective drug therapy is paramount to prevent further damage to

joints. Without intervention, patients with RA can become disabled and unable to work

within a matter of two to three years. Therapy for RA combines analgesics and non-

steroidal anti-inflammatory (NSAID) agents with disease-modifying anti-rheumatic drugs

(DMARD)that can directly suppress the immune system. Biologic therapies, such as

anti-TNF, are also available for the treatment of the most seriouslyill patients.
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Table 1.1: Criteria for the diagnosis of rheumatoid arthritis, as defined by the

American College of Rheumatology. Forclassification purposes, a patient is said to

have rheumatoid arthritis if he/she has satisfied at least 4 of these 7 criteria. Criteria 1

through 4 must have beenpresentfor at least 6 weeks’.

 

Criterion Definition
 

1. Morning stiffness Morning stiffness in and around the joints, lasting at

least 1 hour before maximal improvement
 

2. Arthritis of three or more At least three joint areas simultaneously have had soft

joint areas tissue swelling or fluid (not bony overgrowth alone)

observed by a physician. The fourteen possible areas

are right or left PIP, MCP, wrist, elbow, knee, ankle,

and MTPjoints
 

 

3. Arthritis of hand joints At least one area swollen (as defined above) in a wrist,

MCP,orPIP joint

4. Symmetric arthritis Simultaneous involvementof the samejoint areas (as

defined in 2) on both sides of the body (bilateral

involvement of PIPs, MCPs, or MTPs is acceptable

without absolute symmetry)
 

5. Rheumatoid nodules Subcutaneous nodules, over bony prominences, or

extensor surfaces, or in juxta-articular regions,

observed bya physician
 

6. Serum rheumatoid factor Demonstration of abnormal amounts of serum

rheumatoid factor by any method for which the result

has beenpositive in <5% of normal control subjects
 

7. Radiographic changes Radiographic changestypical of rheumatoid arthritis on

posteroanterior hand and wrist radiographs, which

must include erosions or unequivocal bony

decalcification localized in or most marked adjacent to

the involved joints (osteoarthritis changes alone do not

qualify)   
 

PIP = proximal interphalangeal joint, MCP =  metacarpophalangeal joint,

MTP = metatarsophalangealjoint
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Newly diagnosed RA patients will typically commence treatment with one or more

DMARDsin combination with analgesics, and patients may also receive intra-articular

or intra-muscular steroid injections in order to rapidly decrease inflammation. Current

ACRguidelines recommendinitiation of drug therapy as quickly as possible to prevent

further joint damage.

Disease activity in RA patients is measured by the disease activity score (DAS) which is

calculated from the most recent ESR measurement, the number of tender and swollen

joints, and a measureof the pain the patient is experiencing (using the visual analogue

score) to give a numerical representation of disease activity. A DAS of < 3.2 is

considered to be low diseaseactivity, and < 2.6 complete remission. A DASof 2 5.1 is

considered high disease activity, and those patients receiving DMARDswhocontinue to

have high disease activity can be prescribed Biologic therapy, usually one of the anti-

TNF drugs, Infliximab, Adalimumab or Etanercept. Biologic therapy has revolutionised

treatment of RA, and around 70% of patients prescribed anti-TNF therapy achieve a

response, whichis classified by EULAR (European League Against Rheumatism) as a

decrease in DAS of 21.2°. New Biologic therapies are now available for the treatment

of those RA patients who do not respond to anti-TNF, including: Rituximab (which

depletes the CD20 positive B-cell population); Abatacept (which blocks T-cell activation

via CTLA-4) and Tocilizumab(an anti-IL-6 receptor antibody).

The patterns of disease activity and progression of disease differ between patients.

Someindividuals will experience rapid onset of symptoms, prolonged disease activity

and severe damagetotheirjoints, whilst other patients will experience milder symptoms

with a much more manageable disease and occasional periods of flare. However,

complete remission of the disease without drug therapyis rare.
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1.2.3 Epidemiology

The Worldwide incidence of RA is approximately 1%, and whilst RA is geographically

distributed in all populations, the disease is more prevalent amongst defined ethnic

groups such as the North American Indians from the Pima (5.3%)°, and Chippewa

(7.1%)"° tribes. RA has very low prevalence in populations in Nigeria (0.05%)"' and

China (0.35%)'*'*, and this may indicate a genetic basis to the development of RA.

However, environmental factors must also be considered, as the prevalence of RA in

British immigrants born in Pakistan is higher (0.3%) than in populations of Pakistanis

living in their native country (0.13%)"*. The current prevalence of RA in the UK overall

is 0.8%'°.

Whilst the exact cause of RA is unknown, several genetic markers of susceptibility have

been identified, and twin studies have identified disease concordance in 12-35% of

16-18 The association between themonozygotic, and 3.5-9% of dizygotic twins

inheritance of the HLA-DR4 and HLA-DR1 haplotypes, and the development of RA has

long been known. The HLA-DR genes encode the B-chain of the MHC Class II

molecule which is responsible for presentation of antigen to T-cells, and these RA

susceptibility alleles share a conserved amino acid sequence (QKRAA, QRRAA or

RRRAA)at position 70-74, known as the shared epitope (SE). Inheritance of one or

more SE alleles has been shownto be associated with development of more severe

disease andis a risk factor for the developmentof anti-CCP antibodies’?”".

Anti-CCP antibodies are directed againstcitrullinated proteins, and are a highly specific

diagnostic marker for RA, being found in less than 5% of people who donot have the

disease””. Citrullination occurs when arginine residues of peptides are converted to
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citrulline via the action of peptidylarginine deiminases. Commonlycitrullinated peptides

identified in rheumatoid arthritis are fibrinogen, alpha-enolase and typeI/II collagen, and

the major cause ofcitrullination in vivo is believed to be smoking**. Around 85% of RA

patients may also be rheumatoid factor (RF) positive. Rheumatoid factor comprises

aggregates of immunoglobulin which are found within the sera and synovial fluid of

some RA patients. The antigenic target of RF is within the Fc region of the

immunoglobulin molecule, and as such RF comprises complexes of IgG and IgM

antibodies, which in turn are implicated in the activation of immunecells**. RF is a less

specific diagnostic marker of RA, as it can be found in the sera of patients with other

auto-immune diseases, such as Sjégrens syndrome, and occasionally in healthy

individuals.

Auto-antibodies can be detected in the sera of individuals many years before the onset

of disease symptoms, and indeed a high titre of auto-antibodies, especially anti-CCP,

correlates with high levels of diseaseactivity and severity of joint destruction’’*’. This

discovery has lead to the suggestion that RA may be classified as two separate

conditions — anti-CCP positive RA and anti-CCP negative RA”.

Genome-wide studies of RA patients have also revealed associations with genes

encoding protein tyrosine phosphatase non-receptor 22 (PTPN22), complement

component 5/TNF receptor-associated factor-1 (C5/TRAF-1), cytotoxic T-lymphocyte

antigen-4 (CTLA-4) and peptidylarginine deiminase-4 (PAD4)*°. However, many

individuals with the genetic susceptibility for developing RA remain disease free, and

conversely individuals who do not possess susceptibility genes develop RA, confirming

the delicate balance between genetic and environmental factors in the developmentof

the disease(figure 1.1).
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CTLA4 Infection
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Figure 1.1: The pathogenesis of rheumatoid arthritis. Auto-immunity in RA begins

many years before the onset of symptoms. Genetic predisposition, coupled with

environmental triggers such as smoking, induce auto-antibody formation and elevation

of serum cytokines leading to activation of an immune response. This immune

responseis targeted at the synovial joint, which becomesinfiltrated with immunecells

resulting in the onset of symptoms.
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1.3. The immune system in RA

Joint inflammation and damage in RA is mediated by the influx of cells of both the

adaptive and innate immune system into the synovial joint space. A rheumatoid jointis

typically swollen, containing excess synovial fluid, and the synovial lining, which in

healthy individuals is only two or three cells in thickness, becomes inflamed,

hyperplastic and enriched with new blood vessels. An invasive tissue or “pannus””is

formed, comprising activated synovial fibroblasts, lymphocytes, macrophages and

neutrophils, which secrete pro-inflammatory mediators such as cytokines, chemokines

and prostaglandins. At the pannus/cartilage interface, osteoclasts become

inappropriately activated, and along with neutrophils and macrophages secrete

proteases which damagecartilage and erode bone. Whilst the trigger or cause of RA

has yet to be identified, it is apparent that disregulation of many elements of the

immune system is implicated in the pathophysiology of RA.

1.3.1 Lymphocytes

T-cells have long been implicated in the pathogenesis of RA, and the synovialfluid

profile of early RA suggests T-cell driven inflammation asit is rich in T-cell derived

cytokines”. Activated T-cells have the ability to stimulate cytokine production by

antigen presenting cells, antibody production by B-cells, and can also initiate

macrophagedifferentiation into osteoclasts*’”. A subset of T-cells, the Th17 cells, have

been shown to secrete interleukin-17 which has numerous effects on the immune

system, including stimulating pro-inflammatory cytokine production, neutrophil

chemotaxis and cartilage degradation”. Defects in suppressor functions of regulatory
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T-cells have also been reported in RA. Abatacept, which directly blocks co-stimulation

of T-cells via CD28/B7 ligands, is an effective Biologic therapy used to treat RA

patients** . However, whilst T-cells may be implicated in disregulation of the immune

response, they have no ability to directly induce cartilage damage or degradation.

B-lymphocytes are involved in the pathogenesis of RA as they can present antigen to

T-cells via MHC Class Il, and can be stimulated to produce cytokines and auto-

antibodies such as RF and anti-CCP®. Rituximab therapy, which depletes CD20° B-

cells, has proved effective in treating RA, particularly in those patients who are

unresponsive to anti-TNF therapy**”.

1.3.2 Macrophages

Activated macrophages contribute to RA by presentation of antigen to T-cells,

production of pro-inflammatory cytokines and chemokines, and through the production

of proteases, such as matrix metalloproteinases (MMPs), which can damage

connective tissue*®. Macrophages can also differentiate into dendritic cells and

osteoclasts, which themselves are implicated in RA. Dendritic cells can function as

antigen presenting cells and secrete cytokines, and may beinvolved in systemic

inflammation associated with RA such as atherosclerosis and plaque formation®?*°.

Expression of RANKL (Receptor Activator for Nuclear Factor kappa-b Ligand) within

synovial tissue can stimulate differentiation of macrophages into osteoclasts.

Osteoclasts actively resorb cartilage and bone by two mechanisms(i) secretion of

hypochlorous acid, which solubilises calcium and demineralises bone, and (ii) secretion

of the protease cathepsin-K which breaks downelastin, collagen and gelatine within the

matrix of the joint*’.
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1.3.3 Synovial fibroblasts

Synovial fibroblasts (synoviocytes) form a protective lining to the joint which is normally

2-3 cells thick, and which secretes plasma proteins and the synovial fluid lubricant,

hyaluronic acid. The cellular lining of the RA synovium, however, is much thicker, and

hyperplastic. Activated RA synoviocytes becomeinvasive and secrete pro-inflammatory

29,32,42
cytokines, prostaglandins, MMPs and cathepsin Synoviocytes also have the

potential to drive osteoclastdifferentiation through the expression of RANKL***°.

1.3.4 Neutrophils

Neutrophils are often over-looked in RA as they are mistakenly believed to be terminally

differentiated cells incapable of protein synthesis. They are, however, found in large

numbers with RA synovial fluid and have the potential to cause much of the damage

observed within rheumatoid joints. The primary function of neutrophils is to kill invading

pathogen such asbacteria, and as such they havethe potential to secrete a cocktail of

reactive oxygen metabolites (or species, ROS) and proteases, which havethe potential

to cause damageto hosttissue if their release is inappropriately triggered. Research

over recent years has shown that RA neutrophils are far from passive, and are

functionally active both in terms of cytokine/chemokine production and expression of

MHCclassII molecules***®. Indeed, an activated neutrophil is able to carry out many of

the functions attributed to macrophages.

Many animal modelsof inflammatory arthritis show that neutrophils are the first immune

cells to enter the arthritic joint, and that early measuresofjoint inflammation correlate to
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neutrophilinfiltration. The K/BxN mouse modelclosely resembles human RA,with mice

developing progressive joint disease, characterised by rapid onset of symmetrical

arthritis in peripheral joints. The pathology of the arthritis that develops in these miceis

similar to RA, with pannus formation, synovial hyperplasia, joint swelling and cartilage

destruction®®. Serum transfer from K/BxN mice can inducearthritis in other mouse

models, and initiates rapid onset of arthritis that is closely associated with influx of

neutrophils into the synovial cavity. Neutrophil-depleted mice are completely resistant

to the inflammatory effects of arthritogenic serum from K/BxN mice*®. In the K/BxN

serum-transfer mouse model, neutrophil-derived leukotriene B, (LTB,) has been

identified as a key mediatorinflammation and cartilage destruction®’, and inhibition of

leukotriene synthesis has also been shownto decrease neutrophil migration into knee

joints of mice with antigen-induced arthritis’. LTB, receptor (BLT1) knock-out also

prevents the development of neutrophil-mediated arthritis in mice injected with K/BxN

serum, and BLT1 blockadein wild-type mice has been shownto reverse K/BxN serum-

induced disease*’. In this study, the transfer of wild-type neutrophils to BLT1 knock-out

mice not only induced the development of arthritis, but also facilitated the influx of

BLT1-/- neutrophils into the joints.

The K/BxN model has also shownthat mice deficient in phospholipase C (PLC)-y or

Vav are resistant to the developmentof arthritis due to defective activation of neutrophil

integrins and Fcy receptors®***. Phosphatidylionositol 3-kinase (PI3K) has been shown

to be integral to the developmentof arthritis following K/BxN serum transfer, and PI3K

knock-down or inhibition significantly diminishes neutrophil infiltration and joint

damage®***. Chemokine receptors have been shown to be essential in neutrophil

recruitment and joint damagein antigen-inducedarthritis, and blockade of the CXCR1/2

receptors decreases neutrophil influx, synovial cytokine production and tissue
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damage*"?”** Depletion of the complement 5a (C5a) receptor protects mice against

the development of antibody- and collagen-induced arthritis, completely inhibiting

cartilage and bone erosion, and suppressing neutrophil infiltration to the joint®*°°.

G-CSF has been identified as a key mediator of neutrophil adhesion and joint

infiltration, and G-CSF knockout mice are resistant to collagen-induced arthritis®’.

Interleukin-17 has also been shownto inducesignificant neutrophil joint infiltration and

cartilage damage in models of immune-complex mediated arthritis, which may be a

direct effect, or due to the upregulation of other neutrophil chemoattractants”.

1.4 The neutrophil in RA

The evidence for the involvement of neutrophils in rheumatoid arthritis is strong.

Neutrophils are by far the most abundant immunecell in synovial fluid aspirated from

the rheumatoid joint, comprising > 80% of the white cell population, and numbers can

be in excess of 10 million cells per mL of synovial fluid. Neutrophils have also been

63-66observed at the pannus/cartilage interface whichis the site of active cartilage and

bone destruction. Neutrophils are relatively short-lived cells, entering apoptosis after

only 12-18 h in the circulation, but their apoptosis may be delayed for several days

67,68
rn.within the synovial join Neutrophils aspirated from RA joints show an activated

46.6971 Analysis ofphenotype, both in terms of mRNA upregulation and ROS production

paired blood and synovial neutrophils confirms that synovial neutrophils have lower

intracellular levels of granular enzymes, such as myeloperoxidase, suggesting they

have released their granular enzymes within the synovial joint”.
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The neutrophil undergoes numerous physiological changes in its progression from a

resting cell within the peripheral blood to an activated synovial neutrophil. Normally,

neutrophils circulate the blood in a resting state, only becoming functional when the

body is challenged by an invading pathogen. Agents such as cytokines or bacterial

proteins released from the site of infection “prime” the neutrophil, a complex processin

whichintracellular stores of proteins, receptors and adhesion molecules are mobilised

to the plasma membrane in order to enable the neutrophil to adhere to and pass

through the endothelial cells of the blood vessel, and migrate towards the site of

infection along a chemotactic gradient. At the site of infection, the pathogen will be

recognised by the neutrophil, phagocytosed and killed. In the case of rheumatoid

arthritis, there is no invading pathogen to initiate neutrophil activation. However,

cytokines which are inappropriately produced during the auto-immune process can

invoke neutrophil priming, adhesion and chemotaxis towardsinflamedjoints.

1.4.1. Priming

Neutrophils circulate in a resting state, probably to ensure that their toxic intracellular

anti-bacterial contents are not accidentally released to damage host tissue. However,

the storage (rather than synthesis) of these anti-bacterial molecules enables a rapid

cellular response to invasion by a pathogen(s). Numerous agents can induce

neutrophil priming and these include both bacterial peptides and cytokines/chemokines

e.g. TNF-a, GM-CSF,interleukin-8 and interferon-y’*. As many of these cytokines are

elevated in auto-immune conditions such as RA, this too can result in (inappropriate)

priming of blood neutrophils.
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The priming process induces a numberof physical changesto the neutrophil, including:

- Mobilisation of intracellular stores of receptors, adhesion molecules and components

of the NADPH oxidase complex to the plasma membrane

- Changesto theintracellular cytoskeleton and polarisation of the cell

- Activation of signalling cascades, leading to upregulation of mRNA and protein

synthesis

- Stabilisation / synthesis of proteins that regulate apoptosis, extending the life-span of

the cell

Once primed, the neutrophil is mobilised to the site of infection/inflammation, butwill

require a further activating signal in order to initiate killing, e.g. binding of opsonised

bacteria. This is a further check-point in neutrophil activation which prevents accidental

release of toxic intracellular molecules. However, in RA, conditions within the

rheumatoid joint, such as deposits of immune complexes on the joint surface, may

induce degranulation of neutrophils thus inducing damageto hosttissue.

1.4.2 Rolling and adhesion

Neutrophil migration towards inflamed tissue involves rolling, adhesion and

transmigration through the endothelial blood vessel walls. Adhesion proteins such as

L-selectin on the surface of the primed neutrophil interact with ligands expressed on the

surface of endothelial cells (such as E- and P-selectin, and P-selectin glycoprotein

32



ligand-1 (PSGL-1)). This allows the neutrophil to become loosely tethered to the

endothelium, leading to polarisation of the cell, with L-selectin being redistributed into

clusters at the trailing edge of the cell. As the neutrophil rolls along the endothelium,

L-selectin is shed via the action of enzymes of the ADAM (a disintegrin and

7’*7> which are mobilised tometalloproteinase) family, including ADAM-8 and ADAM-1

the plasma membrane from neutrophil granules during priming. Tethering of the

neutrophil to the endothelium, via L-selectin, induces conformational changesin integrin

adhesion molecules including VLA-4 (very late antigen-4, a48,-integrin, CD49d/CD29b),

LFA-1 (lymphocyte function-associated antigen-1, oB2-integrin, CD11a/CD18) and

MAC-1 (macrophage antigen-1, ayB2-integrin, CD11b/CD18). Integrins engage with

adhesion molecules on the surface of endothelial cells, such as ICAM (intercellular

adhesion molecule) -1 and -2, VCAM-1 (vascular cell-adhesion molecule-1) and

MADCAM-1 (mucosal vascularcell-adhesion molecule-1), leading to high affinity ligand-

binding and stronger adherence of neutrophils to the endothelium’. Rolling arrestis

mediated by binding of chemoattractants such as IL-8 to neutrophil receptors following

high affinity adherence to the endothelium’””’.

In an in vitro model of rheumatoid arthritis, synovial fibroblasts co-cultured with

endothelial cells induced neutrophil adhesion to the endothelial cells. Neutrophil

adhesion was decreased by the addition of antibodies to block E-selectin and P-

selectin, and was abolished by anti-MAC-1 antibodies’’. Blockade of the chemokine

receptor CXCR2, which binds to chemokines suchasinterleukin-8, and neutralisation of

interleukin-6 in culture supernatant, also inhibited neutrophil adhesion’”’. Neutrophils

from RA patients have also been shown to express higher levels of MAC-1 than

neutrophils from healthy controls, and synovial fluid neutrophils have been shown to

express higher MAC-1 levels than paired blood neutrophils*™*’.
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Activation of neutrophil integrins, either by endothelial- or soluble-ligands (e.g. soluble

ICAM-1), can also initiate phagocytosis, degranulation and ROS production®?®>.

Engagement of MAC-1 with C3bi complement-opsonised bacteria leads to

phagocytosis of the pathogen and initiates the respiratory burst, degranulation and

apoptosis of the neutrophil®*®*. Conversely, activation of LFA-1 and MAC-1 by ICAMs

leads to activation of protein kinases, and increased activity of transcription factors such

as NF-«B (Nuclear Factor Kappa-light-chain-enhancerofactivated B cells)**°°, delaying

apoptosis and extending thelife-span of the cell during transmigration®"®?.

1.4.3. Transmigration

In order to leave the bloodstream and migrate towards the site of inflammation,

neutrophils must penetrate and pass through the endotheliallining of blood vessels and

the surrounding tissue in a process termed diapedesis (figure 1.2). Following rolling

arrest and strong adhesion to the endothelium, neutrophils migrate through the

junctions between neighbouring endothelial cells (paracellular migration) using surface

ligands including ICAM-2, PECAM-1 (platelet/endothelial-cell adhesion molecule-1) and

proteins of the JAM (junctional adhesion molecule) family®. Homophilic and integrin

interactions between surface ligands on the neutrophil and the endothelial cells, enable

the neutrophil to squeeze through the endothelial wall of the blood vessel. Neutrophil

transmigration appears to be stimulus-specific, and PECAM-1, ICAM-2 and JAM-A

have been shown to mediate neutrophil transmigration in response to IL-1f, but not

TNF-a.
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Neutrophil transmigration may also be transcellular, with a small minority of neutrophils

penetrating and passing through poresin the cytoplasm of endothelial cells. Ligation of

integrins to ICAM-1, under conditions of high ICAM-1 expression and density, has been

shown to mediate the formation of actin and vimentin channels in the endothelial

cytoplasm through which neutrophils can pass”.
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Figure 1.2: Neutrophil diapedesis. In order to pass from the peripheral blood to the

site of inflammation, the neutrophil adheres to the endothelial wall using selectins,

integrins and adhesion molecules. Rolling arrest precedes transmigration through the

endotheliallining of the blood vessel, and chemotaxis to sites of inflammation.
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1.4.4 Chemotaxis

Once neutrophils have left the circulation and passed through the endothelium, they

migrate towards inflamed tissue along a chemotactic gradient. Many cytokines found

within the synovial fluid of rheumatoid arthritis patients have been shown to be potent

inducers of neutrophil chemotaxis, including TNF-o, IL-1f, and IL-8°°. Exposure of

neutrophils to chemoattractants such as fMLP (N-formylmethionyl-leucyl-phenylalanine)

and C5a induces cellular polarisation and formation of actin-rich pseudopodia at the

leading edge of the cell. Chemokine receptors and protein kinase B (AKT) are rapidly

polarised to the leading edge of the plasma membrane”, under the control of the

guanosinetriphosphatase (GTPase) Rac-1, enabling detection of the chemoattractant

gradient. The Rac-2 isoform of the GTPase is the primary regulator of the actin

assembly required for chemotactic motility®’.

1.4.5 Plasma membranereceptors

The priming process increases the abundance and activity of receptors on the

neutrophil plasma membrane, enabling rapid recognition, phagocytosis and activation

of bacterial killing. The bacterial peptide fMLP is a potent chemoattractant and activator

of primed neutrophils, and expression of the fMLP receptor on the neutrophil plasma

membraneis increased several fold following priming. In addition, priming enhances

the number and activity of complement receptors, including CR1 and CR3, enabling

recognition of opsonised bacteria’. Priming also increases the number of

immunoglobulin receptors on the neutrophil plasma membrane, principally the Fey

receptors, and the expression of these receptors is implicated in neutrophil activation in
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RA. Fcy receptors bind immunoglobulins such as rheumatoid factor, and may be

responsible for neutrophil-mediated damage within the synovial joint.

Neutrophils express three types of Fcy receptor: FcyRI (CD64), FcyRIl (CD32) and

FcyRIll (CD16). FeyRI is a high affinity IgG receptor that binds monomeric IgG. It is not

expressed on resting blood neutrophils but can be induced by cytokines such as

interferon-y, and is seen on neutrophils isolated from the synovialfluid of RA patients”’.

FcyRIl is constitutively expressed by neutrophils, and binds monomeric IgG with low

affinity, but has much higher affinity for dimers or aggregates of IgG. The FcyRlla

isoform is an activating receptor, which is upregulated by priming agents such as TNF-a

and GM-CSF'®. The FeyRIlb isoform generates an inhibitory signal, and a defect in

FcyRIlb function is associated with increased disease severity and joint erosions in RA

patients’’’. Treatment with Infliximab has been shown to induce a switch between

expression of the FcyRIl -a and —b isoforms in blood neutrophils from RA patients,

102resulting in improvements in disease activity FcyRIll binds complexes of IgG with

low affinity, and the FcyRIllb isoform of the receptor, which is exclusively expressed on

neutrophils, is highly abundant with 100,000 - 200,000 receptors percell. FcyRIllb is

constantly shed by activated neutrophils, but intracellular stores of the receptor are

mobilised during priming to maintain expression’. Decreased FcyRIllb expression, via

shedding, is associated with neutrophil apoptosis".

Engagement of IgG immune complexes with either FcyRlla or FcyRIllb initiates very

different functional responses in neutrophils. Signalling via FcyRlla_ initiates

chemotaxis, phagocytosis and killing when neutrophils are challenged with serum-

opsonised bacteria. However, FcyRIllb has been shownto play a pivotalrole in the
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secretion of ROS in response to immune complexes,butlittle or no role in phagocytosis

or killing of serum-opsonised bacteria'®®. Indeed, neutrophils from individuals who are

genetically deficient in FcyRIllb show no impairment in bacterial phagocytosis or

killing’. Activation of neutrophils by immune complexesis believed to be one of the

mechanisms of joint damage in RA, and the discovery that blocking signalling via

FcyRIllb ablates neutrophil activation by immune complexes without compromising host

defenceidentifies this receptor as a potential therapeutic target’.

Neutrophils also express toll-like receptors, which are key mediators of the innate

immune response to extracellular pathogens. Toll-like receptors (TLRs) recognise

bacterial and viral products, such as lipoproteins (including LPS), glycolipids, DNA,

RNA andproteins such asflagellin. In humans, the TLR family includes ten different

receptors, and neutrophils have been shownto express all except TLR-3'%""°. TLR-2

and -4 have been shownto play a critical role in the initiation and control of the

neutrophil response to LPS, including upregulation of adhesion molecule expression,

phagocytosis, ROS generation, stimulation of IL-8 production, and increased gene

expression andcell survival via the activation of NF-xB signalling'"'""”.

1.4.6 Intracellular-signalling mechanisms

Intracellular signalling within neutrophils is modulated by the binding of an agonist

(soluble or particulate) to receptors on the plasma membrane. Receptor binding

initiates a signalling cascade, involving second messengers, kinases andtranscription

factors, which ultimately results in activation of the cell.
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GTP-binding proteins (G-proteins): G-proteins mediate intracellular signalling by

activation of guanine triphosphate (GTP), via hydrolysis of guanosine diphosphate

(GDP), and exist in either monomeric or heterotrimeric forms. Heterotrimeric G-proteins

are associated with membranereceptors and comprise a large a-subunit (39-52 kDa), a

B-subunit (35-36 kDa) and a smaller, y-subunit (<10 kDa). Activation of the receptor

initiates dissociation of the a- subunit which translocates within the plasma membrane

to activate target enzymes such as adenylate cyclase and phospholipases'*"™.

The B- and y- subunits remain tightly associated with each other, and can activate ion

channels and, more specifically, PI3K-y and PLC-B which play a keyrole in chemotaxis

"15-118 Low molecular weight G-proteins such asras, raf andand superoxide production

rho proteins can be activated within the cytoplasm and also bind GTP and possess

GTPaseactivity.

Phospholipase activation. Phospholipases are downstream targets of G-protein

activation and cleave membrane phospholipids to initiate signalling. PLC activation

hydrolyses phosphatidylinositol 4,5-bisphosphate (PIP2) to produce inositol 1,4,5-

triphosphate (Ins 1,4,5-P3), which induces the release of calcium from intracellular

stores, and diacylglycerol (DAG), which activates protein kinase C (PKC)'”.

Phospholipase Az (PLA) induces the release of arachidonic acid (AA) from membrane

phospholipids. AA is a substrate for cyclo-oxygenase and lipoxygenase enzymes,the

activation of which results in the production of inflammatory mediators including

prostaglandins and leukotrienes. Phospholipase D (PLD) activation also results in the

release of DAG,via the production of phosphatidic acid”.
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Cytosolic calcium: Neutrophil function is highly dependent upon calcium, which is both

stored in intracellular “calcisomes”, and obtained from the extracellular environment.

Calcium is liberated from calcisomes by Ins 1,4,5-P3, which may also function in the

activation of calcium influx channels on the plasma membrane''’. Cytosolic free

calcium is essential for oxidant production, in combination with DAG and PKC, and

cytoskeletal remodelling, such as actin polymerisation.

Protein kinases: Many neutrophil priming agents initiate phosphorylation of target

proteins by kinases. Spleen tyrosine kinase (SYK) is a cytoplasmic protein that

mediates signal transduction from integrin molecules and Fcy receptors, leading to

activation of PI3K, mitogen-activated protein kinase (MAPK), extracellular signal-

regulated kinase (ERK) and PKC pathways’””’*". The PI3K, ERK and MAPK pathways

control phosphorylation of proteins involved in phagocytosis, activation of the

respiratory burst and a delay in apoptosis'**, and initiate gene expression by

transcription factors such as NF-«B and activator protein-1 (AP-1). Janus kinases

(JAK) initiate signal transduction via the signal transducers and activators of

transcription (STAT) protein family, and JAK/STAT signalling is critical in

123 Protein kinase-granulopoiesis, and in chemotactic responses in mature neutrophils

A, -B (also known as AKT) and -C also activate many of the proteins necessary for

neutrophil activation.
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1.5 Neutrophil-mediatedjoint destruction

The primary role of neutrophils is in the defence against invading pathogens such as

bacteria. As such, they contain an arsenalof intracellular weapons which can be used

in the destruction of an invading organism. Normally, when a neutrophil is attracted to

the site of inflammation, surface receptors engage complement or immunoglobulins on

the surface of opsonised bacteria. This results in the formation of pseudopodia,

phagocytosis of the pathogen, and destruction within the intracellular phagosome’

(figure 1.3A). However, when a rheumatoid neutrophil arrives at the site of

inflammation — in the case of RA, the inflamed synovial joint — there is no invading

pathogen present. What the RA neutrophil encounters at the site of inflammation is

aggregates of immunoglobulins (e.g. rheumatoid factor), both within the synovial fluid

and deposited on the surface of the joint. These complexes of immunoglobulins

engage Fcy receptors, and trigger activation. Once activated, the neutrophil can

mediate damageto host tissue by degranulation and production of ROS either into the

synovial fluid, or directly onto the surface of the joint in a process termed “frustrated

phagocytosis”’”’.

Frustrated phagocytosis is a term used to describe the attachment of neutrophils to a

large, non-phagocytosable surface, such as the surface of the pannus/cartilage (figure

1.3B). Immunoglobulins on the surface of the joint bind to Fc receptors on the surface

of the neutrophil, triggering activation. However, the neutrophil is unable to engulf the

host tissue as it would bacteria, resulting in the incomplete formation of a phagosome.

This provides a microenvironment where the neutrophil is activated to degranulate

directly onto the surface of the joint, releasing ROS and proteases which can damage

host tissue. In addition, hypochlorous acid released into the tissue surrounding the
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neutrophil protects granular proteases from the anti-proteinases found within synovial

fluid. Evidence for frustrated phagocytosis is supported by histological evidence of

neutrophils invading cartilage at the pannus/cartilage interface of joints from patients

63-66with rheumatoid arthritis’’~°, and detection of neutrophil granule enzymes such as

myeloperoxidase and lactoferrin in synovial fluid’*"”°.

Oxidative stress caused by the inappropriate release of ROS by neutrophils is

implicated in the pathology of RA, and neutrophils isolated from RA synovialfluid show

evidence of having initiated ROS production in vivo”. Oxygen radicals have been

shown to cause damageto DNA,oxidation oflipids, proteins and lipoproteins, and may

be implicated in mutations to immunoglobulins resulting in the formation of rheumatoid

factor'2”"12°

Clinical studies have identified correlations between markers of oxidative damage, low

serum levels of antioxidant enzymes and RA disease activity’. Improvements in

serum markers of oxidative damage have been shownin patients receiving anti-TNF

therapy'*', and anti-oxidant dietary supplementation has been demonstrated to be

beneficial to RA patients, leading to lower diseaseactivity’*.
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Figure 1.3: Neutrophil phagocytosis. (A) Image of a neutrophil phagocytosing

bacteria (black spheres), reproduced with permission®’. Bacteria are recognised by

neutrophil receptors, engulfed in a phagosomeandkilled by the release of ROS and

granule enzymes. (B) Neutrophil-mediated tissue damage byfrustrated phagocytosis.

Activated synovial neutrophils bind to immune complexes on the surfaceofthe cartilage

and unsuccessfully initiate phagocytosis, causing secretion of ROS and proteases

directly onto the surface of the joint. Synovial neutrophils may also secrete ROS and

proteases in responseto soluble agonists. Hypochlorous acid (HOCI) secreted by the

neutrophil provides protection from anti-proteinases presentin synovial fluid.
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1.5.1 Production of Reactive Oxygen Metabolites

Reactive oxygen species are generated via the action of the NADPH oxidase. A resting

neutrophil has very little capacity to produce ROS, as the NADPHoxidase is a multi-

component enzyme which is assembled at the plasma membraneonly upon priming or

activation of the cell.

There are at least six components of the oxidase: p22" and gp91°"™ (which comprise

cytochromebss), p40°"™, p47°"™, p67" and rac-2. Around 90% of cytochromebegs is

located on the membranesof specific- and gelatinase-granules and secretory vesicles

in resting cells, and its components, p22°"™ and gp91°"™, are rapidly mobilised to the

plasma membrane during priming by TNF-cor GM-CSF. The cytosolic phox

(phagocyte oxidase) components of the oxidase, p40°"%, p47" and p67"are

inactive in the cytosol of resting cells. However, upon priming they are rapidly

phosphorylated by protein tyrosine kinases and mobilised to the plasma membrane

133-143
where they complex with cytochrome bess . Finally, the GTPase Rac-2 is released

from its complex with rho-GDI to become activated whereuponit interacts with the

67°"componentof the membrane-assembled NADPHoxidase (Figure 1.4A)'*"*°.

Each component of the NADPHoxidase is essential for oxidase activity, and this is

clearly demonstrated in individuals with chronic granulomatous disease, a rare genetic

condition caused by defects in one or more of the oxidase components. Thesepatients

suffer from recurrent bacterial and fungal infections and often develop granulomas

containing neutrophils and monocytes which have phagocytosed bacteria but are

unable to destroy them dueto defective NADPH oxidase activity’.
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Uponactivation of the neutrophil, e.g. phagocytosis of bacteria, the assembled NADPH

oxidase catalyses the reduction of O2 to the superoxide radical Oz in the following

reaction:

NADPH + 20, — 20,° + H* + NADP*

The superoxide radical is unstable, and rapidly dismutates either spontaneously or

enzymatically into hydrogen peroxide (H2O2), or in the presenceof iron or coppersalts

may form the hydroxyl free radical (HO*) via the Haber-Weiss reaction. Whilst the

superoxide radicalitself is relatively inactive, the hydroxyl radical is extremely reactive

and is implicated in DNA mutation/modification, enzyme inactivation and lipid

147.148 Hydrogen peroxide is membrane-permeable and microbiocidal atperoxidation

high concentrations, and is also the substrate of myeloperoxidase whichis stored within

azurophilic neutrophil granules, and which catalyses the conversion of hydrogen

peroxide to hypochlorous acid (HOCI) (Figure 1.4B). HOCI is a potent microbiocidal

agent, able to disrupt protein signalling and DNA synthesis, either directly or via the

production of chloroamines"*?'°°.

Despite the generation of acidic compoundsduring the respiratory burst, the pH within

the phagosometransiently rises from pH 6 to around pH 7.8. Protons are consumed

during the formation of HzO. and HO’, and K" ions are actively pumped into the

phagosomebycalcium-activated K* channels, to compensatefor the influx of electrons

during NADPHoxidaseactivity. This results in a transient increase in local pH, and a

hypertonic K*-rich environment, which releases and activates granule proteases, such

as elastase and cathepsin G'*""*°.
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Figure 1.4: Priming facilitates assembly of the components needed for the

neutrophil respiratory burst. (A) The NADPH oxidase is assembled from membrane

cytochrome bsss (gp91 and p22), cytosolic p40, p47" and p67", and the

rac-2 GTPaseuponreceipt of a priming signal, e.g. TNF-a, GM-CSF. (B) Activation of

the respiratory burst generates ROS production (O2, HO*, 'O. and H202) by the

NADPHoxidase and hypochlorous acid (HOCI) via the action of myeloperoxidase.
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1.5.2 Neutrophil granule enzymes

Neutrophil granules contain a variety of proteases that are used for bacterialkilling, but

which may also be implicated in damageto host tissue in RA. Azurophilic (or primary)

granules contain myeloperoxidase and the proteinases cathepsin G, elastase and

proteinase 3. The anti-bacterial proteins BPI (bacterial/permeability increasing protein),

defensins and lysozyme are also located in azurophilic granules. Specific (or

secondary) granules contain lactoferrin, lysozyme and the MMPs, collagenase (MMP-8)

and gelatinase (MMP-9). Gelatinase (or tertiary) granules contain gelatinase, but not

lactoferrin. With the exception of azurophilic granules, neutrophil granules and

secretory vesicles also contain stores of cytochrome bssg and membraneproteins such

as complement receptors, Fcy receptors, integrins etc, which can be rapidly mobilised

to the plasma membraneuponpriming (Figure 1.5). Neutrophil granules have a distinct

hierarchical order of release: secretory vesicles are mobilised first, followed by

gelatinase- and specific-granules, and finally azurophilic granules”.

Neutrophil elastase has been shown to be present at elevated levels in RA synovial

fluid. This can diminish the lubricative effect of synovial fluid through degradation of

lubricin'®* and may function in concert with collagenase in the destruction of cartilage by

the removal of the proteoglycan protection on collagen fibre’®’. Lactoferrin is found in

the synovial fluid of RA patients’*°, and has been shownto delay neutrophil apoptosis

126.187 Collagenase and gelatinaseand increase neutrophil adhesion to the endothelium

are found in RA synovial fluid and are also implicated in damage to the collagen

matrix’®*"*°  Proteinase-3 is the main target of the anti-neutrophil cytoplasmic

antibodies (ANCA)associated with Wegener's granulomatosis, and elevated membrane

expression of proteinase-3 is associated with conditions such as RA and vasculitis ©”.
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Figure 1.5: Summary of neutrophil granules and their contents. Neutrophil

granules are mobilized upon priming of the cell: secretory vesicles are mobilisedfirst,

followed by gelatinase- and specific-granules, andfinally azurophilic granules.
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1.6 Neutrophils driving inflammation

1.6.1 MHC Class Il

Activated neutrophils possess the potential to drive inflammation by the production of

cytokines and chemokines, and through antigen presentation to T-cells via MHC Class

Il. Expression of MHC Class II molecules in neutrophils from healthy donors can be

induced by culture in the presence of GM-CSF,interleukin-3 and/or interferon-y and is

highly donor-dependent’®''®*. Activation of neutrophils in vitro by fMLP, LPS

(lipopolysaccharide) or PMA (phorbol myristate acetate), or by cross-linking of the

B.-integrin MAC-1, has also been shown to induce rapid expression of MHC ClassIl,

together with T-cell co-stimulatory molecules (CD80 and CD86) by mobilization of

163,164cytoplasmic stores to the plasma membrane Cross-linking of neutrophil MHC

Class II by super-antigens has also been shownto increaseinterleukin-8 production by

neutrophils’®.

Neutrophils isolated from the synovial fluid of RA patients have been shownto express

MHC Class II, CD80 and CD86,to transcribe and express MHC Class II molecules in

culture, and are able to stimulate T-cell proliferation®®. Indeed, the level of expression

of MHC Class II and co-stimulatory molecules on neutrophils from synovial fluid has

been reported to be equivalent to or greater than the levels of expression on monocytes

and B-cells'®*. These data clearly indicate that activated neutrophils may contribute to

antigen presentation, and subsequent T-cell activation and proliferation within the joint.
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1.6.2 Production of inflammatory mediators

Alongside their ability to present antigen, activated neutrophils have been shown to

actively transcribe and secrete cytokines, chemokines, leukotrienes and prostaglandins,

and by virtue of their accumulation in large numbers within the synovial joint may

contribute significantly to the high concentrations of inflammatory mediators found

within synovial fluid. In particular, neutrophils have been shown to synthesize and

secrete interleukin-8 in response to a numberof stimuli, including TNF-« and GM-

CSF**18°"68 and as interleukin-8 is a potent neutrophil chemoattractant, this proposes

one mechanism by which neutrophils can perpetuate inflammation. Activated

neutrophils have also been reported to synthesize interleukin-1, -1ra, -6, -12,

transforming growth factor-8 (TGF-8), TNF-a and oncostatin M‘'?'” which can

subsequently activate both neutrophils and other cells of the immune system.

Neutrophils also produce leukotrienes and prostaglandins, especially LTB, and

prostaglandin E,(PGE;), which are synthesized from arachidonic acid by lipoxygenases

and cyclo-oxygenases respectively. LTB, is a neutrophil chemo-attractant, and can

promote neutrophil adherence and migration by upregulation of MAC-1'7°"’". PGEp,

conversely, has a largely anti-inflammatory effect on neutrophils, inhibiting PLD activity

and increasing intracellular cyclic-AMP (adenosine monophosphate) concentrations.

This leads to a decrease in calcium influx, loss of NADPH oxidase assembly and lower

178-180
levels of endothelial adhesion and chemotaxis PGE, has, however, been

reported to delay neutrophil apoptosis'®’.
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1.7. Resolution of inflammation by apoptosis

Neutrophils comprise around 40 — 60% of the total white blood cell population. They

are producedin large numbersdaily and in a healthy adult, the neutrophil poo! numbers

around 2x10"° cells. Neutrophil life-span is closely regulated, and resting peripheral

blood neutrophils normally undergo apoptosis within 12-18 h*’. However, the number

of neutrophils in the circulation may rapidly increase during inflammation. Neutrophils

which have become primed and migrated to sites of infection undergo molecular

changes which extendtheir life-span by many hours, in order to carry outtheir role in

bacterialkilling. Likewise, neutrophils which have migrated towards inflammation (e.g.

within the rheumatoid joint) display molecular changes associated with a delay in

apoptosis, and accordingly have an enhanced potential to mediate damage to the

joint®®18718

Resolution of inflammation by apoptosis prevents secondary necrosis of old or effete

cells, which would otherwise result in the rupture of the plasma membrane, releasing

toxic intracellular proteases into surrounding tissue. Apoptosis is a well-defined

biological process, characterized by condensation of the chromatin in the nucleus,

fragmentation of the nucleus into membrane bound segments, degradation of

intracellular DNA and proteins, and shrinkage of the cell. As such, apoptotic neutrophils

have a distinct morphology (figure 1.6). The characteristic, multi-lobed, polymorphic

nucleus becomes condensed and rounded, granules are no longer apparent, and the

cell becomes smaller and non-functional. Plasma membrane expression of CD31

(PECAM-1), CD50 (ICAM-3), CD16 (FcyRIllb), CD32 (FeyRila), and the CD15 adhesion

molecule decrease, and the apoptotic marker phosphatidylserine is externalised,

allowing recognition and removalof apoptotic cells by macrophages'*'1°%1°4787,
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Figure 1.6: Neutrophil morphology. (A) Cytospin of blood neutrophils, showing multi-

lobed, polymorphic nucleus. An apoptotic neutrophil is indicated with an arrow. The

nucleus has condensed,the cell is smaller and is no longer functional. (B) Cytospin of

synovialfluid whole cell population showing a macrophage which has phagocytosed an

apoptotic neutrophil, indicated by an arrow. A non-apoptotic neutrophil can be seen to

the right of the macrophage.

Deficiencies in the resolution of inflammation by apoptosis are implicated in the

pathogenesis of RA. Apoptosis is controlled by two distinct signalling pathways —

intrinsic, and extrinsic — and is initiated either due to cellular stress, such as DNA

damageor growth factor withdrawal, or upon receipt of a “death signal’ from a specific

ligand binding to a “death receptor” on the surface of the cell. Both these pathways

culminate in activation of caspases (cysteine-aspartic acid proteases), which cleave

intracellular proteins culminating in the death of the cell. Caspases are present within

the cell in an inactive, pro-caspase form, andinitiation of apoptosis results in a caspase

cascade, where activated caspases cleave and activate other pro-caspase molecules.

Disregulation of either or both these apoptotic pathways mayresult in the persistence of

chronic inflammation within the synovialjoint.
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1.7.1 Intrinsic pathway to apoptosis

The intrinsic apoptotic pathwayinitiates apoptosis in response to cellular stress or

damage,and is controlled by proteins of the Bcl-2 (B-cell leukaemia-2) family. These

proteins are either pro- or anti-apoptotic and have degrees of homology with each other

(figure 1.7). The delicate balance betweenthe level and activity of these pro- and anti-

apoptotic proteins within a cell governits life-span.

 

Anti-Apoptotic
   

e.g. Bcl-2, Bcl-x,,

Bcl-w, Mcl-1, A1/Bfl-1

BH3 tah ty ™ Promoters:

e.g. Bax, Bak

Ete aime Activator BH3proteins:
e.g. Bid, Bim, Puma

BH3 ™ Inactivator BH3 proteins:

e.g. Bad, Noxa  
Figure 1.7: The Bcl-2 family of proteins. All members of the Bcl-2 family share a

degree of homology with Bcl-2 (Bcl-2 homology (BH) domains) and most contain a

transmembrane (TM) anchor at the c-terminus. Bcl-2 proteins have either a pro- or

anti-apoptotic function, and whilst there is homology between Bcl-2 proteins, each have

subtle structural differences that allows each memberto conduct a distinct functional

role. The pro-apoptotic proteins are further categorised as promoters of mitochondrial

permeabilisation, activator BH3-only proteins or inactivator BH3-only proteins (see text

for details).
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Neutrophils constitutively express stable levels of the pro-apoptotic proteins Bak, Bax,

Bad and Bid, and as suchit is the levels of the anti-apoptotic proteins that control

neutrophil apoptosis. The proteins Bcl-2, Bcl-x, and Bcl-w are not detectable in

neutrophils, and A1/Bfl-1 is only detectable as mRNA,but not as protein'**"*°. The key

regulator of neutrophil apoptosis appears to be the anti-apoptotic protein Mcl-1 (myeloid

cell leukaemia-1), which is expressed at high levels in freshly isolated cells, but which

has a short half life of around 2-3 h. Mcl-1 is highly regulated by post-translational

modification, such as phosphorylation and ubiquitination, and cellular levels of the

protein correlate closely with apoptosis'°*"®.

The Mcl-1 protein is much larger than other Bcl-2 family members (42/44 kDa

compared to 22/24 kDafor other Bcl-2 proteins), and multiple phosphorylation residues

located within its PEST regions (P-proline, E-glutamic acid, S—serine, T—-threonine)

regulate Mcl-1 stability and function’. Mcl-1 phosphorylation is regulated by signalling

through the PI3K/AKT and MEK/ERKpathways, and cytokines such as GM-CSF and

IL-1B have been shown to increase translation and/or stability of Mcl-1 through

phosphorylation, resulting in delayed apoptosis. Hyperphosphorylation of Mcl-1, on the

other hand, may induce more rapid turnover of the protein and accelerate

apoptosis'*?"®. Mcl-1 is degraded either via ubiquitination and proteasomeprocessing

or by caspase cleavageat the aspartic acid residues Aspi25 and Aspis7. Therapeutic

agents, such as sodium salicylate, have been shown to induce Mcl-1 degradation in

vitro’.

Mcl-1 exerts its anti-apoptotic role via sequestration of pro-apoptotic Bcl-2 family

members Bax and Bak. Whilst the detailed ways in which individual members of the

Bcl-2 family interact have yet to be fully determined, the current hypothesis is that Bax
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and Bak oligomerisation at the mitochondrial membraneis initiated by activator BH3

proteins e.g. Bid, Bim, Puma. Under survival conditions, activator BH3 proteins are

sequestered by anti-apoptotic proteins such as Bcl-2, Mcl-1 and Bcl-x, (in the case of

neutrophils, Mcl-1 only) until conditions of stress, whereupon inactivator BH3 proteins

such as Bad and Noxa antagonize the anti-apoptotic proteins (Noxa to Mcl-1, and Bad

197-200 The activator BH3 proteins thento Bcl-2 or Bcl-x.) releasing Bid/Bim/Puma

initiate conformational changesin, and homo- or hetero-oligomerisation of, Bax and Bak

which leads to mitochondrial outer membrane permeabilisation (MOMP)**'”.Initiation

of MOMPleadsto leakage of mitochondrial proteins, including cytochromec, into the

cytoplasm, and cytochromec together with caspase-9 and Apaf-1 (apoptotic protease-

activating factor-1), form the apoptosome. Formation of the apoptosome initiates

activation of caspase-3 and the subsequent caspase cascade which results in

macromolecular breakdown and, eventually, apoptosis” (Figure 1.8A).

204-207As well as being implicated in many cancers , Mcl-1 plays a key role in the

pathophysiology of inflammatory disorders, and has been shownto be elevated in

208 9synovial fibroblasts”, macrophages”? and lymphocytes”"°, as well as neutrophils”

from inflammatory arthritis patients. Disregulation of Bcl-2 family signalling in RA has

also been shownto include increased expression of Bax and Bcl-x, in synoviocytes*"'

and B-cells?’”, and Bcl-2 in CD4+CD28- T cell clones*"* and RA synovialtissue?"
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1.7.2 Extrinsic pathway to apoptosis

The extrinsic pathway to apoptosis is initiated by the binding of a ligand to a death

receptor on the plasma membraneof a cell. The major death receptors include Fas,

TRAIL (TNF-related apoptosis inducing ligand) receptors —1 and —2, and TNF receptors

-1 and -2. Engagementof a death receptor with its ligand (e.g. FasL, TRAIL, TNF-a)

induces recruitment of intracellular death domains (e.g. FADD, Fas-associated death

domain; TRADD, TNF receptor-associated death domain), which engage death effector

domains (DED) with pro-caspase-8 to form a death-inducing signaling complex (DISC).

DISC formation activates caspase-8 and initiates activation of caspase-3 which

215-217
culminates in the caspase cascade, macromolecular breakdown and apoptosis

(Figure 1.8B).

Some cross-talk exists between theintrinsic and extrinsic apoptotic pathways,as Bid is

a cleavage target of caspase-8, andits truncated form tBid is an activator BH3 protein,

which facilitates Bak/Bax oligomerisation and MOMP?"®. In addition, Mcl-1 is also a

target of caspase-8 cleavage via extrinsic signalling, with loss of Mcl-1 resulting in

apoptosis via the intrinsic apoptotic pathway'*>'%°.

Inhibition of apoptosis and death receptor signaling is implicated in the pathogenesis of

rheumatoid arthritis. Apoptosis is very rarely observed within RA synovial cells despite

high levels of both Fas and FasL?"°”*"_ This may be explained by high expressionof

cFLIP (Fas-associated death domain-like IL-1R-converting enzyme) in synovial

tissue?222., cFLIP inhibits caspase-8 activation by blocking its engagement with

FADD22*25 and expression of cFLIP is under the control of NF-«B, a transcription factor
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225,226
which is activated by TNF-a In addition, TNF-o signaling, via NF-«B, results in

the upregulation of proteins such as Bfl-1, TRAF (TNFR-associated factor) -1 and -2

227
and XIAP (X-linked inhibitor of apoptosis protein), all of which inhibit apoptosis™” (figure

1.9). cFLIP can also associate with TRAF-1 and -2, as well as with kinases such as

RIP (receptor interacting protein) and Raf-1, activating NF-kB and ERK signaling

pathways”.

TNF-o has a dynamic effect of neutrophils; at low concentrations its effect is biphasic,

promoting early apoptosis in a subpopulation of cells, but delaying apoptosis in the

226,228 This mechanism is believed to be controlled through stimulationremaining cells

of different signalling pathways via each TNF receptor. Whilst both TNF receptors

promote early cell death, only TNFR1 can delay apoptosis via NF-xB-controlled

expression of pro-survival genes such as Bfl-1 and TRAF-17°°?°*. At high

concentrations, TNF-a induces neutrophil apoptosis via death-receptor signaling

through both TNF receptors, leading to caspase-8 activation, and the loss of anti-

apoptotic proteins such as Mcl-1 via caspase cleavage'”°***.
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Figure 1.8: The intrinsic and extrinsic pathways to apoptosis. (A) Theintrinsic

pathway is regulated by proteins of the Bcl-2 family. Anti-apoptotic proteins such as

Bcl-2 and/or Mcl-1 sequester activator BH3 proteins (aBH3) and Bax/Bak. Under

conditions of stress, inactivator BH3 proteins (iBH3) antagonize Bcl-2/Mcl-1 releasing

the aBH3 proteins leading to oligomerisation of Bax/Bak and mitochondrial outer-

membrane permeabilisation (MOMP). Cytochrome c leakage from the mitochondria

combines with caspase-9 and Apaf-1 and initiates formation of the apoptosome

resulting in caspase-3 activation and apoptosis. (B) The extrinsic pathway to apoptosis

is triggered by the engagement of a ligand with a death receptor, recruitment of

intracellular death and death engagement domains (DD), and activation of caspases-8

and -3. Cross-talk between the extrinsic and intrinsic pathways is mediated by caspase

cleavage of Bcl-2 family proteins such as Mcl-1 and Bid.
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Figure 1.9: The pro- and anti-apoptotic pathways stimulated through the TNF

receptors. TNF-a stimulates apoptosis through the TNF receptors via the extrinsic

pathway. Recruitmentof intracellular death domains (DD) to the TNF receptors leads

to DISC formation and activation of caspases-8 and -3. TNF-a may also delay

apoptosis by activation of NF-«B signalling, which stimulates the production of pro-

survival proteins such as Bfl-1, cFLIP and IAP. These proteins can delay apoptosis by

inhibiting both the intrinsic and extrinsic pathways to apoptosis.
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1.8 Modulation of neutrophil function in RA

Drug intervention therapy for RA is directed at many elements of the immune system.

DMARDsand NSAIDsare often administered as combination therapy combining two or

three drugs, and Methotrexate is commonly prescribed alongside the anti-TNF drugs.

Whilst none of these therapies specifically target neutrophil function, many of them

exert inhibitory effects on the neutrophil response to chronic inflammation.

1.8.1 NSAIDs

Most NSAIDsactbyinhibiting the cyclo-oxygenase-1 and -2 (COX-1, COX-2) enzymes,

which metabolise arachidonic acid into inflammatory mediators of the prostaglandin

family (figure 1.10). As well as inhibiting COX activity, NSAIDs such as sodium

salicylate and ibuprofen have been shownto inhibit neutrophil adherence to endothelial

cells via L-selectin shedding****°, decrease degranulation and oxidant production’’”,

238 and induce neutrophil apoptosis'*®. Sodiuminhibit neutrophil elastase activity

salicylate has also been shown to lower adhesion molecule expression on endothelial

cells, thus inhibiting neutrophil adhesion and migration”.

1.8.2 Corticosteroids

Corticosteroids provide an anti-inflammatory signal for the immune system by blocking

the activity of phospholipase A,, thus inhibiting production of pro-inflammatory

mediators such as leukotrienes and prostaglandins (figure 1.10). In addition,

corticosteroids have been shown to inhibit neutrophil degranulation and ROS
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production’, decrease production of inflammatory mediators such as IL-6, IL-8 and

calgranulin C (S100A12)°4"7*?, prevent neutrophil adhesion and endothelial

transmigration™***° through down-regulation of L-selectin and MAC-1™°, and

consequently decrease neutrophil trafficking into RA joints**’. Paradoxically, whilst

corticosteroids inhibit many neutrophil functions, they also delay neutrophil

apoptosis™*“°, although the reasons for this and its relevance have yet to be
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Figure 1.10: NSAIDs and corticosteroids block production of inflammatory

mediators such as leukotrienes and prostaglandins. Corticosteroids inhibit

phospholipase A, production of arachidonic acid through the production oflipocortin.

NSAIDs inhibit cyclo-oxygenase 2 (COX-2) production of prostaglandins from

arachidonicacid.
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1.8.3 DMARDs

The most commonly prescribed DMARD, Methotrexate, is a potent down-regulatorof

the immune response in RA*°**?. Its reported effects include inhibition of IL-8

synthesis?inhibition of lymphocyte proliferation, increased apoptosis of T-cells”,

and inhibition of osteoclast formation through decreased RANKL expression’.

Methotrexate has also been reported to abrogate delayed neutrophil apoptosis in early

arthritis patients, decrease neutrophil chemotaxis, leukotriene-B, synthesis and ROS

production?”?°°.

Other DMARDssuchasLeflunomide, Sulfasalazine and Azathioprine have been shown

to exert their disease-modifying effects by inhibiting the production of pro-inflammatory

mediators such as IL-6 and PGE,, and increasing the production of anti-inflammatory

mediators such IL-10 and IL-1ra*’. Leflunomide and Azathioprine have been shownto

decrease neutrophil chemotaxis, and in the case of Azathioprine this was through

259,262
inhibition of MAC-1 expression Sulfasalazine has been shown to induce

neutrophil apoptosis*°, decrease neutrophil degranulation and ROSproduction?*”*°*?%,

and prevent neutrophil-mediated collagen destruction*®*. Cyclosporin and

Hydroxychloriquine have been shown to inhibit neutrophil chemotaxis, oxidant

production and degranulation®*”*”°,
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1.8.4 Biologic therapy

The introduction of anti-TNF therapy has revolutionised the treatment of RA, providing a

mechanism to treat those patients most severely affected by the disease. TNF is a

cytokine which acts on many cells of the immune system, and which induces the

production of inflammatory mediators such as prostaglandins, cytokines, chemokines,

and proteases such as collagenase and MMPs. It can stimulate osteoclast

differentiation and is a potent chemoattractant of neutrophils. TNF primes the

neutrophil respiratory burst, upregulates adhesion molecule expression, and at high

local concentrations can stimulate oxidant production in adherent neutrophils.

Three anti-TNF agents are now routinely prescribed in the UK to RA patients with high

disease activity (DAS28 2 5.1) whofail to respond to DMARD combination therapy.

Infliximab and Adalimumab are monoclonal antibodies against TNF, whilst Etanerceptis

a TNFRII fusion protein. All three drugs sequester soluble TNF, and can also bind TNF

expressed on the surface of immunecells, facilitating removal of such cells by antibody

271-273
dependentcellular cytotoxicity (ADCC)orbyinitiating apoptosis

The many physiological changes induced by anti-TNF therapy include: blockade of

cytokine and chemokine synthesis, e.g. IL-1a, -18, -6, -8 and TNF-a, by synovial

276.
tissue?” and peripheral blood cells®”°; lowering of serum levels of MMPs*’”*”;

adhesion molecule down-regulation and decreasedtrafficking of immune cells from

peripheral blood to inflamed joints*”°”*°; increased apoptosis of monocytes and

macrophages". restoration of regulatory T-cell function’®? and decreased ex vivo

neutrophil oxidant production following therapy*™. Clinical markers of disease activity,

such as CRP and ESR,are rapidly improved byall three anti-TNF agents, and clinical
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trials suggest that radiographic-detectable damageis also arrested**°*°’. Initiation of

anti-TNF treatment early in the progression of RA can dramatically slow the progression

of joint damage and significantly improve the rate of disease remission???"

Whilst approximately 70% of patients who are prescribed anti-TNF therapy achieve a

goodclinical response,there are a significant number of patients who remain refractory

to treatment. A small numberof these patients will respond if they switch to a different

anti-TNF drug?**?°°, and several new Biologic therapies are now available as

alternatives to anti-TNF for persistent non-responders.

Rituximab is a monoclonal antibody which targets and depletes CD20* B-cells, and so

directly removesthe cellular source of antibodies and immune complexes such as RF

and anti-CCP?™. Synovial biopsies obtained from RA patients following Rituximab

therapy show depleted B-cell numbers, and blood serum auto-antibody titres are

lowered”*°5_  Rituximab has been shown to be highly successful in treating RA

patients whoare refractory to DMARDsand/or anti-TNF°”**’, and indeed,in the UK,is

recommended by the National Institute of Health and Clinical Excellence (NICE) as the

primary alternative for anti-TNF non-responders’.

Abatacept is a CTLA-4:lgG fusion protein which competitively binds CD80/86 on

antigen-presenting cells, preventing the co-stimulation of T-cells through engagement of

CD28 with CD80/86, and consequently preventing IL-2 production and clonal expansion

of T-cells?”°. In clinical trials, Abatacept improved clinical and serum markers of

disease activity and prevented progression of radiographic-detectable damage”.

Abatacept has also been shownto significantly lower disease activity in patients who

301,302
are refractory to anti-TNF therapy
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Although still under PhaseIII clinical trial, Tocilizumab is also proving to be an excellent

therapy for RA and suitable alternative to anti-TNF therapy for refractory patients°°°”.

Tocilizumab is a monoclonal antibody which targets the IL-6 receptor, both soluble and

tissue-expressed, blocking IL-6 signalling. Like TNF-a, IL-6 is a pleiotropic cytokine

which is implicated in many aspects of inflammation associated with RA, including the

acute-phase response, B-cell differentiation, antibody production, T-cell proliferation,

endothelial cell activation, neutrophil recruitment, RANKL expression and osteoclast

activation®°?3"°, Cells of the immune system which do not constitutively express IL-6

can engage with IL-6 bound to the soluble IL-6 receptor (sIL-6R) via dimerisation with

the ubiquitously expressed GP130 co-receptorto initiate IL-6 signalling*"’. Neutrophils

are a source of sIL-6R, which they actively shed whenactivated, and their accumulation

in high numbers within the synovial joint could contribute significantly to IL-6 signalling

within the synovium*"?°"°.

Anakinra, an IL-1 receptor agonist which blocks signalling through the IL-1 receptor,

has been shownto beeffective in treating RA patients who are refractory to DMARD

therapy*"*°"©, However, the success of anti-TNF therapy, and the introduction of

Rituximab and Abatacept as alternatives for anti-TNF non-responders, means that

Anakinra is no longer recommendedasa therapy for new RA patients in the UK*"”.

The immunetargets of Biologic therapies are summarised in figure 1.11.
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Figure 1.11: Summary of the immunetargets of Biologic therapies. Anti-TNF

drugs Infliximab, Etanercept and Adalimumab target soluble (STNF-a) and membrane

expressed TNF-co.(mTNF-«a), facilitating blockade of signalling and removal of

mTNF-a expressing cells. Anakinra is an IL-1 receptor (IL-1R) antagonist, which

competitively binds the IL-1R and inhibits IL-1 signalling. Abatacept prevents the

co-stimulation of T-cells by blocking engagement of CD28 with CD80/86, preventing

signalling from MHC Class II (MHCII) on antigen presenting cells to the T-cell receptor

(TCR). Rituximab targets and removes CD20° B-cells. Tocilizumab inhibits IL-6

signalling by blockade of the soluble (sIL-6R) and transmembrane(IL-6R) IL-6 receptor.

(M, macrophage;B, B-cell; T, T-cell; N, neutrophil).
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1.8.5 Future developments in Biologic therapy

The success of anti-cytokine therapies has led the search for potential new targets of

Biologic therapies. These targets include cytokines and/or their receptors, protein

kinase signalling, and signalling networks controlling apoptosis. Interleukin-17 has

emerged as a potential cytokine target in RA as it is implicated in the production of

cytokines and chemokines by synoviocytes, endothelial cells and macrophages,and is

a neutrophil chemoattractant. IL-17 blockade has been successfully used in collagen-

induced arthritis and was shown to decrease inflammation and bone erosion through

the down-regulation of IL-1B, IL-6, TNF-a and RANKL expression*"*"®. IL-17 blockade

has also been shown to inhibit IL-17-induced chemokine expression in cultured

fibroblasts from RA patients®’®. Visfatin (NAMPT; Nicotinamide phosphoribosyl-

transferase, PBEF; Pre-B cell colony-enhancing factor) has also been identified as a

potential drug target and inhibition of visfatin in collagen-induced arthritis caused a

decrease in cytokine production, synovial hyperplasia and influx of immunecells™®.

Visfatin concentrations are elevated in RA sera and synovial fluid, and as well as

inducing synthesis of cytokines such as TNF-a and IL-6, visfatin contributes to

persistentinflammation by inhibiting neutrophil apoptosis™’.

IL-15 is implicated in the activation of T-cells, neutrophils and synoviocytes, and

neutralisation of IL-15 has shown efficacy in preliminary clinical trials in RA”.

B-lymphocyte stimulator (BLyS) is a B-cell survival factor which activates isotype

switching, and initiates cytokine production, and the BLyS_ inhibitor Belimumab

produced modest improvementin RA patients under PhaseII clinical trial, significantly

decreasing RFtitres in sero-positive patients’. RANKL stimulates osteoclast
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differentiation leading to bone resorption in RA joints, and PhaseII clinical trials of

Denosumab, a RANKL monoclonal antibody, showed significant protection against

erosions over 12 months compared to placebo*™’. Anti-GM-CSF therapy has been

effective in murine models of arthritis, reducing joint swelling, cartilage damage and

inflammatory cytokine production®” and an anti-GM-CSF receptor antibody has been

developed which significantly inhibited in vitro cytokine production by GM-CSF-

stimulated monocytes*”°.

The chemokine receptors CXCR1 and CXCR2 are key receptors for the neutrophil

chemoattractant IL-8. Blockade of CXCR1/2 by the competitive inhibitor DF2162

significantly decreased neutrophil chemotaxis and joint inflammation in collagen-

induced arthritis°®, and neutrophil influx and local cytokine production in adjuvant-

induced arthritis in rats°”. The A; adenosine receptor (A3AR) agonist CF101 effectively

decreased swelling, cartilage damage and synovial TNF-a production in collagen-

induced arthritis°?° and early clinical trials in RA patients have shown improvementsin

329
clinical markers of disease activity Neutrophils are a potential target of CF101 as

signaling via A3ARinhibits neutrophil degranulation and oxidant production*”. CF101

also decreased neutrophil recruitment to joints in studies of collagen-induced arthritis?"

Small-molecule inhibitors of signal transduction are showing promising results in animal

models of arthritis and early humantrials. SYK is a cytoplasmic protein expressed in

mastcells, B-cells, macrophages and neutrophils, which mediates signal transduction

from integrins, Fey receptors and the B-cell receptor’. The SYK inhibitor, R406,

decreased the level of inflammation in a murine model of immune-complex mediated

arthritis?**°°4 and has been successfully trialled in RA patients, with 65% of patients

achieving a Clinical response®*’. Inhibitors of JAKs have also been successful in
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treating murine arthritis. The JAK-3 inhibitor CP-690550 lowered inflammatory cell

886 and clinical trials in RA patientsinfiltration and joint damagein arthritic mice and rats

refractory to anti-TNF therapy have shown promising results**’”. Blockade of PI3K

signalling, by small molecule inhibitors, significantly decreased the amount ofjoint

116,338 Activation ofinflammation and neutrophil infiltration in murine arthritis models

PI3K is central to many neutrophil functions, including priming of the respiratory burst,

chemotaxis and delayed apoptosis, and PI3K signalling initiates gene expression

through activation of NF-xB. Two PI3K inhibitors, BEZ235 and SF1126, are currently in

Phase| clinical trial in cancer patients**’. The p38 MAPK hasbeenidentified as a

potential drug target in the treatment of RA, as this kinase is implicated in both RANKL

and TNF-a signalling, and p38 MAPKinhibition has shownefficacy in murine models of

arthritis**°. Phase | trials of a p38 MAPKinhibitor showed a dose-dependentinhibition

of pro-inflammatory cytokine production compared to placebo™’, however PhaseII trials

did not achieve statistically significant improvements in disease activity compared to

placebo**”.

Signalling pathwaysinvolved in apoptosis are also potential therapeutic targets, as cells

of the RA synovium often show delayed or defective apoptosis thereby contributing to

the persistence of inflammation. Whilst a number of DMARDsandBiologic therapies

have been shown to induce apoptosis as part of their anti-inflammatory repertoire, a

number of pharmacological agents are being developed which directly target the

apoptotic machinery of the cell. Presently, these are being developed as potential

cancer therapies. However, once these treatments are fully tested and approved, they

may becomeavailable for treating auto-immune conditions such as RA. Although still

mainly in pre-clinical stages, these agents include TRAIL death receptor agonists,

activators of caspases, and small molecule inhibitors of Bcl-2 family members“°*™*.
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Novel therapies for RA are continually being developed, with the potential to treat those

patients who fail to respond adequately to conventional DMARDs and/or anti-TNF.

However, there is as yet no real indicator of which therapy would be most appropriate

and efficacious for individual patients, and a single, simple blood test to determine

which treatment regime to commence remainsthe holy grail of RA therapy.

1.9 Summary

The cause of RAisstill not completely understood, and whilst it is clear that many

elements of the immune system are involved in the pathogenesis of the disease, the

role of neutrophils in the persistence of inflammation and progression of joint damage

should not be underestimated. Not only are they found in high numbers within the

rheumatoid joint, but they have the potential to inflict damage to tissue, bone and

cartilage via the secretion of proteases and toxic oxygen metabolites, as well as driving

inflammation through antigen presentation and secretion of cytokines, chemokines,

prostaglandins and leukotrienes. Drugs used to treat RA down-regulate many

neutrophil functions, including migration to the joint, degranulation and production of

inflammatory mediators, and as such they should be considered an important target for

the development of new therapies.
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Aims

Previous research has shown that RA neutrophils have an activated phenotype and

delayed apoptosis, which may contribute to joint and tissue damage as well as

preventing normal resolution of inflammation. Factors within synovial fluid, such as

cytokines, chemokines and immune complexes, mayelicit these functional changes.

The aim of this research was to try to identify these inflammatory mediators within

synovial fluid from RA and other inflammatory diseases, and to examine how these

factors might affect neutrophil functions such as priming, apoptosis, and secretion of

cytokines and chemokines.

The specific aims of this project wereto:

1. Measure a range of cytokines and chemokinesin inflammatory synovial fluid, and

identify any novel or predictive biomarkers of disease type,clinical activity and/or

responseto therapy.

Determine the in vitro effects of key cytokines and chemokines on neutrophil

functions such aspriming, rate of apoptosis and cytokine/chemokine production.

Determine the in vitro effects of immune complexes on neutrophil apoptosis and

cytokine/chemokine production

Examine the effects of inflammatory synovial fluid on neutrophil apoptosis, based

uponits cytokine / chemokine / immune complexprofile.

Undertake molecular studies to investigate the differences between neutrophils

from RA patients and healthy individuals, to examine the reasons for the

heterogeneity in patient response to anti-TNF therapy, and to identify any

predictive biomarkers of patient responseto anti-TNF therapy.
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Chapter2: Materials and Methods

2.1. Materials

Ficoll-Paque, ECL Reagents, hyperfilm and HRP-linked donkey anti-rabbit antibody

were from Amersham Biosciences (Chalfont St Giles, Bucks); Polymorphprep wasfrom

Axis-Shield (Kimbolton, Cambs); RPMI 1640 (+ 25mM Hepes + 2mM L-glutamine),

Hanks Balanced Salt Solution and Trizol Reagent were from Gibco (Paisley, UK);

Foetal Calf Serum was from Harlan Seralabs (Loughborough, UK); TNF-a, PD98059,

SB202190, LY294002, Bisindolylmaleimide-], BAY11-7082 and SYK inhibitor, were

from Calbiochem, (Nottingham, UK); GM-CSF and complete mini protease inhibitor

cocktail tablets were from Roche (Lewes, East Sussex); Rapid Romanowsky stain was

from HD Supplies (Aylesbury, Bucks); fMLP, PMA, luminol, SDS-7 molecular weight

marker, recombinant human IL-6, mouse anti-human GAPDH antibody, and sheep

HRP-linked anti-mouse IgG antibody were from Sigma (Gillingham, Dorset); mouse

anti-actin antibody was from Abcam (Cambridge, UK); mouse IgG; isotype control

antibody was from Santa Cruz Biotechnology (Santa Cruz, CA, USA); recombinant

human G-CSF,IL-10, IL-8 and IL-1B were from Invitrogen (Paisley, UK); polyacrylamide

was from Severn Biotech (Kidderminster, Worcs); polyclonal rabbit anti-human Mcl-1

antibody, monoclonal mouse anti-human Mcl-1 antibody and FITC-anti-human CD16

antibody were from BD Biosciences (Cowley, Oxon); mouse anti-human extracellular

TNF-c-FITC antibody was from R&D Systems (Abingdon, Oxon); mouse anti-human

CD16-FITC antibody was from BD Pharmingen (Erembodegem, Belgium); mouse anti-

human Caspase-8 antibody, rabbit anti-human Caspase-9 antibody, rabbit anti-human

Caspase-3 antibody, rabbit anti-human IkB-a antibody, rabbit anti-human-phospho-

f2



NF-«B antibody and rabbit anti-human TNF-a antibody were from Cell Signalling

(Danvers, MA, USA); Immobilon PSq PVDF membrane and Immobilon Western

Chemiluminescent HRP substrate were from Millipore (Billerica, MA, USA); Slide-A-

Lyzer 10 k dialysis cassettes (3-5 mL), and BCA Protein Assay were from Pierce

Technology (Northumberland, UK); human cytokine 10-plex panel luminex kit, G-CSF

human singleplex bead luminex kit, IL-9 human singleplex bead luminex kit, IL-17

humansingleplex bead luminexkit, IL-8 human singleplex bead luminex kit and IL-1ra

human singleplex bead luminex kit and Annexin V-FITC were from Biosource (Paisley,

UK); RNeasy Mini Kit and QuantiTect SYBR Green PCR kit were from Qiagen

(Crawley, UK); Superscript III First Strand cDNA Synthesis kit and RNaseOUT were

from Invitrogen (Paisley, UK); random primers were from Promega (Southampton, UK).

All other reagents were from Sigma-Aldrich Co. Ltd (Dorset, UK), BDH Laboratory

Supplies(Poole, UK), Fisher Scientific (Loughborough, UK) or Gibco (Paisley, UK).

2.2 Isolation of neutrophils from blood

The study of neutrophils isolated from healthy, control blood was approved by the

University Committee for Research Ethics, and the study of neutrophils isolated from

the blood and synovial fluid of patients was approved by the Sefton Adults Ethics

Committee. Neutrophils were isolated from heparinised venous blood of patients and

healthy controls by one-step centrifugation using Polymorphprep™’, using the

manufacturer's instructions. Briefly, fresh blood was layered in a 1:1 ratio over

Polymorphprep and centrifuged at 1000 g for 35 min. The granulocyte layer was

removed by a Pasteur pipette resuspended in RPMI 1640 media, and centrifuged at

1000 g for 5 min. Cells were resuspended in media, and erythrocytes removed by

addition of ammonium chloride lysis solution (13.4 mM KHCOs, 155 mM NH.Cl,

73



96.7 uM EDTA, pH 7.6) in a ratio of 1:9 media:lysis solution for 3 min before

centrifugation at 1000 g for 5 min. Final resuspension of neutrophils was in RPMI 1640

media plus 25 mM Hepes and 2 mM L-glutamine at a concentration of 5x10°/ mL.

Neutrophil concentration was determined using a Multisizer 3 Coulter Counter

(Beckman Coulter, Buckinghamshire, UK). Purity of samples was assessedby cytospin

(100,000 cells a total volume of 200 uL PBS(EDTA)) at 500 g for 5 min in a Shandon3

cytocentrifuge (Thermo-Fisher, Basingstoke, UK) using Rapid Romanowskystaining,

and was routinely found to be >98%. Cells were incubated at 37 °C with gentle

agitation. Incubations of = 5 h were supplemented with 10% v/v Foetal Calf Serum or

Human ABserum (asindicated in the text).

2.3 Isolation of neutrophils from synovial fluid

All patients recruited onto the study gave informed consent, and synovialfluid was

aspirated into heparinised 25 mL universal tubes. White blood cell profile of whole

synovial fluid and cell viability was assessed by cytospin morphology. 1 mL aliquots of

whole synovialfluid were centrifuged at 2300 g for 5 min andcell-free synovial fluid was

decanted and frozen at -80 °C. Prior to isolation of neutrophils, synovial fluid was

diluted 1:1 with PBS, and occasionally had to befiltered through gauze. Neutrophils

were isolated by one-step centrifugation using Ficoll-Paque following manufacturer's

instructions. Briefly, diluted synovial fluid was layered onto Ficoll-Paque in a 1:1 ratio

and centrifuged at 1000 g for 35 min. The lymphocyte / monocyte layer was discarded,

and the neutrophil pellet was removed by Pasteur pipette and cells resuspended in

RPMI 1640 media. Neutrophils were pelleted by centrifugation at 1000 g for 5 min,

resuspended in media, and erythrocytes removed by ammonium chloride lysis solution

(13.4 mM KHCOs, 155 mM NH.Cl, 96.7 uM EDTA,pH 7.6)in a ratio of 1:9 media:lysis
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solution for 3 min before centrifugation at 1000 g for 5 min. Final resuspension of

neutrophils was in RPMI 1640 media plus 25 mM Hepes and 2 mM L-glutamine at a

concentration of 5x10° / mL. Neutrophil concentration was determined using a

Multisizer 3 Coulter Counter (Beckman Coulter, Buckinghamshire, UK). Purity of

samples was assessed by cytospin (100,000 cells a total volume of 200 uL

PBS(EDTA)) at 500 g for 5 min in a Shandon Cytospin3 cytocentrifuge (Thermo-Fisher,

Basingstoke, UK) using Rapid Romanowsky staining, and was routinely found to be

>95%. Cells were incubated at 37 °C with gentle agitation. Incubations of = 5 h were

supplemented with 10% v/v Foetal Calf Serum or Human AB serum (asindicated in the

text).

2.4 Neutrophil priming —

Neutrophils at a concentration of 5 x 10° / mL were primed with GM-CSF (50 U/mL) for

40 min, TNF-a (10 ng/mL) for 20 min, or IL-1, IL-8 or G-CSF (50 ng/mL) for 15 min at

37 °C with gentle agitation.

2.5 Morphological measurement of apoptosis

Following culture, a 20 uL aliquot of cells (1x1 0°) wasdiluted in 180 pL PBS(EDTA) and

cells were cytocentrifuged in a Shandon Cytospin3 cytocentrifuge (Thermo-Fisher,

Basingstoke, UK). Cells were stained with Rapid Romanowsky Stain and apoptosis

- assessed by morphology, a method which correlates well with other markers of

apoptosis°°18*197,
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2.6 Measurementof apoptosis by flow cytometry

1x10° cells were removed from culture and diluted with 100 pL HBSScontaining 2 yL

Annexin V-FITC, and incubated at room temperature in the dark for 15 min. The total

volume was then made up to 1 mL with HBSS, and 1 uL propidium-iodide added

(1 yg/mL) before reading on a Dako CyAn ADPflow cytometer. 20,000 events per

sample were analysed.

2.7. Inhibitors

Neutrophils were treated with a range of inhibitors (Table 2.1) by incubation at 37 °C

with gentle agitation for 20 min, before further stimulation.

Table 2.1: The concentrations and targets of the cell signalling inhibitors used

with neutrophil incubations.
 

 

 

 

 

 

 

 

Abbreviation .. Final
mame in text eukiene Concentration Tanget

Cycloheximide CHX Ethanol 10 yg/mL Protein translation

Sp Spleentyrosine
SYKinhibitor SYK DMSO 10 uM kinase (SYK)

Phosphatidylionositol
PD98059 PD DMSO 50 uM 3-kinase (PI3K)

MAPK/ERKkinase
LY294002 LY DMSO 10 uM (MEK)

BAY11-7082 BAY DMSO 20 uM kB kinase (IKK)

$B202190 SB DMSO 1 uM p38 MAPK

Bisindolymalemide- Protein kinase C
4 BIS DMSO 5 yg/mL (PKC)      
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2.8 Preparation of protein lysate

Neutrophil suspensions were chilled and sedimented by centrifugation at 3000 g for

5 min. Media was aspirated, and the pellet was washed with PBS and sedimented

by centrifugation at 3000 g for 5 min. Supernatant was aspirated, and cells were rapidly

lysed in boiling SDS-PAGElysis buffer (10% v/v glycerol, 5% v/v B-mercaptoethanolor

100mM DTT, 3% wiv SDS, 0.001% w/v bromophenol blue, 12.5% v/v 1M Tris-HCl

pH 6.8) containing complete mini protease inhibitor cocktail (one tablet in 10 mL lysis

buffer), and immediately boiled for 5 min with occasional vortexing, to a final

concentration of 5x10° cells /10 uL. Protein lysates were frozen at -20 °C.

2.9 Western blotting

Protein samples were separated by SDS-PAGE using 10-15% polyacrylamide resolving

gels dependingonthesize of the protein of interest. Resolving gels comprised 10-15%

viv bis-acrylamide, 370 mM Tris-HCI pH 8.8, 1% w/v SDS, 0.1% wiv APS,0.1% v/v

TEMED. The APS and TEMEDwere addedlast to delay polymerisation whilst casting.

After casting the resolving gel, water-saturated T-amyl alcohol was overlayed to ensure

an even top surface to the gel. Following polymerisation, the water saturated T-amyl

alcohol was removed and the surface of the gel was washed with deionised water. A

4.5% stacking gel (4.5% v/v bis-acrylamide, 122 mM Tris-HCI pH 6.7, 1% w/v SDS,

0.1% viv APS, 0.1% v/v TEMED)wasthen cast onto the surface of the resolving gel

and a 10 or 15 well casting comb inserted. Once fully polymerised, protein lysate

samples were boiled for 5 min, briefly centrifuged and 10 uL loaded per well. SDS-7

molecular weight marker (10 yL) was loaded in lane 1. Gels were electrophoresed for

1 h at 200 V using SDS running buffer (25 mM Tris, 192 mM glycine, 0.1% wiv SDS).
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Following electrophoresis the stacking gel was removed and the gel was allowed to

equilibrate in transfer buffer (20% v/v methanol, 95 mM glycine, 12.5 mM Tris) for 15

min before assembly into a sandwich cassette. Polyvinylidene difluoride (PVDF)

membrane was immersedin methanol for 30 secs and washedin transfer buffer before

assembly of the sandwich cassette. Proteins were transferred to PVDF membrane by

electrophoresis for 1h at 100 V. Following transfer, membranes were stained with

Ponceau S (0.1% w/v Ponceau S in 5%v/v acetic acid) and molecular weight marker

proteins were marked with pen. Membranes were washed with wash buffer (150 mM

NaCl, 10 mM Tris-HCl, pH 8, 0.1% v/v Tween-20) to remove the stain, before blocking

for 1 h at room temperature on an orbital shaker with 5% w/v Marvel in wash buffer, as

indicated in Table 2.2.

Following blocking, membranes were washed for 15 secs and incubated with the

appropriate primary antibody in antibody buffer (either 0.5% w/v Marvel or 5% w/v BSA

in wash buffer) at 4 °C overnight (Table 2.2) on an orbital shaker. Primary antibody was

removed by washing three times (2 x 5 minutes, 1 x 15 minutes) with wash buffer, and

membranes were incubated with a HRP-linked secondary antibody in antibody buffer

(either 0.5% w/v Marvel or 0.5% w/v BSAin washbuffer) for 1 h at room temperature

on an orbital shaker. Secondary antibody was removedby washing three times (2 x 5

minutes, 1 x 15 minutes) with wash buffer, and protein bands were detected using ECL

detection reagent and hyperfilm. Densitometry analysis of Western blots was carried

out using Scion Image. Re-probing of membranes wascarried out following stripping

for 15-30 min at room temperature in stripping buffer (50 mM glycine, 150 mM NaCl,

0.1% v/v Tween-20, HCI to pH 2.5) followed by blocking in 5% w/v Marvel in wash

buffer for 1h.
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Table 2.2: Primary and secondary antibodies used in Westernblotting.

 

Primary

 

 

 

 

 

 

 

 

 

     

Protein of Antibody antibody Secondary Molecular

interest buffer (dilution) antibody(dilution) weight (kDa)

Rabbit anti- Donkeyanti-rabbit
Mcl-1 Marvel human Mcl-1 HRP-linked 42

(1:10,000) (1:10,000)

Mouseanti- Sheep anti-mouse

Mcl-1 BSA human Mcl-1 HRP-linked 42

(1:1,000) (1:10,000)

Gaanase Rabbit anti- Donkeyanti-rabbit 35 (inactive)
Marvel human Caspase- HRP-linked 19/17

3 (1:1,000) (1:10,000) (cleaved)

; . 57 (inactive)
Mouseanti- Sheep anti-mouse

Caspase Marvel human Caspase- HRP-linked oed)
8 (1:1,000) (1:10,000) 18 (cleaved)

Gaspase Rabbit anti- Donkeyanti-rabbit 47 (inactive)
: Marvel human Caspase- HRP-linked 35/57

9 (1:1,000) (1:10,000) (cleaved)

Rabbit anti- Donkeyanti-rabbit
pale BSA human phospho- HRP-linked 65

* NF-«B (1:1000) (1:10,000)

Rabbit anti- Donkeyanti-rabbit
IkB-a. BSA human IkB-a HRP-linked 39

(1:1000) (1:10,000)

Rabbit anti- Donkeyanti-rabbit . -
TNF-c Marvel human TNF-o HRP-linked eePINE-c)

(1:500) (1:5,000)

Mouseanti-actin Sheep anti-mouse
Actin Marvel (1:20,000) HRP-linked 45

—_, (1:10,000)

Mouseanti- Sheep anti-mouse

GAPDH Marvel GAPDH HRP-linked 36
(1:20,000) (1:10,000)   
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2.10 SNAPi.d. Protein Detection system

The SNAPi.d. Protein Detection system from Millipore is a Western blotting method

which decreases both the incubation time and amount of antibodies required whilst

increasing sensitivity of detection, by using a vacuum to actively drive reagents through

the membrane. This system was used to blot for TNF-a (Chapter 7). SDS-PAGEgel

electrophoresis and membrane transfer were carried out as described in 2.9, with the

protein being transferred to Immobilon PSq PVDF membrane (pore size 0.2 uM)

(Millipore). This membrane is optimised for binding low molecular weight proteins.

Following transfer, the membrane wasplaced in the SNAPi.d. blot holder and blocked

with 0.1% w/v Marvel in TBS-Tween 0.1% v/v as recommendedin the manufacturer's

protocol. Primary antibody was incubated for 10 min at room temperature, followed by

three 20 sec washes. Secondary antibody was incubated for 10 min at room

temperature, followed by three 20 sec washes. The primary and secondary antibody

concentrations used are detailed in table 2.2. Protein bands were detected using

Immobilon Western Chemiluminescent ECL detection reagent (Millipore) and hyperfilm.

2.11 Isolation of RNA

1x10’ cells were chilled and centrifuged at 2300 g for 5 min and media aspirated. Cells

were lysed using 1 mL Trizol Reagent which was repeatedly pipetted to fully

homogenise the lysate, and 200 uL chloroform added and mixed by shaking by handfor

15 sec. The homogenate wasallowed to stand for 2-3 min before centrifugation at

7000 g for 15 min at 4 °C. RNA was removed from the aqueous layer by pipette,

precipitated with 700 uL of isopropanol, and stored at -20 °C.
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Following removal from the freezer, the RNA precipitate was centrifuged at 7000 g for

30 min at 4 °C to form a pellet. Supernatant was discarded, and the pellet washed

using 70% v/v ethanol / DEPC treated water. The pellet was centrifuged at 7000 g for

5 min at room temperature and the supernatant aspirated. RNA pellets were allowed to

air dry before resuspension in 100 uL DEPCtreated water. RNA wascleaned using the

Qiagen RNeasy kit as per manufacturer’s instructions, resuspended in RNase-free

water, and quantified using a Nanodrop ND-1000 spectrophotometer. RNA wasstored

at -80 °C.

2.12 cDNA synthesis

cDNA wassynthesised using the SuperscriptIII First Strand cDNA Synthesis kit from

Invitrogen. This kit allows synthesis of cDNA from 10 pg - 5 yg total RNA, and the

concentration of template RNA used was routinely 200 ng. RNA was added to a

nuclease-free microcentrifuge tube along with 1 uL (250 ng) random primers, | uL dNTP

mix (10 mM each dATP, dCTP, dTTP and dGTP) andsterile water to a total volume of

13 uL. The mixture was heated at 65 °C for 5 min and cooled on ice for 1 min. The

tube was centrifuged briefly, before addition of 4 uL 5X first strand buffer, 1 uL 0.1 M

DTT, 1 uL RNaseOUT RNaseinhibitor and 1 uL SuperScript Ill reverse transcriptase

(200 units/uL). The mixture was pipetted gently and incubated at room temperature for

5 min. cDNA wasthen synthesised by incubation in a Thermo PX2 thermal cycler at

50 °C for 60 min, and the reaction inactivated by heating at 70 °C for 15 min. cDNA

wasstored at -20 °C.
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2.13 Real-time PCR analysis

Real-time PCR analysis was carried out using the QuantiTect SYBR Green PCRkit as

per manufacturer's instructions. Briefly, 1 wL cDNA was added to 0.8 uL of each

forward and reverse primers (10 pM) (Table 2.3) in a total volume of 10 uL of

QuantiTect SYBR Green PCR master mix, the components of which include

HotStarTaq DNA Polymerase, Quantitect SYBR Green PCRBuffer (including dNTP mix

and MgCl**), SYBR Green | and ROX passive reference dye.

Table 2.3: Primers usedin real-time PCR analysis.

 

TNF-forward 5'-CAGAGGGCCTGTACCTCATC-3'
 

TNF-reverse 5'-GGAAGACCCCTCCCAGATAG-3’
 

GAPDH-forward 5'-CTCAACGACCACTTTGTCAAGCTCA-3'
 

GAPDH-reverse 5'-GGTCTTACTCCTTGGAGGCCATGTG-3’     
Analysis wascarried out using a Corbett RG-3000 RotorGene,with cycling as follows:

Step 1 (Taq activation) 95 °C for 15 min

Step 2 (Denaturing) 95 °C for 1 min

(Annealing) 55 °C for 30 sec x 45 cycles

(Elongation) 72 °C for 30 sec

Step 3 60 °C for 1 min followed by ramping from 60 —

99 °C at arate of 1 °C every 5 sec

Target gene expression was quantified against GAPDH as a control gene, using the

gAac “6.
+metho
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2.14 Detection of ROS production by luminol-enhanced chemiluminescence

The neutrophil respiratory burst was quantified by detection of ROS production by

luminol-enhanced chemiluminescence. Luminol can diffuse through biological

membranes and was used to detect extra- and intracellular oxidant production, as the

molecule is rapidly oxidised by the free radicals produced during the respiratory burst

and releases energy in the form oflight’**°4”.

1x10° cells were resuspended in 799 yL RPMI 1640 or HBSS along with

1 uL luminol (final concentration 10 uM). The respiratory burst was stimulated with

either fMLP (final concentration 1 uM), PMA(final concentration 100 ng/mL) or immune

complexes (10% v/v). Chemiluminescence from primed and unprimed cells was

measured in a LKB 1251 luminometerat 37 °C.

2.15 Luminol-enhanced chemiluminescence using synovial fluid as stimulus

1x10° neutrophils were resuspended in 549 uL media along with 1 uL luminol(final

concentration 10 uM) and the respiratory burst was stimulated by addition of 250 uL

synovial fluid (25% v/v). Chemiluminescence from primed and unprimed cells was

measured in a LKB 1251 luminometerat 37 °C.

2.16 Preparation of Immune Complexes

Synthetic immune complexes were prepared using human serum albumin (HSA) and

anti-HSA antibody, which was dialysed overnight at 4 °C using a Slide-A-Lyzer 10 k

dialysis cassette in 2 L of PBS to remove sodium azide. Following dialysis, the anti-
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HSA antibody and HSA werediluted to 5 mg/mL using PBS (concentrations determined

using BCA protein assay), and 500 yg of anti-HSA antibody was pipetted into ten

separate wells of a round-bottomed 96 well microtitre plate. To each corresponding

well 10, 30, 40, 50, 60, 80, 100, 200, 250 and 300 ug of the HSA was added andthe

volume of each well was made up to 200 uL with PBS. The plate was incubated at

37 °C for 1 h with agitation at 250 rpm before reading the absorbance values of the

samples at 450 nm on a 3550 microplate reader (Bio-Rad). The highest value obtained

was the point of equivalence where insoluble immune complexes (IIC) formed, and

soluble immune complexes (SIC) were formed at an antigen concentration of six times

that of IIC. IIC and SIC were prepared by incubating the appropriate concentrations of

HSA and anti-HSA antibody for 1 h at 37 °C with agitation at 250 rpm. IIC were washed

three times by centrifuging at 1000 g for 5 min, discarding the supernatant and

resuspending in the same volume of PBS, while SIC were centrifuged at 2300 g for

5 min, retaining the supernatant and transferring into a new microfuge tube (repeated

three times). The complexes were tested for their ability to activate the oxidative burst

measurable by chemiluminescence (described in 2.14) before storing at 4 °C.

2.17 Cytokine Assay by Multiplex

Cytokine levels in plasma, synovial fluid and culture supernatant were assayed using a

human cytokine Luminex multiplex assay from Biosource. This type of assay uses

polystyrene beads which are impregnated with different ratios of two fluorescence dyes

that give the microspheres a unique spectral property. The microspheres are

conjugated to analyte specific capture antibodies, thus enabling the quantification of

multiple analytes per sample in a 96-well filter plate. Analyte specific biotinylated

detector antibodies and Streptavidin-RPE are used as reporterfluorochromesto form a
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four-phase sandwich (Figure 2.1) enabling each analyte to be identified and quantified

by fluorescent flow cytometry on a Bio-Plex Suspension Array System, model

Luminex"(Bio-Rad, Hemel Hempstead, UK). The detection ranges differed for each

analyte, but were in the region of 3 — 54,000 pg / mL.

 

Streptavidin

-RPE

 

   
Figure 2.1: Cytokine:Bead complex formed during multiplex assay of plasma,

synovialfluid and cell culture supernatant.

Prior to assay of plasma or synovial fluid, 50 uL sample was preincubated with 50 yuL

blocking buffer (40% mouse serum, 20% goat serum, 20% rabbit serum, 20% assay

diluent) as described by Raza et al.2°> for 30 min at room temperature to prevent non-

specific binding of antibody probes by rheumatoid factor, and samples were centrifuged

at 14000 g for 10 min to remove immune complexes. Theeffectiveness of this method

of blocking and removing auto-antibodies was confirmed by chemiluminescence.

Neutrophils were primed with GM-CSF (50 U/mL) as described in 2.4 and

chemiluminescencecarried out as described in 2.15 using whole synovial fluid and RF-
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blocked synovial fluid (25% v/v) to stimulate the respiratory burst. Whole synovial fluid

produced a large and sustained respiratory burst, which was completely absent in the

RF-depleted synovialfluid (figure 2.2).
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Figure 2.2: Removal of immune complexes from synovial fluid and plasma by

serum-blocking buffer. Neutrophils were primed with GM-CSF (50 U/mL) for 45 min

and ROSstimulated by 25% v/v synovial fluid (SF). In this representative sample,

whole SF from a patient with a rheumatoid factor (RF) titre of 765 stimulated the

neutrophil respiratory burst. Blocking of RF with serum-blocking buffer completely

removed the neutrophil activating immune-complexes from the SF.
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The Luminex assay wascarried out in a 96-well filter plate, using duplicate assays of

protein standards, and wells were aspirated using a vacuum manifold. 50 uL RF-

blocked sample wasincubated with 25 uL multiplex beads for 2 h on anorbital shaker,

washed twice with wash buffer, and incubated with 100 uL biotinylated detector

antibody for 1 h. Wells were washed twice and incubated with 100 uL Streptavidin-RPE

for 30 min. Wells were washed three times and the bead conjugate resuspendedin

125 uL washbuffer, and the plate read in a Bio-Plex Suspension Array System, model

Luminex"°° (Bio-Rad, Hemel Hempstead, UK). Cytokine concentrations were

calculated by reference to the standard curve.

2.18 Flow Cytometry

Neutrophils were sedimented at 500 g for 5 min, washed in 100 uL PBS(BSA) and

resuspended in PBS(BSA). The appropriate (saturating) volume of FITC-antibody was

added as described in table 2.4, and cells incubated at 4 °C for 30 min. Cells were

resuspended in 900 uL PBS(BSA), centrifuged at 500g for 5 min and resuspendedin

1 mL PBS(BSA). When fluorescence was not to be immediately measured, cells were

fixed by addition of an equal volume of 4% w/v paraformaldehyde for 15 min at room

temperature in the dark. Cells were centrifuged at 500 g for 5 min and resuspendedin

1 mL PBS(BSA) and fluorescence measured in a Dako CyAn ADPflow cytometer, with

20,000 events analysed.

87



Table 2.4: Antibodies used for flow cytometric analysis

 

Antibody
Concentration of

Volumeof antibody

 

 

 

control   

neutrophils

CD16-FITC 2x10° in 100 uL 2 uL

mTNF-a-FITC 1x10° in 25 yL 10 uL

Mouse IB) isotype 4x10° in 25 uL 10 uL  
 

2.19 Statistics

Statistical analyses were performed using SPSS (version 11.01) and data tested for

normality before application of the appropriate test. The tests used were Student’s

t-test (independent or paired samples as appropriate), Mann-Whitney U test, Wilcoxon

Rank Sum test, Pearson’s Correlation and Spearman’s Rank Sum test. Data are

expressed as mean + SEM or median + interquartile range as stated in each results

section, and differences were consideredsignificant for values of ps0.05. Unless stated

otherwise, Student’s t-test has been used.
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Chapter 3: Analysis of cytokine and chemokinelevels in

inflammatory synovial fluids

3.1. Introduction

Autoimmune diseases such as rheumatoid arthritis are caused, in part, by deregulation

of cytokine pathways that would otherwise resolve acute inflammation. This imbalance

betweenpro- and anti-inflammatory cytokines leads to chronic inflammation, and in the

case of rheumatoid arthritis, elevated levels of pro-inflammatory cytokines can be

detected in blood serum many years before onset of symptoms*®. In the early disease

process, synovial cells secrete many cytokines and chemokines in high local

concentrations, which result in synovial proliferation, hyperplasia, angiogenesis and

migration of immunecells into the joint cavity. Infiltrating immune cells such as

macrophages, lymphocytes and neutrophils become activated to secrete more

cytokines, proteases, and immune complexes thus perpetuating the inflammation, and

causing invasive pannus formation ultimately leading to the destruction of bone and

cartilage seen in established disease.

Understanding the complex cytokine networks that contribute to the autoimmune

processes associated with rheumatoid arthritis has become morerelevant in the advent

of Biologic therapy. The discovery of TNF-« as a central cytokine in the pathogenesis

of rheumatoid arthritis, and the subsequent successof anti-TNF therapy, has triggered

the search for other potential targets of anti-cytokine therapies. Whilst Anakinra (an

IL-1 receptor agonist) is an effective treatment for juvenile arthritis, it has had limited

success in treating rheumatoid arthritis patients and is not routinely prescribed.
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Curiously, Infliximab and Adalimumabare both effective in treating Crohn’s disease, but

Etanercept is not, despite all three drugs targeting TNF-a. In the case of rheumatoid

arthritis, some patients will respond to either of the three anti-TNF drugs, whilst some

will be unresponsive to one drug, but may respond to another. Tocilizumab, an

anti-IL-6 receptor monoclonal antibody, is currently underclinical trials and is showing

promising results in treating patients with rheumatoid arthritis°. Rituxumab (anti-CD20

positive B-cells) and Abatacept (anti-CTLA-4) are both effective treatments for

rheumatoid arthritis***° , and whilst these two Biologics do not act by directly blocking

specific cytokines, they are clearly effective by disrupting the inflammatory process

most probably through inhibition of cytokine production.

Unfortunately, the failure rate of RA patients for anti-TNF therapy is around 30%, and

there is currently no clear biomarker to determine which patients will respond to anti-

TNF therapy. Current practice for patients with severe disease who arerefractory to

DMARDsis to try one of the anti-TNF therapies (choice at the discretion of the

physician and the patient depending on preferred method of administration) and monitor

progress. If the therapyfails, it is possible to switch to another anti-TNF drug, although

recently amended NICE guidelines suggest that Rituximab should be the next course of

action?*®. This trial and error approach to prescribing Biologic therapyis both frustrating

for the physician and the patient, and expensive to the NHS asthere is currently no way

of predicting how a patient will respond to therapy. Further, failure to respond to

particular drugs results in a delay of effective therapy, and current practice suggests

that the earlier effective treatment is delivered, the better the long term outcome. The

hopefor the future is that a simple test could predict which Biologic therapy will best suit

a patient before they commencetreatment.
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The study of inflammatory synovial fluid provides the unique opportunity to examine the

microenvironment within the inflamed joint, with a view to dissecting the complex

cytokine networks perpetuating the inflammatory process. The aims of the work

describedin this chapter wereto:

- Identify which cytokines are present in inflammatory synovial fluid, and to

determine whether the cytokine profile of synovial fluid differs depending on

disease diagnosis

- Identify any differences in cytokine profiles of RA synovial fluid based upon drug

regime and/or eventualclinical response

- Identify any correlations betweencytokine levels and markers of diseaseactivity

- Examine the cytokine profiles of serial synovial fluid samples from a patient with

RA whois unresponsive to DMARDandBiologic therapy to identify any possible

therapeutic targets
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3.2 Methods

Inflammatory synovial fluids were obtained by informed consent from patients attending

the Rheumatology Clinic at the Royal Liverpool Hospital, and cell-free synovial fluid was

prepared as described in section 2.3. Fluids from patients with osteoarthritis (OA) were

used as a non-inflammatory control, and were provided by Danuta Gutowska-Owsiakat

University Hospital Aintree. Synovial fluid cytokine profiles were analysed by a

multiplex assay on a Luminex'” array system, as described in section 2.17. The

cytokines includedin the assayare detailed in Table 3.1.

Table 3.1: The cytokines/chemokines included in the multiplex assay of

inflammatory synovial fluids, and their detection limits using the Luminex

multiplex assay (Biosource).

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Cytokine/Chemokine sensomL) No.of fluids assayed

IL-1B 15 65

IL-1ra 30 65

IL-2 6 65

IL-4 5 65

IL-5 3 65

IL-6 3 65

IL-8 3 65

IL-10 5 65

IL-17 10 36

IFNy 5 65

G-CSF 15 65

GM-CSF 15 65

TNF-c 10 65
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The synovial fluids assayed were grouped as RA or non-RA according to the diagnosis

of the patient. Fluids denoted RA were from patients whofulfilled the ACRcriteria for

rheumatoid arthritis’, and fluids denoted non-RA were from patients with other

inflammatory arthritides. These fluids included patients diagnosed with juvenile arthritis

(n=4), spondylitis (n=3), reactive arthritis (n=3), undifferentiated arthritis (n=3), gout

(n=2), pseudogout (n=2), Behgets disease (n=1), and systemic lupus erythematosus

(n=1). The characteristics of the patients groups can be foundin table 3.2.

Table 3.2: Characteristics of the patients from whom synovialfluid was aspirated

and analysedfor cytokine levels using the Luminex multiplex assay (Biosource).

 

 

 

 

 

     

RA Non-RA

Numberoffluids 42 19

Sex, F/M 34/8 6/13

Age (years), 51.32 44.55
mean (range) (25.92 — 80.67) (18.67 — 69.00)

Disease duration (years), 13.31 4.39

mean(range) (0 — 35) (0 — 28)

No. receiving anti-TNF 24 4
 

Data relating to clinical disease markers e.g. CRP, ESR, DAS28 etc, and current /

previous drug treatment regimes for each patient were collated by medical

professionals at the Royal Liverpool Hospital. In addition, all case notes were reviewed

after 12 months to determine the follow-up status of each patient.
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3.3 Results

3.3.1 Different cytokine profiles of inflammatory synovialfluids

Thelevels of synovial cytokinesin fluids from RA (n=42), non-RA (n=19) and OA (n=4)

patients were measured by multiplex array, and are detailed in table 3.3 and figure 3.1.

Data were tested for normality and were not found to have normal distribution:

accordingly, non-parametric statistical analysis was carried out. Mann-Whitney U

analysis was carried out to identify significant differences between each group of

patients i.e. RA and non-RA, RA and OA, and non-RA and OA, and a summaryof the

significant differences identified are detailed in table 3.4.

Fluids from patients with rheumatoid arthritis were found to be significantly higher in

IL-1B, IL-10, GM-CSF and TNF-a compared to non-RA and osteoarthritis fluids. In

addition, IL-1ra, IL-2, IL-4, IL-17, IFNy and G-CSF were higher in RA fluids than in non-

RA fluids. There was no significant difference in the levels of IL-6 in RA and non-RA

fluids; however, this wassignificantly higher than levels in OA fluids, suggesting IL-6 is

associated with inflammatory arthritis rather than specifically rheumatoid arthritis.

The non-RA synovial fluids represented a broad range of inflammatory arthritides.

However, there were not enough samples of each diagnosis to enable statistical

analysis within this group. It is interesting to note however that TNF-a was only present

in samples from juvenile arthritis patients and notin fluids from other non-RA patients,

and was of comparable levels to rheumatoid fluids (median 152 pg/mL). In addition,

IL-6 was elevated in these patients (median 20,442 pg/mL). Both these cytokines were
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at significantly higher levels than other non-RA fluids (TNF-a p=0.001, IL-6 p=0.033,

Mann-WhitneyU test).

Table 3.3: Median (+ interquartile range) cytokine concentration (pg/mL) in

inflammatory synovial fluids taken from RA (n=42), non-RA (n=19) and OA (n=4)

 

 

 

 

 

 

 

 

 

 

 

 

 

 

patients.

RA Non-RA OA

Lip 172.89 0.00 18.45
(52.01 — 1310.75) (0.00 — 0.00) (0.00 - 41.70)

iL-tra 1992.32 363.74 845.19
(873.66 — 4896.80) (0.00 - 1481.70) (0.00 - 2038.44)

2 0.00 0.00 0.00
(0.00 — 178.35) (0.00 - 0.00) (0.00 - 3.88)

4 0.00 0.00 2.08
(0.00 - 8.77) (0.00 - 0.00) (0.00 — 6.05)

Ls 4.42 0.00 0.00
(0.00 — 8.15) (0.00 - 4.31) (0.00 — 7.33)

Ls 6799.91 2380.18 107.10
(2324.66 - 15027.13) (928.08 — 12662.5) (59.21 — 393.17)

3 226.77 92.56 139.33
(59.22 — 921.23) (36.17 — 310.14) (34.67 — 564.34)

10 22.25 0.43 0.00
(0.00 - 71.04) (0.00 — 4.09) (0.00 — 2.50)

LA7 41.73 0.00 4.175
: (6.92 — 32.26) (0.00 - 0.00) (3.214 - 7.89)

= 0.00 0.00 6.99
Y (0.00 — 7.74) (0.00 — 0.00) (6.25 — 7.74)

0.00 0.00 239.27
G-CSF (0.00 — 1217.25) (0.00 - 0.00) (0.00 — 1056.29)

190.17 89.67 10.89
en-eer (74.88 — 348.09) (21.41 — 133.66) (0.00 — 24.04)

TNE 13.59 0.00 0.00
“a (0.00 — 311.57) (0.00 — 0.00) (0.00 — 0.00)     
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Figure 3.1: The concentration of cytokines/chemokines (pg/mL) in synovialfluids

from RA, non-RA and OApatients. Box plots represent the inter-quartile range, with

the median indicated by a horizontal line, and whiskers represent the maximum and

minimum value. Significant differences in cytokine levels between each group are

shown: RA vs non-RA (* ps0.05, ** ps0.01), RA vs OA (tf ps0.05, + ps0.01) and non-

RA vs OA (# ps0.05, ## ps0.01). Statistical analysis was by Mann-Whitney test.
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Table 3.4: Summary of Mann Whitney U test analysis of cytokine levels in

inflammatory synovialfluids to identify cytokines which were elevated between

each groupoffluids (t = significantly higher, NS = no significant difference).

 

 

 

 

 

 

 

 

 

 

 

    

RA vs non-RA RA vs OA Non-RA vs OA

IL-1B t RA p=0.000 t RA p=0.050 NS

IL-1ra t RA p=0.019 NS NS

IL-2 t RA p=0.002 NS NS

IL-4 t RA p=0.001 NS t+ OA p=0.002

IL-6 NS t RA p=0.006 t+ Non-RA p=0.015

IL-10 t RA p=0.005 t RA p=0.043 NS

IL-17 + RA p=0.000 NS NS

IFNy t RA p=0.035 NS t OA p=0.004

G-CSF + RA p=0.001 NS + OA p=0.002

GM-CSF + RA p=0.011 t RA p=0.025 NS

TNF-a Tt RA p=0.003 t RA p=0.029 NS  
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3.3.2. Different cytokine profiles of synovial fluids from Rheumatoid Arthritis

patients receiving disease modifying anti-rheumatic drugs (DMARDs) or

Biologic therapies

The introduction of Biologic therapy has enabled the direct targeting of specific

inflammatory mediators in the pathogenesis of rheumatoid arthritis. Anti-TNF drugs, for

example, act by directly blocking TNF-a, but other downstream events may be affected

following the blocking of this cytokine. This is because TNF-a is a pleiotropic cytokine

and in vitro has been shownto beinvolved in multiple inflammatory processes including

the upregulation and secretion of cytokines such as IL-1, IL-6 and IL-17.

In order to determine the in vivo effect of TNF-a blockade on the cytokine networks,

levels of the cytokines in the synovial fluid of rheumatoid arthritis patients were

analysed. Drug therapy at the time of sampling was noted andfluids were classified

according to treatment as ‘DMARD’or‘Biologic’. Those fluids classified as DMARD

(n=16) were from patients receiving disease-modifying anti-rheumatic drugs such as

Methotrexate, Azathioprine, and Leflunomide, and fluids classified as Biologic (n=24)

were from patients receiving anti-TNF therapy with or without Methotrexate as a

combination therapy. The levels of six cytokines were found to be elevatedin fluids

from patients receiving DMARDs comparedto Biologics, and are detailed in figure 3.2.

IL-1B8, IL-10, GM-CSF and IL-17 wereall significantly elevated (ps0.05, Mann-Whitney

U test) whereas IL-2 and IL-8 showed a trend towards elevation but did not reach

significance (p=0.06, Mann-WhitneyU test).
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Figure 3.2: The differences in cytokine concentrations (pg/mL) in synovial fluid

from RA patients receiving DMARD therapy (n=16) or Biologic therapy (n=24).

Box plots represent the inter-quartile range, with the median indicated by a horizontal

line, and whiskers represent the maximum and minimum value. Cytokines which were

significantly elevated in patients receiving DMARDs only were IL-1B (p=0.02), IL-2

(p=0.06), IL-8 (p=0.06), IL-10 (p=0.05), GM-CSF (p=0.03) and IL-17 (p=0.03) (Mann-

Whitney U test).
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3.3.3 Different cytokine profiles of synovial fluid from patients receiving

Biologic therapy based upon eventualclinical response

The reasons why somepatients respond well to Biologic therapy and some do not

remain unclear. At present, it is not possible to predict which patients will, and will not,

respond to anti-TNF therapy andthis is both wasteful of drugs and can delayeffective

responsesto therapy. It would be extremely useful to identify a biomarker that could be

used to predict whethera patient will respond to anti-TNF therapy.

Of the synovial fluids analysed in the multiplex assay, 24 were from patients with

rheumatoid arthritis receiving or about to commence anti-TNF therapy. Their synovial

cytokines were analysed and grouped based on whether they achieved a responseto

their current anti-TNF after 12 months review. The data revealed that IL-6 was

significantly elevated in synovial fluids from those patients who did not eventually

respondto anti-TNF therapy. This is particularly interesting as Tocilizumb, an anti-IL-6

receptor therapy, is showing promising results in anti-TNF non-responders™™ and thus

elevated synovial IL-6 concentrations could potentially be a biomarker for anti-TNF non-

responsiveness. In addition, G-CSF wassignificantly elevated in fluids from responders

(figure 3.3). Non-responders also showed a trend towards an increase in neutrophil

infiltrate in synovial fluid (figure 3.4), suggesting that these patients may have a more

active infiltration of immune cells from peripheral blood as opposed to inflammation

resulting from immunecells already resident within the joint.
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Figure 3.3: Differences in synovial fluid cytokine concentration (pg/mL) in

patients receiving Biologic therapy based upon their eventual response at 12-

month follow up. Box plots represent the inter-quartile range, with the median

indicated by a horizontal line, and whiskers represent the maximum and minimum

value. Patients who did not respond to Biologic therapy (n=13) had elevated IL-6 levels

(p=0.034) in their synovial fluid, but lower G-CSF levels (p=0.021) than responders

(n=11) (Mann-Whitney U test).

 

50- Neutrophil count

_ 40; TT
&
‘e 30;

Oo
= 20;

10;

  
         
 

 

Responder Non-responder   
 

Figure 3.4: Differences in synovial fluid neutrophil count between responders and

non-responders to Biologic therapy. Box plots represent the inter-quartile range,

with the median indicated by a horizontal line, and whiskers represent the maximum

and minimum value. Non-responders showed a trend towards an elevated neutrophil

count compared to responders (p=0.068, Mann-Whitney test).
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3.3.4 Correlation ofsynovial cytokine levels to clinical markers of disease

activity and synovial fluid neutrophil counts

Disease activity in inflammatory arthritis can be measured by a number of

haematological markers, including C-reactive protein (CRP), erythrocyte sedimentation

rate (ESR) andin the case of patients with rheumatoid arthritis, rheumatoid factor (RF)

titre (see section 1.2.2 for review). Asthis clinical information was recordedat the time

the synovial fluids were aspirated, the synovial cytokine levels were compared with the

clinical markers of disease activity to search for any correlations. A number of

cytokines were significantly positively correlated with CRP, ESR and RFtitres, and

these are summarised in table 3.5. In addition, patients with seropositive rheumatoid

arthritis had elevated levels of IL-ira, IL-2, IL-10, G-CSF and GM-CSF (ps0.05, Mann-

Whitney U test) compared to seronegative rheumatoid arthritis patients, and these data

are showninfigure 3.5.

The correlation between synovial cytokine levels and neutrophil infiltration was also

investigated, as a numberof cytokines are known to be neutrophil chemoattractants,

e.g. IL-8, TNF-a, IL-18. In addition, neutrophils are known to secrete a numberof

cytokines which could have contributed to the levels of cytokines detected in the assay

e.g. IL-1ra, IL-8. Table 3.6 shows that there was significant positive correlation

between the concentration of a numberof cytokines in the synovial fluid samples and

the percentage and/or absolute numberof neutrophils in the fluid samples.
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Table 3.5: Summary of significant positive correlations between synovial

cytokine concentration and clinical markers of disease activity. CRP = C-reactive

protein (mg/L), ESR = erythrocyte sedimentation rate (mm/h), RF = rheumatoid factor

titre (U/mL). Statistical analysis was carried out using Spearman’s Rank Correlation.

(NS=nosignificant correlation).

 

 

  

 

 

 

 

 

 

 

 

 

       

All patients RA only

CRP ESR CRP ESR RF

p=0.012
IL-18 NS NS NS NS (r5=.385)

p=0.002 p=0.001IL-tra NS (te=.440) NS NS (te=.498)

p=0.004IL-2 NS NS NS NS (te=.432)

IL-4 NS NS NS NS NS

p=0.004 p=0.070
IL-6 (r5=.452) NS (r.=.361) NS Ns

p=0.035 p=0.011IL-8 aeons ear NS NS NS

1-10 p=0.000 p=0.006 p=0.000 p=0.035 p=0.001
: (r5=.550) (r<=.399) (r==.643) (rs=.386) (r<=.508)

p=0.013IL-17 NS NS NS NS (te=.561)

G-CSF NS NS NS NS NS

p=0.000 p=0.045 p=0.003 p=0.001
GM-CSF (t=.566) (s=.297) (.=.558) NS ("s=.482)

TNF-o. NS NS NS NS NS  
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Figure 3.5: Significant differences in cytokine concentrations (pg/mL) in synovial

fluid from seropositive and seronegative rheumatoid arthritis patients.

Seropositive patients had significantly elevated levels of IL-1ra (p=0.034), IL-2

(p=0.031), IL-10 (p=0.007), G-CSF (p=0.048) and GM-CSF (p=0.034). Box plots

represent the inter-quartile range, with the median indicated by a horizontal line, and

whiskers represent the maximum and minimum value. Statistical analysis was by

Mann-Whitney U test.
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Table 3.6: Summary of significant positive correlations between synovial

cytokine levels and neutrophil population. (% neutrophils in synovial fluid, and

neutrophil count (million/mL)). Statistical analysis was carried out using Spearman’s

Rank Correlation. (NS=nosignificant correlation).

 

 

  

 

 

 

 

All patients RA only

PMN count PMN count0 0,

“PMN (millionmty PMN (nition)

; p=0.045 p=0.004 p=0.013
IL-ira (r¢=.261) (t6=.373) NS (re=.385)

Lg p=0.027 p=0.019 p=0.038 p=0.064
(t=.287) (ts=.305) (s=.326) (r6=.292)

AD p=0.040 p=0.002 p=0.059 p=0.004
(te=.269) (t=.397) (r=.298) ((=.438)

p=0.018IL-17 NS pan NS NS

p=0.008 p=0.000 p=0.032
GM-CSF (=340) (r=.443) a (r=.336)       

3.3.5 Cluster analysis of synovial fluids based on cytokine profiles

Cluster analysis was carried out using the results of the multiplex assay to compare

each synovial fluid based on cytokine content and disease type/therapy. Hierarchical

cluster analysis based on averagelinkage wascarried out using Genesis® software **°

and is shownin figure 3.6. Data are expressed in units of standard deviation above or

below the mean for each cytokine, with the mean being shaded black, expression

above the mean displayed in increasing intensities of red, and below the mean in

increasing intensities of green.
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Figure 3.6: Hierarchical cluster analysis of synovial fluids based on average
  
 

linkage, using Genesis® software’. Data are represented as multiples of standard

deviation above (red) or below (green) the mean (black). Fluids broadly clustered into

four groups independent of diagnosis or therapy; cluster one (orange) have very high

levels of a numberof inflammatory cytokines, cluster two (blue) are rich in IL-6 and GM-

CSF, cluster three (green) are rich in IL-1ra and IL-8, and cluster four (red) have below

averagelevels of all cytokines assayed.
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The software identified four clusters of fluids, and a small numberof fluids which did not

cluster at all. The cluster indicated by a red vertical bar contains fluids which are all

below the meanlevelfor the majority of cytokines. The cluster indicated by a green bar

contains fluids rich in IL-8 and IL-1ra, and the cluster indicated by a blue bar contains

fluids rich in IL-6 and GM-CSF. A numberoffluids, indicated by an orange bar, have

very high levels of the majority of cytokines assayed.

Initial analysis showedthat the fluids did not cluster according to diagnosis, therapy or

response,with patients who respondedwell to anti-TNF therapy clustering with patients

who did not respond to anti-TNF. One possible explanation of this is that the clustering

may represent the biology of an inflammatory flare. Synovial fluid was obtained from

patients when they attendedclinic, but information was not available to indicate whether

a patient had been suffering with a swollen joint for a number of days or weeks, or

whether the patient had just experienced a flare and had requested an emergency

appointmentfor joint drainage.

Onfurther analysis it was observed that the fluids that cluster in the orange bar were

particularly rich in IL-1, IL-2, IL-4, IL-10 and TNF-a, which are cytokinesindicative of a

T and B lymphocyte driven inflammatory response. Thefluids whichclusterin the blue

bar are rich in IL-6 and GM-CSF,both of which are produced by synoviocytes in vitro

whencultured in the presence of TNF-a and IL-17 (although notably, in the case of GM-

CSF, not TNF-a alone)*’**. It is possible, therefore, that these patients are

experiencing a flare of arthritis driven by Th17 lymphocytes and synoviocytes. Analysis

showedthis group of patients were all either unresponsive to their current Biologic, or

normally well-managed patients experiencing flare of arthritis. These clustering of the

fluids into these two groups may well be indicative of different underlying immune
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responses. The cluster represented by a green bar contains fluids from patients who

are not receiving Methotrexate. These fluids are all high in IL-8 and IL-1ra

concentrations, and Methotrexate has been shown to down-regulate IL-8

253.254 The fluids contained within the red cluster are from patients withproduction

below average cytokine levels in their synovial fluid and therefore may be

representative of a disease flare in which initial acute inflammation is resolving and

persistent low-level inflammation and swelling is unresolved.

3.3.6 Cytokine analysis of serial synovial fluids from a patient refractory to

Biologic therapy

Molecular studies of patients who are refractory to Biologic therapy may result in

insights into the reasons why patients fail to respond to therapy, and one particular

patient from the Royal Liverpool Hospital has been studied over three years. Nine

synovial fluids were obtained over the 3 year period from patient KOH, a 26 year old

female with an eight year history of rheumatoid factor negative rheumatoidarthritis who

has remainedpersistently unresponsive to Biologic therapy.

Onreceiptof the first synovial fluid sample, KOH wasreceiving Etanercept and was not

responding to therapy. Over the next three years, she received Adalimumab, Infliximab

and Rituximab (table 3.7), but her disease remained unresponsive to all available

Biologic therapies. Throughout her treatment she also received low dose Methotrexate

(< 10mg weekly), and occasionally received intra-muscular/articular Prednisolone after

joint aspiration. Her DAS28 score remained extremely high throughout(> 5.4).
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Table 3.7: Timeline of synovial fluid samples received and changesin treatment

regime and diseaseactivity for patient KOH.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     

Sample Treatment DAS28 ‘
date date Treatmentdetails

June 2004 6.76 Commenced Etanercept 25 mg twice weekly

Feb 2005 5.42 Medication stopped due to pregnancy

Sept 2005 Recommenced Etanercept 25 mg twice weekly

Etanercept increased to 50 mg weekly and
Jenauls a Methotrexate added 7.5 mg weekly

Sample 1
Mar 06

Sample 2 May 200 .
Apr 06 ay 6 Etanercept stopped & Adalimumab commenced

Sample 3
Jun 06 al

Sample 4 Sept 2006 6.25 Adalimumabinjections increased from fortnightly to
Aug 06 weekly

Sample 5
Nov 06

Sample 6 Apr 07 5.60 Adalimumab stopped
Jan 07 ‘

May 07 6.65 Infliximab commenced

Jun 07 Infliximab stopped due to side-effects

Sample 7 53
July 07 Aug 07 RecommencedInfliximab

Sept 07 Infliximab stopped due to side-effects

Oct 07 First injection of Rituximab

sainple © Nov 07 5.44 Secondinjection of Rituximab
Nov 07 ,

Sample 9 May 08 Commenced sub-cutaneous Methotrexate 20mg
May 08 Y weekly & oral Prednisolone 15mg daily
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Synovial fluids from patient KOH were assayed for cytokine content to determine

therapy-induced changes, and to identify any potential markers that could indicate

which therapy she may respondto in the future. Figure 3.7 shows the changes in

concentration of IL-18, IL-ira, IL-6, IL-8, IL-10, IL-17, G-CSF, GM-CSF and TNF-a in

nine synovial fluid samples from patient KOH, as well as the number of neutrophils/mL

in each fluid sample. The levels of IL-2, IL-4, IL-5 and IFNy were below the detection

limits of the assay or unchanged throughout and are not shown.

The assay showed that TNF-a was elevated in fluid from patient KOH compared to

other patients with rheumatoid arthritis (median 13.59 pg/mL) during treatment with

Etanercept. However, TNF-a was completely undetectable in samples obtained during

treatment with Adalimumab andInfliximab (S4-8). This could either be due to soluble

TNF-a being complexed to Adalimumab/Infliximab and being undetectable by the

antibodies used in the assay dueto blocking of the epitope by the drugs, or could mean

that it has been biologically blocked and removed by the drug. As Etanercept is a

soluble TNF receptor, recognising a different epitope and having a muchhigheron/off

rate than the monoclonal antibodies, it is possible that the assay is detecting TNF-a

which is bound to Etanercept but whichis not biologically active in the synovial fluid. In

either case, this shows that the monoclonal anti-TNF therapies are working in terms of

blocking TNF-a in vivo and that the patient’s unresponsiveness to therapy may be due

to TNF-a not being the pivotal cytokine in her disease: there is no reason to suspect the

drugs are not blocking TNF-a in this patient.
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Figure 3.7: Changes in cytokine concentrations and neutrophil (PMN) population

measured in serial synovial fluid samples from patient KOH. S1 and S2 (pink

shading) were obtained whilst receiving Etanercept, S3-6 (yellow shading) were whilst

receiving Adalimumab, S7 (green shading) was whilst receiving Infliximab, S8 (blue

shading) was in-between doses one andtwo of Rituximab, and S9 (purple shading) was

whilst receiving Methotrexate and Prednisolone, as detailedin table 3.7.
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Concentrations of IL-18, IL-10 and GM-CSFin synovial fluid from KOH fluctuated

throughout sampling, and were similar to other RA patients (median concentration

172.89, 22.25 and 190.17 pg/mL, respectively). IL-17 and IL-1ra levels were low

throughout treatment with Biologics, but increased substantially in sample 9 when the

patient failed Rituximab, prior to commencing sub-cutaneous Methotrexate and oral

Prednisolone. G-CSF was undetectable whilst receiving anti-TNF therapy, but

increased whenthe patient was prescribed Rituximab and Methotrexate.

The concentration of IL-6 in this patient’s synovial fluid fluctuated above the median for

RA patients (6799.91 pg/mL) throughout anti-TNF therapy, and became increasingly

elevated whilst receiving Infliximab. Two injections of Rituximab decreased the

concentration of IL-6 from 26,207 to 12,979 pg/mL, but did not alleviate symptoms.

Another interesting observation is that her IL-8 levels were elevated to above the

median for RA patients (226 pg/mL) in samples 3 onwards,and these levels increased

dramatically by sample 9 (4694 pg/mL) when she received Methotrexate and

Prednisoloneonly.

Her neutrophil population also increased dramatically once she stopped receiving

Adalimumab/Infliximab. The number of neutrophils within the synovial fluid did not

correlate with the IL-8 concentration. However, there was a strong correlation between

the numberof neutrophils in the synovial fluid samples and the concentrations of IL-1

(r==.795, p=0.010) and IL-17 (r,=.763, p=0.017), as showninfigure 3.8.
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Figure 3.8: Correlation between cytokine levels and neutrophil population in

synovial fluids from patient KOH. The percentage of neutrophils observed in the

white blood cell populations of synovial fluid samples from patient KOH significantly

correlated with the concentrations of IL-18 (r.=.795, p=0.010) and IL-17 (r,=.763,

p=0.017, Spearman’s RankCorrelation).
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Some of the synovial fluid samples for patient KOH were obtained with paired blood

plasma. Cytokine analysis of paired plasma and synovial fluid samples highlighted the

differences between the systemic andlocal inflammatory response.

Figure 3.9 shows the paired plasma and SF concentrations from five samples from

patient KOH. GM-CSF,IL-1, IL-10 and IL-17 were measured at similar concentrations

in paired plasma and SF, whereas IL-2 and IL-5 were detected at low concentrations in

plasma, but were not detected in SF. However, IL-6 and IL-8 were measured at

relatively low concentrations in plasma (median IL-6 concentration 72.8 pg/mL, IL-8

concentration 38.0 pg/mL) but were significantly elevated in paired synovial fluid

(median IL-6 concentration 15,758 pg/mL, IL-8 concentration 694.1 pg/mL, p=0.03,

Wilcoxon Signed Rankstest).

Patient KOH has now beenreferred from the Royal Liverpool Hospital, where she has

exhausted all Biologics available for prescription, to University Hospital Aintree where

physicians are hoping to obtain a supply of Abatacept for her. It was hoped she could

be includedin trial for Tocilizumab, as her IL-6 levels have remained high throughout

her disease. However, this is not possible at the moment as her previous exposure to

Rituximab excludes her from currentclinical trials of Tocilizumab. Until KOH responds

to a Biologic therapy it is impossible to completely understand the results from the

analysis of her synovialfluid. However, it is clear that TNF-a was effectively blocked in

this patient but no clinical response wasachieved.
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Figure 3.9: Cytokine concentrations in five paired blood and synovial fluid (SF)

samples from patient KOH. Concentrations of GM-CSF, IL-18, IL-10 and IL-17 were

similar in blood plasma and SF,IL-2 and IL-5 were present in plasma but not SF, and

IL-6 and IL-8 were significantly elevated in SF compared to plasma (p=0.03, Wilcoxon

Signed Rank Test) (note the logarithmic scale). (® sample 2, H sample 5, A sample7,

X sample 8, © sample 9).
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3.4 Discussion

This chapter investigated the cytokine contents of synovial fluids from patients with

inflammatory arthritis, and | have evidenceto indicate that inflammatory synovial fluids

have distinct cytokine profiles based on diagnosis, therapy and response to therapy.

These differences may relate, in part, to the underlying pathogenesis of different

inflammatory arthritides. Many cytokines were elevated in synovial fluid from patients

with rheumatoid arthritis, reflecting the aggressive inflammation associated with this

disease. Rheumatoid arthritis is characterised by the formation and growth of invasive

synovial tissue which becomesenriched with activated, cytokine-secreting immunecells

causing perpetuation of inflammation. Of relevance, therefore, is the observation that

IL-18, IL-1ra, IL-2, IL-4, IL-10, IL-17, G-CSF, GM-CSF and TNF-a wereall elevated in

rheumatoid fluids as these cytokines are stimulants and/or products of lymphocyte-,

macrophage-, synoviocyte- and neutrophil-activation. Inflammatory synovial fluids

classified as “non-rheumatoid” had relatively low levels of most of the cytokines

assayed with the noteable exception of IL-6, confirming that its role is of general

inflammation rather than disease-specific inflammation.

Whilst a number of groups have published data describing individual cytokines in

synovial fluid, e.g. IL-6, IL-8, TNF-a*°°**? little work has been carried out to quantify

and compare a broad range of inflammatory cytokines in synovial fluid. Research by

Raza et al. * investigated the levels of 23 cytokines in early arthritis fluids to look

specifically at the cytokine profile associated with initiation of rheumatoid arthritis. They

obtained synovialfluids from 36 patients who presented with early inflammatory arthritis

(symptomsof < 3 months duration), and then analysed them in groups based ontheir

eventual diagnosis (18 monthslater) of rheumatoid arthritis, non-RA persisting arthritis
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or resolving arthritis. Fluids from established rheumatoid arthritis and osteoarthritis

patients were also examined. They found that patients who had an eventual diagnosis

of rheumatoid arthritis had a T-cell / stromal cell cytokine profile

(IL-2, IL-4, IL-13, IL-17, IL-15, basic fibroblast growth factor, epidermal growth factor)

comparedto otherpatients, indicating a domination of thesecell types in the initiation of

rheumatoid arthritis. This cytokine profile was not observed in established rheumatoid

arthritis patients. As only one of the synovial fluids assayed in my research wasfrom a

patient with less than 3 months disease durationit is impossible to directly compare my

findings with the work presented by this group. However,thefluid from this patient had

notably elevated concentrations of IL-2 (339.7 pg/mL, RA median 0.00),

IL-4 (788.01 pg/mL, RA median 0.00) and IL-17 (640.88 pg/mL, RA median 11.73), as

well as TNF-a (498.08 pg/mL, RA median 13.59), compared to other patients with

established rheumatoid arthritis. Indeed, this patient had by far the highest IL-17

concentration observed (next highest was 54.29 pg/mL).

The heterogeneity of inflammatory arthritis was clearly shownbythe cluster analysis of

the data. Whilst analysis of individual cytokine concentrations identified several

cytokines which were elevated solely in rheumatoid arthritis fluids, the cluster analysis

examined the data by comparing eachfluid based on the concentration of a numberof

cytokines, not just one. This analysis identified four distinct clusters of fluids, and

initially it was hypothesised that these clusters may represent the timeline of a flare of

inflammatory arthritis, in that patients who presented for joint aspiration could be at

different stages of an arthritis flare, i.e. early stages with high production of

inflammatory cytokines, or several days / weeksinto a flare where cytokine levels had

dropped andinflammation had decreased. However, closer analysis revealed distinct

immunological profiles of each cluster: cluster 1 contained fluids rich in macrophage,
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T-cell and B-cell activating cytokines, cluster 2 contained fluids rich in cytokines that

may be produced by synoviocytes in the presence of Th17 cells, cluster 3 contained

fluids from patients who were not receiving Methotrexate, and cluster 4 contained fluids

with relatively low levels of all cytokines assayed. Interestingly, the majority of non-RA

fluids (14/19) and all the osteoarthritis fluids cluster in either the “non-Methotrexate” or

“low cytokine concentration” group.

Rheumatoid arthritis is a heterogeneous disease, and the distinct patterns of clustering

of synovial fluids in this study may beindicative of different underlying pathologies in

this disease. The distinct processes which drive inflammation in rheumatoid arthritis

are yet to be elucidated but this cluster analysis clearly demonstrates groups of patients

whose disease may be driven in different ways. Cluster one contains patients whose

synovial fluids were very rich in IL-1f, IL-2, IL-4, IL-10, G-CSF and TNF-a. These

cytokines are known to be associated with macrophage, T- and B-lymphocyte

activation. IL-2 is produced by T-lymphocytes upon antigen binding and is a growth

factor for T-cells leading to clonal expansion®**. IL-4 and IL-10 are implicated in a Th2

mediated humoral immune response, and are also growth factors for B-lymphocytes

stimulating the production of auto-antibodies such as rheumatoid factor***°°°. IL-1B and

386.357 and induce autocrine expression ofTNF-a are both produced by macrophages

other cytokines by macrophages, including G-CSF and IL-6°°**°°. The patients in this

cluster were all rheumatoid arthritis patients with established disease who were

experiencing a flare of their condition.

A second distinct cluster contained fluids that were defined by elevated concentrations

of IL-6 and GM-CSF. These two cytokines have been shown to be produced by
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synoviocytes upon activation by TNF-a and IL-177°°°°*' and it is therefore possible

that this group of patients have a Th17 driven disease*®. Unfortunately, only half of the

samples were analysed for IL-17 levels and so | could not include this data in the

cluster analysis, as these samples would have naturally clustered togetherirrespective

of the other cytokines measured. It is interesting to note that a numberof the patients

in this cluster were receiving anti-TNF therapy, but upon examination of their case

notes, all were unresponsive to their current Biologic at the time the sample was

obtained.

A third cluster of patients comprised of synovial fluids from patients who were not

receiving Methotrexate. The reported effects of Methotrexate in rheumatoid arthritis are

numerous, including inhibition of IL-8 synthesis?*?*, inhibition of lymphocyte

252,257
proliferation, increased apoptosis of T-cells and neutrophils , and reduction of

250.289 As Methotrexate is the most widelyneutrophil chemotaxis and ROS production

prescribed DMARDfor rheumatoid arthritis, both alone and in combination with other

DMARDsandBiologics,it is perhaps not surprising that those patients not receiving this

therapy would cluster together.

The different synovial fluid cytokine profiles from rheumatoid arthritis patients receiving

DMARDsorBiologicsis interesting. By virtue of their name, disease-modifying anti-

rheumatic drugs are able to modulate the inflammatory response in rheumatoidarthritis.

Methotrexate is the most widely prescribed DMARD, and has many effects on the

immune response including cytokine production as previously discussed. Other

DMARDssuch as Leflunomide and Azathioprine have been shown to decrease the

production of proinflammatory mediators such as IL-6 and prostaglandin E*" and

increase the production of anti-inflammatory mediators e.g. IL-10 and IL-1ra*’. It is
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interesting, therefore, that anti-TNF drugs decreasethe levels of somepro-inflammatory

cytokines by a significantly greater amount compared to DMARDs. Certainly, some of

the cytokines identified in this chapter as being decreased in the synovial fluids from

patients receiving anti-TNF drugs — IL-1f, IL-2, IL-17 and IL-10 - are known to be

directly induced by TNF-a, while GM-CSF and IL-8 are increased in responseto IL-6

signalling, itself a target for upregulation by TNF-a. This would seem to confirm the

pivotal role played by TNF-a in the progression and persistence of inflammation in a

sub-group of rheumatoid arthritis patients.

Anotherinteresting observation from these data is that patients who were unresponsive

to anti-TNF therapy had significantly higher concentrations of IL-6 in their synovial fluid.

These patients wereall either anti-TNF naive or unresponsiveto their current anti-TNF

when the synovial fluid samples were obtained, and their eventual responseto either

their current or an alternative therapy was determined by analysis of case notes after 12

months. IL-6 is clearly an obvious target for drug therapyin inflammatory diseases, and

Tocilizumab (anti-soluble IL-6 receptor) has been developed as a Biologic therapy to

block IL-6 signaling. The drug is currently in PhaseIII clinical trial and results from the

RADIATE study*™ showedthat Tocilizumab waseffective in decreasing disease activity

in a significant number of patients with rheumatoid arthritis who had previously failed

anti-TNF therapy. Indeed, 51% achieved a DAS28of < 3.2, and 30% achievedclinical

remission. Whilst synovial fluid cytokine levels were not measured in the RADIATE

study,it is speculated that elevated IL-6 levels may beindicative of a patient who would

achieve a better response to Tocilizumab than to one of the anti-TNF drugs.
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The multiplex analysis of synovial fluids carried out in this chapter identified significant

correlations between serum CRP and synovial fluid IL-8, IL-10 and GM-CSF

concentrations, and between ESRand IL-ira, IL-8, IL-10 and GM-CSFconcentrations.

The correlation of IL-6 levels and CRP are well described*'°, as IL-6 is a potent

mediator of the acute-phase response and as such is involved in the elevation of

concentrations of all acute-phase proteins. The effect of other inflammatory cytokines

on CRPlevels is less well described, andit is possible that these have correlated in this

analysis due to the synergistic effect of these cytokines on the production of other

factors, e.g. IL-6, rather than a direct relationship betweenelevations of these cytokines

individually and the production of CRP. ESRtitres reflect the degree of inflammation

within an individual, and therefore it is not surprising that a numberof pro-inflammatory

cytokines should correlate with ESR titres. Rheumatoid factor titre correlated with

synovialfluid IL-18, IL-1ra, IL-2, IL-10, IL-17 and GM-CSF concentratons. Certainly in

terms of B-lymphocyte activation, isotype switching and antibody production, IL-10 is

implicated, but IL-1, IL-2 and IL-17 concentrations may be implicated in the production

of rheumatoid factor in terms of T-cell activation in response to antigen presentation by

B-cells.

Analysis of the data also revealed significant correlations between the numberof

neutrophils in inflammatory synovial fluid and the concentrations of IL-1ra, IL-8, IL-10,

IL-17 and GM-CSF. Whilst IL-8 is the most potent neutrophil chemoattractant of this

group of cytokines, IL-17 has been implicated in the increase of IL-8 secretion and

subsequent recruitment of neutrophils in bronchial disease’. GM-CSF is a well

described stimulator of neutrophil production and delayer of apoptosis, and has also

been shownto have a synergistic chemoattractant effect in the presence of IL-8°°°. IL-8
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can also be secreted by activated neutrophils, and whilst production of IL-10 has not

been reported, neutrophils have been reported as a source ofIL-1ra°™.

This chapter has shown that, whilst synovial fluids from patients with rheumatoid

arthritis can be distinguished from joint fluids from other inflammatory arthritides by their

cytokine profiles, the relative cytokine levels in each fluid are heterogeneous across

patients with the same diagnosis. This may be explained by differences such as drug

therapy and/or disease stage and severity, or it may be indicative of different underlying

disease pathologies. Many elements of the immune system are implicated in the

pathogenesis of rheumatoidarthritis, but the contribution of neutrophils in this diseaseis

relatively understudied despite their presence in large numbers within synovialfluid,

and their potential to cause damage and destruction to tissues, bone and cartilage by

secretion of proteases and toxic oxygen metabolites. The work in this chapter has

served to characterize the microenvironment within the rheumatoid joint, and the

following chapters will investigate the in vitro function of neutrophils in conditions which

reflect this in vivo environment.
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Chapter 4: Investigating the effect of recombinant human

cytokines/chemokines on neutrophil functions

4.1. Introduction

The cytokine/chemokine multiplex array in the previous chapter identified a numberof

cytokines/chemokines which were elevated in the synovial fluid of patients with

rheumatoid arthritis. Whilst some of these cytokines/chemokines are known to have

direct effects on specific immune cells, e.g. IL-2 on T-cell activation and clonal

expansion, and IL-4 on Th2 cell differentiation and B-cell activation, others have a more

pleiotropic role in the immune system and may stimulate immune cells of different

lineages. This chapter aimed to examine the effects of some of these cytokines/

chemokines on neutrophils in particular, as these cells represent the major infiltrate in

synovial fluid of rheumatoid arthritis patients, and have the potential to exert damaging

effects to local tissue by release of proteases and toxic oxygen metabolites.

Cytokines have the potential to modulate a number of aspects of neutrophil function.

Research has shownthat cytokines, such as TNF-a and GM-CSF, have the ability to

prime the neutrophil respiratory burst. This process mobilises intracellular stores of

proteins and receptors to the neutrophil membrane allowing assembly of the NADPH

oxidase complex’®. Upon binding of a trigger such as an opsonised bacteria, the

primed neutrophil will be stimulated to phagocytose the pathogen and secrete

proteases and toxic oxygen metabolites into the phagocytic vesicle via the respiratory

burst. In the case of rheumatoid arthritis, primed neutrophils may bind immune

complexes which cause degranulation inside the joint. If these immune complexes are
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expressed on the surface of the synovial membrane orcartilage, then the neutrophil

maytry unsuccessfully to initiate phagocytosis resulting in degranulation of proteases

directly onto the surface of the joint leading to damage and erosion”.

A key feature of inflammatory neutrophils is that they have an extended life-span.

Normally, resting blood neutrophils will constitutively undergo apoptosis after around

12-18 h in the circulation. This prevents the accidental release of intracellular

proteases by old or effete cells. However, when the body is under microbial attack,

apoptosis can be delayed by agents such as GM-CSF and/or TNF-a, enabling the

neutrophil to function for longer periods in order to combat infection. There is also

evidence that neutrophil apoptosis is delayed in autoimmune disease, with neutrophils

to"
undergoing slowerrates of apoptosis within the rheumatoid joint’’. A key protein in the

regulation of neutrophil apoptosis is Mcl-1, which is normally rapidly degraded over

2-3 h, and the loss of cellular expression of Mcl-1 begins the process of cell death.

However, agents such as GM-CSFare able to stabilise Mcl-1 via phosphorylation of

key aminoacid residues, resulting in delayedinitiation of apoptosis'”.

Neutrophils are also a potential source of cytokines/chemokines, and many reports

have shownanincrease production of IL-8 and IL-1ra in responseto lipopolysaccharide

(LPS) stimulation*™. Bacterial LPS signals through Toll-like receptors, and whilstit is

relevant to study LPS stimulation in terms of neutrophil function in bacterial infections,

LPSis unlikely to be a relevant source of neutrophil activation in autoimmune disease

as there is no evidence of a bacterial trigger. By virtue of their large numbers in the

synovial fluid of rheumatoid arthritis patients, neutrophils have the potential to

significantly contribute to the cytokine/chemokine production of immune cells in this

environment. It is therefore important to study the ability of neutrophils to generate
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chemokines/cytokines such as IL-8 or IL-1ra in response to agonists likely to be

important in autoimmune diseases such as RA.

The effect of GM-CSF and TNF-a on neutrophil function has been well

characterised'®®:19°.192 , and other cytokines/chemokines such as IL-1f, IL-8 and G-CSF

have been reported to prime neutrophils and/or delay apoptosis'*?**°°°, |L-10 is

associated with an anti-inflammatory response and has been reported to impair

370,371neutrophil phagocytosis and killing capacity , and to prevent LPS-induced changes

in neutrophil priming and apoptosis*’*°”*,_ IL-6 is a pro-inflammatory cytokine although

its effect on neutrophils remains to be fully determined, and it has been reported as

having both pro- and anti-apoptotic effects on neutrophils by different research

grouseer’

Previous research into the effects of cytokines/chemokines on neutrophils is difficult to

interpret and often contradictory, as many groups isolate neutrophils by different

methods, and incubate them using different culture conditions, i.e. choice of media,

supplementation of antibiotics, adherent versus suspended cell cultures, cytokine/

chemokine concentration, and cell density. In addition, there is wide variability in the

assays used to measure the respiratory burst and apoptosis, with each difference

potentially acting as an experimental variable. It is important to test the effects of

cytokines/chemokines on neutrophils when added at concentrations found in

pathological or physiological conditions. Some published experiments use the agents

at concentrations unlikely to ever be present in vivo. Adherence of neutrophils under

experimental conditionsis particularly relevant, as adherence of neutrophils to plastic or

fibronectin coated surfaces via MAC-1 stimulation has been showntoinitiate different

signalling pathways compared to suspension cells, e.g. GM-CSF and IL-8 trigger
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activation of NF-«B in adherent but not suspension cells®’. Adherence alone can also

prime neutrophils to generate a respiratory burst in response to TNF-a and fMLP*”’.

One of the broad aims of this chapter was therefore to investigate the effect on

neutrophils of a range of cytokines/chemokines using standardised and consistent

isolation and culture conditions. This can then enable direct comparison of the effects

of each cytokine/chemokine on neutrophil priming, apoptosis and cytokine/chemokine

production, and the relevanceto disease.

The aimsof the work describedin this chapter wereto:

- Investigate the ability of recombinant human cytokines/chemokinesto prime the

neutrophil respiratory burst

- Investigate the effect of recombinant human cytokines/chemokines on neutrophil

apoptosis and expression of anti-apoptotic proteins

- Investigate the effect of recombinant human cytokines/chemokines on neutrophil

cytokine/chemokine production
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4.2 Methods

The cytokines/chemokines chosen for investigation in this chapter were IL-1, IL-6,

IL-8, IL-10 and G-CSF, and were used at the concentrations stated in each results

section. GM-CSF (50 U/mL) was also used as a positive control where indicated.

TNF-o was used at concentrations of either 10 ng/mL or 100 ng/mL as these have

previously been determinedto be anti- and pro- apoptotic to neutrophils, respectively’.

Neutrophils were isolated from the blood of healthy individuals and incubated with

recombinant human cytokines/chemokines for up to 6 h as described in section 2.2.

The neutrophil respiratory burst was measured by chemiluminescence as described in

section 2.14. Neutrophil apoptosis was determined by assessment of cytospin

morphology as described in section 2.5, and Western blotting was carried out as

described in section 2.9. Measurement of cytokine/chemokine secretion was carried

out on cell-free culture supernatant collected at 6 h as described in section 2.17.
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4.3 Results

4.3.1 Ability of recombinant human cytokines/chemokines to prime the

neutrophil respiratory burst

Normal blood neutrophils circulate in a resting state, with a relatively low ability to

secrete reactive oxygen species (ROS) and proteases. Neutrophil priming is a process

in which a priming agent (e.g. GM-CSF, TNF-a) triggers mobilisation of intracellular

stores of proteins (receptors, adhesion proteins) to the surface of the cell, enabling

adhesion to endothelial cells, migration to the site of infection, and phagocytosis of

pathogens. Priming alsoinitiates assembly of the NADPH oxidase complex, resulting in

enhanced capacity for ROS production, in particular extra-cellular secretion of ROS,

whichis implicated in neutrophil-mediated damage in rheumatoid arthritis (RA).

The priming ability of a numberof pro-inflammatory cytokines/chemokines found to be

elevated in RA synovial fluid was measured by luminol-enhanced chemiluminescence

as described in section 2.14 using fMLP (1 uM) to trigger the respiratory burst.

Neutrophils (5x10°/mL) were incubated at 37 °C for 15, 30 or 45 min in mediaalone,or

in media supplemented with IL-18, IL-6, IL-8 or G-CSF at concentrations of 10 or

50 ng/mL. IL-1, IL-8 and G-CSF were foundto rapidly prime neutrophils after 15 min

at an optimum concentration of 50 ng/mL (p<0.05, Student's t-test). IL-6 was not found

to prime the neutrophil respiratory burst under any of the experimental conditions tested

(Figure 4.1).
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Figure 4.1: The ability of cytokines/chemokines to prime the neutrophil

respiratory burst. Total chemiluminescence (mean +SEM)and representative traces

showing the ability of IL-8, G-CSF and IL-1 but not IL-6, to prime the respiratory burst

when stimulated with fMLP (1 uM) (** p<0.01, * p<0.05, Student’s t-test, n=4). Traces

show cytokine/chemokine treated (50 ng/mL, 15 min) (#) and unprimed (©) cells.
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4.3.2 Effect of recombinant human cytokines/chemokines on neutrophil

apoptosis and expression of Mcl-1

The ability of a range of cytokines/chemokines to delay neutrophil apoptosis was

determined by incubating neutrophils (5x10°/mL) for 5 h at 37 °C in the absence or

presence of IL-18, IL-6, IL-8, IL-10 or G-CSF. Cytokines/chemokines were

supplemented at the optimum priming concentration of 50 ng/mL. Duplicate

incubations in the presence of cycloheximide (10 yg/mL) were carried out to block de

novo protein synthesis and thereby determine the ability of the cytokines/chemokines to

stabilise the anti-apoptotic machinery of the cell. Apoptosis was determined by

morphology, and Mcl-1 expression was measured by Westernblot.

Figure 4.2 showstheability of cytokines/chemokines to delay neutrophil apoptosis over

5h. Levels of apoptosis in the absence of cycloheximide were: control 39.6% + 6.8%,

GM-CSF 8.4% + 2.1%, IL-10 40.6% + 6.8%, G-CSF 31.9% + 6.9%, IL-6 34.0% +

11.8%, IL-8 37.2% + 6.9%, IL-1B 23.3% + 5.0%. Only the effect of GM-CSF was

statistically significant (p<0.01), but G-CSF and IL-18 showed a trend towards

significance (both p=0.06, Student’s t-test). Levels of apoptosis in the presence of

cycloheximide were: control 56.4% + 6.9%, GM-CSF 40.1% + 6.0%, IL-10 58.2% +

12.7%, G-CSF 56.7% + 11.2%, IL-6 56.6% + 12.4%, IL-8 55.0% + 10.5%, IL-1B 25.0%

+ 4.7%. The effects of GM-CSF and IL-18 were statistically significant (p<0.05,

Student's t-test).

Representative cytospins showing apoptotic morphology at 5 h can be foundin figure

4.3.
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Figure 4.2: Effect of recombinant human cytokines/chemokines on neutrophil

apoptosis over 5 h in the absence (co) or presence (#) of cycloheximide.

Cytokines/chemokines were at a concentration of 50 ng/mL except GM-CSF, which was

at a concentration of 50 U/mL. Cycloheximide was at a concentration of 10 yg/mL.

Data are shown as mean + SEM (n=7). Statistical analysis was with Student’s paired

t-test (*ps0.05, **ps0.01, +p=0.06).
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Figure 4.3: Representative cytospins showing the effect of recombinant human

cytokines/chemokines on neutrophil apoptosis over 5 h in the absence (A) or

presence(B) of cycloheximide. All cytokines/chemokines were at a concentration of

50 ng/mL except GM-CSF, which wasat a concentration of 50 U/mL. Cycloheximide

was at a concentration of 10 ug/mL
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Protein lysate was collected at 5 h as described in 2.8 and was analysed by Western

blot as described in 2.9, probing for Mcl-1 and actin. Densitometry analysis was carried

out using Scion Image and is expressed as a fold change from 0 h (mean + SEM),

normalising to actin.

Figure 4.4 showsthe effect of cytokines/chemokines on Mcl-1 levels over 5 h. Mean

Mcl-1 abundancein the absence of cycloheximide was: control 0.59 + 0.07, GM-CSF

0.74 + 0.06, IL-10 0.55 + 0.08, G-CSF 0.71 + 0.10, IL-6 0.64 + 0.06, IL-8 0.73 + 0.09,

IL-1B 0.81 + 0.09. The effect of GM-CSF and IL-1 werestatistically significant

(p<0.05, Student's t-test). Mean Mcl-1 abundance in the presence of cycloheximide

was: control 0.32 + 0.04, GM-CSF 0.49 + 0.06, IL-10 0.35 + 0.06, G-CSF 0.36 + 0.07,

IL-6 0.39 + 0.06, IL-8 0.51 + 0.09, IL-1B 0.37 + 0.06. Only the effect of GM-CSF was

statistically significant (p<0.05, Student's t-test), however IL-8 showed a trend towards

significance (p=0.06, Student's t-test). A representative Western blot is shownin figure

4.5.

4.3.3 Effect of IL-10 on GM-CSF induced priming, Mcl-1 stabilisation and

protection against apoptosis

IL-10 is widely considered to have an anti-inflammatory role, and has been shown to

decrease the effect of LPS-mediated neutrophil priming and delayed apoptosis*”’. If the

effect of IL-10 is to be considered in auto-immunedisease, its effect on LPS treated

neutrophils is not relevant as there is no evidence of underlying bacterial infection in

conditions such as rheumatoid arthritis. Therefore, the effect of IL-10 on GM-CSF

treated neutrophils was investigated, GM-CSF being chosen asit is presentin the
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Figure 4.4: Effect of recombinant human cytokines/chemokines on Mcl-1 levels

over 5 h in the absence(c) or presence () of cycloheximide. Mcl-1 protein levels

were quantified using Scion Image, and normalised to actin. All cytokines/chemokines

were at a concentration of 50 ng/mL except GM-CSF, which was at a concentration of

50 U/mL. Cycloheximide was at a concentration of 10 g/mL. Data is shown as mean +

SEM (n=7).

+p=0.060).

Statistical analysis was with Student’s paired t-test (*ps0.05, **ps0.01,
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Figure 4.5: Representative Western blot showing the effect of recombinant

human cytokines/chemokines on Mcl-1 levels over 5 h in the absence (-) or

presence (+) of cycloheximide (CHX). All cytokines/chemokines were at a

concentration of 50 ng/mL except GM-CSF, which was at a concentration of 50 U/mL.

Cycloheximide was at a concentration of 10 yg/mL.
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synovialfluid of rheumatoid arthritis patients, and has a well described, potent effect on

neutrophil priming, apoptosis, and Mcl-1 levels**"%.

Neutrophils (5x10°/mL) were incubated at 37 °C for 45 min (optimum GM-CSFpriming

conditions) in media alone, or in media supplemented with GM-CSF (50 U/mL), IL-10

(50 ng/mL) or both GM-CSFand IL-10. The respiratory burst was stimulated by fMLP

(1 uM) and ROS production measured by luminol-enhanced chemiluminescence.

GM-CSF wasable to prime the respiratory burst (p=0.03 to unprimedlevel), and this

effect was not decreased by the presence of IL-10 (p=0.03 to unprimed level). IL-10

alone did not prime the respiratory burst (p=0.71 to unprimed) (Figure 4.6).

The effect of IL-10 on GM-CSF-delayed neutrophil apoptosis was determined over5 h.

Neutrophils (5x10°/mL) were incubated for 5 h at 37 °C in the absence or presence of

IL-10 (1 - 200 ng/mL) and/or GM-CSF (50 U/mL). IL-10 was not found to significantly

alter the rate of apoptosis over 5h at any concentration (figure 4.7A), and did not

significantly affect the ability of GM-CSF to delay neutrophil apoptosis (figure 4.7B).

Levels of apoptosis in the presence of IL-10 only were: control 35.9% + 15.1%,

1 ng/mL 42.9% + 18.1%, 5 ng/mL 42.1% + 16.3%, 10 ng/mL 45.6% + 16.9%,

50 ng/mL 42.1% + 13.5%, 100 ng/mL 47.1% + 17.3%, 200 ng/mL 39.8% + 16.3%. In

the presence of GM-CSF (50 U/L) and varying concentrations of IL-10 the levels of

apoptosis were: GM-CSF only 6.8% + 5.6%, 1 ng/mL 3.6% + 2.2%, 5 ng/mL 6.9%

+ 4.3%, 10 ng/mL 12.5% + 12.2%, 50 ng/mL 11.0% + 9.8%, 100 ng/mL 6.9% + 4.5%,

200 ng/mL 6.3% + 3.1%. Representative cytospins are showninfigure 4.8.
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Figure 4.6: IL-10 does not prime the neutrophil respiratory burst, or reduce

GM-CSFstimulated priming. Neutrophils were incubated with GM-CSF (50 U/mL)

and/or IL-10 (50 ng/mL) for 45 min before stimulating ROS production with fMLP

(1 uM). GM-CSFalone and GM-CSF + IL-10 produced a significant respiratory burst

(* p<0.05, Student's t-test) compared to unprimed cells. IL-10 did not decrease the

effect of GM-CSF (p=0.94) (n=3). Representative trace shows GM-CSF(50 U/mL) (),

IL-10 (50 ng/mL) (<>), GM-CSF + IL-10 (@) and unprimed (O)cells.
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Figure 4.7: Effect of IL-10 concentration on neutrophil apoptosis over 5 h, in the

absence (A) or presence (B) of GM-CSF. Cells were incubated with IL-10 at a range

of concentrations (1-200 ng/mL) with or without GM-CSF (50 U/mL), and apoptosis

determined by morphology. IL-10 was not able to significantly decrease the anti-

apoptotic effect of GM-CSF over 5 h. Data is represented as mean + SEM (n=3).
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Figure 4.8: Representative cytospins showingthe effect of IL-10 concentration on

neutrophil apoptosis over 5 h, in the absence (A) or presence (B) of GM-CSF.

Cells were incubated with IL-10 at a range of concentrations (1-200 ng/mL) with or

without GM-CSF (50 U/mL), and apoptosis determined by morphology. IL-10 was not

able to significantly reduce the anti-apoptotic effect of GM-CSF over 5 h.
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Western blot analysis showedthat IL-10 did not alter the expression of Mcl-1 over 5 h

compared to untreated control cells, and did not decrease the protective effect of GM-

CSF on Mcl-1 levels (figure 4.9). Mean Mcl-1 abundance was: control 0.27 + 0.03,

1 ng/mL 0.25 + 0.08, 5 ng/mL 0.32 + 0.06, 10 ng/mL 0.30 + 0.06,

50 ng/mL 0.31 + 0.32, 100 ng/mL 0.36 + 0.02, 200 ng/mL 0.32 + 0.00. In the presence

of GM-CSF (50 U/L) and varying concentrations of IL-10 the levels of apoptosis were:

GM-CSFonly 0.77 + 0.12, 1 ng/mL 0.76 + 0.14, 5 ng/mL 0.89 + 0.24, 10 ng/mL 0.80

+ 0.21, 50 ng/mL 0.56 + 0.08, 100 ng/mL 0.54 + 0.01, 200 ng/mL 0.80 + 0.15. Whilst

IL-10 at 50 and 100 ng/mL decreased the meanlevels of Mcl-1 in GM-CSFtreated cells

from 0.77 to 0.56 and 0.54 respectively, this decrease was notstatistically significant

(p=0.20). A representative Western blot is shownin figure 4.9.

4.3.4 Effect of pro- and anti-apoptotic concentrations of TNF-a on the anti-

apoptotic effect of GM-CSF

Previous work by this group and others has shown that TNF-a has concentration

dependent pro- and anti-apoptotic effects on neutrophils'?°**°. At low concentrationsof

TNF-a (S$ 10 ng/ml) the effect is anti-apoptotic, mediated via upregulation of anti-

apoptotic proteins such as Bfl-1 (although to date, Bfl-1 has only been detected as

mRNA and not protein). At high concentrations (> 10 ng/mL) TNF-a becomespro-

apoptotic, signalling apoptosis via the death receptor pathway, mediated by cleavage

and subsequentactivation of caspase-8°**. The dual effect of TNF in the presence of

other anti-apoptotic cytokines remains to be determined.
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Figure 4.9: Effect of IL-10 on MclI-1 levels over 5 h. Neutrophils were incubated in

the absence (ca) or presence () of GM-CSF (50 U/mL) and IL-10 at concentrations of

1 — 200 ng/mL for 5 h. Data are mean + SEM abundance,normalised to actin (n=3).

IL-10 did not influence the levels of Mcl-1 over 5 h at any concentration, and was not

able to reducethe protective effect of GM-CSF. A representative Western blot is shown.
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Theeffect of pro- and anti-apoptotic concentrations of TNF-a on neutrophil apoptosis,in

the absence or presence of GM-CSF,wasinvestigated. Neutrophils (5x10°/mL) were

incubated for 3 h at 37 °C with TNF-a at 10 or 100 ng/mL, in the absence or presence

of GM-CSF (50 U/mL). Duplicate incubations with the addition of cycloheximide

(10 pg/mL) were carried out to determine the effect of the cytokines on the stabilisation

of the anti-apoptotic machinery of the cells.

Apoptosis was determined by cytospin morphology, and wasasfollows: control 15.5%

+ 3.6%, TNF-a (10 ng/mL) 7.5% + 2.0%, TNF-a (100 ng/mL) 13.09% + 1.9%, GM-CSF

3.5% + 1.4%, GM-CSF + TNF-a (10 ng/mL) 3.7% + 0.6%, GM-CSF + TNF-o

(100 ng/mL) 11.3% + 2.9%. GM-CSFsignificantly decreased the rate of neutrophil

apoptosis over 3 h (p=0.035). TNF-a at a concentration of 10 ng/mL was notable to

decrease the protective effect of GM-CSF (p=0.031 to control), but when neutrophils

were incubated with both GM-CSF and 100 ng/mL TNF-o the level of apoptosis

increased (p=0.422 to control) (Figure 4.10A), i.e. the pro-apoptotic effect of high

concentrations of TNF-a abrogated the anti-apoptotic effect of GM-CSF.

The levels of apoptosis observedafter 3 h in the presence of cycloheximide (10 yg/mL)

were as follows: control 27.2% + 10.7%, TNF-a (10 ng/mL) 49.1% + 5.8%, TNF-a

(100 ng/mL) 85.5% + 7.6%, GM-CSF 8.8% + 4.3%, GM-CSF + TNF-o (10 ng/mL)

32.5% + 9.0%, GM-CSF + TNF-a (100 ng/mL) 84.4% + 7.8%. TNF-a at a

concentration of 100 ng/mL significantly enhanced the level of apoptosis both in the

absence (p=0.011 to control) or the presence (p=0.012 to control) of GM-CSF (p=0.001

GM-CSF + TNF-a to GM-CSF alone) (Figure 4.10B). Representative cytospins

showing apoptotic morphology at 3 h can be found in figure 4.11.
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Figure 4.10: Neutrophil apoptosis over 3 h in the presence of GM-CSF (50 U/mL)

and/or TNF-o at concentrations of 10 or 100 ng/mL. Neutrophils were incubated in

the absence (A) or presence (B) of cycloheximide (10 g/mL). Data are expressed as

mean + SEM (n=3) andstatistical analysis was by Student's t-test.
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Figure 4.11: Representative cytospins showing the effect of GM-CSF (50 U/mL)

and/or TNF-a at concentrations of 10 or 100 ng/mL on neutrophil apoptosis over

3 h. Neutrophils were incubated in the absence (A) or presence (B) of cycloheximide

(10 pg/mL).
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Protein lysate wascollected at 3 h as described in 2.8, and was analysed by Western

blot as described in 2.9 blotting for Mcl-1, caspase-8 and actin. Densitometry analysis

wascarried out using Scion Image andis expressed as a fold change from 0 h (mean +

SEM), normalising to actin.

Figure 4.12A showstheeffect of the incubations on Mcl-1 levels after 3h. Mean Mcl-1

abundance was:control 0.60 + 0.09, TNF-a (10 ng/mL) 1.06 + 0.19, TNF-a (100 ng/mL)

1.13 + 0.09, GM-CSF 1.34 + 0.24, GM-CSF + TNF-a (10 ng/mL) 1.19 + 0.15,

GM-CSF + TNF-a (100 ng/mL) 1.15 + 0.17. All cytokine treatments significantly

enhanced Mcl-1 levels compared to control at 3 h (p<0.05, Student’s t-test).

Figure 4.12B showstheeffect of cytokines on Mcl-1 levels after 3 h in the presence of

cycloheximide (10 yg/mL). Mean Mcl-1 abundance was: control 0.44 + 0.17,

TNF-a (10 ng/mL) 0.45 + 0.06, TNF-a (100 ng/mL) 0.23 + 0.09, GM-CSF 0.79 + 0.20,

GM-CSF + TNF-a (10 ng/mL) 0.37 + 0.07, GM-CSF + TNF-a (100 ng/mL) 0.24 + 0.04.

GM-CSFalonesignificantly stabilised the levels of Mcl-1 (p=0.027), howeverthis effect

was abrogated by TNF-a at both concentrations.
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Figure 4.12: Mcl-1 abundance after 3 h incubation in the presence of GM-CSF

(50 U/mL) and/or TNF-a at concentrations of 10 or 100 ng/mL. Neutrophils were

incubated in the absence(A) or presence (B) of cycloheximide (CHX) (10 yg/mL). Alll

cytokine treatments significantly increased the level of Mcl-1 in the absence of CHX

(* p<0.05). GM-CSF wassignificantly able to stabilise Mcl-1 in the presence of CHX,

however TNF-a at a concentration of 100 ng/mL decreased the level of Mcl-1 both in

the absence and presence of GM-CSF. Data are expressed as mean + SEM (n=3) and

statistical analysis was by Student'st-test.
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Caspase 8 wasdetectable in neutrophil protein extracts in three forms: pro-caspase-8

(57 kDa), partially cleaved caspase-8 (43/42 kDa) and active caspase-8 (17 kDa).

Active caspase-8 was only detected in incubations supplemented with TNF-a at

100 ng/mL and cycloheximide (CHX), however analysis of the abundance of pro-

caspase-8 and partially cleaved caspase-8 indicates that certain treatments had

initiated processing of caspase-8 and therefore apoptosis. The percentage abundance

of partially cleaved caspase-8 in relation to the total abundance of pro- and partially

cleaved caspase-8 is shownin figure 4.13, and was as follows: control 60% + 7%,

control + CHX 66% + 3%, GM-CSF 23% + 7%, GM-CSF + CHX 37% + 6%, TNF-a

(10 ng/mL) 46% + 13%, TNF-a (10 ng/mL) + CHX 78% + 11%, TNF-a (100 ng/mL) 61%

+ 10%, TNF-a (100 ng/mL) + CHX 96% + 2%, GM-CSF + TNF-a (10 ng/mL) 29% + 8%,

GM-CSF + TNF-a (10 ng/mL) + CHX 62% + 14%, GM-CSF + TNF-a (100 ng/mL)

47% + 11%, GM-CSF + TNF-a (100 ng/mL) + CHX 86% + 6%.

GM-CSF induced less caspase-8 cleavage in the presence and absence of

cycloheximide treatment compared to control (p<0.05). Caspase-8 cleavage in the

presence of TNF-a at 10 ng/mL and GM-CSFwaslowerthan in controls (p<0.05) but

only in the absenceof cycloheximide, whilst TNF-a at 100 ng/mL completely abrogated

the effect of GM-CSF. Without the addition of GM-CSF, TNF-a at 100 ng/mL + CHX

resulted in 96% of total caspase-8 being cleaved (p<0.01, Student’st-test).

A representative Western blot is shownin figure 4.14.
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Figure 4.13: The relative abundanceofpartially cleaved caspase-8, expressed as

a percentage of the total expression of pro- and partially cleaved caspase-8.

Neutrophils were incubated for 3 h alone or with GM-CSF (50 U/mL) and/or TNF-a at

concentrations of 10 or 100 ng/mL,in the absence(x) or presence (=) of cycloheximide

(10 pg/mL). Data are expressed as mean + SEM (n=3) andstatistical analysis was with

Student's t-test (* p < 0.05, **p < 0.01 to untreated control, t p < 0.05, ¢ p s 0.01 to

cycloheximide treated control, ## p<0.01 to GM-CSF + cycloheximide).
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Figure 4.14: Representative Western blot showing the effect of GM-CSF and/or

TNF-a at 10 and 100 ng/mL on caspase-8 levels. Neutrophils were incubated for 3 h

alone (-) or with (+) GM-CSF (50 U/mL) and/or TNF-a at concentrations of 10 or 100

ng/mL, in the absence (-) or presence (+) of cycloheximide (CHX) (10 pg/mL) and

protein lysate collected. Membranes were probed for Mcl-1 (42 kDa), and caspase-8

showing pro-caspase-8 (57 kDa), partially cleaved caspase-8 (43/42 kDa) and active

caspase-8 (17 kDa). Protein levels were normalisedto actin.

149

 



4.3.5 Effect of IL-6 on neutrophil apoptosis and Mcl-1 expression

Interleukin-6 is a key inflammatory cytokine and was found at high concentrations in

synovial fluid from inflammatory arthritis patients. IL-6 is also a target of Biologic

therapy, with trials of Tocilizumab (an anti-IL-6 receptor antibody) producing promising

results in anti-TNF non-responders*’. One reported side-effect of Tocilizumab is

neutropenia, which could be caused by a number of factors including enhanced

apoptosis. Previous researchinto the in vitro effects of IL-6 on neutrophil apoptosis is

contradictory with IL-6 being reported to be both pro- and anti-apoptotic®’”°°”°”*.

Indeed, previous workin this chapter (section 4.3.2) found no effect of IL-6 on apoptosis

at a concentration of 50 ng/mL. Theeffect of IL-6 at a wider range of concentrations

wastherefore investigated.

Neutrophils (5x10°/mL) were incubated for 4 h at 37 °C with or without the addition of

IL-6 (0.1 — 100 ng/mL). Apoptosis was determined by morphology and wasasfollows:

control 35.2% + 9.1%, 0.1 ng/mL 37.9% + 13.1%, 1 ng/mL 37.9% + 13.0%, 5 ng/mL

35.2% + 14.2%, 10 ng/mL 29.5% + 10.0%, 50 ng/mL 32.3% + 9.4%, 100 ng/mL 34.5%

+ 11.3% (Figure 4.15). There were nostatistically significant differences in the level of

apoptosis at any concentration of IL-6 used. Representative cytospins are shown in

figure 4.16.

Protein lysate collected at 4 h was analysed by Western blot for Mcl-1 expression,

which wasasfollows: control 0.9 + 0.4, 0.1 ng/mL 1.1 + 0.3, 1 ng/mL 1.2 + 0.3, 5 ng/mL

1.1 + 0.2, 10 ng/mL 1.2 + 0.2, 50 ng/mL 1.3 + 0.4, 100 ng/mL 1.2 + 0.3 (figure 4.17).

There were nostatistically significant differences in the expression of Mcl-1 after 4 h at

any concentration of IL-6. A representative Western blot is also shownin figure 4.17.
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Figure 4.15: The effect of IL-6 on neutrophil apoptosis over 4 h. Neutrophils were

incubated with IL-6 at concentrations of 0.1 — 100 ng/mL, or GM-CSF (50 U/mL) as a

positive control. IL-6 did not delay or enhance neutrophil apoptosis at any

concentration. Data are expressed as mean + SEM (n=4).

 

 

  
   

 

  

 

   

0.1 ng/mL

e
{4
°
50 ng/mL 100 ng/mL

CONTROL
 

 

 

 
  5 ng/mL 10 ng/mL             

Figure 4.16: Representative cytospins showing the effect of IL-6 on neutrophil

apoptosis over 4 h. Neutrophils were incubated with IL-6 at concentrations of 0.1 —

100 ng/mL, or GM-CSF (50 U/mL)as a positive control. IL-6 did not delay or enhance

neutrophil apoptosis at any concentration.
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Figure 4.17: The effect of IL-6 on Mcl-1 expression over 4 h. Neutrophils were

incubated with IL-6 at concentrations of 0.1 — 100 ng/mL, or GM-CSF (50 U/mL) as a

positive control. IL-6 did not alter the levels of Mcl-1 above those observedin control

incubations at any concentration. Data represent mean (tSEM) abundance normalised

to actin. A representative Western blot is shown.
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4.3.6 Effect of recombinant human cytokines/chemokines on cytokine /

chemokine expression / secretion by neutrophils

Neutrophils have been reported to be a source of a numberof cytokines/chemokinesin

vitro, and by virtue of their accumulation in large numbersin inflammatory synovial fluid

could potentially be a significant source of cytokines/chemokines in vivo. Manystudies

of neutrophil cytokine/chemokine expression have analysed changes in mRNAlevels

and whilst this is certainly a measure of upregulated gene expression, it does not

necessarily follow that a functional protein has been translated, processed or indeed

secreted. It was therefore decided to assay culture supernatants from neutrophils

incubated with a range of cytokine/chemokine stimuli using the multiplex assay used to

analyse synovial fluids in Chapter 3. This would provide a broad screen of

inflammatory cytokines/chemokines produced by neutrophils under a range of

conditions.

Neutrophils (5x10°/mL) were incubated at 37 °C in media supplemented with 10%

human ABserum as described in section 2.2, and cell-free supernatant wascollected at

6h. The stimuli included in the assay were as follows: GM-CSF (50 U/mL), TNF-o (10

or 100 ng/mL), GM-CSF + TNF-a (10 or 100 ng/mL), IL-1, IL-6, IL-10 and G-CSF (all

at 50 ng/mL), or GM-CSF+ IL-10 (50 ng/mL). A further incubation with cycloheximide

(10 ug/mL) wasalsoincluded to block de novo protein synthesis. As this was a broad

screen, equal volumes of supernatant from three experiments were pooled into one

sample which was assayed by multiplex assay as described in section 2.17. The levels

of IL-8 secretion in responseto different cytokine stimuli was particularly dynamic, and

further samples (n=9) were prepared and analysed using a Luminex IL-8 singleplex

assay as described in section 2.17 (figure 4.18).
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Figure 4.18: The levels of IL-8 secreted by neutrophils incubated for 6 h with a

range of cytokine/chemokine stimuli. Neutrophils were incubated alone (UNTR) or

with the addition of GM-CSF (50 U/mL), TNF-a (10 or 100 ng/mL), GM-CSF + TNF-a

(10 or 100 ng/mL), IL-1, IL-6, IL-10 and G-CSF(all at 50 ng/mL), or GM-CSF + IL-10

(50 ng/mL) and supernatant collected at 6 h. A further incubation with cycloheximide

(10 g/mL) was included to block de novo protein synthesis. IL-8 concentration was

determined by Luminex multiplex assay, and data are mean +SEM from 9 experiments.

(* p<0.05 compared to UNTR, t p<0.05 compared to GM-CSFonly, Student'st-test).

154

 



The IL-8 concentration in culture supernatant from untreated neutrophils was 2148

+ 922 pg/mL, and in cycloheximide treated neutrophils was 401 + 213 pg/mL,

suggesting that IL-8 is actively synthesised by neutrophils in culture, as well as being

released from intracellular stores. The amount of IL-8 produced in response to IL-6

(1622 + 707 pg/mL), G-CSF (1583 + 1138 pg/mL), IL-1B (2323 + 1195 pg/mL) and IL-10

(2177 + 1134 pg/mL) wasnotstatistically significantly different from untreatedcells.

Neither GM-CSF nor TNF-a (10 ng/mL) altered IL-8 production significantly when

added alone (GM-CSF, 1147 + 681 pg/mL; TNF-a, 2159 + 1045 pg/mL), however when

neutrophils were stimulated with both cytokines, IL-8 production wassignificantly higher

(7265 + 2315 pg/mL) than in cultures from untreated and GM-CSFonly treated cells

(p<0.05, Student's t-test). Incubation of neutrophils with a pro-apoptotic concentration

of TNF-a (100 ng/mL) increased IL-8 production to 4231 + 1612 pg/mL, and co-

stimulation with GM-CSFsignificantly increased IL-8 production (7415 + 2663 pg/mL)

compared to untreated and GM-CSFonly treated neutrophils (p<0.05, Student's t-test).

The levels of IL-18 and IL-1ra detected in the pooled (n=3) supernatants of cytokine

stimulated neutrophils are shown in figure 4.19A. Neither cytokine was detected in

supernatant of untreated cells. GM-CSF and TNF-a (10 ng/mL) alone did not induce

IL-1B secretion, however, neutrophils incubated with both cytokines produced 42 pg/mL

IL-1B at 6 h. TNF-o at 100 ng/mL stimulated production of 125 pg/mL IL-1B, which

increased to 151 pg/mL when neutrophils were co-stimulated with GM-CSF.

IL-6 stimulation produced 73.5 pg/mLof IL-1.
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IL-1ra was detected in pooled (n=3) culture supernatant following treatment with GM-

CSF (434 pg/mL), TNF-a at 10 ng/mL (254 pg/mL), TNF-a at 100 ng/mL (216 pg/mL),

and IL-6 (96 pg/mL). The combined effect of GM-CSF + TNF-a at 10 ng/mL (1597

pg/mL) and GM-CSF + TNF-a at 100 ng/mL (1917 pg/mL) was greater than either

cytokine alone. IL-18 stimulation did not induce IL-1ra production.

Multiplex cytokine assay of pooled (n=3) culture supernatant also revealed that

neutrophils in culture secrete GM-CSF, G-CSF and IL-6 (figure 4.19B). Neutrophils

secreted (86 pg/mL) GM-CSFin responseto IL-6 stimulation, and GM-CSFstimulation

of neutrophils induced G-CSF secretion (58 pg/mL). IL-6 was detected in the pooled

culture supernatant of neutrophils stimulated with GM-CSF (16 pg/mL), TNF-a at

10 ng/mL (6 pg/mL) and 100 ng/mL (7 pg/mL), GM-CSF + TNF-a at 10 ng/mL

(12 pg/mL IL-6), GM-CSF + TNF-a at 100 ng/mL (17 pg IL-6) and IL-1B (10 pg/mL).

Whilst the measured concentrations of IL-6 are low, they are within the detection limit of

the assay (3 pg/mL).

Neutrophils were not found to secrete IL-2, IL-4, IL-5, IL-10, IL-17, TNF-a or IFNy above

the detection level of the assay in responseto any of the cytokine/chemokinestimuli.
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Figure 4.19: The levels of (A) IL-1 and IL-1ra, (B) IL-6, G-CSF and GM-CSF

secreted by neutrophils following incubation for 6 h with recombinantcytokines.

Neutrophils were incubated alone (UNTR)or with the addition of GM-CSF (50 U/mL),

TNF-a (10 or 100 ng/mL), GM-CSF + TNF-a (10 or 100 ng/mL), or IL-6 or IL-1B (50

ng/mL). Levels of cytokines in culture supernatantcollected at 6 h were determined by

Luminex multiplex assay. Data represents pooled supernatant from 3 experiments.
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4.4 Discussion

This chapter has investigated the effects of a range of recombinant human

cytokines/chemokines on neutrophil function, based on the results in Chapter 3 which

identified a number of cytokines/chemokines that were present at elevated

concentrations in synovial fluid from rheumatoid arthritis patients. The functional

assays investigated were neutrophil priming, apoptosis, and stimulation of

cytokine/chemokine production and secretion, and a summary of the overall effects of

each cytokine/chemokine on these neutrophil functions can be foundin table 4.1.

Table 4.1: Summary of the effects of recombinant human cytokines/chemokines

on neutrophil function, at the concentrations described in the chapter.

 

 

 

 

 

 

 

 

 

 

Cytokine/chemokine Priming Apoptosis Cytokine/chemokine secretion

G-CSF Yes Delayed

GM-CSF Yes Delayed + G-CSF, 7 IL-1ra

IL-1B Yes Delayed

IL-6 No No effect t GM-CSF,¢ IL-1ra, f IL-1B

IL-8 Yes No effect None

IL-10 No Noeffect

IL-10 on GM-CSF Same as Sameas_ Same as GM-CSF
stimulated cells GM-CSF GM-CSF

TNF-a (10 ng/mL) Yes Delayed t IL-1ra

TNF-a (100 ng/mL) Yes Accelerated ¢ IL-8, t IL-1ra, t IL-1B     
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The effect of cytokines/chemokines on neutrophil priming confirmed some previously

published results by other groups, but whichis often difficult to evaluate and compare

due to differences in culture conditions and the assays used to measure the respiratory

burst. GM-CSF and TNF-a have a well-described, potent effect on neutrophil priming

which is modulated via partial phosphorylation and translocation to the plasma

membraneofthe cytosolic p47°"™ component of the NADPH oxidase'**'**°’°. G-CSF

was shownto prime the neutrophil respiratory burst, and has previously been reported

to induce translocation of cytochrome bss to the plasma membrane rather than

phox 139,142 11-8 was shownto be a strong primer of the neutrophilphosphorylate p47

respiratory burst, an observation which has been madebyseveral other groups. The

possible mechanisms of IL-8-mediated priming have been suggested to be through

phospholipase D (PLD) activation and subsequent phosphatidic acid (PA)

formation®®*3®° and/or p47"phosphorylation and mobilisation of p47°"™, p67""™ and

43
cytochrome bssg ‘*°. IL-1B was shown to be a less potent primer of neutrophils than

381,382
GM-CSF, TNF-a or IL-8, and this confirms the finding of other groups . The exact

mechanismsof IL-1f priming have not been elucidated, but it has been suggestedthat

IL-18 mediates a response via an unidentified down-stream target of p38 MAPK*™”

although whether this is via phosphorylation of p47""™ remains to be fully

determined'*?:"4°.

IL-6 was not able to prime neutrophils under the conditions used in this chapter. IL-6

has previously been reported to enhancethe priming ability of platelet activating factor

(PAF) but was unable to prime neutrophils alone*’, and has also been reported to

prime the respiratory burst at much higher concentrations (1000 ng/mL) than were

studied here*®*. IL-10 had no effect on neutrophil priming, and was not able to
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decrease the priming effect of GM-CSF under the conditions usedin this investigation.

IL-10 has previously been reported to decrease p47" phosphorylation and ROS

production in adherent neutrophils stimulated with GM-CSF*®*, howeverthis was using

muchhigher concentrations of adherent neutrophils (25 x10°/mL), and is therefore not

directly comparable to the data shownin this chapter. IL-10 has also been reported to

stimulate ROS production in unprimed neutrophils*®, and to decrease the ROS

production of PMA-stimulated neutrophils**” , although in this later report no ROS

production was detected in IL-10 stimulated neutrophils. The exact effects of IL-10 on

neutrophil priming remain to be fully elucidated, and this short review ofthe literature on

this subject alone highlights the variability of experimental results that arise from minor

differences in experimental conditions.

The apoptosis assays carried out in this chapter have shown that a numberof

cytokines/chemokines were able to delay neutrophil apoptosis in vitro. GM-CSF, TNF-a

(at a low concentration), G-CSF and IL-18 were all effective in delaying the rate of

neutrophil apoptosis in incubations up to 5 h. The rate at which a cell undergoes

apoptosis is closely controlled by pro- and anti-apoptotic Bcl-2 family proteins, and in

the case of neutrophils, is closely regulated by levels of the anti-apoptotic protein Mcl-1.

Previous work by this research group has shown that GM-CSFis able to upregulate

andstabilise levels of Mcl-1 via rapid and transient activation of ERK/AKTsignalling'”,

and levels of Mcl-1 have also been reported to be sustained in culture by IL-1p".

Experiments in this chapter showed that IL-18 was able to increase levels of Mcl-1.

Blockadeofprotein synthesis by cycloheximide did not decrease the protective effect of

IL-1B on apoptosis, but did result in degradation of Mcl-1. This indicates that IL-1B is

unable to stabilise Mcl-1 levels and must therefore delay neutrophil apoptosis by
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another mechanism. The IL-1 receptor is not thought to stimulate the ERK/AKT

pathway, but has been shownto activate p38 MAPK andit has been suggested that

this kinase in turn may activate the NF-«Btranscription factor*®* although there has not

been confirmation of this in neutrophils. Whilst NF-KB is not considered to directly

influence Mcl-1 expression, any indirect role remains to be elucidated. It has also been

suggested that IL-1B protects against apoptosis via a feedback mechanism in whichit

stimulates its own production via the action of caspase-1 (IL-18-converting enzyme),

which cleaves pro-IL-1f to yield the active cytokine to result in autocrine signalling of

delayed apoptosis***. Other groups have also suggested that the effect of IL-18 on

neutrophil apoptosis may beindirectly caused by the effect of IL-1 on contaminating

PBNCsfoundin neutrophil preparations*®’.

G-CSF was shownto beprotective against apoptosis, but again did not appearto act

via upregulation or stabilisation of Mcl-1. Previous work has suggested that G-CSF

may function by preventing Bid truncation to tBid. Bid truncation results in Bax

translocation to the mitochondrial membrane, loss of mitochondrial membrane viability,

218,365cytochrome c leakage and caspase activation However, these data were

obtained using G-CSF concentrations in excess of those found in vivo (500 ng/mL).

The effect of TNF-a on neutrophil apoptosis has been widely described'*°7*8:7297°9 and

is two-fold. Low concentrations of TNF-a (s 10 ng/mL) are anti-apoptotic, and act via

upregulation of NF-«B signalling, which results in initiation of the synthesis of many

proteins, including mRNAforthe anti-apoptotic Bcl-2 family member, Bfl-1'°°. Bfl-1 has

only ever been detected as MRNAin neutrophils, not protein, and levels of this protein

have not been investigated in this chapter because of the unavailability of a reliable
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antibody. High concentrations of TNF-a have previously been shown to be pro-

apoptotic due to death-receptor signalling and initiation of caspase-mediated

apoptosis1°°:27°:229.289 |

Whilst Mcl-1 expression is not believed to be directly regulated by NF-«B, TNF-a

treatment of neutrophils over 3 h was shownto sustain Mcl-1 levels. This could be via

AKT or ERKsignalling which has been reported to be activated in TNF-a stimulated

$89 perhaps leading to phosphorylation and stabilisation of Mcl-1 in a similarneutrophils

manner to GM-CSF treatment. However, Mcl-1 levels were not maintained in those

cells treated with cycloheximide, which would raise the question of whether TNF-a can

stabilise Mcl-1. One possible explanation of this observation is that cycloheximide

treatment of TNF-stimulated cells has been shown to rapidly decrease the levels of

cFLIP via blockade of NF-«B stimulated protein synthesis, leading to rapid activation of

8?! 5,225,390 190,196caspase- . Mcl-1 is a target of caspase cleavage , and this could explain

why levels of the protein are not stabilised by TNF-a. Indeed, increased caspase-8

activation was detected in those cells treated with both TNF-a and cycloheximide, and

in untreated cells which had no additional NF-«B stimulation.

This work highlights the delicate relationship between the intrinsic and extrinsic

pathways to apoptosis. Despite the presence of the potent anti-apoptotic signal from

GM-CSF, high concentrations of TNF-a were able to over-ride these survival signals

andinitiate apoptosis. The dual effect of TNF-a on neutrophil apoptosis is particularly

relevant in terms of inflammatory disease. In Chapter 3, TNF-« was measured in

synovialfluid of rheumatoid arthritis patients at concentrations which in vitro have been
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shownto delay neutrophil apoptosis (s 10ng/mL)””’, but was not found at the very high

concentrations required toinitiate apoptosis (>10 ng/mL)**?*.

IL-6, IL-8 and IL-10 had no effect on neutrophil apoptosis at the concentrations used.

Previous research has suggestedIL-6 can beeither pro- or anti-apoptotic to neutrophil

cultures, or have no effect*’*°’°°°"°% However, the conditions used in this chapter

showthat a wide range of IL-6 concentrations had no effect on neutrophil apoptosis or

Mcl-1 levels. Interleukin-6 binds to the IL-6 receptor/gp130 receptor complex on the

plasma membrane which signals via the JAK/STAT pathway*"’, and has been reported

to upregulate Mcl-1 expression in carcinoma cell lines*?°’, One report of IL-6

increasing Mcl-1 levels in neutrophils only observed aneffect at an IL-6 concentration of

500 ng/mL**", far in excess of the levels observed in vivo. No evidence of an effect on

neutrophil apoptosis or Mcl-1 levels could be detected under the conditions described in

this chapter. It is interesting to note that patients receiving Tocilizumabin clinical trials

have experienced neutropenia, and it has been suggested that this could be due to

increased apoptosis. As Tocilizumab is directed at the IL-6 receptor rather than IL-6

itself, it is possible that Tocilizumabis initiating the removal of neutrophils via antibody-

dependentcellular cytotoxicity (ADCC). Neutrophils are one of only a few cell types to

express the IL-6 receptor, and indeed one of their roles in rheumatoid arthritis is

believed to be via secretion of the IL-6 receptor (in response to chemotactic factors

such asIL-8) to initiate IL-6 signalling in cells which do not constitutively express this

receptor and which would therefore not normally be responsiveto IL-6°'7°%4.

Interleukin-8 has previously been reported to exert an anti-apoptotic effect on

neutrophils at high concentrations (100 nM, which is approximately 800 ng/mL)**° orin

adherent neutrophils**°°°’. However, no effect of IL-8 on neutrophil apoptosis whilst in
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suspension was determined in my studies, and this ineffectiveness of IL-8 to prevent

neutrophil apoptosis has also been observed by others®”*3°°"%* Previous data were

obtained through the use of neutralising IL-8 antibody assays, and there is evidence to

suggest the formation of IL-8/anti-IL-8 antibodies may result in delayed neutrophil

apoptosis*”’. The role of immune complexesin neutrophil apoptosis will be investigated

in the next chapter. Autocrine signalling by IL-8 has also been suggested as a possible

mechanism for the anti-apoptotic role of TNF-a on neutrophils, as TNF-a can stimulate

IL-8 production via NF-«B. However this again has been mainly determined through

the use of IL-8 blockade*”,

Interleukin-10 also had no effect on neutrophil apoptosis, and was not able to affect the

protection from apoptosis provided by GM-CSF. It has been demonstrated that

unprimed neutrophils possess few IL-10 receptors on their plasma membrane,andthat

receptors are stored in specific granules and mobilised to the plasma membrane upon

stimulation by agents such as TNF-a, LPS and GM-CSF*°'. Whilst IL-10 has previously

been reported to decrease the protective effect of LPS on neutrophil apoptosis®”**”, it

does not appear to have an effect on GM-CSF delayed apoptosis, under these

conditions. This is interesting, as the presence of LPS in vivo is not associated with

rheumatoid arthritis, as LPS is a bacterial product, and therefore the anti-inflammatory

role of IL-10 on neutrophils may be less relevant in autoimmune disease than in

pathogen-mediated inflammation. IL-10 has been shownto inhibit NF-«B signalling in

monocytes/macrophages*” which could explain its effect on LPS treated cells, as there

is no evidence of IL-10 down-regulating the signalling pathways activated by GM-CSF

(i.e. ERK/AKT).
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Cytokine/chemokine production by neutrophils has been studied previously and has

identified IL-8 as a key chemokine synthesised by neutrophils under inflammatory

conditions. Whilst the effects of stimulants such as TNF-o and IL-18 have previously

been reported, most studies have investigated the effects of LPS stimulation on IL-8

production"1°36. The IL-8 gene promoter has been shownto include transcription

binding sites for NF-«B, activator protein-1 (AP-1), cis-regulatory enhancer binding

protein-like factor (C/EBP) and nuclear factor IL-6 (NF-IL6)*°°*°> : two or more of these

transcription factors are required to act synergistically to initiate IL-8 production. In this

chapter, co-incubation of GM-CSF with TNF-a resulted in enhancedIL-8 secretion, and

this may be via the synergistic effect of two signalling pathways (NF-kB and AP-1).

TNF-a has previously been shownto stimulate IL-8 production in neutrophils and other

cell types via NF-xB and p38-MAPKsignalling, and the AP-1 transcription factor has

beenidentified as a downstream target of ERK, whichis activated by GM-CSF4%*°8.

IL-6, G-CSF, IL-1B and IL-10 did not stimulate the synthesis of IL-8. G-CSF has

previously been reported to have no effect on IL-8 production in neutrophils *°°, and

IL-1B has previously been observed to induce IL-8 synthesis, although at apparently

much higher stimulating concentrations than used in this work (1000 U/mL,

concentration in ng/mL unknown)'®*. IL-10 has previously been reported to abrogate

LPS-induced IL-8 production in neutrophils*"”.

It has also been suggested that IL-8 production by neutrophils may be regulated bycell

864 in that higher concentrations of neutrophils produce lower amountsofIL-8 indensity

response to LPS stimulation. This phenomenon was not investigated in this chapter,

although is a logical hypothesis. IL-8 is a chemoattractant, and therefore neutrophils
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will produceit to recruit more neutrophils to the site of infection. At higher cell densities

one would presume that fewer neutrophils need to be recruited, and therefore the

chemoattractant signal would be decreased. This observation could also be explained

by neutrophil adhesion in culture, as in the study quoted™cell densities of up to

60x10°/mL were used, and we have previously observed that concentrations in excess

of 10x10°/mLresult in excessive clumping of suspension cells.

Interleukin-1ra has previously been identified as a secreted product of neutrophils

stimulated by LPS, GM-CSFor TNF-a'®'”° and this would appear to be confirmed by

the assay undertaken in this study. Previous research found that unstimulated

neutrophils contain intracellular stores of IL-1ra which can be rapidly secreted upon

activation of the neutrophil, alongside stimulation of additional IL-1ra mRNA synthesis

and protein assembly’”’. IL-1 was also reported to be synthesised at much lower

levels in response to LPS stimulation only. IL-1f was only detected at very lowlevels in

this chapter, in response to stimulation from TNF-a at 100 ng/mL with and without GM-

CSF. This is possibly due to the fact that any IL-1B synthesised could have boundto

IL-1 receptors on the surface of the neutrophils to initiate autocrine signalling. In the

incubations with 100 ng/mL TNF-a, IL-1B synthesis may have been stimulated at a

higher level (via NF-«B) and/or may not be bound to receptors, as these neutrophils will

have undergone morerapid apoptosis.

Whilst IL-1ra is believed to mediate an anti-inflammatory role via the blockade of IL-1f

signal transduction, the fact that it was found at high concentrations in synovial fluid

from rheumatoid arthritis patients would suggest that IL-1 is not a pivotal cytokine in

166



RAinflammation. Indeed Anakinra, whichinitself is an IL-1 receptor antagonist, is not

routinely prescribed for new RA patients in the UK*"”.

This chapter has shown that many of the cytokines foundin inflammatory synovial fluid

can elicit changes in neutrophil function; priming the cells for activation, delaying the

rate at which they undergo apoptosis, andinitiating cytokine/chemokine synthesis and

secretion. By virtue of their high numbers within the synovial fluid of inflamed joints,

and their subsequent response to the cytokines present, neutrophils may therefore

significantly contribute to both the production of inflammatory cytokines and damage to

joints and tissues seenin inflammatory arthritis.
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Chapter 5: Investigating the effects of immune complexes

on neutrophil functions

5.1 Introduction

The previous chapters identified a number of cytokines/chemokines that are elevated in

the synovial fluid of rheumatoid arthritis patients, and investigated their functional

effects on neutrophils. However, elevated cytokines/chemokines represent only one

aspect of the micro-environment within the rheumatoid joint, and other inflammatory

mediators such as the immune complexes associated with rheumatoid arthritis have

been shown to affect neutrophil activation. Immune complexes normally mediate a

neutrophil response in the presence of an invading pathogen, e.g. bacteria, which

become opsonised by immunoglobulins (and complement) resulting in initiation of

phagocytosis via binding of Fc receptors on the neutrophil surface to the Fc portion of

opsonising immunoglobulins. However, immunoglobulins can also be produced as part

of an auto-immune response when auto-antigens are no longer recognised as “self”,

and antibodies are subsequently raised against host tissue. Activation of neutrophils by

immune complexes within the synovial joint may result in the release of proteases and

reactive oxygen metabolites directly onto the surface of the cartilage or into the synovial

fluid, and may contribute to the damage and erosions characteristic of rheumatoid

arthritis.

Patients with rheumatoid arthritis are often positive for auto-antibodies such as

rheumatoid factor (RF) and/or anti-CCP (anti-cyclic citrullinated peptide), and these

antibodies can be present in both sera and synovialfluid**°*""*"?. Rheumatoid factoris
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a term used to describe the aggregates of immunoglobulin found within the sera of

around 85% of patients with rheumatoid arthritis”, and indeed positivity for RF is one of

the criteria laid down by the American College of Rheumatology in diagnosing

rheumatoid arthritis in new patients’. The antigenic target of RF is within the Fc region

of the immunoglobulin molecule, and so RF comprises complexes of IgG and IgM

antibodies. Auto-antibodies raised against citrullinated proteins have recently been

identified as a highly specific (~95%) serum marker of rheumatoid arthritis”.

Citrullination occurs whenarginine residues of peptides are converted to citrulline via

the action of peptidylarginine deiminases. Commonly citrullinated peptides identified in

rheumatoid arthritis are fibrinogen, alpha-enolase and types | andII collagen, and the

major cause ofcitrullination in vivo is believed to be smoking. Auto-antibodies can be

detected in the sera of individuals many years before the onset of disease symptoms,

and indeed a high titre of auto-antibodies, especially anti-CCP, correlates with high

19,348,413 The presenceof auto-levels of disease activity and severity of joint destruction

antibodies in sera prior to the appearanceof clinical symptoms suggests an intrinsic

role of immune complexesin the activation of the immune response whichinitiates RA.

Previous work by this group has identified soluble and insoluble immune complexes

within the synovial fluid of patients with rheumatoid arthritis, and these have been

shown to activate the respiratory burst in primed neutrophils*’*. Neutrophils

constitutively express two types of Fcy receptor, FcyRlla (CD32) and FcyRIllb (CD16),

which specifically bind IgG immunoglobulins, and work by this group has identified

distinct roles of each receptor in phagocytosis, bacterial killing and response to soluble

108,108,415 EcyRIllb was shownto play a pivotal role in the secretionimmune complexes

of reactive oxygen metabolites in response to immune complexes,butlittle or no role in

phagocytosis orkilling of serum-opsonised bacteria, making it a potential therapeutic
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target in rheumatoid arthritis. Whilst the effect of immune complexes on phagocytosis,

activation of the neutrophil respiratory burst, and signalling transduction via FcyRlla and

FcyRIllb has been studiedin detail*"®, the effect of immune complexes on the regulation

of neutrophil apoptosis and cytokine production are less well understood.

The aimsof the work described in this chapter wereto:

- Investigate the ability of soluble and insoluble immune complexesto prime and

activate the neutrophil respiratory burst

- Investigate the effect of soluble and insoluble immune complexes on neutrophil

apoptosis and expressionof anti-apoptotic proteins

- Investigate the effect of soluble and insoluble immune complexes on neutrophil

cytokine/chemokine production

5.2 Methods

Immune complexes were synthesised as described in section 2.16. Neutrophils were

isolated from the blood of healthy individuals and incubated with immune complexesfor

up to 6 h as described in section 2.2, in the absence or presence of cell signalling

inhibitors as described in section 2.7. Apoptosis was determined by flow cytometry as

described in section 2.6, and Western blotting was carried out as described in section

2.9. The neutrophil respiratory burst was measured by chemiluminescence as

described in section 2.14. Measurement of cytokine/ chemokine secretion was carried

out on cell-free culture supernatant collected at 6 h as described in section 2.17.
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5.3 Results

5.3.1 Effect of immune complexes on the neutrophil respiratory burst

Immune complexes have previously been shownto activate the neutrophil respiratory

burst, and this phenomenon wasusedto determine the purity and activity of each batch

of immune complexespreparedfor use in this chapter. Figure 5.1 showsthedistinctive

chemiluminescencetraces produced by soluble immune complexes (SIC) and insoluble

immune complexes(IIC). IIC stimulate ROS production in both primed and unprimed

neutrophils (figure 5.1A) and this has previously been shown to be mainly via

phagocytosis of large IIC, and production of ROS within the intracellular phagosome.

SIC initiate rapid, extracellular ROS production in primed neutrophils only (figure 5.1B),

and this has been shownto be dependent uponsignalling from FeyRIllb'.

The ability of immune complexes to prime neutrophils was investigated. SIC were

found to prime the respiratory burst in a dose-dependent manner(0.5% - 2% v/v) when

ROS production was subsequently triggered by fMLP (ps0.05, figure 5.2), and the

optimal priming time was determined to be 1 h. When the respiratory burst was

triggered with either IIC or by addition of more SIC,only IIC were able to stimulate ROS

production (p<0.05, figure 5.3). IIC were found to prime the respiratory burst at a

concentration of 2% v/v when ROSproduction wastriggered by fMLP (ps0.05,figure

5.4). The optimal priming time was determined to be 30 min. When the respiratory

burst wastriggered by addition of SIC (10% v/v), the amount of ROS produced was

increased but this was notstatistically significant (p=0.13, figure 5.5 A&C). Addition of

further IIC (10% v/v) did not stimulate enhanced ROS production (figure 5.5 B&D).

171



 

   

  

  

  
 

A 140 5

120 + —— Primed IIC

> 400 4 ~-®~ Unprimed IIC

oO
Fe
% 80 5
wn
oO

£
£€ 607
3

£ g
2 40-45
oO :

20 4

0 TrTTrrrrrrrrrrrrryrrrrr+rrr+rrtrrrtrrrtrrtrtrttrtr+trttt+tttttttttttbttitioy

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Time (mins)

B 400 5

350 + —— Primed SIC

S 300 4 ~-o-- Unprimed SIC
£

& 250 4
c
oo
Oo

® 200 -
£
£
2 1507
£
2@ 100 4

50 7

0 Q0OOOHO OOo: od 00000000000000000

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Time (mins)    
Figure 5.1: Immune complex stimulation of the neutrophil respiratory burst.

Neutrophils were incubated with or without GM-CSF (50 U/mL) for 40 min, stimulated

with 10% v/v immune complexes and the respiratory burst measured by luminol-

enhanced chemiluminescence. (A) Insoluble immune complexes (IIC) stimulate

intracellular oxidant production in primed and unprimed cells. (B) Soluble immune

complexes (SIC) stimulate extracellular oxidant production in primed cells only.
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Figure 5.2: Low concentrations of soluble immune complexes (SIC) prime the

neutrophil respiratory burst. Neutrophils were incubated with SIC (0.5 — 2% v/v) for

1 h, stimulated with fMLP and the respiratory burst measured by luminol-enhanced

chemiluminescence. The mean +SEMtotal chemiluminescence from 4 experiments is

shownin (A), and a representative trace is shownin (B). Statistical analysis was with

Student's t-test.
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Figure 5.3: Soluble immune complexes (SIC) prime the neutrophil respiratory

burst when stimulated with higher concentrations of IIC but not SIC. Neutrophils

were incubated with 2% SIC v/v for 1 h, stimulated with 10% v/v SIC or IIC and the

respiratory burst measured by luminol-enhanced chemiluminescence. The mean +SEM

total chemiluminescence from 3 experiments is shown in (A, SIC) and (B,IIC), and a

representative traces are shownin (C, SIC) and (D, IIC). Primed cells are indicated

as (#) and unprimed cells as (©). Statistical analysis was with Student'st-test.
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Figure 5.4: Low concentrations of insoluble immune complexes(IIC) prime the

neutrophil respiratory burst. Neutrophils were incubated with IIC (0.5 — 2% v/v) for

30 min, stimulated with fMLP and the respiratory burst measured by luminol-enhanced

chemiluminescence. The mean +SEMtotal chemiluminescence from 4 experiments is

shownin (A), and a representative trace is shown in (B). Statistical analysis was with

Student'st-test.
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Figure 5.5: Insoluble immune complexes (IIC) did not significantly prime the

neutrophil respiratory burst when stimulated with higher concentrations ofIIC or

SIC. Neutrophils were incubated with 2% IIC v/v for 30 min, stimulated with 10% v/v

SIC or IIC and the’ respiratory burst measured by luminol-enhanced

chemiluminescence. The mean +SEMtotal chemiluminescence from 3 experiments is

shownin (A, SIC) and (B, IIC), and a representative traces are shownin (C, SIC) and

(D, IIC). Primed cells are indicated as (#) and unprimed cells as (©). Statistical

analysis was with Student’st-test.
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5.3.2 Effect of immune complexes on neutrophil apoptosis

Published work on the effect of immune complexes on neutrophil apoptosis has not

always distinguished between the mediated effect from soluble (SIC) and insoluble (IIC)

998,399.417 As previous work by this group has shown that SIC andimmune complexes

IIC initiate different physiological functions in neutrophils, the individual effects of SIC

and IIC were investigated.

Neutrophils (5x10°/mL) were incubated for 6 h in the absence or presence of 1% v/v

SIC or IIC. Neutrophils were either primed with GM-CSF (50 U/mL) for 45 min or

TNF-a (10 ng/mL) for 20 min before addition of immune complexes. Unprimed

neutrophils were also incubated in the absence or presence of ICs. Apoptosis was

determined by Annexin V-FITC/PI flow cytometry (described in 2.6) as the neutrophils

becamehighly activated by the immune complexes making assessment of apoptosis by

morphology difficult and unreliable. titration of 1% - 10% SIC or IIC showed no

significant difference in the effect on neutrophil apoptosis, and therefore 1% SIC or

IIC v/v was usedin all incubations to preserve stocks of reagents.

In unprimed cells, SIC were able to delay neutrophil apoptosis at 2 and 4h (SIC 5.0% +

0.9% and 38.4% + 3.7% vs untreated 12.1% + 1.2% and 52.9% + 1.9%, 2 and 4h

respectively, p<0.01, Student's t-test), however, this effect was no longersignificant by

6 h incubation (59.6% + 3.3% vs untreated 64.9% + 2.7%, p=0.16). IIC did not

significantly decrease the levels of apoptosis at 2 h (10.9% + 2.7%) howeverthe effect

wassignificant at 4 h (46.8% + 3.1%, p=0.02) and 6 h (58.5% + 3.3%, p=0.02) (figure

5.6 and 5.7).
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Figure 5.6: Effect of soluble (SIC) and insoluble (IIC) immune complexes on

neutrophil apoptosis. Neutrophils were incubated for 6 h in the absence (UNTR) or

presence of either 1% v/v SIC or IIC, and apoptosis was determined by flow cytometry

using Annexin-V-FITC. SICs significantly decreased the level of apoptosis at 2 and 4h

(p<0.01) and IICs significantly decreased the level of apoptosis at 4 and 6 h (p=0.02,

Student’s t-test). Data are mean + SEM (n=7).
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Figure 5.7: Representative flow cytometry traces showing the proportion of Annexin

V-FITC positive cells (regions 7 & 9, R7 & RQ) at 2, 4 and 6 h following incubation in the

absence (UNTR) or presence of either 1% v/v soluble immune complexes (SIC) or

insoluble immune complexes(IIC).
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Treatment of neutrophils with GM-CSF resulted in significant inhibition of neutrophil

apoptosis at 2, 4 and 6 h comparedto untreated control (1.7% + 0.5%, 11.7% + 2.%

and 31.9% + 4.6% respectively, p<0.01 at each timepoint, Student’s t-test) as

previously shown in Chapter 4. Neither SIC nor IIC were able to enhance the protective

effect of GM-CSF on neutrophil apoptosis over 6 h, howeverIIC significantly enhanced

the rate of apoptosis in GM-CSFprimedcells at 2 h (3.1% + 0.8%, p=0.05, Student’s

t-test) (figure 5.8 and 5.9). The levels of apoptosis observed in SIC- and IIC- exposed

GM-CSF-primed neutrophils were, however, significantly lower than in SIC- and IIC-

exposed unprimed neutrophils at each timepoint (p<0.01, Student'st-test).

SIC and IIC both enhanced the rate of apoptosis in TNF-a treated neutrophils. Whilst

TNF-a alone was protective against apoptosis compared to control at 4 h (15.9% +

6.4%, p=0.01) and 6 h (31.9% +5.3%, p=0.01), SIC significantly enhanced the rate of

apoptosis at 4 h (20.3% + 6.4%, p<0.01) compared to TNF-a alone. IIC enhanced the

rate of apoptosis at 4 and 6 h (26.2% + 8.5%, p=0.04, and 39.4% + 4.1%, p=0.02

respectively) compared to TNF-a alone (figure 5.10 and 5.11). The levels of apoptosis

observed in SIC- and IIC- exposed TNF-a-primed neutrophils were only significantly

lower than in SIC- and IIC- exposed unprimed neutrophils at 4 and 6 h (p<0.05,

Student’s t-test).
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Figure 5.8: Effect of soluble (SIC) and insoluble (IIC) immune complexes on

apoptosis in GM-CSF primed neutrophils. Neutrophils were primed for 45 min with

GM-CSF (50 U/mL) and incubated for 6 h in the absence (GM-CSF) or presence of

either 1% v/v SIC or IIC, and apoptosis was determined by flow cytometry using

Annexin-V-FITC. IICs significantly increased the level of apoptosis at 2 h (p<0.05,

Student’s t-test) compared to cells treated with GM-CSF only. SIC did not protect

against apoptosis in GM-CSFtreated cells. Data are mean + SEM (n=7).
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Figure 5.9 : Representative flow cytometry traces showing the proportion of Annexin

V-FITC positive cells (regions 7 & 9, R7 & R9) at 2, 4 and 6 h following incubation in the

presenceofeither 1% v/v SIC orIIC after priming with GM-CSF (50 U/mL) for 45 min.
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Figure 5.10: Effect of soluble (SIC) and insoluble (IIC) immune complexes on

apoptosis in TNF-a primed neutrophils. Neutrophils were primed for 20 min with

TNF-a (10 ng/mL) and incubated for 6 h in the absence (TNF) or presence of either

1% viv SIC or IIC, and apoptosis was determined by flow cytometry using Annexin-V-

FITC. SICs significantly increased the level of apoptosis at 4 h (p<0.01), and IICs

significantly increased the level of apoptosis at 4 h and 6 h (p=0.04 and p=0.02,

Student’s t-test) compared to cells treated with TNF-a only. Data are mean + SEM

(n=7).
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Figure 5.11: Representative flow cytometry traces showing the proportion of

Annexin V-FITC positive cells (regions 7 & 9, R7 & RQ) at 2, 4 and 6 h following

incubation in the presence of either 1% v/v SIC or IIC after priming with TNF-a

(10 ng/mL) for 20 min.
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5.3.3 Effect of immune complexes on Mcl-1 expression

As MclI-1 is a key regulator of neutrophil apoptosis, the effect of SIC and IIC on Mcl-1

expression was investigated. Protein lysates were collected at 2, 4 and 6 h as

described in section 2.8 and were analysed by Western blot as described in section 2.9,

probing for Mcl-1 and actin. Densitometry analysis was carried out using Scion Image

and is expressed as a fold change from 0 h (mean + SEM), normalising to actin. The

Western blot procedure had to be optimised due to the use of rabbit immune complexes

in the incubation conditions, as the primary Mcl-1 antibody normally used for Western

blotting was also raised in rabbit, and consequently there was non-specific binding of

secondary antibody to the rabbit immune complexes which had been phagocytosed by

the neutrophils and consequently becomepart of the cellular protein lysate. This non-

specific binding was most apparent whenusing insoluble immune complexes, however

the level of non-specific binding with soluble immune complexes wasalso unacceptable

(figure 5.12).

In an attempt to decrease the non-specific binding of immune complexes to the

antibodies used in the Western blotting procedure, a mouseanti-Mcl-1 primary antibody

was tested, and this resulted in much lowerlevels of non-specific binding (figure 5.13

A&B). Incubation of a duplicate membrane with the anti-mouse secondary antibody

only (without primary antibody) showed that there was some non-specific binding to

both the immune complexes used in the incubations, and to proteins within the

neutrophil protein lysate (figure 5.13 C&D). However, this lower level of non-specific

binding was acceptable for the proposed experiments, and protein lysates from

incubations of neutrophils over 6 h in the absence or presence of immune complexes

were probedfor changesin the level of Mcl-1 expression.
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Figure 5.12: Non-specific binding of secondary anti-rabbit antibody to Mcl-1

primary antibody during Western blotting of protein lysate from neutrophils

treated with immune complexes. Insoluble immune complexes (IIC) were

phagocytosed by neutrophils and consequently protein lysates contained considerable

amountsofintracellular rabbit IgG which resulted in non-specific binding of secondary

anti-rabbit IgG antibody.
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Figure 5.13: Western blot optimisation using mouse anti-human Mcl-1 antibody.

(A&B) Some non-specific binding was evident using the mouse Mcl-1 antibody, and

incubation of duplicate membranes with anti-mouse secondary antibody only (C&D)

revealed that this was due to non-specific binding of the anti-mouse antibody to both

immune complexes and neutrophil proteins.
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Densitometry analysis of the changes in Mcl-1 levels in the absence or presence of SIC

or IIC, with and without priming of cells by GM-CSF or TNF-a can be seenin figure

5.14, and a representative Western blot is shownin figure 5.15. Statistical analysis of

results using Student’s t-test revealed there were no significant differences in the

changeof expression of Mcl-1 induced byeither SIC or IIC treatment. There was wide

heterogeneity between donors in the rate of Mcl-1 turnover, which is evident by the

large error bars on some incubation conditions (e.g. GM+SIC 2 h), and this made

statistical analysis difficult. Analysis of data using the less powerful Wilcoxon Rank-

Sum test (a non-parametric equivalent of the paired t-test) showed a numberof trends

(p=0.068): at 4 and 6 h, GM-CSF and TNF-a priming resulted in higher Mcl-1 levels

than seen in untreated cells, and at 4 h in control incubations, addition of SIC resulted

in higher Mcl-1 levels than were observed in untreated cells.

Western blot analysis revealed multiple high molecular weight bands (>45 kDa) which

may or may not be phosphorylated or ubiquitinated forms of Mcl-1. Indeed, treatment

with SIC and IIC appeared to enhance the appearance of these high molecular weight

bands. Similar banding has been observed in work carried out by others in this

research group,particularly in relation to nuclear/mitochondrial localisation of phospho-

mutants of Mcl-1 in HeLa cells (L. Thomas, unpublished), and work is currently ongoing

to determine the identity of these proteins. Indeed, if the high molecular weight proteins

are post-translationally modified (PTM) Mcl-1, perhaps differences in the rate of

PTM/degradation account for the donor/donor variation observed in the abundance of

42 kDa MclI-1 in the absence or presenceof immune complexes.
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Figure 5.14: Effect of immune complexes on Mcl-1 expression. Neutrophils were

incubated for 6 h in the absence or presence of 1% v/v SIC or IIC, with and without

priming by GM-CSF (50 U/mLfor 45 min) or TNF-a (10 ng/mL for 20 min) (n=4). Mcl-1

protein levels were quantified by Western blot using Scion Image, normalised to actin.
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Figure 5.15: Representative Western blot showing the effect of SIC and IIC on

MclI-1 expression. Neutrophils were incubated for 6 h in the absence or presence of

1% viv SIC or IIC, with and without priming by GM-CSF (50 U/mL for 45 min) or

TNF-a (10 ng/mL for 20 min). The 42 kDa Mcl-1 band is indicated with an arrow, and

protein loading was normalised to actin.
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5.3.4 The effect of kinase signalling inhibitors on the ability of immune

complexesto delay apoptosis

In order to determine the possible mechanism through which immune complexes

signalled a delay in apoptosis, neutrophils were incubated with a range of protein

kinase inhibitors, and a description of each inhibitor, target kinase, relevant

concentration and abbreviations used in this chapter can be found in table 5.1. The

relevant concentration of each inhibitor had been optimised previously by colleagues*"*.

Table 5.1: The concentrations and targets of the cell signalling inhibitors used

with neutrophil incubations.

 

 

 

 

 

 

 

Abbreviation .. Final
Name in text einen Concentration Target

ap: Spleentyrosine
SYK inhibitor SYK DMSO 10 uM kinase (SYK)

Phosphatidylionositol
LY294002 LY DMSO 10 uM 3-kinase (PI3K)

MAPK/ERKkinase
PD98059 PD DMSO 50 uM (MEK)

BAY11-7082 BAY DMSO 20 uM IkB kinase (IKK)

$B202190 SB DMSO 1 uM p38 MAPK

Bisindolymalemide- Protein kinase C
1 BIS DMSO 5 yg/mL (PKC)      
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Neutrophils (5x10°/mL) were incubated at 37 °C for 20 min with each inhibitor before

the addition of 1% v/v immune complexes. Apoptosis was determined by Annexin-V-

FITC/PI flow cytometry, at 2 h for SIC and at 4 for IIC, as the anti-apoptotic effect of

these immune complexeswasstatistically significant at these time points (figure 5.16).

At 2 h, the level of apoptosis in untreated cells was 17.1% + 2.8% and in SIC treated

cells was 11.6% + 2.2%, showing again that SIC were significantly protective against

apoptosis (p=0.00, Student’s t-test). Inhibition of SYK (by SYK inhibitor) completely

abrogatedthe protective effect of SIC (SYK inhibitor 13.4% + 3.6%, SYKinhibitor + SIC

13.6% + 3.4%, p=0.83). Inhibition of PKC (by BIS) abrogated the protective effect of

SIC (BIS 9.8% + 1.7%, BIS+SIC 8.0% + 1.3%, p=0.12). Inhibition of IKK, and therefore

NF-«B signalling, by BAY11 significantly decreased the rate of apoptosis compared to

untreated cells (8.6% + 3.8%, p=0.02), and inhibition of NF-«B also abrogated the

protective effect of SIC (8.1% + 2.4%, p=0.77).

Inhibition of p38 MAPK (by SB) did not significantly affect the rate of apoptosis in the

absence (13.2% + 2.7%) or presence of SIC (7.7% + 1.5%) (SB vs SB+SIC p=0.01).

Inhibition of MEK1/2 (by PD) resulted in an increased level of apoptosis in the absence

(21.3% + 4.6%, p=0.02 vs untreated cells) and presence of SIC (18.7% + 3.9, p=0.02 vs

SIC treated cells with no inhibitor), although the effect of SIC wasstill significant when

compared to the paired MEK1/2 inhibitor (PD vs PD+SIC p=0.03). Inhibition of PI3K (by

LY) increased the rate of apoptosis compared to untreated cells in the absence (22.0%

+ 4.7%, p=0.03) and presence (19.5% + 4.2%, p=0.01) of SIC, and although SIC were

still protective comparedto the inhibitor alone (LY vs LY+SIC p=0.05).

These data suggest that the SYK/PKC/NF-«B signalling pathway is an essential

componentof the protective effect mediated by soluble immune complexes.

192



 

%
a
p
o
p
t
o
t
i
c
ce

ll
s

  

 

    q T T q

NOINH VEH SYK PD

 

 

BIS 
 

Figure 5.16: The effect of protein kinase inhibition on neutrophil apoptosis over

2 h in the absence (c) or presence (#) of 1% v/v SIC. Neutrophils were incubated

with a broad range of kinase inhibitors for 20 min before addition of 1% v/v SIC, and

apoptosis was measured byflow cytometry using Annexin V-FITC/PI. Inhibition of SYK

(SYK), PKC (BIS) and IKK (BAY) abrogated the protective effect of SIC, whereas

inhibition of MEK1/2 (PD) and PI3K (LY) increased the basal level of apoptosis but did

not reduce the protection by SIC (tps0.05, + ps0.01 vs inhibitor pair, *ps0.05 vs

untreated pair, Student’s t-test) (n=5).
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Further analysis of the effect of PI3K inhibition and MEK1/2 inhibition revealed that

healthy donors could be divided into two groups (figure 5.17). Group A individuals did

not show an increased rate of apoptosis by inhibition of these kinases, however

inhibition abrogated the protective effect of SIC. In Group individuals, kinase

inhibition resulted in an enhanced level of apoptosis compared to untreated cells,

although SIC still protected against apoptosis comparedto inhibitor treated cells. This

indicates that, in someindividuals, PI3K and MEK1/2, which are both downstream of

SYK and which mayactivate NF-«Bsignalling, also contribute to the protective effect of

soluble immune complexes.

At 4 h, the level of apoptosis in untreated cells was 46.8% + 6.4% andin IIC treated

cells was 41.7% + 6.4%, showing again that IIC were significantly protective against

apoptosis (p=0.05). Inhibition of SYK (by SYKinhibitor) lowered the rate of apoptosis

comparedto untreated cells (36.5% + 1.7%), but the addition of IIC increased the rate

of apoptosis (44.8% + 2.8%, p=0.02 comparedto inhibitor only). Inhibition of PI3K (by

LY) completely abrogated the protective effect of IIC (LY 50.4% + 6.8%, LY + IIC 46.7%

+ 5.4%, p=0.20). Inhibition of NF-«B signalling by BAY11 significantly decreased the

rate of apoptosis compared to untreated cells (16.4% + 3.7%, p=0.02), and inhibition of

NF-«B also abrogated the protective effect of IIC (21.2% + 5.0%, p=0.21). Inhibition of

p38 MAPK, PKC, MEK1/2 and p38 MAPKdid not significantly affect the rate of

apoptosis in the absence or presenceofIIC (figure 5.18). These data suggest that the

SYK/PI3K/NF-«Bsignalling pathway is an essential component of the protective effect

mediated byIIC.
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Figure 5.17: Donorvariation in the apoptotic response to inhibition of MEK1/2

and PI3K over 2 h in the absence (c) or presence (#) of 1% v/v SIC. Neutrophils

were incubated with inhibitors of MEK1/2 (PD) or PI3K (LY) for 20 min before addition

of 1% v/v SIC, and apoptosis was measured by flow cytometry using Annexin V-

FITC/PI. Donors could be divided into two sub-groups (A & B). Group A donor

neutrophils did not undergo enhanced apoptosis in the presence of the inhibitors, and

inhibition of MEK1/2 and PI3K abrogated the protective effect of SIC. Group B donor

neutrophils underwent enhanced apoptosis in the presenceofthe inhibitors, but SIC still

exerted a protective effect on the rate of apoptosis (tps0.05 vsinhibitor pair, *ps0.05 vs

untreated pair, Student'st-test).
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Figure 5.18: The effect of protein kinase inhibition on neutrophil apoptosis over

4h in the absence (c) or presence («) of 1% v/v IIC. Neutrophils were incubated

with a broad range of kinase inhibitors for 20 min before addition of 1% v/v IIC, and

apoptosis was measured by flow cytometry using Annexin V-FITC/PI. Inhibition of PI3K

(LY) abrogated the protective effect of IIC, whereasinhibition of spleen tyrosine kinase

(SYK) significantly enhanced the rate of apoptosis in the presence of IIC. Inhibition of

p38 MAPK (SB), MEK1/2 (PD) and PKC (BIS) did not affect the ability of IIC to protect

against apoptosis. Inhibition of NF-«B signalling (BAY) significantly decreased the rate

of apoptosis compared to untreated cells, but abrogated the protective effect of IIC.

(tps0.05, tps0.01 vsinhibitor pair, *ps0.05, **ps0.01 vs untreated pair, Student's t-test)

(n=4).
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These data show that both soluble and insoluble immune complexes protect against

neutrophil apoptosis through activation of NF-«B signalling, however these different

types of immune complexes activate distinct signalling mechanisms. Whilst both

soluble and insoluble immune complexes initiate signalling through SYK, soluble

immune complexes activate PKC, and in some individuals also activate PI3K and

MEK1/2 signalling pathways, leading to activation of NF-kB. Conversely insoluble

immune complexes do not activate PKC or MEK1/2, but activate PI3K which can

activate NF-«B throughprotein kinase B (AKT)(figure 5.19).

 

Soluble Insoluble

Immune Complexes Immune Complexes

+

    
Figure 5.19: Signalling pathways involved in the regulation of neutrophil

apoptosis by soluble and insoluble immune complexes. Soluble immune

complexes transduce signalling via spleen tyrosine kinase (SYK), protein kinase C

(PKC) and NF-«Binall individuals (black arrow), and via SYK, phosphatidylionositol 3-

kinase (PI3K) and MEK1/2 in someindividuals (dashed arrow). Insoluble immune

complexes transduce signals via SYK, PI3K and NF-«Bonly.
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5.3.5 Effect of immune complexes on neutrophil expression / secretion of

cytokines / chemokines

The ability of immune complexes to stimulate cytokine/chemokine production was

investigated in both unprimed neutrophils, and in neutrophils exposed to GM-CSF

(50 U/mL) or TNF-a (10 ng/mL). Neutrophils (5x10°/mL) were incubated at 37 °C in

media supplemented with 10% human AB serum as described in section 2.2, and cell-

free supernatant was removed at 6 h. Cells were additionally stimulated with

1% viv SIC or IIC. As this was a broad screen, equal volumes of supernatant from

three experiments were pooled into one sample which was assayed by multiplex assay

as described in section 2.17. The levels of IL-8 secretion in response to different

cytokine stimuli was particularly dynamic, and further samples (n=7) were prepared and

analysed using an IL-8 singleplex assay as described in section 2.17 (figure 5.20).

SIC or IIC did not increase the IL-8 production in unprimed cells above unstimulated

levels (unstimulated, 1437 + 547 pg/mL; SIC, 1775 + 419 pg/mL;IIC, 913 + 744 pg/mL).

Neutrophils primed with GM-CSF and stimulated with SIC produced greater levels of

IL-8 than in GM-CSFonly treated cells (GM-CSF, 1022 + 856; GM-CSF + SIC, 8158 +

3743 pg/mL, p=0.05). GM-CSF together with IIC led to enhanced IL-8 secretion (4084

+ 1896 pg/mL)but this was notstatistically significant.

Neutrophils primed with TNF-a produced significantly lower IL-8 in response to SIC

(136 + 43 pg/mL)thancells treated with SIC only (p=0.05)or cells primed with GM-CSF

and then treated with SIC (p=0.007). Neutrophils primed with TNF-a and stimulated

with IIC produced higher levels of IL-8 than TNF-a only and IIC only treated cells
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(TNF-a only, 2380 + 1158; IIC, 913 + 744 pg/mL; TNF + IIC, 4015 + 1854 pg/mL), but

this wasnotstatistically significant.

The data from the pooled (n=3) supernatants revealed that unprimed neutrophils did not

produceIL-1 or IL-1ra in response to SIC or IIC stimulation. GM-CSF priming induced

IL-1ra production (434 pg/mL) which was decreased slightly by the addition of either

SIC (399 pg/mL) or IIC (328 pg/mL). However, the addition of SIC or IIC to GM-CSF

primed neutrophils stimulated IL-18 production which was detectable in supernatant at

6 h (GM-CSF + SIC, 46 pg/mL; GM-CSF + IIC, 31 pg/mL). TNF-a primed neutrophils

also secreted IL-1ra (254 pg/mL), which was decreased by the addition of SIC

(138 pg/mL) and completely abrogated by the addition of IIC. TNF-a primed neutrophils

also produced IL-1 in response to the addition of SIC (31 pg/mL) or IIC (33 pg/mL)

(figure 5.21A).

IL-6 was also detectable in low concentrations in the pooled supernatant(figure 5.21B),

with the highest IL-6 production being stimulated by GM-CSF + SIC (31 pg/mL).
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Figure 5.20: Interleukin-8 production by neutrophils cultured with immune

complexes. Neutrophils were incubated alone (UNTR)or in the presence of 1% v/v

soluble (SIC) or insoluble (IIC) immune complexes, with or without priming by GM-CSF

(50 U/mL for 45 min) or TNF-o (10 ng/mL for 20 min). Supernatant wascollected at 6 h

and IL-8 levels measured by Luminex array. Data are mean + SEM (n=7). (* p=0.05

compared to UNTR, ft p=0.05 compared to GM-CSF, + p=0.007 comparedto SIC,

x p=0.067 compared to GM-CSF+ SIC, Student'st-test).
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Figure 5.21: The levels of (A) IL-1B and IL-1ra, (B) IL-6 secreted by neutrophils

following incubation for 6 h with immune complexes. Neutrophils were incubated

alone or with the addition of GM-CSF (50 U/mL), TNF-a (10 ng/mL) and/or SIC (1% v/v)

or IIC (1% viv). Levels of IL-1f, IL-1ra and IL-6 were measured in culture supernatant

collected at 6 h by Luminex multiplex assay. Data are pooled supernatant from 3

experiments.
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5.4 Discussion

Immune complexesare central to the hypothesis that neutrophils contribute to joint and

tissue damage in rheumatoid arthritis, as deposits of immune complexes on the surface

of the joint can stimulate frustrated phagocytosis, degranulation, and the subsequent

release of enzymes which can destroy cartilage components such as collagen’**'**.

Soluble immune complexes within synovial fluid can also trigger primed neutrophils to

secrete extracellular proteases and ROS, contributing to the degradation of the

d‘**. This chapter investigated the effect oflubricating components of synovial flui

immune complexes on neutrophil functions, including priming the respiratory burst,

altering the rate of apoptosis, and inducing cytokine/chemokine production. | was able

to show that soluble immune complexes prime the respiratory burst, delay apoptosis

over short incubation times of 2-4 h, and enhance IL-8 production when stimulated by

GM-CSFbut suppress IL-8 production when stimulated by TNF-a. Insoluble immune

complexes were found to prime the neutrophil respiratory burst, and were able to delay

apoptosis over longer incubation periods.

The effect of immune complexes on the rate of neutrophil apoptosis has previously

393,417,418 However, theconcentrated on the effect of insoluble immune complexes

immune complexes associated with RA are both soluble and insoluble within blood

plasma, synovialfluid, and in deposits on the surface of the joint. In this chapter,

soluble immune complexes were found to be anti-apoptotic to over short incubation

times of up to 4 h, and insoluble immune complexes were found to be anti-apoptotic

over longer incubation times of 4 to 6 h. The anti-apoptotic effect of SIC and IIC was

only significant in unprimed neutrophils, and the immune complexes were not able to

delay apoptosis of GM-CSF or TNF-a treated neutrophils above the level of protection
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induced by each cytokine alone. However, the effect of SIC and IIC on unprimed

neutrophils is relevant as the concentrations of cytokines which prime neutrophils (e.g.

GM-CSF, TNF-a, IL-18) are relatively low in blood plasma (see Chapter7). These data

would suggest, therefore, that RA neutrophils can be primed and havetheirlife-span

extended by engaging soluble immune complexes such as rheumatoid factor in the

blood, enabling them to migrate towards the joint where they can engage insoluble

immune complexes on the surface of the joint, leading to degranulation and tissue

damage.

Investigation of the mechanisms by which immune complexes delay neutrophil

apoptosis revealed no significant involvementof the anti-apoptotic protein Mcl-1. This

wascurious, as Mcl-1 is a key protein in the regulation of neutrophil survival, and levels

191,192 However,have been shown to closely correlate with the rate of apoptosis

assessment of the levels of the protein by Western blot was complicated by the

presence of immune complexes in the protein preparations which interacted with

probing antibodies causing non-specific binding. The use of kinase signalling inhibitors

to investigate the regulation of neutrophil apoptosis by immune complexesrevealedthat

NF-«B signalling was a key-component of immune-complex-mediated protection from

apoptosis. Mcl-1 is not believed to be directly regulated by NF-«B, and this may explain

why nosignificant changesin the levels of the protein were detected. NF-«B signalling

has been shownto play an essential role in the delay of neutrophil apoptosis through

the expression of pro-survival genes such as Bfl-1, TRAF-1 and -2, XIAP and

190,225-22 1,419CFLIP190228227.291,419.
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Analysis of the signalling mechanisms regulating the delay in apoptosis controlled by

immune complexes revealed that SIC and IIC engagedifferent signalling mechanisms.

Whilst both SIC and IIC require spleen tyrosine kinase (SYK)to initiate signalling, and

ultimately result in the activation of the NF-«B transcription factor, they appearto utilise

different intracellular signalling mechanisms. SYK is a key-component ofintracellular

signalling from Fc receptors and has previously been shownto play a keyrole in the

ability of neutrophils to initiate phagocytosis and generate a respiratory burst'”°*”°. SYK

is activated by the Src family of non-receptor protein tyrosine kinases (PTKs), which

can also activate downstream protein kinases such as PI3 kinase, phospholipase-

Cy (PLCy), and MAPkinase*”'. Protein kinase C (PKC) activation was found to be a

key componentof SIC signalling, but was not activated by IIC. IIC were found to signal

only through PI3 kinase, and PI3 kinase wasalso stimulated by SIC in some,butnotall,

donors. In addition, MEK1/2 was activated by SIC in some, but not all, donors.

MEK1/2 activation of ERK1/2, and PI3K activation of AKT, have previously been shown

to regulate phosphorylation andstability of Mcl-1'°*. The heterogeneity in the detected

levels of Mcl-1 following immune complex stimulation may therefore be due to these

pathways being activated in some, but not all, donor neutrophils. The reason for the

donor-variation in the pathways activated by SIC has not been determined, but may be

due to genetic polymorphisms in the Fcy receptors that can affect the affinity of IgG

binding*'**”*, or donor variations in receptor usage i.e. Fcy homodimerisation, or

heterodimerisation with other Fcy and/or complementreceptors.

Neutrophils constitutively express two receptors for IgG immune complexes, FcyRlla

and FcyRIllb, and work in recent years has focussed on the signalling pathways

stimulated by these two receptors. Research has shownthat whilst FcyRila plays a key
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role in neutrophil chemotaxis, phagocytosis and killing of bacteria'®*'°°*?*| it is FceyRIlIIb

which is responsible for the extracellular secretion of ROS associated with activation by

immune-complexes, and hence damageto host tissue in RA'®. This raises the

possibility of FcyRIllb as a potential therapeutic target, as disruption of its function

should decrease the damagecausedto hosttissue, but not jeopardise host defence.

FcyRila is a transmembrane receptor with an intracellular tyrosine activation motif

(ITAM) in the cytoplasmic domain. Cross-linking of the receptor by IgG activates the

ITAMsleading to phosphorylation of Src proteins followed by activation of downstream

kinases such as SYK, PI3K and PLCy‘*”**#*. FeyRIllb is anchored to the outer-

membrane by glycosylphosphatidylinositol (GPI), but has no known intracellular

signalling motif. FcyRIllb is present on the surface of neutrophils at 10 times the

concentration of FcyRila, and becauseofthis, it was originally believed that FcyRIllb

had no function other than to present immune complexes to FcyRila or the CR3

complement receptor*”®. Whilst FcyRIllb and FcyRlla have been shownto co-operate

and heterotypically cross-link in vitro*”°“?", homotypic cross-linking of FcyRIllb has been

426,427,428 actin polymerisation’°*”? and theshown to activate calcium signalling

respiratory burst'°*?°, as well as delaying the rate of neutrophil apoptosis**°. Whilst

cross-linking of FcyRIllb has been shown be anti-apoptotic*”°, the apoptotic effect of

cross-linking FcyRlla is less clear, and has been reported as mediating an anti-

apoptotic response to immune complexes*”, abrogating the protective effect of soluble

immune complexes*'® and blocking the promotion of apoptosis by insoluble immune

complexes*"’. Both receptors have previously been showntoinitiate signalling via

SYK, PI3K, ERK and p38 MAPK*"®*7°?9" and have been shownto initiate nuclear

transportation of NF-«B**'. However, at what level the receptors function and signal
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independently, or if (and at what level) their signalling converges remains to befully

determined.

Soluble and insoluble immune complexes have previously been shownto stimulate the

neutrophil respiratory burst in primed (SIC and IIC) and unprimed (IIC only) cells’.

Howeverthe ability of immune complexesto prime, rather than stimulate, the neutrophil

respiratory burst has not been investigated. Soluble immune complexes were found to

prime the respiratory burst when stimulated by either fMLP or IIC. As a function of

innate immunity, priming of neutrophils by soluble IgG complexes bound to bacterial

peptides would enable upregulation of adhesion molecules, diapedesis, and preparation

for rapid generation of the respiratory burst when the neutrophil had migrated to host

tissue and engaged IgG- or complement-opsonised bacteria. However, in the case of

RA, priming of neutrophils by SIC (e.g. rheumatoid factor) in the blood may lead to

inappropriate direction of the neutrophil towards the joint, and ultimately stimulation of

the respiratory burst by immune complex deposits on the surface of the joint. Cross-

linking of FcyRIllb has previously been shownto increase calcium signalling and prime

the neutrophil for FcyRlla-mediated phagocytosis*”. It is therefore possible that SIC-

mediated priming of the neutrophils is via cross-linking of FcyRIllb causing an increase

in calcium signalling, activation of PKC and PI3K (shown to be an essential component

of the SIC-mediated effect on apoptosis), and phosphorylation of the phox components

of the NADPHoxidase'?”:°”°49,

Insoluble immune complexes were found to also prime the respiratory burst, but only in

responseto fMLP stimulation. However, stimulation of neutrophils with IIC was shown

to stimulate the respiratory burst without the need for priming. ROS production by IIC

stimulated neutrophils is largely intracellular, but in the case of frustrated phagocytosis,
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neutrophils are unable to fully close the phagocytic vesicle resulting in the secretion of

proteasesdirectly onto the surfaceofthe joint.

Immune complexes were also shownto alter the production of IL-8 in response to co-

stimulation with cytokines. IL-8 is a key neutrophil chemoattractant, and can mediate

rolling arrest, neutrophil adhesion and endothelial transmigration’””®. IL-8 has been

shownto be a key regulator of neutrophil adhesion when co-cultured with RA synovial

fibroblasts’’, and therefore production of IL-8 by RA neutrophils within the joint will

perpetuate inflammation and neutrophil recruitment. Whilst the production of IL-8 was

not enhanced or decreased significantly by immune complexes in unprimed cells, SIC

significantly enhanced IL-8 production in the presence of GM-CSF, but significantly

inhibited IL-8 production in the presence of TNF-a.

Expression of the IL-8 gene is under the control of NF-«B, AP-1, C/EBP and NF-IL6,

and two or more of these transcription factors are required to act synergistically to

403-405 SIC were shownto delay apoptosis via NF-«B signalling,initiate IL-8 production

so can clearly stimulate activation of this transcription factor. GM-CSF can mediate

signalling via ERK to activate AP-1*°*°°, and thus in combination with SIC could

mediate activation of IL-8 synthesis through co-operation of AP-1 and NF-«B.

However, IIC were also shownto activate NF-«B, and whilst IL-8 production in the

presence of GM-CSFandIIC was increased compared to GM-CSFalone, this was not

statistically significant. The combination of TNF-a and IIC produced IL-8 at a

comparable level to GM-CSF with IIC. However, the addition of TNF-a and SIC

significantly inhibited IL-8 production. The reasonsfor this are unclear, but it has been

reported that over-expression of the C/EBPtranscription factor mayinhibit rather than
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stimulate IL-8 production, despite the presence of NF-«B**’, and that it is the ratio,

rather than the presence, of these two transcription factors that control IL-8 gene

expression*™*. Indeed, activation of monocyte Fcy receptors by immune complexes has

435 It could therefore be surmised that TNF-abeen shown to increase C/EBPactivity

activation of NF-kB, combined with FcyR activation of C/EBP, may produceaninhibitory

rather than stimulatory IL-8 signal.

This chapter has shown that immune complexes play a key role in the activation of

neutrophils. Immune complexes activate Fcy receptors on the surface of neutrophils

which leads to downstream activation of kinase cascades and transcription factors

resulting in delayed apoptosis, chemokine synthesis and stimulation of the neutrophil

respiratory burst. Immune complexes such as rheumatoid factor and anti-CCP are

present in both the serum and synovialfluid of many patients with RA, and as such may

be implicated in the inappropriate recruitment and activation of neutrophils to

rheumatoid joints.
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Chapter6: Investigating the effect of inflammatory synovial

fluid on neutrophil apoptosis

6.1. Introduction

The purposeof this chapter was to investigate the effect of inflammatory synovial fluid

on neutrophil apoptosis based upon the investigations carried out in the previous

chapters. In Chapter 3, inflammatory synovial fluid (SF) was assayed to identify which

cytokines were most abundant; Chapter 4 investigated the effect of some of those

cytokines on neutrophil function; and Chapter 5 determined the effect of immune

complexes on neutrophil function. This chapter will examine the effect of different

synovial fluids on neutrophil apoptosis based upon the known cytokine / immune

complex composition of each fluid, and the known effects of some cytokines and

immune complexes on neutrophil apoptosis.

Chapter 3 showed that there was much heterogeneity between different inflammatory

SFs, even in patients with the same disease diagnosis. Previous research into the

effects of SF on neutrophils has been carried out without the knowledge of the

componentsofindividual fluids, and becauseof this, conflicting reports of the effects of

SF onin vitro neutrophil function have been published®”"*°°*°%°°° Synovial fluid has

been reported to be both pro- and anti-apoptotic to healthy neutrophils in culture, and

this phenomenon has been attributed to either adenosine, lactoferrin, immune

complexes, hypoxia, or unidentified factor(s) within the fluid. Freshly-aspirated SF from

patients with RA containsfew,if any, apoptotic neutrophils andit is therefore important

to determine whetherit is a factor or component of SF which is responsible for this
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delay in apoptosis, or whether patient neutrophils are pre-programmed to undergo

delayed apoptosis before they enter the synovial environment.

The aims of the work described in this chapter wereto:

- Investigate the effect of inflammatory synovial fluid on the rate of neutrophil

apoptosis and Mcl-1 levels, based upon their cytokine and immune complex

content, together with diagnosis and drug regime of the patient

- Investigate the rate of apoptosis in blood and synovial fluid neutrophils from

patients with inflammatory arthritis

6.2 Methods

Neutrophils were isolated from blood and SF as described in sections 2.2 and 2.3. Cell-

free synovial fluid was prepared as described in section 2.3, and assayed for cytokine

content as described in section 2.17 and Chapter 3. Neutrophils from healthy controls

were incubated for 2 h in media supplemented with 10% SF, as reported previously*”.

Apoptosis was assessed by cytospin morphology as described in section 2.5. Protein

lysate was prepared as described in section 2.8 and Western blotting was carried out

as described in section 2.9. Immune complex content of SF was determined by

luminol-enhanced chemiluminescence as described in section 2.15. A summary of the

relevant components of the synovial fluids used in this chapter can be found in table

6.1.
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Table 6.1: Summary of the components of 22 synovial fluids, showing patient

diagnosis, drug regime, and cytokine and immune complex content of eachfluid

usedin this study.
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6.3 Results

6.3.1 Effect of synovial fluid on neutrophil apoptosis based on diagnosis

The rates of apoptosis observed after 2 h incubation with 10% SF were very

heterogeneous: differentfluids induced different rates of apoptosis, but importantly the

samefluid added to different donor neutrophils exerted different rates of apoptosis, for

example, SF14 induced apoptosis of 2.6%, 7.1%, 17.4% and 19.3% in four different

donors; while SF15 induced apoptosis of 4.9%, 17.8%, 34.9% and 58.3% in the same

four donors. In all cases, SF was pro-apoptotic compared to a 2 h controlincubation.

Data were classified a numberof different ways to try to identify which elements of the

SF wereinfluencing the rate of neutrophil apoptosis. When data were analysed based

upon diagnosis (i.e. RA, non-RA inflammatory arthritis or osteoarthritis), there was no

difference in the overall level of apoptosis induced by either rheumatoid or non-

rheumatoid SF (RA mean 12.3% + 1.0%, non-RA mean 16.3% + 3.5%). However,

incubations with 10% osteoarthritis (OA) SF induced significantly lower levels of

apoptosis (mean 5.5% + 1.1%, p<0.01 Student’s t-test). When incubations were

supplemented with cycloheximide, to induce apoptotic stress, RA fluids were

moderately more protective than non-RA fluids (RA mean 21.3% + 2.0%, non-RA mean

28.6% + 4.7%) although this was notstatistically significant (p=0.099, Student's t-test).

However, OA fluids again were more protective (mean 9.4% + 3.1%, p=0.057 to RA,

p=0.036 to non-RA) (figure 6.1). This suggests that a factor or factors within

inflammatory synovial fluid enhance the rate of neutrophil apoptosis in culture. The

apoptosis data were analysed in several ways to try to identify what this factor(s) may

be.
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Figure 6.1: Effect of synovial fluid (SF) on neutrophil apoptosis based upon

diagnosis of rheumatoid arthritis (RA), non-RA inflammatory arthritis (nonRA) or

osteoarthritis (OA), compared to control incubations. Neutrophils were incubated

with 10% SF for 2 h in the absence (a) or presence (#) of cycloheximide (10 yg/mL).

RA and non-RA fluids induced significantly more apoptosis than was observedin

control incubations (+ p<0.01, Student's t-test), and in neutrophils supplemented with

OAsynovialfluid (* ps0.05, ** ps0.01, Student's t-test).
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6.3.2 Effect of synovial fluid on neutrophil apoptosis based on cytokine content

Each SF hadvery different cytokine content, as summarisedin table 6.1. In an attempt

to determine which (if any) SF cytokines were influencing the rate of neutrophil

apoptosis, the data were grouped based upon the absence or presence of individual

cytokines i.e. IL-1B, IL-8, IL-10, G-CSF, GM-CSF and TNF-a. Because all fluids

contained some levels of IL-6, these were classified as either greater than or less than

10 ng/mL. Theresults of this analysis can be seenin figure 6.2. No differences were

observed in the rate of apoptosis induced by fluids grouped on the basis of the

presenceof anyindividual cytokine, in the absence or presence of cycloheximide.

The data were then analysed based upon the absence or presence of either GM-CSF,

TNF-a, or both, as a relationship in the rate of apoptosis induced by combinations of

these cytokines was identified in section 4.3.4. It should be noted that no fluid

contained TNF-a at a concentration which has been shownto be pro-apoptotic in vitro

(>10 ng/mL). Fluids containing only GM-CSF induced higherlevels of apoptosis than

fluids containing only TNF-a, but fluids which contained both GM-CSF and TNF-a

decreased the level of apoptosis significantly, compared to GM-CSFalone,in both the

absence and presence of cycloheximide (p<0.05, Student’s t-test) (figure 6.3). Few

fluids contained only TNF-a, or neither GM-CSF nor TNF-a, which meantthatstatistical

analysis was not powerful enoughto identify any significant differences between these

and other groupsofdata.
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Figure 6.2: Effect of synovial fluid (SF) on neutrophil apoptosis based upon

cytokine content. Neutrophils were incubated with 10% SF for 2 h in the absence(a)

or presence (#) of cycloheximide (10 pg/mL). Nosignificant differences were found in

the rates of apoptosis induced bythe fluids based upon anysingle cytokine identified as

being present or absentin eachfluid.
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Figure 6.3: Effect of synovial fluid (SF) on neutrophil apoptosis based upon

cytokine content. Neutrophils were incubated with 10% SF for 2 h in the absence (a)

or presence (#) of cycloheximide (10 yg/mL). Fluids which contained GM-CSF and

TNF-a induced significantly less apoptosis than those fluids which contained only

GM-CSF (* p<0.05, Student’s t-test). ($ ps0.01 compared to control incubations,

Student’s t-test).
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6.3.3 Effect of synovial fluid on neutrophil apoptosis based on immune complex

content

The presence of immune complexes (IC) in each SF was analysed by luminol-

enhanced chemiluminescence. Soluble (SIC) and insoluble (IIC) immune complexes

have been shownto activate different patterns of chemiluminescencetraces as detailed

in 5.3.1, and these characterisation profiles allowed identification of these components

of each synovial fluid (figure 6.4). The apoptosis data were analysed based on the

known IC componentof each SF, with eachfluid being classified as containing noIC,

SIC, or IIC. In the absence of cycloheximide the rates of apoptosis were: no IC 15.1%

+ 2.9%, SIC 14.6% + 2.4%, IIC 11.8% + 1.2%. There were nostatistically significant

differences between each group. In the presence of cycloheximide, the rates of

apoptosis were: no IC 28.8% + 4.4%, SIC 18.1% + 2.6%,IIC 21.6% + 2.5%. The anti-

apoptotic effect of fluids containing SIC compared to no IC was statistically significant

(p=0.043, Student's t-test).

6.3.4 Effect of synovial fluid on neutrophil apoptosis based on patients’ drug

regime

The apoptosis data were also analysed based upon the drug regime of the patient at

the time the synovial fluid was aspirated. Metabolic products of non-steroidal anti-

inflammatory (NSAID) drugs such asaspirin (sodium salicylate) have previously been

shown to accelerate the rate of neutrophil apoptosis’”*, and disease-modifying anti-
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Figure 6.4: Determination of types of immune complex present in synovialfluid

as assayed by luminol-enhanced chemiluminescence. Neutrophils were primed for

45 min with GM-CSF (50 U/mL) and the respiratory burst stimulated by 10% v/v

synovial fluid. Representative traces show distinctive profiles activated by synovialfluid

containing Soluble Immune Complexes (SIC), Insoluble Immune Complexes(IIC) or no

Immune Complexes (no IC). Traces show GM-CSF primed (#) and unprimed (©)

cells.
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Figure 6.5: Effect of synovial fluid (SF) on neutrophil apoptosis based upon

immune complex content. Neutrophils were incubated with 10% SF for 2 h in the

absence (q) or presence (m) of cycloheximide (10 yg/mL). Fluids contained either

Soluble Immune Complexes (SIC), Insoluble Immune Complexes (IIC) or no Immune

Complexes (no IC). All incubations containing synovial fluid were significantly pro-

apoptotic compared to control incubations (+ ps 0.01, Student's t-test). Fluids

containing SIC were more protective than those without IC in the presence of apoptotic

stress induced by cycloheximide (* p<0.05, Student'st-test).
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rheumatic (DMARD) drugs such as Methotrexate have also been shown to induce

252,257apoptosis in neutrophils and T-cells However, corticosteroids such as

Prednisolone, whilst administered to decrease chronic inflammation, are known to delay

neutrophil apoptosis™**“°*°’, and anti-TNF therapies such as_ Infliximab and

Adalimumab have also been shown to induce apoptosis in monocytes and

macrophages”*"”*?.

For the purposesof this analysis, if a patient was receiving a combination of anti-TNF

therapy and Methotrexate, the data was classified as ‘Biologic’. If a patient was not

receiving any disease-modifying drug (DMARDorBiologic) and was being managed by

pain relief alone, this was classified as “no drug”. The levels of apoptosis based on

drug therapy were asfollows: in the absence of cycloheximide, no drug 11.9% + 1.5%,

DMARD only 12.3% + 1.6%, Biologic 17.4% + 0.3%. There was no statistically

significant difference between the three drug regimes, but when the data were analysed

based on‘Biologic’ or ‘not Biologic’ (17.4% + 0.3% vs 12.0% + 1.1%) differences were

statistically significant (p=0.05, Student’st-test) (figure 6.6).

In the presence of cycloheximide, the levels of apoptosis were: no drug 20.1% + 2.2%,

DMARDonly 19.5% + 3.3%, Biologic 33.8% + 5.11%. The effect of Biologic fluids was

significantly greater than the otherdrug classifications (p<0.05, Student's t-test). When

comparedasBiologic ornot Biologic (33.8% + 5.11% vs 19.9% + 1.8%), again Biologic

fluids induced significantly higher rates of apoptosis (p=0.02, Student's t-test). Synovial

fluids from patients taking steroids exhibited similar rates of apoptosis to those from

patients not taking that drug (no steroid 13.9% + 1.8% vs steroid 12.8% + 1.7%) or

presence(nosteroid 24.4% + 2.8% vs no steroid 21.8% + 2.9%) of cycloheximide.
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Figure 6.6: Effects of synovial fluid (SF) on neutrophil apoptosis based uponthe

drug regime of the patient. Neutrophils were incubated with 10% SF for 2 h in the

absence (c) or presence (s#) of cycloheximide (10 yg/mL). All incubations containing

SF were significantly pro-apoptotic compared to control incubations (ft ps0.05,

+ ps0.01, Student’s t-test). Synovial fluid from patients receiving Biologic therapy

significantly enhanced neutrophil apoptosis compared to DMARDs or NSAIDs only

(* p<0.05, Student’st-test). Steroid treatment did not affect the rate of apoptosis.
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6.3.5 Effect of synovial fluid on Mcl-1 levels in neutrophils

The effect of SF on Mcl-1 expression in healthy neutrophils was also investigated.

Neutrophils were incubated with 10% SF, and protein lysates were collected at 2 h

together with the cytospin preparations. Protein levels were analysed by Western blot

probing for Mcl-1 and actin. Mcl-1 abundance was calculated using Scion Image and

normalised to actin.

There was great heterogeneity in the response of control neutrophils to SF, and the

effects of each fluid differed between donors. An example of this can be foundin figure

6.7. Figure 6.7A showsthe levels of Mcl-1 in neutrophils from three different donors

after 2 h incubation with four different synovial fluids, with or without the addition of

cycloheximide. Differences can clearly be seen in the effect of synovial fluids 37 and

42, with 37 inducing higher levels of Mcl-1 in the donor 2 both with and without

cycloheximide, indicating that Mcl-1 levels have been stabilised in these neutrophils.

This is not seen in the neutrophils from donor 1 or 3. Synovial fluid 42 showsa similar

pattern of Mcl-1 expression in neutrophils from donor 1 and 2, but has no effect on

neutrophils from donor3. In figure 6.7B, donor 2 has had Mcl-1 levels stabilised byall 3

synovial fluids compared to 0 levels, but this was not observedin donor1 neutrophils.

This heterogeneity of healthy neutrophil response to inflammatory SF meant that

analysis of Mcl-1 densitometry revealed no significant differences in the effects of the

synovialfluids based on diagnosis, cytokine composition, immune complexes or patient

drug regime(figure 6.8).
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Figure 6.7: Mcl-1 levels in healthy neutrophils following incubation with 10%

synovial fluid for 2 h. Neutrophils were incubated for 2 h in the absence (-) or

presence (+) of cycloheximide (CHX), and 10% synovialfluid (e.g. SF7, SF16 etc), and

protein levels analysed by Western blot. (A) Synovial fluids 37, 42, 47S2 and 34

induced different patterns of change in Mcl-1 levels between three different donors. (B)

Similar heterogeneity can be observed in the response of neutrophils from twodifferent

donors to synovialfluids 7, 16 and 24.
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Figure 6.8: Analysis of Mcl-1 abundance in protein lysate from neutrophils

incubated with 10% synovialfluid for 2h. Neutrophils were incubated for 2 h in the

absence (co) or presence(i!) of cycloheximide, and 10% synovialfluid (e.g. SF6, SF7

etc), and protein levels analysed by Western blot. Densitometry analysis from 5

experiments did not reveal anystatistically significant results, due to the heterogeneity

in response of healthy control neutrophils to synovialfluid.
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6.3.6 Effect ofsynovial fluid on caspaseactivation in neutrophils

As the changesin the rate of neutrophil apoptosis induced by SF over 2 h could not be

explained by changesin the stability of Mcl-1, the samples were analysed for caspase

activity. Protein levels of caspase-8, caspase-9 and caspase-3 were analysed by

Western blot, and normalised to actin. Antibodies detected both the inactive pro-

caspaseform of the proteins, and the cleaved / active fragments.

All synovial fluids induced capsase-8 and/or caspase-9, and caspase-3 activation, with

and without the addition of cycloheximide (figure 6.9). Synovial fluids from patients

receiving anti-TNF therapy (SF11 and SF15) induced more caspase-8 and caspase-3

activation than other fluids. Some caspase activation was observed in control

incubations after 2 h. The activation of the caspase cascade would initiate apoptosis

regardless of changesin Mcl-1 stability, and therefore could accountfor the high levels

of apoptosis observedin neutrophils incubated with synovial fluid for 2 h.

In order to determine whether the activation of caspases by synovial fluid was an

artefact of the in vitro culture conditions, protein lysate from paired patient blood and

synovial fluid neutrophils was analysed for caspase activity. Figure 6.10 shows that

caspase-8 wassignificantly activated in synovial fluid neutrophils compared to levels of

active caspase-8 in paired blood neutrophils. However, this level of caspase-8

activation was much lower than was seenin healthy neutrophils in figure 6.9. Some

patient neutrophils showed caspase-9 activation (e.g. P20SF), although the levels of

caspase-9 activation in synovial fluid neutrophils appeared to be lower than was

observedin healthy neutrophils incubated with 10% synovial fluid.
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Figure 6.9: Caspase expression in neutrophils incubated with 10% synovialfluid

for 2 h. Neutrophils were incubated for 2 h in the absence (-) or presence (+) of

cycloheximide (CHX), and 10% synovial fluid (e.g. SF11, SF15 etc), and protein levels

analysed by Western blot. All synovial fluids initiated cleavage of either caspase-8

and/or caspase-9, and caspase-3.
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Figure 6.10: Caspase expressionin freshly isolated neutrophils from paired blood

(B) and synovial fluid (SF). Protein lysate was probed for the pro- (a) and

cleaved/active (=) forms of caspase-8, caspase-9 and caspase-3 by Western blot, and

protein levels were normalised to actin. The cleaved form of caspase-8 was elevated

significantly in synovialfluid neutrophils (**p<0.01, Student's t-test).
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6.3.7 Rate of apoptosis in cultured neutrophils isolated from control blood,

patient blood and patient synovial fluid

The previous data of neutrophil apoptosis induced by inflammatory SF suggests that a

numberof factors including cytokines, SICs and Biologic therapy can affect the rate at

which neutrophils undergo apoptosis. However,all fluids induced apoptosis above the

levels found in control incubations, which is somewhat paradoxical to in vivo

observations. Freshly isolated SF neutrophils are rarely observed to be apoptotic,

although this could be because any apoptotic SF neutrophils have been phagocytosed

by macrophages, and indeed this phenomenon can occasionally be observed in

cytospin preparations of whole synovialfluid (figure 1.6B). As all incubations in this

investigation had been carried out using healthy contro! neutrophils supplemented with

SF, the rate at which patient and control neutrophils constitutively underwent apoptosis

was determined to see whether differences in patient blood neutrophils may pre-

determine their fate once they have entered the synovial environment.

Neutrophils were isolated from the blood (PPB) and synovialfluid (PSF) of patients with

rheumatoid arthritis (RA) or non-rheumatoid, inflammatory arthritis (non-RA) and were

incubated in the absence or presence of GM-CSF (50 U/mL) for 22 h. The level of

apoptosis was determined by cytospin morphology. Control blood neutrophils (CPB)

were incubatedin parallel incubations.

The rates of apoptosis observed were: CPB 92.6% + 5.3%, CPB+GM 58.5% + 6.1%,

PPB 63.4% + 6.0%, PPB+GM 31.5% + 3.1%, PSF 93.6% + 3.5%, PSF+GM 61.9% +

10.8%. GM-CSFsignificantly delayed the constitutive rate of apoptosis in both control

and patient blood neutrophils, and in synovial fluid neutrophils (p<0.01, Student's t-test).
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Patient blood neutrophils also underwent slower rates of apoptosis compared to control

blood neutrophils (p=0.01, Student’s t-test), but neutrophils isolated from synovial fluid

did not show delayed apoptosis (figure 6.11). There was no difference in the rates of

apoptosis based uponthe diagnosis of the patient.

Protein lysates were collected at 22 h as described in section 2.8 and were analysed by

Western blot as described in section 2.9, probing for Mcl-1 and actin. Densitometry

analysis was carried out using Scion Image and was normalised to both actin and a

HeLa protein lysate loading control, to allow comparison of samples betweendifferent

blots.

Figure 6.12 showsthe relative levels of Mcl-1 at 0 h and 22 in eachincubation, which

were as follows: CPB 0 h 125.1 + 14.0, CPB 22 h 29.4 + 12.5, CPB+GM 22 h 40.8 +

13.9, PPB 0h 172.1 + 9.2, PPB 22 h 81.8 + 13.6, PPB+GM 22 h 105.9 + 15.8, PSF Oh

182.6 + 23.8, PSF 22 h 79.1 + 24.7, PSF+GM 22 h 82.7 + 17.8. The baseline levels of

Mcl-1 were significantly higher in patient blood neutrophils compared to control blood

neutrophils (p=0.01, Student’s t-test). The mean baselinelevel of Mcl-1 in synovial fluid

neutrophils was also higher than in control blood neutrophils, but this was not

statistically significant (p=0.1) due to the heterogeneity of the samples. Thelevels of

Mcl-1 in patient blood neutrophils was also significantly higher than in parallel control

neutrophils at 22 h both in the presence or absence of GM-CSF (p<0.05, Student's

t-test).

A representative Western blot is shownin figure 6.13, and representative cytospins are

shownin figure 6.14.
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Figure 6.11: Rate of apoptosis of blood and synovial fluid neutrophils in culture.

Neutrophils from control blood (CPB), patient blood (PPB) and patient synovial fluid

(PSF) were incubated for 22 h alone or with GM-CSF(50 U/mL). (A) PPB neutrophils

underwent a slower rate of apoptosis compared to CPB, and GM-CSF wasable to

significantly protect against apoptosis in all samples. PSF neutrophils underwent high

levels of apoptosis in culture, and there was no difference in the rates of apoptosis in

neutrophils from (B) RA patients (RAPB, RASF) or (C) non-RA patients (NPB,NSF).

(** ps0.01, * ps0.05 22 h untreated vs GM-CSF, + ps0.01, t ps0.05 patient vs control,

Student’st-test).
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Figure 6.12: Mcl-1 abundancein blood and synovial fluid neutrophils in culture.

Neutrophils from control blood (CPB), patient blood (PPB) and patient synovialfluid

(PSF) were incubated for 22 h alone or with GM-CSF (50 U/mL). (A) PPB neutrophils

had significantly higher levels of Mcl-1 than CPB at 0h, and at 22 h with and without

GM-CSFtreatment. This was a phenomenonof (B) RA neutrophils (RAPB) rather than

(C) non-RA neutrophils (NPB). There was much heterogeneity in Mcl-1 levels at Oh

and 22 h in neutrophils from synovial fluid. (** ps0.01, * ps0.05 22 h untreated vs

GM-CSF, + ps0.01, t ps0.05 patient vs control, Student's t-test).
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Figure 6.13: Representative Western blot showing Mcl-1 abundancein blood and

synovial fluid neutrophils in culture. Neutrophils from contro! blood (CPB), patient

blood (PPB) or patient synovial fluid (PSF) were incubated for 22 h alone or with GM-

CSF (50 U/mL). Protein abundance was measured by Scion Image and normalised to

Actin. Western blots were also normalised to HeLa loading control to enable

comparison of Mcl-1 levels across different membranes.
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Figure 6.14: Representative cytospins showing neutrophil morphologyafter 22 h.

Neutrophils from control blood (CPB), patient blood (PPB) or patient synovial fluid

(PSF) were incubated for 22 h alone or with GM-CSF (50 U/mL).
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6.4 Discussion

The hypothesis tested in this chapter was that synovialfluids that contain factors such

as GM-CSF, TNF-a and/or soluble immune complexes could exert anti-apoptotic effects

on neutrophils, as individually these factors have been shownto exert this activity in

vitro. \t was also hypothesised that this anti-apoptotic effect would occur via

stabilisation of Mcl-1, and as such the experiments were structured to measure Mcl-1

stability and apoptosis overa relatively short incubation time of 2 h. However, analysis

of the results showed that synovial fluids were pro-apoptotic to neutrophils, despite the

presence of someofthese anti-apoptotic factors. There was also much heterogeneity

in the response of healthy donor neutrophils to different synovial fluids, indeed some

fluids were more strongly apoptotic to some donor neutrophils than others. This made

analysis and interpretation of the data very difficult.

Despite this, some observations werestatistically significant. Synovialfluids containing

both GM-CSF and TNF-a induced significantly less apoptosis than fluid containing just

GM-CSF. Whilst this appears to suggest a synergistic role of both cytokinesin the rate

of induced apoptosis, it was an unexpected finding that fluids containing only GM-CSF

induced relatively high rates of apoptosis because this cytokine exerts potent anti-

apoptotic effects on neutrophils in vitro. Further analysis of the data revealsthat those

fluids categorised as containing ‘both GM-CSF and TNF-a' additionally contained IL-1

and either G-CSFor IL-8, which may have contributed to the lower rates of apoptosis

observed. Alongside GM-CSF and TNF-a, IL-18 and G-CSF were shown to decrease

the rate of neutrophil apoptosis in Chapter 4, consistent with other published

data2?®:365:382,388

233



Those fluids containing soluble immune complexes induced lower rates of apoptosis

compared to fluids without immune complexes, but only in the presence of

cycloheximide. The protective effect of soluble and insoluble immune complexes in

vitro was determined in Chapter 5, and whilst fluids containing insoluble immune

complexes did induce lower rates of apoptosis compared to fluids with no immune

complexes, this was notstatistically significant due to the variability of donor responses.

The data presented in Chapter 5 showed that soluble immune complexes delayed the

rate of apoptosis over relatively shorter incubations of 2 - 4 h, and insoluble immune

complexes were more protective over longer incubation times of 4 - 6h. This may

explain the reason whyonly those synovial fluids containing SIC had a significant effect

over 2 h.

Upon analysis of the data, it also became apparent that factors such as drug therapy

may beinfluencing the effect of the synovial fluid on neutrophil apoptosis. There is

evidencethat anti-TNF drugs are bio-available in synovial fluid at similar concentrations

438,439to sera and as such may bepresentin the synovial fluids used in these apoptosis

assays. Anti-TNF drugs have been shownto exert a pro-apoptotic effect in in vitro and

272.440 macrophage* and monocytes", although theirex vivo experiments with T-cells

effect on neutrophil apoptosis is yet to be reported. The synovial fluids used in this

investigation that were from patients receiving anti-TNF therapy induced higherrates of

apoptosis than thosefluids from patients who were only receiving DMARDs or NSAIDs.

It is therefore a possibility that the presence of Adalimumab,Infliximab or Etanercept

was responsible for the higher rate of apoptosis observed in healthy neutrophils treated

with fluids from anti-TNF patients.
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Interestingly, osteoarthritis SF induced significantly lower rates of apoptosis in control

neutrophils than either RA or non-RAfluid. The analysis of SF in Chapter 3 showed

that osteoarthritis SF contains relatively low levels of pro-inflammatory cytokines, andit

has previously been reported that osteoarthritis fluids contain few, if any, immune

complexes*’”. This confirms my observations, made during chemiluminescence-

analysis of SF to determine immune complex composition.

The high levels of apoptosis induced by synovialfluid in these incubations raises the

question as to whetherthe incubation of healthy control neutrophils with inflammatory

synovial fluid in vitro truly recreates the effect of synovial fluid on patient neutrophils in

vivo, as such high levels of apoptotic neutrophils are not observed in freshly aspirated

synovial fluid from patients. The neutrophils found within the diseasedjoint of a patient

have migrated there from the peripheral blood, and during extravasation these

neutrophils become primed prior to their arrival into an environment containing high

concentrations of pro-inflammatory stimuli. By incubating healthy peripheral blood

neutrophils in synovial fluid, the priming process is by-passed and therefore the

presenceof these pro-inflammatory stimuli may be too stressful and induce apoptosisin

these cells. Future investigations may include priming healthy neutrophils with either

TNF-a or GM-CSFprior to addition of the synovial fluid, or allowing the neutrophils to

migrate through a chemotaxis chamberprior to the addition of synovial fluid thereby

mimicking the extravasation process.

The anomaly betweenthein vitro effect of SF on neutrophils and the observedlack of

apoptotic neutrophils in freshly aspirated synovialfluid may also be caused by apoptotic

neutrophils having being cleared from the SF in vivo by macrophages. Apoptotic

neutrophils within phagocytic vesicles of macrophages can occasionally be found in
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cytospin preparations from inflammatory SF (figure 1.6B, my own observation),

particularly SF from reactive and spondyloarthritis patients, and less so in SF from RA

patients". In this chapter, Western blotting for caspase-8, -9 and -3 activation in

freshly isolated blood and synovial fluid neutrophils revealed that some SF neutrophils

did have a small but nonetheless detectable amount of caspase activation, suggesting

that a proportion of the neutrophils isolated from some patients were undergoing

apoptosis. However, the amount of caspase activity detected in freshly isolated

neutrophils was far lower than was observed in healthy neutrophils which had been

incubated with SF. In particular, caspase-8 was activated in vitro by SF. Caspase-8is

activated through death receptor signalling, and it is therefore possible that factors

within the SF, such as TNF-a, FasL and TRAIL, were activating death receptors on

healthy neutrophils*"®?"’. Whilst the concentrations of TNF-a. in the synovialfluids were

known, FasL and TRAIL were not measured. Death receptor signalling can be inhibited

by cFLIP, TRAF-1 and TRAF-2, proteins whose production is under the control of the

r225-227.231  NIF-«B is relatively inactive in healthy neutrophilsNF-«B transcription facto

without a stimulating signal from TNF-a, and this will be discussed in detail in Chapter

7. Exudated neutrophils, such as those found in synovial fluid, have been shown to

exhibit increased levels of NF-«B activation and have increased resistance to apoptotic

stress’®°. Enhanced NF-«B activation in SF neutrophils, and production of proteins

such as cFLIP, TRAF-1 and TRAF-2, could therefore provide another explanation of

why patient SF neutrophil apoptosis is delayed in vivo but enhanced in healthy

neutrophils by incubation with SF in vitro.

The data presented in this chapter also shows that patient blood neutrophils undergo

slower rates of constitutive apoptosis, with higher baseline and 22 h Mcl-1 levels than
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healthy controls, and may therefore be morelikely to respond to anti-apoptotic rather

than pro-apoptotic factors within inflammatory synovial fluid. One important line of

investigation for the future would therefore be to repeat the incubation of neutrophils

with synovial fluid using patient blood neutrophils alongside healthy control neutrophils

to determine whetherthere is any difference in response.

Previous investigations into the effects of inflammatory SF are few and contradictory.

Inflammatory SF has been shownto beeither anti-'*? or pro-°74%° apoptotic, and this

has been attributed to the presence of adenosine, or a hypoxic environment.

Adenosine has previously been shownto decrease the rate of neutrophil apoptosis at a

level similar to GM-CSF treatment**”, and removal of adenosine via the addition of

adenosine deaminase has been shownto reverse the protective effect of synovial fluid

on constitutive neutrophil apoptosis*®®. Hypoxia has also been demonstrated to

decrease the rate of neutrophil apoptosis and to change the effect of SF on neutrophil

apoptosis®’. Hypoxia has been shownto induce expression of Mcl-1 in neutrophils via

induction of p38 MAPK“? and has also been shownto increase levels of Mcl-1 via

expression of HIF-1 (hypoxia inducible factor-1) in carcinoma cell lines“. The

rheumatoid synovial environment has long been known to be hypoxic“*® and HIF-1 and

HIF-2 have recently been shown to be over-expressed in both rheumatoid and

osteoarthritis synovial tissues**°. Another survival factor which has been suggested as

an anti-apoptotic component of synovial fluid is lactoferrin'’”®, and interestingly as

neutrophils contain intracellular stores of lactoferrin in secondary granules,

degranulation and release of lactoferrin could represent an autocrine signalling pathway

leading to delayed neutrophil apoptosis in the synovialjoint.
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Clearly all the questions posedin this chapter have not been fully answered, and there

is scope for further investigation into the effect of synovial fluid on neutrophil apoptosis.

Synovial fluid could be immuno-depleted to examine the effects of the cytokines within

the fluid in the absence of immune complexes which could themselves bealtering the

rate of apoptosis. However, this would not accountfor the differences induced by drug

regime of the patients and, in future, fluids may have to be selected to specifically

exclude this group of patients. In addition, there may be factors within the synovialfluid

which have not been measured in this investigation and which could be affecting the

rate of apoptosis. This would include other inflammatory mediators such as adenosine,

lactoferrin, leukotriene B,, visfatin (PBEF) and interleukin-15, which have all been

195,447,448shown to alter the rate of neutrophil apoptosis The effect of priming

neutrophils and/or allowing them to pass through a chemotaxis chamber prior to

incubation with synovial fluid, and the effect of SF under hypoxic conditions could also

be examined. Finally, the effect of the synovial fluids on the rate of apoptosis of blood

neutrophils from patients with rheumatoid arthritis could also be considered.
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Chapter 7: Molecular characteristics of neutrophils from

RA patients undergoing anti-TNF therapy

7.1. Introduction

The anti-TNF drugs Infliximab, Etanercept and Adalimumab provide an effective

therapy for around 70% of those RA patients whose disease activity and progression

would previously have been difficult or impossible to control. The prescribing of anti-

TNF therapyin the UKis restricted to those patients with high disease activity (a DAS28

of 2 5.1) who havefailed to respond adequately to Methotrexate and at least one other

DMARD“*®. However, the choice of anti-TNF drug is largely dependent upon the

patient’s preferred method of administration: Infliximab is administered intravenously

(at 0, 2 and 6 weeksand then every 8 weeks thereafter); Etanercept is administered by

weekly sub-cutaneousinjection and Adalimumabbyfortnightly sub-cutaneousinjection.

Methotrexate is often, but not always, administered in combination with anti-TNF

therapy, and patients have to be screened for tuberculosis (TB) prior to commencing

anti-TNF therapy, as one ofthe side-effects of anti-TNF is reactivation of latent TB.

Patients who fail to respond to one type of anti-TNF drug may respond favourably to

another***. At present, there is no biological marker to predict whether a patientwill

respond to anti-TNF therapy, or whether an alternative Biologic therapy such as

Rituximab, Abatacept or Tocilizumab would be more appropriate. This “trial and error’

approach to prescribing Biologic therapy is both expensive to the National Health

Service, and to the patient, as their disease may continue to progress until a suitable

therapy is prescribed.
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Anti-TNF therapy has been shown to modulate many elementsof the immune response

in RA, including: blockade of cytokine and chemokine synthesis by synovial tissue and

peripheral blood cells’’*?’®; down-regulation of adhesion molecule expression and

PEaenes anddecreasedtrafficking of immunecells from peripheral blood to inflamed joints

increased apoptosis of monocytes and macrophages**"***. The effect of anti-TNF

therapy on neutrophils has not been completely defined, but has been shown to

decrease ex vivo respiratory burst activity and decrease the migration of neutrophils

into synovial joints?’?7**.

TNF-a modulates many elements of neutrophil function, including: priming the

377.
,Uuneutrophil respiratory burst’®®; stimulating degranulation of adherent neutrophils p-

peo and
regulating pro-inflammatory cytokine/chemokine production and secretion

altering the constitutive rate of apoptosis'?°?*°*°*°, Whilst TNF-a has not been

shown to directly influence the cellular levels of the anti-apoptotic protein Mcl-1 in

neutrophils, it has been shownto delay neutrophil apoptosis via activation of the NF-«B

transcription factor’"®. The p50/p65 NF-«B heterodimer is found in the cytoplasm of

resting cells, being rendered inactive by Inhibitor of NF-«B (IkB) proteins. TNF-a

induces rapid phosphorylation of NF-«B (p65) and sequential phosphorylation and

proteasomal degradation of IxB. This dissociation of the NF-«B/IkB complex uncovers

the nuclear localization sequence,leading to transportation of NF-«B to the nucleus and

initiation of transcription*®?°***. TNF-a exerts a dynamic effect on neutrophil apoptosis;

at low concentrationsits effect is biphasic, promoting early apoptosis in a subpopulation

of cells, but delaying apoptosis in the remaining cells via NF-«B-controlled expression

of pro-survival genes such as Bfl-1. At high concentrations, TNF-o induces neutrophil
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apoptosis via the activation of caspase-8, and loss of Mcl-1 via caspase

cleavage'°°729:288

This chapter presents data from a study of twenty RA patients who were about to

commence anti-TNF therapy. Blood samples were collected from these patients at

baseline, and 4 and 12 weeksfollowing anti-TNF therapy, and analysedtotry to identify

any molecular characteristics which correlate with a favourable response to therapy,

thereby acting as a biomarker of a patient’s potential to respond to a particular drug.

Neutrophils from healthy control donors (over the age of 45) were also analysed.

Clinical data was collated and provided by the rheumatology team at the Royal

Liverpool Hospital.

7.2 Methods

Neutrophils were isolated from the blood of patients and healthy controls as described

in section 2.2. Protein lysate was prepared as described in section 2.8, and RNA

isolated as described in section 2.11. cDNA was prepared as described in section 2.12

and analysed by real-time PCR as described in section 2.13. Western blotting was

carried out on protein lysates as described in sections 2.9 and 2.10. Freshly isolated

neutrophils were analysed by flow cytometry as described in section 2.18. Blood

plasma wasanalysed by multiplex cytokine array as described in section 2.17.
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7.3 Results

7.3.1 Clinical findings

Patient characteristics at baseline, 4 weeks and 12 weeks are shown in Table 7.1.

16/20 (80%) patients achieved a response to anti-TNF therapy, based on a decreasein

DAS28 of = 1.2 in line with EULAR guidelines®. Of those patients who achieved a

response,5/16 (31.25%) achieved low diseaseactivity after 12 weeks i.e. DAS28 s 3.2.

Table 7.1: Patients’ characteristics at baseline, 4 weeks and 12 weeks following

initiation of anti-TNF therapy. Data are represented as mean + SD.

(+ ps0.01, t ps0.05, Paired t-test).

 

 

 

 

 

 

 

 

 

 

 

  

Baseline 4 weeks 12 week IZ WEEK
Responders Non-responders

Age, years 55.60 + 10.94

years duration, 49.45 + 7.82

Sex (F/M) 17/3 14/2 3/1

CRP(mg/L) 33.42 + 49.35 15.88+20.15 5.3346.34f 69.00 + 83.88

ESR (mm/h) 41.00+ 17.00 24.374 18.39 19.134+8.88 4 60.00 + 35.89

TJS 14.05 + 5.02 6.28 + 3.82 5.045.204 8.75 + 4.35

SJS 5.53 + 2.80 1.72 + 2.24 1.5642.71 4 2.25 + 2.63

VAS 77.15+17.21 36.63 + 24.02 31.56 + 16.58 ¢ 59.25 + 20.22 fF

DAS28 6.30 + 0.78 4.194 1.31 3.71 + 1.01 $ 5.55 + 0.78 TF

rhe 14/6 11/5 3/1

ETA / ADA / IFX 8/11/1 7/8/1 1/3/0    
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7.3.2 Decrease in TNF-a expression in neutrophils from patients with

RheumatoidArthritis, following anti-TNF therapy

TNF-a is pleiotropic cytokine, influencing many elements of the immune response

associated with RA, including bone resorption by osteoclasts, auto-antibody production,

cytokine secretion***, and also chemotaxis, degranulation and delayed apoptosis of

neutrophils”. TNF-a is expressed on the surface of cells as a 26 kDa transmembrane

protein, which can function either via contact with TNF receptors on the surface of

neighbouring cells, or by cleavage via the action of the metalloproteinase TNF-a-

converting enzyme (TACE) to release a 17 kDa soluble form. Membrane TNF-a has

also been shownto function as a receptor in monocytes, lymphomasand NK cells*°**°”,

transmitting “reverse signalling’ cascades in a way that is not yet completely

understood.

TNF-« is found in high concentrations within RA synovial fluid and the major source has

until now been thought to be synovial macrophages, lymphocytes and fibroblasts*”*.

However, often overlookedin this disease condition are neutrophils, which are found at

high concentrations (~80%) within RA synovial fluids, and which have the greatest

potential to cause joint destruction via secretion of oxygen metabolites and proteases.

Neutrophils also have the potential to drive inflammation through cytokine/chemokine

secretion, and have previously been reported as a potential source of inflammatory

96,171
cytokines, including TNF-a
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7.3.2.1 Detection of TNF-a on the surface of neutrophils from RA patients and

age-matchedcontrols

The level of TNF-a expression in neutrophils from RA patients was investigated to

determine whether: (1) neutrophils have detectable levels of TNF-a expression;

(2) TNF-a expression is modulated by anti-TNF therapy; (3) TNF-a expression in RA

neutrophils is greater than the levels detected in neutrophils from healthy controls.

The level of membrane TNF-a (mTNF) on blood neutrophils from patients and healthy

controls was measured by flow cytometry. Baseline fluorescence (t=0) was greaterin

patient neutrophils than in age-matched controls (CON) (baseline mean 29.3 + 4.5,

control mean 17.4 + 1.4, p=0.05, Student's t-test). Following 4 weeks anti-TNF therapy

(t=4), mTNF levels had decreased (mean 26.5 + 2.3), and after 12 weeks therapy,

mTNFlevels had decreasedsignificantly compared to baseline levels (mean 19.4 + 1.6,

p=0.05, Student’s t-test), to levels that were not different from age-matched controls

(figure 7.1A&B). Levels of mTNF did not correlate with disease activity (DAS28) at

baseline, although mTNFat 4 weeksdid show significant correlation with the DAS28

achieved following 12 weekstherapy (figure 7.1C, p<0.05, R,= .560).

Whilst patients achieving a positive response to anti-TNF therapy showed higher

baseline levels of mTNF compared to non-responders (responders: baseline mean

30.55 + 5.64; non-responders: baseline mean 24.66 + 11.60) this difference did not

reach statistical significance as there were only low numbers of non-responders.

Parallel staining with mouse IgG,-FITC antibodies confirmed there was no non-specific

binding of MTNF-a-FITC antibodies.
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Figure 7.1: Decrease in mTNF expression in neutrophils from RA patients

following 12 weeks anti-TNF therapy. (A). FACS analysis of mTNF levels on

neutrophils from controls (CON) and patients at baseline, 4 and 12 weeks following

commencement of anti-TNF therapy. Baseline mTNF was significantly higher than

observed in controls (* p<0.05), and following 12 weeks therapy this decreased

significantly (t p<0.05, Student's t-test). (B). Representative flow cytometry traces

showing isotype control (solid line, hatched shading) and membrane bound

TNF-FITC antibody on patient neutrophils at baseline (solid line, solid shading), 12

weeks(solid line, open shading) and age-matched control (dashedline, open shading).

(C) Levels of mMTNF on patient neutrophils after 4 week’s anti-TNF therapy showed a

significant correlation with the level of disease activity (DAS28) achieved at 12 weeks

(p=0.03, R,==.560, Pearson Correlation).
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7.3.2.2 Detection of TNF-a protein levels by Western blot

Analysis of TNF-a on the surface of neutrophils by flow cytometry revealed that levels

of mTNF decreased following anti-TNF therapy. However, the TNF-a-FITC antibody

detects both membrane-expressed pro-TNF-a (26 kDa) and soluble TNF-a (17 kDa)

bound to TNF receptors. In order to determine whether the observed changesin

surface TNF-a were due to decreased protein synthesis by neutrophils or decreased

receptor binding of soluble TNF-a from blood plasma, attempts were made to quantify

the levels of both forms of TNF-a by Western blot. Two primary antibodies (from

Abcam and BDBiosciences) were tested at a range concentrations (1:400 — 1:2000)

under different blocking conditions (5% BSA or Marvel) but were unable to detect

signals in the manufacturer-recommendedpositive controls (for 26 kDa TNF-a, protein

lysate from PBMCtreated with 10 ng/mL LPS for 24 h; for 17 kDa TNF-a, culture

supernatant from PBMCtreated with 10 ng/mL LPSfor 24 h) or a rhTNF-o (1 ng) spike

whenelectrophoresed onto either PVDFornitrocellulose membrane(figure 7.2).

A third antibody (from Cell Signalling) detected the rhnTNF-a spike, howeverlevels of

TNF-a in neutrophil lysates and positive control supernatant were not detectable (figure

7.3A). A highly sensitive SNAPi.d. Protein Detection system (on loan from Millipore),

and Immobilon PSq membranewereoptimised to try to enhancethe levels of detection,

and whilst this system wasable to detect the rhTNF-o spike, Western Blotting of patient

neutrophil lysates was unsuccessful(figure 7.3B&C).
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Figure 7.2: Optimisation of TNF-a antibody conditions for Western blot. Two

antibodies were tested under different blocking (5% BSA or Marvel) and antibody

conditions (antibody dilution 1:400 - 1:2000, 5% BSA or 0.5% Marvel in buffer). The

expected molecular weights of TNF-a proteins were 26 kDa (pro-TNF-a) and 17 kDa

(receptor-bound sol-TNF-a). Positive controls were: for 26 kDa TNF-a, protein lysate

from PBMCtreated with 10 ng/mL LPSfor 24 h; for 17 KDa TNF-a, culture supernatant

from PBMCtreated with 10 ng/mL LPS for 24 h, and rh-TNF-a spike (1 ng). Protein

lysate from freshly isolated neutrophils (PMN) wasalso loaded. Both antibodies were

considered unsuitable for detecting TNF-a by Western blot.
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Figure 7.3: Optimisation of TNF-a antibody conditions for Western blot using Cell

Signalling antibody and SNAPi.d. Protein Detection system. (A) Cell signalling

antibody was optimised and was able to detect the 17 kDa rhTNF-a spike but not

TNF-a in neutrophil lysate or positive control supernatant at a dilution of 1:1000.

(B) SNAPi.d. Protein Detection system and Immobilon PSq membrane were optimised

and wereable to detect TNF-a at 17 kDa in patient neutrophil (neut) and PMBC lysate

at a dilution of 1:500. (C) Western blotting of anti-TNF study patient samples using

SNAPi.d. Protein Detection system and Immobilon PSq membrane wasable to detect

TNF-a at 26 kDa and 17 kDa, howeverthe detection levels were too low to distinguish

from background and non-specific binding.
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Unsuccessful detection of TNF-a protein by three different primary antibodies and a

high sensitivity detection system led to the conclusion that TNF-a was present in

neutrophil protein lysate at a concentration which was too low to be detected by

Western blot. Indeed, previous reports of TNF-a detection by Western blot have used

over-expressioncell systems**? or highly sensitive chemiluminescence detection*®, and

detection of TNF-a by Western blot in neutrophil lysates has not been previously

reported.

7.3.2.3 Quantification of changes in TNF-a mRNA transcription by RA

neutrophils during anti-TNF therapy

In order to determine whether TNF-a synthesis was decreased in neutrophils following

anti-TNF therapy, real-time PCR analysis was used to determine changes in TNF-c

mRNA levels from baseline. The data showed that TNF-~1 mRNA levels were

decreased from baseline to 12 weeks in 14/19 patients. Figure 7.4A shows the

correlation between the fold decrease in TNF-a mRNAfrom baseline to 12 weeks, and

the decrease in DAS28in these patients (p=0.028, r,=0.583, Spearman Correlation).

Those patients who achieved low diseaseactivity by 12 weeks, i.e. DAS28 of s 3.2, had

a significantly greater decrease in TNF-a RNA levels (fold change 0.38 + 0.03)

compared to patients who continued to experience higherlevels of disease activity i.e.

DAS28 > 3.2 (fold change 0.71 + 0.08)(figure 7.4B, p<0.01, Mann-WhitneyU test).
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Figure 7.4: Decrease in TNF-c mRNA expression following 12-weeks anti-TNF

therapy. (A) Real-time PCR analysis of mRNA from patient neutrophils showed a

correlation in the decrease in TNF mRNAfrom baseline to 12 weeks and the decrease

in DAS28 over the same period (p=0.028, r,=0.582, SpearmanCorrelation). (B) Those

patients who achieved a DAS28 < 3.2 had a significantly greater decrease in TNF

mRNAlevels comparedto patients who did not achieve low disease activity (**p<0.01,

Mann-WhitneyU t-test).
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7.3.3 Quantification of cytokine concentrations in blood plasma from RA

patients and age-matchedcontrols

A Luminex multiplex assay was used to determine the concentrations of 12 cytokinesin

blood plasma from controls, and patients before and during anti-TNF therapy (Table

7.2). Baseline cytokine concentrations of IL-18, IL-1ra, IL-2, IL-4, IL-6, IL-17 and

G-CSFweresignificantly higher in patient plasma than in control plasma, and IL-6 was

the only cytokine which decreased significantly in patients from baseline to 12 weeks.

TNFa was undetectable in control plasma, and was only detectable at very low

concentrations in patient plasma before commencement of anti-TNF therapy (mean

34.6 pg/mL, range 0 — 419.6 pg/mL). TNF-a concentrations decreased by 4 weeks

(mean 32.3 pg/mL, range 0 — 157.16) but increased by 12 weeks (mean 50.3 pg/mL,

range 0 — 436.4 pg/mL). The low baseline patient plasma concentrations of TNF-a,

and the subsequent increase in TNF-a following therapy, may seem surprising.

However, these data are consistent with other published research?”°°°°", and may be

due, in part, to the process of clearance of TNF-a by the anti-TNF drugs, suggesting

that the TNF-a measured by the assay may notbe biologically active.

Of interest, one patient had the highest concentrations of IL-1, IL-1ra, IL-2, IL-4, IL-17,

G-CSF and TNF-a at baseline and 12 weeks. This patient had the highest baseline

DAS28 (7.25) in the study, and whilst this patient did achieve a response to Etanercept

in accordance with EULARcriteria, i.e. a decrease of DAS28 ofat least 1.2°, her 12

week DAS28 wasstill 5.29 indicating she still had very active disease. Indeed, this

patient had a 12 week DAS28 which was higher than some patients who did not

achieve a response,i.e. a change in DAS28from 5.7 to 4.9.
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Table 7.2: Concentration of cytokines (pg/mL) in blood plasma from healthy

controls (n=7) and RA patients (n=16) at baseline, and 4 and 12 weeks following

commencementof anti-TNF therapy, as detected by multiplex (Luminex) assay.

Data are expressed as mean (range), ({p<0.01, tps0.05, baseline vs 4 or 12 weeks,

Wilcoxon Rank Sumtest, **ps0.01, *ps0.05, baseline vs control, Mann Whitney U test).

 

 

 

 

 

 

 

 

 

 

 

 

 

      

Control Baseline 4 weeks 12 weeks

IL-1 33.9 334.8 * 219.3 281.0

“1B (0.0 — 65.7) (21.4 — 2852.4) (4.6 — 959.9) (17.3 — 1906.2)

ilies 72.7 11295.5 * 9457.5 10179.1
(0.0 — 508.7) (0.0 -68995.5) (0.0—45391.7) (0.0 — 70723.3)

Le 0.0 98.5 * 66.0 78.2
(0.0 — 0.0) (0.0 — 958.8) (0.0 — 333.2) (0.0 — 567.0)

iL<4 0.0 68.7 ** 45.9 65.0
(0.0 — 0.0) (0.0 — 482.1) (0.0 — 226.9) (0.0 — 558.8)

a 0.0 8.1 0.0 0.0
(0.0 — 0.0) (0.0 — 129.3) (0.0 — 0.0) (0.0 - 0.0)

Le 10.9 91.1* 72.3 76.8 t
(0.0 — 55.8) (0.0 — 534.4) (0.0 — 663.6) (0.0 — 659.7)

Le 35.5 32.0 36.0 35.2
(19.5 —71.1) (1.6 — 62.7) (15.8 — 114.8) (21.9 - 72.3)

40 22.5 49.2 69.3 59.8
(0.0 — 114.9) (0.0 — 199.0) (0.0 — 588.5) (0.0 — 568.5)

a7 8.7 62.5* 56.9 59.3
(0.0 — 17.2) (6.4 — 311.2) (6.4 — 205.8) (6.4 — 333.4)

EN 11.6 15.7 * 15.7 15.8
v (0.0 — 15.5) (12.5 — 18.4) (9.5 — 21.4) (12.5 — 21.4)

Ger 668.8 2691.6 * 2461.8 2575.1
. (0.0-1810.5) (0.0—12031.1) (0.0 — 6990.8) (957.1 — 9116.4)

GM-CSF 299.8 540.5 642.3 538.9
: (0.0 — 1329.7) (0.0 — 2057.0) (0.0 — 4011.2) (0.0 — 3946.0)

TNF 0.0 34.5 32.3 50.3
. (0.0 — 0.0) (0.0 — 419.5) (0.0 — 157.2) (0.0 — 436.4)
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7.3.4 Assessmentof changes in NF-«Bactivity in neutrophils before and during

anti-TNF therapy

TNF-a influences many neutrophil functions through activation of the NF-«B

transcription factor complex. In order to determine the kinetics of NF-«B activation by

TNF-a, neutrophils from healthy donors (5 x 10°/mL) were stimulated with TNF-a

(10 ng/mL) and incubated at 37 °C for 2 h. Protein lysate was prepared at time-points

from 5 min to 2 h. Expression of phosphorylated NF-«B (p65) and IkBa was

determined by Western blotting.

Figure 7.5A shows that stimulation of healthy, control neutrophils with TNF-a

(10 ng/mL) induced rapid, transient phosphorylation of NF-«B (p65) that peaked by

5 min and then returned to basal unstimulated levels by 60 min post-stimulation. This

transient phosphorylation of NF-«B (p65) was followed by degradation of IxBa, which

then returned to basal levels by 2 h. These changes in NF-«B (p65) and IxBa are in

RanIaPenae In order toline with previous observations following TNF-a stimulation

determine whether NF-«B was activated in neutrophils from patients with RA, protein

lysates were analysed by Western blotting for levels of phosphorylated NF-«B (p65).

Figure 7.6A showsthat level of phosphorylated NF-«B was significantly higher in RA

neutrophils compared to controls (p<0.05), indicating activation of this transcription

factor in vivo. Whilst levels of phosphorylated NF-xB were decreased by anti-TNF

therapy, this did not reach statistical significance in the patient population as whole.

However, those patients who achieved low diseaseactivity (DAS28 < 3.2) by 12 weeks,

did have statistically significant decrease in the levels of phospho-NF-«B(figure 7.6B,

p=0.05).
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Figure 7.5: Activation of NF-«B signalling by TNF-a in human neutrophils.

(A) Neutrophils (5x10°/mL) were stimulated with TNF-a (10 ng/mL) and protein lysates

collected at intervals from 5 min to 120 min. Protein expression was assessed by

Western blotting. NF-kB showed rapid and transient phosphorylation (phNF«B p65),

which wasfollowed by degradation of IkxBa and its subsequent re-synthesis. (B) The

current model of the regulation of NF-«B-mediated gene expression. NF-«B is held

inactive in the cytoplasm by IxBa. TNF-a activates IxB kinase (IKK) leading to rapid

degradation of IxBa, and phosphorylation and activation of NF-«B, which is transported

to the nucleusto initiate gene expression. One of the first genes expressed is IxBa,

which transports NF-«B out of the nucleus, inactivating the transcription factor and

switching off gene expression.
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Figure 7.6: Levels of NF-«B activation in freshly isolated neutrophils.

(A) Western blotting of protein lysate from RA patient neutrophils prior to commencing

anti-TNF therapy (B) and at 4 weeks (4) and 12 weeks (12) post-therapy showed

significantly higher levels of phospho-NF-«B than in neutrophils from healthy controls

(** p<0.01, * p<0.05, Student’s t-test).

decreased by anti-TNF therapy, but this was notstatistically significant across the entire

The level of NF-kB phosphorylation was

patient group. (B) Neutrophils from patients achieving low disease activity (DAS < 3.2)

after 12 weeks therapy showed a significant decrease in the levels of NF-xB

phosphorylation (p<0.05, Studentt-test). Protein expression was normalised to GAPDH.
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7.3.5 Assessmentof constitutive apoptosis by Mcl-1 expression andactivation

of caspases

Chapter 6 showedthat blood neutrophils from RA patients undergo slowerconstitutive

rates of apoptosis than blood neutrophils from healthy controls (section 6.3.7). In order

to investigate whether neutrophils from RA patients undergoing anti-TNF therapy

showed any changes to the level of constitutive apoptosis, the levels of Mcl-1,

caspase-8 and caspase-9 in protein lysate from RA patients and controls were

analysed by Western blot. Figure 7.7 showsthat the anti-apoptotic protein Mcl-1 was

elevated in neutrophils isolated from untreated RA patients compared to controls

(p<0.05), and this was associated with decreasedlevels of cleaved caspase-9 in patient

neutrophils (p<0.05). Levels of caspase-8 were not significantly different between

patient and control groups. Mcl-1 and caspase-9 are critical regulators of constitutive

neutrophil apoptosis, and these data suggest that RA neutrophils are undergoing slower

rates of constitutive apoptosis in vivo compared to neutrophils from healthy controls.

Figure 7.8A shows that prior to commencing anti-TNF therapy, levels of NF-«B

phosphorylation correlated significantly with levels of Mcl-1 (p<0.01, r.=.638). When

protein levels were analysed at 4 weeks(figure 7.8B) and 12 weeks(figure 7.8C) after

commencement of therapy, the changes in the levels of NF-«B phosphorylation

correlated significantly with the changes in Mcl-1 abundance (4 weeks p<0.05,r.=.480;

12 weeks p<0.01, r,=.595). The change in the level of NF-«B phosphorylation from

baseline to 12 weeksalso correlated significantly with an increase in the abundance of

the inhibitor of NF-«B, IkBa (figure 7.8D, p<0.01, r= -.671), showing a decreasein

activation status in RA neutrophils following anti-TNF therapy.
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Figure 7.7: Levels of Mcl-1, caspase-8 and caspase-9 in freshly isolated

neutrophils. Western blotting of protein lysate from RA patient neutrophils prior to

commencing anti-TNF therapy (B) and at 4 weeks (4) and 12 weeks(12) post-therapy

showed that the Mcl-1 expression was elevated in RA neutrophils compared to healthy

controls (* p<0.05, Student’s t-test). The level of active (cleaved) caspase-9 was

significantly lower in RA neutrophils compared to healthy controls (** p<0.01, * p<0.05,

Student’s t-test), but there was nosignificant difference in the levels of active (cleaved)

caspase-8 between patients and controls. Protein expression was normalised to

GAPDH.

257



 

 

  

  
  

5
A ~ 77B

. 4 ° + 1
oO > r ry

= 2 0 oe

a S -1 o*

x 2 £ 2

S o
1 2 3 °5-

0 v v v J O -4 v v v v v

0 1 2 3 -4 -2 0 2 4

Changein phNFx«Bby 4 wk

= 7*7C ~ 17D
a4 5 ;
20 Pa 0.5

- rea)
6-1 = 0

= £
c -

a D 05
2 -3 c

2 ¢ 5
O -4 v v v v v -1 q qT T T 1

-4 -2 0 2 4 -4 -2 0 2 4

Changein phNFx«Bby 12 wk Changein phNFxB 12wk   
 

Figure 7.8: Correlation between NF-«B activity and Mcl-1 abundancein patient

neutrophils. (A) Levels of phospho-NF-«B correlated significantly with the levels of

Mcl-1 prior to commencement of anti-TNF therapy (p<0.01, r,=.638, Pearson

Correlation). (B) Following 4 week’s anti-TNF therapy, the change in the level of

phospho-NF-«B correlated significantly with the levels of Mcl-1 (p=0.044, r.=.480,

Pearson Correlation). (C) Following 12 week’s anti-TNF therapy, the change in the

level of phospho-NF-«B correlated significantly with the levels of Mcl-1 (p=0.009,

rs=.595, Pearson Correlation). (D) The changein level of phospho-NF-«B from baseline

to 12 weeks post-therapy also correlated with an increase in the inhibitor of NF-«B,

IkB-a (p=0.002, r= -.671, Pearson Correlation).
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7.4 Discussion

This patient study has shown that neutrophils from RA patients express mTNF at

significantly higher levels than age-matched controls, and that mTNF levels decrease

after 12 weeks anti-TNF therapy. Plasma concentrations of soluble TNF-c« were found

to be relatively unchanged by anti-TNF therapy in line with previous published

276,285,461 Lt owever, TNF-a. MRNAproduction was shownto decrease overobservations

12 weeksin line with improvementsin disease activity. This suggests that the decrease

in mTNF levels represents a down-regulation of TNF-a synthesis by RA neutrophils

during anti-TNF therapy.

TNF-o production is under the control of the NF-«B transcription factor, and Western

blotting of patient and control neutrophils revealed significantly higher levels of NF-KB

activation in neutrophils from RA patients. Indeed, active NF-KB was virtually

undetectable in control neutrophils. These data suggest that TNF-a maybe stimulating

autocrine NF-«B activation and further production of TNF-a in RA neutrophils. Real-

time PCR analysis of TNF-o mRNA showed a decrease in production of TNF-a

following 12-weeks anti-TNF therapy, which correlated with improvements in disease

activity. Indeed, patients who achieved the best responseto anti-TNF therapy (DAS <

3.2) had a significant decrease in TNF-c mRNA compared to other patients. These

patients also showeda significant decrease in NF-«B activation compared to other

patients.

Analysis of neutrophils from RA patients and healthy individuals also suggested that RA

neutrophils undergo slower constitutive apoptosis. Mcl-1 expression was elevated in
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RA patients, along with lower levels of activated caspase-9. Caspase-9 becomes

activated following MOMP and leakage of cytochrome c into the cytoplasm, and

combines with cytochrome c and Apaf-1 to form the apoptosome. Elevated and/or

stabilised Mcl-1 expression would therefore cause longer sequestration of pro-apoptotic

proteins such as Bid, Bim and Puma, and consequently delay the hetero-

oligomerisation of Bax and Bak which precedes MOMPandapoptosis'9”"°°°.

NF-«B signalling has been reported to delay apoptosis via the expression of pro-

survival genes such as Bfl-1, TRAF-1 and -2, XIAP and cFLIP. TRAFproteins and

cFLIP interact with the death receptor complex and prevent activation of caspase-8,

whilst transducing pro-survival signals through the activation of NF-xB**?7°. XIAP

-9727.231 Bfl-1 is an anti-apoptotic Bcl-2 familyinhibits activation of caspases-3, -7 and

member, and expression of Bfl-1 mRNA by neutrophils in response to TNF-a

stimulation has previously been demonstrated’. TNF-c has been shown to exert a

228,229,233 However
concentration-dependent, pro- or anti-apoptotic effect on neutrophils

the pro-apoptotic concentrations of TNF-a required to promote neutrophil apoptosis

(210 ng/mL) were not found within the blood plasma of RA patients in this study. This is

clearly demonstrated by the absenceof significant caspase-8 activation in RA blood

neutrophils, and the elevated levels of Mcl-1 which is itself a target of caspase-8

cleavage during TNF-a-induced apoptosis’”’. Research by co-workers into the effects

of physiological concentrations of TNF-a has shown that a concentration of TNF-a as

low as 10 pg/mL is sufficient to initiate activation of NF-«B nuclear import in

neuroblastoma cells (D. Turner, unpublished). Whilst this effect has not yet been

investigated in neutrophils, the median TNF-a. concentration in RA plasma wasfound to
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be 34.5 pg/mL, which maytherefore be at a level which sufficiently activates NF-«B

signalling.

TNF-a production by neutrophils may contribute to the pathogenesis of RA via a

number of mechanisms. Byvirtue of their high accumulation within the synovial joint,

neutrophils may represent a major source of both soluble and membrane-bound TNF-a.

The presence of TACE within synovial fluid would cleave and liberate mTNF from the

surface of synovial neutrophils, contributing to the high soluble TNF-a concentrations

seen in some synovial fluids, such as those measured in Chapter 3. Neutrophils

expressing mTNF may initiate signalling via contact with TNF receptors on

neighbouring cells, such as those within the pannus. TNF-a has also been

demonstrated to bind to TNF receptors on the surface of the samecell therebyinitiating

autocrine signalling*®’ and such signalling in neutrophils may contribute to the delayin

apoptosis and increase in production of reactive oxygen species and proteases

associated with neutrophil-mediated damage in RA™.

Reverse signalling via mTNF has not yet been described in neutrophils, however the

effect of TNF receptors (soluble or on the surface of neighbouring cells) on mTNF-

expressing cells has been described in monocytes, lymphocytes and natural killer (NK)

cells. Functional changes induced by reverse signalling via mTNF include: increased

cytokine production, including TNF-«, by monocytes***°°; increased E-selectin

expression on lymphocytes“; increased immunoglobulin production by B-cells co-

cultured with mTNF expressing T-cells“ and increased degranulation and cytotoxic

killing by NK cells*°°. Soluble TNFRII has been shown to induce NF-«B activation

through mTNF reverse signalling in lymphomacells*’’, and in HeLa cells, mTNF has

261



been demonstrated to bind to TNF receptors on the samecell initiating autocrine

reverse signalling that led to increased NF-«B and p38 MAPKactivity*®°.

The in vitro effects of anti-TNF drugs on PMBCs have also been described, and

include: down-regulation of TNF-a, IL-1B and IL-8 production by monocytes****®:

increased apoptosis and caspase activation in monocytes and lymphocytes?’*?/**°:

increased IL-2 and IFNy production by T-cells*°°; prevention of immunoglobulin

467production and isotype switching in B-cells’ and increased E-selectin expression in

272,440,464lymphocytes Anti-TNF antibodies have been shown to block NF-«B activity

468 and all three anti-TNF drugs have beenand increase apoptosis in lymphomacells

shown in vitro to induce antibody-dependent and complement-mediated cytotoxicity in

an mTNFexpressingcell line?”’.

This work has shownforthefirst time that neutrophils are a significant source of mTNF

in RA and raises the possibility that TNF-a production by neutrophils may be modulated

by reverse-signalling induced by anti-TNF drugs. The mechanismsresponsible for the

decrease in neutrophil mTNF by anti-TNF therapy has not been identified. However

anti-TNF drugs in vitro have been shown to decrease TNF-a synthesis in monocytes*™,

and decrease NF-«B activation (and therefore TNF-a synthesis) in lymphomacells*®

and monocytes***. Neutrophils from RA patients were found to havesignificantly higher

NF-«B activation compared to healthy individuals, and TNF-a mRNA production was

found to decreasein line with improvementin disease activity, raising the possibility that

anti-TNF drugs may be down-regulating TNF-a protein synthesis in RA neutrophils via a

reverse signalling mechanism.
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This study has demonstrated that, compared to neutrophils from healthy individuals,

neutrophils from RA patients have a TNF-activated phenotype, characterised by

elevated NF-«B signalling, TNF-a expression and a slower constitutive level of

apoptosis. This study has also shown that neutrophil function is down-regulated by

anti-TNF therapy, and that those patients who ultimately achieve the best responsein

terms of a decreasein disease activity also show the greatest suppression of neutrophil

activation.
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Chapter 8: General Discussion and Conclusions

Rheumatoid Arthritis is an auto-immune condition which causes progressive and

irreversible damage to bone, cartilage and tissue. Joint inflammation is caused by an

influx of activated immunecells, an increase in the volume of synovialfluid, and growth

of invasive tissue. Neutrophils are found in high numbers within the joints of RA

patients, both within the synovial fluid and at the pannus:cartilage interface, and have

the potential to damage joints and tissue through the release of proteases. Previous

work has shownthat synovial fluid neutrophils have an activated phenotype, expressing

MHCClassII molecules*®:' and the high-affinity FeyRI receptor”. Freshly isolated

synovial fluid neutrophils also show evidence of having released their destructive

intracellular metabolites and proteases by degranulation within the joint’”. Activated

neutrophils are capable of driving inflammation through the synthesis and secretion of

165-175 67,68,257
pro-inflammatory cytokines and chemokines , and show delayed apoptosis

thereby prolonging damage to the joint and prohibiting normal resolution of

inflammation.

The aim of this research was to increase the understanding of the inflammatory

synovial environment within which neutrophils were becoming activated, particularly to

identify the inflammatory mediators found within synovial fluid from RA patients, and to

examine how these factors affected neutrophil functions such as priming, apoptosis,

and secretion of cytokines and chemokines.
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In Chapter 3, | assayed synovialfluids from patients with RA, and compared cytokine

and chemokine profiles of the RA fluids with those found in synovial fluid from other

types of inflammatory arthritis, such as gout and reactive arthritis. | used a Luminex

multiplex assay, which allows the measurement of multiple analytes within each

sample. In this way, | was able to quantify the concentration of 13 different cytokines in

inflammatory synovial fluid. The results of this type of multiplex assay on inflammatory

synovial fluid had only been previously reported by one other research group”’, and

their synovial fluids were from patients with early arthritis of less than three months

duration. Their research looked at the cytokine profiles of inflammatory arthritis before

it either: progressed into RA; progressed into another inflammatory arthritis i.e. crystal

arthritis; or resolved altogether, to gain an understanding of the types of cytokines and

chemokineswithin the joint the initial stages of RA. They found that early rheumatoid

arthritis was associated with the presence of IL-2, IL-4, IL-13, IL-17, IL-15, basic

fibroblast growth factor and epidermal growth factor, and concluded that RA was

initiated by the activity of T-cells and stromal cells, which typically secrete these

cytokines.

The synovial fluids which were assayed as part of my research wereall from patients

with long-standing RA, and disease duration ranged from 8 months to 35 years. The

aim was not only to compare RA synovial fluids with non-RA fluids, but also to lookat

the differences found within subgroups of patients with the same disease diagnosis.

RA is a heterogeneous disease, and no one therapy successfully treats all patients.

Patients may or may not be serum positive for rheumatoid factor and/or anti-CCP

antibodies, and may or may not be effectively controlled by DMARDs such as

Methotrexate, Azathioprine and Leflunomide. A small proportion of RA patients are

unresponsive to DMARDtherapy, and progress onto Biologic therapy such as anti-TNF.
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Again, whilst many patients who have severe disease respond well to anti-TNF, a

significant proportion of patients do not respond, and oneofthe particular aims was to

try to understand whatit is about the disease state in these patients which makes them

unresponsive to therapy.

The results of my multiplex assay of inflammatory synovial fluid indentified IL-1, IL-1ra,

IL-2, IL-4, IL-10, IL-17, IFNy, G-CSF, GM-CSF and TNF-a as being significantly

elevated in RA synovialfluids comparedto other inflammatory arthritides. Interleukin-6

was also found to be associated with inflammation per se, rather than a particular

inflammatory arthritis, as it was found in high concentrationsin all inflammatory arthritis

fluids when comparedto osteoarthritis. The high concentration of a numberof pro-

inflammatory cytokines in RA synovial fluid was not altogether unsurprising, as these

cytokines are both stimulants and products of the highly activated immunecells which

are typically found within the RA synovium such as lymphocytes, synoviocytes,

macrophages and neutrophils. However, by obtaining clinical details of the patients

from whom synovial fluid was received, | was able to carry out further analysis of the

cytokine/chemokine profiles of RA patients based on different drug regimes and

responseto therapy.

Analysis of synovialfluid from patients receiving anti-TNF therapy revealed that TNF-a

blockade decreased the concentrations of IL-1f, IL-2, IL-8, IL-10, IL-17 and GM-CSF,

highlighting the pivotal role that TNF-a plays in inflammation. Of particular interest was

the analysis of synovial fluid from anti-TNF patients who did not ultimately achieve a

response to therapy, which revealed that IL-6 was significantly elevated in these

patients comparedto the levels in synovial fluid from patients who went on to respond
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well to anti-TNF therapy. IL-6 has been identified as another potential target for

Biologic therapy in RA, and Tocilizumab (an anti-soluble-IL-6 receptor antibody) is

currently in Phase Ill clinical trial. Tocilizumab has proved an effective alternative

therapy for patients who have failed one or more anti-TNF drug, with over 50% of

patients in the RADIATEtrial achieving low disease activity°’. The RADIATEtrial did

not measure synovialfluid cytokine levels therefore it is unclear whetherthis would be a

predictive marker for choice of Biologic therapy. However, this would clearly be a

useful path of investigation once Tocilizumab is used more widely. Analysis of synovial

fluid from one individual who wasrefractory to multiple Biologic therapies revealed that

anti-TNF therapy successfully removed TNF-a from her synovial fluid whilst having no

effect on her disease activity. However, her IL-6 concentrations remained elevated

throughout the changesin her drug regime. The impact of Tocilizumab on the disease

activity of this patient will not be known for a few months, as she is excluded from

currentclinical trials due to exposure to Rituximab.

Chapter 3 identified a number of key cytokines/chemokines that were elevated in RA

fluid, and these findings formed the background to Chapter 4, which investigated the

effect of a number of these cytokines/chemokines on neutrophil functions. Cytokines

and chemokines are found at high concentrations at the site of inflammation, and are

key to the regulation of many neutrophil functions such as priming, adhesion,

chemotaxis, delaying apoptosis and stimulation expression of pro-inflammatory

mediators such as cytokines, chemokines and MHC Class Il. There are numerous

publications on the effects of cytokines such as G-CSF, IL-6 and IL-10 on the regulation

of neutrophil function'4?:21836°.375.389,384,395,396,469-472. However, these are often

contradictory due to differencesin isolation, culture and assay conditions. One of the

aims of Chapter 4, therefore, was to assess the effect of a number of
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cytokines/chemokines whilst keeping other aspects of culture condition (particularly cell

concentration) consistent. | also wanted to test the effects of these

cytokines/chemokines over the concentration ranges found in vivo. Chapter 4

confirmed that the key regulators of neutrophil priming, apoptosis and chemokine

production are GM-CSF and TNF-a. | was also able to show that G-CSF and IL-1B can

prime the respiratory burst and delay neutrophil apoptosis. IL-8 was found to prime the

respiratory burst, but was not shown to have any significant effect on apoptosis,

999,398,400 IL-6 and IL-10 were shown to have nocontrary to some published data

significant effect on neutrophil priming, apoptosis or chemokine production over a wide

range of concentrations. These data suggest many, but not all, cytokines/chemokines

found within inflammatory synovial fluid can modulate neutrophil function. Interestingly,

Chapter 3 showed that GM-CSF,IL-1 and IL-8 concentrations are decreased byanti-

TNFtherapy, andthis will therefore directly impact on the rate of influx and subsequent

activation ofinfiltrating neutrophils.

One cytokine which was not included in the investigations in this chapter was IL-17.

This cytokine has becomeof particular interest in recent years, following the discovery

of the Th17 T-cell subgroup, and is now believed to be important in the pathogenesis of

RA. Limited reports of the effect of IL-17 on neutrophils has shownthe cytokine can act

as a chemoattractant®°*”* and increasing granule enzyme release*”in animal models,

and IL-17 has also been shown to attenuate the protective effect of GM-CSF on

neutrophil apoptosis*”. IL-17 is now a potential target for new Biologic therapy*"*”’,

and IL-8°°:?” and GM-CSF**°*”° blockade are also being investigated as potential new

Biologic therapies for RA.
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Whilst cytokines are the key regulators of neutrophil priming and apoptosis,it is immune

complexes such as rheumatoid factor and anti-CCP antibodies which are the key

activators of neutrophils within the synovial joint. Deposits of immune complexes on the

surface of joint tissue can lead to a misdirected neutrophil attack in which the cells

unsuccessfully attempt to phagocytose the host tissue, known as_ frustrated

phagocytosis. This leads to degranulation of enzymes such as collagenase and

elastase directly onto the surface of the joint where they can degrade the tissue matrix

and cartilage. Soluble immune complexes within the synovial fluid can also trigger

extracellular secretion of oxygen metabolites and proteases, which can degrade the

lubricant properties of the synovial fluid. Previous work has identified that two

neutrophil receptors, FcyRlla and FcyRillb, are activated by IgG immune

103,106complexes It was found that, whilst FcyRlla activation is key to the function of

neutrophils in host defence, FcyRIllb activation is less important, and indeed is

responsible for the extracellular secretion of proteases which is associated with tissue

damagein RA. This hasidentified FcyRIllb as a potential therapeutic target’™®.

Whilst the effect of immune complexes on neutrophil activation are known, the effects of

immune complexes on neutrophil apoptosis are less well understood. In Chapter5,|

was able to show that soluble and insoluble immune complexes were able to

significantly delay the rate of neutrophil apoptosis, and that SIC exerted their protection

via PKC, PI3K and MEK1/2 signalling, whereas IIC were acting via PI3K only.

Activation of the NF-«B transcription factor was also key to the protection mediated by

both SIC and IIC. Soluble immune complexes were also found to prime the neutrophil

respiratory burst when this was stimulated by IIC, this providing a possible method of
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neutrophil priming which is not dependent upon the presence of cytokines or

chemokines.

Whilst FcyRIllb has been identified by this group as a potential therapeutic target for the

treatment of RA, drugs that block this receptor are not, to our knowledge, being

developed. However, SYK inhibitors are currently being investigated as suitable

therapies for the treatment of RA, and myinvestigations and those of others within this

group*"® have identified SYK as a critical mediator of signalling from Fey receptors in

neutrophils. There has been one reported trial of the SYK inhibitor, R406, in RA

patients, in which 65% of patients achieved a clinical response**’. Rituximab is an

anti-CD20 therapy, and thus mediates removal of antibody producing plasma cells.

Rituximab is now well established as a Biologic therapy in RA has been shown to

directly reduce the circulating levels of RF and anti-CCP immune complexes?”?*’°*””,

and whilst Rituximab is considered an “anti-B-cell” therapy, the removal of auto-

antibody producing cells (and therefore auto-antibodies) will also directly impact on

neutrophil function.

Chapter 6 aimed to test the findings of Chapters 4 and 5 by incubating healthy

neutrophils with cell-free synovial fluids containing those cytokines, chemokines and

immune complexes which had been shownto delay neutrophil apoptosis. However,

incubating healthy neutrophils with diseased synovial fluid was shown to be pro- not

anti- apoptotic. This was due,in part, to the heterogeneous responseto synovialfluid

of neutrophils from different control donors, and the heterogeneity of the synovialfluids

themselves. Despite this, a numberof significant observations could be made: synovial

fluid containing GM-CSF and TNF-a induced less apoptosis than fluids where these

cytokines were not present; synovial fluid containing soluble immune complexes
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induced less apoptosis than other fluids; and synovial fluid from patients receiving anti-

TNF therapy induced significantly more apoptosis than fluids from patients receiving

DMARDs. This confirms, in part, the observations made in Chapters 4 and 5.

Analysis of protein samples taken during the incubation of healthy neutrophils with

synovial fluid showed that there was increased caspase activation in vitro than was

observed in neutrophils from freshly aspirated synovial fluid. This may suggestthat the

assay procedure did not truly reflect the conditions in vivo and that certain

modifications, such as passing the neutrophils through a chemotaxis chamber to

simulate extravasation into tissue, may remedy this. Another possible reason was

identified, in that blood neutrophils from RA patients were found to undergo slowerrates

of apoptosis than blood neutrophils from healthy individuals. This may suggest,

therefore, that RA blood neutrophils behave differently to healthy blood neutrophils

when exposed to synovialfluid.

The final chapter focussed on clinical study of 20 patients about to start anti-TNF

therapy. Neutrophils are often overlooked in RA research, and consequently whilst the

effect of anti-TNF on monocytes and lymphocytes has been documented”’*”°440.494.47°

little is known about the effect of anti-TNF on neutrophils. Although this study was

relatively small, it was able to show that neutrophils from RA patients have an activated

phenotype compared to healthy controls, and that anti-TNF therapy modulates their

activity in a way which mirrors changesin disease activity. Membrane-expression of

TNF-a was foundto besignificantly higher in pre-therapy RA neutrophils compared to

controls, and expression was decreased after 12-weeksin the trial. Notably, the level

of mTNF after 4 weeks therapy was found to be predictive of disease activity at 12

weeks. Neutrophil TNF-c mRNAproduction was also shownto decreasein line with
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disease activity. The NF-«B transcription factor was also shown to be moreactive in

patients than in controls, and NF-«B activity significantly decreased in those patients

who achieved the best response to therapy. In keeping with the observations in

Chapter 6, when RA neutrophils were shown to undergo slower rates of apoptosis,

neutrophils from patients in this study were shownto have higher expression of the anti-

apoptotic protein Mcl-1 and lower caspase-9 activity than healthy controls.

In summary, this research has identified key cytokines and chemokines found at the

site of inflammation in rheumatoid arthritis, and has identified the effect of a numberof

these cytokines/chemokines on neutrophil functions such as priming, apoptosis, and

chemokine production. In addition, immune complexes, which had already been

identified as key activators of neutrophil degranulation within the joint, were shown to

have potent effects on neutrophil apoptosis and chemokine production. This research

has also shown forthe first time that neutrophils from RA patients exhibit molecular

changes in response to anti-TNF therapy, in a way which correlates with disease

activity. Neutrophils should no longer be regarded as innocent bystanders in

rheumatoid arthritis, as they have been shown to respond to both key mediators of

inflammation, and anti-inflammatory drug therapy. Many new Biologic therapies have

the potential to exert anti-inflammatory effects on neutrophils, in a way which will

directly block some of the mediators of neutrophil activity which | have identified. The

impact of these new therapies on the function of neutrophils in vivo remains to be seen.
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