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ABSTRACT

Meningococcal disease (MCD) is an important cause of morbidity and

mortality in the United Kingdom. The North West region of England has a

particularly high incidenceof the disease.

This was a prospective, observational cohort study. Of the 70 children

recruited, 38 were classed as confirmed or probable MCD. There were 13

children (34.2%) with severe disease as defined by a Glasgow

Meningococcal Septicaemia Prognostic Score (GMSPS) of 28. The

diagnosis wasconfirmed microbiologically in all children.

We demonstrated that PCR remains the gold standard for diagnosis of

MCD and bacterial load increased with disease severity. Serum rapid

antigen testing did not alter the management of patients and we suggest

that its use should be reserved for a defined patient group, or morelikely,

discontinued. .

The triggering receptor expressed on myeloid cells (TREM)-1 has a

soluble form which can be measured in plasma (STREM). sTREMis

increased in children with MCD and correlates significantly with other

inflammatory mediators known to be important in MCD. Although a high

sTREM concentration was a markerof infection it was less sensitive and

specific than procalcitonin (PCT) which predicted MCD in children

presenting with a fever and a non-blanching rash with a greater degree of

accuracy.

The Liverpool Meningococcal Score (LMS), a clinical scoring system that

has been previously derived by our group, was evaluated in comparison to

the GMSPS. Both LMS and GMSPSscores performed equally well in

predicting the need for ventilation with the odds ratios (OR’s) for GMSPS

28 and LMS 26, with ventilation as the outcome, being 35 and 67

respectively. The area under the receiver-operating characteristic (ROC)



curve (AUC) for GMSPS and LMS demonstrated comparable

characteristics. The LMS requires no biochemical data or special

equipmentand therefore demonstrated easeof use.

Macrophage migration inhibitory factor (MIF) levels were significantly

higher in the two patient groups with and without MCD, compared to

controls. MIF levels did not differentiate MCD from otherillnesses andit

may therefore play a role in the course of sepsis, but have a function

independentof causative pathogen.

Concentrations of the chemokines CCL2, CCL3 and CXCL10 were

demonstrated to be significantly higher in children with MCD comparedto

controls. Significant relationships were observed with a numberof pro-

inflammatory cytokines.

The neuropeptides, CGRP, SP and NPY, exhibit potent vasoactive and

immunoregulatory properties. In patients with MCD, systemic CGRPis

elevated and SP is reduced in the sickest patients as compared with

controls. NPY was also demonstrated to be lowest in the patients with

MCD. CGRPwassignificantly higher and SP wassignificantly lower in

those children with features of septic shock. The neuroendocrine system

maytherefore play a role in the pathogenesis of sepsis.



CONTENTS

ABSTRACT.......ccccceeeceeeeeeeeseeeseeeeseeesneeeseeesseeesseesseeesseeesseeesseesaseeteseeseseensonens I

GONTENTSrrsscnscecstressnenenannnincenmennnaninernnennnmarenmmennann lil

LIST OF FIGURESincccnnirnncnmnnnnnncnnmennenmmnnennnnnnes Vil

ACKNOWLEDGEMENT..........ccccsssessesesseesseesnesseesseesseessesssesseeeseeseeseaes Xll

DEDICATION scctececenconcnnsconrenemennneenoneron neon TOEREORERORISERENT XIV

ABBREVIATIONSsescccssnissccneninnensnennncemmnnnnnnnemnneninennmmanmnuenan XV

CHAPTER1 1... ..ccseseeeeesseeeseeeseeesseeesseeeseeesseessseeeseeesseesseesssaeeesenensaes 1

INTRODUCTION........cccscssesstessseeesseesseensseeuseeesseessseessneensgeenseeessnsesaess 1

1.1 TeEOCCCS receecceascencrnumsemeaaneacamsenameeeeannas 3

1.2 EPIDEMIOLOGY ser reswancannenseenmnenmenesneussmssvenanruaneceeemnnenraninn 7

1.3. TRANSMISSION AND RISK FACTORS. .............:: eee 9

1.4 PATHOPHYSIOLOGY....00...eeeeeeeeneeene eter etneeeneees 11

1.5 CLINICAL FEATURES......0...00eeeeee teee eee eeneeeneees 24

1.6 DIAGNOSIS 0000.ceceeeeeeeeeeeneeeeneeeeneeteneeeneeeneee 27

1.7 MANAGEMENT........00...00eccceecceceseeeeeeseeeeeeeeetneeeenseseseeenaes 30

1.8 IMPROVING OUTCOMEOFINVASIVE DISEASE......... 36

1.9 CURRENT RESEARCH..............:ccccceeseeeeeeeeeeneeenees oF

CHAPTER 2. ....scesscesecssemnaeseincite39

MATERIALS AND METHODS sissiisiiiiscvicssssscecesnexexcoeanananrennonnsen 39

2.1 PATIENT RECRUITMENT..............0:::::eesseeeseeeeeeeseeenees 40

2.2 COLLECTION OF BLOOD SAMPLESsissies ssissssccawensnensewens 46

2.3 RNA COLLECTION, EXTRACTION AND RT-qPCR....... 47

2.4 BACTERIAL LOAD DETERMINATION USING RT-PCR.56

25 STATISTICAL METHODS... ccci:ssomensmammnnonnememas 58

CHAPTER 8 ccnncsstcnssancscsnnenenamaieccnmmranenseennnnermennmmmeanrenann 60

BACTERIAL LOAD AND RAPID ANTIGENTESTING IN

MENINGOCOCCAL DISEASE. sccsesvivesnssnesscenssnsasnnsnxcunarasarannenssnnenne 60

3.1 INTRODUCTION. ..nanunntisss28:sce61



3.2 MATERIALS: AND METHODS se:c:cncnsinnumarnmenomnnnvenconss 63

Be REGases sass cases aceee64

3.4. DISCUSSION, .n.nnnennnnnnnannniiisitiiaitsnntiiinh an tin snaerIRUAiamaNC ER 71

3.5 CONCLUSION........W....cncesncneceenenscnmenrenennssbiinssbenensii 75

CHAPTER @ sscsesisesinexerasnennnananmanmenanmncanmcrannmnrmnenenananemmennnens 77

THE COMPARISON OF TRIGGERING RECEPTOR EXPRESSED

ON MYELOID CELLS (TREM) WITH PROCALCITONIN (PCT) AND

CRP IN THE DIAGNOSIS OF MENINGOCOCCALDISEASE....... 77

4.1 INTRODUCTION.....000.. cece cece eee sence eneeteeeeneeeeneeeeneees 78

4.2 MATERIALS AND METHODS......000.00ees84

4.3 RESTS ercnsarsscsmssscsmsseerarssreinan rene MTA REMRRRTTENE 90

4A DISCUSSION 0. sccsccccscsscanmmmcemenmmnemmmmmnmmanmmemuen: 104

4S CONCLUSION ___.__..ccnoncisnrnnicsnsistnamnare ammemonescmmammmt 108

CHAPTERS 5 sssncesssnssesencennenaucccannsnnsesreanannsnivennsammamennnenennm 110

THE PROSPECTIVE COMPARISONOF TWO DIFFERENT

SEVERITY SCORES; THE GLASGOW MENINGOCOCCAL

SEPTICAEMIA PROGNOSTIC SCORE [GMSPS] AND THE

LIVERPOOL MENINGOCOCCALSCORE[LMS))IN

MENINGOCOCCALDISEASE..........ccsccssssssssssenseesssessseeesseeesseees 110

5.1 ReONcereceeee reeceeresanenseeonemees 111

9.2 MATERIALS: AND METHODS. sesscccucnsanssmuemecsmnnssmmnase 116

me) RESULTS rcs: unenensameeren117

5.4 rNperoeeerseereeenmomeews 122

5.5 CONCLUSION 0.0000...ceceeeeeeeeneeteecenseeeseeenaes 125

CHAPTERG.....cssseenessesesncnsenensenarsecnssncsescossnscesssnssnasansacsassssnsersiens 126

THE ASSOCIATION OF THE CHEMOKINES MONOCYTE

CHEMOTACTIC PROTEIN-1 (CCL2), MACROPHAGE

INFLAMMATORYPROTEIN-1 ALPHA (CCL3) AND INTERFERON-

GAMMA-INDUCIBLE PROTEIN 10 (CXCL10) WITH CLINICAL

AND BIOCHEMICAL PARAMETERSIN MENINGOCOCCAL

DISEASE. .....++.--:-secennssencnsensssnsnssusicenessessrevtusauawasnuesnsennuesuassnneneenenesn 126

6.1 INTRODUCTION........... 0ceee eee ceseteneeeeseterseseseetseeenes 127

6.2 MATERIALS AND METHODS........00...0.ceccceeeeeseeeeeeeees 133



G3 RESULTSeren ccnsessosmesvemmmecememmmasom 138

G64 DISCUSSION ssc sccmmcmmeeememmarseemmom 151

65 GONCLUSION ..._...ncnnnmnsennnsnmnssicionssiitsshiesnss rarmcnsosmaise ven 156

CHAPTER 7 sissinnninnamnnnmnmnnenmnnnnencnmsnammmmomamaaaen 157

THE ASSOCIATION OF MACROPHAGEMIGRATIONINHIBITORY

FACTOR(MIF) IN WITH CLINCIAL AND BIOCHEMICAL

PARAMETERSIN MENINGOCOCCALDISEASE. ..........::::se00 157

7.1 INTRODUCTION......00...cccecceeceeeeeceeeeteeeeeneeeeneeeeseeenseeenes 158

7.2 MATERIALS AND METHODS.........0..0cccecceeeereenees 162

Tee PRacesgerneeeeeo166

24 DISCUSSION sencceuncanssenssnmenamnnmwammncmemmmcememene 173

75 CONCLUSION, seccsscessarscnmmcemommnmsummmmememencetes 179

CHAPTER, 8 ssnsssesassccescenancenscennasnsewecnmacanmnnenienmniminenmnnnns 180

THE ASSOCIATION OF THE NEUROPEPTIDES SUBSTANCEP,

CALCITONIN GENE RELATED PEPTIDE AND NEUROPEPTIDE Y

WITH CLINICAL AND BIOCHEMICAL MARKERS OF

MENINGOCOCCALDISEASE........::siisisseiccsicnwssvessanaxeananannaann 180

8.1 INTRODUCTION......0...0..cccceeccee cence eee eeeeeeeeeenseeeneeeenes 181

8.2 MATERIALS AND METHODS............00ccccceeeeeeeeeeees 187

8.3 RESULTS0000... eecceeccceeeeceeeeeeeeenseeenseeeeeessesenseseneeseneeenes 195

8.4 DISCUSSION....... ce eccceceece cece cece ene eteeeeneeeneetenseeeneeeees 206

BOreece creer erenrremnsecremere per erersenene 214

CHAPTER9 ....0cccessseessssncnsccnssconsssassecsovscavsnsesenssenserssueseusssansesanne 215

GENERALDISCUSSION AND CONCLUSIONG..........ccssseeees 215

9.1 GENERAL DISCUSSION...eee eee eeeeeeteeeeeeees 216

9.2 CONCLUSION 0.0.0... cceecceeeeeeee ence eee eteeeeeeteneeteeeseeeees 226

REFERENCES........:csccssscsesesensesscrsccessccsssccnssnsssnnessascesanessssesnesssnsesnsasense 227

APPENDICEG...........ccssccsssecseerescerssceessneensnsensenssessserssceenseesnseesseneanneesaues 327

APPENDIX 1 — PATIENT INFORMATIONLEAFLETS............0:cscceceeees 328

APPENDIX 2 — DATA COLLECTION PROFORMA.........sccsscssseeeeeees 333

APPENDIX 3 — CONSENTFORMG...........cccsssesssseesseessenssensenseenseesenenee 334



LIST OF FIGURES

NUIMDEL.......ccccceecscccccccccceccecensesseeeeeeceecsesessssceeeseeseseseesnnaeeeseeeseesteseeenenitissseeeseeegs Page

Figure 1.1. Electron micrograph of a pair of meningococci showing
blebbing of the outer membrane (magnification x 70,000)..............:eeeeeeeeee 4

Figure 1.2. The role of cytokines and other effector molecules in

(NERINGOCOCCAl SEPLIC SHOCK, cccausiseccnmernemmerscrenmnmeeenreeeemmexeERRSE a 23

Figure 1.3a / 1.3b Photographs showing the typical petechial (a) and

purpuric (b) rashes associated with meningococcal disease...............:::eeeee 26

Figure 2.1 The PAXgene blood RNA procedure (from PAXgene Blood

RNA Kit Handbook 02/2004)..........cccecceecceceeceeeceeeeeeeeeeeeeeeeeeeeentesneeenresnreseeennreeas 49

Figure 2.2a / 2.2b Agilent Bioanalyser 2100 traces of RNA samples: (a)

Universal RNA, (b) peripheral blood sample processed using PAXgene

reagent as described in 1h@ tOXt ss ccsnctren:ocmnsusmascmenmeneremesoom52

Figure 2.3 Average expressionstability values (M) of control genes during

stepwise exclusion of least stable control gene in the whole blood of

patients with meningococcal disease. ...............e eeeeect eeeneeeeeeeeeeeeeteeeeeeeeenes 55

Figure 2.4 The automated MagNA Pure LC system (Roche Applied

Science, Indianapolis, IN)...............cccccceeececceeceeeeeeeeeeeeeeeeneeeeseeeseeeeeseesneeeeeeeenaaes 57

Figure 2.5 Theprinciple of nucleic acid isolation performed automatically

by the MagNA Pure compact instrument (from Roche Applied Science

product catalogue for MagNA pure LC instrument) .......0....0. eee cee eee eeeteeeeees 57

Figure 3.1 Figure demonstrating the significant positive correlation

betweenbacterial load and disease Severity ............... eee e cece eee eeenteeeeeeeenaaes 66

vil



Figure 3.2 Flow diagram showing microbiological investigations in the

blood of the 88 children included in the study with positivity rates...70

Figure 4.1 Schematic representation of TREM -1 signalling pathway................. 79

Figure 4.2 Boxplot demonstrating TREM concentrations (pg/mL) in the

three groupsof children analysedin this Study. ...............cc:cceeceeeseeeeeeeeeteeeeeenees 92

Figure 4.3 Boxplot demonstrating TREM concentrations (pg/mL) in

children with MCDpresenting with different disease profiles. ...................::ee 93

Figure 4.4 Scatterplots demonstrating the positive correlation of TREM

with bacterial load, PCT and CXCL8..............cccccccceccceeeeeeeeeeeeeeeetteeeeeeeenteeeeee 94

Figure 4.5 Boxplot demonstrating PCT concentrations (ng/mL) in the three

groupsof children analysed in this StUdy.........00... ceceeee eeeee ee eeeeeeteneeeeeneeees 96

Figure 4.6 Scatterplot demonstrating the relationship between PCT

concentrations (ng/mL) and disease severity as measured by Glasgow

Meningococcal Septicaemia Prognostic Score (GMSP%S). ............ eeeeeeee 97

Figure 4.7 Scatterplot demonstrating the relationship between PCT

concentrations (ng/mL) and bacterial load (copies/mL whole blood). ................. 98

Figure 4.8 Boxplot demonstrating CRP concentrations (mg/dL) in the two

patiént groups analysed in THiS StUGY.. sesisssccinermacnmmveonmncemmmarmenns 99

Figure 4.9 Receiver-operating characteristic curves (ROC) for various cut

off plasma levels of TREM, PCT and CRPin differentiating those children

WEE MIC, co sarvntassaren ocraeme nenemeeanevnnnsismmnn vacenemensmainnsesnsieaqieasennnes eons in SiiSiARARERTS WERST 101

Figure 4.10 Boxplot demonstrating that there was no difference in the

relative gene expression (2-AACt) of TREMin children with and without a

fificl GIAGHOSIS OT MCD. cerernnrannnancnnnninennennenansnentnnnnnn nenansanenenn ibisiGTSMR 103

viii



Figure 5.1a Receiver-operating characteristic curves (ROC) for GMSPS

and LMSwith ventilation as the OUtCOME. .............cccceeeccssscceeeeceeeeeeeeessssssaaeeeees 119

Figure 5.1b Receiver-operating characteristic curves (ROC) for GMSPS

and LMSwith prolonged length of stay as the outcome.................0:eee119

Figure 5.2 Scatterplot demonstrating the correlation between the Liverpool

Meningococcal Score (LMS) and the Glasgow Meningococcal

Septicaemia Prognostic Score (GMSPS),  cicsses.scesesssssmaenmecmmmerenrnasnnneaamnean 120

Figure 5.3: Scatterplot demonstrating the significant positive relationship

betweenthe scoring systems and bacterial load. .............cceceeeeeeeeeteeeeeeeenees 121

Figure 6.1a / 6.1b The Luminex 100 system and method of multiple

cytokine detection using laser technology (from Luminex Corporation

technical manual for Luminex 100 instrument). ...........0.:eeeceeeseeeeeeteeeeeneeeeeeneees 135

Figure 6.2a Boxplot demonstrating concentrations of CCL2 and CCL3

(pg/mL)in the three groupsof children analysed in this study. ..................000. 144

Figure 6.2b Boxplot demonstrating the concentration of CXCL10 (pg/mL)

in the three groupsof children analysedin this study. ...............cc:eeeeseeeeeeeeeees 145

Figure 6.3 Boxplot demonstrating chemokine concentrations (pg/mL) in

children with MCD presenting with different disease profiles. 0.0.0.0... 146

Figure 6.4 Boxplot demonstrating chemokines concentrations (pg/mL) in

children with MCDpresenting with different disease severity...ee 147

Figure 6.5 Scatterplot demonstrating the inverse relationship between

CCL2 (pg/mL) andtotal white cell count (WCC) and neutrophil count. ............. 148

Figure 6.6a-c Scatterplots demonstrating the positive relationships

between CCL2 and bacterial load, IL-10, and CCL3. 0.0.0... eeceeeee ease eee 149



Figure 6.7a-d Scatterplots demonstrating the positive relationships

between CCL2 and CCL3with IL1a, IL1B, IL6 and CXCL8...........eee 150

Figure 7.1 MIF’s action in sustaining inflammatory responses byinhibiting

activation induced p53 dependent apoptosis. ...............ccccccsceeeseeeeesseeeeeseeeeeees 160

Figure 7.2 Boxplot demonstrating MIF concentrations (ng/mL) in the three

groups of children analysed in This! StUGY: sassscusa canes anawnscunceassvanves aamanannewas axons 168

Figure 7.3 Boxplot demonstrating MIF concentrations (ng/mL) in children

with MCDpresenting with different disease profiles. 0.0.0.0... cccceecceeceeeeeeeees 169

Figure 7.4 Scatterplot demonstrating the positive correlation of MIF with

CKACLB.eeecece eeseeeeeecseecseeecseecsseecssecseecseeccseeesseseseeessessseeseeeseeeeeeeeseeensees 170

Figure 7.5 Scatterplot demonstrating that there was no association of MIF

With plaSMa COFtiSOl., oo... cece eccceseccecessseececeseeeececseseeeeecceseseeeeseessteeeeeeseenteeees 171

Figure 7.6 Boxplot demonstrating that there was no difference in the

relative gene expression (2-AACt) of MIF in children with and without a

final diagnosis Of MCD............ cee ccccccccccccecceceesseeeeceesseeeeeeseesseeeeeeseeieeeeeseeteeeeees 172

Figure 8.1 Diagram of the routes of communication betweenthe brain and

PUESed SSEcarcrnererscneyetrenemencemecunesnonesameeemenreenrirecemmaraoReREeTnNneS Kinane arom comaTaceTenasea 182

Figure 8.2 Boxplot demonstrating CGRP, SP and NPY concentrations

(pg/mL)in the three groupsof children analysed in this study. ................00 197

Figure 8.3 Boxplot demonstrating SP concentrations (pg/mL) in children

with MCDpresenting with different disease severity: ............eee198

Figure 8.4 Boxplots demonstrating CGRP and SP levels (pg/mL) in those

children requiring PICU admission and those with septic shock...199

Figure 8.5 Scatterplots demonstrating the positive relationship between

CGRP and GMSPSand amountoffluid given in resuscitation. ................ 200



Figure 8.6 Scatterplots demonstrating the negative correlation between

SP ANd ILO. oo...cece cece cceeeeeeeesseeeseeceseeeeseeeseecseeecsesesseeessesessecesaeesseeenseeesseeens 201

Figure 8.7 Scatterplot demonstrating the negative correlation between SP

F) aol o)-\e1(—10-1 (¢\-(0cee202

Figure 8.8 Boxplots demonstrating SP, CGRP and NPYlevels (pg/mL) in

children with MCDatinitial sampling and 24 hourslater. «0.0.0.0...203

Figure 8.9 Boxplot demonstrating that although there was lowerrelative

gene expression (2-AACt) of SP in those children with MCD,this did not

FOAEIT SLACSECSL FSeGRrccecosrareces nc emcernmeraesraran nataems ma mereston earennmisaanmarersamcasienes 205

xi



ACKNOWLEDGEMENTS

This study would not have been possible without the children and parents

who kindly consented to be part of this study and the support of many

people. It would be impossible to name everybody who has made a

contribution to this study, but in particular | would like to thank:

The consultants at the Royal Liverpool Childrens Hospital (RLCH) NHS

Trust, Alder Hey for allowing meto studytheir patients.

The nursing and medicalstaff in the Accident and Emergency Department

and the Paediatric Intensive Care Unit, RLCH, for conscientiously

informing me about children who were admitted and taking some of the

initial blood samples.

Paul Newlands, Clinical Chemistry Department, RLCH, for his help with

the procalcitonin assay and Brian Durham, Clinical Chemistry Department,

University of Liverpool for his help with the neuropeptide Y assay.

Graham Jeffers, Institute of Child Health, RLCH,for his invaluable help in

setting up some of the cytokine assays as well as helping me to ensure

they were done in a timely manner. Debbie Parker, Institute of Lung

Health, University of Leicester for setting up and helping me with the

TREMassay.

Paul Balmer, Meningococcal Reference Unit, Manchesterfor his guidance

and help with the multiplex cytokine assays.

Fiona Salway, CIGMR, Manchester, for her help and guidance whilst

performing the gene expression studies.

Malcolm Guiver, Meningococcal Reference Unit, Manchester for allowing

us to use the Reference laboratory equipment and his help with the

meningococcal PCRanalysis.

xii



Debby Sales, Department of Medical Microbiology for ensuring all my

assay kits were available in a timely manner.

Dr Paul Baines, Consultant Paediatric Intensivist, RLCH, for his support

and practical advice throughoutthe study.

Dr Enitan Carrol, Consultant in Paediatric Infectious Disease, RLCH, for

writing the initial proposal and therefore giving me the opportunity to

become involved in the Liverpool Meningococcal Group research

programme. Also for ensuring my renewed enthusiasm and taking over

the supervision of the project to completion.

Dr Alistair Thomson,for his invaluable support, advice and tireless efforts

to ensure myinitial transition into the world of research was smooth,for

his regular meetings making sure that my enthusiasm was maintained

during difficult times, and also for his help and support in all aspects of my

career, as well as making certain that | didn’t takelife too seriously.

Professor C.A. Hart, Department of Medical Microbiology for his support

andinvaluable advice, both during all stages of this project and also during

the writing of this thesis, of which he saw mostofthe final draft prior to his

untimely death. He will be sorely missed by all who knew him. | hopethis

thesis will be a testament to his enthusiasm for his work.

Dr Chris Parry for taking over the supervision of this thesis after the

sudden death of Professor Hart and seeingit to completion.

The Johanne Holly Fund (Alder Hey) and Meningitis Merseyside for their

financial support.

To my parents, for their encouragement and support, and giving me a

lifetime of patience, guidance andlove.

xili



DEDICATION

To my wonderful wife Leena, without whom this thesis would not have

been possible. Thank you for providing me with support, patience and

understanding during all aspects of this project from ourinitial move to

Liverpool to giving me time and space to write. Without your

encouragement and love this thesis would never have comeinto being.

Finally, this thesis is about children and is dedicated to two very special

children: my daughter, Jayni-Diya Makwana, and my son, Mahir

Makwana. Thank you for making melaugh everyday.

XIV



ABBREVIATIONS

AIE

APLS

APTT

AUC

BP

CCDC

CCL5

CCL2

CCL3

CGRP

CLP

co

CRT

CSF

CXCL8

CXCL10

DGH

DIC

DNA

ECG

EDTA

Accident and Emergency

Advanced Paediatric Life Support

Activated Partial Thromboplastin Time

Area Underthe Curve

Blood Pressure

Consultant in Communicable Disease Control

Regulated on Activation Normal T cell Expressed and
Secreted (RANTES)

Monocyte Chemotactic Protein (MCP)-1

MacrophageInflammatory Protein (MIP)-1a

Calcitonin Gene Related Peptide

Caecal Ligature and Puncture

Cardiac output

Capillary Refill Time

Cerebrospinal Fluid

Interleukin (IL)-8

Interferon-y-Inducible Protein (IP)-10

District General Hospital

Disseminated Intravascular Coagulation

Deoxyribose Nucleic Acid

Electrocardiogram

Ethylenediamine Tetra-Acetic Acid



ELISA

GC

GMSPS

GOI

GP

HAS

ICP

IFNy

IL-1B

IL-6

IL-8

IL-10

IL-12

IQR

LMS

Los

LPA

LPS

Mcc

MCD

MCP-1

MIF

MIP-1a

EnzymeLinked Immunosorbent Assay

Glucocorticoids

Glasgow Meningococcal Septicaemia Prognostic Score

GeneofInterest

General Practitioner

HumanAlbumin Solution

Intracranial Pressure

Interferon-y

Interleukin

Interleukin-1beta

Interleukin-6

Interleukin-8

Interleukin-10

Interleukin-12

Interquartile Range

Liverpool Meningococcal Score

Lipo-Oligosaccharide

Latex Particle Agglutination

Lipopolysaccharide

Meningococcal Serogroup C Conjugate

Meningococcal Disease

Macrophage Chemoattractant Protein-1

Macrophage Migration Inhibitory Factor

MacrophageInhibitory Protein -1alpha

xvi



MM

MM/MS

mRNA

MRU

MS

NPY

OMP

OPSI

OR

PAOP

PCR

PCT

PHLS

PICU

PT

qPCR

RANTES

RAT

RNA

ROC

RT-PCR

RLCH

SP

Meningococcal Meningitis

Meningococcal Meningitis and Septicaemia

messenger RNA

Meningococcal Reference Unit

Meningococcal Septicaemia

Neuropeptide Y

Outer MembraneProtein

OrthogonalPolarisation Spectral Imaging

Odds Ratio

Pulmonary artery occlusion pressure

Polymerase Chain Reaction

Procalcitonin

Public Health Laboratory Service

Paediatric Intensive Care Unit

Prothrombin Time

Quantitative Polymerase Chain Reaction

Regulated on Activation Normal T cell Expressed and

Secreted

Rapid Antigen Test

Ribonucleic acid

Receiver Operator Characteristic

Reverse Transcriptase - Polymerase Chain Reaction

Royal Liverpool Children’s Hospital

Substance P

xvii



Taq.

TLR

TNFa

TREM

wcc

Thermus aquaticus Polymerase

Toll-Like Receptor

TumorNecrosis Factor-a

Triggering Receptor Expressed on Myeloid Cells

White cell count

xviii



Chapter1

INTRODUCTION



Meningococcal disease (MCD) is a global problem. In developing

countries, during epidemics, the incidence can be higher than 500 per 100

000 (1). During endemic periods in developed countries it is the leading

infectious cause of death in children, with an incidenceof at least four per

100 000, and killing approximately 10% of those with the disease (2-4).

Survivors of the disease may sustain permanent sequelae, such as

deafness, seizures, amputation, and mental retardation (5-7).

Different serogroups affect different continents and countries at different

times, howeverthe ‘meningitis belt’ of Sub-Saharan Africa continues to be

persistently dominated by serogroup A disease, whereas in Europe, the

Americas and Australasia, serogroups B and C are most common,

although serogroup B predominated before 1990. It is only recently, with

the introduction of the conjugate Meningococcal C vaccine in 1999, that

we have seen a reduction in the proportion of MCDattributed to this

serogroup.

MCDremainsa fascinating infection; the bacterium colonises only man,is

commonly distributed and, in the main lives harmlessly in the human

nasopharynx. However, whenit invades it can cause a disease of severe

ferocity which can manifest as septicaemia, meningitis or indeed both.

The disease predominantly affects children under 5 years old in whom

mortality may be reduced by early recognition of symptoms and prompt,

aggressive treatment. The advice given over 40 years ago continues to

be true to this day: ‘success will require a team with a predeterminedplan

of therapy and with the necessary drugs and equipment immediately

available’ (8). Improvements in recognition and aggressive management

of the diseasein children may haveledto a fall in mortality, although other

factors, including the waning virulence of the organism may also be

relevant.

MCD continues to be accorded a high public health priority in most

developed countries. This is perhaps, in part, becauseit is a disease that



continues to attract much media and public interest due to the difficulty in

the recognition of symptoms, and resulting rapid death if treatment is not

instituted promptly. MCD represents a significant burden of disease in the

Merseyside region with a high proportion of confirmed cases.

This thesis includes a numberof different studies of children with MCD,all

of which seekto further our understanding of the pathophysiology of the

disease and with the ultimate goal of finding potential new therapeutic

targets and reducing the mortality of this devastating disease.

1.1 THE MENINGOCOCCUS

Neisseria meningitidis is categorised, on the basis of genome sequencing,

as a proteobacteria belonging to the same genus as the gonococcus.

Meningococci are exclusively human pathogens, Gram-negative, aerobic

diplococci and,like most of the other membersof their genus Neisseriae,

are non-motile, produce catalase, growth is stimulated by CO, and

humidity, and they produce acid from carbohydrates oxidatively.

N. meningitidis, like other Gram-negative bacteria, is surrounded by a

double membrane; an outer membrane and an inner cytoplasmic

membrane separated by a rigid peptidoglycan layer (9). The outer

membrane is composedoflipids, outer membrane proteins (OMPs) and

lipo-oligosaccharide (LOS). Lipo-oligosaccharide is an amphiphilic

molecule with a hydrophobic portion, lipid A, being the active moiety of

endotoxin, and a small number of sugar molecules (oligosaccharide). The

hydrophilic portion is of variable structure and provides the basis for

determining immunotype. It is the outer membrane, that is continually

shedding vesicles containing OMP’s and LOS (a phenomenon known as

‘blebbing’), that is central to the induction of the endotoxin mediated septic

shock (Figure 1.1).
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Figure 1.1. Electron micrograph of a pair of meningococci showing

blebbing of the outer membrane (magnification x 70,000)

 

Meningococci reveal more genetic diversity than many other pathogenic

humanbacteria. This is explained partly by horizontal intraspecies genetic

recombination, and incorporation from closely related Neisseria species

(10).

N. meningitidis is divided into 13 serogroups (Table 1.1) defined by

specific capsular polysaccharides designated A, B, C, H, I, K, L, M, X, Y,

Z, 29E and W135. Most infections are caused by organisms belonging to

serogroups A, B, C, Y and W-135 (11). Meningococci are further

classified into 20 serotypes (on the basis of class 2 or 3 OMPantigens),

10 subtypes(identifying class 1 OMP antigens) and 13 immunotypes (on

the basis of LOS antigens) (11-13). Additional typing is possible by using

the antigenic properties of immunoglobulin A1 (IgA1) proteases andpili

 



(14). IgA proteases may allow the meningococci to cause disease by

evading one of the host’s defences (15) as not only doinvasive strains

more commonly produce IgA protease, they also release more protease

than strains isolated from carriers (16). Pili are thought to enable the

meningococci to attach to mucosal and endothelial surfaces (17).

The capsular polysaccharide is a major virulence factor and is a

homopolymer or a heteropolymer consisting of monosaccharide,

disaccharide, or trisaccharide repeating units. Except for serogroup A, the

capsules are composedofsialic acid derivatives. The differencesin sialic

acid capsule composition are derived from the distinct polysialyl

transferases encoded by the fourth gene of the capsule biosynthesis

operon, which is the basis of the capsule specific polymerase chain

reaction (PCR) (18). The serogroup A capsule consists of repeating units

of N -acetyl-mannosamine-1-phosphate.

The classification system outlined aboveis of great value in monitoring the

spread of particular strains locally, within communities, and across

continents. In 1998, the development of multilocus sequence typing

(MLST) provided a reproducible and unambiguous meansof genetically

characterising meningococci (19). Sequence data can determine whether

an isolate belongs to a particular clonal group enhancing the ability to

track strains globally.



 

 

 

 

 

 

  

Bases Function Classification Number Names
System of

Groups
Capsule Protects against Serogroups 13 A,B,C, E-

complement 29, H, I, K,

dependent L, M, W-

bacteriolysis and 135, X,Y,Z

phagocytosis
Outer Membrane Creates pores

Proteins (Porins) through which small
hydrophilic solute
pass,cation or anion

selective

Por A (class 1 OMP) Subserotypes 10 P1.1,
P1.2,
Pte:

Por B (class 2/3 Serotypes 20 1, 2a,
OMP) 2b,...21
Lipo-oligosaccharide Has potent Immunotypes 13 L1,

(LOS) immunotoxic activity L2,...L13
Pili Promoteinitial 2 1, Ul adherenceto

epithelial/endothelial

cells and red blood

cells    
 

Table 1.1: Classification based on outer membrane components of

N. meningitidis

 



1.2 EPIDEMIOLOGY

1.2.1 Age and Sex Distribution

Invasive MCDis most commonin infants and early childhood with a higher

incidence in males (20). Rolleston noted that half the total cases occurred

in the first five years oflife (21), a statement which continues to apply

(22:23). Increased rates of the disease are also observed among

teenagers; at this age, young adults often change residence to enter

college, university, or the military and behaviour also changesto include

more intimate contact with other students, thus facilitating the spread of

the pathogen (24-26).

The casefatality rates are high in underfives, low in school age children

and highest in those aged 25 years or more (22;26). In the United

Kingdom (UK) casefatality rates have beenfalling steadily since 1985, a

trend which has beenattributed to a numberof factors including more

efficient ascertainment of milder surviving cases, improvements in clinical

care and the successof the meningococcal serogroup C conjugate (MCC)

vaccination programme (26;27). The introduction of MCC vaccination in

the UK led to an overall reduction of 86.7% in the incidence of serogroup

C infection in the targeted age groups from 1999 to 2001, with a

concomitant decrease in deaths, from 67 in 1999 to 5 in 2001. Vaccine

coverage exceeded 80% in all age groups targeted and efficacy estimates

for England, up to September 2001 were 91.5% in infants receiving three

doses of MCC vaccine and 89.3% in toddlers receiving one dose of MCC

vaccine (England) (28). This study also demonstrated evidence of herd

immunity in unvaccinated cohorts of the target age groups.

1.2.2 Seasonal Variations

There is a pronounced seasonal variation in MCD, with a winter

preponderance in temperate countries (22). Analysis of weekly

notifications from 2002 - 2005 continued to show a marked seasonality,



with the largest numbers of cases reportedin the first quarter of each year

(23).

1.2.3 Geographical Variations

The incidence of MCD varies across the continents. Numerous epidemics

of MCD have been observed in the past 200 years in all populated

continents, including major outbreaks that coincided with the two World

Wars (29). Current endemic rates of MCD range from ~1 to 5 cases per

100,000 population in mostindustrialised countries.

Because of the epidemic nature of the disease there are also wide

variationsin its incidence over time and among geographic regions. In the

mid 1990s,the overall annual incidence of MCD in Europe wasestimated

to be ~1.3-1.7 cases per 100,000 population, with substantial variability

amongtheindividual countries (30). The incidence of the disease ranged

from ~0.3 cases per 100,000in Italy to 0.6 cases per 100,000 in France

and 3.6 cases per 100,000 in England and Wales(30;31). Presently there

is variation from less than 1 case per 100 000 population, up to 6 per 100

000. The overall case fatality ratio in Europe is around 8%,but there is

considerable variation betweenindividual countries, from 4% to 20% (32).

Serogroups A, B, C, W135, and Y account for most cases of MCD

throughout the world (3). There are significant variations in the distribution

of these serogroups, both geographically and with time. Higher rates of

MCD in England and Wales were associated with a period of

hyperendemic serogroup C disease that began in 1985 and continued

through the 1990s, with a peak incidence in the late 1990s (33).

Serogroups B and C are now responsible for most cases of MCDin

developed countries (3;34-36), although patterns of serogroup distribution

vary among geographic locations at any given time. After mass

immunisation with the MCC vaccine, there has been a substantial

reduction in the incidence of serogroup C meningococcal disease in

England and Wales(37).



Although outbreaks of serogroup A MCD were commonin developed

countries during the early 1900s, cases associated with this serogroup

have beenrare in these countries since World WarII (3). In contrast, the

majority of cases of MCDin Africa and Asia continue to be attributed to

serogroup A (33) and more recently serogroup W135 (38) particularly in

the “meningitis belt” which extends from The Gambia to Ethiopia (39;40).

During epidemics, the local incidence of the disease in some sub-Saharan

African regions may approach 1000 cases per 100,000 population (3;41).

Epidemiologic data therefore shows that the natural ecology of MCD

results in varying rates of disease and disease manifestations throughout

the world, differences in serogroupdistribution among geographic regions,

and changesin serogroupdistribution with time.

1.3 TRANSMISSION AND RISK FACTORS

1.3.1. Transmission

The human nasopharynx is the only natural reservoir of N. meningitidis.

Meningococci are transferred from one person to anotherby direct contact

or via droplets. During periods of endemic infection, 8 to 20 % of adults

are asymptomatic nasopharyngeal carriers of strains of N. meningitidis,

most of which are not pathogenic (41;42). Rates of carriage of up to 50%

have beenreported if tonsillar tissue is examined (43). The carriage may

be transient, intermittent, or persistent. Carriage strains may be

encapsulated (groupable) or non-encapsulated (un-groupable) (42). The

carriage rate of meningococci is higher in lower socioeconomicclasses,in

military recruits, pilgrims, boarding-school students and prisoners (44;45).

In households where a case of MCD has occurred, the risk of invasive

disease in family membersis increased by a factor of 400 to 800 (3). The

transmission rate of virulent clones is higher and invasive disease often

occurs within the first week after acquisition, whereas someindividuals

may carry pathogenic meningococci for many months or years without



symptomatic disease (41). Various bacterial factors (virulence factors) as

well as host factors influence the outcome of exposure to strains of WN.

meningitidis.

1.3.2 Host Factors

Only in a small numberof individuals does N. meningitidis penetrate the

nasal mucosa, gain access to the bloodstream and cause systemic

disease (46). In normalindividuals, humoral immunity is important. It has

been demonstrated that there is an inverse correlation between the age-

related incidence of disease and the age-related acquisition of serum

bactericidal antibodies (47). The incidence of MCDis highest at 6 to 24

months of age, when maternal antibodies have disappeared (45;47). In

many individuals, nasopharyngealcarriage results in a systemic protective

antibody response (48). Throughoutlife, specific antibodies are induced

by the repeated and intermittent carriage of different meningococci

including the non pathogenic N. lactamica (44;45;49). Individuals who are

colonised with non-encapsulated strains develop high titres of antibody

against encapsulated strains, probably due to shared antigenic

determinants. This response does not eliminate the carriage state, butit

may protect them from overt disease. Structurally and immunologically

identical capsules have been observedin the case of Bacillus pumilus with

serogroup A meningococci and for Escherichia coli K1 with serogroup B

strains (50;51). It has been suggested that these bacteria contribute to the

defence against meningococci by the induction of cross-reacting

antibodies (50). The timing of exposure to the meningococcus and cross

reacting enteric bacterium maybecritical (42).

Underlying immune defects that confer a predisposition to invasive

meningococcalinfection include asplenia, a deficiency of properdin and a

deficiency of antibody-dependent, complement-mediated immune lysis

(bactericidal activity) i.e, deficiencies in the terminal common complement

pathway (C3, C5-9) (52). Environmental conditions including household

crowding, and both active and passive smoking, are associated with
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increased risk for MCD (53). Antecedent upperrespiratory tract infections

with Mycoplasma pneumoniaeorviruses (influenza A) also give increased

risk and increased severity of meningococcalillness. The exact cause of

this preceding infection promoting invasion is not known but may be due

to increased mechanical transmission of meningococci by sneezing and

coughing,or it may be dueto post-viral immune suppression (53).

1.3.3 Bacterial Factors

Meningococci associated with invasive disease are encapsulated, which

provides protection from desiccation during transmission, and aids in the

evasion of host immune mechanisms. In addition, adhesins, such aspili

and specific nutrient-acquisition factors, especially mechanisms for

acquiring iron from human lactoferrin, transferrin and haemoglobin,

enhance their pathogenic potential (3). A major factor in the virulence of

the organism is the release of the outer membrane vesicles. Lipid A

molecules act as endotoxins and their effects are due to interaction with

innate immune receptors. The endotoxin of N. meningitidis is structurally

distinct from the LOS of enteric Gram negative bacteria. Finally, the

expression ofpili, class 5 OMPs, capsule and LOSis highly variable and

subject to phase switching and antigenic variation (41). These

mechanismscan be used bythe bacterium to circumvent host immunity.

1.4 PATHOPHYSIOLOGY

At least three conditions are required to cause an invasive disease (54).

These conditions are

e exposure to a pathogenicstrain

e acquisition of pathogenic strain (its colonisation of nasopharyngeal

mucosa)
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e invasion of bacteria (invasion can be subdivided into mucosal

penetration followed by invasion of the blood stream andfinally,

invasion of meninges)

Exposure depends on the frequency andintimacy of interaction between

colonised and susceptible individuals to disseminate bacteria from the

nasopharynx. Meningococci overcome host defences and bind to the

microvillous surface of the non-ciliated columnar mucosal cells of the

nasopharynx, where they multiply (55). Pili are the major adhesinsthat

may target the CD46 receptor, a membrane cofactor protein;

subsequently, the opacity-associated proteins, Opa and Opc, bind to

CD66 and heparansulfate proteoglycan receptors, respectively (3).

Different bacterial strains vary in their capacity to invade. Non-capsulate

meningococci are avirulent and serogroups A, B and C are more invasive

than other serogroups of meningococci. Toll-like receptor 4 (TLR4) is

associated with the membrane protein 2 (MD2). TLR4 and MD2 are

mainly found on macrophages/monocytes, dendritic cells and other

phagocytes. Binding stimulates engulfment of the meningococci by

epithelial cells, which may then traverse the mucosal epithelium through

phagocytic vacuoles (55). The survival of meningococci in the epithelial

cells may be promoted by the IgA1 protease and by porB (3).

The systemic inflammatory responsein patients with MCDallows the host

to neutralise micro-organisms and their toxic products, but it may also

overreact and thus induce serious tissue damage to the host. Three

pathways characterise the intravascular inflammatory response:

e activation of cascade systems

e the release of intercellular pro- and anti-inflammatory mediators

e altered function of endothelial cells in the vascular wall

12



In meningococcal infection, coagulation, fibrinolysis, complement and

kallikrein-kinin systems, cytokine production, and activation of neutrophils

andplatelets, are all upregulated by native LOS (56).

1.4.1 The Role of LOS in MCD

Meningococci liberate various amounts of LOS once they have entered

the bloodstream, partly in the form of blebs (57). Blebs bind antibodies

that would otherwise attach to whole bacteria and probably play a crucial

role in the pathogenesis of meningococcal septic shock. High levels of

circulating endotoxins correlate with a fatal outcome and with severity of

disease (56;58-60). Low levels of bactericidal antibodies and immaturity

of the T-cell system may play an important role in the development of

MCDin young children. The presence of bactericidal antibodies is crucial

and, as already discussed,this is influenced by carriage of meningococci

or colonisation by non-pathogenic bacteria such as Neisseria lactamica.

High density lipoproteins, complement factors, antibodies, albumin,

transferrin and lipopolysaccharide binding protein (LBP) have the ability to

complex with LOS. Several of these proteins appear to have a detoxifying

effect (9;61). LBP however, amplifies the effect of LOS. After complexing

with LBP, LOS is presented to the CD14 receptor of macrophages and

polymorphonuclear leucocytes (PMNs). This interaction leads to cellular

activation at a much lower concentration of LOS than without LBP (61).

High levels of LOS can also directly activate CD14 receptors.

Bactericidal/permeability-increasing protein (BPI) is a potent bactericidal

protein produced by PMN.It is stored in the azurophilic granules and also

expressed on the cell surface. The bactericidal activity of BPI is caused

by the strong affinity of BPI for LOS (62). In addition to bactericidal

capacity, BPI also neutralises LOSactivities in vitro and vivo (63).

1.4.2 Pro- and anti-inflammatory mediators

LOS inducesthe release of pro-inflammatory mediators in MCD. These

mediators are synthesised and released by macrophages, monocytes,

and endothelial cells. Experimental and clinical data have shownthat the
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major pro-inflammatory cytokines that are upregulated in MCD are tumor

necrosis factor (TNF)-a, interleukin (IL)-18, IL-6, IL-8 (CKCL8), monocyte

chemoattractant protein (MCP)-1 (CCL2) and macrophage inflammatory

protein (MIP)-1a (CCL3), with the major anti-inflammatory cytokine being

IL-10 (41;64-67).

TNFa increases neutrophil margination, enhances antimicrobial activity of

monocytes, macrophages and neutrophils, downregulates

thrombomodulin expression on endothelial cells and hence contributes to

the procoagulant state (68). Thefibrinolytic system is also activated early

in the disease processbyinduction of tissue plasminogen activator (tPA)

release (69). TNFa acts by binding to cell surface receptors, which may

be released forming a pool of free soluble TNF receptors (STNFRs).

Elevation of TNFa and both receptors have been described in patients

with MCD, with TNFa increased more than TNF receptors in those

patients whoare severelyill (70).

IL-18 shares many of its properties with TNFa and is responsible for

enhancing cellular and antimicrobial activity, as well as having some

chemotactic activity for neutrophils and leucocytes. Concentrations are

raised in MCD,being highest in those who die (59;71-73).

IL-6 is a major pyrogen, stimulates the synthesis of acute-phase proteins

(74), has the ability to induce proliferation and antibody production by B-

cells, and is a modulator of the myocardial dysfunction often seen in MCD

(75). IL-6 is strongly associated with disease severity and outcome in

meningococcal septicaemia and exerts manyofits effects via the soluble

IL-6 receptor (IL-6R). Acute meningococcaemia is associated with a

reduction in soluble IL-6R levels in proportion to disease severity and is

inversely related to IL-6 levels, which may affect the severity and

progression of multiple organfailure (76).

CXCL8is a potent chemoattractant, activates neutrophils and is thought to

be involved in neutrophil-mediated vessel wall injury (77;78). Levels have
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been demonstrated to be elevated in MCD (67;79;80). CCL2 and CCL3

are the major chemoattractants for monocytes during inflammatory

responses (81) and have been shownto besignificantly raised in MCD,

demonstrating a positive correlation with plasma LPS levels (67). The

further role of these chemokines remains to be elucidated (Chapter6).

IL-12 appears to play a keyrole in the differentiation of Th1 cells and

induces the production of interferon (IFN)-y by T-cells and naturalkiller

cells (82;83). The levels of IL-12 in meningococcal septic shock are

related to outcome and severity of disease and, of the two componentsof

IL-12, p40 is more elevated than p70 (84).

The short peak of pro-inflammatory cytokines is directly followed by an

increase of counter regulatory cytokines like IL-1 receptor antagonist (IL-

1Ra), IL-10, sTNFRs andsoluble IL-6 receptor (sIL-6R). These mediators,

except sIL-6R are considered to be anti-inflammatory because they

reduce mortality in experimental endotoxaemia (85-87).

IL-1Ra and sTNFRs are present in the circulation during early

meningococcal infection (71;88). The role of sTNFR is complex. It is

believed that sTNFRis releasedin the circulation after binding of TNFa on

the target cell. This shedding may protect the cell against ongoing

stimulation of TNFa (89). IL-1Ra is a cytokine that binds to the IL-18

receptor, inhibits the binding of IL-18, and prevents signal transduction.

IL-1Ra is raised in MCD, with elevated levels persisting for up to 6 days

(73). In contrast sIL-6R stimulates the biological activity of IL-6 and septic

patients have significantly lower concentrations of sIL-6R compared to

healthy volunteers (90). Levels of sIL-6rR have been shown to be

negatively correlated with disease severity in acute MCD,but the results

did not reachstatistical significance due to small sample size (91).

IL-10 is released into the systemic circulation during the initial phase of

fulminant meningococcal septic shock (64); high serum levels of IL-10 are

related to outcome in children with this disease (92;93) and correlate
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positively with pro-inflammatory cytokines (94). IL-10 is a potent inhibitor

of cytokine production (85;95) and also suppresses the procoagulant

activity induced by endotoxin at the surface of human monocytes(96).

Generally, serum levels of pro-inflammatory cytokines are significantly

increased at the onset of disease in patients with meningococcal sepsis,

and these levels are associated with outcome and severity of disease

(56;59:74:97;98). TNFa is released early in MCD followed by IL-6 release

1-4 hours later (59). High levels of the pro-inflammatory cytokine IL-6 in

the presence of IL-1 are associated with fatal outcome, and levels of IL-6

weresignificantly higher in children with septicaemic shock, than in those

with meningitis alone or meningitis and septicaemia (72;99).

The Liverpool Meningococcal Disease Research Group have previously

demonstrated that an anti-inflammatory profile appears to be associated

with the development of severe disease and septic shock in

meningococcal sepsis. Significantly higher IL-1Ra:TNFa and IL-1Ra:IL-6

ratios were observed in severe disease with septic shock, than in severe

disease without septic shock, and in non severe disease. A significantly

larger proportion of children with high IL-1Ra:TNFa and IL-1Ra:IL-6 ratios

developed severe disease with septic shock than those with a low ratios

(88).

A negative correlation has been reported between theinitial levels of

cytokines and the time between first appearance of petechiae and

admission (100). This shorter duration of petechiae in non-survivors

suggests a shorter disease course and associated higher levels of

cytokines.

The complexity of the pathophysiological response to sepsis has further

increased with the recent demonstration that there is an extensive cross

talk between the nervous and immune system, with each able to modulate

the function of the other. It has become clear that classical

neurotransmitters such as the neuropeptides Substance P (SP), Calcitonin
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Gene Related Peptide (CGRP) and Neuropeptide Y (NPY) are produced

by immunecells, as well as nerve fibres, and may have a function in

sepsis mediated vasomotor and immuneregulation (Chapter8).

1.4.3 Endothelial damage andcapillary leakage

During MCD, endotoxin and several other mediators activate vascular

endothelial cells and initiate an alteration of structure and function.

Endothelial damagethen leadsto capillary leak and subsequently oedema

which results from the destructive changes of endothelium (101), active

separation of tight junctions between endothelial cells (102) and high

molecular protein leakage. These processes are partly induced by

circulating mediators (103;104), and also by the adherence of neutrophils

and platelets. Activated leucocytes are inducedto initiate phagocytosis

and killing of meningococci by degranulation and release of toxic oxygen

radicals and proteolytic enzymes, but via this mechanism theyalso play a

role in endothelial damage (105).

Ultimately, increased vascular permeability leads to profound interstitial

oedemawith diffuse parenchymalcell injury and persistent hypovolaemia

followed by organ dysfunction.

1.4.4 Complement

The complement system plays a key role in defence against MCD with

roles such as bacterial lysis, enhancement of phagocytosis by monocytes

or PMNs, and neutralisation of endotoxin (106). This system maintains

homeostasis of several immunological functions, as well as coagulation

and fibrinolysis, vascular permeability and vascular tone. Fulminant

meningococcalsepsis is associated with excessive complementactivation

(60;106). Complement peptides activated during MCD have pro-

inflammatory effects including stimulation, aggregation and degranulation

of neutrophils, and induction of expression of selectins on the endothelial

surface, with overstimulation or inadequate inhibition leading ultimately to

tissue injury.
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The complement system can be activated through the classical and the

alternative pathway. The classical pathway recognises bacterial antigens

by specific antibodies. The alternative complement pathwayis activated

by a variety of substances, including polysaccharides, bacterial

endotoxins, cytokines and immune complexes (107).

In meningococcal septic shock, increased levels of complement factors

C3, C4, C5, and terminal complement complex, and decreasedlevels of

prekallikrein are related to outcome (60). Brandtzaeg and colleagues

demonstrated complement remained activated for the first 12-24 hours of

disease, when production of other inflammatory mediators is already

downregulated.

The importance of complement is demonstrated by complement deficient

individuals in whom meningococci cause 80% of all systemic bacterial

infections, although in late complement component deficient individuals

mortality is five to ten fold lower than in complementsufficient individuals

(108).

1.4.5 Coagulopathy

Coagulation disorders and abnormalities of fibrinolysis are often

associated with meningococcal sepsis. The most severe manifestation is

disseminated intravascular coagulation (DIC), characterised by

microvascular thrombosis and bleeding diathesis. The production of

thrombin and the conversion offibrinogento fibrin may be activated by the

intrinsic pathway (factor XII) but in MCD occurs primarily by activation of

the extrinsic pathway (factor VII / tissue factor). Endotoxin and TNFa

induce the expression of tissue factor by monocytes, macrophages and

endothelial cells, and increased levels of tissue factor have been

demonstratedin circulating monocytes isolated from blood of patients with

meningococcalsepsis, the highest values being in non-survivors (109).

Levels of natural inhibitors of coagulation including antithrombinIII (AT III)

levels, protein S, and notably protein C, are markedly decreased in
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meningococcal septic shock. The decline in protein C levels is more

pronounced than the decrease in ATIIl and protein S levels. The

decreasein these inhibitors is associated with the presence of DIC and

poor outcome (110-112).

Early in sepsis, tPA activates thefibrinolytic system and levels of tPA have

been shown to be related to outcome and severity of disease (113),

although significant differences in the initial levels of tPA in survivors and

non-survivors with meningococcal septic shock could not be demonstrated

(100;114).

Fibrinolysis is inhibited by increased levels of plasminogen activator

inhibitor (PAI) (100;110;114). In children with meningococcal septic

shock, alpha-2-antiplasmin levels as well as the ratio PAI/tPA were related

to outcome (114;115). These changesin fibrinolytic parameters result in

an ineffective fibrinolysis. A promoter polymorphism of the PAI-1 gene

increases concentrations of PAI-1, and is found more frequently in more

severe MCD (116). This finding suggests that impairment of plasminogen

activation andclotlysis is important in the pathophysiology of MCD.

The massive consumption coagulopathy is characterised by low levels of

coagulation factors VII, X, V, prothrombin, fibrinogen, and platelets.

Because of the massive demand of anticoagulation factors due to

widespread activation of the anticoagulant pathway, the host's

endogenousanticoagulants are depleted causing purpura fulminans (112).

Platelets play an important role, with adhesion to vascular endothelium

mediated by von Willebrand factor, and their release of thromboxane A2

and leukotriene C1, mediating vasoconstriction (117). The result is a

procoagulant state which is reflected in formation of microthrombi in the

skin, extremities and adrenals. The excessive consumption of coagulation

factors results in a haemorrhagic diathesis and local tissue haemorrhages.
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1.4.6 Circulatory Dysfunction

There is a profound alteration of cellular oxygen metabolism in septic

shock, occurring as a consequenceofinfection. Three factors seem to be

important in creating the imbalance between the supply of, and demand

for oxygen in septic shock. Firstly, there is a disturbance of cellular

metabolism. Secondly, oxygen extraction is impaired because of

disturbance of the microvasculature and thirdly, the myocardial

performance may be depressed. In severe cases hypotension, poor

perfusion and severe impairment of organ function are seen which may

progressto collapse and cardio-respiratory arrest.

Initially, patients with MCD present with intense vasoconstriction.

Subsequently, the systemic vascular resistance falls due to vasodilatation

in the course of the treatment requiring volume loading and vasopressors.

A disruption between the forces causing vasodilatation and

vasoconstriction in the blood vessels results in generalised vasodilatation

and hypotension, but in some capillary beds like the skin and the

pulmonary circulation, it leads to vasoconstriction.

Vasoconstrictor substances including catecholamines, renin, aldosterone,

thromboxane A2 and endothelin have been shownto be elevated in MCD

(103;118-120). On the other hand the vasodilator compounds bradykinin

and nitric oxide lead to hypotension (121;122). The major mechanism of

death in meningococcal sepsis is circulatory collapse resulting from a

combination of capillary leak, intravascular volume depletion, myocardial

failure and vasodilatation (123). As compensatory mechanisms fail,

hypotension ensues, perfusion of vital organs becomes inadequate and

the resulting hypoxia and acidosis contribute to myocardial dysfunction.

1.4.6.1 Myocardial Dysfunction

As well as fluid loss from the circulation, evidence suggests that

myocardial damage may bea particular cause of concern in MCD. Two

post mortem studies of MCD found histopathological evidence of

myocarditis in one to twothirds of cases (124;125). The incidence in MCD
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wasalso noted to be higher than the incidence of myocarditis in children

whohaddied from other causesof sepsis.

Two-dimensional echocardiography is valuable in examining sepsis

induced cardiac dysfunction. Boucek initially demonstrated a relationship

between the echocardiographic features of myocardial dysfunction and the

subsequentclinical course of 12 children with MCD (126). Seven of the

twelve children demonstrated dysfunction; of these three died. There were

no deaths in those children with normal cardiac function. These findings,

that those children with more severe illness have impaired cardiac

performanceor that deaths are found only amongstthe group of children

whohavea disturbance of cardiac function have since been confirmed by

otherinvestigators (123;127;128).

Monsalve contrasted the haemodynamic features of MCD with those of

other forms of Gram negative sepsisin critically ill patients (129). Patients

with MCD had a lower CO despite a higher pulmonary artery occlusion

pressure (PAOP). Furthermore he found that the CO did not increase in

response to volume loading in MCD, whereasit did in those with other

forms of Gram negative sepsis. Similar findings of impaired cardiac

performance were reported by Giraud in adults (130).

Mercier’s study found that the PAOP was lowerin the children that died,

but there was no difference in the central venous pressure (CVP) between

the survivors and non-survivors (123). The CO was also lowerin the

children who died. Furthermore the non-survivors had an abnormally high

SVR, compared to those who survived. A high SVRis unusualin sepsis

and suggests that there may be a specific problem with cardiac

performancein those children whodie.

In a recent study of children with septic shock, cardiac troponin | (cTnl)

levels were shownto be raised and correlated with a decrease in left

ventricular ejection fraction (LVEF) (131). Studies on MCDin children

confirm the link between echocardiographically demonstrated cardiac
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dysfunction with clinical state and cTnl levels (127;132). The presence of

ischaemia on the ECG identified children who had more severe cardiac

dysfunction on echocardiography and who were more likely to have

increased cTnl concentrations (127).

The blood of children with severe MCD has a complex mixture of various

inflammatory mediators (59). Reasoning that a myocardial depressant

factor may be more easily identified in studying a single disease (severe

MCD) that usually affects children who have no pre-existent cardiac

disease, Levin's group undertook a programme of research (75;133)

which demonstrated that the myocardial depressant factor in MCD was a

protein of molecular weight between 12-25 kDa (75). In an elegant

experiment they profiled gene expression following exposure of blood to

meningococci selecting only those mediators which matchedtheircriteria.

Interleukin-6 (IL-6) emerged as a candidate and although normal serum

enhanced contraction of rat myocytes, serum from children with MCD had

an inhibitory effect on contraction. Recombinant IL-6 mimicked the action

of meningococcal serum, and absorption of IL-6 removed the inhibitory

effect of meningococcal serum on the rat myocytes. Absorption of TNFa

or of thrombomodulin did not diminish the inhibitory effect of MCD serum.

This most recent study has lent strong support to the view that IL-6 may

be the principal mediator of the myocardial depression in MCD.

It remains most likely however that multiple factors including hypoxia,

acidosis, hypoglycaemia, hypokalaemia, hypocalcaemia, and

hypophosphataemia, all of which are common in severe meningococcal

sepsis, as well as the inflammatory mediators may affect the cardiac

function.

Figure 1.2 attempts to show howcytokines and effector molecules in MCD

fit into the generally accepted models os septic shock, from the initiation of

the cytokine cascade to cellular activation and ultimately to specific

sequelae (66).
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Figure 1.2. The role of cytokines and other effector molecules in
meningococcal septic shock. BP, blood pressure; Cl, cardiac index; CSF,
colony stimulating factor (G, granulocyte; GM, granulocyte/macrophage); DIC,
disseminated intravascular coagulation; IFN, interferon; IL, interleukin; LBP,

lipopolysaccharide binding protein; LIF, leucocyte inhibitory factor; LPS,

lipopolysaccharide; LT, leukotriene; NO, nitric oxide; PAF, platelet activating

factor; PAI, plasminogfen activator inhibitor; PG, prostaglandins; RANTES,

released on activation and normal T-cell expressed and secreted; TF, tissue
factor; Th1 and Th2, T-cell subsets; TNF, tumour necrosis factor. Solid lines

indicate stimulatory pathways; dashed lines indicate inhibitory pathways.

From Hackett et al 2001 (66).  
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1.5 CLINICAL FEATURES

Based on the sequence of pathophysiological events, agent and host

factors, a wide spectrum of presentations may be observed. The

commonest presentations are meningitis alone, meningitis and

septicaemia or septicaemia alone (134).

Factors influencing the type of disease a patient will develop depend on

the duration of disease before hospitalisation, and the site, severity and

pattern of mediator activation. Classification of patients into one of these

clinically easily recognisable groups helps clinical decision making,

particularly for determining immediate and maximal intensive care support.

Thirty to fifty percent of cases have meningitis alone, 7-10% have features

of septicaemia alone and 40% present with a mixed picture of meningitis

and septicaemia (6;135). However, in a study of children on Merseyside

presenting between 1990 and 1993 it was found that 14% of children

presented with meningitis alone, 50% with meningococcal septicaemia

and meningitis, and 36% with septicaemia alone (134).

The diagnosisis relatively straightforward when the older patient presents

with the typical clinical picture of meningitis (fever, headache, vomiting,

photophobia and changein conscious state), and treatmentis notlikely to

be delayed. Younger children are often miserable, and infants may

present with poor feeding, irritability and a bulging fontanelle. In most

cases of meningococcal meningitis (as well as other bacterial

meningitides), there is a non-specific illness one to three days before signs

of meningitis appear. Mortality of patients presenting with meningococcal

meningitis is considerably lower (1%—-5%) than that of patients with

invasive meningococcaldisease without meningitis.
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Septicaemia may present with fever, rash, headache,flu-like symptoms

(especially myalgia) and clinically these children may be shocked, with

tachycardia, poor peripheral perfusion, tachypnoea, oliguria and

hypotension. Patients with pure septicaemia generally have a more

severe and rapid progression, and have a high casefatality rate although

mortality rates have been shownto befalling over the last 15 years (136-

139).

Unfortunately, there is often confusion in the minds of the public, the

media and even health professionals between meningitis and

meningococcal septicaemia; this may occasionally be a factor in delayed

diagnosis (140). The classical description of a child with meningococcal

sepsis is one with evidence of infection and a petechial or purpuric rash

(Figure 1.2a, 1.2b), however, up to a third of children will have no rash, or

rash other than the classical petechial rash on presentation (141-143).

Although other disease processes may cause petechiae or purpura, the

most frequent cause is meningococcal infection (144), with a previous

study demonstrating that 11% of children with a non-blanching rash had

MCD(145) andin the absence of culture of other bacteria the rash is used

to define MCD (146).
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Figure 1.3. Photographs showingthetypical petechial

(a) and purpuric (b) rashes associated with

meningococcaldisease.
 

26

 



1.6 DIAGNOSIS

Bacteriological diagnosis in patients with MCDis possible by Gram stain

and culture, direct antigen detection using latex agglutination tests or

molecular diagnosis using PCR (14/7). In patients with

meningococcaemia,blood, skin lesion biopsy, or cerebrospinal fluid (CSF)

maybe collected. In patients with meningococcal meningitis, skin lesions

seldom reveal meningococci, blood cultures may not always be revealing

and only CSF samples are generally positive (148).

Although Gramstaining of CSFis still considered an important method for

rapid detection of N. meningitidis (149), definitive diagnosis of MCD has

relied on bacteriologic culture. However, the sensitivity of culture may be

low, especially when performed after the initiation of antibiotic treatment.

Prior antibiotic therapy jeopardises the recovery of bacteria from cultures

of blood and CSF, as meningococci are exquisitely sensitive to antibiotics

(149). Methods not affected by prior antibiotic administration include skin

biopsy specimensand antigen detection or PCRin blood or CSF (148).

Direct detection of meningococcal capsular polysaccharide in CSF, serum

or urine can be done using commercially available kits based on antibody

coated latex agglutination to detect capsular antigen of meningococcal

serogroups A, B, C, Y and W-135. This methodis rapid, specific and can

provide a serogroup-specific diagnosis, but false negative results are

common,especially in cases of serogroup B disease (150-152). Antigen

tests on urine or serum are less reliable for the diagnosis of

meningococcal disease (153) and their use needs to be targeted to be

useful (Chapter 3). A negative direct Gram stain or antigen detection

result does not rule out MCD.

Molecular diagnosis using PCR is now the gold standard for microbial

detection in MCD (154;155) and offers the advantages of detecting

27



serogroup-specific N. meningitidis DNA, and of not requiring live

organismsfor a positive result. Moreover, a study comparing the results

of Gram staining and culture of CSF, to results obtained with a rapid PCR

assay for the diagnosis of meningococcal meningitis in 281 cases of

suspected bacterial meningitis, has shown that PCR had a sensitivity of

97% compared to a sensitivity of 55% for culture; PCR specificity was

99.6%. PCR results were available within two hours of the start of the

assay (156). Nevertheless, despite the availability and usefulness of PCR

for identifying the aetiology in cases of MCD, culture of CSF and blood

remains indispensable for antibiotic sensitivity testing and for further

detailed research into meningococcistrains.

1.6.1 Distinguishing between bacterial and viral infection

Early identification of those children with petechiae/purpura and a fever

that have MCD remains important to avoid unnecessary antimicrobial

treatment and hospital inpatient stay; in those that do have invasive

disease it ensures prompt recognition andclinical management.

C-Reactive Protein (CRP) is the most widely used marker of infection in

UK hospitals but has poor specificity (157-159), a slow responsetime of

CRPto bacterial proliferation (160), and the observation of an inverse

correlation between CRP and mortality (161). Efforts have thus been

madeto find a morereliable marker of infection and amongthe potentially

useful sepsis markers, procalcitonin (PCT) has been proposed to be the

most promising (162-164).

Most studies on PCTin children with sepsis, septic shock, or meningitis,

including that caused by MCD,report that PCT is an excellent marker of

severe bacterial infection and that it has a diagnostic performance

significantly greater than that of CRP concentration and leucocyte count.

Sensitivity and specificity of PCT varied from 83% to 100% and from 70%

to 100%, respectively. For CRP, sensitivity and specificity were in a lower

range (73-88% and 50-89%, respectively) (158;159;164-170). PCT has

been shownto be valuable in discriminating between viral and bacterial
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causes of infection (171), including when there is fever and a non

blanching rash (157). A major practical problem is that cut-off values differ

between the studies and this makesit difficult to decide which PCT values

to usein clinical practice. Most studies report a cut-off value of 2 ng/mL

as the best value for distinguishing both between invasive andlocalised

bacterial infections, and between viral and bacterial infections. Gendrel

and colleagues (158) found PCT to be a better marker than CRP for

distinguishing between bacterial and viral infections in children in the

emergency room. They also found this to be correct for children who

developed fever up to 12 hours before presentation in the hospital. All

patients with sepsis and meningitis had PCT concentrations higher than

the cut-off value of 0.6 ng/mL and in addition, the rapid semi-quantitative

test demonstrated a better diagnostic performance than CRP. For the

follow-up of PCT concentrations and routine daily measurements, the

quantitative luminometric assay was shownto be preferable (166)

PCTis also a useful indicator of the severity of bacterial infections. Clec’h

and colleagues found that the prognosis of patients with septic shock can

be assessedbya single determination of PCT on day 1 of admission to an

intensive care unit (172). In MCD, levels of PCT <10ng/mLin children on

admission, as analysed by a semi-quantitative PCT test (PCT-Q)

predicted favourable outcome (169). However, Hatherill and colleagues

(173) reported that a single PCT measurement is an inadequate tool for

prognosis and that serial PCT measurements might be of greater value in

the monitoring of the responseto treatment in septic shock.

Importantly, circulating PCT levels can be increased in non-infectious

conditions, and may remain relatively low even in sepsis induced by

bacteria (174-176). In cases of falsely high PCTlevels, in the absence of

an infection (typically seen after severe trauma or surgery), PCT levels are

usually moderately elevated but decline rapidly to values below 1 mg/L

within 48 hours and the presence of a complicating bacterial infection is

made morelikely by persistently high PCT levels. Conversely, falsely low
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PCTlevels (typically seen during the early course or localised state of an

infection) often show a gradual increase during follow-up measurements

after 6 to 24 hours and thereby point to an underlying bacterial disease.

This again, stresses the importance of follow-up measurements.

PCT appears to be an excellent marker for severe, invasive bacterial

infection in children. However, this test cannot be presented as the gold

standard. The negative predictive value is not always 100% asthereis an

interval after disease onset before it rises, and a low PCT value can

therefore falsely reassure physicians. However, it performs better than

tests currently used (WCC, CRP), and may be a useful adjunct in

diagnosis.

The comparison of PCT with the new emerging diagnostic marker of

bacterial infections, soluble Triggering Receptor Expressed on Myeloid

cells (TREM)-1 may determine if this biomarker can complement the

diagnostic and prognostic power of PCT (Chapter4).

1.7 MANAGEMENT

The initial assessment of anycritically ill child should follow the standard

algorithms that are taught in acute paediatric life support (APLS)training.

Emergencylife support should commence, whereindicated, by each step

of this assessment: (a) airway, (b) breathing, (c) circulation, and (d)

disability. Most deaths from MCD are a result of endotoxin mediated

shock and therefore careful assessment of the circulation for signs of

shock is paramount to early managementof hypovolaemia.

1.7.1 Managementof shock

The foundation of management in collapsed children with MCD is

aggressive fluid resuscitation. Endothelial activation and damage

increase endothelial permeability, allowing escape of plasma and a
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reducedcirculating volume. This is an important cause of poor perfusion

and must be corrected.

Early, aggressive fluid resuscitation is associated with improved survivalin

MCD (177). In addition, myocardial support with inotropes is frequently

necessary in order to maintain end-organ perfusion in severely ill patients.

Initial therapy with 20mL/kg of colloid as a bolus is required and

depending on response,further boluses may be required (177). If signs of

shockpersist after 40-60 mL/kg of fluid resuscitation, there is a significant

risk of pulmonary oedema andelective intubation and ventilation is

recommended, even in the absence of signs of respiratory failure (178).

Some children with severe capillary leak syndrome are only stabilised

after replacement of more than twice their circulating volume and

concurrentinotropic support.

Myocardial depression invariably coexists with volume depletion and

inotropic support should beinitiated early in patients who have persistent

shock despite fluid resuscitation. It can often be difficult to determine

whether persistently shocked children require volume replacement or

myocardial support with inotropes. There is some evidence to suggest

that monitoring of mixed venous or central venous oxygen saturation may

indicate cardiac output and help guidefluid requirements (178).

Accepting that fluid must be given, there has been longstanding

controversy over the correct choice. A recent randomisedcontrolledtrial

in critically ill adults, although demonstrating an improvement in the

outcome of septic patients when receiving 4% Human Albumin Solution

(HAS), foundthatthis difference was notstatistically significant (179). The

use of HAS however has been associated with a reduction in morbidity

and mortality rates in children with severe MCD (136; 138).
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1.7.2. Respiratory Support

Early intubation should be considered in any child who has persistent

shock after 40-60 ml/kg of volume resuscitation since intubation and

ventilation protects the airway, reduces the risk of pulmonary oedema,

facilitates adequate oxygenation and ventilation, and reduces the workof

breathing and oxygen consumption (180). Indications for immediate

intubation include fluctuating or decreasing conscious level (GCS <8),

decompensated shockandraised intracranial pressure (ICP).

The Glasgow Meningococcal Septicaemia Prognostic Score (GMSPS)

(181) has been usedto assess children with MCD on Merseyside for more

than a decade. The score has beenvalidated retrospectively, with a score

of 28 having a 74% PPV for death (182). A prospective validation

demonstrated that a GMSPSof 28 had a sensitivity of 100%, specificity of

75% and PPV for death of 29% and wasable to identify those children

who required intensive care (183). The GMSPS has good performance

characteristics but requires biochemical parameters for calculation. A

score that was basedentirely on clinical variables would be easier to use

in practice (Chapter5).

1.7.3 Biochemical / haematological derangements

Profound derangements in metabolism are associated with MCD (184);

these abnormalities may contribute to myocardial depression and require

correction. Anaemia and hypoglycaemia are common and need to be

actively looked for and corrected as adult data suggests that strict blood

glucosecontrol has favourable effects on mortality (185).

Correction of DIC with fresh frozen plasma, platelets and, in severe cases,

cryoprecipitate may be required. Recombinant activated protein C has

been shown to reduce mortality in adult septic shock (186) however no

obvious benefit has been demonstrated in children (187;188).
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Metabolic acidosis is invariably present in those children with shock and

as severe acidosis impairs myocardial contractility, it is suggested that at a

pH of <7.2 sodium bicarbonate should be infused (189).

Other derangements that may be present and require correction include

hypokalaemia (190), hypocalcaemia (191), hypomagnesaemia (192) and

hypophosphataemia(193).

1.7.4 Raised intracranial pressure

Shock remains the primary clinical problem in most children with

meningococcal infection, however a proportion will present with signs of

raised ICP, although clinically significant raised ICP is an uncommon

presenting feature of MCD (194).

Suspected raised ICP is a clinical diagnosis (declining consciousness,

focal neurology, hypertension, relative bradycardia, papilloedema) and is

not reliably demonstrated by CT scanning (195). In a patient with raised

ICP, intravenous infusion of mannitol and elective intubation is indicated,

together with sedation and closely monitored fluid management.

1.7.5 Steroids

Steroids can be considered in two separate situations in MCD: in

meningitis and in septicaemia. Steroids have demonstrated benefit in

both Haemophilus influenzae type b and pneumococcal meningitis in

childhood (196) and data from adult studies indicate improved outcomes

with steroids in all-cause bacterial meningitis (197) with a trend to

improved outcome in meningococcal meningitis. With concerns regarding

the side-effects of steroids, the use of steroids in meningococcal

meningitis continues to remain controversial with proponents and

opponents for each managementprotocol.

Adrenalinsufficiency in meningococcal disease has been demonstrated

(198;199) but there is no evidence that the use of steroids is indicated in

meningococcal septic shock in the absence of meningitis (200). There is
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some evidence that in critically ill adults duration of catecholamine

dependence was reduced by steroid therapy (201), and that refractory

shock in children may be more commonin those with impaired adrenal

gland responsiveness, which may be aided by low dose replacement

hydrocortisone (202).

1.7.6 Antibiotics

A third generation cephalosporin such as cefotaxime or ceftriaxone is

preferred as the initial therapy in shocked patients with a clinical diagnosis

of MCD as other rare causes of purpura fulminans, including S.

pneumoniae, S. aureus and Gram negative bacteria, might not be

adequately treated with penicillin. N. meningitidis penicillin resistance

remains rare and therefore this is the logical choice once microbiological

diagnosis confirmsclinical suspicion.

1.7.7 Adjunctive therapies

In adult sepsis studies treatment with low dose heparin has been

associated with an improved outcome (203) and although specific data

from children with MCD is unavailable, the risk of bleeding in these

patients may precludeits use, evenif later shownto be of benefit. In MCD

heparin may reduce the severity of distal necrosis (41).

The use of recombinant tPA may reduce peripheral necrosis and minimise

the risk of amputation in children with MCD, but its use in patients with

severe MCD and purpura fulminans was associated with a high risk of

intracranial haemorrhage and therefore its use is not routinely

recommended(204).

A randomised controlled trial of the antiendotoxin antibody HA-1A in the

treatment of children with MCD did not demonstrate any significant

reduction in mortality when compared to placebo (205). This highlights an

important point that although the use of specific anti-endotoxin and anti-

cytokine therapies have been successful in reducing mortality in animal
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MCD models this effect has not been demonstrated in human studies

(206-211)

Recombinant bactericidal permeability increasing protein (rBPI) binds

endotoxin and blocks the inflammatory cascade. A_ randomised,

multicentre, placebo controlled trial suggested an improved outcome but

was not sufficiently powered to detect a reduction in mortality (206;212)

although the rBPI group had fewer amputations, decreased blood product

transfusions, improved functional outcome and fewer children who

received a full 24 hour infusion died.

There are probably several reasons why thesespecific therapies have not

been successful in humans but most importantly, specific therapies are

not able to be given early enough in MCD. In animal models therapeutic

interventions are given before, or simultaneously with, injection of either

LPS or meningococci. By the time MCDis clinically evident, LOS has

beenstimulating the immune system for sometime.

Potential new therapeutic targets for neutralisation include macrophage

migration inhibitory factor (MIF) and TREM. Neutralisation of MIF in a

murine model of sepsis, demonstrated protective effects even when

treatment with anti-MIF antibody was commenced 8 hrsafter the onset of

peritonitis (213). Bouchon et al. demonstrated that blockade of TREM-1

protected mice against both LPS-induced shock and microbial sepsis

causedbylive Escherichia coli or caecalligation and puncture (CLP) (214),

and this protection was sustained even when TREM-1 wasblocked 1 hour

after LPS injection, with partial protection demonstrated when

administered up to 4 hourslater.

These findings, that mice can be rescued despite delayed administration

of anti-MIF and anti-TREM therapy, is important if one contemplates the

possibility of future treatment strategies in humans and we havetherefore

measured levels of both TREM (Chapter 4) and MIF (Chapter 7) in
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children with MCD to determine their role in the pathophysiology of the

disease.

1.8 IMPROVING OUTCOMEOF INVASIVE DISEASE

1.8.1 Awareness

Campaigns to raise awareness amongthe public, and also among health

professionals, regarding the main signs and symptoms of MCDarelikely

to accelerate presentation to health services of children with MCD.

1.8.2 Pre-emptive antibiotics

Delaysin starting antibiotic treatment in hospital have an adverse effect on

outcome of MCD dueto the rapid progression of the illness. Whether

giving antibiotics before admission to hospital improves outcome remains

theoretical; and studies assessing its effectiveness show inconsistent

results (215;216). This lack of consensus is reflected by the fact that

advice to primary care physicians to administer parenteral antibiotics to

cases of suspected MCDprior to hospital transfer varies within countries

of the European Union.

Despite present recommendations in the UK that antibiotics should be

administered as soon as the diagnosis of MCD is made (217), actual

administration remains inconsistent. Theoretical concerns are that

haemodynamic instability would ensue from endotoxin release after

antibiotic treatment, a concern that is not supported by research to date

(41); fear of anaphylactic reactions to benzylpenicillin, although genuine

anaphylaxis is rare (218), and concern that there will be a lowering of the

cases that can be diagnosed microbiologically (219) although again, early

antibiotics have no effect on the sensitivity of DNA detection.

In the absence of good evidence it would seem logical to start treatment

as soon as the diagnosis is suspected and, where possible, before

admission to hospital.
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1.8.3 Chemoprophylaxis of close contacts

The highest absolute and relative risk is to people who live in the same

household as a case of meningococcal disease (220). Therisk is highest

in the first 7 days after a case and thenfalls rapidly. Without prophylaxis,

an individual from the same household has an absolute risk of 1:300 to

1:500 (221).

Chemoprophylaxis of these individuals involves short courses, or single

doses of antibiotics, such as rifampicin, ciprofloxacin and ceftriaxone

administered to close contacts. The aim is to eradicate carriage in this

group who are considered at highest risk, both to themselves,if newly

acquired carriage occurs, and others by virtue of being established

carriers (222).

1.9 CURRENT RESEARCH

Despite advances in prevention and intensive care management, MCD

remains an important public health problem. Progress has been madein

elucidating the pathophysiological basis for the morbidity and mortality of

this disease but successful immunomodulatory treatment requires

accurate diagnosis and a sophisticated understanding of the immune

response allowing targeted intervention. In addition we know that

individual variation in the response to meningococcalinfection may require

managementtailored to individual genetic factors.

The present studies continue the work of the Liverpool Meningococcal

Disease Research Group which has previously examined the recognition

and diagnosis of MCD (140;154;155;157;160;164;223), the management

of cases (141;182;183;191;224:225) and the underlying complex

pathophysiology andits relation to endotoxin (80;104;199;226;227).

This thesis seeks to draw together several aspects of MCD. It examines

the use of diagnostic tests and seeks to improve and streamline
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investigation of this disease, as well as comparing prognostic indicators. It

seeks to prospectively compare a newscoring system which might assist

in easier identification of children with severe MCD who might benefit from

early intensive care management, and aims to contribute to a better

understanding of the complex interplay between cytokines, intracellular

mediators and the neuroimmuneaxis in the pathophysiology of MCD.

1.9.1 Aims of current study

1) To determine the performance characteristics of the Rapid Antigen

Test (RAT)in the clinical management of MCD.

2) To determine the role of Triggering Receptor Expressed on Myeloid

Cells (TREM) in the pathophysiology of MCD and comparison to PCT

and CRPin distinguishing MCD from viral infection and determining

severity.

3) The prospective comparison of the Liverpool Meningococcal

Septicaemia (LMS) score with the current gold standard, the

Glasgow Meningococcal Septicaemia Prognostic Score (GMSPS).

4) To determine the role of the chemokines CCL2 and CCL3 in MCD

and how they mayinfluence the pathophysiological response.

5) To determinethe role of Macrophage Migration Inhibitory Factor (MIF)

in MCD.

6) To determine the role of the neuropeptides Substance P (SP),

Calcitonin Gene Related Peptide (CGRP), and Neuropeptide Y

(NPY)in the pathophysiology of MCD.
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Chapter 2

MATERIALS AND METHODS
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This chapter covers the general methods employedin patient recruitment,

data collection, maximisation of case confirmation and research blood

sample acquisition, in both suspected MCD cases and control patients.

Specific methods, whererelevant, are detailed in subsequent chapters.

2.1 PATIENT RECRUITMENT

2.1.1 Study Design

The design of this study was a prospective, observational cohort study.

The study was approved by the Research and Development department

and the Local Research Ethics Committee at RLCH.

Patients were recruited between October 2004 and May 2006,at the

RLCH, Alder Hey. The RLCH,in addition to admitting children from the

Liverpool area, also serves asa tertiary centre and admits children to the

Regional Paediatric Intensive Care Unit (PICU) from other districts

including North Wales, Lancashire and the Greater Manchesterarea.

2.1.2 Notification of cases and controls

The research fellow was notified whenever a child with suspected

meningococcal septicaemia or meningitis was admitted to the A/E

department, or if the Regional PICU Transport Team had received a

referral from a district general hospital (DGH) for admission to PICU. In

the case of PICU admissions, the research fellow saw the child on arrival

to the PICU, and subsequently followed their course for the duration of

their hospital stay.

Admissions via the A/E unit at RLCH were seen in A/E, and their

subsequent course was documented throughout their hospital stay.

Children who were referred as having suspected MCD, but whowerelater

felt to have an alternative diagnosis were also seen, their progress

documented, and were used as a comparison group. Children were

therefore recruited from the Emergency Department as well as the PICU
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and children from the study were from Liverpool, North Wales, Lancashire

and the Greater Manchesterarea.

2.1.3 Assessmentof patients

The consent, assessment and catergorisation of the patients was

performed by the research fellow (NM). Children were recruited into the

study after parental consent and if the child was well enough, and old

enough, assent wasobtained from the child him/herself (n=2). No patients

/ parents refused consent when approached. Demographic data,

symptoms, GMSPS (Table 2.1), clinical assessment, outcome and

laboratory results were recorded on a specifically designed proforma.

 

 

 

 

 

 

 

 

 

 

 

Clinical signs or symptoms Score

Low systolic BP (age<4 BP<75 rest <85) 3

Modified Glasgow Coma Score < 8 or 3

Skin / Rectal temperaturedifference >3°c 3
Deterioration last hour 2

Absence of meningism 2

Extending rash / widespread petechiae 1

Basedeficit (BD) greater than -8 1

Maximum Score 15 
Table 2.1: Glasgow Meningococcal Septicaemia Prognostic Score
(GMSPS)

The presence or absence of the following symptoms at or before

presentation were recorded; fever, vomiting, diarrhoea, sleepiness /

lethargy, unconsciousness, headache, petechial and macular rash,

myalgia,irritability, upper and lower respiratory symptoms,neckstiffness,

photophobia and seizures. The duration of symptomsprior to admission,

as recalled by parents wasalso recorded.
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For each patient a prospective GMSPS wascalculated from six clinical

variables and a single laboratory value (Table 2.1) (181;182). Only

observations and investigations undertaken in the hour preceding the

score were used to calculate GMSPSvalues. The GMSPSgives a score

of 0-15, with a score of 28, by definition, equal to severe disease

(181;182;228:229).

Eighteen children with MCD were not seen as either the research fellow

wasnot notified of their admission, was awayat the time of the admission

or was informed >48 hours after admission.

2.1.4 Definitions

2.1.4.1 Meningococcal Disease

Children were included in the study if they were between the age ofbirth

and 16 years, presented with a fever and a petechial / purpuric rash, and

whoin addition may have had signs of meningism and features of sepsis.

Using the history, examination, and non-confirmatory laboratory tests e.g.

CRP,caseswereclassified as either probable or possible cases (146):

e Confirmed cases — Clinical cases with microbiological confirmation

of Neisseria meningitidis infection; either positive cultures from a

normally sterile site (blood, CSF or joint fluid), a positive

meningococcal PCR result from normally sterile sites, positive

rapid latex antigen test result, or positive meningococcal serology.

Positive throat swabs for N. meningitidis did not influence the case

definition.

e Probable cases — Clinical diagnosis of meningococcal meningitis

or septicaemia without confirmation. The clinician managing the

case considers that MCDis thelikeliest diagnosis. In the absence

of an alternative diagnosis a feverish, ill patient with a petechial /

purpuric rash was regardedas a probable case.
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e Possible cases — Theclinician managing the case considersthat

diagnoses other than meningococcal disease were aslikely. This

included cases treated with antibiotics whose probable diagnosis

wasviral meningitis.

2.1.4.2 Disease Type

Children wereclassified into three groups:

e Meningitis (MM) - meningitis without shock or impaired peripheral

perfusion. Children were classified as meningitis alone if they had

a positive cerebrospinalfluid (CSF) microscopy, culture, antigen or

PCRbut no positive microbiology on blood.

e Septicaemia (MS) - no evidence of meningism, but features of

shock with impaired peripheral perfusion, tachycardia, acidosis or

oliguria

e Mixed meningitis/septicaemia (MM/MS) - both septicaemia and

signs of meningism

2.1.4.3 Septic Shock

Septic shock was defined as confirmed infection with clinical signs of

decreased perfusion, despite adequate volume replacement, and one or

more signs of impaired perfusion (lactate, >2 mmol/L; capillary refill, >2

seconds; base deficit, >-5; decreased mental status or decreased urine

output) (178;230)

2.1.5 Patient Inclusion Criteria

Prospective demographic and other data, including diagnostic test results

were collected on all patients referred to the research fellow with a

diagnosis of possible MCD. Retrospective data were also collected on

patients admitted but not referred to the research fellow who were

subsequently confirmed to have MCD. The upperagelimit was defined

as the hospital only accepts paediatric patients. Blood sampling was not
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undertaken if patients had been treated for 24 or more hours before

consent could be obtained.

2.1.6 Patient Exclusion Criteria

Patients with an underlying immunedeficiency or congenital abnormalities

that could have adversely affected outcomes were excluded from the data

analysis - there were no patients in this group.

2.1.7 Control Patients

The control population consisted of clinically well patients undergoing

elective surgery for non-infective conditions. On arrival to the day case

surgery unit at RLCH, these patients (parents) were approached regarding

entry into the study. The research fellow then obtained informed consent

from the parents and, where appropriate, assent from the child.

Patients who had clinical symptomsof an acuteillness in the last 2 weeks

were excluded, as were patients where there was evidence on

examination of a possible systemic infection. Again there were no control

patients who were excluded on the basis of above. The characteristics of

the control patients are shownin table 2.2.

Of the 50 control children, 36 (72.0%) were male and 14 female (28%).

The age range was from 0.3 to 15.75 years, median age 4.80 years,

interquartile range (IQR) 2.2 to 9.75 years. There were 40 control children

included in the determination of blood analytes and 10 control children

included in the gene expression studies.
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Surgical Procedure Number undergoing procedure

Dental Extraction 17

Inguinal herniotomy 11

Laser therapy to birth mark 7

Orchidopexy 2

Excision conjunctival cyst 2

Hypospadiasrepair 2

Squint correction 2

Insertion of testicular prosthesis 1

Removalof mole 1

Excision of skin tag 1

Excision of Hydrocoele 1

Excision of dermofibroma 1

Division of preputial lesions 1

Correction of bilateral prominent 1
ears
EUA of Haemorrhoids 1

Cystoscopy 1

TOTAL 50

Table 2.2: Elective surgical procedures being undertaken in children

used as controlpatients.
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2.2 COLLECTION OF BLOOD SAMPLES

Patient blood samples were collected at the same time as routine

samples, or soon after if a second intravenous cannula was being

inserted. If routine blood samples had been collected by the time the

research fellow had arrived, then samples were collected from indwelling

lines from which a minimum of 5 mL of waste blood had first been

aspirated. On rare occasions, blood samples wereobtainedlater after the

application of local anaesthetic cream (AMETOP). Routine sampling took

precedence over research samples and included, a routine full blood

count, biochemistry profile including CRP and glucose, a coagulation

screen, blood cultures, meningococcal PCR, rapid antigen test and blood

gases.

Blood samples were taken for SP, CGRP, NPY, TREM,bacterial load,

cytokine estimation and gene expression studies.

Five millilitre blood samples for cytokine / chemokine, neuropeptide and

TREManalysis were inoculated directly into a 5mL EDTAtube and placed

immediately on ice. Samples for DNA / RNA analysis were twofold;

samples for bacterial load were taken from the pellet that remained after

separation of plasma from the spun EDTA sample; peripheral whole blood

(1.1mL) for expression studies was inoculated directly into cryogenic vials

pre-aliquoted with PAXgene™ RNA stabilisation reagent (3.04mL),

keeping the blood:reagentratio the same asin the PAXgene™ Blood RNA

Tubes (PreAnalytiX, QIAGEN, Germany) (231). The sample was gently

inverted and stored at -70°C within two hoursof collection.

For ‘ward’ patients samples were obtained at admission and, where

possible, at 24 hours. For PICU patients’ samples were obtained at

admission, 12, 24, 36 and 48 hours where possible. Total number of

serial samples at 12 and 24 hours were 21 and 14 respectively. There

were only 4 samples at 48 hours and these were therefore not analysed.
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Control patients undergoing elective surgery routinely had a cannula

inserted in the anaesthetic room prior to surgery and it was during this

procedurethat 5mLof blood wasobtained.

2.2.1 Sample separation and storage

Routine blood analysis was performed in the haematology, biochemistry

and microbiology laboratories at The RLCH.

Separation was performedby centrifugation of the 5 mL EDTA sample at

2000 x g for 10 minutes at 4°C and the serum decanted with fine tipped

disposable Pasteurpipettes into a sterile container.

One hundred microlitre serum aliquots were then pipetted into 2.0mL

cryogenic vials using Eppendorf micropipettes and the pellet was

separatedinto a further vial. The samples were thenall frozen at —70 °C

until analysed. This generally occurred within an hour of sampling

(maximum of two hours).

2.3 RNA COLLECTION, EXTRACTION AND RT-qPCR

The PAXgene™ Blood RNA System, includes a stabilising additive in an

evacuated blood collection tube called the PAXgene™ Blood RNA Tube,

and also sample processing reagents in the PAXgene™ Blood RNAKit.

The additive in the PAXgene™ tube reduces RNA degradation of 2.5mL

of blood in the evacuated tube, and furthermore, the RNA in whole blood

has been shownto be stable at room temperature for 5 days, following

storage for up to 12 months at -20°C and -80°C,and also after repeated

freeze-thaw cycles (232).

All RNA extraction and qPCR work for expression studies was performed

at the Centre for Integrated Genomic Medical Research (CIGMR),

Manchester. The work was done bythe research fellow (NM)in parallel

with a CIGMRtechnician.
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2.3.1 RNA Extraction

RNA was extracted from the 1.1 mL whole blood processed as above,

using the PAXgene™ Blood RNA System Kit employing an amended

version of the manufacturer’s guidelines (Figure 2.1). Briefly, the samples

were removed from -80°C and incubated at room temperature for 2 hours

to ensure complete lysis. Following lysis the tubes were centrifuged for 10

min at 4,000 x g (Boeco M-24 centrifuge), the top of the tube is cleaned (to

prevent contamination), the supernatant decanted and 900uL of RNase-

free water added to the pellet. The tube was vortexed to thoroughly re-

suspend the pellet, centrifuged for 10 min at 3080 x g and the entire

supernatant discarded. The remaining pelleted lysate was re-suspended

in 360uL of buffer BR1 by vortexing. Buffer BR2 (300uL) and 40uL of

proteinase K was added, mixed and incubated for 10 min at 55°C. The

samples were centrifuged at 16,000 x g for 3 min and the supernatant

aspirated in to a fresh micro-centrifuge tube. Absolute ethanol (350uL)

was added mixed andbriefly soun. The 700uL aliquots of sample were

added to the PAXgene™ RNA spin column and centrifuged for 1 min at

16,000 x g, the flow through was discarded after each round (the column

binds up to 100ug of total RNA). Buffer BR3 (700uL) was applied to the

column and centrifuged for a further 1 min at 16,000 x g and the column

transferred to a new processing tube. Buffer BR4 (500uL) was added to

the column, centrifuged for 3 min at maximum speed to dry the column

and the processing tube discarded. RNA waseluted using 40uL of buffer

BR5. The eluate was incubated at 65°C for 5 min and placed immediately

onice.
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Figure 2.1. The PAXgene blood RNA procedure (from

PAXgene Blood RNA Kit Handbook02/2004).
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2.3.2 RNA Concentration and Analysis

Initially 2uL of linear acrylamide (Smg/mL) was added to the RNA samples

to enable optimal visualisation. Ethanol precipitation required the addition

of 40uL of 7.5M ammonium acetate (Sigma A2706) and 200uL ice cold

100% ethanol to the samples which are then precipitated at -20°C

overnight. Upon completion of precipitation the samples are centrifuged

(13000rpm) at 4°C for 30 mins. The pellet is washed twice with 0.5mL of

ice cold 80% ethanol and spun for 10 mins at 4°C eachtime. Thepelletis

then air dried for 5 mins and resuspendedin nuclease free water.

The purity of the freshly extracted RNA was measured using a NanoDrop

ND-1000 UV-visible spectrophotometer (Labtech International, Ringmer,

UK). Before DNA measurements were taken, the ND-1000 was

normalised by pipetting 1.2uL of RNase-free waterdirectly onto the optical

pedestal, the lid was closed and, using surface tension to hold a 1mm

columnofliquid in place, the measurement is taken. The pedestal surface

was then wiped clean and 1.2uL of undiluted RNA measured. The

software displays the concentration in ng/uL. Total RNA yield was

between 362 and 23793 ng. There is also a quality output, which provides

260/280 and 260/230 ratios enabling purity estimations. All samplesfell

within reference ratio range (1.8-2.04).

RNA integrity was additionally assessed using the Agilent 2100

Bioanalyser (Agilent Technologies). RNA (1.5yL/sample) and 1.5uL RNA

ladder (Ambion Europe Ltd, Cambridgeshire, UK) were heat denatured at

70°C for 2 minutes and placed on ice. The Eukaryote RNA 6000 nano-

chip wasfilled with gel matrix, dye and marker added to each well. The

denatured samples and RNA ladder (1uL) were then added to one of 12

sample wells. The chip was vortexed for 1 min and then run on the

Agilent 2100 Bioanalyser. Figure 2.2 shows the Agilent 2100 Bioanalyser

traces for one of the samples (sample 1) obtained using the protocol

described above and, for comparison, the trace for Stratagene Universal

RNA. The 28s and 18s RNA peaks are seen at approximately 48 and 42
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seconds respectively for the Stratagene Universal RNA (2.2a) and our

extracted RNA (2.2b).
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52

 



2.3.3 Reverse Transcription

I™ RNase H reverseRNA was reverse transcribed using SuperScript|

transcriptase (Invitrogen Ltd, Paisley, UK) following the manufacturer's

guidelines. Briefly, 250ng random primers, 10uL total RNA (11g) and 1uL

dNTP mix (10mM)(all reagents were from Invitrogen) were added to a

nuclease-free micro-centrifuge tube, incubated at 65°C for 5 min and then

chilled on ice. The tubes werebriefly centrifuged, and 4uL 5x first strand

buffer, 2. DTT (0.1M) and 1 pL RNaseOUT™ were added. The tubes

were mixed gently and incubated at 25°C for 2 min. SuperScript Il (1uL)

was added and gently mixed, then incubated at 25°C for 10 min. The

reactions were incubated at 42°C for 50 min andfinally heating to 70°C for

15 min to inactivate the reaction. The cDNA wasstored at -40°C until

required.

2.3.4 Quantitative PCR measurement of geneof interest

The Human Universal Probe Library system (233) (Roche, Switzerland),

employing proprietary locked nucleic acid analogues (LNA) of

fluorescence resonance energy transfer hydrolysis probes, was used for

RT qPCRto measure expression levels in genes of interest (GOI). Using

the Roche Online Assay Design Centre, specific primers and an

associated probe were selected for the gene of interest transcript (Table

2.3).

To compensate for variations in cell number, RNA isolation, reverse

transcription and PCR amplification efficiency, two endogenous ‘house-

keeping’ transcripts were chosen using the GeNORMalgorithm (234).

Briefly, the cases and controls were screened for 12 reference genes, the

algorithm then works out the stability of each transcript, and sequentially

removes the least stable transcript until the two most stable transcripts

remain (Figure 2.3). The two most stable transcripts in our model using

the GeNORM algorithm were YWHAZ (tyrosine 3 monooxygenase) and

ACTB(f-actin).
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Gene Name Accession # Universal Primer Sequence
Probe #

interleukin 1, beta (IL-1B) NM_000576 10 Forward TCTGGTCCATATGAACTGAAAGC
Reverse GGACATGGAGAACACCACTTG

Interleukin 6 (IL-6) NM_000600 40 Forward GATGAGTACAAAAGTCCTGATCCA
Reverse CTGCAGCCACTGGTTCTGT

Interleukin 10 (IL-10) NM_000572 65 Forward GCTGGACAACTTGTTGTTAAAGG
Reverse CTCAGACAAGGCTTGGCAAC

Tumornecrosis factor, alpha NM_000594 29 Forward CAGCCTCTTCTCCTTCCTGA

(TNFa) Reverse GCCAGAGGGCTGATTAGAGA

Tachykinin precursor1 NM_013996 89 Forward GCCTCAGCAGTTCTTTGGAT

(SubstanceP) Reverse ACAGGGCCACTTGTTTTTCA

Calcitonin/calcitonin-related NM_001741 15 Forward CAGATGAAGGCCAGTGAGC

polypeptide, alpha (CGRP) Reverse CTTAGATCTGGGGCTGTCCA

Triggering receptor expressed NM_018643 20 Forward TTACAAATGTGACAGATATCATCAGG

on myeloid cells-1 (TREM-1) Reverse AAGACCAGGCTCTTACTCAGGA

Macrophage migration inhibitory NM_002415 40 Forward ACCGCTCCTACAGCAAGC

factor (MIF) Reverse CGCGTTCATGTCGTAATAGTTG

Neuropeptide Y (NPY) NM_000905 9 Forward CGCTGCGACACTACATCAAC
Reverse CTCTGGGCTGGATCGTTTT

Beta Actin (B-actin) NM_001101 11 Forward ATTGGCAATGAGCGGTTC
Reverse GGATGCCACAGGACTCCAT

Tyrosine 3- NM_003406 9 Forward CGTTACTTGGCTGAGGTTGC

monoxygenase/tryptophan 5- Reverse TGCTTGTTGTGACTGATCGAC

monoxygenaseactivation
protein, zetapolypeptide

(YWHAZ)     
 

Table 2.3: Real time PCR primers and probes usedin the study.
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Figure 2.3. Average expressionstability values (M) of control

genes during stepwise exclusion of least stable control gene

in the whole blood of patients with meningococcal disease

(see text for reference and explanation). The two most stable

transcripts were YWHAZ (tyrosine 3 monooxygenase) and

 

cDNA wasdiluted 1 in 50. Each reaction comprised of 4uL diluted cDNA,

5uL LightCycler 480 Probes Master (Roche, Switzerland), 0.1L each

primer (20M) (Metabion, Planegg-Martinsried, Germany), 0.1L Probe

(101.M) Human Universal Probe Library system (Roche, Switzerland), and

0.7uL of water. Samples were then amplified on a LightCycler® 480

System, and the temperature programme resembled 95°C for 5 min

followed by 45 cycles of 95°C for 10 sec and 60°C for 30 secs. The

amounts of target genes expressed in a sample are normalised to the

average of the two endogenouscontrols. This is given by AC;, where AC;

is determined by subtracting the average endogenous gene C; value from

the average target gene C; value. [C; GOI — Cr average (endogenous
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gene)]. The calculation of AAC; involves subtraction of the AC; calibrator

value [AC GO|case) — ACt GOcontron]- 2's the relative expression of the

GOI in cases comparedto controls.

2.4 BACTERIAL LOAD DETERMINATION USING RT-PCR

All bacterial / viral DNA detection and quantification of meningococcal

DNA was performed at the Meningococcal Reference Unit (MRU),

Manchester.

2.4.1 Nucleic acid extraction

This was performed by automated MagNA Pure LC system (Roche

Applied Science, Indianapolis, IN) (Figure 2.4) using robotics, precision

pipettors, and magnetic glass particles to purify DNA from whole EDTA

blood. The samples are dissolved and simultaneously stabilised by

incubation with a buffer containing denaturing agents and proteinase K.

Nucleic acids are bound to the surface of the magnetic glass particles, and

several washing steps remove the unbound substances. The purified

nucleic acids are then eluted in a low-salt buffer, with elution volumes

ranging from 50 to 100 uL (Figure 2.5).
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Figure 2.4. The automated MagNA

Pure LC system (Roche Applied

Science,Indianapolis, IN)   
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2.4.2 Bacterial DNA detection and quantification

PCR detection of meningococcal, pneumococcal, Haemophilus influenzae

type b (Hib) and enteroviral DNA was performed on the extracted

samples, and in addition meningococcal DNA was quantified to enable an

estimation of bacterial load.

Meningococcal DNA detection and quantification was performed onall

samples using the Taqman PCR on the ABI PRISM 7700 Sequence

Detection System (Perkins-Elmer Applied Biosystems 7700 automated

PCR platform, Norwalk, Connecticut). The ABI sequence detection

system employs a fluorescence-based closed tube formatthat eliminates

post PCR processing and provides accurate real-time qPCR. The

Taqman assay, developed at the MRU,is able to detect and quantify

meningococcal DNA in whole blood samples (235). Taqman amplifies a

specific single copy capsular gene (ctrA) commonto all N meningitidis

serogroups. Real time PCR detection by Taqman provides accurate

quantification of bacterial load over a range of 10° to 10° copies per mL.

The point in cycling at which a sample crosses a calculated threshold is

proportional to the DNA copies in the extracted sample and therefore the

PCR can be quantitated from known standards. The quantification of DNA

for all samples from individual patients was performed ona single plate

using the same standards. Wealso performed qualitative pneumococcal,

Hib and enteroviral DNA studies (236;237) in those patients with a

petechial rash and presumed viral illness in an attempt to increase

diagnostic certainty in this group.

2.5 STATISTICAL METHODS

Most of the data, when plotted as a histogram, did not follow a normal

distribution, therefore non-parametric tests were used. Standardstatistical

tests were used to calculate descriptive results of continuous data which

were expressed as median, interquartile range and range. The Mann-
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Whitney U test was used to determine rank, and Spearman’s correlation

coefficient for correlations. The Bonferonni correction was used for

multiple comparisons; All paired comparisons were performed in a single

table and the corrected data presented in individual chapters. The

Wilcoxon signed-rank test was used to compare time series data. For

nominal data, Chi-squared test was used.

The sensitivity, specificity, odds ratio and negative and positive predictive

values and their 95% confidence intervals were calculated for diagnostic

analytes (Chapter 4) and scoring systems (Chapter 5) and the results

compared. Predictive values were tested by plotting the Reciever

Operator Characteristic (ROC) plots and calculating the area under the

curve (AUC).

Statistical analysis was performed on a personal computer using

Statistical Package for Social Sciences (SPSS) for Windows software,

version 12.0. A p value of less than 0.05 was consideredsignificant.
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Chapter 3

BACTERIAL LOAD ANDRAPID ANTIGEN TESTING IN
MENINGOCOCCALDISEASE.
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3.1 INTRODUCTION

In cases of suspected MCD, rapid and reliable confirmation of the

presence of Neisseria meningitidis, and ascertainment of its serogroup,

are important for appropriate public health management and treatmentof

cases. Accurate and rapid identification enables an early decision on the

managementof the child, avoids indiscriminate use of antibiotics and

allows timely notification.

The clinical utility of a diagnostic test is determined by laboratory

characteristics such as sensitivity, specificity, cost and ease of use, as well

the epidemiology of the target pathogen andthe patterns of test usage. In

practice, the value of a test will depend on howits result affects the

process of diagnostic and therapeutic decision-making, and thereforeit is

to be expected that certain diagnostic tests may have excellent

performance characteristics but do not provide usefulclinical information.

PCRtesting has becomeintegral to the confirmation of MCD (155;238-

240) but is best suited to large sophisticated laboratories due to the

requirement for specialised areas and expensive equipment. The

Taqman™assay is able to quantify meningococcal DNA in whole blood.

This is achieved by incorporating standard wells with known

meningococcal DNA concentrations onto a plate, with the clinical samples,

determining a standard curve from the numberof cycles to positivity for

each standard and then by comparing to the cycle numberforclinical

samples, bacterial loads are calculated (235). The bacterial load is

expressed as genome copies per mL of blood. The DNA detected

represents viable as well as non-viable meningococci. As each bacterium

contains only a single capsular gene, DNA load equatesto bacterialload.

It has been demonstrated that patients with severe MCD have higher

bacterial loads with the maximum load being highest in those who die

(241) The problem with the current method is that the test result is not

available early enoughto influence management.

61



In view of the difficulties in performing PCRin all acute hospital settings,

conventional latex agglutination testing has continued to be used for the

rapid detection of bacterial and viral antigensin clinical specimens in many

laboratories, including at the RLCH,although duetoits low sensitivity and

the possibility of cross reactions (242;243), its use is diminishing.

The latex particle agglutination (LPA) test, which is the basis of the rapid

antigen test (RAT) was developed in the 1970's (244;245) andis still

routinely used in the evaluation of patients thought to have sepsis or

meningitis. Its original use was in those patients who demonstrated

Clinical and laboratory findings consistent with meningitis where it was

suggested that it may be more sensitive than Gram staining or standard

bacterial culture (152). However, in recent years vaccine related changes

in the epidemiology of infectious disease, particularly Haemophilus

influenzae type b (Hib), and improvements in therapeutics have led to

controversy over the properuseofthis test (246-248).

Despite the initial intentions for its use, the test is now used to screen

cases of suspected sepsis or meningitis, including those with a clinical

presentation consistent with MCD (155). With the focus of rapid

diagnosis of infectious diseases changing over the last few decades,

particularly the increasing use of molecular diagnostic techniques, the

usefulness of traditional clinical microbiological methods needs to be

questioned. This is particularly important with the current emphasis on the

costeffective use of laboratory services.

With regard to diagnostic methods we performed a prospective study to

examine the relationship of bacterial load in meningococcal disease to

clinical parameters and also to determine whether the RAT,in cases of

suspected MCD,contributed to the managementof these patients.
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3.2 MATERIALS AND METHODS

Patient recruitment, data collection, blood sampling and bacterial load

quantification are detailed in Chapter 2. Routine microbiological

investigations by the admitting team included blood culture, RAT and PCR

for Neisseria meningitidis.

The latex agglutination kit used was Wellcogen (Remel Europe Ltd,

Dartford, England). This allows the qualitative detection of specific

polysaccharide antigens from Streptococcus agalactiae (Streptococcus

group B); Haemophilus influenzae type b; Streptococcus pneumoniae;

Escherichia coli K1; Neisseria meningitidis A, C, Y, W135 and group B.

The test detects these antigens in various body fluids including serum

(249) which wasanalysedat our hospital.
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3.3 RESULTS

70 children presented with clinically suspected MCD. Nine patients were

from outside the Liverpool area. Patient details are summarised in the

following tables.

 

 

 

 

 

 

 

 

 

Meningococcal Probable viral Controls
Disease illness

Total Number 38 32 40

Age(years) 1.8 (0.7-5.4) 1.3 (0.4-2.2) 4.8 (2.2-9.7)

Sex Male Male Male
N=22 (58%) N=22 (69%) N=36 (72%)

Duration of 12 (8.0-21.5) 24 (12.0-48.0)
symptoms

(Hours)

Route of A/JE 28 (74%) AJE 23 (72%)
Admission GP 10 (26%) GP 9 (28%)

Glasgow Coma 12 (13-15) 14 (15-15)
Score

Pre-hospital IM A/E 3 (8%) AJE 1(3%)
benzylpenicillin GP 7 (18%) GP 1 (3%)

Door-to-needle 21 (11-54) 76 (32-157)

time (minutes)    
 

  Table 3.1. Table showing the demographic data of the three groups

of patients included in the study. Values are shown as medians

(IQR) or numberofpatients (percentage). “P<0.05
 

The median age of the children with MCD was 1.8 years old (IQR; 0.7-

5.4). Twenty-two (58%) were male, 28 (74%) presenteddirectly to the A/E

departmentwhilst the rest were referred by their General Practitioner. The
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median duration of symptoms prior to seeking medical advice was 12

hours (IQR; 8.0-21.5) which wassignificantly shorter than those with a

final diagnosis of probable viral illness. Ten children received pre-

admission antibiotics (intramuscular benzylpenicillin) and all children

received antibiotics in hospital. The paramedic team administered the

antibiotic to those children who attended A/E without prior contact with the

GP. Door-to-needle time was 21 minutes (IQR; 11-54) in those who were

subsequently thought to have a final diagnosis of MCD, which was

significantly shorter, compared to 76 minutes (IQR; 32-157) in those who

did not.

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MCD Probableviral
illness

GMSPS<8 GMSPS28
Number 25 13 32
Duration of 12 (8-23) 12 (9-18) 24 (12-48) "
symptoms

(hours)
GMSPS 3 (3-5) 9 (8-12)
Fluid (mLs/kg) 20 (5-60) 60 (40-100)
PICU 10 (40%) 12 (92%)
Admission

Ventilated 8 (32%) 12 (92%)
Inotropes 5 (20%) 9 (69%)
CVVH 0 3 (23%)
Length of PICU <1 day 3 (1-4)
Stay (days)
Length of 7 (7-9) 7 (7-9) 4 (2-5)
antibiotics

(days)
Length of 8 (7-9) 8 (7-10) 6 (2-7)
hospital stay

(days)
Outcome 1 death

1 left arm

weakness   
 

  Table 3.2. Table demonstrating comparisons between the groupsof

patients in the study. Values are shown as medians (IQR) or

numberofpatients (percentage). P<0.05
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Thirty-eight children were given a final diagnosis of MCD, all were

confirmed microbiologically. A positive microbiological diagnosis was

obtained from PCR,blood cultures and throat swabs.

Twenty-two children required admission to the intensive care unit and 20

were ventilated; three children required haemofiltration. One child died,

and onechild wasleft with a mild left sided weakness. It is interesting to

note that 10 children with a GMSPSof <8 were ventilated. These children

received >40mLs/kg of fluid and were likely to have been ventilated in

accordance with current recommendations (250).

In those children reported and seen on admission, only one child had had

a lumbar puncture and CSF sample sentto the laboratory as he presented

with a meningitic illness with some petechiae. There was no sample left to

include in the study. Of those children who were not seen on admission

(n=18), and therefore not included in the analysis, four had a lumbar

puncture performed;all of these had meningitis with no petechiae. The

reduced numberof lumbar punctures in patients with presumed MCD can

be related to well publicised guidelines relating to emergency

management of meningococcal septicaemia (250). RAT is not routinely

performed on CSF samples.

Those children who did not have a final diagnosis of MCD (n=32) had no

positive bacteriological results and these children were presumed to have

a viral infection (three had a positive blood PCRfor enteroviral DNA).

In those children with MCD there were 36 with a positive PCR, 7 with

positive blood cultures and 2 with positive throat swabs (both of these

patients had positive PCR’s). PCR wasthe only positive microbiological

test in 27 patients.

3.3.1 Bacterial load

The median bacterial load at admission was 4.5 x 10% copies /mL blood

(IQR; 4.3 x 10°- 1.4 x 10°). Patients with severe disease, defined as
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GMSPS28, hadsignificantly higher admission bacterial loads (1.7 x 10°/

mL, IQR; 6.8 x 10*— 7.3 x 10°) than those patients with mild disease (1.2 x

10*/ mL, IQR; 1.9 x 10°- 8.3 x 10‘) (p<0.01). Although bacterial loads

were higherin those children with septicaemia only (n=25, 7.2 x 10%, 1QR;

7.3 x 10°— 2.2 x 10°) compared to those with a mixed picture (n=5, 1.6 x

10%, IQR; 4.2 x 10°- 9.2 x 10%) this did not reach statistical significance.

Oursingle patient with meningitis had the lowest bacterial load (1.3 x 10°).

The association between bacterial load and disease severity is

demonstrated, as a positive correlation against GMSPS values (Figure

3.1)
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Figure 3.1. Figure demonstrating the significant positive

correlation between bacterial load (copies / mL) and severity

(GMSPS), r=0.54, p<0.05    
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Bacterial loads demonstrated a trend toward lowerlevels after 24 hours in

those patients with with GMSPS 28 (on admission 1.7 x 10°, IQR; 6.8 x

10 — 7.3 x 10° vs. 24 hours 3.6 x 10%, IQR; 5.0 x 10° - 4.8 x 10°) but this

did not reachstatistical significance. A similar, but less marked trend was

noted for those with mild disease.

There was no association between admission bacterial loads and the

administration of any antibiotics prior to admission. There was no

correlation with CRP, WCC / neutrophil count or whether a patient was

blood culture positive. Clinically there was no correlation with duration of

symptomsprior to admission, volume of fluid required for resuscitation,

duration of PICU admission and duration of hospital stay. There was a

significant difference in bacterial load with use of inotropes, being higherin

those children who required them (1.3 x 10°, IQR; 6.0 x 10*- 4.8 x 10°),

than those who did not (1.2 x 10%, IQR; 1.3 x 10°— 8.2 x 10*)(P<0.01).

3.3.2 Use of Rapid Antigen Test

Only two patients had a positive RAT (Figure 3.1). One patient was a

clinically probable case who was admitted to the PICU. A positive PCR

and blood culture confirmed MCD and the positive RAT made no

additional contribution to the clinical suspicion. The second child had a

positive RAT for Neisseria meningitidis serogroups A,C,Y,W135 but the

PCR was positive for Neisseria meningitidis group B. The child had

antibiotics commenced before the result of the RAT was available and

completed a seven day course. Only one child with a positive blood

culture had a negative PCR; these blood investigations were taken at

different times.

Twochildren with clinically probable MCD did not have PCR performed;

one were transferred from local DGH’s to the PICU and no PCR wassent

and,in one patient a PCR for Neisseria meningitidis was not performed as

the blood culture was positive. With the routine use of meningococcal C

conjugate vaccine, the serogroupsofthe infecting organisms were mostly

group B (n=32). We have no serogroupavailableforfive isolates.
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The median length of antibiotic course and duration of hospital stay was

muchshorterin those children who were thought not to have MCD (4 days

vs. 8 days), p<0.05. There was no difference in the length of antibiotic

course or hospital stay in children who had the RAT performed (p>0.05):

those children who were only suspected of having MCD and had a

negative RAT continued antibiotics until blood cultures were reported as

negative.
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3.4 DISCUSSION

3.4.1. Bacterial load

Admission meningococcal bacterial loads measured by TaqmanTM PCR

are higher than have been previously reported with quantative culture

methods and higher than demonstrated with other infections such as H.

infuenzae and S. pneumoniae (251). Loads measured in this study, are

similar to those demonstrated in Norwegian (252), British (241) and in

Brazilian and African patients (253) with MCD. Although we did not

demonstrate any association of bacterial load with positive blood cultures,

Ovestebo et al. estimated that the ratio of viable to non-viable

meningococci per ml of blood in paients with MCD is 1:1000, which

suggests that larger blood volumes are morelikely to be culture positive

(252),

Admission bacterial load correlated positively with disease severity

measured by the GMSPSanduseofinotropes, as has been previously

demonstrated (241). Patients with the highest bacterial loads have the

greatest risk of death (252) although we did not demonstrate any

association with need for ventilation. Our patient with meningitis had the

lowest bacterial load in the group and higher CSF bacterial loads

compared to blood bacterial loads in patients with meningococcal

meningitis has been confirmed (252).

The rate of positivity in blood cultures is consistent with the results of

previous studies (254). There are multifactorial reasons for false negative

blood cultures including administration of antibioitics prior to sampling, the

blood viable bacterial load, the volume of inoculum injected into the blood

culture bottles and transport, storage and processing of culture bottles.

Blood cultures were found not to add to the confirmation rate but are

available before the PCR results. The results do allow for the

meningococci to be serotyped and assessedfor susceptibility to antibiotics
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which remains important for public health, therapeutic and epidemiological

decision making.

Theinitial bacterial load is not related to length ofclinical symptomsprior

to admission. Children with MCD are often described as being well until

their first clinical symptoms appear, usually an increase in temperature. In

view of the lack of a prolonged prodromal illness and abrupt onset of

symptoms one can postulate that the symptoms may occur rapidly

following the initial bacteraemia. The doubling time for meningococci in

culture medium is approximately 20-30 minutes and therefore the bacterial

loads measured in our patients with severe disease could be achievedin

10-15 hours, corresponding to the duration of symptoms prior to

admission. In view of the lack of association between bacterial load and

ventilation it is probable that the host’s responseto infection is the major

component determining multiplication rates. Individual bacteria are

unlikely to exhibit differing innate growth rates, as the same strains of

meningococci that circulate in any population cause severe disease in

only a small proportion of individuals who encounter them (255). It may

be that more ‘virulent’ meningococci liberate increased concentrations of

LOS.

It has been demonstrated that various gene polymorphisms are

associated with increased mortality or with the development of septic

shock in MCD (98;227). Admission bacterial loads varied considerably

between patients with similar presentations and outcomes in MCD.This

suggests that either the virulence of individual meningococci strains are

different or host responsesare not constant or a combination of both.

3.4.2 Rapid Antigen Test

The rapid antigen detection assays were developed during a time when

invasive Hib infection was common. The kits had the advantagesof being

rapid, straightforward, specific and sensitive for nanogram quantities of

antigen. They were also positive despite prior antimicrobial therapy

(150;256-263). In recent years use of the RAT has been dramatically
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affected by changesin infectious disease epidemiology and improvements

in therapeutics.

In the early 1980's the RAT was considered useful for a numberof

reasons which either do not exist today or have been superceded. For

example, RAT results could influence the choice of initial antibiotic

therapy. Antibiotics now used for the empirical treatment of sepsis, such

as ceftriaxone or cefotaxime, are active againstall of the bacteria found in

the RAT battery. Therefore, the results have no bearing on modification of

antibiotic therapy.

The context of test use has also shifted. There is now a tendency for

clinicians to order this test as part of a screen done onall patients with

suspected sepsis, but the RAT was not designed for this use. It was

designed to be used in patients who demonstrated clinical and laboratory

findings consistent with meningitis. In this patient population it

demonstrated a reasonable sensitivity and specificity in CSF. By failing to

define the specific population in whom the test would be of value, the rate

of positivity is low. However, even in patients with proven bacterial

meningitis the RAT is not more sensitive than the Gram stain (264;265).

Examination of 5169 RAT’s revealed no instance where clinical

management or antimicrobial therapy changed on the basis of the test

(243) and Finlay and colleagues demonstrated that the results did not

influence the antimicrobial prescription (242). Recently Nigrovic

demonstrated that in 176 patients with culture negative meningitis who

were pre-treated with antibiotics before LP, none had a positive CSF RAT

and there were no additional cases of bacterial meningitis identified by the

RAT beyondthoseidentified by culture (248).

There is no evidence therefore that rapid antigen testing on samples from

any site are more sensitive than culture. Used as a serum screeningtest

for Streptococcus pneumoniae a low positive predictive value has been

demonstrated (266) with urine tests having similarly low values (267).

Urine meningococcal tests also appear to have poor performance
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characteristics (153) and to our knowledge this is the first study to

evaluate the performance of serum meningococcalrapid antigen testing in

an appreciable numberofpatients.

In the past, one of the major reasons to perform a RAT wasto detect Hib.

A beta-lactamase producer,it required the addition of chloramphenicolto

the usual antimicrobial regimen. However, the widespread use of the

conjugate Hib vaccine has resulted in a substantial decline in the

incidence of invasive disease. In developing countries, where this is not

always the case, the test continues to prove useful in guiding

management(268).

Furtherlimitations of the RAT arethatit is only available for bacteria that

have large capsular polysaccharide antigens; not all of these bacteria

produce significant capsular polysaccharide. In fact, Neisseria

meningitidis group B, produceslittle polysaccharide and its LPA sensitivity

is considerably less than that of the others (150-152;269). There is also

the problem of cross reactivity with Escherichia coli K1 (270).

We did not perform ultrasound enhanced particle agglutination and

therefore cannot comment about the usefulness of this test, although it

has been shownto have anincreased sensitivity as compared to standard

LPA in clinical samples including CSF and plasma (271-273); increasing

concentrations have been correlated with the outcome of MCD (274).

However, PCR has been shownto be both sensitive and specific and has

now become the gold standard for microbial detection in this group of

patients (154).

It was suggested,that in laboratories where PCR diagnosisis unavailable,

the ultrasound enhancedparticle agglutination maystill have a role as a

rapid confirmatory test, complemented by a centralised PCR assay (275),

howeverspecific instrumentation is necessary and experience required to

interpret the results. Porrit and colleagues (276) demonstrated that

ultrasound enhanced particle agglutination was unsuitable as a stand-
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alone rapid test, and again addedlittle value to standard culture and PCR

testing.

In our study, all those children who had a RAT received antibiotic

treatment whetheror not the result of the test was negative, in most cases

before the result was even confirmed; median time to receiving an

antibiotic in those with and without a final diagnosis of meningococcal

disease was 21 minutes vs. 76 minutes respectively. The RAT takes

longer than this to be transferred to the laboratory, performed and

reported. Thusit appears that the results of the test did not influence the

decision as to whether or not antibiotics were prescribed. Previous

studies have also documented the fact that there is no detectable benefit

from the useofthis test (248), with therapy not being altered on the basis

of a true positive result and false positives leading to additional costs and

prolongedhospitalisation with some clinical complications (243)

It is often the case that once accepted into the diagnostic process,

laboratory testing frequently becomes a matter of habit or protocol and

critical analysis of the value of testing stops altogether. Since diagnostic

testing is a substantial part of the healthcare expenditure, evaluation of the

actual clinical value of tests in common useis particularly important. In

our case the RAT,despite having excellent performance characteristics in

theory, did not contribute to patient care.

3.5 CONCLUSION

Current strategies for the management of meningococcal disease require

early recognition, aggressive resuscitation and prompt use of antibiotics.

The addition of antiendotoxin or anti-cytokine therapies may improve

outcome but probably only in a selected group of patients (those with high

bacterial load). We have shownthat bacterial load correlates significantly

with severity of disease. As endotoxin assays are technically difficult, the
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availability of a method that can rapidly measure bacterial load may be

used as a prognostic marker to aid selection of appropriate specific

therapies for treating MCD. We have also shownthat serum rapid antigen

testing does not alter the management of patients presenting with

suspected meningococcal disease in a developed country, and its use in

this setting should be reconsidered. Its use should be reserved for a

defined patient group, or, morelikely, discontinued.
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Chapter 4

THE COMPARISON OF TRIGGERING RECEPTOR EXPRESSED ON
MYELOID CELLS (TREM) WITH PROCALCITONIN (PCT) AND CRP

IN THE DIAGNOSIS OF MENINGOCOCCALDISEASE
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4.1 INTRODUCTION

Theinitial host response to microbial infection is an immediate activation

of the innate immune system to prevent pathogenproliferation until the

more specialised adaptive response, provided by specific T and B cells,

can occur. The coordinated action of effector cells, such as phagocytes

and natural killer cells, which express numerous membrane-bound

receptors are central to the innate response. Among these, the TLRs

detect microbial structures such as LPS,lipoteichoic acid, flagellin, and

bacterial DNA, which are shared by many different microorganisms (277-

279).

Innate effector cells also express members of the immunoglobulin (Ig)

superfamilies, which recognise endogenous structures such as Major

Histocompatibility Complex (MHC)-| molecules (280). The triggering

receptor expressed on myeloid cells (TREM) family are membersof the Ig

superfamily and comprise at least two activating receptors, TREM-1 and-

2 (281:282). The engagement of TREMs, after association with the

adapter protein DAP12, triggers a signalling pathway leading to the

recruitment, and tyrosine phosphorylation, of adaptor molecules, including

growth factor receptor binding protein 2, the activation of

phosphatidylinositol 3-kinase, phospholipase C-g, extracellular-signal-

regulated kinase-1 and -2, and p38 mitogen-associated protein kinase

(283). The activation of these pathways leads to intracellular calcium

mobilisation, actin cytoskeleton rearrangement, and the activation of

transcription factors (Fig. 4.1). TREM-1 is implicated in mounting the

inflammatory response (281). An alternative mRNA splice variant of

TREM-1 has also been detected; this encodes a protein, soluble TREM

(STREM), lacking transmembrane and cytoplasmic domains (284)
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Figure 4.1. Schematic representation of TREM -1 signalling pathway  
 

4.1.1 TREM-1 amplifies the inflammatory response

TREM-1 is expressed by neutrophils, macrophages, and mature

monocytes (281). Its expression byeffector cells is dramatically increased

in skin, biologicalfluids, and tissues infected by Gram-positive and Gram-

negative bacteria and fungi (214;285). However, TREM-1 is not

upregulated in samples from patients with noninfectious inflammatory

disorders such as psoriasis, ulcerative colitis, or vasculitis caused by
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immune complexes (214). In mice, monoclonal agonist antibodies to

TREM-1 have been shownto stimulate the production of pro-inflammatory

cytokines and chemokines such as CXCL8, CCL2 and CCL3 (214;286),

as well as a rapid neutrophil degranulation and oxidative burst. The

activation of TREM-1 in the presence of TLR2 or TLR4 ligands amplifies

the production of pro-inflammatory cytokines (TNFa, IL-18, and

Granulocyte-Macrophage Colony-Stimulating Factor [GM-CSF]), and

inhibits IL-10 release (286). In addition, activation of TLR2 and TLR4

increases expression of TREM-1 (281). Thus, TREM-1 and TLRs appear

to act together to produce aninflammatory response. The role of TREM-1

as an amplifier of the inflammatory response has been confirmed in a

mouse model of septic shock in which blockade of TREM-1 signalling

reduced mortality (214) and partial silencing of TREM-1 mRNA in a

polymicrobial mouse modelof peritonitis conferred survival benefit (287).

Interestingly, complete silencing of TREM-1 resultedin lethality related to

generation of an inadequate respiratory burst in neutrophils.

4.1.2 Expression of TREM-1 during sepsis

In a mouse modelof polymicrobial infection induced by CLP there was a

marked (3-5 fold) increase in TREM-1 expression on the surface of

peripheral monocytes and neutrophils, peritoneal macrophages and

neutrophils, and splenic macrophages (288). The most pronounced

increase was observed on peritoneal macrophages. TREM-1 was

undetectable on lymphocytes in both CLP and sham operated groups of

mice. Sepsis also induced the appearance of sTREMin peritoneal lavage

fluid samples andits release in this soluble form was markedly increased

in peritoneal fluid from septic animals, but was barely detectable in sham-

operated animals.

Flow cytometry analysis demonstrated the same patternsin septic shock

patients, with marked over-expression of TREM-1 compared with controls,

which declined during recovery (289) and using a symmetrical approach,

Passini et al. showed that peripheral neutrophils from septic patients
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expressed high levels of TREM-1 ligand on the cell surface, which

decreased during the recovery period (290). Interestingly, expression of

the TREM-1 ligand was not detected on neutrophils from patients with

noninfectious Systemic Inflammatory Response Syndrome (SIRS). Taken

together, these data demonstrate that expression of membrane-bound

TREM-1 on neutrophils and monocytes/macrophages and the release of

its STREM are strongly induced during sepsis, mainly at the focus of

infection. Given that both cell-surface TREM-1 and sTREM are

upregulated during sepsis, this protein may be useful in the diagnosis of

infection.

4.1.3 TREM-1 in the diagnosis of infection

Infection can be present without sepsis, for example when blood cultures

are positive without an accompanying sepsis syndromeandalternatively,

a sepsis-like response may be present without obvious infection, as in

cases of trauma and major surgery. Although somepatients will have

clear evidence of infection, making diagnosis straightforward,

microbiological data are often absent or equivocal and other diagnostic

tools must be used. Elevated levels of many inflammatory mediators and

acute phase reactants have been described in sepsis but thus far noneis

specific enough for the diagnosis of infection, as all can be increasedin

other, noninfectious, inflammatory conditions including SIRS.

SIRS was originally proposed by the American College of Chest

Physicians and Society of Critical Care Medicine to describe the

nonspecific inflammatory process occurring in adults after trauma,

infection, burns, pancreatitis, and other diseases (291). Sepsis was

defined as SIRS associated with infection. The SIRS criteria were

developedfor use in adults and a numberof modifications of these criteria

have led to the recent development of a consensus definition of SIRS in

children shownin table 4.1 (292). The major difference in the definition

between adults and children is that the diagnosis of paediatric SIRS

requires that temperature or leucocyte abnormalities be present. SIRS
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associated with suspected or proven infection continues to remain the

definition of sepsis. Distinguishing between the two clinical entities

accurately is important as it may help to reduce the administration of

empirical antibiotics while awaiting microbiological results, and thereby

reduce colonisation and superinfection with multidrug resistant bacteria

(293). The importance of testing biomedical therapeutics in children has

also recently been emphasised (292) and, as novel sepsis therapeutics

continue to be developed, they will be increasingly evaluated in children.

Correct delineation of the paediatric sepsis continuum including SIRS and

sepsis will aid in standardisation of observational studies and evaluation of

therapeutic interventionsin clinicaltrials.

 

SIRS

The presence of at least two of the following four criteria, one of which

must be abnormal temperature or leukocyte count:
e Core temperature of >38.5°C or <36°C.

e Tachycardia, defined as a mean heart rate >2 SD above normal

for age in the absence of external stimulus, chronic drugs, or

painful stimuli; or otherwise unexplained persistent elevation over

a 0.5- to 4-hr time period OR for children <1 yr old: bradycardia,

defined as a mean heart rate <10th percentile for age in the

absence of external vagal stimulus, B-blocker drugs, or congenital

heart disease; or otherwise unexplained persistent depression

over a 0.5-hr time period.
e Mean respiratory rate >2 SD above normal for age or

mechanical ventilation for an acute process not related to

underlying neuromuscular disease or the receipt of general

anaesthesia.
e Leukocyte count elevated or depressed for age (not secondary

to chemotherapy-induced leucopaenia) or >10% immature

neutrophils.

SEPSIS

SIRSin the presenceof or as a result of suspected or proven infection

Table 4.1: Definitions of systemic inflammatory response syndrome

(SIRS), and sepsis (Goldstein et al 2005). SD = Standard deviation.
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In a study of sTREM among newly admitted critically ill patients with

suspected infection, baseline plasma levels of CRP, PCT, and sTREM

were higherin septic patients than in those with SIRS alone (294).

Plasma sTREM levels appeared to be the most useful parameter to

differentiate patients with sepsis from those with SIRS and had the highest

discriminative value, followed by PCT and CRP. Using a cut-off level of

60 ng/mL, sTREMdifferentiated between patients with SIRS, and those

with sepsis or septic shock, with a sensitivity of 96% and a specificity of

89% (294).

The diagnostic value of STREM hasalso beeninvestigated in pneumonia,

a more localised infectious process, using a cohort of 148 consecutive

mechanically ventilated patients (295). Levels of sSTREM were higherin

bronchoalveolar lavage (BAL) fluid from community acquired and

ventilator-associated pneumonia patients than from patients without

pneumonia, but did not differ significantly between the two types of

pneumonia.

Richeldi et al. studied the level of TREM-1 expression in cells in BAL

specimens from patients with community acquired pneumonia,

tuberculosis (an intracellular infection that does not induce TREM-1

upregulation in vitro), and interstitial lung disease (a model of

noninfectious inflammatory lung disease). In the patients with pneumonia

TREM-1 expression wassignificantly increased in lung neutrophils and

macrophages compared with patients with pulmonary tuberculosis and

interstitial lung diseases (296).

4.1.4 Modulation of TREM-1 as a therapeutic tool

Bouchon et al. demonstrated that blockade of TREM-1 protected mice

against both LPS-induced shock and microbial sepsis caused bylive

Escherichia coli or CLP (214). Gibot used a synthetic peptide which,

mimicking sTREM, reduced the production of TNFa and IL-18 from

monocytes cultured with LPS in a concentration-dependent manner(297).
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In this mouse model, a single administration of the peptide 1 hour before a

lethal dose of LPS reduced the mortality rate in a dose-dependent manner

and treatment, after the onset of endotoxaemia, also conferred significant

protection against a lethal dose of LPS with cytokine levels reduced by

30% comparedto controls.

Despite these promising results, many questions remain unanswered. In

particular, the natural ligand for TREM-1 has not been identified. The

crystallographic structure of the receptor implies that the ligand may be a

peptide, while evidence from structural experiments suggest that TREM-1

does not recognise pathogen molecular motifs. The mechanism of

TREM-1 up regulation during sepsis also remains unclear, as is the

biological relevance of the several single nucleotide polymorphismsin the

TREM-1 gene sequence,although recentinvestigation suggests that three

common polymorphisms do not play a major role in predisposition to

severe sepsis (298).

To determine whether TREM-1is involved in the pathophysiology of MCD,

and also whether it can be used to distinguish between those children

presenting with fever and a petechial rash who have MCD, we measured

sTREMconcentrationsin children presenting with the aboveclinical signs,

together with CRP and PCT,to compare their clinical performance.

4.2 MATERIALS AND METHODS

Patient recruitment, data collection and blood sampling are detailed in

Chapter 2. Cytokines were measured using the method detailed in

Chapter 6. Plasma samples were analysed for sTREM using an ELISA

(Enzyme Linked Immunosorbent Assay) (R&D Systems, Minneapolis,

USA), PCT using an immunoluminometric assay (Brahms Diagnostica,

Berlin, Germany) and CRP was measured by rate nephelometry using the

Beckman image immunochemistry system with reagents supplied by the
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manufacturer. This routinely used method hassensitivity down to 4mg/L.

The within and between batch precision were less than 5% across a

concentration range of 12-45 mg/L.

4.2.1 sTREM assay

This assay employs the quantitative sandwich enzyme immunoassay

technique. A monoclonal antibody specific for TREM-1 has been pre-

coated onto a microplate. Standards and samples are pipetted into the

wells and any TREM-1 present is bound by the immobilised antibody.

After washing away any unbound substances, an enzyme-linked

polyclonal antibody specific for TREM-1 is added to the wells. Following a

wash to remove any unbound antibody-enzyme reagent, a substrate

solution is added to the wells and colour develops in proportion to the

amount of TREM-1 boundin theinitial step. The colour developmentis

stopped and the intensity of the colour is measured. All assays were

performedin duplicate.

4.2.1.1 Materials

TREM-1 Microplate - 96 well polystyrene microplate coated with a mouse

monoclonal antibody against TREM-1.

TREM-1 Conjugate - 21 mL of polyclonal antibody against TREM-1

conjugated to horseradish peroxidase with preservatives.

TREM-1 Standard - 40 ng of recombinant human TREM-1 in a buffered

protein solution with preservatives, lyophilized.

Assay Diluent RD1 - 11 mL of a buffered protein solution with blue dye

and preservatives.

Calibrator Diluent RD5-18 - 21 mL of a buffer with preservatives.

Wash Buffer Concentrate - 21 mL of a 25-fold concentrated solution of

buffered surfactant with preservatives.

85



Colour Reagent A - 12.5 mLof stabilized hydrogen peroxide.

Colour Reagent B - 12.5 mL_ of stabilized chromogen

(tetramethylbenzidine).

Stop Solution - 6 mL of 2 N sulphuric acid.

4.2.1.2 Reagent Preparation

Wash Buffer 20 mL diluted into deionised water to prepare 500 mLof

WashBuffer.

Substrate Solution - Colour Reagents A and B mixed together in equal

volumes within 15 minutes of use.

TREM-1 Standard - TREM-1 Standard reconstituted with 1.0 mL of

deionised water. This reconstitution produces a stock solution of 40,000

pg/mL. This stock solution is used to produce a dilution series (below).

The 4000 pg/mL standard served as the high standard. The Calibrator

Diluent served as the zero standard (0 pg/mL).

500uL 500unL S500uL S00uL 500pL S500uL

 

100 ul
std.

Bd a

Ro

40,000 4000 2000 1000 500 250 125 62.5
pg/mL pgimL pg/mL pg/mL pg/mL pg/mL pg/mL =pg/mL

4.2.1.3 Assay Procedure

1. 50 pL of Assay Diluent RD1-90 added to each well.

2. 50 ul of Standard, control, or sample added per well and

Incubated for two hours at room temperature.
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3. Each well aspirated and washed with 400uL wash buffer,

repeating the process three times for a total of four washes. Plate

then inverted and blotted against clean papertowels.

4. 200 pL of TREM-1 conjugate added to each well and incubated for

2 hours at room temperature.

5. Aspiration/washstep repeated asin step 3.

6. 200yL of Substrate Solution added to each well and incubated for

30 minutes at room temperature.- protected from light.

7. 50yL of Stop Solution added to each well. The colour changed

from blue to yellow.

8. Optical density of each well determined within 30 minutes, using a

microplate readerset to 450 nm.

The absorbance’s of the standards were plotted on a standard curve, and

the results interpolated from this curve.

4.2.1.4 Performance characteristics of the assay

The minimum detectable concentration (MDC) of the assay was 13.3

pg/mL,with an interassay coefficient of variation of 6.8-8.0%, and anintra-

assay coefficient of variation of 2.1-3.3%.

4.2.2 Procalcitonin (PCT) assay

This is an immunoluminometric assay (ILMA) used to determine the

concentration of PCT in human plasma. Two antigen-specific monoclonal

antibodies that bind PCT at two different binding sites (the calcitonin and

katacalcin segments) are added in excess. One of these antibodies is

luminescencelabelled (the tracer), and the otheris fixed to the inner walls

of the tube (coated tube system).
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During the course of incubation, both antibodies react with PCT molecules

in the sample to form “sandwich complexes”. As result the luminescence

labelled antibody is bound to the inner surface of the tube. Once the

reaction is completed, the excess tracer is completely removed from the

tube and discarded. The amountofresidual tracer on the test tube wall is

then quantified by measuring the luminescence signal using the

luminometer and the Basiskit reagents. The intensity of the luminescence

signal (RLU) is directly proportional to the PCT concentration in the

sample. After a standard curve has been established using standards

with known antigen concentrations (calibrated against recombinantintact

human PCT), the unknown PCTconcentrations in patient plasma samples

can be quantitated by comparison of test values with the curve. All

assays were performedin duplicate.

4.2.2.1 Materials

Reagent A - Tracer, luminescencelabelled (acridinium derivate) anti-PCT

antibody (monoclonal, mouse)

Reagent

B

- Buffer, for reconstituting tracer A, ready for use

Coated tubes (test tubes) - coated with anti-PCT antibody (monoclonal,

mouse), ready for use.

Reagent G - Zero serum (human serum), for reconstituting the standards,

calibrators and controls, ready for use

WashSolution - Washing solution universal, concentrate, 11mL

PCT Standards - PCT standards (recombinant) - range 0.08ng/mL -

500ng/mL

Controls K1/K2 - PCT Controls
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4.2.2.2 Reagent Preparation

Wash Buffer 11 mL diluted into deionised water to prepare 550 mL of

Wash Solution.

Tracer - 29mL of reagent B usedto reconstitute tracer A.

PCT Standards - reconstituted with 0.25 mL zero serum G before use

PCT Controls - reconstitute each with 0.25 mL zero serum G before use

4.2.2.3 6.2.2.3 Assay Procedure

1. Pipette 250 uL tracerinto all test tubes.

2. Tubes mixed for 5 minutes on a sample mixer to ensure

homogeneityofthe liquid.

3. Test tubes covered with adhesive foil and incubated on a

horizontal rotator (300 rpm) for 1 hour at room temperature.

4. At end of incubation period 1 ml of the washing solution added to

each tube prior to decanting the liquid off completely. Total of 5

washing steps performed

5. After the last rinsing step, tubes turned upside down and allowed

to drain for 5 minutes on clean blotting paper.

6. All tubes placed in the luminometer in the order defined by the

numbered sequence.

7. Luminescence measurement commenced with automatic injection

of 300 uL Brahms Basiskit reagents 1 and 2. Measuring time of1

second pertube.

The luminometer readings of the standards were plotted on a standard

curve, andthe results interpolated from this curve.
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4.2.2.4 Performancecharacteristics of the assay

The minimum detectable concentration (MDC) of the assay was 0.3

ng/mL, with an interassay coefficient of variation of 6-10%, and anintra-

assay coefficient of variation of 6-10%.

4.3 RESULTS

4.3.1 Children Studied

There were 70 children included in the prospective study and 38 were

classed as confirmed or probable MCD. Of these 22 (58%) were male

and 16 female (42%). The age range was from 0.16 to 15.0 years,

median age 1.8 years,interquartile range (IQR) 0.7 to 5.4 years. There

were 13 children (34.2%) with severe disease as defined by a GMSPSof

28. The diagnosis was confirmed microbiologically in all 38 (100%) of

children; 18% on blood culture, 5% on antigen detection and 100% on

PCR assay for meningococcal DNA. In 27/38 (71%) of patients the

diagnosis was confirmed by PCRalone.

4.3.2. TREM in MCD

Results are shownin table 4.2. TREM wassignificantly higher in those

children with MCD compared to those children with no final diagnosis of

MCDandcontrol patients (P<0.001). There was no difference between

TREMlevels in the latter two groups (Figure 4.2).
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Patient Group N TREM(pg/mL) PCT (ng/mL) CRP(mg/dL)

MCD 38 61.0 (31.60-78.46) 20.2 (9.89-51.86) 96.5 (34.68-185.93)

GMSPS <8| 25 59.7 (30.60-77.40) 15.5 (8.46-24.16) | 128 (52.53-185.93)
GMSPS 28 13. 75.6 (39.10-121.60) 78.3 (19.24-125.13) 73.1 (28.00-217.40)

MM; 1 |35 _ 7.27 228.6
MS 28 71.2 (58.81-83.02)” 22.1 (12.51-89.34) 73.1 (29.30-133.33)

MMMS| 9 29.7 (18.77-62.96) 17.7 (9.12 - 29.94) 163.6 (132.00-368.00)

Non-MCD 32 10.3 (0.00-26.00) 0.4 (0.21-2.33)” 9.6 (4.00-29.88)

Controls 40 9.7 (0.37-22.23) 0.0 (0.00-0.10)      
Table 4.2: Table showing the values of TREM, PCT and CRPin the groupsof patients included

in the study. Values are shown as mediansandinterquartile ranges (IQR) (p<0.01" p<0.001°”.

TREMwassignificantly higher in those children with MCD comparedto those children with no

final diagnosis of MCD and control patients. PCT was significantly higher in those children

with MCD compared to those children with no final diagnosis of MCD and control patients.

There wasalso a significant difference in PCTlevels in the latter two groups. PCT levels were

significantly higher in children with varying severity of disease as measured by GMSPS. CRP

wassignificantly higher in those children with MCD comparedto those children with nofinal

diagnosis of MCD. CRPlevels were significantly higherin those children presenting with MS

and MMMS

GMSPS = Glasgow Meningococcal Septicaemia Prognostic Score, MM = Meningococcal

Meningitis, MS = Meningococcal Septicaemia, MMMS= Mixed Clinical Picture.
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Figure 4.2: Boxplot demonstrating TREM concentrations

(pg/mL) in the three groups of children analysed in this

study. Data are represented as medians with IQR. There

was a significant difference between those with MCD and

control / non-MCD patients (P<0.001) . There was no

difference in TREM levels betweenthelatter two groups.    
There was a significant difference in TREM levels in those children

presenting MS (n=28) and MMMS(n=9). Levels were significantly higher

in those children with MS alone compared to MMMS(Figure 4.3)
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Figure 4.3: Boxplot demonstrating TREM concentrations

(pg/mL) in children with MCD presenting with different

disease profiles. Data are represented as medians with

IQR. There was significant difference in TREM levels

between patients with MMMS and MS (P<0.05). MM =

meningococcal meningitis, MS = meningococcal sepsis,

MMMS= mixedpicture.    
There wasnodifference in TREMlevels in children with varying severity of

disease as measured by GMSPS. This remained true in the correlation

analysis with GMSPSscore, and also whenseverity was comparedin two

categories GMSPS 28 and GMSPS<8.

There was nocorrelation of TREM with age, duration of symptoms, WCC

and neutrophil count. There wasa significant positive correlation (P<0.05)

of TREM with bacterial load (correlation coefficient 0.56), PCT (correlation
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coefficient 0.51), CXCL8 (correlation coefficient 0.52), IL-1a (correlation

coefficient 0.49) and with CCL3(correlation coefficient 0.54) concentration
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4.3.3 PCT in MCD

Results are shown in table 4.2. PCT wassignificantly higher in those

children with MCD comparedto those children with no final diagnosis of

MCD and control patients (P<0.001). There was also a significant

difference (P<0.001) in PCTlevels in the latter two groups (Figure 4.5).

There was no significant difference in PCT levels in those children

presenting with MM, MS and MMMS.

There was a significant difference in PCT levels in children with varying

severity of disease as measured by GMSPS(Figure 4.6). This remained

significant with both correlation analysis (correlation coefficient 0.63,

P<0.001) and also when severity was compared in the two groups

GMSPS28 and GMSPS<8(P<0.001).

There was no correlation of PCT with age, duration of symptoms, WCC

and neutrophil count. There was a strong positive correlation (P<0.05)

between PCT and TREM (correlation coefficient 0.50) and bacterial load

(correlation coefficient 0.64) (Figure 4.7).
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Figure 4.5: Boxplot demonstrating PCT concentrations

(ng/mL) in the three groups of children analysed in this

study. Data are represented as medians with IQR.

There wasa significant difference between patients with

MCDandthose with no MCD. Levels weresignificantly

higherin this group compared to controls (P<0.001 ).
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Figure 4.6: Scatterplot demonstrating the

relationship between PCT concentrations (ng/mL)

and disease severity as measured by Glasgow
Meningococcal Septicaemia Prognostic Score

(GMSPS). There was a_ significant positive

correlation with severity of disease (P<0.001).
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Figure 4.7: Scatterplot demonstrating the relationship

between PCT concentrations (ng/mL) and bacterial

load (copies/mL whole blood). There was a significant

positive correlation with bacterial load (r=0.50).
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4.3.4 CRP in MCD

Results are shownin table 4.2. CRP wassignificantly higher (P<0.001) in

those children with MCD compared to those children with no final

diagnosis of MCD(Figure 4.8).
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Figure 4.8: Boxplot demonstrating CRP

concentrations (mg/dL) in the two patient groups

analysed in this study. Data are represented as

medians with IQR. There wasa significant difference

in CRPlevels between the groups (P<0.001).    

There wasa significant difference in CRP (P<0.01) levels in those children

presenting with MS and MMMS.
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There was nosignificant difference in CRPlevels in children with varying

severity of disease as measured by GMSPS. This remained true with

both correlation analysis and also when severity was comparedin the two

groups GMSPS28 and GMSPS<8.

4.3.5 Baseline plasma levels of TREM, PCT and CRP

Baseline levels of TREM, PCT and CRP weresignificantly higher in those

patients with MCD than in those with an alternative (presumed viral)

diagnosis. Median plasma sTREMlevels on admission were 10.3pg/mL

(IQR; 0.00-26.00) in non-MCD patients and 61.0 pg/mL (IQR; 31.60-

78.46) in patients with MCD (P<0.001). Median plasma PCT levels on

admission were 0.4ng/mL (IQR; 0.21-2.33) in non-MCDpatients and 20.2

ng/mL (IQR; 9.89-51.86) in patients with MCD (P<0.001). Median plasma

CRPlevels on admission were 9.6 mg/dL (IQR; 4.00-29.88) in non-MCD

patients and 96.5 (IQR; 34.68-185.93) in patients with MCD (P<0.001).

The accuracy of the various analytes to distinguish patients with MCD

varied greatly. As shownin Figure 4.9, plasma PCT had the highest

discriminative value, with an area under the receiver-operating

characteristic (ROC) curve (AUC) of 0.92 (95% Cl, 0.86-1.00), followed by

TREM (AUC,0.87 [CI 0.79-0.96]) and CRP (AUC,0.84 [Cl 0.74-94)).

Table 4.3 shows the sensitivity, specificity, and positive and negative

predictive values for TREM, PCT and CRP. A cut off of 15 pg/mL TREM

yielded a sensitivity of 92% (Cl, 77-98) and a specificity of 63% (Cl, 43-

79). Ata cutoff of 2ng/mL PCTyielded a sensitivity of 97% (Cl, 86-100)

with a specificity of 75% (Cl, 57-88).

Using logistic regression analysis a combination of PCT and CRPyielded

a sensitivity of 97% (Cl, 76-98) and a specificity of 84% (Cl, 67-95). A

combination of TREM and PCT gave a comparable sensitivity of 97% (Cl,

85-100) but a poorer specificity (68% [Cl, 47-83]). The combination of

TREM, PCT and CRP demonstrated a sensitivity of 97% (Cl, 84-100) and

a specificity of 90% (Cl, 74-98).
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Figure 4.9: Receiver-operating characteristic curves (ROC) for

various cut-off plasma levels of TREM, PCT and CRP in

differentiating those children with MCD. Area under ROC were

0.92 (95% Cl, 0.86-1.00) for PCT, 0.87 (Cl 0.79-0.96) for TREM, 0.84

(Cl 0.74-94) for CRP, 0.94 (0.88-0.99) for PCT+TREM and 0.94

(0.87-1.00) for PCT+CRP+TREM.  
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Diagnostic Test Sensitivity (%) Specificity (%) PPV (%) NPV (%)

TREM >15pg/mL 92 (77-98) 63 (43-79) 75 (60-88) 87 (66-97)

PCT >2ng/mL 97 (86-100) 75 (57-88) 82 (68-92) 96 (80-100)

CRP >30 mg/dL 82 (65-93) 75 (57-89) 78 (61-90) 80 (61-92)

PCT + TREM 97 (85-100) 68 (47-83) 78 (63-89) 95 (77-100)

PCT + CRP 97 (76-98) 84 (67-95) 86 (71-95) 90 (73-98)

PCT+CRP+TREM 97 (84-100) 90 (74-98) 91 (76-98) 97 (82-100)      
 

Table 4.3: Table showing the sensitivity, specificity, and positive (PPV) and negative
predictive (NPV) values for TREM, PCT, CRP and combinations of the diagnostic tests. 95%
confidenceintervals are in parentheses
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4.3.6 TREM expression using RT-PCR

There was nosignificant difference in relative TREM expression in the

whole blood of patients with MCD compared to the non-MCD group

(Figure 4.10).
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Figure 4.10: Boxplot demonstrating that there was no

difference in the relative gene expression (2%) of TREM

in children with and without a final diagnosis of MCD.  
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4.4 DISCUSSION

4.4.1. The role of TREM in MCD

TREM-1 is a recently discovered memberof the Ig superfamily expressed

on the surface of neutrophils, mature monocytes and macrophages(281).

Although the endogenous ligand of TREM-1 remains unknown, co-

stimulation with various TLR ligands such as LPS, synergistically

enhances the inflammatory response (281;286). Indeed TREM-1 is

considered an amplifier of inflammation in response to microbial products.

Its functional significance has been underlined in murine models of septic

shock since blockade of the TREM-1 pathway was shownto inhibit hyper-

responsivenessand death (281;297).

This is the first study to examine the role of TREM in MCD,and the use of

sTREMas a diagnostic marker of MCDin children presenting with fever

and a non-blanching rash. In our series sTREM wasatits highest levels

in those patients with MCD in comparison to non-MCD and control

patients, who had equivalent levels. _sTREM was also higher in

meningococcal septicaemia (n=28) than in those patients presenting with

meningococcal meningitis alone (n=1) or with a mixed picture (n=9). Our

results are similar to previous studies which have shown that sTREM is

raised in those patients with bacterial infection compared to SIRS

(294;299). These studies did not compare patients suffering from viral

infections with those with bacterial infections as our study has done.

Recent evidence suggests that viral triggers can also increase activation

of TREM on humanneutrophils and increase sTREMlevels (300).

In the children studied with MCD there was no difference in the sTREM

levels in children with more severe disease as judged by the GMSPS.

This is in contrast with adult studies which have demonstrated lower

STREMlevels (<150 ng/mL) at presentation in those patients who are
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morelikely to die as a result of their sepsis (294;299). These studies did

not include anypatients with viral disease.

We have demonstrated a significant positive relationship of sSTREM with

IL-1a, CXCL8 and CCL3. This is consistent with the hypothesised role of

STREMin the amplification of inflammatory responses in the presence of

LPS as aco-stimulus. In mice, monoclonal agonist antibodies to TREM-1

have been shownto stimulate the production of the pro-inflammatory

cytokines and chemokines CXCL8, IL-1a, CCL2 and CCL3 (281;286).

Although the activation of TREM-1 in the presence of TLR1 or TLR4

ligand amplifies the production of pro-inflammatory cytokines TNFa,IL-18

and GM-CSFand inhibits IL-10 release we found that there was no

correlation of sTREM with TNFa or IL-1, and that IL-10 was positively

correlated to sTREM levels. This is not surprising as the immune

response to sepsis involves a complex interplay of chemical mediators

which may override the inhibitory / stimulatory capacity of other

substances.

It remains unclear whether TREM-1 directly recognises bacterial products

similar to TLR’s and, although recent work indicates that expression

correlates more with the inflammatory response than with bacterial

proliferation (285), our study demonstrated that there was a significant

positive relationship between TREMandbacterial load. This would bein

keeping with the finding that expression of TREM has been demonstrated

to be upregulated in the presence of bacteria, and that co stimulation of

neutrophils, macrophages and monocytes with various TLR ligands,

including LPS, enhancethe inflammatory response (214;281;286). It may

also be the case that TREM-1 recognises a soluble protein or cell surface

protein that is expressed de novo, or over expressed as a result of

bacterial proliferation, inflammation and/or tissue damage.

TREM also had positive relationship with PCT. Microbial infection

induces a constitutive release of PCT from all parenchymal tissues and

differentiated cell types throughout the body (301). This suggests a
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pathophysiological function of PCT in the acute immune response,

although at presentthis function is not understood. Comparedto classical

cytokines, the transcriptional expression of calcitonin-mRNA seems

more uniformly up-regulated in sepsis (301). The inflammatory release of

PCT can be induced either directly via microbial toxins (e.g., LPS) or

indirectly via a humoralor cell-mediated host response (e.g., IL-18, TNFa,

IL-6) (301;302). The induction can be attenuated by cytokines also

released during a viral infection (e.g., IFNy). It may be that both PCT and

sTREM are upregulated by an independent mechanism in sepsis,

however, it could be postulated that LPS may affect both PCT mRNA

induction directly and TREM expression indirectly as a co stimulus, or

TREM mayindirectly affect PCT releasevia its ability to amplify production

of pro-inflammatory mediators.

4.4.2 Diagnostic use of TREM in MCD

The differentiation between bacterial and non-bacterial infection in those

children presenting with a fever and a non-blanching rash remainsdifficult.

Although some patients have clear evidence of meningococcalinfection

making the diagnosis straightforward, others present a diagnostic

conundrum and many of these patients receive antibiotics until cultures

have proven negative.

An ideal biological marker of MCD would fulfil rigorous criteria: it must be

sensitive and specific; it must be able to be rapidly performed; and it must

be of low cost and correlate with disease severity. The sTREM assay

seems, therefore, to be a good candidate. Its accuracy has been

demonstrated both in pneumonia (98% sensitivity, 90% specificity) and in

humansepsis (96% sensitivity, 89% sensitivity). Moreover, the specific

involvement of TREM during infection and not during non-infectious

inflammatory disorders has been evidencedin clinical studies (214;281).

A combined measurement of serum PCT and BAL sTREM concentrations

helped to discriminate ventilator associated pneumonia from non-

pulmonary infection (303) and reduction of serum sTREM and CRPlevels
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were a useful indicator of antibiotic response in patients with community

acquired pneumonia (304).

In this study, sTREM concentrations were significantly higher in the

patients with MCDthan those without. This wasalso true of levels of PCT

and CRP.

ROCplots demonstrated that although plasma sTREM appeared to be a

good marker of sepsis, PCT performedbetterin this study. The sensitivity

and specificity of the sSTREM assay waslowerin our study than previously

quoted, which mayreflect the characteristics of the study population; we

were comparing bacterial infection with probableviral infection, rather than

non-infective SIRS. The combination of PCT and sTREM made no

difference to the sensitivity but reduced the specificity of PCT. The

addition of CRPto the logistic equation increased sensitivity and specificity

and performed better than PCT alone.

The data from this study suggest that assaying sTREMin plasma samples

from children with suspected MCD,in combination with other biological

markers may be a valuable addition in helping to accurately diagnose

those with definite disease. sTREM cannot be presented as the gold

standard alone but in combination performs better than tests currently

used (CRP) and may be a useful adjunctin diagnosis.

The cost of the sTREM assayis approximately £7 per test (at 2007 prices)

compared to approximately £5 per test for PCT (both in a research setting)

and £1 for CRP. It would seem that the mostcost effective solution would

be a combination test of PCT and CRP whichin our study gave a PPV of

86% and NPV of 90%, the addition of sTREM onlyled to an increase of

PPV by 5% and NPV by 7%.

4.4.3 TREM Expression

RT-PCRanalysis revealed no difference in relative TREM-1 expression in

the two groupsof patients in the study. TREM-1 has been shownto be
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strongly expressed in infections caused by both Gram positive and Gram

negative bacteria (214) and previous studies have shown that expression

of TREM-1 in monocytes is higher in patients with sepsis than in healthy

volunteers (305). LPS has been shownto increase TREM-1 expression

on the surface of monocytes but mRNA levels, measured by RT-PCR,

remain unchanged suggesting that the increase in expression may be

secondary to a post-transcriptional mechanism (306). Post-transcriptional

regulation is an important mechanism that controls the expression of many

pro-inflammatory mediators, whose mRNAis short lived in resting cells but

becomesstabilised and efficiently translated upon stimulation with TLR

agonists, such as LPS(307).

Practically, our system of bloodcollection and analysis using the PaxGene

system measures expression in whole blood. Thus we are unable to

determine which cell type is responsible for increased, or decreased,

expression. There is also no data at present regarding the correlation of

STREM, which measured by the commercial ELISA, and shed or

membrane bound TREM.

4.5 CONCLUSION

In conclusion, sTREMis increased in children with MCD and correlates

significantly with other inflammatory mediators known to be importantin

the pathophysiology of MCD andindeed related to the immune response

mediated by TREM-1. This study has confirmed previous studies that a

high sTREM concentration is a marker of bacterial infection but less

sensitive and specific than PCT which predicts MCDin children presenting

with a fever and a non-blanching rash with a greater degree of accuracy.

It is important to acknowledge that, in the use of biological markers to

identify infection, use in isolation delivers poor performance. Certainly in

the case of MCD, it appears that a panel of indicators is of greater
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predictive value. The addition of sTREM to PCT and CRP doesincrease

the sensitivity, specificity, PPV and NPV however, at present, is cost

prohibitive and economically a combination of CRP and PCT appears to

be a more viable option. As clinicians therefore we cannot, and indeed

should not, rely on biochemical markers to distinguish bacterial infection

from other causes of fever and a petechial rash and instead should use a

combination of careful history, clinical acumen and detailed examination to

identify those children at risk of bacterial infection.

Finally, studies have demonstrated that the degree of silencing of TREM

mRNA can result in variable outcomes with total silencing leading to

increased mortality in a polymicrobial sepsis model, but resistance to

lethal endotoxin challenge, whilst partial silencing produces a significant

survival benefit (287). This highlights the therapeutic promise, but also

potential risks of modulation of the TREM pathwayin sepsis.
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Chapter 5

THE PROSPECTIVE COMPARISON OF TWO DIFFERENT
SEVERITY SCORES; THE GLASGOW MENINGOCOCCAL
SEPTICAEMIA PROGNOSTIC SCORE [GMSPS] AND THE

LIVERPOOL MENINGOCOCCAL SCORE[LMS)])IN
MENINGOCOCCALDISEASE
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5.1 INTRODUCTION

Meningococcal disease follows a fast and fulminant course and mortality

had been shownto vary in different series from 18 to 53% (8;308-313).

The prompt administration of parenteral antibiotics, volume resuscitation

and the aggressive use of inotropes hasled to a significant reduction in

mortality (136;138), and mortality in children admitted to PICU’s in the UK

has fallen to between 2% and 9%.

Several scoring systems have been developed to predict prognosis

(8;181;229:308;309;312;314-317). These depend on knowledge of poor

prognostic features which discriminate severe disease with a poor

outcome from mild disease whichis rarely fatal.

The most widely used of the scoring systems is the GMSPS(Table 2.1).

This score, developed by Sinclair (181), and validated retrospectively by

Thomson (182), is useful in identifying the severity of disease and

predicting mortality. The score was also prospectively evaluated and

compared with nine other severity scores (183). The GMSPS

demonstrated the best performance characteristics, was more sensitive

than laboratory markers and confirmed previous studies showing thatit

reliably predicted high risk patients (228). A GMSPS 28 was able to

accurately identify children at risk of dying from MCD (OR = 87.0) andis

used in four main circumstances: to decide on the needfor transfer to a

PICU,to identify a group with a high risk of mortality (in the group with a

GMSPSof 28, mortality is approximately 30% against a background risk

of 5-10% in MCDas a whole), to compare outcome between centres, and

to define patients whoare eligible for double blind placebo controlledtrials

of new therapies, for example the Bactericidal Permeability Increasing

Protein (BPI) study (206).
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This score is particularly valuable becauseit can be repeated. This allows

identification of deteriorating disease, both for patients whoinitially scored

<8 but then moved into the 28 category, and patients who were 28 but

then deteriorated further (225). The GMSPSrequires the measurementof

acid-base and a skin-core temperature differential. Children with MCDwill

often present in the A/E setting and the equipment required to measure

these parameters may not be readily available in the department, which

meansit cannot be rapidly measured at the bedside. Mostclinicians in

this setting are now familiar with the use of capillary refill time (CRT) rather

than skin-core gradient as a sign of impending shock. This is part of the

standardised approach to the ill child advocated by the Advanced

Paediatric Life Support (APLS) (318). However, the APLS approach was

not widely used when the GMSPSwasinitially constructed.

In MCD, a numberofclinical variables have been shownto be significantly

associated with mortality: these include hypotension, the presence of

necrotic skin lesions, abnormal respiratory pattern and a coma score of

less than 8. Laboratory variables associated with mortality include WCC,

platelet count, endotoxin, TNFa andIL-6 levels (319). Marzouk, in her MD

dissertation (319), performed stepwise logistic regression analysis on

these clinical and laboratory variables, with mortality as the dependent

variable. The three clinical variables that remained significant were

hypotension (p<0.01), the presence of necrotic skin lesions (p<0.001), and

an abnormal respiratory pattern (p<0.05). The first variable is included in

the GMSPS,but the latter two are not. This suggested that there may be

some scope for modifying the GMSPSto achieve a better predictive value.

A scoring system that was simple to use and accurate to compile, would

therefore have advantages over the GMSPS. This was the rationale

behind the development of the Liverpool Meningococcal Score (LMS)

(224:227) (Table 5.1). A prospective study on 126 children was carried

out in order to derive a new integer-weighted scoring system based on a

logistic regression model to predict severity of disease in MCD. The
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variables used were modified coma score, hypotension, CRT, clinical

deterioration (as relayed by parents/nursing staff), tachycardia and

increased workof breathing (Table 5.1). These variables were chosenas,

in the previous cohort from the sameinstitution (319), some of these

variables were associated with mortality. The others were chosen as they

were part of the APLS approachtotheill child (318):

1. Hypotension: Odds Ratio (OR) 40.3 for severity, 18.3 for mortality,

p<0.01

2. Modified coma score: OR 26.7 for severity, 6.2 for mortality,

p<0.05

3. Deterioration in hour preceding scoring: OR 29.5 for severity, 5.3

for mortality, p<0.05

4. Necrotic skin lesions: OR 10.2 for severity, 46.5 for mortality,

p<0.001

5. Capillary refill time: introduced as part of APLS assessment since

Marzouk’s data, and easily quantified

6. Increased work of breathing and/or grunting: variable abnormal

respiratory pattern was significantly associated with mortality, but

not tested separately. Also introduced as part of the APLS

assessment.

7. Absenceof neckstiffness : OR of 2.5 for severity , p<0.05

8. Tachycardia: Included becauseit is well recognised as an early

sign of impending shock.

9. Age over 12: Included because in our database spanning 22

years of 726 children with confirmed MCD, a higher proportion of
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children >12 died; 8/41 (20%) compared to those < 12 years;

61/685 (9%), (Chi-squared test, p=0.02).

Skin-core temperature gradient, extending purpura and basedeficit were

not significant on logistic regression analysis (319), and therefore

excluded. Tachypnoea and variable respiratory rate were not included as

variables because they correlated highly with increased work of breathing

(including highly correlated variables into the regression model could have

reducedthe validity and robustness of the model).

The results were analysed retrospectively. Univariate analysis was

performed on the 9 variables above, which wereall significant (p<0.05).

On multivariate analysis using forward stepwise logistic regression, three

variables were significant at p<0.05. These were modified coma score

(regression coefficient of 4.39), clinical deterioration (2.85), and poor CRT

(1.71). Three other variables i.e. tachycardia, hypotension and increased

work of breathing were also included because of the amount of evidence

in the literature regarding their importance. This gave a total of six

variables for the LMS. The weightings for these variables were then

obtained by a further logistic regression with these six, and the integers

used in the LMSare the coefficients from the regression equation rounded

to whole numbers. The addition of the last three variablesto thefirst three

significant variables resulted in an improvement in the fit of the model (a

changein —2 log likelihood from 66.9 to 60.9, df=3, p=0.11).
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Clinical signs or symptoms Score

Increased work of breathing 1

Tachycardia 1

Capillary refill >3 seconds 1

Hypotension 1

Deterioration in the preceding hour 2

Modified Coma Score <8 or 4
deterioration 2 3 points in an hour

Maximum Score 10

Table 5.1: Liverpool Meningococcal Score (LMS). Notes:

1. Modified coma score: (total score= eyes open + best verbal response + best
motor response)

EYES OPEN spontaneously
to speech

to pain

none

BEST VERBAL RESPONSE orientated

words

vocal sounds

cries

none

BEST MOTOR RESPONSE obeys commands
localizes pain
flexion/extension to pain

none

2. Hypotension: Systolic blood pressure (mm Hg) < 70 +2 (age in years)
3. Capillary refill: Cutaneous pressure on a digit for 5 seconds and counttime

for colour to return. Extremity should belifted slightly above the level of the
heart.

4. Deterioration: Ask parents or nursing staff
5. Tachycardia: Age Heart Rate

1-6 >150
6-11 >130

>11 >120
6. Increased work of breathing: Recession, grunting, nasalflaring, or use

of accessory musclesof respiration.
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The performancecharacteristics of the LMS were then compared with the

GMSPS,the main outcome measure being the need for ventilation. The

LMS correlated well with the GMSPSand, using ROC plots, performed

better than the GMSPSin predicting death and the need for ventilation.

The odds ratios for GMSPS 28 and LMS 26 with ventilation as the

outcome were 63.9 and 73.4 respectively. The LMScorrelated better with

TNFa, IL-6 and CXCL8. The conclusions of this study suggested that it

performed as well as the GMSPSbut waseasierto usein practice.

The initial derivation and comparison of the LMS and GMSPS were

performed prospectively and the aim of this study wasto

1) Prospectively validate the LMS score on a different cohort of children

with the whole spectrum of MCD

2) Compare the LMS with the GMSPS

3) Correlate the LMS with cytokines and bacterial load

5.2 MATERIALS AND METHODS

Patient recruitment, data collection and blood sampling are detailed in

Chapter2.

Bacterial load quantification is as described in Chapter 2, whilst cytokine

(IL-1a, -18, -6, CXCL8 and TNFa) quantification is as described in Chapter

6.

The primary endpoint for determining outcome was the need for

ventilation. Death was not used as a primary endpoint because of the

small numbers involved that has resulted from the falling mortality in MCD

seen at this institution and others. For admissions to PICU, the highest
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scores prior to admission to PICU were used, and for others the highest

score at any time wasused.

5.3 RESULTS

In summary; 38 children were given a final diagnosis of MCD,all were

confirmed microbiologically. Median GMSPS was 5 (IQR; 3-8) and

median LMS was 4 (IQR; 1-7). Sixteen (42%) children had a LMS of 2 6

and 13 (34%) children had a GMSPSof28.

Higher scores for both LMS and GMSPS were demonstrated in those

children requiring ventilation (P<0.001) whilst there was no difference in

those children with increased length of stay (LOS) compared to the

median (Table 5.2). The performance characteristics (positive predictive

value, negative predictive value and likelihood ratio) of the two scores in

determining need for ventilation and prolonged hospital stay beyond the

median are shownin Table 5.3. Both scores performed equally well in

predicting the need for ventilation whilst poorer performance was

demonstrated in predicting prolonged LOS. The odds ratios (OR’s) for

GMSPS28 and LMS26with ventilation as the outcome was 35 and 67

respectively, whilst the OR’s for prolonged length of stay were 2 and 3

respectively.
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LMS GMSPS

Ventilated

YES (n=20)| 7 (4-9) 8 (5-9)
NO (n=18)| 1 (1-3) 3 (2-4)

Length of Stay
<8 days (n=16)| 2 (1-6) 3 (4-8)
28 days (n=22) 3 (4-8) 3 (6-8)
 

Table 5.2: Table showing median (IQR) scores in meningococcal
patients in two groups; those who were ventilated and those who
stayed beyond the median length of stay (p<0.001). Significantly
higher scores for both LMS and GMSPS were demonstrated in those
children requiring ventilation whilst there was no difference in those
children with increased length of stay. LMS = Liverpool
Meningococcal Score, GMSPS = Glasgow Meningococcal
Septicaemia Prognostic Score.

 

 

 

 

 

 

 

 

      

Scoring Method AUC PPV NPV Likelihood
Ratio

GMSPS
Ventilation 0.94 (0.88-0.99) 0.93 (0.70-0.99) 0.70 (0.53-0.83) 16.1

Prolonged LOS| 0.61 (0.46-0.77) 0.41 (0.20-0.63) 0.76 (0.58-0.89) 1.6

LMS
Ventilation 0.91 (0.83-0.99) 0.95 (0.75-0.99) 0.78 (0.61-0.89) 20.4

Prolonged LOS| 0.61 (0.46-0.77) 0.40 (0.23-0.59) 0.83 (0.62-0.95) 1.6
 

Table 5.3: Table showing the performance characteristics for the two scoring

systemsin predicting the need for ventilation and prolonged length of hospital stay

beyond the median. 95% confidence intervals are in parentheses. GMSPS =

Glasgow Meningococcal Septicaemia Prognostic Score, LMS = Liverpool

Meningococcal Score, LOS = Length of stay beyond the median of 8 days, AUC =

Area Under the Curve, PPV = Positive Predictive Value, NPV = Negative Predictive

Value.

The AUC for GMSPS and LMSwith ventilation and prolonged LOS as

outcome measures are also shownin Table 5.3, Figure 5.1a and Figure

5.1b.

demonstrated better prediction with ventilation as the outcome measure.

Both scores were comparable in their characteristics and
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Figure 5.1a: Receiver-operating characteristic curves (ROC)
for GMSPS and LMSwith ventilation as the outcome. Area
under ROC (AUC) were 0.94 (95% Cl, 0.88-0.99) for GMSPS
and 0.91 (0.83-0.99) for LMS.    
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Figure 5.1b: Receiver-operating characteristic curves (ROC)
for GMSPS and LMSwith prolonged length of stay as the
outcome. Area under ROC (AUC) were 0.61 (95% Cl, 0.46-
0.77) for GMSPSand 0.61 (0.46-0.77) for LMS.
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The LMS wassignificantly correlated with GMSPS (r = 0.84; P<0.001)

(Figure 5.2). There were strong and significant positive correlations

between LMS and GMSPSandIL-1, -6, CXCL8 and bacterial load

(Figure 5.3). There was no correlation with TNFa (Table 5.4).
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Figure 5.2: Scatterplot demonstrating the correlation
between the Liverpool Meningococcal Score (LMS) and the

Glasgow Meningococcal Septicaemia Prognostic Score

(GMSPS). r= 0.84 (P<0.001).   
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Figure 5.3: Scatterplot demonstrating the significant

positive relationship between the scoring systems and

bacterial load. GMSPS (r=0.50, p<0.01). LMS (r=0.54,

   

 

 

 

       

p<0.01)

IL-1B IL-6 CXCL8 TNFa Bacterial Load

GMSPS 0.36 0.39° 0.42° 0.05 0.50°
LMS 0.42" 0.38 0.42" 0.09 0.54"  

Table 5.4: Table showing correlation coefficients of the two scoring methods and

Interleukin (IL) 1B, IL-6, IL-8, Tumor Necrosis Factor (TNF)-a (p<0.05, p<0.01°) and

bacterial load. LMS = Liverpool Meningococcal Score, GMSPS = Glasgow

Meningococcal Septicaemia Prognostic Score.
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5.4 DISCUSSION

In this chapter a previously devised integer-weighted scoring system, the

LMS, was validated prospectively. This score is composed entirely of

clinical variables that are well defined, and can be measured at the

bedside objectively and rapidly.

In this study we have demonstrated that the LMS correlates well with the

GMSPS, the current gold standard, which has been validated

retrospectively and prospectively. The LMS performs equally well as the

GMSPSin predicting the need for ventilation. Both scores were unable to

accurately predict a prolonged LOS. Both scoring methods demonstrated

significant correlation with the cytokines IL-1, -6, CXCL8 and bacterial

load. These cytokines have been shownto be elevated in MCD,with the

highest levels seen in the most severe disease (58;59;94) and bacterial

load at presentation has been shownto correlate with disease severity

(241;320).

The LMScould be a valuable tool for the general paediatrician assessing

which children need to be referred to the PICU. In our study

approximately half of the MCD patients presenting to hospital required

PICU admission. The Malley score (321), also derived using multivariate

regression, comprises laboratory variables such as full blood count and

coagulation, the results of which may not be immediately available when

the child is first assessed. In clinicians who are trained in the APLS, the

LMS is easier and more practical to use andit is likely to be used in

practice more widely than the GMSPS. Tachycardia, increased work of

breathing, hypotension, capillary refill and coma scores are part of the

initial Airway, Breathing, Circulation and Disability (ABCD) assessment.

Familiarity with all the components of the score makes it more user

friendly.
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It may be argued that with the existence of so many scoring systemsfor

MCD that there is no requirement for a new score. It may also be

highlighted that the LMS is no more valuable than merely assessing the

two variables ‘modified coma score <8 or deterioration >3 points in 1 hour

and ‘deterioration in the preceding hour’. The original purpose of the

derivation of this score was to identify patients at risk of poor outcome,in

order to ensure aggressive management, butit is different with regard to

other scoring systemsin that it is comprised entirely of clinical variables

that can be rapidly measured at the bedside. Scoring systems such as

PRISM (229;311;322) and PIM (317) are useful for admissions to PICU,

but show wide inter-observer variability, and training and guidelines for

score assessment are advocated (323).

Dueto the falling mortality of MCD, death is no longer a valid outcome

measure. The need for ventilation is a decision often made by general

paediatricians and paediatric intensivists on clinical assessment, or via

telephone advice to a referral centre whilst a transport team is being

dispatched. It is a valid endpoint that is easily defined. The duration of

hospital stay above the median,is another endpoint, which we have used,

but gives both scores give lower performance characteristics. In addition,

this endpoint might be confounded by children whosestay in hospital was

prolonged as a result of complications of intensive care, rather than

complications of the diseaseitself.

One of the weaknesses of the study is that the Modified Coma Score is

not very familiar to emergency physicians, and also deterioration may be

subjective. However, the original study endeavoured to use as many

variables as possible from the GMSPS(including the cut-off values for the

modified coma score), which has performed well in other settings,

including our own.

In the present study the LMS has been validated prospectively, but in a

much smaller number of patients (n=56) than in the original derivation

study (n=126). Before it can be recommended for widespread use
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therefore it must be validated prospectively in a larger study population.

This would be best performed as a multi-centre study in order to recruit

large enough numbers for a study with sufficient power to give a

conclusive result. In the prospective validation study, the Blantyre Coma

score (324), which is a simplified score that is much more easily

remembered (Table 5.5), could be compared with the modified coma

 

 

 

 

 

 

 

 

 

 

 

 

 

 

score.

Score

Best motor response
Localizes with painful stimulus* 2
Withdrawslimb from painful stimulus" 1
No responseor inappropriate response 0

Best verbal response

Cries appropriately with painful stimulus* or if verbal, speaks 2
Moan or abnormalcry with painful stimulus 1
No vocal responseto painful stimulus )

Eye movement

Watchesorfollows (e.g. mother’s face) 1
Fails to watch orfollow 0
    
 

To obtain “coma score”, add scores for each section; maximum=5,

minimum=0
* Pressure with blunt end of pencil on sternum or supraorbital ridge

+ Pressure with horizontal pencil on nail bed of finger or toe

Table 5.5: The Blantyre Coma Score
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5.5 CONCLUSION

The LMSis scientifically derived clinical scoring system which can be

assessed at the bedside, and whichfits well with the APLS approachto

the sick child, with which most paediatricians are now familiar. It could

serve as a rapid andreliable tool in the assessmentof a child with clinical

MCD, and can be performed within a few minutes without the need for

non-clinical variables. A score of greater or equal to 6 should alert

clinicians that the child is likely to need ventilation and that prompt

discussion with a PICUis necessary.
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Chapter 6

THE ASSOCIATION OF THE CHEMOKINES MONOCYTE
CHEMOTACTIC PROTEIN-1 (CCL2), MACROPHAGE

INFLAMMATORYPROTEIN-1 ALPHA (CCL3) AND INTERFERON-
GAMMA-INDUCIBLE PROTEIN 10 (CXCL10) WITH CLINICAL AND
BIOCHEMICAL PARAMETERSIN MENINGOCOCCALDISEASE

126



6.1 INTRODUCTION

Chemokines (or chemoattractant cytokines) are a family of small proteins

(8-10 kDa) that possess chemoattractant properties for a number of

immunecell types. They are subdivided into 4 distinct subfamilies (CC,

CXC, CX3C and C) depending on the arrangement and numberof the

conserved N-terminal cysteine molecules (325). The CC chemokines

(also called 8 chemokines), or CCL chemokines according to more recent

nomenclature (326), have the first 2 cysteine molecules adjacent and

include regulated on activation normal T cell expressed and secreted

(RANTES / CCL5), monocyte chemotactic protein-1 (MCP-1 / CCL2) and

macrophage inflammatory protein-1a (MIP-1a / CCL3). They

preferentially attract monocytes, T lymphocytes, eosinophils, basophils,

dendritic cells, and NK cells (327). CXC chemokinesinclude interferon-y-

inducible protein 10 (IP-10 / CXCL10) and interleukin 8 (IL-8 / CXCL8).

CXCL10, acting via the chemokine receptor CXCR3, plays a vital role in

the generation and delivery of an effector T-cell response (328) whilst

CXCL8is the major chemoattractant for neutrophils (81).

The role of CCL5 and CXCL8 have beenpreviously investigated in MCD

(67:80) where lower levels of CCL5 and higher levels of CXCL8 were

found in those with more severe disease.

6.1.1 CCL2 (Monocyte Chemotactic Protein-1)

CCL2 wasfirst designated monocyte chemotactic and activating factor

because it stimulated chemotactic migration of human monocytes and

activated them to kill tumors in-vitro (329). CCL2 is produced by

fibroblasts, endothelial cells, monocytes, macrophages and tumorcells

(330), and has been shown to be expressed in many different

inflammatory diseases, including atherosclerosis, allergic asthma,

inflammatory bowel disease, type II diabetes and allogenic transplant

rejection, all of which are characterised bytheinfiltration of mononuclear

cells (331-334).
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As well as playing an essential role in the recruitment of monocytes to

sites of inflammation in several inflammatory models (335) it has been

shown to mediate monocyte infiltration in response to endotoxaemia

(336). It also has been shownto be involved in recruitment and activation

of T cells, mast cells and basophils during inflammation (337). It is

produced in responseto various stimuli including TNFa,IL-18, IL-4, IL-6

and endotoxin (338-342) and, in addition to its chemotactic properties,

CCL2 is believed to promote inflammation by directly activating specific

macrophageeffectorcell activities, including 62 integrin expression, and

tumorcidal activity (343). It has also been shownto increase monocyte

adhesionto inflamed vasculature via the MAPK signalling cascade (344).

CCL2 has been identified as a potent mediator of sepsis. Following

administration of endotoxin to both baboons (345) and humans (346-348)

plasma levels of CCL2 increase substantially, and in an ex vivo whole

blood model, purified meningococcal LPS induced CCL2 production (67).

Elevated plasma CCL2 has also been demonstrated in patients with

sepsis, including pneumococcal (349) and meningococcal sepsis

(67;338;347). It has been found to be increased in the CSFof patients

with both viral (350) and bacterial (351) meningitis.

Administration of anti-CCL2 monoclonal antibodies significantly decreased

macrophage infiltration into the ventricular system of rats with

experimental Hib meningitis (352). Furthermore when mice treated with

anti-CCL2 antibodies were exposed to endotoxin there was anincreasein

mortality from 10% to 69% (353). Conversely, administration of CCL2

during endotoxin challenge protected the mice from death (353). Similar

results were found by Matsukawa (354) with a CLP model of murine septic

peritonitis. He demonstrated an increase in CCL2in the peritoneum, with

CCL2 blockade decreasing survival and enhancing recovery of viable

bacteria. Nakano and colleagues (355) demonstrated that administration

of CCL2 increased survival of mice lethally infected with Salmonellae by

increasing macrophage activation, and offered protection against lethal
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systemic infection against Pseudomonas aeruginosa when administered 6

hours before the infection. More recent studies (356) have confirmed that

CCL2 deficient mice became moribund earlier and had higher mortality

when infected with Salmonellae. It was also demonstrated that these

mice had higherlevels of bacteria in the liver and increased levels of IL-6

and TNFa, with lower levels of IL-10. Administration of anti-CCL2

antibody has been shownto reducelevels of IL-10 in murine sepsis (353)

suggesting that CCL2 may possess some important anti-inflammatory

properties.

It has been demonstrated that mice deficient in CCR2 (a receptor for

CCL2) exhibited defects in macrophage recruitment and clearance of

bacteria in several organsincluding the liver, spleen and lung when they

were challenged intravenously with Listeria monocytogenes (357).

Studies have shown that in knockout mice, the deletion of CCR1

decreased the pulmonary damage seen in severe acute pancreatitis as

evidenced by the reduction in lung MPO and microvascular permeability

(358). Similarly, treatment with Met-RANTES, a CCR1 antagonist,

protected mice against acute pancreatitis-associated lung injury, and

blockade of CCL2 synthesis protected mice against acute pancreatitis

(359:360). These observations would imply that CCL2 is involved in the

monocyte/macrophage mediated protection against bacterial infection and

may havea function in the pathogenesis of MCD.

6.1.2 CCL3 (MacrophageInflammatory Protein 1a)

CCL3 was first purified in 1988 from the supernatant of endotoxin-

stimulated murine macrophages (361). It is a LPS inducible heparin

binding polypeptide with leucocyte chemotactic activity, including

neutrophils and monocytes (362;363). It has both phagocyte stimulating

and pro-inflammatory properties (364). The role of CCL3 has been

demonstrated in varying conditions including Helicobacter pylori gastritis

(365), asthma (366), heart failure (367), rheumatoid arthritis (368),

osteoarthritis (369), Kawasaki disease (370) and HIV infection (371).
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CCL3 is produced by monocytes, neutrophils (372;373) and activated

lymphocytes (374). Low levels can be detected in resting monocytes and

macrophages. Upon stimulation of human monocytes with inducing

agents, including meningococcal LPS andlipoteichoic acid, significant

secretion is observed (67;375-377), and CCL3 was the most abundant

chemokine expressed (378). Expression of CCL3 is also induced by IL-1

and TNFa (372). In contrast, inhibition of the LPS mediated CCL3

production in monocytes wasreported upon addition of IL-4, -10 and -13

or dexamethasone (375;376;379;380). CCL3 secretion was also

enhanced during monocyte-endothelial cell interactions and this may

serve as an important mechanism in sustaining cell recruitment during

inflammatory responses(381).

T cell production of CCL3 has been demonstrated to be required for

clearance of Listeria monocytogenesin vivo (382). Antigen binding to B

cell receptors induces CCL3 production by B cells and determines their

ability to recruit T cells; an interaction that is required at all stages of

antigen driven B cell differentiation (383). Neutrophils have been shown

to secrete CCL3 in the presence of LPS or group B meningococcal OMV

(372;384), and co-stimulation with GM-CSFincreases the stability of LPS

induced CCL3 mRNA which further augments CCL3 production (372).

Eosinophils have also been shown to secrete CCL3 in response to

infection with respiratory syncytial virus, although when unstimulated had

undetectable CCL3 mRNA (385;386).

In addition to production by peripheral blood leukocytes, CCL3 secretion

has also been observedin astrocytes (387), microglia (388), pulmonary

vascular smooth muscle cells (389) and epithelial cells (390). Activated

dendritic cells also produce high levels of CCL3 early in the course of

infection (391), and Prostaglandin E2 has been shownto inhibit this

release (392).

CCL3 is a known chemoattractant for T cells (374;393;394) and B cells

(374;395). It regulates T cell migration from the peripheral circulation into
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lymph nodes during an immune response and neutralisation inhibits this

lymphocyte trafficking (396). CCL3 induces secretion of TNFa, IL-1a and

IL-6 from murine peritoneal macrophages (397) and, during sepsis, has

the ability to induce fever in rats (398) and rabbits, who developed a

monophasic fever that was not responsive to ibuprofen (399). This was

not confirmed however in human subjects with experimental

endotoxaemia in whom CCL3levels rose acutely but were not associated

with fever during cyclo-oxygenase blockade.

CCL3 has been shown to be a modulator of host defence against

microbial infection. Stimulation of B cells with CCL3 has been shownto

activate NF-KB which is a known to modulate expression of genes

involved in inflammation (400). The absence of CCL3 impairs the

recruitment of monocytes and neutrophils into infected organs (401-404).

Phagocytic and killing activities of peritoneal macrophages against

Pseudomonas aeruginosa were increased by CCL3 both in vitro and in

vivo (405) and Mycobacterium tuberculosis infected murine macrophages

or a K. pneumoniae challenge resulted in expression of CCL3 (406;407).

CCL3is able to induce activated macrophagesthat kill Escherichia coll,

Trypanosomacruzi, and Klebsiella pneumoniae (382;408;409), andit is

required for the clearance of Cryptococcus neoformans and L.

monocytogenes in vivo (382;408). In addition, CCR1 (a CCL3 receptor)

knockout mice are susceptible to infection with Aspergillus fumigatus.

CCL3 knockout mice (CCL3”), and CCL3*" mice treated with anti-CCL3

monoclonal antibody, demonstrated susceptibility to CLP induced sepsis

(0-17% survival), whilst CCL3”mice reconstituted with recombinant CCL3

and CCL3** mice were resistant, demonstrating 70-83% survival (410).

Similar results were found in a murine modelof acute bacterial pneumonia

with K. pneumoniae; CCL3” mice demonstrating a reduced 7 day survival

which correlated with significantly higher bacterial loads in the lungs of

these mice (411). Enhanced recruitment of leucocytes was demonstrated

in the lungs of CCL3” mice, but an in-vitro assay confirmed that these
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macrophages were defective in their phagocytic function suggesting that

the survival defect was due to inadequate activation of alveolar

macrophagesleading to uncheckedbacterial growth (411).

Serum CCL3 was shownto beelevated in patients suffering from malaria

(412;413) and has also been detected in the CSFof patients with bacterial

meningitis, including that caused by N. meningitidis, where its presence

may represent a mechanism for the accumulation of leucocytes in the

CSF (351;414). Treatment with neutralising antibodies against CCL3

significantly reduced the recruitment of leucocytes into the brain in an

experimental model of bacterial meningitis (352). Blood levels of CCL3

have been shownto be increased in human Gram positive and negative

sepsis, including MCD, but appear not to be a useful parameter for

predicting prognosis (67;415-417). A recent study howeverdid find an

association with severity of illness and mortality (418), with the highest

levels being seen in non-survivors.

6.1.3. CXCL10 (Interferon-y-inducible protein 10)

CXCL10 is a chemokine of the CXC family. It is inducible by pro-

inflammatory stimuli, including IFNy (419), TNFa (420), viruses and

microbial products (420-422), either directly or through NF-kB (422-424).

It is known to be secreted by endothelial cells (425), eosinophils (426) and

neutrophils (420) and is a chemoattractant for activated NK and Th1 cells

(427). In vitro, has been shown to be expressed if neutrophils are co

stimulated with IFNy and LPS (420;428) but is a poor activator or

neutrophils (429).

CXCL10 has been demonstrated to have antimicrobial activity against

E.coli and Listeria monocytogenes, and tissue concentrations of the

chemokine may reach the threshold necessary for bactericidal activity

locally, and directly inactivate microbes before attracting host defence

cells to the area (430). It has been found to be significantly higher in

neonates with perinatal infections (431), nosocomial infections (431) and

necrotizing enterocolitis (432), with the severity associated with magnitude
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of upregulation of circulating CXCL10 (432). In adults it has been shown

to be increased in pregnant women with pyelonephritis (433) and has

been used to monitor disease activity and response to therapy of

Mycobacterium tuberculosis infection (434).

In a group of 14 adult patients with MCD, blood levels of CXCL10 were

found to be significantly higher than in controls (435). All patients had

positive blood cultures and the highest levels of CXCL10 were

demonstrated in those patients with the highest levels of LPS.

It can be seen that CCL2, CCL3 and CXCL10 have a number of

potentially important roles in the development of an_ inflammatory

response in sepsis by recruiting mononuclear cells, modulating cytokine

production and mediating fever. Although elevated levels of CCL2 and

CCL3 have been demonstrated in both adults and children with MCD

(67;418), there have been no studies in children comparing plasmalevels

of the chemokines in MCD with suspected viral infection. There are no

studies examining CXCL10 in children with MCD. In view of this we have

evaluated plasma levels of these chemokines in children presenting with

suspected MCD.

6.2 MATERIALS AND METHODS

Patient recruitment, data collection and blood sampling are detailed in

Chapter 2. Cytokine measurement, including CCL2, CCL3 and CXCL10

was performed using Luminex 100 technology in the Bio-plex Protein

Array System (Bio-Rad Laboratories Inc., Hercules, CA). A 22-plex

Beadlyte® Cytokine kit (Upstate Signalling Solutions, Lake Placid, NY) was

used to measure the following cytokines: IL-1a, IL-18, IL-2, IL3, IL-4, IL-5,

IL-6, IL-7, CXCL8, IL-10, IL-12(p40), IL-12(p70), IL-13, IL-15, CXCL10,

Eotaxin, IFNy, GM-CSF, CCL2, CCL3, CCL5, TNFa.
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A comprehensive procedure for detecting and measuring these cytokines

is outlined below.

6.2.1 Multiple Cytokine Determination

This assay is based on a quantitative sandwich enzyme immunoassay

technique. Antibodies to the biomarkers of interest are conjugated to

microspheres and form the basis of suspension arrays. The microsphere

is a 5.6 micron polystyrene bead with two fluorescent dyes incorporated

into it in different ratios. A primary antibody specific for the analyte is

conjugated to the bead surface by an amine coupling reaction. The

primary antibody binds the specific analyte; no cross reactivity with other

analytes occurs. A biotinylated, analyte specific reporter antibody is

added to the assay after a wash step. Streptavidin is added to the assay

after a further wash step. The biotinylated reporter antibody binds to one

of the four available sites. In assays with high analyte numbers excess

biotinylated reporter antibodies bind to the streptavidin in a non-specific

manner. Free excess streptavidin binds to the non-specifically bound

biotinylated reporter antibody leading to signal amplification. The

phycoerythrin is excited by the reporter laser and emits a fluorescence

which is quantified by the Luminex reader. The immune-complex /

microsphere is then excited by the identification laser. The bead specific

emission is quantified by the luminex and the bead identified (Figure 6.1a /

b).
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Figure 6.1 (a). The Luminex 100 system.  (b).

Method of multiple cytokine detection using laser

technology (from Luminex Corporation technical

manual for Luminex 100 instrument).
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6.2.1.1 Materials

Beadlyte® Human 26-plex Multi-Cytokine Standard

Beadlyte® Stop Solution

Beadlyte® Human 22-Plex Multi-Cytokine Beads

Beadlyte® Human 22-plex Multi-Cytokine, Biotin

Beadlyte® Streptavidin-Phycoerythrin

Beadlyte® Cytokine Assay Buffer

Beadlyte® 96-well Filter Plate

6.2.1.2 Reagent Preparation

Human 26-plex Multi-Cytokine Standard resuspended in 1mL serum

standard diluent (SSD). Vortexed on medium speed for 15 seconds.

Placed on ice for 5 minutes. This is standard A. whichis serially diluted

(1:3) as below:

Sid

(ull

100 STDA

106 STD B

100 STD C

100 STD D

100 STD E

100 STD F 

 

Beadlyte® Streptavidin-Phycoerythrin is diluted 1:12.5 in Beadlyte®

Cytokine Assay Buffer using empty mixing vial provided - 200pLin 2.6 mL.
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6.2.1.3 Assay Procedure

1.

10.

Wetfilter plate with 25uL of Beadlyte® Cytokine Assay Buffer per

well, vortex, and apply vacuum to bottom of plate. Blot bottom of

plate on papertowel.

Add 25uL of SSD + 25yL serum to each well on the plate. Incubate

on a plate shakerfor 20 minutes.

Vortex the Beadlyte® Human 22-plex Multi-Cytokine Beadsat high

speed for 15 sec, and sonicate for an additional 15 seconds using

a microbead sonicator bath

Add 25uL of bead solution to each well. Cover plate and mix by

vortex. Incubate 2 hours in the dark at room temperature on a

plate shaker.

Apply vacuum manifold to bottom of filter plate to remove liquid.

Do not overdry. Wash by adding 50ul of Beadlyte® Cytokine Assay

Buffer, vortex, vacuum. Repeat washstep twice. Blot bottom of

plate on papertowel to avoid wicking.

Resuspend in 75uL of Beadlyte® Cytokine Assay Buffer. Cover

plate and mix by vortex at low speed.

Add 25uL Beadlyte® Human 22-plex Multi-Cytokine, biotin to each

well.

Cover plate and mix by vortex at low speed. Incubate 1.5 hour in

the dark at room temperature on a plate shaker.

Add 25uL of diluted Beadlyte® Streptavidin-Phycoerythrin to each

well.

Cover and mix by vortex at low speed. Incubate 30 minutes in the

dark at room temperature on a plate shaker.
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11. Add 25uL Beadlyte® Stop Solution, vortex gently and leave for 5

minutes at room temperaturein the dark.

12. Apply vacuum manifold to bottom offilter plate to remove liquid

and resuspend in 125uL of sheath fluid, vortex at low speed and

place on a plate shaker for 1 minute. Results read on Luminex 100

System with settings as shown below:

 

Luminex® Instrumentsettings
Makesurelines are free of air bubbles (an alcohol flush,followed by an alcohol washwill often help).
Check to make surethelid of the sheath fluid containeris tightly fastened.

Choose the 100-region bead map bygoing throuah optionsfrom the main page of the Luminex” Data Collector.
Select Bead # s for the Mult-Cytokine assay.
Read 50-100 events per bead.
Set sample size = 75y!. Set gate to 8000-13500
Adjust needle height using 2 disks and the same plate type as the plate used in assay performed | 
13. The concentration of each cytokine in the sample was

automatically calculated from a standard curve derived from serial

dilutions of the cytokine standard using the Bio-Plex Manager

software.

6.3 RESULTS

6.3.1 Children Studied

There were 70 children in the prospective study 38 were classed as

confirmed or probable MCD. Of these 22 (58%) were male and 16 female

(42%). The age range was from 0.16 to 15.0 years, median age 1.8

years,interquartile range (IQR) 0.7 to 5.4 years. There were 13 children

(34.2%) with severe disease as defined by a GMSPS of 28. The

diagnosis was confirmed microbiologically in all 38 (100%) children, 18%

on blood culture, 5% on antigen detection and 100% on PCRassay for

meningococcal DNA. In 27/38 (71%) of patients the diagnosis was

confirmed by PCRalone.
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6.3.2 CCL2 and CCL3 in MCD

6.3.2.1 Meningococcal Disease

The results are shownin table 6.1. Plasma CCL2levels were significantly

higher (Figure 6.2a) in the children with MCD (441.8 pg/mL, IQR; 173.75-

1632.63) compared to the patient group without MCD (165.8 pg/mL, IQR;

84.82-410.62) and controls (124.1 pg/mL, IQR;104.29-291.33) (p<0.01),

there was no difference between the two latter groups (p=0.75). Plasma

CCL3 showed similar pattern being significantly higher (Figure 6.2a) in

the children with MCD (446.1 pg/mL, IQR; 288.60-897.33) compared to

the patient group without MCD (298.6 pg/mL, IQR; 212.64-525.16) and

controls (288.67 pg/mL, IQR; 238.83-400.18) (p<0.01), again there was no

difference betweenthe twolatter groups (P=0.91).

6.3.2.2 Disease grouping

There was a significant difference in CCL2 and CCL3levels in those

children with presenting with MS (n=28) and MMMS(n=9). Levels were

significantly higher (p<0.01) in those children with MS (CCL2: 605.3

pg/mL, IQR; 219.65-2660.13. CCL3: 516.2 pg/mL, IQR; 361.01-959.40)

alone compared to MMMS(Figure 6.3).

6.3.2.3 Severity

There was no difference in either CCL2 or CCL3 levels in children with

 

varying severity of disease as measured by GMSPS(Figure 6.4). This

remained true with both correlation analysis with GMSPSscore and also

when severity was compared in two categories GMSPS 28 and

GMSPS<8. There wasalso no difference in levels of either chemokines

on the basis of PICU admission.

6.3.2.4 Correlation analysis with clinical and biochemical variables

Results of Bonferroni corrected correlation are shown in table 6.2. There

was nocorrelation of either chemokines with patient age, temperature,

duration of symptoms or amountoffluid given.
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Patient N CCL2 (pg/mL) CCL3 (pg/mL) CXCL10 (pg/mL)

Group

MCD 38 441.8 _ 446.1 . 4171.1
(173.75-1632.63) (288.60-897.33) (2094.91-11000.00)

25 271.8 356.9 4161.58

GMSPS<8 (169.48-1254.96) (282.93-776.55) (2196.28- 11410.68)

13 616.6 613.9 4180.66

GMSPS28 (158.61-4174.24) (413.35-2212.89) (1596.69- 10235.43)

541 223 1460.9
MM 1

605.3 _ 516.2 . 4466.90

MS; 28 (219.65-2660.13) (361.01-959.40) (2557.96- 12639.60)

107.4 290.5 3854.68

MMMS 9 (78.11-255.63) (212.93-390.87) (1630.57- 5819.10)

Non-MCD 30 165.8 298.6 4019.3
(84.82-410.62) (212.64-525.16) (1608.11-5157.80)

Controls 30 124.1 288.7 2594.32

(104.29-291.33) (238.83-400. 18) (2029.90-3449.29)
      
 

Table 6.1: Table showing the values of CCL2, CCL3 and CXCL10 in the groupsof

patients included in the study. Values are shown as medians andinterquartile

ranges (IQR) (p<0.01'). GMSPS = Glasgow Meningococcal Septicaemia Prognostic

Score, MM = Meningococcal Meningitis, MS = Meningococcal Septicaemia, MMMS =

Mixed Clinical Picture.
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Variable CCL2 CCL3 CXCL10
Spearmans Spearmans Spearmans
correlation correlation correlation

coefficient coefficient coefficient

Age -0.404 -0.243 -0.188

Duration of -0.439 -0.269 -0.265
Symptoms

Temperature 0.297 0.255 0.099

White cell count -0.618 -0.381 -0.367

GMSPS 0.201 0.287 0.004

Amount of fluid 0.125 0.198 0.126

|given
CRP -0.413 -0.389 -0.388

IL-10 0.490 0.722° -0.164

IL-1p 0.688 — 0.766 — 0.147
IL-6 0.745 — 0.491 — 0.459

CXCL8 0.829 ~ 0.767 — 0.157

IL-10 0.740 — 0.528 — 0.489

IFNy 0.577 _ 0.682 — 0.286
TNFa 0.537 — 0.477 — 0.323

CCL2 a 0.732 — 0.430

CCL3 0.732 — 2 0.126

RANTES 0.023 0.189 -0.346

PCT 0.366 0.216 0.005

TREM 0.382 0.535 0.085

BACTERIAL LOAD 0.527— 0.530. 0.083
     
 

Table 6.2: Table showing correlation coefficients between CCL42,

CCL3, CXCL10 and other cytokines, laboratory variables and GMSPS

with Bonferoni correction (p<0.05 ).
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There wasa strong andsignificant negative correlation (p<0.001) between

CCL2 and total WCC (r= -0.62) and neutrophil count (r= -0.63) (Figure

6.5). A similar relationship was seen between CCL3andthese variables,

but did not reach significance.

There was a strong andsignificant positive relationship (p<0.001) between

CCL2 and IL-1a (r=0.49, IL-18 (r=0.69), IL-6 (r=0.75), CXCL8 (r=0.83),

TNFa (r=0.54), IL-10 (r=0.74), IFNy (r=0.58), CCL3 (r=0.73) and with

bacterial load (r=0.53) (Figure 6.6a-c).

CCL3 demonstrated a strong and significant positive relationship

(p<0.001) with IL-1a (r=0.72), IL-1B (r=0.77), IL-6 (r=0.49), CXCL8

(r=0.77), TNFa (r=0.48), IL-10 (r=0.53), IFNy (r=0.68) and bacterial load

(r=0.53) (Figure 6.7a-d).

6.3.3. CXCL10 in MCD

6.3.3.1 Meningococcal Disease

Results are shownin table 6.1. Plasma CXCL10 levels were significantly

higher (Figure 6.2b) in the children with MCD (4171.1 pg/mL, IQR;

2094.91-11000.00) compared to controls (2594.32 pg/mL, IQR; 2029.90-

3449.29) (p<0.05). There was nostatistical difference in the CXCL10

levels in those children without MCD (4019.3 pg/mL, IQR; 1608.11-

5157.80) and the MCD / control group.

6.3.3.2 Disease grouping

There was nosignificant difference in CXCL10 levels in those children

presenting with MS (n=28) and MMMS(n=9).

6.3.3.3 Severity

There wasnodifference in CXCL10 levels in children with varying severity

 

of disease as measured by GMSPS. This remained true with both

correlation analysis with GMSPS score and also when severity was

comparedin two categories GMSPS 28 and GMSPS<8.
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6.3.3.4 Correlation analysis with clinical and biochemical variables

Results of Bonferroni corrected correlation are shownin table 6.2. There

was no correlation between CXCL10 and patient age, temperature,

duration of symptomsor amountoffluid given.

There wasa significant negative correlation (p<0.05) between CXCL10

and total WCC (r= -0.37) but no relationship with neutrophil or lymphocyte

count.

There wasa significant positive relationship (p<0.05) between CXCL10

and IL-6 (r=0.49), IL-10 (r=0.49) and CCL2 (r=0.43). There was no

relationship between CXCL10 and IFNyor bacterialload.

6.3.4 CCL5 and CXCL8 in MCD

It has previously been demonstrated that CCL5is significantly lower and

CXCL8significantly higher in children with MCD (67;80). Our results are

consistent with these. CXCL8 wassignificantly higher (p<0.001) in those

children with MCD (262.11 pg/mL, IQR; 122.45-765.13) compared to

those children without MCD (98.0 pg/mL, IQR; 66.23-159.46). CCL5 was

lower in those children with MCD (820.41 pg/mL, IQR; 581.42-1343.46)

compared to those children without MCD (1028.65 pg/mL, IQR; 471.99-

2102.80) and the lowest levels were seen in those children requiring

ventilation (787.44 pg/mL, IQR; 579.68-1424.16). However, statistical

significance was not reachedin this study.

143



pg/mL

 

4,000—

3,000

2,000

1,000

 

co CCL2

CCL3

 

 

2f  
 

T T T

Controls —_Nofinal diagnosis of MCD MCD
n=30 n=32 n=38

 

 

Figure 6.2a: Boxplot demonstrating concentrations of

CCL2 and CCL3 (pg/mL)in the three groups of children

analysedin this study. Data are represented as medians

with IQR. There was a significant difference between

those with MCD andcontrol / non-MCDpatients (P<0.01) .

There was nodifference in chemokinelevels between the

latter two groups.  
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Figure 6.2b: Boxplot demonstrating the concentration of

CXCL10 (pg/mL)in the three groups of children analysed

in this study. Data are represented as medians with IQR.

There was a significant difference between those with

MCD and control patients (P<0.05). There was no

statistical difference in the CXCL10 levels in those

children without MCD and the MCD control group.
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Figure 6.3: Boxplot demonstrating chemokine

concentrations (pg/mL) in children with MCD presenting

with different disease profiles. Data are represented as

medians with IQR. There were significantly higher levels
of CCL2 and CCL3in those children with MS compared

MMMS(P<0.01). MM = meningococcal meningitis, MS =

meningococcal sepsis, MMMS= mixedpicture.  
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concentrations (pg/mL) in children with MCD presenting
with different disease severity: GMSPS 28 (n=13). Data

are represented as medians with IQR. There was no

significant difference in chemokines levels between the
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Figure 6.5: Scatterplot demonstrating the inverse
relationship between CCL2 (pg/mL)and total white cell

count (WCC)and neutrophil count. There was a strong

negative correlation with both (P<0.001).  
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Figure 6.6a-c: Scatterplots
demonstrating the positive
relationships between CCL2

and bacterial load (r=0.53), IL-
10 (r=0.74) and CCL3 (r=0.73).
r = correlation coefficient
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Figure 6.7a-d: Scatterplots demonstrating the positive relationships

between CCL2 and CCL3 with IL1a (r=0.49; 0.72), IL1B (r=0.69; 0.77), IL6

(r=0.75; 0.49) and CXCL8 (r=0.83; 0.87). r= correlation coefficient  
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6.4 DISCUSSION

A complex network of cytokines, complement factors, coagulation and

fibrinolysis factors are involved in the pathophysiology of meningococcal

sepsis as a responseto the very high loads of LPS and meningococcal

outer membrane proteins. Chemokines are involved in directing

leucocytes to the site of inflammation and are probably necessary for the

translation of the innate immune response against pathogens into a

specific acquired response (436).

This study analysed the plasma concentrations of CCL2, CCL3 and

CXCL10 in children with suspected MCD. Chemokine levels in the

plasma of children with proven MCD weresignificantly higher than those

children who were determined not to have MCD and controls. Thisis in

accordance with results from previous studies of chemokines levels in

patients with MCD (67;79;80) and also extends earlier studies in more

heterogenous patient populations with a clinically defined sepsis

syndrome. In such patients CCL2 and CCL3 were elevated on admission

and during the course of sepsis (338;347;415;437).

6.4.1. CCL2 and CCL3 in MCD

In our study CCL2 and CCL3 have both been demonstrated to be raised

in children with MCD. Furthermore the levels were significantly higherin

those with meningococcal septicaemia than those with meningitis or a

mixed picture. There wasnorelation to severity of disease as measured

by GMSPS. Howeverin the study by Vermont, positive correlations were

found between CCL2 and CCL3 and PRISM score (418). Previous

investigation has found higherlevels of these chemokinesin patients with

fulminant meningococcal sepsis, versus meningitis alone or mild disease,

although the age range of patients was not given and no scoring system

was used(67).
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Both CCL2 and CCL3levels were found to be significantly higher in those

children with a higher bacterial load. CCL3 has been shown to be

produced by neutrophils and macrophagesin response to LPS (372;438).

LPS is considered to be the main inducer of inflammatory response in

patients with MCD (65;320;439) and it has previously been demonstrated,

bothin vitro and in vivo, that these chemokinesare correlated positively, in

a dose dependent mannerto meningococcal LPS (67).

There were a numberof strong and significant relationships between the

chemokines and the cytokines/chemokines studied. It is known that

stimulation of neutrophils with outer membrane vesicles (OMV) from

serogroup B meningococcus produces several cytokines including TNFa,

IL-18 and CXCL8 (384); this may accountfor the raised levels seen in our

patients. CXCL8is strongly induced by Gram negative bacteria together

with CCL3 (373), moreover levels of CXCL8 also correlated with CCL2

and LPS (67). CCL2 and CCL3 were also significantly correlated andit

maybe that the stimulus for induction of all three chemokinesis identical;

in view of the positive correlation of CXCL8 with bacterial load this

stimulus may well be LPS. Indeed, neutrophils activated with bacterial

pathogens show co-ordinated release of both CCL3 and CXCL8 (373).

However, there are a numberof other pathophysiological pathways in

which the chemokines maybeinvolved in immunomodulatory regulation.

Experiments with E.coli injected baboons have demonstrated time

dependent release of TNFa, CXCL8 and CCL2. TNFais thefirst cytokine

to be released, followed by CXCL8 and CCL2 suggesting a possible

mechanism by which TNFa mayinducetheir release (440). In additionit

has also been shown that CCL3 is produced in response to TNFa by

neutrophils (372). We have demonstrated a relationship between the

chemokines and TNFa although it has also been shown that CCL2 and

CCL3 correlate better with PRISM scores than TNF-a, indicating that

serum levels of these chemokines may be a better predictor for disease

severity (418).
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CCL2 appears to be critical effector molecule in the response against

Gram negative sepsis. We found positive correlation of CCL2 and CCL3

with IL-1a and IL-18. CCL2 enhancesthe release of IL-1a and IL-18 from

monocytes andvice versa; this ability to induce each others synthesis may

amplify their biological effects (343;441). CCL3 has also been shownto

induce the secretion of IL-1a from macrophages (397) and IL-1B

stimulation of monocytes leads to a significant CCL3 secretion (375,442).

As well as IL-1 release, CCL2 and CCL3 have been shown additionally to

induce TNFa release from macrophages (397;443). CCL2 deficient mice

have been shown to succumb to salmonella infection and have

significantly elevated TNFa andIL-6 levels (356). In a murine CLP sepsis

model, blood neutrophils express mRNA for CC chemokine receptors

which, when activated by CCL2, lead to release of IL-6 in vitro (444).

There wasa significant correlation with IL-6 in our study which has also

been demonstrated previously (415;418). Neutrophils treated with CCL2

or CCL3 produce IL-6 and treatment of septic mice with anti-CCL2 or anti-

CCL3 antibodies has been shownto reduce serum levels of IL-6 (444).

This may suggest that CCL2 and CCL3 have an upregulatory role in

production of IL-6. CCL2 and CCL3 may modulate the immune response

by regulating macrophage and neutrophil migration directly although

having been shown to enhance macrophage activation (355;397), they

mayalso regulate migration indirectly by stimulating IL-6 release.

We found a significant correlation between IL-10 and CCL2. The

modulatory activity of CCL2 may therefore also involve the production of

regulatory cytokines that inhibit inflammatory responses, such as IL-10.

CCL2 deficient mice have lowerlevels of IL-10 in response to salmonella

infection (356) and administration of anti-CCL2 antibody has been shown

to reduce levels of IL-10 in murine sepsis (353). IL-10 itself has been

shown to augment CCL2 production by alveolar macrophages (445), and

this mayfit with the presence ofa positive feedback loop between CCL2

and IL-10 which may dampenthe inflammatory response. There was a

positive relationship between CCL3 and IL-10. Inhibition of LPS-mediated
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CCL3 production in monocytes and neutrophils has been reported to

occur (347;446) by accelerating CCL3 mRNA degradation (447).

Both CCL2 and CCL3werealsocorrelated with IFNy. In CCR2”mice, the

capacity to produce IFNy is markedly reduced (448) and similarly antigen-

stimulated splenocytes from CCL2“ mice showed a 50% inhibition in IFNy

production (335). Evidence to support the production of IFNy by CCL2

has been shown in murine macrophages which, when activated with

CCL2, produced IL-12 (449). In addition it has been shown that CCL3is

required when IL-12 is produced by macrophages (450). In view of the

role of IFNy in the modulation of T cell responses, the production of these

cytokines by CCL2 and CCL3 activated macrophagescould be a possible

mechanism toinitiate T cell specific responses and part of the modulatory

role of these chemokines in MCD.

There was significant negative correlation with white cell count and

neutrophils which has also been confirmed in previous studies (67;338).

The presence of these chemokines enhancesrecruitmentof leukocytesto

areas of inflammation. It may therefore be possible that the leucopaenia

that is often observed in MCD, and used as a prognostic marker of

disease severity, may be due to chemokine induced margination of white

blood cells from the circulation.

The role of these chemokines in MCD remains unclear. However studies

using CCL2 and CCL3 deficient animal models have shownthat they are

needed to mount an adequate inflammatory response (335;403;451). In

view of their ability to induce adherence of monocytes on the endothelium,

potentially deleterious endothelial damage could ensue, however a

numberof studies reviewed above have demonstrated the importance of

these chemokinesin regulating the immune responseto sepsis.

In a murine model, treatment with a CCL2 synthesis blocker, both

prophylactically and therapeutically reduced CCL2levels in the lungs and

liver, which significantly protected mice against both sepsis and
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endotoxaemia (452). These results suggest that anti-CCL2 strategies

may be of potential therapeutic value in the treatment of sepsis and

endotoxaemia.

6.4.2. CXCL10 in MCD

In our study CXCL10 was demonstrated to be higher in children with MCD

compared to controls, but there was no significant difference in

comparison to those children without MCD. It has been demonstrated that

CXCL10 has antimicrobial properties (430) and one can postulate thatit

participates in host defence not only by orchestrating leucocyte

chemotaxis, but also by inducing biological activities that offer protection

during infection.

We found no correlation with bacterial load. Previous studies have

demonstrated no difference in CXCL10 levels in patients with and without

positive blood cultures (433;453). The equivalentlevels in our two patient

groups may be explainedif the elevation in CXCL10 results from systemic

inflammation rather than being affected by the presence of LPS. It has

however been demonstrated that neutralisation of CXCL10 activity results

in reduced bacterial clearance and decreased survival, with over-

expression improving bacterial clearance (454). This could explain the

higher levels of CKCL10 seenin the MCDpatient group.

As with CCL2 and CCL3, we found

a

significant negative relationship

between CXCL10 and white cell count suggesting that like the CC

chemokines, it may enhance recruitment of leukocytes to areas of

inflammation and contribute to the chemokine induced margination of

white blood cells from the circulation. CXCL10 has been shown to

promote a modest migration of monocytes and specific subsets of

stimulated, but not naive lymphocytes (455).

CXCL10 mediatesits activities through interaction with a transmembrane

G protein-coupled receptor, CXCR3 (456). The gene and protein

expression is modulated by pro-inflammatory stimuli, including IFNy,
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which induces expression in mononuclearcells and neutrophils (428;456).

Wedid not find a correlation with IFNy in this study but did demonstrate a

relationship with TNFa which has also been shownto stimulate the

production of CXCL10 (420;457). Indeed TNFa, and not IFNy, has been

demonstrated to be the main inducer of CXCL10 in skin fibroblasts (458).

We have found a number of significant relationships between the

mediators involved in the pathophysiological response to MCD. It must be

remembered that despite the correlations and plausible mechanismsof

effects, the complex sequence of events that occur during the host

response to pathogenic organisms involves a complex orchestra of

mediators acting in a co-ordinated mannerto producea clinical syndrome.

Our data can lend support to the mechanisms underlying the

pathophysiological response but cannot be suggested to imply causation.

6.5 CONCLUSION

Chemokines may play a role in the pathophysiology of MCD, and

chemokines, as well as their receptors, are potentially new targets for

therapeutic approaches.In this study we have shownthat patients with

MCD have increased levels of CCL2, CCL3 and CXCL10. This

observation further extends the list of cytokines associated with this

disease and also warrants further studies to establish the exact function of

individual chemokines in the pathogenesisofthis infection.

Chemokine receptor antagonists, anti-chemokine antibodies and broad-

spectrum chemokineinhibitors are currently under development (459;460)

and future research will have to show their applicability in MCD.
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Chapter 7

THE ASSOCIATION OF MACROPHAGEMIGRATIONINHIBITORY
FACTOR(MIF) IN WITH CLINCIAL AND BIOCHEMICAL

PARAMETERSIN MENINGOCOCCALDISEASE
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7.1 INTRODUCTION

Macrophage migration inhibitory factor (MIF) is a novel pituitary hormone

and a pro-inflammatory stress induced and macrophage-derived cytokine

(461). It was oneofthefirst cytokines to be described, and wasoriginally

identified in studies of delayed hypersensitivity reactions where it was

shown to inhibit macrophage migration (462;463). MIF is constitutively

expressed in many cells and tissues including endothelium, fibroblasts,

brain, kidney, lungs, liver and skin (464). Since its characterisation it has

been demonstrated that MIF has an important role in such diverse

diseases as rheumatoid arthritis, delayed-type hypersensitivity,

inflammatory lung disease, cancer, myocardial infarction and importantly,

septic shock (465).

7.1.1. Importance of MIF in health and sepsis

MIF is known to be produced by monocytes and macrophagesandto act

in an autocrine / paracrine fashion to up-regulate and sustain the

activation responsesof diverse cell types (466). Unlike many cytokines

that are expressed upon cell activation, MIF can be constitutively

expressed and maintained in intracellular pools prior to its secretion

(464;467:468). This is distinct from other monocyte/macrophage

cytokines such as TNFa, IL-18, CXCL8 and IL-12, which require

transcriptional activation and mRNAtranslation before release can occur.

Pre-formed MIF is stored in macrophages, T-cells, and the pituitary gland,

andits release is induced by various inflammatory stimuli associated with

severe sepsis, including LPS at concentrations that are 10- to 100-fold

lower than those required to induce TNFa production (467,469).

Activation of macrophages by MIF enhancesproduction of inflammatory

cytokines including TNFa and IFN-y as well as IL-18, IL-2, IL-6 and

CXCL8 (469-474). It also counter-regulates the anti-inflammatory effects

of endogenous glucocorticoids (473). Low dosesof corticosteroids were
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found to induce MIF release, which, in turn counterbalanced the

immunosuppressive and anti-inflammatory effects of glucocorticoids.

An important mechanism for resolving inflammation and the innate

immune response is the’ timely removal of activated

monocytes/macrophagesby apoptosis. Emerging data suggest that much

of MIF’s pro-inflammatory actions may be due to its unique ability to

regulate activation-induced, p53-dependent apoptosis (475). In the

presenceof high concentrations of MIF, this response is suppressed by a

mechanism that prevents p53 accumulation in the cytoplasm. This allows

for enhancedcell survival, increased cytokine production and a sustained

pro-inflammatory response (Figure 7.1). If generalised, this effect can

precipitate shock, as verified by studies of endotoxaemia in mice deficient

in MIF (467;475;476). MIF also enhances macrophage expression of

TLR4 (477) which regulates innate responsiveness to Gram-negative

bacteria.
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Figure 7.1 MIF’s action in sustaining inflammatory responses by

inhibiting activation induced p53 dependentapoptosis.

 

7.1.2 MIF production in animal models

Previous studies have shown that MIF is an important mediator of

experimental endotoxaemia, and that the administration of anti-MIF

antibodies can protect mice from the lethal effects of both Gram-negative

and Gram-positive sepsis (478). In murine models of septic shock

induced by endotoxin or CLP, MIF can be initially detected in high

amounts in the systemic circulation, and then the peritoneal fluid

(213;467). Mice with targeted disruption of the MIF gene wereresistant to

the lethal effects of endotoxin and cleared endotracheal instilled

Pseudomonasaeruginosa better than wild type mice (476), revealing the

critical role of MIF in sepsis. Interestingly, in the bacterial peritonitis model
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of sepsis, mice were protected even when treatment with anti-MIF

antibody was commenced8 hrsafter the onsetof peritonitis.

7.1.3 MIF production in human disease

The finding, that mice could be rescued despite delayed administration of

anti-MIF therapy, is important if one contemplates the possibility of anti-

MIF treatment strategies in humans (213). Previous clinical studies in

adults have shown increased MIF levels in patients with sepsis when

compared with controls (213;479;480), with the highest levels in adults

with septic shock, especially those who died (481) and in trauma patients

with positive blood cultures (482).

Macrophages are thought to have a central role in the pathogenesis of

MCD,and the aim of this chapter was to determine the role of MIF in the

pathophysiology of MCDandits use as a potential markerof severity.
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7.2 MATERIALS AND METHODS

Patient recruitment, data collection and blood sampling are detailed in

Chapter 2. Cytokines were measured using the method detailed in

Chapter 6. Plasma samples, were analysed for MIF using an ELISA

(enzyme linked immunosorbent assay) (R&D Systems, Minneapolis,

USA).

7.2.1. MIF assay

This assay employs the quantitative sandwich enzyme immunoassay

technique. A monoclonal antibody specific for MIF is pre-coated onto a

microplate. Standards and samples are pipetted into the wells and any

MIF present is bound by the immobilised antibody. After washing away

any unbound substances, an enzyme-linked polyclonal antibody specific

for MIF is added to the wells. Following a wash to remove any unbound

antibody-enzyme reagent, a substrate solution is added to the wells and

colour develops in proportion to the amount of MIF bound in theinitial

step. The colour developmentis stopped andthe intensity of the colouris

measured. All assays were performedin duplicate.

7.2.1.1 Materials

MIF Microplate - 96 well polystyrene microplate coated with a mouse

monoclonalantibody against MIF.

MIF Conjugate - 21 mL of polyclonal antibody against MIF conjugated to

horseradish peroxidase with preservatives.

MIF Standard - 100 ng of recombinant human MIF in a buffered protein

base with preservatives, lyophilized.

Assay Diluent RD1-34 - 11 mL of a buffered protein base with

preservatives.
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Calibrator Diluent RD5-34 - 21 mL of a buffered protein base with

preservatives.

Wash Buffer Concentrate - 21 mL of a 25-fold concentrated solution of

buffered surfactant with preservatives.

Colour Reagent A - 12.5 mLofstabilized hydrogen peroxide.

Colour Reagent B - 12.5 ml_ of stabilized chromogen

(tetramethylbenzidine).

Stop Solution - 6 mL of 2 N sulphuric acid.

7.2.1.2 Reagent Preparation

Wash Buffer 20 mL diluted into deionised water to prepare 500 mL of

WashBuffer.

Substrate Solution - Colour Reagents A and B mixed together in equal

volumes within 15 minutes of use.

MIF Standard - MIF Standard reconstituted with 1.0 mL of deionised

water. This reconstitution produces a stock solution of 100ng/mL. This

stock solution is used to produce a dilution series (below). The 10 ng/mL

standard served as the high standard. The Calibrator Diluent served as

the zero standard (0 pg/mL).

500uL S500nuL S500pL 500uL 500pL S00 uL

    

 

   

    
  |we A Ss WJ WY
5 2.5 1.25 0.625 0.312 0.156

ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL ng/mL
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7.2.1.3 Sample Preparation

All samples required dilution so that MIF concentrations were in the

range of the assay system,and a dilution of at least 10-fold dilution was

suggested. Previous plasma MIF assays on pneumococcal samples

with a 20 fold dilution demonstrated a numberof samples with MIF levels

at the upperlimit of normal (Carrol. unpublished data). In view of this a

40-fold dilution was usedin this study: 10uL sample + 390 pL Calibrator

Diluent RD5-34.

EDTA plasma waspreviously suggested not to be suitable for use in this

assay as it has not been validated, therefore a validation process using

spike recovery and serial dilutions was performed to ensure comparable

MIF recovery in EDTA samples.

7.2.1.4 MIF assay validation procedure

1. 80uL of EDTA plasma was added to 1,520uL calibrator diluent

RD5-34 to obtain a 1:20 dilution. Four EDTA samples were used.

2. 20uL of MIF standard (100ng/mL) was added to 980uL of 1:20

diluted plasma (2ng/mLspike).

3. Serial dilutions using 300uL aliquots of the spiked plasma were

then performed as shownbelow:

300pL  300pL 300pnL   
Spiked 1:2 1:4 1:8

sample
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4. 980uL Calibrator Diluent + 20uL of the prepared MIF standard

served as the control spike. The unspiked diluted plasma sample

served as the comparison.

5. The MIF assay was then performed as outlined in 7.2.1.5 on both

the unspiked and spiked samplesforall dilutions.

6. The resulting experiment demonstrated a spike recovery of 81-

87%. Similar recovery rates were established for the serially

diluted samples.

The quoted value for MIF recovery from heparin plasma is 92-113% (n=4)

whilst the quoted values for linearity using serial dilutions of spiked

samples (1:2, 4, 8) are 97-100% for heparin plasma (n=4).

7.2.1.5 Assay Procedure

1. 100 pL of Assay Diluent RD1-34 added to each well.

100 pL of Standard, control, or prepared sample added per

well and Incubated for two hours at room temperature on an

orbital microplate shaker set at 500rpm.

Each well aspirated and washed with 400uL wash buffer,

repeating the process three times for a total of four washes.

Plate then inverted and blotted against clean paper towels.

200 uL of MIF conjugate added to each well and incubated for

1 hour at room temperature on a shaker.

Aspiration/wash step repeatedasin step 3.

200uL of Substrate Solution added to each well and incubated

for 30 minutes at room temperature. - protected from light.
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7. 5OuL of Stop Solution added to each well. The colour changed

from blue to yellow.

8. Optical density of each well determined within 30 minutes,

using a microplate reader set to 450 nm.

The absorbancesof the standards wereplotted on a standard curve, and

the results interpolated from this curve.

7.2.1.6 Performance characteristics of the assay

The mean minimum detectable concentration (MDC) of the assay was

0.017 ng/mL, with an interassay coefficient of variation of 5.0-9.1%, and

an intra-assay coefficient of variation of 3.8-6.6%.

7.2.1.7 Cortisol assay

Plasma cortisol measurements were performed in the biochemistry

laboratories at the University of Liverpool using an automated method.

Cortisol was measured on a Roche E170 automated analyser using an

electrochemiluminescent immunoassay. Assay precision is <5%

throughout the working range of 1-1750 nmol/L.

7.3 RESULTS

7.3.1 Children Studied

There were 70 children in the prospective study, 38 were classed as

confirmed or probable MCD. Of these 22 (58%) were male and 16 female

(42%). The age range was from 0.16 to 15.0 years, median age 1.8

years,interquartile range (IQR) 0.7 to 5.4 years. There were 13 children

(34.2%) with severe disease as defined by a GMSPS of 28. The

diagnosis was confirmed microbiologically in all 38 (100%) children; 18%

on blood culture, 5% on antigen detection and 100% on PCRassay for

meningococcal DNA. In 27/38 (71%) of patients the diagnosis was

confirmed by PCRalone.
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7.3.2 MIF in MCD

The results are shownin table 7.1. MIF levels were significantly higherin

the two patient groups with and without MCD, compared to controls

(P<0.01). MIF levels did not differentiate mild from severe MCD (GMSPS

<8 compared to 2 8, P=0.27), nor MCD from otherillnesses (p=0.55)

(Figure 7.2). The highest level of MIF (69 ng/mL) was foundin the patient

who died in this series (n=1), as compared to those who survived (n=37)

who demonstrated median MIF levels of 23.9 ng/mL (IQR 15.28-34.92).

 

 

 

 

 

 

 

 

 

 

 

 

 

Patient Group N MIF (ng/mL)

MCD 38 21.9 (12.18-32.29)

GMSPS<8 25 20.9 (11.66-34.40)
GMSPS28 13 22.1 (12.83-31.26)

MM 1 17.7 |
MS 28 26.6 (16.81-36.76)

MMMS 9 12.4 (7.62-18.63)

Non-MCD 32 22.3 (16.21-38.27)

Controls 40 15.7 (10.28-23.37)
     
 

Table 7.1: Table showing the values of MIF (ng/mL) in the groups of
patients included in the study. Values are shown as medians and
interquartile ranges (IQR) (p<0.05 © p<0.01 ”. MIF levels were
significantly higher in both patient groups, compared to controls,

with the highest levels being found in those with MS. GMSPS =
Glasgow Meningococcal Septicaemia Prognostic Score, MM =
Meningococcal Meningitis, MS = Meningococcal Septicaemia, MMMS

= Mixed Clinical Picture.
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Figure 7.2: Boxplot demonstrating MIF concentrations
(ng/mL) in the three groups of children analysed in this
study. Data are represented as medians with IQR. There
was a significant difference between the two patient

groups compared to controls (P<0.01) , but no difference

in MIF levels betweenthe two patient groups.
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MIF levels were significantly higher (P<0.05) in those children with MS

alone (n=28) compared to MMMS (n=9) (Figure 7.3). There was no

difference in MIF levels oninitial sampling and 24 hours later in those

children with MCD whowereventilated (27.2ng/mL [IQR; 16.4 — 41.5] and

23.2ng/mL [IQR; 19.2 — 25.6] respectively) and those who were not

(18.8ng/mL [IQR; 9.7 — 25.3] and 18.0ng/mL [lIQR; 11.7 — 32.2]

respectively).
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Figure 7.3: Boxplot demonstrating MIF concentrations

(ng/mL) in children with MCD presenting with different

disease profiles. Data are represented as medians with

IQR. There was a significant difference in MIF levels
between the two groups of patients MS vs. MMMS

(P<0.05). MM = meningococcal meningitis, MS =

meningococcal sepsis, MMMS = mixedpicture.    
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There was nocorrelation between MIF and age, duration of symptoms,

GMSPS, WCC or neutrophil count. There was positive correlation

(P<0.05) between MIF and CXCL8 (correlation coefficient 0.44) (Figure

7.4).
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Figure 7.4: Scatterplot demonstrating the positive correlation of MIF with
CXCL8(r=0.44). r= correlation coefficient
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MIF levels did not correlate with cortisol levels (p=0.88) (Figure 7.5).

Cortisol levels were significantly higher in those children who had MCD

(n=17) compared to those whodid not (n=13), (1340 nmol/L; IQR 588-

2494 vs. 501nmol/L; IQR 205-1293. p<0.05). Cortisol levels were not

associated with disease severity (GMSPS) in this case series although

numbers are small (p=0.53).
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Figure 7.5: Scatterplot demonstrating that there was no

association of MIF with plasma cortisol (r=0.018).

r= correlation coefficient    
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7.3.3 MIF expression using RT-PCR

There wasnosignificant difference in relative MIF expression in the whole

blood of patients (Figure 7.6) with MCD compared to the non-MCD group

(p=0.11). There was also nocorrelation of MIF expression with disease

severity (GMSPS, p=0.57) or disease type (MM, MS, MMMS,p=0.22).
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Figure 7.6: Boxplot demonstrating that there was no
difference in the relative gene expression (2“™“) of MIF in
children with and withouta final diagnosis of MCD.  
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7.4 DISCUSSION

The pathophysiology of MCD involves a complex interplay of cytokines,

complement, and clotting factors. High circulating levels of TNFa,IL-6, IL-

1, and CXCL8 have been detected in children with meningococcal

septicaemia (58;59:94;483). The studies examining MIF in sepsis are

numerous and conflicting, revealing that westill do not fully understand the

extent of the actions of MIF and howit mayfit into the overall inflammatory

profile. The role of MIF has previously been studied in children with

severe MCD (484) but no studies compare children with a spectrum of

MCDseverity with presumedviral infections.

7.4.1. MIF in MCD

In this study we have demonstrated that MIF levels were equally raised in

those with MCD and those with other febrile illnesses, as compared to

healthy controls. We found no differences in MIF levels in those children

with more severe disease and no correlation with GMSPS. This suggests

that, in children with petechiae and fever, although MIF is involved in the

pathophysiological process of infection, it is not a reliable marker of

bacterial infection. It is interesting to note that our patient who died (n=1)

had the highest MIF level (69 ng/mL) comparedto levels in those who

survived (23.9 ng/mL; IQR 15.28-34.92). Previous studies oncritically ill

adults on ITU demonstrated a similar lack of correlation between MIF and

MOF(Multiple Organ Failure) and SOFA (Sepsis-related Organ Failure

Assessment) scores of severity (480), although a correlation was

observed with PRISM score (484), with the highest levels observedin

non-survivors.

7.4.1.1 MIF in animal models

It has been demonstrated that MIF has an important role as a pro-

inflammatory cytokine in the murine model of septic shock. It has also

been demonstrated that there wasa significant rise in plasma MIF in mice
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subjected to lethal doses of endotoxin and that exogenous recombinant

MIF potentiated lethal endotoxaemia. Anti-MIF antibodies were shown to

fully protect mice from lethal doses of endotoxin (467).

The physiological levels of MIF production appearto be tightly regulated.

Calandra (478) demonstrated that MIF released by LPS treated

macrophages followed a bell shaped curve and that production was

switched off at higher concentrations of LPS, perhaps to protect against

the detrimental effects of excessive MIF release; indeed in our study, MIF

levels were demonstrated to be markedly higher than the 75" quartile in

the child that died compared to those who survived MCD. Subtle

polymorphismsin the MIF gene may contribute to individual susceptibility

to mortality following infection with bacteria and several polymorphismsin

the MIF promoter have been demonstrated to be functionally significant

and associated with different inflammatory diseases (485-488).

In contrast to this enhanced level demonstrated in infection, Honmaetal

(489) looked at the targeted disruption of the MIF gene in mice and found

that there was no difference in susceptibility to LPS for endotoxaemia or

TNFa formation in these mice. Although dexamethasone suppressed the

LPS induced TNFa responsethere was no difference as comparedto wild

type mice. This finding suggests that endogenous MIF had nosignificant

effect on the LPS induced TNFa production and noeffect on suppression

of the response by glucocorticoids (GC).

7.4.2 MIF and cortisol

Until MIF was shown to modulate the activity of glucocorticoids, no

endogenous neuroendocrine or immune mediator had beenidentified that

would function as counter-regulatory partner to the anti-inflammatory

glucocorticoids. Based on animal studies, it has been shownthat MIF has

a capacity to override the anti-inflammatory and immunosuppressive

actions of GC (467;478;490). MIF expression is biphasically regulated by

GC,following a bell shaped dose-response curve. At low physiological

GC concentrations, MIF synthesis and release are induced, whereas at
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high GC concentrations its overriding capacity is diminished (473;491). In

vitro, MIF has been shownto reverse GC inducedinhibition of TNFa and

IL-1, IL-6 and CXCL8 synthesis by PBMCs (492). There therefore

appears to be a dualrole of MIF in optimising inflammatory activity: being

directly pro-inflammatory and_ indirectly inhibiting maximal anti-

inflammatory GC activity (493). Studies in adult sepsis are conflicting, one

showing that in adults suffering from septic shock, increased MIF levels

strongly correlated with serum cortisol concentrations (479). In a further

study no association was demonstrated (494), whilst a recent study

showedaninverse correlation with cortisol (484).

In our study we found nocorrelation of MIF with serum cortisol levels.

There may be a numberof reasons for this observed difference. The

study by Emonts (484) had a greater numberof patients enrolled (n=77)

and all were recruited on admission to the PICU, thus the study patients

were on a different spectrum of severity, and timeline, to our patient group.

The blood sampling was therefore at a different stage of the disease

process and the results not directly comparable to our study population.

One can also postulate that, like other cytokines, the regulation of MIF

may becontrolled via alternative pathwaysin different forms of sepsis. It

must also be remembered that cortisol has both stimulatory and inhibitory

actions on MIF, and other factors, such as TNFa or LPS, maydirectly

stimulate MIF, thus masking the actionsof cortisol.

7.4.3 MIF in human sepsis

In keeping with murine modeldata, the literature regarding the role of MIF

in humansepsis is conflicting. Calandra reported high concentrations of

MIF in the plasma of patients with severe sepsis or septic shock (213). In

a study of 35critically ill multiple trauma patients MIF levels were reported

to be 14 times higher than healthy controls. Furthermore, higher MIF

levels were associated with positive cultures but not with severity of

trauma (482). A recent study from Brazil demonstrated that plasma MIF

levels were higherin patients with septic shock and sepsis than in healthy

175



controls (481) and this was also demonstrated by Beishuizen and

colleagues, where adults with sepsis had significantly higher MIF levels on

day one of sampling as opposed to trauma and control patients (479).

They also reported that there wasa positive correlation with IL-6 and that

non-survivors and those with positive blood cultures had the highest MIF

levels suggesting that MIF may be anindicator of severity. Furthermore,

increase in serum MIF from thefirst to second day of admissionin patients

with severe sepsis indicated a higher risk of early mortality identifying

patients that may need more aggressive therapeutic intervention (495).

In contrast, other adult studies have reported similar increases in median

plasma MIF levels in patients with severe sepsis andcritically ill, but non-

septic, post surgical patients when compared to healthy individuals (480),

suggesting its involvement in any pathological process causing systemic

inflammation but not limited to infective aetiology. Further literature

examining the role of MIF in malaria demonstrated reduced plasmalevels

in children with malaria compared to aparasitaemic controls (496)

suggesting that alternative pathways of inflammation may be involved in

parasitic infections.

Our data are consistent with the study by Lehmannwith raised levels of

MIF in two groups of febrile patients with petechiae, but no significant

difference being demonstrated between groups. We did not show any

difference in MIF levels after 24 hours in those children who required

ventilation compared to those whodid not, although the endpoint used in

the previous study (early mortality) could not be applied in our series due

to the low mortality observed.

7.4.4 MIF andthe inflammatory response

MIF release has been shownto be stimulated by inflammatory microbial

products (LPS), cytokines (TNFa and IFNy,) and stress-induced activation

of the hypothalamus-pituitary-adrenal axis (464;467;469;473;478;497).
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At high levels MIF induces TNFa secretion by macrophages (213), and

they augment each otherin a pro-inflammatory loop (498). It has been

shownthat MIF knockout mice which are resistant to lethal doses of LPS,

have lowercirculating plasma levels of TNFa comparedto wild type mice

at baseline. On LPS challenge, these mice demonstrate diminished

circulating TNFa concentrations and unchanged IL-6 and IL-12

concentrations (476).

While MIF appears to promote production of pro-inflammatory cytokines,

the effects of MIF have also been demonstrated to act in a TNFa

independent manner in sepsis. In TNFa knockout mice with bacterial

peritonitis, a 60% survival rate was seen in mice administered anti-MIF

antibodies compared with a 0% survival rate in those whodid not (213).

Our data showed high MIF and cytokine levels in those patients with MCD

but no correlation between levels of TNFa or IFNy. There wasa positive

correlation of MIF with CXCL8. The relationship of MIF with CXCL8is well

established. There was no relationship demonstrated with IL-6, which has

also been the case with previous studies (480).

7.4.5 MIF and LPS

We found no relationship between MIF levels and bacterial load. It has

been demonstrated that bacterial load is a predictor of disease severity

and outcome (154) and thatit is also directly proportional to LPS levels

(252).

Recent studies have shed new light on the role of MIF as an

immunomodulatory cytokine. An_ endotoxin-free recombinant MIF

preparation failed to induce increases in TNFa,IL-1, IL-6, and IL-12 from

macrophages or PBMCsonits own, with the exception of CXCL8 (499).

However co-treatment with LPS in conjunction with recombinant MIF

producedsecretion of TNFa, IL-1 and CXCL8 compared with LPSalone,

but only from PBMCs. Differentiated macrophages and granulocytes did

not respond to recombinant MIF byeither cytokine releaseoralterationsin
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their viability or motility. It is therefore possible that some

immunomodulatory effects of MIF described in previous studies could be

compromised by LPS contamination of recombinant preparations.

MIF has been shown to upregulate the basal expression of TLR4 in

resting macrophages (477), thus facilitating the recognition of endotoxin-

containing bacteria and enabling innate immunecells to rapidly release

pro-inflammatory cytokines that are essential for mounting a_ host

defensive response. The equivalently raised levels of MIF in febrile

children without MCD suggests that the release of MIF itself may be

related to stimulation of the innate immune system by microbialligands via

the TLR4 receptor in a dose dependent manner.

7.4.6 MIF Expression

Data regarding the source of MIF in plasma remaindifficult to interpret due

to the presence of MIF in a variety of organs and tissues. PBMCs from

patients with septic shock have been shownto have anincreased capacity

to release MIF in response to a numberofactivators, including LPS (500),

with the suggestion that this may reflect the up-regulation of MIF synthesis

by the PBMCs (although does not tell us if this is occurring at the

transcriptional or translational level). However, in 48 children treated for

malaria (malaria =23, aparasitaemic controls n=25) plasma MIF and MIF

transcripts in PBMC’s were significantly lower in children with acute

malaria compared to controls, suggesting that reductionsin circulating MIF

may be, at least in part, related to reduced MIF mRNAexpression in

PBMCs(496).

We found no difference in the relative expression of MIF in our study

groups compared to controls. It is known that LPS injection of rodents

causes the release of MIF from several organs, including the pituitary

gland, kidney, lung, liver, skin and spleen (464;467;469), and we have to

consider that the enhanced levels of plasma MIF in our study may be

secondary to release from other sources, e.g. the pituitary gland in

response to LPS (467).
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7.5 CONCLUSION

MIF is an unusual pro-inflammatory cytokine. It circulates in healthy

individuals (501) and is expressed in many normal tissues. Expressionis

augmented byinflammation and paradoxically is increased by exposureto

low concentrations of GC. It also remains unclear at present whether a

transmembrane receptor or a cellular uptake mechanism is the primary

meansof signal transduction. The relationship between the mechanisms

of action of MIF andits role in sepsis remains poorly understood. It may

be that there is more than one underlying pathway mediating the effects of

MIF; for many cytokines more than one signalling pathway has been

shownto exist.

Our data suggest that MIF mayplay a role in the pathological course of

sepsis, including MCD,butits elevation in those children with presumed

non-bacterial infection indicates that it may have a function in infection

independent of the causative pathogen. Therefore MIF may serve as a

markerfor infection, but the levelis not indicative of severity or of bacterial

versus viral origin of illness. The highest levels of MIF have been

demonstrated in non-survivors of sepsis and further understanding of MIF

biology may lead to newinsights into the pathophysiological processes of

sepsis and potential developmentof novel therapeutic approachesto treat

it.
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Chapter 8

THE ASSOCIATION OF THE NEUROPEPTIDES SUBSTANCEP,
CALCITONIN GENE RELATED PEPTIDE AND NEUROPEPTIDE Y

WITH CLINICAL AND BIOCHEMICAL MARKERS OF
MENINGOCOCCALDISEASE
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8.1 INTRODUCTION

It has recently become recognised that a close interaction exists between

the nervous and immune systems (502). The neuro-immune axisis a bi-

directional pathway of intersystem communication; immune responses

alter neural function, and in turn, neural activity modifies immunological

function. This inter-system cross talk is mediated via a common

biochemical language of shared ligands such as cytokines and

neuropeptides (Figure 8.1).

The neuropeptides, classically thought to be produced exclusively by the

nervous system, are now also known to be produced by immunecells.

The concept that the nervous system can modulate immunological and

inflammatory responses has been supported by the identification of

neuropeptide receptors on leucocytes, and the demonstration that these

neuropeptides can regulate leucocyte functions (503;504).

8.1.1 The Neuropeptides

The neuropeptides Substance P (SP), Calcitonin Gene Related Peptide

(CGRP), and Neuropeptide Y (NPY) are localised in the central and

peripheral nervous systems, where they exert influence at manylevels,

including the modulation of activity in sensory neurons and the regulation

of endocrine function (505;506).

Unlike classical immunologic signals, neuropeptides are secreted from

nerve endingsin transient bursts and induce signalling in target cells over

a time frame of milliseconds to minutes. Neuropeptides can also act as

conventional neurotransmitters, transducing signals from the environment,

which can be communicated to specific targets, including the immune

system.
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Figure 8.1: Diagram of the routes of communication between the
brain and immunesystem,including the hypothalamic pituitary axis,
sympathetic and peripheral nervous systems, vagus nerve and

cytokine feedback to the brain. CRH=corticotropin releasing
hormone, AVP=arginine vasopressin, ACTH=adrenocorticotropic
hormone, PNS=peripheral nervous’ system, SNS=sympathetic

nervous system    
 

Receptors for SP and CGRP have been demonstrated on mast cells,

neutrophils, macrophages, lymphocytes and endothelial cells (507-511).

NPYreceptors have been found on lymphocytes, macrophages, dendritic

cells and NK cells (509;512;513).
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8.1.2 Calcitonin Gene Related Peptide

CGRPis a 37 amino acid neuropeptide and is one of the most potent

vasodilators in vitro (514) and hypotensive agents in vivo that is presently

known (515;516).

CGRP has been demonstrated to have immunosuppressive properties

and may have a role in neuro-immunologic communication. It modulates

the adhesion and migration of immune cells (509;517;518), and

stimulation of dendritic cells with CGRP augments the production of IL-10

as well as inhibiting their antigen binding capacity (519-524). The antigen

presenting capacity of macrophagesis also diminished in the presence of

CGRP(525), and an inhibitory effect on the proliferative response of T-

lymphocytes has been demonstrated (526). CGRP has also been shown

to diminish TNFa production by inhibiting NF-KB activation in

macrophagesin vitro (527;528) and through promotion of the endothelial

production of prostacyclin in vivo (529;530)

Plasma CGRP has been shownto be elevated in endotoxin treated rats

(531:532) and, in this model, CGRP suppressed lymphoproliferation

suggesting that the immunosuppression observed during endotoxin shock

may be due,at least in part, to CGRP in serum (533). /n vivo studies in

mice have demonstrated protection against lethal endotoxaemia by

CGRP,aneffectattributed to the reduction in TNFa and an inductionof IL-

6 and IL-10 in the sera after LPS challenge (534). That CGRP inhibits

LPS-induced TNFa production in human whole blood has also been

confirmed (524).

8.1.3 Substance P (SP)

SP, which consists of 11 amino acids, is released in response to LPS, GC,

neuropeptides, neurotrophic factors and neuronal depolarisation. Its

production has been demonstrated by macrophages, eosinophils,

lymphocytes and dendritic cells (535-538).
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SP is able to specifically stimulate the chemotaxis of lymphocytes,

monocytes and neutrophils (539-541) and induces the production of

cytokines, including IL-1, IL-6 and TNFa in monocytes, IL-2 in T-cells and

IFNy in peripheral blood mononuclearcells (513;542-552). Furthermore

TNFa and IL-1 production are increased in monocyte derived

macrophages, by SP, in an LPS independent manner (547;553). MIP-1B

expression in macrophagesis also increased by SP, as is NK activity

(554:555). In contrast to CGRP, SP has been shownto activate NF-kB,

via extracellular signal-regulated kinases (ERK) and p38 mitogen

activated protein kinase (MAPK), to enhance pro-inflammatory cytokine

release (556-558). It demonstrates a capacity to diminish LPS or IFNy-

induced TGF-81 production, highlighting a further mechanism whereby SP

mayact as a pro-inflammatory mediator (559).

SP enhances lymphocyte proliferation and immunoglobulin production by

B-cells (545;560;561) as well as phagocytosis (562). It stimulates a

number of neutrophil functions, including chemotaxis, aggregation and

superoxide production (563-565). SP induced release of inflammatory

mediators including cytokines, oxygen radicals and arachidonic acid

derivatives, potentiate tissue injury and stimulate further leucocyte

recruitment and amplify the inflammatory response (566).

SP has a direct action on vascular smooth muscle and increases

production of endothelial nitric oxide, thereby causing vasodilatation

(567;568) and plasma extravasation (569), leading to accumulation of

leucocytesin tissues for local immune response expression (570).

8.1.4 CGRP and SPare co-localised in the afferent nerves

The neuropeptides CGRP and SP are found co-localised in sensory

afferent neurons (571) scattered throughout most tissues and organ

systems (572) and are released during endotoxic shock. Inflammatory

mediators such as prostaglandin E1 and bradykinin, which are known to

be elevated in blood after endotoxin administration, can trigger activation

of sensory nerves and causelocal release of CGRP and SP (572;573).
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The presence of receptors for CGRP and SP on vascular endothelium, as

well as cells of the immune system, has provided further evidence for a

vasoactive and immunomodulatory role (548;574-576). The literature

suggests that SP and CGRP may play a role in mediating neurogenic

inflammation. Several studies have demonstrated that exogenous

administration of SP or CGRPresults in vasodilatation and a significant

increase in vascular permeability (577;578).

The reports describing the effects of CGRP are consistent with an anti-

inflammatory action (579) whilst SP has been shown to stimulate a

numberof functions consistent with a pro-inflammatory role.

8.1.5 Neuropeptide Y (NPY)

NPY is a 36 amino acid peptide found co-localised with noradrenaline in

sympathetic nerves innervating small arteries and arterioles in many organ

systems (580;581). Included in its many functions is the regulation of

immune and vasomotor mechanisms (582;583). NPY causes

vasoconstriction of cerebral and coronary arteries, and potentiates

noradrenaline induced vasoconstriction of these blood vessels (580;584).

NPY also has immunomodulatory effects including inhibition of IFNy in

murine lymphocytes (585) and IL-6 from splenic macrophages (586). In

human blood leucocytes, however, NPY enhanced IL-18, IL-6 and TNFa

production (587). It influences the adhesion abilities of leucocytes and

macrophages (548;588), modifies cell trafficking in vivo (589) and induces

monocyte re-distribution and activation (590). NPY has also been

demonstrated to stimulate the phagocytic process of peritoneal

macrophages(591;592).

In animal models, a rise in plasma NPY in response to haemorrhagic

shock has been demonstrated (593;594), but unchanged NPYlevels have

been reported in response to endotoxin administration (594-596)

suggesting a differential NPY release in those with endotoxin-mediated

shock.
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NPY pre-treatment prevented hypotension and significantly stabilised

body temperature in endotoxaemic rats (597). Indeed infusion of NPY in

LPS-induced septic shock in rats improved survival, with the beneficial

effects thought to be dueto its vasoconstrictor abilities (598), although the

neuromodulatory effects mayalso becritical to this phenomenon(588).

8.1.6 Clinical studies of Neuropeptides in human sepsis

Clinical studies in adult patients with sepsis and septic shock have

demonstrated a significant increase in plasma NPY, plasma CGRP(higher

in those with septic shock than in sepsis alone) and a significant decrease

in SP compared to controls (599;600). However, SP has also been shown

not to be significantly altered in a group of adult patients with sepsis and

septic shock (601).

In a study of patients with sepsis following surgery, there were significantly

higher levels of CGRPin non-survivors than survivors and SPlevels were

significantly elevated in those with sepsis compared to controls, although

the raised SP was only observed during the late phase of sepsis (602).

A small study of 5 adult patients demonstrated an elevation in plasma

NPY in response to sepsis (596), however endotoxin challenge in healthy

volunteers has shown no changein NPYlevels (603).

Although the experimental data suggest the possibility that these

endogenous vasoactive and immunomodulatory agents might be

important mediators of sepsis pathogenesis, there has beenlittle recent

research focused onthis issue. The aim of this study wasto investigate

the potential role for the neuropeptides CGRP, SP and NPY in the

pathophysiology of MCDin children.
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8.2 MATERIALS AND METHODS

Patient recruitment, data collection and blood sampling are detailed in

Chapter 2. Cytokines were measured using the method detailed in

Chapter 6. For plasma samples, commercially available ELISA kits were

used to analyse CGRP (SPI-BIO, Montigny Le Bretonneux, France) and

SP (RnD Systems, Minnieapolis, USA). NPY was measured in plasma

using a commercially available radioimmunoassay (Eurodiagnostica,

Malm6, Sweden).

8.2.1 CGRP assay

This assay is based on a double-antibody sandwich technique. The wells

of the microtitre plate supplied with the kit are coated with a monoclonal

antibody specific for CGRP. This antibody will bind any CGRPintroduced

in the wells (sample or standard). An acetylcholinesterase (AChE) - Fab'

conjugate, which binds selectively to a different epitope on the CGRP

molecule, is also added to the wells. This allows the two antibodies to

form a sandwich by binding to different parts of the human CGRP

molecule. The sandwich is then immobilised on the plate so the excess

reagents may be washed away. The concentration of the human CGRPis

then determined by measuring the enzymatic activity of the AChE using

Ellman's Reagent. The AChE enzymeacts on the Ellman's Reagent to

form a yellow compound. Theintensity of the colour, which is determined

by spectrophotometry, is proportional to the amount of the human CGRP

presentin the well during the immunological incubation. All assays were

performedin duplicate.

8.2.1.1 Materials

96 well Microtitre plate, pre-coated with CGRP mouse monoclonal

antibody, ready to use

Onevial of anti-CGRPtracer, lyophilised
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Twovials of human CGRPstandard,lyophilised

Onevial of ELISA buffer, lyophilised

Onevial of concentrated wash buffer,liquid

Onevial of tween 20,liquid

Twovials of quality control sample, lyophilised

Twovials of Ellman's reagent, lyophilised

8.2.1.2 Reagent Preparation

Buffer - One vial reconstituted with 50 mLofdistilled or deionised water.

CGRP Standard - Reconstituted with 1.0 mL of ELISA buffer. This

reconstitution produces a stock solution of 1000pg/mL. This stock

solution is used to produce a dilution series (below). The 1000pg/mL

standard served as the high standard.

   

 

500uL S500nL S500pL S500uL S500pL S00 uL

   

t

| eal
Led

Ve

1000 500 250 125 62.5 31.25 15.63 7.81

pg/mL pgimL pg/mL pg/mL pg/mL =pg/mL pg/mL pg/mL

Quality control - Reconstituted onevial with 1 mL of ELISA buffer

Anti-CGRP-AChEtracer - Reconstituted one vial with 10 mL of ELISA

buffer.

Washbuffer - Diluted 1 mL of concentrated wash buffer to 400 mL with

distilled or deionised water. Added 200 uL of tween 20.
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Ellman's Reagent - Five minutes before use, reconstituted with 49 mL of

distilled water and 1 mL of concentrated wash buffer.

8.2.1.3 Assay Procedure

1. Each well was washed with wash buffer (300 uL/well). This

process was repeated 5 times. The plate was then inverted and

blotted against clean paper towels.

100 uL of Standard, control, or sample was addedto each well.

100 pL of Anti-CGRP AChE tracer was added to each well and the

plate incubated for 20 hours at +4°C.

Eachwell was then aspirated and washed with 300uL washbuffer,

repeating the process three times. The plate was then shaken for

2 minutes (on an orbital plate shaker) and then inverted and

blotted against clean papertowels.

200 uL of Ellman's Reagent was added to each well and the plate

incubated in the dark at room temperature on a shaker.

The optical density of each well was determined within 60 minutes,

using a microplate reader set to 405 nm.

The absorbances of the standards were plotted on a standard

curve, and the results interpolated from this curve.

8.2.1.4 Performance characteristics of the assay

The mean minimum detectable concentration (MDC) of the assay was 5

pg/mL, with an interassay coefficient of variation of 0.7-16.6%, and an

intra-assay coefficient of variation of 3.0-20%.

8.2.2 SP assay

This assay is based on the competitive binding technique in which

Substance P present in a sample competeswith a fixed amountof alkaline
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phosphatase-labelled Substance P for sites on a rabbit polyclonal

antibody. During the incubation, the rabbit polyclonal antibody becomes

bound to the goat anti-rabbit antibody coated onto the microplate.

Following a wash to remove excess conjugate and unbound sample, a

substrate solution is added to the wells to determine the bound enzyme

activity. Immediately following colour development, the absorbanceis read

at 405 nm. The intensity of the colour is inversely proportional to the

concentration of Substance P in the sample. All assays were performedin

duplicate.

8.2.2.1 Materials

SP Microplate - 96 well polystyrene microplate coated with a goat anti-

rabbit polyclonal antibody.

SP Conjugate (Part R80205) - 6 mL of Substance P conjugatedto alkaline

phosphatase, with blue dye and preservative.

SP Standard (Part R80206) - 0.5 mL of Substance P (100,000 pg/mL)in

buffer, with preservative.

Substance P Antibody Solution (Part R80204) - 6 mL of rabbit polyclonal

antibody to SubstanceP,with yellow dye and preservative.

Assay Buffer ED1 (Part R80010) - 30 mL of a buffered protein base with

preservative.

Wash Buffer Concentrate (Part R80016) - 30 mL of a 10-fold concentrated

solution of a buffered surfactant with preservative.

pNPP Substrate (Part R80075) - 20 mL of p-nitrophenyl phosphate in a

buffered solution.

Stop Solution (Part R80247) - 6 mL of a trisodium phosphate (TSP)

solution.
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8.2.2.2 Reagent Preparation

Wash Buffer - Diluted 30 mL of Wash Buffer Concentrate into deionised or

distilled water to prepare 300 mL of WashBuffer (1X).

Substance P Standard - Pipetted 900 uL of Assay Buffer ED1 into the

10,000 pg/mL tube. Pipetted 750 uL of Assay Buffer ED1 into the

remaining tubes. The 100,000 pg/mL standard stock producesa dilution

series (below). The 10,000 pg/mL standard serves as the high standard

and Assay Buffer ED1 serves as the zero standard (0 pg/mL).

Nat

250uL 250pL 250uL 250uL 250 pL

(aaITS
1

  
Stancant

Wy vw
400,000 10,000 2,500 625 156 39.1 9.8
pg/mL pg/mL pg/mL pgimL) pgimL pgimL pg/mL

8.2.2.3 Assay Procedure

1: 50 pL of Assay Buffer ED1 was addedto the zero standard wells.

50 pL of Standard or sample was added to the remaining wells.

50 pl of Substance P Conjugate was added to each well

(excluding Substrate Blank wells).

50 pL of Substance P Antibody Solution was addedto each well

(excluding the Substrate Blank wells).

The plate was then incubated for 2 hours at room temperature on

a horizontal orbital microplate shaker set at 500450 rpm.

Each well was then aspirated and washed with Wash Buffer (200

uL), repeating the process twice for a total of three washes. After
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the last wash, the plate was inverted and blotted against clean

papertowels.

7. 200 wl of pNPP Substrate was addedto all wells. The plate was

then incubated for 1 hour at room temperature on the benchtop.

8. 50 uL of Stop Solution was then added to each well.

9. The optical density of each well was determined immediately using

a microplate reader set to 405 nm.

10. The absorbances of the standards were plotted on a standard

curve, and the results interpolated from this curve.

8.2.2.4 Performance characteristics of the assay

The mean minimum detectable concentration (MDC) of the assay was 8

pg/mL,with an interassay coefficient of variation of 4.2-7.3%, and anintra-

assay coefficient of variation of 4.5-6.7%.

8.2.3 NPY assay

NPY in plasma samples is assayed by a competitive radioimmunoassay

using an antiserum raised against synthetic NPY conjugated to bovine

thyroglobulin. NPY in standards and samples compete with '*I-labelled

NPYin binding to the antibodies. '*I-NPY bindsin a reverse proportion to

the concentration of NPY in standards and samples. Antibody-bound '*I-

NPY is separated from the unbound fraction by using double antibody

coupled to solid phase. The radioactivity of the antibody-bound '7°l-NPY

is measured. All assays were performedin duplicate.

8.2.3.1 Materials

Anti-NPY (ReagentA)

'25|.NPY (Reagent B)

Double antibody solid phase (Reagent C)
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Standard diluent (Reagent D)

NPY standard 3000 pmol/L (Reagent E)

Assay buffer (ReagentF)

Controls (Reagent G-H)

8.2.3.2 Reagent Preparation

Reagent A: Anti-NPY - Reconstitute with 22 mL distilled water.

Reagent B: 125I-NPY - Reconstitute with 25 mL distilled water.

Reagent D: Standard diluent - Reconstitute with 10 mL distilled water.

Reagent E: NPY standard, 3000 pmol/L - Reconstitute with 5 mL distilled

water. Pipetted 200 uL of NPY standard into 1.8mL of assay standard

diluent. This 300 pg/mL standard producesa dilution series (below). The

300 pg/mL standard serves as the high standard and the standard diluent

serves as the zero standard (0 pg/mL).

Reagent G-H: Controls - Reconstitute with 2 mL distilled water. Store at -

18° C orlowerif reused.

    Qe

3000 300 150 75 37.5 18.8 9.4

pg/mL pgimL pgimL

=

pg/mL pgimL

=

pgimL pg/mL

8.2.3.3 Assay Procedure

1. 100 uL of the standards (0-300 pmol/L), samples and controls

were pipetted into their respective tubes.
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10.

11.

12.

100 uL of the zero-standard waspipetted into the NSB-tubes.

100 uL anti-NPY (Reagent A) was pipetted into all the tubes

except the NSB- and TOT-tubes.

100 uL assay buffer (Reagent F) was added to the NSB-tubes.

The plate was then vortex-mixed and incubated for 20-24 hours at

2-8°C.

100 uL '°|-NPY (Reagent B) waspipettedinto all tubes. The TOT-

tubes were sealed and kept aside.

The plate was then vortex-mixed and incubated for 20-24 hours at

2-8° C.

50 uL of double antibody-solid phase (Reagent C) was pipetted

into all the tubes except the TOT-tubes.

Careful vortex-mixing and incubation for 30-60 minutes at 2-8° C

was then performed followed by a wash with washbuffer x1.

The tubes were centrifuged for 15 minutes at +4° C (minimum

1700 x g).

Supernatants were decanted immediately after centrifugation.

The radioactivity count of the precipitates in a gamma counter

(counting time: 2 minutes) was measured. A standard curve was

generated by plotting the precipitated counts per minute (CPM)

against the concentrations of the NPY-standards and the results

interpolated from this curve.
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8.2.3.4 Performance characteristics of the assay

The mean minimum detectable concentration (MDC) of the assay was 6

pg/mL, with an interassay coefficient of variation of 10.5-12.7%, and an

intra-assay coefficient of variation of 2.6-3.9%.

8.3 RESULTS

8.3.1 Children Studied

There were 70 children in the prospective study 38 were classed as

confirmed or probable MCD. Of these 22 (58%) were male and 16 female

(42%). The age range was from 0.16 to 15.0 years, median age 1.8

years, interquartile range (IQR) 0.7 to 5.4 years. There were 13 children

(34.2%) with severe disease as defined by a GMSPS of 28. The

diagnosis was confirmed microbiologically in all 38 (100%) of children;

18% on blood culture, 5% on antigen detection and 100% on PCR assay

for meningococcal DNA. In 27/38 (76%) of patients the diagnosis was

confirmed by PCRalone.

8.3.2 The Neuropeptides in MCD

Results are shownin table 8.1. CGRPlevels were significantly higher

(Figure 8.2) in the children with MCD compared to the patient group

without MCD and controls (P<0.01), there was no difference in levels

betweenthe twolatter groups (P=0.72).

SP levels were significantly lower (Figure 8.2) in the children with MCD

and those without MCD compared to the controls (P<0.001). There was

no difference in levels between the two patient groups (P=0.68). The

NPYlevels were significantly lower (Figure 8.2) in the children with MCD

compared to those without MCD (P<0.01), whom had significantly lower

NPYlevels comparedto the controls (P<0.001).
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Patient Group N CGRP(pgimL) SP(pg/mL) NPY (pg/mL)
 

 

MCD 38 92.9 (38.99-211.74) 326.5 (194.83-447.27) 26.6 (20.00-50.37)
 

 

GMSPS<8 25 83.2 (37.66-195.72) 378.5 (247.36-51 1.69) 25.3 (20.00-51.65)

 

GMSPS 38 13 140.3 (62.11-242.93) 182.1 (107.55-350.93) 27.5 (13.30-48.15)
 

 

MM 1 22.1 375.6 49.1

 

MS 28 82.1 (38.92-204.43) 307.2 (182.1-473.08) 24.5 (20.00-36.55)

 

MMMS 9 136.6 (64.64-615.31) 326.5 (277.69-414.57) 30.5 (23.95-64.30)

 

 

Septic Shock 15 201.3 (83.24-504.02) 189.10 (154.60-381.41) 28.0 (23.50-48.50)
 

 

 

 

 

No Septic Shock 23 49.4 (36.44-140.32) 376.9 (290.68-486.00) 25.3 (19.40-58.80)

Non-MCD 32 30.8 (15.60-50.66) 338.5 (262.09-408.57) 45.7 (35.8-63.2) .

Controls 40 26.5 (15.60-106.05) 619.8 (501.17-740.79) 66.6 (50.68-77.77)

        
Table 8.1: Table showing the values of CGRP, SP and NPYin the groupsof patients
included in the study. Values are shown as mediansandinterquartile ranges (IQR)

(p<0.05° p<0.01 ~). CGRP levels were significantly higher in MCD compared to the

patient group without MCD andcontrols. SP levels were significantly lower in those
with MCD and those without MCD compared to the controls. There was no

difference in levels between the two patient groups. NPY levels were significantly

lower in the children with MCD compared to those without MCD, whom had

significantly lower NPY levels comparedto the controls.
GMSPS = Glasgow Meningococcal Septicaemia Prognostic Score, MM =

Meningococcal Meningitis, MS = Meningococcal Septicaemia, MMMS = Mixed

Clinical Picture.
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Figure 8.2: Boxplot
demonstrating CGRP, SP and

NPY concentrations (pg/mL)in
the three groups of children
analysed in this study. Data
are represented as medians

with IQR. Significant
differences between the
groups are explained in the

text. (P<0.01),  (P<0.001)”,
NS=notsignificant.
 

 
 

MCD not MCD Controls

n=38 n=32 n=40
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CGRP and NPY levels did not differentiate mild from severe MCD

(GMSPS< 8 compared to 2 8, P=0.93 and P=0.39 respectively). SP was

howeversignificantly lower in those with more severe disease (P<0.01)

(Figure 8.3).
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Figure 8.3: Boxplot demonstrating SP concentrations

(pg/mL) in children with MCD presenting with different

disease severity: GMSPS 28 (n=13). Data are

represented as medians with IQR. There was a

significant difference in SP levels between the two

groupsof patients (P<0.01).  
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CGRPwassignificantly higher and SP wassignificantly lower (P<0.05)in

those admitted to PICU (n=22) (Figure 8.4). A similar profile was seen for

those children with features of septic shock (n=15) and requiring inotropic

support (n=14); P<0.01 (Figure 8.4). There was no difference in NPY

levels in children with septic shock, nor those admitted to the PICU.
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Figure 8.4: Boxplots demonstrating CGRP and SPlevels (pg/mL) in

those children requiring PICU admission and those with septic

shock. Data are represented as medians with IQR. CGRP was

significantly higher and SP wassignificantly lower in those children

admitted to PICU. A similar profile can be seen for those children

with septic shock P<0.05" P<0.017  
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There wasa significant positive correlation (P<0.01) between CGRP and

GMSPS(correlation coefficient 0.43) and volumeoffluid received during

resuscitation (correlation coefficient 0.47). There was a significant

negative correlation (P<0.01) between SP and GMSPS (correlation

coefficient -0.48) and volume of fluid received during resuscitation

(correlation coefficient -0.42) (Figure 8.5)
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Figure 8.5: Scatterplots demonstrating the positive relationship

between CGRP and GMSPS(r=0.43) and amountof fluid given in

resuscitation (r=0.48). SP demonstrated a significant negative

correlation for the samevariables (r= -0.48 and -0.42 respectively). r
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There was no correlation between any of the neuropeptides and age,

duration of symptoms or CRP. Biochemically there was a significant

negative correlation (P<0.05) between SP and IL-6 (correlation coefficient

-0.43) and bacterial load (correlation coefficient -0.53) (Figure 8.6 and

8.7).

There was no correlation with NPY and any biochemical orclinical

variables.
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Figure 8.6: Scatterplot demonstrating the negative correlation between SP and

IL6 (r=0.43). r = correlation coefficient
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Figure 8.7: Scatterplot demonstrating the negative correlation between SP and
bacterial load (r=-0.53).
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Time series data comparing levels of the neuropeptides oninitial sampling

and at 24 hours after admission are demonstrated in Table 8.2 and Figure

8.8. SP wassignificantly higher at 24 hours (429.5 pg/mL, IQR; 307.15-

535.34), compared to time 0 (312.3 pg/mL, IQR; 156.75-399.06) in those

children with MCD and septic shock. There were no significant

differences in the CGRP or NPYlevels at the respective time points.

Bacterial load significantly decreased (p<0.05) from admission (n=32, 4.6

x 10* copies/mL, IQR; 4.3 x 10°-1.4 x 10°) to 24 hours later (n=18, 1.8 x

10* copies/mL, IQR; 3.1 x 10°-3.3 x 10°).
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Figure 8.8: Boxplots demonstrating SP, CGRP and NPYlevels (pg/mL)
in children with MCDat initial sampling and 24 hours later. Data are

represented as medianswith IQR. SP wassignificantly increased at 24

hours in those children with Septic Shock (P<0.05). There were no

significant changesat 24 hoursin levels of CGRP and NPY.
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Patient CGRP CGRP SP SP NPY NPY

Group (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL) (pg/mL)

0 hours 24 hours 0 hours 24 hours 0 hours 24 hours

(n=38) (n=13) (n=38) (n=13) (n=38) (n=12)

MCD
92.9 95.3 326.5 341.6 26.6 28.1
(38.00- (25.53- (194.83- (274.93- (20.00- (7.80-
211.74) 258.61) 447.27) 509.63) 50.38) 46.58)

Ventilated (n=20) (n=11) (n=20) (n=10) (n=20) (n=9)

146.9 95.3 252.5 321.3 29.2 11.5
(63.44- (25.52- (160.28- (217.44- (23.05- (5.95-
249.08) 260.46) 365.32) 379.88) 52.78) 45.75)

Not (n=18) (n=2) (n=18) (n=3) (n=18) (n=2)

Venitlated
50.9 62.1 403.0 533.7 22.8 31.2
(32.86- (23.54- (297.90- (485.57- (18.83- (29.20-
167.89) 100.73) 535.14) 540.33) 54.28) 48.60)

Septic Shock (n=15) (n=7) (n=15) (n=7) (n=15) (n=7)

201.3 256.8 189.1 312.3 28.0 27.8
(83.24- (95.29- (154.60- (156.75- (23.50- (5.83-
504.02) 351.77) 381.41) 399.06) 48.50) 47.55)

No Septic (n=23) (n=6) (n=23) (n=6) (n=23) (n=6)

Shock .

49.4 37.9 376.9 429.5 25.3 28.1
(36.44- (17.66- (290.68- (307.15- (19.40- (9.88-
140.32) 63.61) 485.95) 535.34) 58.80) 35.55)      
 

Table 8.2: Boxplots demonstrating SP, CGRP and NPYlevels (pg/mL) in children with

MCDatinitial sampling and 24 hourslater. Data are represented as medians with IQR.

SP wassignificantly increased at 24 hours in those children with Septic Shock (P<0.05).

There were no significant changes at 24 hours in levels of CGRP and NPYin any of the

groups.
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8.3.3 Neuropeptide expression using RT-PCR

There was no mRNAfor CGRP or NPY detected in the whole blood of

patients in either patient group. SP mRNA wasdetected in whole blood,

and there was lower expression in the group of children with MCD

compared to the other group with febrile illnesses and petechiae, but this

did not reachstatistical significance (Figure 8.9).
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Figure 8.9: Boxplot demonstrating that although there
waslowerrelative gene expression (2““) of SP in those
children with MCD, this did not reach statistical

significance.  
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8.4 DISCUSSION

The role of CGRP, SP and NPY has not been previously examined in

MCD. The results of this study show that patients with MCD have

significantly higher levels of CGRP than those patients with other febrile

illnesses and controls. Furthermore the extent of the increase correlates

with disease severity, the highest levels being found in those with most

severe disease. In contrast, plasma SP wassignificantly lower in both

patient groups when comparedto controls, and in the MCD sub-group the

lowest levels were found in the sickest patients. These results have also

been observed in adult patients with sepsis (599), although conflicting

studies have demonstrated not only an increase in CGRPbut also in SP in

patients with post-operative sepsis (602). There were lowerlevels of NPY

in MCD patients when compared to those with children with suspected

viral illnesses, who in turn had lowerlevels comparedto controls.

All three neuropeptides represent endogenous vasoactive substances and

exhibit potent immunoregulatory properties and therefore may play a

critical role in the pathogenesis of MCD.

8.4.1. The Neuro-immuneaxis

It is only recently that interactions between the immune and nervous

system, the ‘neuro-immune axis’ are beginning to be understood.

Neuropeptides and cytokines are synthesised by both nervoustissues and

immune cells and serve as the molecular basis of neural-immune

interactions. Chemical ablation of nerve sensory fibres can result in a

markedincreasein inflammation (604) suggesting that these fibres play a

role in regulating local inflammatory response.

Neural modulation can have both pro- and anti-inflammatory effects and

the sensory neurons,foundin all major organs and tissues, store SP and

CGRPwhichare released in response to bacterial products.
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8.4.2 CGRP

CGRP-containing sensory neuronsare in close contact with components

of the immune system and therefore immunologic function may be

affected by its release (605). It is only recently that the CGRP receptor

has beenidentified as G-protein coupled, whose activity depends upon

receptor-activity-modifying protein (RAMP) (606).

CGRPis knownto be able to inhibit NF-kB activation and thereby reduce

pro-inflammatory cytokine release (527). CGRP has been shown to

reduce tissue injury by inhibiting TNFa production (529;530). Congenital

CGRPdeficient mice demonstrated greater increases in tissue TNFa and

neutrophil accumulation in reperfusion-induced hepatic inflammation than

wild type mice (607), suggesting that CGRP plays a critical role in

attenuating the inflammatory responsein vivo.

Gram negative sepsis promotes excessive monocyte production of pro-

inflammatory cytokines (608); it is known that monocyte function is

impaired during sepsis and defects in cytokine production are described to

be more severe in patients with lethal sepsis (609-613). CGRP has been

shownto act directly on mononuclearcells, and to suppress production of

inflammatory cytokines and the antigen presenting capacity of these cells

(520;521;523:524). On the basis of these activities of CGRP, the increase

in levels of CGRP could be a reflection of the neuroimmune system

contributing to the deactivation of monocytes in sepsis, or indeed a

negative feedback signal to dampenthe inflammatory stimulus.

Lymphocyte activation and proliferation have been shown to be reduced

by CGRP (525), with macrophage secretion and capacity to activate T-

cells also inhibited (614). Stimulation of the CGRP receptor on both

human and murine dendritic cell lines leads to a decreased production of

IL-2, an effect which may be based on an enhanced generation of IL-10 by

these dendritic cells (520;615). IL-10 also downregulates other cytokines

such asIL-1, IL-6 and TNFa (616). These effects of CGRPall indicate an

anti-inflammatory property of this peptide in sepsis.
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PCT and CGRPare alternative transcription products of the calcitonin

gene (617) and we have demonstrated high levels of PCT in MCD,as

have previous studies (Chapter 4). LPS induced TNFa production in a

human whole blood model was demonstrated to be inhibited by PCT and

CGRP (524). No effect on the production of other cytokines, including IL-

6, CXCL8 and IL-1 was demonstrated. In this context PCT may have

similar actions to CGRP in regulating potentially deleterious cytokine

production and participating in a negative feedback loop that aimstolimit

the inflammatory response.

The increase in plasma levels of CGRP in MCD mayreflect an attempt at

a compensatory mechanism by whichseptic shock is attenuated.

8.4.3 SP

In contrast to CGRP, SPis a potent activator of the immune system. SP

acts on the neurokinin-1 (NK1) receptor, again a G-protein coupled

receptor (618), which has been demonstrated to be upregulated in

monocytes and macrophages by endotoxin (535;575). Although SP has

been described as a peptide of neuronal origin, studies in rodents have

established that it is also released by inflammatory cells, including

macrophages and dendritic cells (535-538). SP has been shown to

promote the production of pro-inflammatory cytokines, including TNFa,IL-

1, and IL-6, by mononuclear phagocytes (545;549;551), and to decrease

secretion of the anti-inflammatory cytokine transforming growth factor

(TGF)-B (546;559;619:620). Moreover, SP augments TNFa serum levels

in endotoxin-treated mice (621). We demonstrated a negative correlation

of SP with IL-6 but no relationship with TNFa.

There is evidence that that SP is a potent anti-apoptosis regulator and can

exacerbate inflammation (622). In this regard, it has been reported that

alveolar macrophage apoptosis decreases PMNrecruitment and improves

disease outcome in pneumococcal pneumonia (623). The balance

between apoptosis andcell survival, as well as the tissue milieu and timing

of apoptosis, is critical in immune defence. It has recently been
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demonstrated that SP can delay apoptosis and exacerbate local bacterial

infection, with blockade of SP interaction with its receptor promoting earlier

apoptosis and improving disease outcome (624).

The results of the present study, showing low levels of SP in patients with

the most severe disease, therefore suggest that reduced SP production

may be related to an attempt to control the deleterious pro-inflammatory

responsein these patients.

SP has been demonstrated to increase during the final stages of lethal

sepsis in a group of adult patients with post operative sepsis (602). We

have also demonstrated an increased level of SP at 24 hours in the group

of patients with septic shock, although the patients in our study did not

have lethal sepsis. It may be that SP has a major modulatory role during

the progression of sepsis which may be related to both its

immunomodulatory and vasoactive properties.

8.4.4 Vasoactive modulation

Widespread vasodilatation, leading to a drop in overall systemic vascular

resistance and hypotension are typically associated with endotoxin and

septic shock. The final stages involve a drop in blood pressure, resulting

in cardiovascular collapse (515;625). CGRP is an extremely potent

hypotensive agent, which can be released locally around blood vessels,

and functionally turns out to be a more powerful vasodilator than SP.In

addition, SP acting via the NK1 receptor may mediate an increase in

vascular permeability.

Previous work has demonstrated that CGRP levels correlate with

haemodynamic variables (599;600) and, although our data did not

demonstrate a correlation with blood pressure, the highest levels of CGRP

and lowest SP levels were demonstrated in those patients with septic

shock. It is therefore conceivable that CGRP and SP maynotonly affect

the pathogenesis of sepsis through their immunoregulatory activities but

that these sensory neuropeptides may also mediate, at least in part, the
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hypotension and subsequent cardiovascular collapse occurring in septic

shock.

Studies have shown that CGRP levels are markedly elevated in

endotoxin-treated rats (532), during septic peritonitis in mice (626), and in

patients with sepsis (599). Moreover,in patients with septic shock, CGRP

levels determined at study entry were found to correlate directly with the

APACHEII score and inversely with systemic vascular resistance (599).In

keeping with this, our study demonstrated there was correlation between

CGRPlevels and severity as measured by GMSPS.

Previous investigations also revealed that study entry SP levels did not

correlate with sepsis outcome,or anyof the clinical variables investigated

(599). This study also demonstrated lower plasmalevels of SP in septic

shock and it may be that the decrease in plasma SP concentration

confirmed in our study in those with more severe disease may be acting

as a compensatory mechanism to maintain a normal blood pressure, as

well as trying to reduce vascular permeability and thereby preventing

capillary leak.

A follow on study by Arnalich showedthat the release of CGRP during the

very early phase of septic shock is significantly correlated with low

systemic vascular resistance (601). CGRP antagonists have reversed the

hypotension and tachycardia elicited by LPS in rats (627), posing a

potential for future therapeutic intervention.

8.4.5 NPY

NPYparticipates in the regulation of the immune response through the G-

protein coupled Y1 receptor found on T- and B-cells, macrophages,

dendritic cells and NK cells (513). Several properties are attributed to Y1

signalling; Y1 deficient mice have reduced numbers of B-cells, defects in

IgG isotype switching and increased numbers of naive T-cells (628).

Stimulation of antigen presenting cells through TLR’s promotes secretion

of NPY (629), which then promotes APC activation (628), and the
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treatment of macrophages with NPY elevates cytokine production and

inflammatory responsesin vitro (630). Recent investigations of NPY on a

local inflammatory response in vivo (631), demonstrated that NPY dose-

dependently increased the severity of inflammation. These pro-

inflammatory effects may explain the low levels of plasma NPY

demonstrated in our study, which maybe a reflection of the neuroimmune

system attempting to attenuate the inflammatory response.

NPY has been shownto stimulate the production of IL-1B, IL-6 and TNFa

from human blood leucocytes (587), howeverit inhibited TNFa production

in peritoneal macrophages in mice stimulated with LPS, whereas it

showedaninconsistent effect on IL-18 production depending on the age

studied (591). Interestingly the effect of NPY on monocyte mediated

phagocytosis is also affected by age, being stimulated in monocytes from

younger mice and inhibited in older ones (632). The net phagocytic

properties remained the same however suggesting that NPY may function

to compensate for age related increases in phagocytosis. Wedid notfind

any correlation with age.

NPY has been shownto be elevated in adult human sepsis (596;599).

These studies suggest that NPY analogues may be useful as therapeutic

agents for future treatment of patients with sepsis. However endotoxin

infusion in healthy adults did not reveal any increase in NPY levels (603)

and ourstudy in children demonstrated a lower plasma NPYlevel in MCD

when comparedwith otherfebrile illnesses and controls.

Theliterature is conflicting regarding the role of NPY in sepsis. NPY is

knownto be released in pigs after endotoxin administration (593) but did

not rise after endotoxin challenge in rats or dogs (595;596). Exogenous

administration of NPY has been shownto improve survival in experimental

endotoxaemia with this effect being attributed to its cardiovascular actions

(598), but also to its ability to reduce tissue immigration of leucocytes

under septic conditions (588). In experimental endotoxaemia

a

relative

deficiency of NPY, and an excess of catecholamines, has been observed
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(633), with an improved survival with NPY administration either on its own

or with catecholamines (634;635). These beneficial effects may be due to

its intrinsic vasoconstrictor properties and/or potentiation of the

vasopressoreffects of noradrenaline.

In vivo, particularly within the local microenvironment,it is unlikely that any

single mediator interferes with only one effector system. Many different

mediators from several regulatory super-systems, such as the endocrine

system and the nervous system, influence the immune system

simultaneously. Resulting effects are due to balances between

permissive andinhibitory effects exerted by different mediators and their

interactions. It is obvious that co-transmitters, which regulate effects of

other neurotransmitters, are important players in the local

microenvironment. The observations mentioned so far provide a role for

NPY, a sympathetic transmitter, to be involved in fine-tuning of

immunological functions.

8.4.6 Gene expression studies

Lai et al have demonstrated that SP mRNAis present in the monocytes,

macrophages and lymphocytes isolated from human blood, and mRNA

expression is increased in these cells by exogenous SP (510).

Furthermore this expression was downregulated by a SP antagonist (636)

to a level that was lower than that expressed by controls, supporting the

hypothesis that there is a basal level of SP expression which functions to

maintain biological activities of these cells. This is consistent with our

study which demonstrated lowerlevels of expressionin those patients with

MCD compared to controls, although this did not reach statistical

significance. This would be in keeping with the low levels in plasma

demonstrated in these patients. Interestingly, SP mRNA expression has

been shownto be reducedin children with bacterial colonisation of the

airways (637), suggesting that regulation of SP gene expression may be a

mechanism to regulate the immune response.
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NPY is produced by the CNS and PNS as well as by immunecells in

responseto activation (638). Several treatments up-regulate NPY mRNA

in rat PBMC (639) and human lymphocytes (640), indicating that NPY

expression in the immune system is subject to modulation.

CGRP mRNA has been shownto be increasingly expressed by dorsal

root ganglia in a time dependent manner after endotoxin administration

to rats (531). There was no CGRP mRNA detected in the blood

suggesting that both CGRP expression and release is from sensory

neurones. In our study there was no detectable CGRP or NPY mRNA

suggesting that the plasma levels of these neuropeptides in MCD may

be modulated entirely by the nervous system rather than via immunecell

activation / inhibition.
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8.5 CONCLUSIONS

The neuropeptides, CGRP and SP, exhibit potent vasoactive and

immunoregulatory properties. The results of the present study show that

in patients with MCD, systemic CGRPis elevated and SPis reduced in

the sickest patients as compared with controls. NPY was also

demonstrated to be lowestin the patients with MCD. Ourresults therefore

support the concept that the neuroendocrine system through the release

of CGRPandinhibition of SP may exert a critical role in the pathogenesis

of sepsis, with NPY release also being modulated to attenuate the

inflammatory response.

There appears to be a complex interaction between mediators of the

nervous and immune systems. Further research into understanding the

signalling and biochemical pathways, as well as the effects of other

neuropeptides on various parameters of immune function may elucidate

the role of these networksin regulating the immune responsein MCD.
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Chapter 9

GENERAL DISCUSSION AND CONCLUSIONS
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9.1 GENERALDISCUSSION

MCDpresents with diverse clinical signs and symptoms and has a high

mortality unless management is prompt and aggressive. Children can

become ill very rapidly, with blood bacterial loads rising quickly (241),

resulting in activation of the inflammatory cascade by LPS (66). This

causes a numberofclinical entities including myocardial depression (641),

endothelial dysfunction with extravasation of the circulating volume, and

DIC. Development of shock may proceed so fast that it outstrips any

treatment that can be given. Missing a true case of MCD maytherefore

have disastrous consequences.

It is this continued ability of MCD to cause rapid death in the face of

appropriate treatment that has prompted a number of research groups,

including our own, to search for a greater understanding of how to make

an early diagnosis, how to best recognise and manage severe cases of

MCD, and look to understanding the complex pathophysiology of the

underlying disease to allow development of novel methods of treatment.

This thesis seeks to draw togetherall these questions.

9.1.1 Diagnosis

Westarted by looking at how the diagnosis of MCD is made. Clinicians

need to accurately separate MCD from non-MCDcaseswhilst allowing

early discharge of patients with a low probability of MCD. As most

clinicians would err on the side of caution, patients with illnesses that have

similar clinical presentations to mild MCDare often admitted to hospital for

up to a week, and receive unnecessary parenteral antibiotics during this

period.

The interpretation of the clinical response to bacterial infection lacks

standardisation and validation and is therefore prone to inter-observer

variability (642). Accordingly it is important to question the use of

‘traditional’ markers of inflammation (e.g. WCC, CRP) for which data on
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diagnostic accuracy are mostly disappointing. A biochemical marker, with

sufficient sensitivity and specificity, to help distinguish between viral and

bacterial infections remains elusive, although an important goal, to tackle

the cycle of antibiotic overuse and emerging resistance. Although

literature shows that PCT appears to be the most promising,it still cannot

be represented as the gold standard. The problemis that investigating the

accuracy of a given marker is biased by the choice of ‘gold standard’

which, in infections, does not exist and thus all studies are prone to

potential bias. With the advent of a new rapid PCTtest on the horizon,

studies have demonstrated that the rapid semi-quantitative test correlates

well with laboratory values (643) and may therefore be a useful toolin

emergency departments, since the fast diagnosis could help with initial

therapeutic decision making. This may be particularly useful in hospitals

without access to a luminometer.

Soluble TREM appeared to be a good candidate as a markerof bacterial

infection (294:644). It had the added benefit of being a potential tool for

immunomodulation to improve outcomes in sepsis (645). Although our

data suggest that TREM may have role in the pathophysiology of MCD,

it did not prove to be a better marker of bacterial infection than PCT.

TREM maytherefore play a role in the amplification of the inflammatory

responses in MCDwith the exciting possibility of future immunomodulatory

tools. Presently, however, we remain with the situation of diagnostic

uncertainty in a group of children where, in clinical practice, qualitative

assessments of a combination of clinical, demographic and biochemical

findings lead to a course of action. This implies that clinical diagnosis in

MCDcan besubtle and the early involvement of an experiencedclinician

when reviewing possible MCD cases should be soughtif treatment is not

going to be instigated immediately, especially as the outcomes of those

with MCD canbe improved with early recognition (646).

Bacterial load has been demonstrated to be significantly higher in patients

with severe (GMSPS2 8) compared to mild MCD. It has been shownthat
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bacterial load correlates significantly with endotoxin levels (252), and

measurement of meningococcal bacterial loads offers the clinician an

opportunity to tailor anti-cytokine therapies to the patients with the highest

loads. However, due to the logistics of getting samples analysed, bacterial

load stratification of patients is currently unlikely to be clinically applicable.

A number of gene polymorphisms have been associated with worse

outcomes in MCDandthe effect of these polymorphisms on the survival,

division and growth of meningococci in vivo has yet to be morefully

characterised.

In our institution, one medical test, the RAT, continued to be used

inappropriately for the diagnosis of MCD. We demonstrated a lack of

contribution to the clinical management of suspected casesin oursetting

and suggested that the use of the test, in this context, should be

reconsidered. This highlights the importance ofcritical analysis of the

value of any test at suitable intervals to ensure that requesting does not

become a matter of habit or protocol. Diagnostic testing is a substantial

part of the healthcare expenditure and, in the present NHS climate, should

actively contribute to patient care.

9.1.2 Management

Once a diagnosis of MCD has been made, the severity needs to be

assessedrapidly and accurately to determine which children would benefit

from prompt referral to paediatric intensive care. A numberof scoring

systems have been publishedforclassification of patients with MCD (229)

which indicates not only the need for such instruments but also their

shortcomings to meetall requirements. GMSPSproves to perform best,

with children having a score of 8 or more out of 15 at increased risk of

death (183) and requiring transfer to a PICU, after elective intubation and

placementofcentralline, arterial line, and catheter. Although the GMSPS

has good performance characteristics in comparison to other prognostic

scores in MCD,it canstill be cumbersome to use. A scoring system for

MCDshould be easy to obtain at the bedside soon after admission and of
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limited cost. To be useful in monitoring over time the score should also be

sensitive to relevant changes in the patient's condition. A new

prospectively derived scoring system, the LMS,tailored toward the current

APLSapproachto the managementof an acutely sick child and only using

clinical variables, was prospectively validated in this thesis. It appears to

be rapid and easy to use with the added benefit of requiring no

biochemical tests or special equipment to calculate. As it can be

recalculated at intervals with ease it may also be able to guide

resuscitation of patients with MCD. An easy to use scoring system for

MCD would also enable greater participation in studies based on making

comparisons across units, and treatment alternatives in order to judge

treatment outcome. It could be used to define treatment allocation rules

and selection of intensive treatment for patients with a worse prognosis.

Finally, candidates for new therapeutic modalities need to be selected

carefully based onthelikelihood of adverse outcomes and patients at low

risk could be safely excluded from studies designed to estimate treatment

effects, as they are likely to survive anyway. The LMS shows promise as

a score that maybe ableto allow participation in trials at the initial hospital

contact, but before it can be recommended for widespread use,it must be

validated prospectively in a larger study population.

9.1.3 Pathophysiology

To determine how we may improve mortality and morbidity in this disease

wehaveto understand the complex regulatory mechanismscontributing to

the pathophysiology of MCD. Central to the pathophysiology is Neisseria

meningitidis endotoxin release andits stimulation of the pro-inflammatory

cytokine cascade (66). Levels of endotoxin (71;319) and various pro- and

anti-inflammatory cytokines are elevated (58;59;66;67;70-73;80;84;88;91-

94:98:100;483) in MCD and are associated with disease severity and

outcome.

We have demonstrated that CCL2 and CCL3 are raised in MCD. Both

chemokines are modulators of immune responses against microbial
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infection (Chapter 6). CCL2 and CCL3 appearto be required to mount an

adequate inflammatory response and administration of a CCL2 synthesis

blocker, both prophylactically and as a therapeutic treatment, conferred

protection in experimental sepsis. Chemokine receptor antagonists, anti-

chemokine antibodies and broad-spectrum chemokine inhibitors are

currently under developmentand our results suggest that CCL2 strategies

may beof potential therapeutic value in the future.

Inhibition of MIF in animal sepsis and inflammation models reduced

mortality even when administered up to 8 hours following iatrogenic

infection. This late-effect of MIF, and the successofits inhibition, appears

to be specific for MIF and has not been demonstrated with other anti-

cytokine and anti-endotoxin therapies, probably because they are

instrumental in the initiation of the inflammatory cascade. Once the

inflammatory cascade has commenced, endotoxin and these early phase

cytokines may have a redundant affect on its prolongation. The

continuation of the inflammatory cascade may be secondary to other, late

acting cytokines, including MIF. The late-effects of MIF makeit a potential

candidateto inhibit in future intervention studies, however, in our study we

have demonstrated similar levels in both sets of patients suggesting that

its role is not related to bacterial infections alone. However, given the

previous results in patients with MCD (484), and the important position of

MIF in the innate immune responses to microbial pathogens, our results

showing raised levels in sepsis, provide further rationale for the

developmentof anti-MIF treatment strategies for treatment of patients with

MCD.

The role of the neuropeptides has not previously been investigated in

MCD. We have demonstrated an increase in CGRP, and a decreasein

SP and NPY,in children with MCD. The neuropeptides exhibit potent

vasoactive and immunoregulatory properties and our study sheds some

insight into the complex interactions between these mediators of the

nervous and immune systems. Further research into understanding the
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signalling and biochemical pathways, as well as the effects of other

neuropeptides on various parameters of vascular and cellular function,is

necessary to elucidate the role of these networksin regulating the immune

response. Clinical studies that help define the precise role of these

peptides in the pathophysiology of MCD are needed, as recent advances

in neuropeptide research, including the cloning of neuropeptide receptors

(647;648) and introduction of receptor antagonists may open new

therapeutic options to treat MCD.

Although we have discussed the potential of treatments which mayalter

the disease course through immune modulation, as the target for new

treatments this has so far been disappointing (649). Trials of

antiendotoxin treatment with monoclonal antibody or bactericidal

permeability increasing protein have shown no benefit (205;206). Trials of

treatment with activated protein C, which has shown a benefit in adult

septic shock, have shown nobenefit in childhood MCD(188).

In a rapidly progressive disease such as MCD,the issue of timing is

critical, with the window of opportunity during which the inflammatory

cascade can be modified being small. This would explain why, by the time

a child presents with meningococcal septic shock, any immunomodulatory

therapy, regardless of how well it has performed experimentally, will be

ineffective. It may be that a multi-targeted approach using a combination

of therapies would be more appropriate.

Our data did not demonstrate any significant differences in mRNA

expression. Post-transcriptional regulation is an important mechanism

that controls the expression of many inflammatory mediators, whose

mRNAis short lived in resting cells but becomes stabilised and efficiently

translated upon stimulation with appropriate agonists; the mediators that

we have analysed may bepartially controlled in this manner. Practically,

our system of blood collection and analysis using the PaxGene system

measures expression in whole blood, thus we are unable to determine

which cell type is responsible for increased, or decreased, expression.
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Future studies should consider using density-gradient centrifugation

techniques for separating mononuclearcells and flow cytometry analysis

to verify the cell types responsible for mRNA expression.

9.1.4 Future Direction

In the absence of a ‘magic bullet’ strategy we are left with how to manage

sick patients effectively. Fortunately, elucidation of the pathophysiology of

meningococcal septic shock has underpinned developments in

managementas well as treatment. Septic shock is mediated peripherally

and centrally, the second of these through myocardial depression (133).

This improved understanding has led to more rational inotropic prescribing

and fluid managementfor the macrocirculation. However, new researchis

suggesting that support for the microcirculation should be the endpoint for

resuscitation.

Most cellular components of the microcirculation, including endothelial

cells, smooth muscle cells, leukocytes, erythrocytes and tissue cells are

affected by the pathogenic mechanismsin sepsis. If not corrected rapidly,

a poorly functioning vasculature can lead to hypoxia and acidosis in tissue

cells, which further fuels microcirculatory dysfunction and leads to organ

failure. _Sakr and colleagues showed that microcirculatory distress,

uncorrected for 24 hours, was the single most important independent

factor predicting patient outcome (650).

Mechanismsfor microcirculatory regulation are severely disrupted during

sepsis, and their dysfunction is a defining factor in the pathophysiology of

sepsis (651). There are heterogeneous abnormalities in blood flow (652-

654) and functionally vulnerable microcirculatory units become hypoxic,

leading to an oxygen extraction deficit (653;655;656) and varying degrees

of functional shunting, the occurrence of which is more severe in sepsis

than in haemorrhage (651;657). This is a major reason why monitoring

systemic haemodynamic-derived and oxygen-derived variables is unable

to sense such microcirculatory distress and underestimates the on-going

process. Left uncorrected, microcirculatory dysfunction leads to organ
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failure. Incidentally, it has been demonstrated that antibiotic treatment

does not reach therapeutic concentrations in tissues that are under-

perfused due to microvascular compromise (658;659).

The cardiovascular features of sepsis in children, may be different from

those of critically ill adults who demonstrate ‘macro-haemodynamic

features of hyperdynamic shock, with increased cardiac output and

reduced peripheral resistance. It has been demonstrated that children

with sepsis have a low indexed CO, a low vascular resistance alone, or

combined cardiac and vascular dysfunction (660). Importantly the authors

noted that the cardiovascular pathophysiology may change during the

evolution of sepsis requiring a changein therapeutic approach.

After conventional cardiovascular support measures have achieved

restoration of an acceptable arterial blood pressure in a patient with septic

shock, a clinician may be falsely reassured that the patient is clinically

‘stable’. The pathogenic processes occurring in the microcirculation,

which are difficult to detect with conventional clinical means, are hidden

from the clinician (661-665). The microcirculation is where vasoactive

mediators of sepsis, including the neuropeptides, exert their effects. This

manifests clinically, and is detectable in the macrocirculation, as a low

systemic vascular resistance and profound arterial hypotension requiring

administration of vasoconstrictor agents. The conventionalclinical signs

of hypoperfusion including hypotension, tachycardia, oliguria, cool

extremities, slow capillary refill, and metabolic (lactic) acidosis are

macrocirculatory variables. Arterial hypotension is an ominous sign

indicating severe illness but arterial blood pressure aloneis an insensitive

indicator of tissue hypoperfusion in sepsis and cannotidentify the need for

aggressive resuscitation (664;666;667). A disconnection between the

macro- and microcirculation therefore exists, explaining why blood

pressure targeted management strategies in severe sepsis will not

necessarily ensure adequate regional perfusion (668).
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A critical objective in severe sepsis management is therefore an early

recognition of the patient with impaired tissue perfusion. Currently,

consensus recommendations for sepsis management (669) advocate use

of serum lactate measurements to help identify normotensive patients with

impaired regional tissue perfusion, who therefore need aggressive

resuscitation. A perfusion-based scoring system for shock recognition has

been proposed by Spronk and colleagues (651). This type of conceptual

framework may be useful in bedside assessments by extending the

recognition of shock severity to markers of small vessel perfusion.

Orthogonal polarisation spectral imaging (OPSI) (670) has allowed

visualisation of the microcirculation i.e. the flow of red blood cells in

different sized microvessels (671). When applied sublingually, OPSI

proves more sensitive and specific in gauging the severity of the

distributive defect in sepsis than conventional monitoring of systemic

haemodynamic- or oxygen-derived variables (650).

Studies by de Backer (652), Spronk (654), and Sakr (650) on the

sublingual microcirculation, using OPSI in septic adult patients, have

directly correlated the degree of microcirculatory distress with disease

severity and response to therapy. The distributive defect associated with

sepsis was characterised by sluggish, or static, blood flow in the smallest

capillaries with near to normalflow in the larger microcirculatory vessels,

underlining the need to clinically monitor blood flow in capillaries. The

OPSIdevice utilised in this study was the Microscan™which incorporates

sidestream dark-field (SDF) imaging, giving clear images of red bloodcell

flow. It is a non-invasive hand held device and images were easily

obtained sublingually.

Using this device it was demonstrated that fluid resuscitation, while

correcting systemic haemodynamics, left areas of the microcirculation

hypoxemic (655;657). In adult septic shock the sublingual microcirculation

remained sluggish after pressure-guided resuscitation, despite the

endothelial vasodilatory response being intact in septic patients (652).
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Sublingual OPSI in septic patients demonstrated that resuscitation of

mean arterial pressure (MAP) and CO alone was not enough to

resuscitate the microcirculation (650;672). There is increasing evidence

that organ function improves and mortality decreases when resuscitation

boosts microcirculatory flow. Spronk demonstrated with OPSI that the

marked microvascular heterogeneity and dysfunction in patients with

sepsis can improve dramatically after nitroglycerin infusion (654).

A numberof strategies have emergedfor resuscitating the microcirculation

in septic patients. While vasopressor therapyaloneis insufficient, it is now

clear that the combination of adequate volumeresuscitation, vasopressor

agents and blood transfusion ensure adequate global oxygen delivery is

effective. This targeted strategy improves organ function and survival as

demonstrated by Rivers in his study of "early goal-directed therapy” (664).

The drawback in describing the effects of vasodilators by global and

systemic variables is that effects at the regional level are not addressed.

Control of global haemodynamics,(i.e. correction of hypotension) is an

importantclinical target in the management of MCD,although the use of

vasopressor therapy in achieving this target could be detrimental to

microcirculatory perfusion and oxygenation. In this complex situation,

therefore, new clinical techniques for monitoring the microcirculation could

significantly improve management and the application of these non-

invasive techniquesin defining resuscitation endpoints in MCD should be

explored further.
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92 CONCLUSION

Despite the introduction of meningococcal C vaccine there appears to be

no real prospect of disease eradication at present. It remains a paradox

that virulent N. meningitidis, in >99% ofcarriers, is a peaceful inhabitantof

the oropharyngeal mucosa,but causeslife threatening septicaemia in 10-

20% of those becomingill.

Several well designed trials of potential therapies have proved to be

disappointing. It is for this reason that modulation of single components of

the immune response may not be the answerto improve outcomes, and

that the strategy used to manage the acutely ill patient will prove more

importantin the immediate future.

It must be remembered that the final outcome in patients with MCD

depends upon a numberof features including the serogroup of N.

meningitidis, prompt recognition and institution of appropriate treatment,

including aggressive cardiovascular and respiratory support. This means

that the continuing education of those who diagnose and manage the

condition remains of paramount importance.
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Information Document(for children and young people)

Scientific Title: The role of neuropeptides and intracellular

mediators in the pathophysiology of meningococcal disease.

Lay title: Substances involved in the inflammation process in

meningococcal disease

Investigators: Dr Nick Makwana,DrAlistair Thomson, Dr Paul Baines, Dr

John Sills, Dr Enitan Carrol and Professor C.A. Hart.

Introduction

Thank you for reading this. We are asking you to take part in a medical

research study. Before you decide you should read this form. It explains

the reason we are doing the research. It explains whatwill happen if you

agree. Please read this sheet carefully. Discuss it with your parents. Ask

usif it is not clear. You do not have to take part in this study unless you

wantto.

Whatis the study about?

Weare asking you to take part in a medical research study because we

believe you have aninfection called meningococcal disease. This is a

serousillness. The germ that causes it can make your body very unwell.

The medicine (antibiotics) we will give you will kill the germ. Weshall also

give you someothertreatment, to stop the effects of the infection in your

body.

Somechildren with meningococcal disease becomevery ill. Others do

not. We do not understand why this happens. Substancescirculating in

the blood stream, which come from nerve endings, may be responsible. If

wefind out more aboutthese,it may lead to better treatments.

How are the children chosento take part in the study?

All children who come to Alder Hey Children’s Hospital with

meningococcal disease will be asked to join this study.

Whatwill happenif | agree?

Because we believe you have meningococcalinfection, we shall have to

take blood tests from you. When wedothis, we shall at the sametime,

take an extra 5mls (one teaspoon) of blood. Weshall sendthis for special

tests we wish to check. Blood will only be taken after the skin has been

anaesthetised (numbed) so that you do notfeel the pain from the needle.

We shall take further blood samples every 12 hours if you are having

others taken. Your hospital notes and results will be examined to get

information for the study.
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Will this study help me?

The study will not help you. But it may lead to better treatment for other

children with meningococcaldiseasein the future.

Could taking part in this study hurt or harm me?

No.

Will any information about me be kept private?

Yes,all the information about youwill be kept private.

OtherInformation

If you agree we shall ask you and your parentsto sign a form.

If you change your mind later and wantto stop taking part you can do so.

You do not have to give the doctors any reason for changing your mind.

This will not alter any treatment the doctors will give you.

If you have any questions please ask Dr Nick Makwana,research fellow.

He can be contacted by nursingstaff.

Dr Nick Makwana

Dr Paul Baines

Dr Enitan Carrol

Information Documentfor children/young people - Version 3
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Information Document(for parents/guardian)

Scientific Title: The role of neuropeptides and intracellular

mediators in the pathophysiology of meningococcal disease.

Lay title. Substances involved in the inflammation process in

meningococcal disease

Investigators: Dr Nick Makwana,DrAlistair Thomson, Dr Paul Baines, Dr

John Sills, Dr Enitan Carrol and Professor C.A. Hart.

Introduction

Yourchild is being invited to take part in a research study. Before you

decide to take part it is important for you to understand why the research

is being done and whatit will involve. Please take time to read the

following information carefully and discussit with others if you wish. Ask

us if there is anything that is not clear or if you would like more

information. Thank you for reading this.

Whatis the study about?

Youare beinginvited to allow yourchild to take part in this study because

he/she has been admitted to hospital with a suspected diagnosis of

meningococcal disease. Meningococcal disease is a serious illness, not

just because of the germ that causesit, but because this germ produces a

toxin (endotoxin) that sets up a nasty chain reaction of inflammation

through out the body. It is this chain reaction that makes people sick.

Although there is a lot we currently understand about meningococcal

disease, westill do not fully understand why somechildren become so

sick. There is a group of proteins involved in the body’s response to

infection, which are located in nerve endings called neuropeptides. These

proteins may be involved. A better understanding of these processes

might lead to the developmentof new treatments that can be usedtolimit

the damagecaused by the meningococcus germ.

Howarethe children chosento take part in the study?

All children at Alder Hey Children’s Hospital with a suspected diagnosis of

meningococcal diseasewill be asked to take part in the study. You do not

have to take part if you do not wantto.

Whatwill be involved in this study?

At the time other blood tests are taken, an extra 5mls (one teaspoon)of

blood will be taken to look for substances (molecules) which might be

involved in the inflammation process. Sampling will be repeated every 12

hours, butonly if other samplesare being taken (no further samples will be

taken after the end of one week). These samples will be stored and
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tested togetherin the next few months. Blood samples taken from healthy
children will be used for comparison. All the other tests performed are
those routinely ordered in a child with meningococcalinfection. If we need
any extra blood yourchild will be given a local anaesthetic cream to numb
the skin before the needle prick. For children on intensive care, the blood
samples will be taken at certain times from drip tubes that are already
inserted into your child. Your child’s notes and results will be examined to

get the data required for the study.

Are there any benefits to my child taking part in this study?

No. The study will not benefit your child. Hopefully the information gained

from this study will, in the future, help lead to the development of new

treatments andtests for children with meningococcal disease.

Are there any risks to mychild taking part in this study?

No, there are no knownorlikelyrisks.

Will the information on my child be kept confidential?

Yes, all the information will be kept private, confidential and secure. Only

those people who are involved in the study will be able to look at your

child’s records.

Will research participants have any rights to the samples?

If you later chooseto withdraw for the study, parents will have the right to

have previously obtained samples destroyed.

Whohasreviewed the study?

The Liverpool Children’s Research Ethics Committee has reviewed and

approvedthe study.

Other Information

If you do not want yourchild to take part in this study you are completely

free to refuse, you do not have to give the doctor a reason. This will not

affect in any waythe care that either you, or your child, may receivein the

future. If you have any questions about the study, please ask Dr Nick

Makwana,researchfellow, available via the hospital switch board by long

range pager. Thankyou for reading this parent information document.

Dr Nick Makwana

Dr Paul Baines

Dr Enitan Carrol

Information Documentfor parents/guardian - Version 3
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DATA COLLECTION PROFORMA - MENINGOCOCCAL STUDY

 

DEMOGRAPHICS

Name DOB
 

Unit Number
 

Address Tel
 

 

 

Date of Admission M/F
 

 

CLINICAL HISTORY

Duration of Symptoms(hours)

 

Fever

Vomiting

Impaired conc.
Headache
Rash
Malaise
Myalgia
Irritability

Rash recognised

res |[No[1]

P

 

 

 

 

 

 

     

First degree relative with MCD

[Yes[|No ||

 

 

 

 

 

URT symptoms
 

NeckStiffness
 

Seizures
 

Off feeds
 

Staring
 

Moaning
 

Diarrhoea
  Jumpy   
 

Details

 

Details

 

Details

 

Antibiotic given prior to hospitalarrival

 

 



 

CLINICAL PICTURE ON INTIAL PRESENTATION

 

 

 

 

 

 

 

    
 

 

 

 

 

 

 

    
 

 

 

 

 

 

 

 

 

  

 

 

   
 

 

 

 

 

 

 

 

 

 

    
 

 

 

 

 

 

 

 

 

  

Temperature in degrees Purpura Petechiae

Respiratory Rate Upperlimbs

Saturations Lowerlimbs

Pulse rate Chest

BP Abdomen
Caprefill in seconds Back

Weightin kg Face

Height in cm

Positive clinical findings?

CVS

ABDO
RESP
NEURO

Glasgow Coma Score Liverpool Meningococcal Score

aigSOMA SCALE : Criterion Yes

|

Score

¥ z =

|

To speech 3 | Increased work of Breathing 1

e iw B

|

to pain 2 Tachycardia {

Oo |8 [nil : Caprefill >3 secs 2
Obeys commands 6 ; is :

8 Cacalises to: (iali 5 Deterioration in preceding hour 2

O6

|

withdraws to pain 4 Hypotension a
O &

|

AbnormalFlexion to pain 3 :
s ig caseaiinrtas wale Modified comascore <8 or 4

Nil 1 deterioration > 3 in one hour

Record best arm Score

Orientated 5

= Confused Conversation 4

< ul

|

Inappropriate words 3

& Z

|

incomprehensive sounds 2
9

>a |Nil 1
& 1G

|

intubated 0

a © GCS Total Score - circle appropriate response

| Total Score | |

GMSPS

Feature Value Obs Score

SBP <75mmHg(age <4) <85mmHg (age >4) 3

Skin/rectal tempdiff. >3°¢ 3

GCS <8 or deterioration of 3 in 1 hour 3

Deteriorationclinically
2

Absence of meningism
2

Purpuric rash
1

Basedeficit >8 1

TOTAL    
 

 

 

 



 

TIMESTUDY

Observations hourlyforfirst 4 hours,then 2hrly until 12 hours and then 12 hrly

Time Temp BP HR RR Coma Caprefill 02 Sats

: score

   
 

 

 

 

 

MANAGEMENT

Time of Arrival in A/E (24hr) Time of Antibiotic in A/E (24hr)

Antibiotic Therapy Amountoffluid (mls/kg)

Admission toPICU [Yes][No|_|

Ventilated

Inotropes Dobutamine (] Epinephrine oO

Dopamine [] Norepinephrine []

Dialysis
 

Duration of PICU admission (days)

Duration of Antibiotics (days)

Duration of hospital stay (days)

 

OUTCOME

[Dead | [Alive | |
 

 

Yes No
 

Neurological Sequlae

Grafts

Amputations

Necrotic Lesions

 

 

      



 

INVESTIGATIONS

Date

Time

HAEMATOLOGY

Hb

WCC

neut

PLT

CLOTTING

PT

APTT

Fi

D-D

BIOCHEMISTRY

Na

K

Urea

Cr

Ca

Po4

Lactate

Glu

SBR

ALT

AST

AlkP

CRP

ACID BASE

PH

PO2

PCO2

HCO3

BE

MICROBIOLOGY

Throat Swab

Blood Culture

Skin Aspirate

Antigen T.

PCR
CSF 
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ROYAL LIVERPOOL CHILDREN’S N.H.S TRUST

 

Alder Hey

Alder Hey Children’s Hospital, Eaton Road, Liverpool L12 2AP Was

Telephone: 0151 228 4811

To be completed by parent/person with parental responsibility

Tithe Of StUAY:.......ccccseesecscestssesessesessssesscsnssesnesesessesseseeseessaseceasasensarsusaransensnsacsnseesasassuanesenecesncnneatacnesaenasasaneaseeys

Name of Investigator:.........::s:scessssscsssssscsssssssesenesssesesesssesseacacasassenenseensnseausnsssenenesecanensensensacacaanenennenansacsescuneanans

Permission is Given FOF .........sccsesesseseeseeseseseenensteeeseseeeeneeterensenenees to be included in the abovetitled study.

(please print)

° | confirm that the above study has beenfully explained to me [|

° | was given opportunity for further explanation by the investigator [|

° | have received a copy of the parent information document [|

Participation in this study is entirely voluntary andthereis a right to withdraw from the study

without giving a reason and in the knowledgethat treatmentfollowing withdrawalwill not be

affected.

Nameof parent/person with parental responsibility ..............:s:sssssssessssseseneseneneseesesataenesssnerneaterenersenenenenees

(please print)

SIQMAtULe...........-.sssesesssessssessesesssesesesenentecassescensnsesesensnaneneasssacassenancncnsanananansnessansessscosanecacaeasnenensssnsessseeesese
senesenes

 

Signed in the presence Of .......sscssccsssecsereeseeesstssstesssssessnssnecnncenscenscaattaeunseacsanesanscrcsasansnenscaasensnnseeatbanenssesees

as witness to the abovesignature. (please print)

Signature Of WITNESS.........ceecseccseeeseseseetetsesessestsesnensensneneaeneneneneeasaets Date .ooe..cecccescseeseeessecessseeeeeseeeseneeeess

Job title and department if member Ofstaff ............-::sccececseeseseetsserteenseeseenenentesenensasenneeasanenenennensncnenaeasanegs

Address if unconnected with the hospital .............ssccssessessesseseeeeeeeeseseeneaesssnsssneseneseesnensesnansessnseesassessesenensanes

sccecaceeccewcuusceusesciennseseveseeeeocescccenancndusdausssvesseersesssencsessasevesses Post Code ...............eeecceeeeeeeee

f
Top Copy - To be retained in Medical Care Notes

y

NS
Yellow Copy- To be retained by parent/person with parental responsibility a

=>
, : : SN

Green Copy- To be retained bythe investigator
OR IN PEOPLE


